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Preface 

The climate of the Earth is perpetually variable and changing. 
Uncertainties about future climate, compounded by concerns that the 
accumulation of carbon dioxide in the atmosphere and other by-products 
of human activities may bring about inadvertent changes of climate in 
future decades, place a premium on improved understanding and prediction 
of climate and its effects. It has been postulated that a significant 
rise of global sea level is expected to result from the melting of land 
ice and thermal expansion of the upper layer of the ocean due to 
climatic change by increasing 002 and other greenhouse gases in the 
atmosphere. · 

The uncertainties regarding how land ice and sea level will respond 
to a changing climate led the Committee on Glaciology to propose a work­
shop and subsequent report on the subject. Representatives of the 002 
Division of the Department of Energy received this suggestion favorably. 
In addition, the plans for the workshop and report were discussed with 
the National Research Council's Board on Atmospheric Science and 
Climate, Marine Board, Board on Ocean Science and Policy, and Geophysics 
Study Committee. 

The Polar Research Board established under its Committee on Glaciol­
ogy a committee of seven individuals, including representatives of the 
disciplines of glaciology, geophysics, oceanography, geodesy, and cli­
mate modeling, to conduct a study on the relationships between terres­
trial ice and sea-level change. The Committee held one meeting and a 
workshop, to which national and international experts were invited. 

The workshop was held September 13-15, 1984, in Seattle, washington. 
There were 30 invited participants and 10 local participants who at­
tended and contributed to the workshop. The workshop examined the basic 
questions of how much water has been exchanged between land ice and 
ocean during the last century, what is happening now, and, given exist­
ing climate-modeling prediction, how much exchange can be expected in 
the next century. In addition, the evidence for exchange was examined 
and gaps in that evidence were identified. The report includes the 23 
presentations made at the workshop, summarizes the workshop discussion, 
and presents the Committee's findings and recommendations. 
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1. 
Executive Summary 

The rising concentration of 002 and other greenhouse gases in the 
atmosphere is likely to produce a warmer climate in the future. One 
consequence of this aight be an ensuing rise in sea level caused by the 
melting of ice on land and by volume expansion of ocean water. Uncer­
tainties occur in all aspects of the problem of atte~ting to estimate 
sea-level rise. 

In order to define our current knowledge of how much water is ex­
changed between land and sea, the Committee on Glaciology of the Polar 
Research Board convened a Workshop on the Interactions between Land Ice 
and the Oceans, in Seattle, Washington, September 13-15, 1984. This· 
workshop builds on a workshop held in 1983 on the Environment of west 
Antarcticaa Potential 002-Induced Changes. The Department of Energy 
supported both workshops. The focus of the 1984 Workshop was on defin­
ing what is known and what needs to be known about the contribution of 
ice melt to sea level at the present (defined as the past 100 years) and 
what that contribution is likely to be in the future (defined as the 
next 100 years) assuming that the climate will change significantly. 
Oceanographic, climatologic, geophysical, and glaciologic evidence was 
examined by invited experts. This report summarizes the consensus of 
the Workshop, mentions areas of uncertainty, and makes recommendations 
for research needed to reduce these uncertainties. The body of the 
report is followed by 23 signed attachments prepared by the invited 
experts. 

The consensus of the Workshop is that sea level is rising, but the 
rate of rise is uncertain by a factor of 2r wastage of mountain 
glaciers and small ice caps contributes to this riser probably very 
little if any sea-level change is caused by wastage of the Greenland 
Ice Sheetr and the Antarctic Ice Sheet is most likely growing, taking 
water out of the sea. The rate of change of mass of the ocean cannot 
be distinguished from zero. Whether the present rise in sea level 
can be adequately accounted for by just thermal expansion of ocean 
water is an open question. Future projections suggest that, in spite 
of increased precipitation, wastage of small glaciers and the Green­
land Ice Sheet will add mass to the oceanr the resulting sea-level 
rise due to this cause likely will be a few tenths of a meter by the 
year 2100. The sea-level rise due to changes in Antarctica is more 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


2 

uncertainr moat likely it will be small, but a rise of an appreciable 
fraction of a meter by 2100 due to increased discharge of land ice 
to the sea is not beyond the reala of possibility. 

Since the turn of the century, measurements of relative sea level 
suggest a global average rise of 1 to 3 mm/yrr however, the data cover­
age from the central ocean regions and the southern heaiaphere is poor, 
and tectonic and isostatic disequilibrium effects have not been removed 
froa moat recorda. A preliainary calculation of the continuing adjust­
ment of the Earth to the removal of the Laurentide and Fennoscandian ice 
sheets results in a corrected value of a little more than 1 aa/yr along 
the eastern u.s. coast. These corrected values still show considerable 
spatial variations of unknown cause. Ocean surface temperature appears 
to have risen by 0.6 ± 0.3°C since the turn of the century, but this 
result may be biased because of changing instrumentation and observation 
techniques. Those models that are currently used for computation of 
the increase in ocean volume due to thermal expansion generally do not 
incorporate the essential physics of deep-water formation and movement. 
The few observational data on changes of ocean temperature, salinity, 
and density structure during the last several decades show no statis­
tically significant change except in local areasr a longer record is 
needed for firm conclusions. Atlantic water north of 50°N has slightly 
freshened since 1972, but this may be a temporary condition. 

The glaciers and aaall ice caps of the world, excluding the ice 
sheets of Antarctica and Greenland, have, in general, been shrinking 
during the past 100 years (Table 1). However, the data set is tempor­
ally and spatially sparse. Moat of the glacier wastage that contributes 
to sea-level rise is thought to be derived from the mountain ranges 
bordering the Gulf of Alaska, Central Asia, and the Patagonian ice caps, 
but these are areas with few observations. In some regions, even the 
area of glacier ice is poorly known. 

TABLE 1 Estimated Mass Balance of Glaciers and Ice Sheets at the 
Present Timea 

Average 
Mass Balance Effect on 
(water equiv.) Sea Level Report 

Ice Mass (m/yr) (mm/yr) Section 
Glaciers & -1.2 ± 0.7 +0.5 ± 0.3 3.3 

small ice caps 

Greenland 0.02 ± 0.08 -0.1 ± 0.4 3.4 
Ice Sheet 

Antarctic 0.02 ± 0.02 -0.6 ± 0.6 3.5 
Ice Sheet 
iNote: error limits represent approximate bounds of estimation 

and cannot be defined statistically. 
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Observations of present elevation changes of the Greenland Ice Sheet 
surface indicate thinning of the marginal zones and thickening of the 
central area. Accumulation rates are reasonably well known, ablation 
rates and their gradient with altitude are known only for a few sites 
in West Greenland, iceberg discharge has been measured for some outlet 
glaciers in West Greenland, and few estimates have been made along other 
coasts. Thus it is currently not possible to estimate reliably the 
exchange of mass between the Greenland Ice Sheet and the oceans, but 
most estimates suggest that gains and losses are about equal. 

The present-day net balance of the Antarctic Ice Sheet is still not 
known precisely, but estimates have been taproved over the past decade 
and most estimates suggest growth. The biggest uncertainties are in 
iceberg discharge, accumulation amounts in some regions, and rates of 
melting below the major ice shelves, also, few data exist on changes of 
the margin. The physics of the dynamic response of the ice sheets to 
variations in climate is known in general terms, but sone processes are 
not well understood or have not yet been incorporated fully in numerical 
models. Major gaps in understanding concern basal sliding, the coupling 
of ice streams with the ice sheets in which they are embedded, and what 
determines the position of the seaward (calving) face of ice shelves. 
The present-day true polar wander and the nontidal acceleration of the 
Earth's rotation can be reproduced using modern models of the Earth's 
structure combined with a scenario for the loss of the Pleistocene ice 
sheets, without any need to assume present-day changes of ice-sheet 
volume, suggesting approximately zero mass balance for both the 
Antarctic and Greenland Ice Sheets. 

In order to predict future changes in land ice due to a perturbed 
climate, climate models are required. Steady-state (asymptotic) models 
indicate, for a doubling of 002, a predicted average temperature rise 
of 2 to 4°C or possibly more. The global temperature rise is probably 
amplified at high latitudes. The major uncertainties result from the 
difficulty of parameterizing sea ice and predicting the effect of clouds 
on the perturbed climate. The physical basis for certain features pre­
dicted by the models is still not clear. Runoff, as opposed to melting, 
at the margins of the two existing ice sheets is not yet properly 
modeled. Predictions made by steady-state models incorporating a 002-
perturbed climate show similarities in the global-scale distribution of 
climate variables, but the agreement is poor in regard to regional, 
longitudinal variations and in the higher latitudes and in the antici­
pated changes in precipitation. The time-dependent evolution of cli­
mate, driven by a changing 002 concentration, is extremely difficult 
to model, and many aspects are poorly understood. 

Energy-balance models, as well as simple statistical, empirical 
models, exist that can be used to estimate the additional wastage (or 
growth) of glaciers and small ice caps in response to a perturbed cli­
mate. However, insufficient data exist to calibrate these models in 
most regions, the models are not easily linked to general circulation 
models, and glaciers in regions of monsoonal circulation are difficult 
to model. Mass-balance histories are often dominated by rare years of 
extremely negative balances, a further difficulty. Complete removal of 
the small glaciers of the world would cause a sea-level rise of 0.3 to 
0.6 •• 
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Several ways exist for estimating the response of the ice sheets to 
a 002-perturbed climate. Estimates of the contribution to sea-level 
rise from the Greenland Ice Sheet are severely ltaited by lack of pres­
ent-day data, as well as by lack of understanding of bow the balance 
processes relate to large-scale climatic processes, how the infiltra­
tion/refreezing regimen would react to an increase in meltwater avail­
ability, and how iceberg calving would be affected. 

Knowledge of ocean circulation near and under Antarctic ice shelves 
is limited. If a doubling of 002 in the atmosphere were to cause an 
increase in the temperature of circumpolar deep water of about o.s•c, 
then a proportional increase might occur in the temperature of •wara• 
inflows onto the continental shelf. If the shelf circulation were to 
change ao that circumpolar deep water intruded beneath all the ice 
shelves as freely as it does today beneath the George VI Ice Shelf, 
then the average ice-shelf melt aight be raised from about 0.4 m/yr to 
as much as 3 m/yr. However, it is much more likely that the major ice 
shelves would continue to be protected, at least in part, by cold, high­
salinity water that lies on the continental shelf. 

In the case of the West Antarctic Ice Sheet, the situation is further 
complicated by the possibly delicate stability of the interaction be­
tween ice streams and ice shelves. If melting from the base of ice 
shelves were to increase markedly, the effect on ice streams could be 
far more ~rtant than the expected minor increase in surface melting 
and runoff. It is difficult to estimate rates because of uncertainties 
in knowledge of the heat transfer from the ocean to the ice shelves, 
the effect of ice-shelf thinning on the ice streams, and the mechanism 
of ice-shelf calving. On the other hand, increased accumulation due to 
a 002-enhanced atmosphere could contribute to sea-level fall. 

Estimates of the contribution of glacial wastage to sea level for an 
atmosphere with a doubled concentration of 002 are given in Table 2. 

Por time scales longer than one century, the uncertainty in estimat­
ing potential changes in land ice and sea level increases significantly. 
The workshop participants did not attempt to make estimates beyond the 
year 2100, and the limits expressed in Table 2 should not be extrapo­
lated beyond that year. 

The workshop participants accept the importance of these general 
goals as essential to improvement in our ability to understand and 
predict sea-level change in the next century& 

• Improve existing climate models especially in the treatment of 
clouds and sea ice, the simulation of high-latitude processes, and the 
development of time-dependent simulations. 

• Determine the present-day global change in sea level more 
precisely. 

• Determine to what extent the current rise in sea level is due to 
volume expansion of the ocean. 

The following specific recommendations concern our ability to 
understand and predict the response of glaciers and ice sheets to an 
altered climate in the next century. These recommendations are all 
considered ~rtant to reducing uncertainties and are listed in order 
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TABLE 2 Estimates of the Contribution to Sea-Level Rise by Ice wastage 
in a COrEnhanced Bnviron.nta 

Ice Mass 
Glaciers and 

small ice caps 
Greenland 

Ice Sheet 
Antarctic 

Ice Sheet 

Annual Probable 
Contribution to 
Sea Level With 
Steady-state 
2 x ~ Atmosphere 
(1111D/yr) 

2 to 5 

1 to 4 

-3 to 10 

Range of Estimated 
Contribution to Total 
Sea-Level Change to 
Year 2100 

(m) 

0.1 to 0.3 

0.1 to 0.3 

-0.1 to 1 b 

Report 
Section 

4.2 

4.3 

5.3 
•For explanation of assumptions and scenarios involved, see Table 4. 

Note that thermal expansion of the oceana and other nonglacial processes 
that might cause additional sea-level rise are not included here. 

b Values in the range of 0 to 0.3 m are considered moat likely. 

of decreasing priority baaed on amount of uncertainty that might be 
removedr priorities are assigned across the various disciplines. These 
recommendations are explained in greater detail in Section 6.3. 

1. Southern Ocean Circulation near Antarctica (Sections 3.2, 5.2) 

• Assess ocean heat transport across the continental shelf around 
Antarctica, especially in the Rosa, Amundsen, Bellingshausen, and 
Weddell Sea sectors. 

• Determine ocean circulation beneath the large ice shelves. 
• Analyze how these conditions will change as a result of a 

oo2-enhanced atmosphere. 

2. Ocean/Ice Shelf Interactions (Sections 5.2 to 5.4) 

• Measure present basal-melt rates and investigate their 
relationship to underlying ocean circulation. 

• Investigate iceberg calving rates, and identify those factors that 
affect these rates and determine the seaward boundary of ice shelves. 

3. Ice Streams (Section 5.3) 

• Determine the factors controlling whether an ice stream flows in a 
rapid or slow mode. 

• Compile a complete set of data on ice streams, including such 
items as their dimensions, slopes, and speeds. 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


6 

4. Detection and Prediction of Future Changes (Sections 3.1-3.6, 4.1-4.3) 

• Measure changes in dimensions and discharge rates of glaciers and ice 
sheets. 

• Determine changes in sea level and ocean temperature. 
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2. 
Introduction: 
Relationship between Land Ice and Sea Level 

A significant rise of global sea level is expected to result from 
the melting of land ice and thermal expansion of the upper layer of the 
ocean due to climatic change induced by increasing co2 and other green­
house gases in the atmosphere. In the recently issued report, Changing 
Climate (NRC carbon Dioxide Assessment Committee 1983), the National 
Research Council estimates that sea level will rise 70 em over the next 
100 years. The report Projecting Future Sea Level Rise (Environmental 
Protection Agency 1983) states that a global rise of between 144 and 
217 em by 2100 is most likely, but a global rise as low as 56 em or as 
high as 345 em by 2100 cannot be ruled out. 

Land ice is likely to contribute to rising sea level for the follow­
ing reasons. (1) Higher air temperatures will cause an increased rate 
of melting in the ablation areas of glaciers and ice sheets. (2) In 
addition, warming will probably cause ablation areas to expand as the 
equilibrium lines, which divide ablation from accumulation areas, 
retreat to higher elevations. Thus, the total areal extent of melting 
is likely to increase. However, some time will be required for ablation 
areas to expand, because increased melting above equilibrium lines may 
be accompanied by refreezing of much of this additional meltwater within 
the snow (Figure 1). (3) The Antarctic Ice Sheet, which now appears to 
be either in mass balance or gradually thickening, may begin to retreat 
in areas where it is resting on bedrock far below sea level. Such 
retreat, if it occurs, will not be due to surface melting but to in­
creased melting from the bottom surfaces of the thick floating ice 
shelves that now buttress the grounded inland ice sheet in many places 
(Figure 2). Increased bottom melting, which may be caused by warmer 
ocean currents penetrating beneath the ice shelves, would probably 
cause grounding lines to retreat. Since retreat of grounding lines 
would be accompanied by thinning and accelerated discharge from the 
inland ice sheet, this would contribute to rising sea level. 

Grounding lines are critical to the dynamics of marine ice sheets 
(large ice masses resting on bedrock far below sea level). Such ice 
sheets differ from terrestrial ice sheets, which tend to form steep 
terminal slopes at their margins. By contrast, marine ice sheets flat­
ten out toward their seaward margins as buoyancy and subglacial-water 
effects enable the ice within their constituent ice streams (Figure 2) 
to move rapidly under the influence of small driving stresses. When the 
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FIGURE 1 Section through snow and firn (old snow). At high altitudes 
(far from the coast), no surface melting occurs. At slightly lower 
altitudes, surface melting occurs but refreezes in that winter's cold 
snow layer. At lower altitudes, refrozen (superimposed) ice masses 
occur, and some subsequent melt of snow and superimposed ice may run off 
depending on the temperature of the underlying snow and ice mass. At 
the lowest altitudes (the ablation zone, below the equilibrium line), 
melting exceeds snow and ice accumulation and some or all of this melt­
water runs off to the sea (modified from Benson 1962). 

ice is no longer sufficiently thick to rest on bedrock, it floats. Sea­
ward of this point, called the grounding line (or zone), it becomes a 
floating ice shelf. The true margin of a marine ice sheet is the sea­
ward edge or calving front of the ice shelf, where icebergs detach 
(calve) • Advance or retreat of the ice-shelf front depends on the rate 
of iceberg calving, which in itself cannot affect sea level because the 
ice shelf is already floating. However, since grounding lines are the 
seaward boundaries of thick grounded ice, retreat or advance of ground­
ing lines does affect sea level. A grounding line tends to be meta­
stable or unstable if the sea depth is greater than a critical depth, 
and the seafloor slopes down toward the ice-sheet interior. In this 
case, retreat--once initiated by an external event such as a thinning 
ice shelf--can become irreversible (Figure 2). 

The immense East Antarctic Ice Sheet is grounded substantially below 
sea level in some areas, but the smaller ice sheet of West Antarctica 
is the only true marine ice sheet extant. The grounding lines around 
West Antarctica are 500 to 1200 m below sea level in many areas, which 
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FIGURE 2 Sketch of a typical marine ice sheet, showing processes that 
control the flow of land ice to the sea. A backstress is exerted on an 
ice stream by the ice shelf owing to shear along pining points and 
lateral margins. Thinning of the ice shelf, caused by increased melt 
at its base or by accelerated calving and increased extension, causes a 
decrease in the backstress. This in turn causes accelerated discharge 
of land ice through ice streams to the sea. 

is well below the critical depth. Stability appears to be maintained, 
however, by the buttressing influence of large floating ice shelves. 
Destabilization, accompanied by drastic retreat of this ice sheet during 
the next century, is not to be expected. However, if substantial war~ 
ing occurs in the polar regions during the next SO years, as suggested 
by atmospheric general circulation models, events may be set in motion 
during the next century that will lead to irreversible and drastic 
retreat of the West Antarctic Ice Sheet on a longer time scale. A 
drastic retreat of this ice sheet would cause mean global sea level to 
rise by as much as S-6 m, and this would have far-reaching consequences, 
since a large fraction of the world population lives on low-lying 
coastal plains. However, population can adjust to change if the change 
is not too abrupt. The critical issue is the time scales Will the 
drastic retreat of the West Antarctic Ice Sheet, if it occurs, take 100 
years, 1000 years, or even longer? 

The above factors, which are likely to contribute to rising sea 
level, may be counteracted to some degree by increased snowfall over 
Antarctica due to higher air temperatures. This may initially mitigate 
the effect of grounding-line retreat due to increased bottom melting 
beneath ice shelves, and it might possibly counterbalance or reverse 
the effect of grounding-line retreat on a longer time scale. 

Recent studies of deep ice cores have shown rapid fluctuations in 
climate during the during the last glacial period (Dansgaard et al. 
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1982) • !base events, which occur on time scales of one to a few cen­
turies, appear to be paralleled by st.ilar changes in the 002 content 
of the entrapped air (Stauffer et al. 1984) • Although none of these 
events baa occurred so far in the Holocene (since the last glacial age) , 
they do indicate that a -.chanism involving co2 exists that can cause 
rapid switches in climate over large regions, perhaps from one quasi­
stable mode to another (Broecker et al. 1985). 

In Changing Climate it was concluded that estimates for both ice 
melting and ocean thermal expansion still have large uncertainty--at 
least 25 percent. !his is due to our uncertainty over the causes of the 
current rise in sea level, our inability to predict whether changes in 
atmospheric circulation will cause more or less snow to fall on the ice 
sheets and the smaller glaciers, and our insufficient knowledge and 
understanding of the physical processes associated with the flux of heat 
to the ocean. Of even greater uncertainty is the potential drastic 
retreat of the West Antarctic Ice Sheet. 

The recent reports Snow and Ice Research: An Assessment (NIC Co.ai t­
tee on Glaciology 1983) and Environment of West Antarctica: Potential 
co2-Induced Changes (NIC Co.aittee on Glaciology 1984) and a Deceaber 
1983 workshop also examined the exchange of water between land ice and 
the oceana, especially as it relates to possible COz-induced climate 
change. It was apparent that much more information is needed to predict 
future sea-level change with any confidence. In view of the possible 
magnitude of change and the associated uncertainties, the Polar Research 
Board and ita eo.mittee on Glaciology concluded that an authoritative 
study is needed on the relationship between land ice and sea level, 
especially in view of existing climate-modeling predictions. This 
report presents the results of the ensuing workshop, which was held in 
Seattle, 13-15 Septeaber 1984. The group examined the basic questions 
of how much water has been exchanged between land ice and ocean during 
the last century, what is happening now, and, given existing climate­
modeling predictions, how much exchange can be expected in the future. 

The following specific questions were also examined: 

I. What is the evidence for such exchange? (What do we know?) 
A. Glaciological evidence (Greenland, Antarctica, other glaciers) 
B. Oceanographic evidence (sea level, including thermal expan­

sion, and salinity, temperature, and chemical changes possibly 
derived from glacier melt) 

c. Geoidal evidence (length of day, polar wander, problema with 
assessing sea level) 

D. Other evidence 

II. What are the important gaps in the evidence or in our understand­
ing of current processes. (What do we need to know to understand 
the present?) 

III. What is likely to happen in the future, and what do we need to 
learn to have more confidence in predictions of the future? 
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This report presents the collective viewpoint of the national and 
international research community on the relationship between the volume 
of land ice and sea level. It includes a review of what is known of 
ocean volume changes during the last 100 years (Chapter 3), what land 
ice and ocean exchanges are likely to occur during the next century, 
and what we must learn to reduce the uncertainty of these estimates 
(Chapter 4), and a discussion of the possibility of the drastic retreat 
of the west Antarctic Ice Sheet (Chapter 5). The summary chapter in­
cludes an assessment of current information, assessment of unknowns and 
uncertainties, and identification of future research needs in priority 
order. The discussions found in Chapters 3, 4, and 5 are supported by 
the prepared statements of the workshop participants, which are included 
as attachments to this report. 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


3. 
Sea-Level Changes during the Past 100 Years 

Sea level appears to have risen 1 to 2 mm/yr and possibly 3 mm/yr in 
the past 100 years. Part of this rise may be due to thermal expansion 
of the oceansJ the remainder has generally been attributed to melting 
of polar ice. However, studies of the current mass balance of the Ant­
arctic Ice Sheet, which comprises about 85 percent of the total area of 
glacier ice on the Earth, suggest that a negative mass balance is not 
likely and that this ice sheet may be removing water from the world 
ocean. Recent estimates of the mass balance of the Greenland Ice Sheet 
(12 percent of the world's glacier ice area) suggest that it is close 
to balance. The remaining 3 percent of the Earth's glacier ice area 
(about 0.6 percent of the ice volume) may account for part of the 
unexplained rise in sea level. 

In this chapter the evidence for ocean-volume changes during the past 
100 years is examined. Measur:ements of relative sea level J oceanograph­
ic evidence of thermal expansion and freshwater inputJ and the contri­
butions from glaciers and mountain ice fields, the Arctic ice caps, 
Greenland, and Antarctica are discussed. 

Sea-level changes are recorded at tide gauges. The relative sea 
level (RSL) at a gauge may show long-term changes due to the vertical 
motion of the gauge, changes in the local density structure or circu­
lation of the ocean, or changes in the global volume of the ocean. 
Changes in the ocean volume, termed eustatic changes, can be due to 
changes in the !!!! of the world ocean (caused, for instance, by the 
removal of ice mass from land) or by changes in the volume at constant 
!!!! of the world ocean (caused, for instance, by thermal expansion of 
ocean water) • Changes in ocean volume without a change in mass are 
termed steric changes. The long-term vertical motion of tide gauges 
can be caused by many geologic processes J one of the most important is 
the continuing adjustment of the Earth to the loss of weight of the 
Pleistocene ice sheets (isostatic rebound) • Also, the global record of 
relative sea level can be affected by changes in the volume of the ocean 
basin due to tectonic or sedimentary processes, without change in the 
mass or volume of the waterJ the effect of these processes is difficult 
to estimate. The long-term t.pact of man on the hydrologic cycle, 
through the depletion of groundwater reservoirs and the impoundment of 
water in reservoirs, is thought to have a negligible impact on ocean 
mass (Meier 1983). 

12 
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3.1 RELATIVE SEA LEVEL 

Measured Olanges in Relative Sea Level 

More than a dozen studies of global tide-gauge (sea-level) records 
indicate a rate of rise of relative aea level of between 1.0 and 2.0 
mm/yr, or possibly up to 3.0 mm/yr, during the past century (aee this 
volume, AttachJDent 1). A 1-2 flllA/yr rate of rise is considered much more 
likely than a higher rate. The agreement of these independent analyses 
is remarkable considering the diversity of data bases and analysis tech­
niques. The important conclusion is that relative sea level (RSL) 
appears to be rising globally, but the magnitude of rise and its cause 
are poorly known (Barnett 1983, 1984). On the u.s. east coast, the 
average rate of sea-level rise waa significantly lower before 1934 than 
in the period following. 

Estimates of RSL change are subject to substantial uncertainty. 
Present sea-level data are biased toward northern hemisphere measure­
menta, and few data exist from aid-ocean. About 60 percent of the meas­
urements are from the United States, Scandinavia, and Japan. Tectonic 
motion (Japan, u.s. West Coast) and isostatic adjustment (Scandinavia, 
u.s. East Coast) contaminate most available long-term tide-gauge 
recorda. The component of RSL change that is due to glacial isostatic 
adjustment can be estimated, but the contribution of meltwater input to 
the ocean is uncertain. The tectonic component of RSL change on mid­
ocean islands cannot be predicted and subtracted out at present. Tide 
gauges are clearly needed in central ocean gyres, where there are now 
only two. 

Instrumental stability is a major problem in measuring sea level. 
Most of the data were obtained with float gauges, which have a number 
of problems. Pressure sensors on the seafloor are not by themselves a 
substitute for tide gauges because they respond to factors other than 
sea-level changer fluctuations are caused, for example, by changes in 
the mean density of the water column. Noise problems also occur. How­
ever, modern statistical methods can be used to look for the low-fre­
quency components of RSL change and to look at the phase lags between 
tide gauges in, for example, North and South America. 

Regional tide-gauge studies and rigorous statistics of past RSL be­
havior will establish space and time scales of RSL change more clearly. 
Global averages depend on meaningful spatial averages from smaller 
regions, and these can be difficult to determine. Should the average 
of the measurements from SO well-tended tide gauges in one area be 
weighed equally with measurements from one poorly tended station in 
another area? Most data before 1910 or 1920 are based on daily averages 
of four observations, and so are probably less reliable than more recent 
continuously recorded data, although the observation errors can be de­
creased by averaging over a sufficient number of days. 

Areas that are geographically close can yield different RSL data be­
cause of tectonic motion. Data from Olina and Japan are contradictory, 
for instance, because China is much older and more stable geologically. 
Korean and Japanese sea-level data also differ considerably. Raw RSL 
data for the u.s. Bast Coast show different slopes or curves from three 
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FIGURE 3 Mean annual relative sea-level changes during a 40-year period 
for u.s. Bast Ooaat stations, Cedar Key, Florida, to Eastport, Maine. 
Regression linea denote three main segments of the East Coast having 
different sea-level trends. 

segments of the coasts south of Cape Hatteras, Cape Hatteras to Boston, 
and north of Boston (Figure 3). The variation in the curves becomes 
leas, however, when the effect of isostatic rebound is removed. The 
adjusted data still show that sea level is rising. 

Further advances in the estimation of global changes in RSL will 
require careful regional studies. RSL changes are a function of tec­
tonic, glacial, isostatic, meteorological, oceanographic, and other 
factors, interdisciplinary studies are needed to separate the contri­
butions of each. New geodetic positioning systems and other new instru­
mentation may make it possible to measure the vertical motion of each 
tide gauge. Improved statistical techniques must be developed for 
analyzing tide-gauge recorda and quantifying uncertainties. Where 
tide-gauge measurements are lacking or sparse, we must apply either 
prognostic models of forcing or beat available estimates of forcing 
(tectonics, climate) to separate the contributions of the various caus­
ative agents. We must obtain regional and global baseline statistics 
so that 10, 20, or 30 years from now we can look for changes in rate of 
sea-level rise with some confidence. 

Correction of Sea-Level Data for Continuing Isostatic Adjustment 

Tide-gauge recorda can be corrected to remove the effects of glacio­
isostatic disequilibrium by using an existing global and gravitationally 
self-consistent model (see this volume, Attachment 2). This model 
predicts the variation of relative sea level (RSL) anywhere on Barth 
subsequent to the loss of the Pleistocene ice sheets and is baaed on 
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viscoelastic field theory. 
Radiocarbon-controlled RSL data going back 6000 to 7000 years were 

originally used to tune the model. RSL curves are computed, and the 
computed curve at each location is scaled so it passes through zero at 
the present time (i.e., present sea level is the datum at each loca­
tion) • The RSL curve can then be compared to dated e~~erged (or sub­
merged) beaches at each of a large number of sites, and the parameters 
of the model are adjusted until a fit to the observations is achieved. 

The Barth model is spherically symmetric, with no lateral heteroge­
neity of its physical properties. The elastic components of the struc­
ture are assumed fixed by the data of seismology. The only variable 
parameter in the Earth model is the viscosity, which is also assumed to 
be a function of radius only. The viscosity is assumed to be infinite 
in a thin layer near the Earth's surface, the surface lithosphere. Both 
the thickness of this layer and the variation of mantle viscosity with 
depth below the lithosphere have been inferred by fitting the observed 
RSL data. 

The observed variations of RSL near the center of the regions that 
were once ice covered are relatively insensitive to lithospheric thick­
ness and so may be employed to fix the mantle viscosity profile. Given 
the mantle viscosity profile, RSL data from sites near the ice-sheet 
margins and beyond may be employed to infer lithospheric thickness. The 
Laurentide and Fennoscandian ice sheets are of sufficient areal extent 
that the sensitivity in RSL response of the different regions to differ­
ent components of the radial viscosity structure may be determined. 
Then the model may be employed to predict the expected RSL response at 
sites other than those employed to tune the model parameters. 

The model may be used to predict the present-day variation of RSL 
due to the last deglaciation event at any site at which a tide gauge is 
located and was applied for this purpose to tide-gauge data for the u.s. 
East Coast (passive margin) and West Coast (active margin). The results 
[Figure 4(a)] demonstrate that about 30 percent of the observed rate of 
RSL rise at tide gauges along the u.s. East Coast was attributable to 
glacial isostatic adjustment. The average rate of rise of this region 
was about 1.1 to 1.2 mm/yr. !here is no similar systematic deviation 
in the West Coast RSL data, which are widely scattered about a mean near 
zero, a result that is hardly surprising given the level of tectonic 
and anthropogenic activity in this region. Variations about the mean 
residual rate of RSL rise along the East Coast are extremely large, with 
the extremes being 0.8 mm/yr and 3 mm/yr, implying that the observations 
have been influenced by factors other than eustatic rise and glacio­
isostatic adjustment. 

3.2 EVIDENCE FROM 'lHE OCJ!'AN 

Thermal Expansion of Ocean Water 

The problems of the temporal variability of deep-ocean temperature 
and the relationship of temperature changes to changes in steric height 
(i.e., changes in volume at constant mass) and sea level can be 
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FIGURE 4 Preliminary results showing relative sea-level trends from 
tide-gauge data along the u.s. East (a) and West (b) Coasts in the 
period since 1940 corrected for isostatic adjustment effects. The 
horizontal scale is distance in radians from Key West, Florida (a), and 
San Diego, California (b). A clear trend is apparent in the corrected 
data for the East Coast, but not for the West. More refined calcula­
tions for the East Coast suggest that the trend is most likely in the 
range of 1.1 to 1.2 mm/yr. 

addressed using data from the subtropical North Atlantic spanning 
several decades (see this volume, Attachment 3). This is the longest 
period for which high-quality hydrographic measurements are currently 
available. Data consist of a 27-year time series (Panuliris) from deep 
hydrographic stations near Bermuda, sea level at Bermuda, and two 
large-scale hydrographic surveys of the subtropical Notth Atlantic that 
were separated in time by 23 years. The purpose of concentrating on a 
single, relatively data-rich region was to obtain a nonaliased view of 
the scales of temporal variability that should be applicable elsewhere 
in the oceans. The following conclusions were reached: 

(a) Although seasonal and interannual temperature fluctuations are 
concentrated in the upper ocean, decadal time-scale variations extend 
deep into the ocean (Figure 5). In the area studied, the upper 1000 m 
cooled by up to o.s•c, and the interval from 1000 to 3000 m warmed by 
as much as 0.2•c. 

• 
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FIGURE 5 The first empirical orthogonal function (BOP) of the monthly 
mean profiles of steric height, the first BOP of the yearly anomaly 
profiles, and the linear trend in time of steric height over the period 
1955-1981. All profiles are normalized. The first BOP is the shape 
with the smallest residuals, in a least-squares sense, for all the 
profiles in a given group. Data are from the 27-year Panuliris series, 
32°lO'H, 64°JO'W (near Bermuda). 

(b) The long-time-scale temperature changes resulted in changes in 
steric height that are closely related to sea-level variability. There 
is some suggestion that sea level is gradually rising relative to steric 
height (Figure 6), but the time series is still too short for a reliable 
conclusion. It will probably be necessary to extend the time series for 
an additional 20-30 years. 

(c) Long-time-scale temperature changes are spatially variable on 
the scale of the oceanic gyres, particularly for depths in and above 
the main thermocline. Fluctuations in mid-ocean sea level may be quite 
independent of those at coastal stations, even over a period of 20 years 
or more. Although gyres tend to have some lower-frequency oscillations, 
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FIGURE 6 Five-year running means of, from top: Charleston sea level, 
Bermuda sea level, Panuliris steric height, and the residual of Panu­
liris steric height subtracted from Bermuda sea level. The beginning 
point of each curve is arbitrary. The straight line drawn through the 
bottom curve has an upward slope equivalent to a sea-level rise of 1 
mm/yr. 

aliasing cannot be responsible for the effects seen. POr instance, the 
4°C isotherm in some of the IGY north-south sections has a maximum depth 
at about 24°N. In 1981, the maximum depth of that isotherm was greater 
by 100 m. That change could not have been caused by a simple north­
south translation of deep water. 

The data do not necessarily indicate a reduction in the rate of deep­
water formation7 a reduction is seen in the census of deep water, but 
that indicates nothing definitive about the formation rate. The North 
Atlantic is the source of perhaps half of the deep water in the world 
ocean, the Southern Ocean is thought to make an approximately equal 
contribution. The data indicate that in the subtropical North Atlantic 
the upper 1000 m underwent a net contraction, but there was expansion 
in the depth range of 1000-3000 m. The amount of heat necessary to 
raise the temperature of the deep water a few tenths of a degree is 
actually very small compared with the amount of heat that the ocean 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


19 

carries--on the order of 1 percent. 
There is no evidence to rule out the possibility that thermal expan­

sion of the deep water over the world ocean is responsible for the cur­
rent rise in sea level. The long-term climatic signal may be in the 
deep ocean, and we are only seeing transient signals near the top. we 
must determine the minimum-depth water column that will yield long-term 
climatic information. At very few stations are measurements made deeper 
than 1000 m, and at still fewer are they made as deep as 4000 m. 

The time series collected at the Bermuda station are very valuable, 
and it is important that they be continued. There are many other poten­
tial data sets that could be obtained by repeating a Pacific traverse, 
although a repeat at this time would not involve a particularly long 
time lag between measurements' two long sections were occupied across 
the South Pacific in 1967. 

Possible Evidence of Deep-Water Freshening in the North Atlantic Ocean 

The northern North Atlantic is a good location for examination of the 
deep ocean for evidence of recent changes in salinity (see this volume, 
Attachment 5). It is close to regions of deep-water mass formation and 
has been surveyed by expeditions 10-20 years apart. The northern North 
Atlantic plays a significant role in the ocean's contribution to climate 
response, because it can be thought of as one of the primary deep ven­
tilators of the world ocean. Its deep-water components have been found 
to be closely tied to the winter sea surface, and so are potentially 
sensitive to environmental changes. 

No changes were observed in the deep temperature and salinity fields 
during the period 1957 to 1972. In the 1970s, the surface layers of 
the northern North Atlantic freshened by about 0.1 o/001 European 
oceanographers call this •the great 1970s salinity anomaly.• A compar­
ison of the deep-water salinities before and after the surface-water 
freshening showed that by 1981 deep-water salinities had changed 
throughout the northern North Atlantic. It is clear that the 1981 
salinities were lower than their earlier counterparts. The deep fresh­
ening was about 0.02 o/oo. The overall cooling was about O.l5°C. 

The surface-layer freshening in the 1970s propagated into the deep 
water because the downward penetration of the cooled water in the water­
mass formation areas depends on its density not on its temperature or 
salinity alone. The net result of freshening of the surface water is 
colder, less-saline water for a given density, which produced the 
changes seen in the 1981 data. Since all the upper water north of 50°N 
freshened, perhaps there has been some increase in freshwater supply, 
or decrease in salty-water supply, since 1972. However, this may be a 
transient phenomena, and more years of observation will be required to 
define the cause of this apparent change. 

The salinity changes cannot be interpreted in terms of a change in 
the height of the surface. The densities of the deep-water masses 
remained approximately the same, because there was a compensating 
temperature change. The deep water is both fresher and cooler. The 
specific volume of the deepest water observed during this period 
remained constant. 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


20 

11• S LATITUDE 

0 

e -

FIGURE 7 A December central 1976 temperature section through the pri­
mary Deep Ice Shelf Water (DISW) core in the Ross Sea. Ticks along the 
sea-level line indicate locations of vertical profiles. The DISW is at 
temperatures as much as O.J•c lower than the sea-surface freezing point 
owing to heat lost in melting at the ice shelf base. Ice Shelf Water 
also has been observed on the continental shelf and slope in the Weddell 
Sea (Foldvik et al. 1985)1 it plays a significant role in bottom-water 
formation. 

Variations in sea-ice formation could be responsible for salinity 
changes, but there are other possible causes as well. More information 
is needed before a conclusion can be drawn. If a change in the fresh­
water input is likely, the freshwater flux in the ocean rather than the 
water characteristics should be measured. The volume transports and 
the salinity contrast between the deep ocean and the surface must also 
be investigated. 

Oceanographic Evidence of Freshwater Input to the Southern Ocean 

Significant changes in salinity (>0.01 o/oo) and other chemical 
parameters have been observed in the deep waters of the southern oceans 
over time periods as short as one year (see this volume, Attachment 4). 
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FIGURE 8 A December 1976 temperature section through the primary in­
trusion of warm water (WMOO) in the Rosa Sea. Ticks along the sea-level 
line indicate locations of vertical profiles. This section, and the 
core of the warm-water intrusion, lies about 175 km east of the section 
shown in Figure 6. Derived from the Circumpolar Deep Water (CDW) north 
of the continental shelf, the WMCO inflow drops in temperature by about 
2•c in crossing the slope front near 76°S. Year-long temperature mea­
surements at the edge of the ice shelf indicate that portions of the 
WMCO there average more than 0.5°C above the in situ melting point. 

These changes have been attributed to seasonality in the large-scale 
circulation, variability in the characteristics of bottom-water forma­
tion, and deep convection associated with the Weddell Sea Polynya (a 
large area that remains free of sea ice during some winters). Large 
salinity changes (0.05-0.10 o/oo) occur on decadal or shorter time 
scales throughout the water column on the Antarctic continental shelf 
but can be attributed to variability in sea-ice formation or residence 
time of water on the shelf. Glacial meltwater has been identified from 
temperature, salinity, and 618o observations in water beneath, and 
emerging from beneath, floating glacial ice (Figure 7). The heat 
necessary to melt the underside of an ice shelf comes from depression 
of the seawater freezing point with pressure and from intermediate-depth 
intrusions of relatively warm water onto the continental shelf and 
beneath the glacial ice (Figure 8). If the Antarctic Ice Sheet is in 
mass balance with a volume flux of 2000 km3/yr and an iceberg calving 
rate of 1300 km3/yr, then 700 km3/yr of attached glacial ice melts 
directly into the shelf water. This corresponds to an average melting 
rate of 0.4 m/yr over the entire bottom surface area of all the floating 
ice shelves. Basal melting of the ice shelves lowers the 618o of shelf­
water. Assuming that the melt-rate figure is correct, and taking into 
account the additional effects of freezing and precipitation, the ocean­
ographic data suggest a 6-year residence time for water on the contin­
ental shelf. However, it is not at all certain that the Antarctic mass 
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balance is zero as assumed (see Section 3.5), nor are the mass input and 
calving fluxes well determined (e.g., see part of Section 3.5 on iceberg 
calving), so this estimate may require modification. There is little 
information available regarding short- or long-term variability in basal 
melting, basal freezing, or the residence time of shelf water. 

3. 3 CONTRIBUTION OF GIJ\CIERS AND SMALL ICE CAPS TO SEA LEVEL 

A Global Estimate 

Observed long-term changes in glacier volume, and annual mass balance 
models, yield data on the transfer of water from glaciers, excluding 
those in Greenland and Antarctica, to the ocean (see this volume, At­
tachment 6). In general, these glaciers and small ice caps have been 
shrinking during the past 100 years. Shrinkage has been moat pronounced 
among temperate and mid-latitude glaciers. Data on glacier mass bal­
ances are sparse, both temporally and spatially (Figure 9). An average 
change in glacier volume for the period 1900 to 1961 was calculated from 
the meager volume-change data and scaled to a global estimate by consid­
ering the intensity of the seasonal mass-balance fluxes. These data 
were used to calibrate the models to estimate the changing contribution 
of glaciers to sea level for the period 1884 to 1975. 

The average rate of eustatic sea-level rise between 1900 and 19.61 
due to melting glaciers and small ice caps was found to be 0.46 ± 0.26 
mm/yr, and the total rise was 0.28 ± 0.16 m (Meier 1984). Glaciers and 
small ice caps thus account for an important part of the observed sea­
level rise. 

More than a third of the calculated glacier contribution to rising 
sea level comes from the mountains bordering the Gulf of Alaskar the 
high mountains of Central Asia and the Patagonian Andes also make 
appreciable contributions. Analysis of these areas, especially the 
latter, has been hampered by a paucity of data. 

canadian Arctic Island Ice caps 

Measurements of mass balance on two small ice caps, a valley glacier, 
two large ice caps, and the Ward Hunt Ice Shelf for varying periods be­
tween 1959 and 1982 give a slightly negative glacier balance of 5 cm/yr 
(Figure 10) (see this volume, Attachment 7). Accumulation rates are 
approximately 20-25 cm/yr, and melt rates in the ablation zone range 
from 0 cm/yr at the equilibrium line to 100-200 cm/yr at sea level. Ice 
core records from the tops of the two large ice caps suggest that the 
mass-balance records refer to a period slightly cooler than the 1880-
1980 average. A simple calculation suggests that a balance of -6 cm/yr 
may be applicable to the whole 100-year period for the Arctic Island 
ice caps. 

Measurements of total vertical strain in three boreholes on Devon and 
North Ellesmere Ice Caps, thickness changes from repeated gravimetry on 
the Devon Ice cap in the 1970s, and leveling at an ice-cap edge and 
across an outlet glacier of the same ice cap all suggest that the ice 
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FIGURE 10 Mass balance of Meighen Ice cap, northwest side of Devon Ice 
cap, White Glacier on Axel Heiberg Island, and the Ward Bunt Ice Shelf 
on the Arctic Ocean coast of Ellesmere Island. Mass-balance fluctua­
tions and the averages for the period of record are only a few centi­
meters of water equivalent per year. 
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caps are currently in an approximate steady-state condition. Comparison 
of aerial photography and satellite imagery taken in the 1950s and 
1970s, respectively, show only very alight reductions in areas of the 
small ice caps and no detectable changes elsewhere. The various data 
seta are in agreement within the limits of the errors within each set. 

A warm season increases the melt in the ablation area but has no 
effect on mass balance above the equilibrium line for ice caps in the 
canadian Arctic, as the meltwater atmply soaks into the firn and 
refreezes. A sustained warming of about 5°C, however, could remove 
much of the firn and cause a significant change in mass balance and 
runoff. The mean July temperature correlates well with melt rates, and 
so it would be desirable to estimate future melt rates in the Arctic as 
a function of the mean temperature during the warmest month. 

3.4 CONTRIBUTION PROM GREENLAND 

The mass balance of the Greenland Ice Sheet (Figure 11) can be esti­
mated by the hydrological budget method, i.e., the time rate of change 
of the ice-sheet volume is the sum of input due to annual precipitation 
and loss due to annual melting and iceberg calving (see this volume, 
Attachment 8). Several estimates of the terms in this equation have 
been summarized by Weidick (1984): 

Accumulation 
Melting 
Iceberg calving 

500 ~ 100 km3/yr (water equivalent) 
295 + 100 km3/yr (water equivalent) 
205 ± 60 km3/yr (water equivalent) 

These estimates suggest that the Greenland Ice Sheet is not greatly out 
of balance with the present climate. However, the error limits show 
that the hydrological budget method cannot be used, at present, to draw 
a conclusion as to whether the ice sheet is growing or shrinking, nor 
is this method likely to provide an answer to the question in the near 
future. 

Alternatively, direct measurements of the rate of thinning or thick­
ening in specific areas can be extrapolated over the area of the entire 
ice sheet. Studies by several investigators at the Dye-3 borehole site 
show that the ice sheet is thickening there at a rate of 0.03 m/yr. 
Observations along the profile of the International Glaciological 
Expedition to Greenland (BGIG) indicate that surface elevations are 
increasing at an average rate of 0.085 m/yr in the accumulation zone of 
the west aide of the ice divide, at latitude 70-72°N (Figure 12(a)] but 
are decreasing at an average rate of a few centimeters per year in the 
accumulation zone on the east aide of the ice divide. However, observa­
tions along the same profile show that in the ablation zone, the West 
Greenland Ice Sheet surface is lowering at a rate of 0.2-0.3 m/yr at 70-
720N (Figure 12(b)]. This is in broad agreement with the 0.3-0.5 m/yr 
thinning rate inferred from geological data along the West Greenland 
margin. 

It may be possible that the current thickening in central Green­
land is due to the diminishing thickness of soft ice of Wisconsin 
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FIGURE 11 Surface topography in meters of the Greenland Ice Sheet. 
Border of the ice sheet indicated by heavy line. Major calving glaciers 
draining the ice sheet indicated by arrows, measurements of calving 
rates by solid triangles, and estimates or unpublished measurements of 
calving by open triangles. Modern ablation measurements indicated by 
open circles, and accumulation measurements by small dots. Large dots 
(Camp Century, Crete, and Dye 3) indicate deep core holes. The traverse 
profile of the International Glaciological Expedition to Greenland 
(EGIG) is also indicated (from Benson 19627 Radok et al. 19827 and this 
volume, Attachment 8). 
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FIGURE 12 (a) Change in altitude of the surface of the accumulation 
area of the Greenland Ice Sheet along the EGIG Profile (Figure 11) for 
the period 1959-1968. Dots show measured values, the solid line is a 
5-point running mean, and the dashed line shows error limits. Thicken­
ing is apparent except near the west (left) margin and in the east 
(right) (from Seckel 1977). (b) Rate of change in altitude of the sur­
face of the ablation area at the west end of the EGIG profile, during 
1948-1955. Solid line is a smooth curve through the observed points 
(dots). (from Bauer et al. 1968). 
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(Pleistocene) age in the deeper parts of the ice sheet. This suggestion 
needs to be checked with additional data from deep ice cores and through 
the use of dynamic models. 

It is not possible at present to estimate reliably the exchange of 
mass between the Greenland Ice Sheet and the ocean, mostly owing to 
lack of observations in northern and eastern Greenland. Estimates of 
the total balance of the ice sheet based on an extrapolation of data 
from West Greenland to the entire ice sheet range from -110 km3/yr to 
+270 km3/yr (water equivalent). The corresponding rate of sea-level 
change is +0.3 to -0.7 mm/yr. 

If the sparse observations of recent changes in the elevation of the 
ice-sheet surface are extrapolated to the entire ice sheet, thinning in 
the marginal area corresponding to a sea-level rise of about 0.2 to 0.3 
mm/yr, and thickening in the accumulation area corresponding to a sea­
level lowering of about 0.3 to 0.4 mm/yr, is indicated. The maximum 
expected annual variation due to the variability of net ablation from 
the Greenland Ice Sheet is 0.3 mmJyr. 

3.S CONTRIBUTION FROM ANTARCTICA 

Antarctic Mass Balance--An Assessment 

The estimate of Antarctic mass balance has improved over the last 
decade owing to increased coverage of accumulation and ice-flow measure­
ments (see this volume, Attachment 9). With these measurements, esti­
mates of the overall balance have tended to become closer to zero, 
ranging about -20 percent to +SO percent from a balance state. This is 
equivalent to a change in sea level ranging from a rise of 1.2 mm/yr to 
a fall of 3 mm/yr, respectively. 

The maximum melt rate from the bottom of the Antarctic inland ice 
sheet is 3 mm/yr in areas where it is greatest, which makes a negligible 
contribution to rising sea level. The contribution to overall mass 
balance from basal melting beneath ice shelves is very uncertain. Under 
the Amery Ice Shelf (Figure 13) basal freezing appears to occur every­
where except close to the ice front. Slow basal freezing occurs under 
inland parts of the Ross Ice Shelf, and basal melting occurs closer to 
the ice front. 

Other uncertainties in the Antarctic mass-balance estimates arise 
from lack of accumulation data over approximately one third of the con­
tinent and lack of outflow measurements around more than SO percent of 
the coast. The problems involved are great, and the measurements are 
unlikely to be completed within the next decade. To determine the rate 
of thickening to within lS percent accuracy from ground measurements, 
the average accumulation rate--probably about O.lS m/yr--must be meas­
ured to better than 10 percent accuracy. An independent technique for 
determining net balance used direct measurement of surface elevation 
from satellite radar or laser altimetry combined with geodetic control 
(see this volume, Attachment 14). 
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FIGURE 14 Thickness in meters of the Ross Ice Shelf. Island and major 
areas of grounded ice are stippled, and ice rises are cross hatched. 
Ice streams A through E are indicated by arrows. The dashed line 
separates ice derived from West Antarctica (left) from that derived 
from East Antarctica (right). J9 is the site of a drill hole through 
the ice shelf and measurements in the water column below. 

West Antarctica, Ross Sea Sector 

Extensive measurements made on the Ross Ice Shelf during the 1970s 
makes this sector one of the best known (see Figure 14). The ice thick­
ness has been mapped in some detail, velocities of ice-shelf movement 
are known for the entire ice shelf from repeated satellite positioning 
combined with strain-rate observations, and surface mass balance rates 
are known from measurements of the depths to dated radioactive fallout 
horizons. From these data it is possible to make estimates of the sum 
of the rates of basal melting and change in thickness of the ice shelf 
(see this volume, Attachment 10). calculations related to three flow 
bands within the part of the ice shelf fed by the West Antarctic inland 
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ice suggest that the mass balance of the ice shelf itself is not greatly 
different from zero but may be slightly positive (Thomas and Bentley, 
1978J Jezek and Bentley, 1984). Similarly, study of the outflow from 
an East Antarctic outlet glacier (Nimrod Glacier) that can be traced 
across the ice shelf also yields a mass-balance estimate close to zero 
and suggests further that the basal melt rate must be low if the ice 
shelf is not thinning. On the other hand, comparisons of the mass 
fluxes into the ice sheet separately from East Antarctica and West 
Antarctica with the corresponding fluxes out near the ice-shelf front 
lead to the conclusion that basal melt rates of 0.1 to 0.2 m/yr beneath 
the main body of the ice shelf (excluding a hundred kilometer band near 
the ice front, wherein melt rates are high) are needed to maintain 
steady state. Thus even in this well-studied region the evidence is 
equivocal. Measurements that can ascertain basal melting rates and 
ice-shelf thickening rates separately are badly needed. 

Another result of the Ross Ice Shelf studies is evidence that the 
ice shelf is capable of noticeable changes in its dynamics on a time 
scale of a century or two. 

Antarctic Peninsula, Weddell Sea, and Amundsen Sea Sectors 

The Antarctic Peninsula (Figure 13) has the warmest climate and 
highest snowfall in Antarcticar it receives 8 percent of the total 
accumulation while covering only 2.5 percent of the grounded ice area 
(see this volume, Attachment 11). However, even a gross change in the 
net accumulation would have only a small effect on sea level, and sea 
level would only rise about 0.5 m if all the ice in the peninsula were 
to melt. It is not feasible to give an accurate figure for the mass 
balance of the Antarctic Peninsula. Satellite images show that the 
Wordie and George VI Ice Shelves have diminished in recent years. 
Without data on grounding-line movement or ice velocity or thickness 
changes it is impossible to interpret the retreat in terms of ice-sheet 
shrinkage. Extreme limits of between 0 and 0.2 mm/yr could be placed 
on relative sea-level rise due to mass loss from the Antarctic Peninsula 
in the next 100 years. 

The Filchner-Ronne Ice Shelves (Figure 15), which together make the 
largest ice shelf by volume, drain nearly one quarter of the Antarctic 
Ice Sheet to the Weddell Sea. The accumulation rate along the coast in 
the Weddell Sea sector is unusually high, about 0.40 m/yr, as indicated 
by pit stratigraphy. Radio-sounding measurements suggest strong bottom 
melting over most of these ice shelves, apart from the thin central 
area. Using estimates at the ice fronts of thickness, velocity, and 
total length gives the amount of ice expected to be lost by calving, in 
a steady-state condition. Combining this estimate with that of the ice 
input from the catchment area and the accumulation over the ice shelves 
themselves suggests an average basal melt rate for both ice shelves of 
about 1.0 m/yr. However, only one mass-flux measurement exists across 
the whole of that coast. 

The thin ice in the center of Ronne Ice Shelf is the result of flow 
being impeded by a locally grounded area between Korff and Henry Ice 
Risesr thinning of the ice shelf by only a few meters would remove this 
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FIGURE 15 Thickness in meters of the Filchner-Ronne Ice Shelf. west 
Antarctica is to the left and south (below), East Antarctica is to the 
right. Islands and major areas of grounded ice are stippled, ice rises 
are cross hatched, and an area where the ice shelf is partially 
grounded is lined vertically. 
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restriction and reduce the backpressure on the inland ice sheet. Remov­
al of this restraint might increase sea level by about 80 mm averaged 
over a period of about 500 years, i.e., at a rate of about 0.2 mm/yr. 
In total, sea level may increase by as much as 0.4 mm/yr owing to 
accelerated ice discharge in this region. 

The Pine Island and Thwaites Glaciers may have potential for rapid 
ice-sheet disintegration. This conclusion is based on the belief that 
if sea level rises or if the ice thins then retreat of the grounding 
line could continue into the heart of the West Antarctic Ice Sheet 
unless stopped by a high step in the bedrock. On the other hand, radar 
sounding flights show that part of the present grounding line of the 
Pine Island Glacier appears to be held at the foot of a rock bar about 
200 m high. Pine Island Glacier does not appear to be undergoing any 
extraordinary behavior. Mass-flux calculations over the catchment area 
appear to indicate a positive balance, with the total annual input of 
86 + 30 kml water equivalent exceeding the annual mass flux at the 
ice-front of 25 ± 6 kml water equivalent by a large amount. 

Iceberg Discharge 

The extensive set of iceberg observations now becoming available 
indicates that the number of icebergs in the Southern Ocean and the rate 
of iceberg calving from Antarctica may have been underestimated (see 
this volume, Attachment 12). Also, most of the floating ice shelves 
are growing larger and storing progressively more ice, so the discharge 
rate from the grounded ice sheet is higher than can be deduced from the 
number of floating icebergs. calving is very spasmodic, ice shelves 
grow for many years, then large pieces break off. With conservative 
estimates, the data suggest that the calving rate from Antarctica is 
more than 2 x lol5 kg/yr. The ongoing collection of iceberg statis­
tics should, within a few years, provide a reasonably firm foundation 
for evaluating the calving rate, provided we can improve our understand­
ing of the life expectancy, or residence time, of the Antarctic ice­
bergs, now estimated at roughly 12 years near the coast and up to 20 
years for grounded icebergs near floating glacier tongues. Estimates 
of iceberg lifetimes and the distribution of icebergs around the whole 
continent need to be defined more precisely before a calving rate can 
be stated with confidence. 

Research Needs 

Prom the foregoing it is clear that there are several research 
questions that badly need attention if better estimates of present-day 
Antarctic mass balance and predictions for the future are to be 
obtained. What are the factors that determine ice-stream flow with 
sliding? The most important regions to monitor, measure, and model can 
be delineated from our present knowledge of ice flux, and emphasis 
should be placed on these regions for further study. What is the role 
of the West Antarctic ice streams in the ice-sheet dynamics, how and 
why do they play that role? What is the basal mass balance under the 
ice shelves, and how can it be predicted from oceanogrpahic data? How 
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can changes in thickness of the ice shelves be measured separately from 
measurements of basal melting rates? What is the iceberg calving rate 
around the Antarctic at present, and how can the effect of a changing 
environment on the calving rate be determined? What are the time 
scales for variability in accumulation rate and iceberg discharge? 

3 • 6 OTHER EVIDENCE 

Evidence from Earth Rotation Data 

Munk and Revelle (1952) argued that, on the basis of Earth rotation 
observations and data on true polar wander, some present-day melting of 
continental ice masses must be occurring. A more recent series of 
analyses is based on the assumption that subsequent to 6000 years 
before present, no further ice-mass disintegration occurred (see this 
volume, Attachment 2). Both the present-day expected polar wander 
(rate and direction) and the present-day rate of change of the length 
of day are modeled. The model correctly predicts both the true polar 
wander at the rate of 0.95 x lo-6 degrees/yr toward Hudson Bay that 
is shown by the International Latitude Service data and the nontidal 
acceleration of planetary rotation shown by ancient eclipse records and 
more recently by laser tracking of the LAGEOS satellite. The para­
meters of the model are fixed by comparing the model's relative sea 
level (RSL) and gravity-anomaly predictions to extensive RSL and 
gravity-anomaly data. When the model's Earth-rotation results are then 
compared with Earth-rotation data, the predictions agree well with the 
observations. It is not necessary to take into account additional tidal 
dissipation caused by submergence of the continental shelves during the 
past 10,000 to 20,000 years. 

Further, the mantle viscosity profile required by the Earth-rotation 
data is compatible with that required by the free-air gravity and rela­
tive sea-level observations. Thus, present-day ice-sheet wastage is not 
required to fit the true polar wander data when a spherical-Earth model 
with a realistic radial viscoelastic structure is employed. This struc­
ture is of fundamental importance to the accurate prediction of true 
polar wander. 

This model could conceivably be sensitive enough to rule out the 
possibility of a small rate of shrinkage of the polar ice sheets at the 
present time if all the other parameters were sufficiently well known. 
In its present form, the model does not rule out the possibility of 
some meltwater input to the ocean, but meltwater input is not required. 

Global Land-Ice Monitoring 

Standardized information about the distribution of and the variation 
in the Barth's ice cover is being gathered by the Temporary Technical 
Secretariat for the World Glacier Inventory and the Permanent Service 
on the Fluctuations of Glaciers (see this volume, Attachment 13). In 
1986, the function of the Temporary Technical Secretariat will be 
assumed by the Permanent Service. A program is currently being designed 
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FIGURE 16 CUmulative mass balance of seven mountain glaciers in the 
northern hemisphere during 1970-1980. In parentheses are latitude and 
climatic environment (m, maritimer t, transitionalr c, continental) • 
Mean balance for period (b) is also given in meters of water equivalent 
per year. Glaciers in the same region (Scandinavia and Alaska) show 
disparate trends, apparently related in part to their climatic 
environment. 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


36 

that includes (1) documentation at short intervals of mass-balance time 
series, (2) collection and publication of general fluctuation data, and 
(3) satellite observation of remote glaciers. • 

Mass-balance time series (Pigure 16) are of primary importance for 
climate monitoring and hydrological assessments, and such information 
is being used to derive past and future contributions of mountain 
glaciers to sea-level changes. To infer the contribution to sea-level 
change from a given ice mass, it is necessary, in general, to measure 
its mass balance. In remote regions where sparse measurements must be 
extrapolated over large areas, large errors can be introduced. In such 
cases it is possible to construct a time series of data from individual 
poles or stakes. This eliminates some uncertainties but provides only 
limited information on long-term trends for the ice mass as a whole. 

General fluctuation data including observations on glacier-length 
variation are basic to glaciological studies and paleoglaciological 
reconstruction. The lack of information about mass changes of the large 
polar ice sheets is still the most fundamental gap, which may eventually 
be closed by satellite altimetry. It is hoped that satellite observa­
tion of selected glaciers will extend the available information into 
less accessible areas and allow worldwide intercomparison of glacier 
fluctuations. A feasibility study is needed on monitoring the length 
of small glaciers by satellite imagery. 

Present and near-future satellite remote-sensing technology already 
permits or soon will permit systematic, repetitive surveys to be accom­
plished of the world's large glaciers and ice sheets (Figure 17J see 
this volume, Attachment 14). Very-high resolution images such as those 
to be obtained by the SPOT satellite (10-m resolution) will yield 
enormous volumes of data, making it practical to study only selected 
representative areas and making it necessary to address problems of 
data handling and cost. 

Determining the third dimension (altitude, thickness) of glaciers has 
been hampered by a lack of development of appropriate satellite remote 
sensors, although some success has been achieved with data from radar 
altimeters in determining elevations of ice shelves in Antarctica and 
the gently sloping parts of the Antarctic and Greenland Ice Sheets that 
lie at less than 12• of latitude. Recent work has established the 
feasibility of mapping margins of ice shelves from radar altimetry 
data. A working group at NASA is considering potential applications of 
synthetic-aperture radar to ice measurements. The next mission that 
could provide large quantities of data will be in the late 1980s on the 
Space Shuttle, the European ERS-1 satellite, and perhaps other satel­
lites. If these satellites are going to be employed to collect glacier 
data, the geographical areas of interest must be defined very soon. 

Evidence for Recent Changes in Snow Cover, Sea Ice, and Permafrost 

Determination of the variability and trends in snow cover are needed 
to help in assessing the effects of C02-induced warming on the mass 
balance of glaciers and ice sheets (see this volume, Attachment 15). 
There is evidence of increased snowfall with higher winter temperatures 
in some regions, but the net effect of this is uncertain. Sea-ice 
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FIGURE 17 Graph showing the relationship between spatial resolution of 
existing and future imaging sensors (visible and infrared) on board 
various satellites and the approximate range of annual dynamic change 
of termini of different types of glaciers. The termini of ice sheets 
include ice shelves from which large tabular icebergs can calve off, 
producing large annual changes. Spatial resolution of a camera/film­
filter system is given in meters per line pair. Spatial resolution for 
nonphotographic imaging sensors is taken to be 2.8 times the pixel 
resolution where a pixel is the dimension on the Earth's surface of a 
single picture element. ESA, European Space AgencyJ HRV, haute resolu­
tion visible (SPOT sensor)J MLA, multispectral linear arrayJ MSS, multi­
spectral scanner (Landsat sensor)J RBV, return beam vindicon (Landsat 
sensor)J SPOT, Systeme Probatoire d'Observation de la Terre (French 
satellite) J 'IH, thematic mapper (Landsat sensor) J AVHRR, advanced very­
high-resolution radiometer. 

extent around Antarctica affects the snowfall on Antarctica and the ice 
shelf-oceanographic regime. 

The observed annual maximum extent of northern hemisphere snow cover 
is 46 x 106 km2 (standard deviation 2.5 x 106 km2). The season-
al variation in snow-cover volume (water equivalent) is approximately 5 
mm in sea-level equivalent, and the interannual variability is 1 mm. 
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FIGURE 18 (a) Changing area of snow cover in Eurasia and North Amlrica, 
1967-1984, smoothed using a 52-week running mean. Eurasia accounts for 
most of the variabilty, and no obvious long-term trend is apparent in 
either region (from M. Matson, unpublished). (b) Changing area of late 
August sea ice on the Arctic Ocean, 1924-1980. No obvious long-term 
trend is apparent, and the curve in the 1967-1980 interval shows little 
correlation with that in (a) (from Zhakharov 1981). 
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Eurasian snow cover dominates the variability in hemispheric extent 
[Figure 18(a)]. 

There are no evident recent trends in sea-ice extent in either hemi­
sphere. Regional interannual ice anomalies, associated with atmospheric 
circulation anomalies, are large. POr Arctic sea ice in late summer, 
there appears to be a fluctuation of +1 x 106 km2 in extent asso­
ciated with ±l°C summer temperature anomalies (for 5-year running 
means). Fluctuations of Arctic ice extent for 1950-1980 show no appar­
ent relationship with those of northern hemisphere snow cover [Figure 
18(b)] or of Antarctic ice. 

The water content of global permafrost is poorly known but may be on 
the order of 0.09 to 0.17 m equivalent global sea level. A ground-ice­
melt contribution to the sea-level rise is unlikely to exceed a few 
millimeters over the next 100 years, in view of the partial melt antic­
ipated for warming and the slow time response of ground ice. 

Long-term monitoring of global sea ice and snow cover via passive 
microwave remote sensing is practical and essential. The feasibility 
of this technique for snow-cover mapping has been demonstrated but, so 
far, not routinely applied. Recorda of surface snow-cover observations 
also need to be compiled to augment the historical data base on varia­
bility and to serve as a calibration for the satellite data. Monitoring 
of changes in permafrost temperatures and improved information on perma­
frost extent, thickness, and ice content are also necessary to refine 
our estimates of warming impacts on this component of ice and snoW on 
Earth. 
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4. 
Probable Land-Ice and Ocean Exchanges 
during the next 100 Years, Exclusive of Antarctica 

During the next 100 years, glaciers and ice caps (those ice masses 
other than the two large ice sheets) will probably make an increasing 
contribution to rising sea level. A larger contribution may come from 
increased ablation of the Greenland Ice Sheet, but attempts to make 
realistic estimates of this have been hampered by large uncertainty as 
to its present mass balance. In this chapter, predictions (derived 
from a general atmospheric circulation model) of increased ablation in 
marginal areas of the Greenland and Antarctic Ice Sheets are discussed, 
and the small glaciers in more temperate latitudes are conside~ed. A 
program of measurements is suggested to reduce uncertainty regarding 
the present mass balance of the Greenland Ice Sheet, and a rough esti­
mate of the likely contribution to rising sea level from Greenland is 
given. The more difficult question of the stability of the potentially 
unstable parts of the Antarctic Ice Sheet is discussed in Chapter s. 

4.1 PR:>BABLE CHAR;ES IN CLIMATE CAUSED BY INCREASING 002 

Present global climate models have not been designed with the objec­
tive of examining sea-level response to global climate change. However, 
they can provide a preliminary evaluation of certain physical processes 
that are capable of contributing significantly to sea-level change and 
in this way help indicate the processes that should be studied more 
carefully (Hansen et al. 1983, 1984). Unfortunately, existing global 
climate models do not simulate the present climate at high latitudes, 
especially in Antarctica, very precisely, indicating that much improve­
ment is needed before predictions of the future climate can be made 
with confidence (NRC Committee on Glaciology 1984). 

Radiation-transfer calculations for steady-state models indicate that 
a doubling of 002 would produce a radiative forcing of about 4 W/m2 
(global average) and that, in the absence of any climate feedbacks, a 
global warming of l.2-l.3°C would result. Global three-dimensional 
models that include climate feedback processes yield a global warming 
of 2-4•c, or possibly more, for doubled 002, indicating a net climate 
feedback factor of the order of 2. However, there is substantial uncer­
tainty in our understanding and modeling of these feedbacks, which in 
the present models are due mainly to changes in atmospheric water vapor, 
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clouds, and sea-ice coverage. The effect of increasing concentrations 
of other radiatively active gases in the atmosphere will be to increase 
this warming further, perhaps by another 2-3°C (NRC Carbon Dioxide 
Assessment Committee 1983). Studies (NRC Climate Research Board 1979, 
1982r NRC Carbon Dioxide Assessment Committee 1983) during the past 
several years give a best estimate for climate sensitivity of 3 + 1.s•c 
for doubled C02, but it is not possible to exclude values somewh;t 
outside this range. 

Climate models and empirical data indicate that global surface warm­
ing will be amplified at high latitudes, especially in the northern 
hemisphere, perhaps by a factor of 2 or more, owing to the ice/snow 
albedo feedback and the greater atmospheric stability at high latitudes. 
Examination of the results of an existing doubled-co2 experiment sug­
gest two processes that may contribute significantly to sea-level rise 
in the next century& (1) increased surface melt at the fringes of the 
ice sheets, principally in southern Greenland and some areas on the 
Antarctic coast, where ice losses may be balanced only partly by in­
creased accumulation in the ice-sheet interiorsr and (2) thermal expan­
sion of ocean water due to higher air temperature. Climate models are 
not yet capable of predicting confidently the longitudinal distribution 
of climate change, as indicated by wide variations among different 
models. Time-dependent climate change will be extremely difficult to 
model reliably, because it will require realistic representation of the 
coupled atmosphere-ocean-sea ice system. 

Principal improvements needed in the global climate models to obtain 
more realistic predictions of sea-level effects include (1) more accur­
ate calculation of atmospheric transports of water vapor and sensible 
heat, which may require improved numerical schemesr (2) more realistic 
representation of clouds and sea ice, (3) more precise representation 
of surface topography, so that the ice surfaces occur at the proper 
elevations, which may require use of subgrid topographic variations in 
the modelsr (4) more accurate calculation of the albedo of snow and ice 
surfaces, including the changes in albedo accompanying surface melt and 
aging of snowr and (S) realistic representation of other aspects of ice 
and snow physics, including restriction of meltwater runoff to coastal 
ice slopes and firn that is saturated with meltwater. A critical re­
quirement of the models is that they portray realistically the tracks, 
frequency, and intensity of storms that travel from the Antarctic Ocean 
onto the continent, since they are believed to be the principal mech­
anism for horizontal transport of water vapor and sensible heat to 
Antarctica. 

4. 2 EPP'ECT ON SMALL GLACIERS 

Glaciers and ice caps smaller than about 10 to 100 km2 react to 
changes in the climatic environment without entering the process as a 
feedback mechanism. This makes the description of their energy balance 
in terms of atmospheric variation meaningful, although an important term 
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in their mass balance, redistribution of snow by wind, generally defies 
analytical treatment. 

For that period of the ablation season in which the snow and ice 
surface is melting, a particularly simple parameterization can be used 
to determine the change in altitude of the equilibrium line (see this 
volume, Attachaent 16). This is, essentially, the ratio of the sua of 
the climatic disturbances to the sum of altitudinal derivatives of 
accumulation c, air temperature T, net radiation, and vapor pressure e. 

For a scenario of 6T • +l•c, 6c • 150 mm/yr, 6e • +1 hPa, and a 
change in cloudiness • +0.1, a rise in the equilibrium line of +190 m 
is predictedr this may increase to +230 m if the added accumulation is 
specified as having been deposited in winter exclusively. This example 
applies to conditions in the European Alps. The coefficients and deriv­
atives used must be adapted for other climatic settings, e.g., maritime 
glaciers in the northwestern United States. 

The temporal change in the mass balance can be analyzed similarly. 
If air temperature rises linearly with time, the glacial wastage (nega­
tive balance) increases to a maximum and then decreases as the glacier 
loses area. The maximum will occur in a few decades for small glaciers. 
Application of this model will require data on glacier area, length, and 
thickness as a function of altitude. Such data are now being compiled 
by the World Glacier Inventory and the Peraanent Service on the Fluctu­
ations of Glaciers (see this volume, Attachaent 13). 

Simple hydrometeorological (statistical, empirical) models, developed 
to extend .ass-balance histories, also can be used to estimate the 
effect of rising temperature on the world's glaciers. For a temperature 
rise of 1.5 to 4.5•c, glacier wastage could produce a rise in sea level 
of 1.3 to 6.6 mm/yr, all other factors being held constant, with a rise 
in the range of 1.7 to 5.2 mm/yr considered more probable (Meier 1984). 
If the concentration of atmospheric oo2 doubled in 100 years and if 
the rise in the annual meltwater contribution were linear, the probable 
contribution to sea level would be about 0.09 to 0.26 m. 

Air temperature rose about 0.5°C from 1900 to 1961, and glacial 
wastage is estimated to have produced a 28-mm rise in sea level (Meier 
1984) • This suggests that a range of sea-level rise due to ice melt of 
0.08 to 0.25 m in 100 years corresponds to a rise in air temperature in 
the range of 1.5 to 4.5°C, as has been suggested for the next century. 
The actual sea-level rise might be less because the area of glacier ice 
will have diminished. Also, increasing precipitation in many regions 
may largely offset the wastage. 

Several major uncertainties arise in these simple predictions. One 
of the most important concerns is with the occasional years of extremely 
negative mass balances that often dominate balance historiesr these rare 
events cannot be analyzed precisely because they are so unusual and 
therefore defy most statistical or empirical treatments, and they are 
difficult to study from a deterministic point of view because of limited 
data and inadequate knowledge. Another problem has to do with glaciers 
in areas affected by monsoonal circulationr minor changes in air tem­
perature during the accumulation (summer) season determine the mass 
balance. 
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The total volume of the world's glaciers and ice caps, exclusive of 
the Greenland and Antarctic Ice Sheets, has been estimated in the range 
of 0.3 (Bollin and Barry 1979) to 0.6 m (Flint 1971) in sea-level 
equivalent. This is the upper limit to sea-level rise due to glacier 
wastage. 

4. 3 EFFECT ON THE GREENLAND ICE SHEET 

A reasonable estimate of the range of possible sea-level change due 
to changes of the Greenland Ice Sheet is difficult to make, because no 
data on the present mass balance are available for large areas, espe­
cially in northern and eastern Greenland. This uncertainty in the 
present mass balance is illustrated by the fact that, of six estimates 
from different investigators, three are negative, and three are posi­
tive. Additional measurements (see this volume, Attacm.nt 8) are 
needed to narrow the uncertainty of the present mass balance of the 
Greenland Ice Sheet and permit a more realistic projection of the 
contribution to rising sea level from this source during the next 100 
years. 

A synthetic-aperture radar satellite will be installed in a near­
polar orbit toward the end of the 1980s. Ita use over Greenland should 
be requested, because it would yield accurate data on the location of 
the equilibrium line. The Greenland Ice Sheet has a large ablation area 
and is thus a significant potential contributor of meltwater to the 
ocean if climatic warming causes an increase in the rate of ablation 
and an upward shift of the equilibrium line. Some of the additional 
meltwater will reach the ocean as runoff, but much of it will refreeze 
in the cold firn. 

The increase in equilibrium-line elevation that is likely to be 
caused by climatic warming can be related to the altitudinal gradients 
of accumulation and the energy-balance components (see this volume, 
Attachment 17). The most important of these components are the change 
in the sensible heat flux over melting surfaces and the change in net 
radiation that is caused by a change in air temperature and cloudiness. 
Changes in albedo can be ignored because the altitudinal pattern of 
albedo follows the shift of the equilibrium line. 

Accumulation and heat-balance measurements are required. Parameter­
ization schemes established for other regions cannot be relied on to 
apply to the Greenland Ice Sheet. Sufficient data are .available along 
the EGIG profile (Figure 11) and along the accumulation profiles mea­
sured by Benson (1962). These measurements were used by Ambach (1985) 
to compute the rate of increase of the equilibrium-line elevation with 
respect to air temperature, cloudiness, and accumulation rate. These 
three rates were found to be +77 m/°C of temperature, -4 m/0.1 of cloud­
iness, and -73 m/100 kg/m2 of annual snow accumulation, respectively. 
These values suggest, for instance, a rise of about 500 m in the equi­
librium-line altitude for a temperature rise of 6.5°C and an increase 
in precipitation of 10 percent. A similar rise in the equilibrium line, 
from approximately 1500 to 2000 m can be estimated using observed values 
of the lapse rate (gradient of temperature with altitude), corresponding 
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to a somewhat lesser temperature change of 3 to 6°C (see this volume, 
Attachment 18). The difference in the temperature sensitivity of the 
equilibrium-line elevation according to the two methods is an indication 
of the uncertainty in the estimation process. 

The relative increase in the melt rate likely to be caused by an 
upward shift of the equilibrium line from 1500 to 2000 m can also be 
calculated, assuming that no changes in the dynamics of the ice sheet 
occur. The upward shift will reduce the accumulation area, increase 
the ablation area, and force a shift from present approximate balance 
to one that is strongly negative. If it is assumed that the calving 
rate remains fixed, the new net mass balance will be about -460 km3/yr 
(Figure 19). This converts to a rate of sea level rise of 1.3 mm/yr, 
if the increase in ablation runs off to the sea. It is unclear how much 
of the meltwater increase would be added to the ocean, however, because 
of refreezing within the firn layer and formation of superimposed ice. 
These processes should be incorporated in improved models for the pre­
diction of the effect on sea level. 
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Over time, the ice sheet will adjust ita shape to match the new cli­
mate. The accumulation area will thicken, the ablation area will thin, 
and the margin will retreat. In the next 100 years, little change in 
the flow dynamics is expected, although such change might be important 
for time scales of a 1000 years or more. 

To estimate the total sea-level rise by the year 2100 produced by 
changes in the Greenland Ice Sheet, assume a scenario that there is no 
change in atmospheric warming from now to the year 2000, when the atmo­
sphere warms at a rate that raises the equilibrium line 500 a by the 
year 2050 where it remains. The total change in sea level would be 
0.10 m. ror an extreme but highly unlikely case, with the equilibrium 
line raised 1000 m, the total rise would be 0.26 m. These numbers are 
maximum estimates and disregard the refreezing of meltwater in the cold 
firn. 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


5. 
Probable Land-Ice and Ocean Exchanges 
during the Next 100 Years: Antarctica 

The question of the stability of the West Antarctic Ice Sheet was 
raised by Mercer (1968, 1978) who pointed out that lake sediments and 
inactive solifluxion flows in Antarctica indicate summer temperatures 
that were 7 to 1o•c higher sometime during the Pleistocene than at 
present. Mercer suggested that if a temperature rise of this magnitude 
occurred in the future, the Ross and Pilchner-Ronne Ice Shelves would 
not survive. Citing earlier arguments by Hollin (1962) and Robin and 
Adie (1964, p. 116), Mercer hypothesized that destruction of the Ross 
and Pilchner-Ronne Ice Shelves would be followed by rapid shrinkage of 
the West Antarctic Ice Sheet and that a previous disappearance of this 
ice sheet is the most likely reason that sea level was 6 m higher during 
the Sangamon interglacial about 120,000 years ago than at present. 
Subsequently, Hughes (1973) synthesized several lines of evidence 
suggesting that the West Antarctic Ice Sheet might be retreating at 
present, and Weertman (1974) demonstrated theoretically that a two-di­
mensional marine ice sheet terminating in an unbounded floating ice 
shelf would be unstable, if the depth at the grounding line exceeded a 
critical depth and the seabed sloped down toward the ice sheet interior. 
Such an ice sheet, Weertman argued, would either retreat until it van­
ished or expand until it reached the edge of the continental shelf. 
Although West Antarctica has received most of the attention, it should 
be noted that there are sections of the East Antarctic Ice Sheet that 
are also marine. 

The questions of whether retreat is occurring now, if not, whether 
it is likely to begin at some point in the future, and in either case, 
how much time would be required for retreat to proceed to completion, 
have remained controversial. This chapter addresses these points, with 
emphasis on the question of how much retreat could be accomplished in 
the next century. 

5.1 STATE OP KNOWLEDGE OP THE ENVIRONMENT OF WEST ANTARCTICA 

The Committee on Glaciology organized a 1983 Workshop on Potential 
co2-Induced Changes in the Environment of west Antarctica (NRC Com­
mittee on Glaciology 1984), which was sponsored by the Department of 
Energy. The goal of the Workshop was to define a future environmental 
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scenario for the West Antarctic Ice Sheet, eo that ita contribution to 
sea-level changes could be estimated. However, the issue was raised as 
to whether even the present environment could be simulated properly, 
let alone a future one, and this required consideration of the quality 
of existing knowledge of the West Antarctic environment. 

The basic climatology of the region consists of patchy and relatively 
short temperature recorda, most of them started during or since the IGY. 
Any trends in these data are as yet hidden by their natural variability. 
Precipitation presents special problema, being episodic and difficult to 
measure in the prevalent windy conditions. The general features of the 
climatological surface pressure field and the implied mean winds are 
well established, but changes from year to year are not. Conventional 
synoptic data for the ocean areas surrounding Antarctica exist only for 
the summers of 1955-1958 and for 1979. New information has come from 
satellite-observed cloud vortices, which define the main area of cyclo­
geneais and cyclolyaia. Minor synoptic changes dominate the variability 
of regional climate and present a severe challenge for climate models to 
simulate. 

The principal ice features that need to be considered are interannual 
changes in the extent of sea ice and melting at the base of the large 
ice shelves. The regional extent and concentration of the sea ice 
result from complex interactions with atmosphere and ocean and vary 
markedly from year to year. The sea-ice changes affect the production 
of water masses that control the extent of basal melting below the ice 
shelves, the major unknown in the mass and heat balances of the shelves. 
By contrast, the amount of surface melting can be assessed with the 
available climatic observations made on ice shelves in different 
latitudes, its effects are likely to be small. 

Model simulations of the main climatic elements differ substantially 
from the beat estimates of actual climatic conditionaa modeled tempera­
tures tend to be higher than those observed, and the Antarctic mean 
pressure trough is shallower than observed. These discrepancies may 
result from erroneous model treatments of the southern hemisphere 
storms, which in the simulations are less numerous than observed and do 
not form in the observed cyclogenetic regions. 

In these circumstances the model predictions for higher 002 concen­
trations must be treated with caution. One major prerequisite for the 
realistic simulation of a C02-enhanced West Antarctica environment is 
an adequate representation of baroclinic eddies. Others are ocean 
models with sufficient resolution for simulating the production of key 
water masses and the transports in and across the Antarctic Circumpolar 
CUrrent and a much fuller understanding of what goes on below the major 
ice shelves. 

5.2 OCEANOGRAPHIC CONSIDERATIONS 

The stability of marine ice sheets, such as the one occupying moat 
of West Antarctica, depends on the back stress exerted on the land-baaed 
ice streams by the floating ice shelves (Figure 2). Thinning of the ice 
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shelves by melting would accelerate discharge of land ice to the sea. 
Although appreciable melting of the top surface of the ice shelves in 
the next century cannot be expected, increased melting at the under­
surface of the shelves is possible. Whether it occurs depends on 
whether additional heat is transported by the ocean to the base of the 
ice shelves because of a co2-altered climate. 

002-Induced Warming of the Southern Ocean 

The stability of the West Antarctic Ice Sheet thus could depend on 
the 002-induced warming of the Southern Ocean, particularly in the 
vicinity of the large ice shelves. To study this warming requires a 
simulation of 002-induced climatic change with a global coupled a~ • 
sphere-ocean general circulation model (GCM). Such coupled models are 
in their infancy, and one must consider their results as preliminary 
because they simulate the present climate imperfectly. In particular, 
the current sea-ice distribution in Antarctica is underestimated. One 
example of such a simulation is that recently performed with the Oregon 
State University (OSU) coupled GCM (see this volume, Attachaent 19). 

The atmospheric component of the OSU model is a two-layer primitive­
equation GCM that predicts the atmospheric velocity, temperature, water 
vapor, and clouds, the pressure and temperature of the atmosphere at the 
Earth's surface, and the Earth's snow mass and soil water. The oceanic 
component is a six-layer primitive-equation GCM that predicts the 
velocity, temperature, and salinity of the ocean and the formation and 
melting of sea ice. Two 20-year simulations have been performed with 
the coupled atmosphere-ocean model that differ only in their prescribed 
•1 x c~· and •2 x c~· concentrations. Each simulation was started 
from the same initial conditions. 

The distribution of the annual-mean zonal-mean temperatures according 
to the (2 x C02) - (1 x C02) models for year 16 shows that the atmo­
spheric warming at the surface increases from the tropics to the sub­
tropics, decreases toward the middle latitudes, and increases again 
toward the high latitudes [Figure 20(a)]. The warming increases with 
altitude in the tropics and subtropics and decreases with altitude 
elsewhere. 

The oceanic surface warming increases from the tropics toward the 
mid-latitudes of both hemispheres and penetrates to a greater depth in 
the subtropics and mid-latitudes than in the equatorial region. The 
warming decreases with depth everywhere equatorward of 60° latitude in 
each hemisphere, and isotherms of warming extend from the subtropical 
surface water downward toward high latitudes. Particularly interesting 
features of the temperature change at depth are the maxima located near 
65°N and 60°S in the 250-750 m ocean layer. In the south, the latter 
warming appears to extend into northern parts of the Ross, Amundsen, 
and Bellingshausen Seas, where temperature increases of more than l°C 
are found 16 years after the C02 doubling [Figure 20(b)]. Further 
research is needed to determine the pathways and physical processes 
responsible for this apparent warming. 
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FIGURE 20 (a) Distribution of the difference between a doubled C02 
environment in the annual-mean, zonal-mean temperatures (°C) of the 
atmosphere (above) and ocean (below) as a function of altitude and 
latitude. The sixteenth-year model simulation is shown. Atmospheric 
warming larger than 1.6°C is shown by light stipple, as is oceanic 
warming larger than o.o•c, while oceanic cooling is indicated by heavy 
stipple. (b) Geographic distribution of the (2 x C~) - (1 x C02) 
difference in the annual-mean temperature (°C) of the 250-750 m ocean 
layer for year 16. Warming larger than l°C is indicated by light 
stipple and cooling by heavy stipple. 
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Circulation on the Antarctic Continental Shelf 

At present, a core of relatively warm water derived from Circumpolar 
Deep Water north of the Antarctic continental shelf is a primary source 
of heat for basal melting beneath the Ross Ice Shelf (see this volu.e, 
Attachment 4). The warm core has a summer cross section of about 100 
km by 200 m and intrudes beneath the Ross Ice Shelf at a depth of 200 
to 300m near the calving front (Figure 7). With an average temperature 
o.s•c above the in situ freezing point (Jacobs et al. 1979, 198SJ Pills­
bury and Jacobs 198S), this warm core water has the capacity to melt as 
much as 0.3S m/yr from the base of the ice shelf. Recirculation appar­
ently returns some of the sensible heat in this warm core to the open 
Ross Sea, however, and the melting rate averaged over the entire bottom 
surface of the Ross Ice Shelf may be closer to 0.2S m/yr. 

The oceanographic data and models are as yet insufficient to deter­
mine the basal mass balance with precision or to indicate whether the 
ocean-ice shelf system is now in a state of equilibrium. Even if a 
steady-state condition exists at present, future changes could occur if 
seawater circulating beneath the ice were to become warmer or transfer 
heat into the subice shelf cavities at a faster rate. This might occur 
if a warmer atmosphere resulted in a low-density cap of surface water 
on the Southern Ocean, less vertical heat flux, and a consequent deep­
water temperature increase of up to o.s•c (Gordon 1983). That would 
probably result in a proportional increase in water temperatures on the 
continental shelf, if the shelf-slope circulation did not change. In 
addition, some models indicate that a ~-warmed atmosphere might 
directly increase ocean temperatures by more than l°C or more at ice­
shelf depths and latitudes (Figure 8.3 in Revelle 1983). 

A warmer atmosphere may also result in an altered continental shelf 
circulation in response to different wind patterns and reduced sea ice. 
At present, freezing of sea ice in the Ross Sea produces cold, high­
salinity shelf water, which limits the intrusion of warmer Circumpolar 
Deep Water (COW) beneath the Ross Ice Shelf. If the extent of winter 
sea ice in the Ross Sea in response to a s•c warming were to decrease 
by about SO percent, as modeled by Parkinson and Bindschadler (1984), 
the production of the buffering shelf water would be reduced, but 
whether there would be an increased basal melting is uncertain because 
the processes are too poorly understood. It is not even known why deep 
water now intrudes on to the continental shelf in some areas but not in 
others, let alone how the dynamics of shelf-slope exchanges might be 
altered in a warmer, fresher Southern Ocean. 

Redistribution of ice beneath the ice shelves is also possible. 
Owing to the pressure dependence of the freezing point, an ice shelf 
gives rise to an ice pump (see this volume, Attachment 20). Ice is 
removed from the bottom of the ice shelf and deposited just beneath the 
contiguous sea leer the rate of pumping is controlled by the rate of 
heat exchange possible through the melting boundary layer. Because of 
positive and negative buoyancy produced by ice melt and salt rejection 
on freezing, respectively, this pump produces vertical circulation of 
the seawater. A similar process may occur entirely beneath the ice 
shelf, if it has a varying draftJ the process is enhanced strongly by a 
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current. While not altering the basal melt balance, this process could 
change the thickness profile and the mean temperature and thus the 
spreading rate of the ice shelf. It may also redistribute ice in the 
vicinity of critical pinning points where grounding occurs on submarine 
rises. 

Despite the complications and uncertainties, it is possible to esti­
mate the maximum melting rate beneath the Ross Ice Shelf that could be 
caused by a greatly increased intrusion of CDW across the continental 
shelf by noting that along the Bellingshausen Sea coast nearly undiluted 
COW does intrude onto the continental shelf. This water, which is about. 
3°C above the in situ freezing temperature, causes basal melting rates 
on the order of 2 m/yr beneath the George VI Ice Shelf (Potter and Paren 
1985) • Basal melting of 2 m/yr thus could occur beneath the Rosa Ice 
Shelf, if the continental shelf circulation were to change to allow 
undiluted COW at its present-day temperature to flow beneath the 
shelves. Allowing further for a temperature increase in the CDW and 
direct warming near the shelves leads to an upper limit for increased 
basal melting of about 3 m/yr. 

The atmospheric component of the osu model is a two-layer primitive­
continental shelf. This water, which is about 3°C above the in situ 
freezing temperature, causes basal melting rates on the order of 2 m/yr 
beneath the George VI :ce Shelf (Potter and Paren 1985). Basal melting 
of 2 m/yr thus could occur beneath the Ross Ice Shelf, if the continen­
tal shelf circulation were to change to allow undiluted COW at ita 
present-day temperature to flow beneath the shelves. Allowing further 
for a temperature increase in the COW and direct warming near the 
shelves leads to an upper limit for increased basal melting of about 3 
m/yr. 

S. 3 NUMERICAL K>DBLI!I; OP ICE-STREAM FLOW 

Modeling of Ice-Stream Flow with Basal Sliding 

Numerical models can be used to explore the transient behavior of ice 
sheets and to estimate the time that it might take to make changes in 
their dimensions. Since moat of the ice flux from West Antarctica is 
concentrated in a number of large ice streams, knowledge of ice-stream 
dynamics is critical to analysis of ice-sheet response. In many cases 
the ice streams are characterized by maximum downslope driving stress 
at a considerable distance inland from the grounding line. The zone of 
decreasing downslope driving stress from there to the grounding line is 
typically accompanied by a rapidly increasing speed ice movement. 
Before the ice streams can be modeled successfully, it is necessary to 
understand the dynamics of the high-speed ice flow under a small down­
slope gravitational driving stress. 

The total amount of water beneath ice streams might be ~rtant. 
During the recent surge of Variegated Glacier in southeast Alaska, for 
example, the average thickness of the water layer across the entire 
width of the glacier was on the order of 0.1 m, not just a few milli­
meters (Kamb et al. 1985) • The total volume of subglacial water that 
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was associated with fast sliding was thus large. 
The temperate Columbia Glacier, Alaska, may offer a useful analog to 

an Antarctic ice stream. Flow of this glacier accelerated from less 
than 2 to more than 5 km/yr in 3 years as disintegration began and the 
terminus nearly went afloat. An exceptionally complete and detailed 
set of data is available (Fountain 1982r Meier et al. 1985a, 1985br 
Rasmussen and Meier 1985). 

One of the most prominent regions of ice-stream flow in the West 
Antarctic is the Ross Ice Shelf drainage basin. A large amount of basic 
geophysical data is now available for the Ross Ice Shelf. This exten­
sive data set makes the region valuable for an analysis of the dynaaics 
of the flow regime even though few data on observed flow velocities are 
yet available for the ice streams. 

A preliminary analysis of the dynamics of this region by numerical 
modeling (Budd et al. 1984) showed that an ~rtant factor in the 
increasing velocities with decreasing basal shear stress is likely to 
be the decreasing normal stress as the grounding line is approached. 
It was also found that the basal thermal regime may play an important 
role in determining the velocity of the ice streams. 

As a first attempt to examine the possible impact of basal tempera­
tures on the ice-sliding rate, a simple temperature dependence was 
included in the ice-sliding law used by Budd et al. (1984), based on 
the experimental ice-sliding results of Barnes et al. (1971) and Budd 
et al. (1979). The sliding velocity was taken to be exponentially 
proportional to the temperature of the basal ice, directly proportional 
to the first power of the basal shear stress [because a first-power 
relationship provides a better fit to the inferred sliding velocity, 
when sliding is fast, than does a power-law relationship (Budd et al. 
1984)) and inversely proportional to the square of the ice thickness in 
excess of buoyancy (Budd et al. 1985). The subglacial water pressure 
is taken into account in the basal sliding relationship by assuming, in 
effect, that it is given by the water pressure at the grounding line 
plus an additional pressure that is proportional to the depth of the 
bed below the grounding line. The effective normal stress on the bed 
at each point along the flow line is that which is caused by the thick­
ness of the ice in excess of buoyancy. Near the grounding line, the 
longitudinal strain-rate profile is scaled by assuming a grounding-line 
strain rate that is within a range known to be typical. 

When this sliding relation was incorporated in a three-dimensional 
steady-state model of the West Antarctic Ice Sheet, a clear enhancement 
of the sliding velocities within the major ice streams relative to the 
velocities of the neighboring ice was observed. Typically, the ice 
streams attained velocities of several hundred meters per year in the 
grounding zones, which is in broad agreement with the balance velocities 
and with velocities measured nearby on the Ross Ice Shelf (e.g., Thomas 
and MacAyeal 1982). 

A time-dependent flow-line reconstruction model, with ice velocity 
specified by a combination of flow and sliding laws, can be used to 
investigate the formation of an ice stream in a region originally domin­
ated by sheet flow (see this volume, Attachment 21). The evolution of 
this process can be determined on various time scales, showing changes 
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in the basal shear stress as the ice stream forms, as well as the 
changing mass outflow at the grounding line. Significant thinning 
occurs during the first 10 years only within 100 km of the grounding 
line (the region where the decoupling that leads to the development of 
an ice stream was explicitly defined). Response of the surface during 
the first 100 years extends about SO km behind the head of the ice 
stream, but very little change in surface elevation occurs beyond this 
region. The elevation at the ice divide takes over 10,000 years to 
attain its equilibrium thickness. 

Modeling of Ice Sheet Shrinkage through Acclerated Ice Stream Discharge 

Three models that relate directly to shrinkage of the West Antarctic 
Ice Sheet through the mechanism of grounding line instability have been 
developed. 

The first approach, by Fastook (1984, see also this volume, Attach­
ment 21) was an attempt to calculate what might happen if the grounding 
line of Pine Island and Thwaites Glaciers, which empty in Pine Island 
Bay where there is now no ice shelf, were to retreat unstably. 
Fastook's emphasis was on producing a likely model rather than a most­
rapid-retreat scenario, so he permitted an ice shelf to form in the 
embayment in front of the retreating grounding line. Surface lowering 
of the ice-sheet surface in the Pine Island Bay drainage basin led to 
destabilization of the ice streams flowing into the the Ross Ice Shelf 
(and presumably destabilization of those flowing into the other ice 
shelves also), so that their grounding lines then retreated. The pro­
cess goes to completion, i.e., to disappearance of the West Antarctic 
inland ice, in about 6000 years. However, if an ice shelf is not 
allowed to form in the embayment, the grounding line retreats far into 
the interior in only a few hundred years. This model, like most others, 
points to the critical importance of the ice shelves. 

A second model approach, by Lingle (1984r see also this volume, 
Attachment 23), applied his time-dependent numerical model of the 
dynamics of a polar ice stream grounded below sea level to Ice Stream E 
(Figure 14), one of the two most active ice streams draining the Ross 
Ice Sheet. Sensitivity tests showed the model ice stream to be sensi­
tive principally to the backpressure from the ice shelf, changes in 
which are most likely to be caused by thickness of the ice shelf or in 
its average length from grounding line to ice front. The backpressure 
needed to hold the grounding line in dynamic equilibrium was found to 
be nearly equal to the actual back pressure mapped from field data by 
Thomas and MacAyeal (1982). This suggests that the grounding line of 
Ice Stream E is in fact close to dynamic equilibrium, neither retreating 
nor advancing rapidly, if the ice stream and its catchment area are 
approximately in mass balance as suggested by Rose (1979). 

The likelihood of present-day stability was supported by perturbation 
studies. An assumed instantaneous 10 percent thinning of the ice shelf, 
with the position of the calving front kept stationary, resulted in a 
33-km retreat of the grounding line during a 2000 model-year test 
period. Ten kilometers of retreat occurred during the initial 100-year 
period [Figure 2l(a)]. Thinning of the ice sheet upglacier of the 
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FIGURE 21 A typical Antarctic ice-drainage system. The ice stream 
pushes the ice shelf seaward past ita margins and around grounded ice 
rises, and there is a compressive force (Fia> at the grounding line 
(X • L) between ice stream and ice shelf. This compressive force is 
transmitted for some distance (L) upstream of the grounding line, and 
there is an additional force (F8 ) due to shear between the ice stream 
and its aides and bed. In a steady state, the weight-induced spreading 
stress in the ice stream is balanced by the backstresa due to F8 and 
Fia• If the compressive force Pis is reduced owing to thinning of 
the ice shelf or accelerated calving at the ice-shelf margin, or both, 
extending strain rate in the ice stream will be increased, and the 
integration of this over the distance L produces increased ice velocity 
VL at the grounding line. 

----- --- --
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grounding line oocurr.O during the first 500 years, when retreat of the 
grounding line waa relatively rapid, but subsequently the rate of thin­
ning decreased as the grounding line apparently approached a new posi­
tion of equilibrium owing to increasing backpressure from the lengthen­
ing ice shelf. Restabilization was not completer rather, the retreat 
rate was reduced to about 6 m/yr, and the ice discharge velocity return­
ed approximately to the balance velocity after 2000 model years. This 
result (together with a similar one for a 10 percent increase in the 
thickness of the model ice shelf) suggests that the grounding linea of 
Antarctic ice streams are stable with respect to small perturbations, 
on the order of ±10 percent or less, in the thickness or lengths of 
their buttressing ice shelves. Further investigation is needed, partic­
ularly because there ia field evidence (Jezek 1984) indicating that the 
Ross Ice Shelf is subject to short-term fluctuations. 

On the other hand, the assumption of an instantaneous 50 percent 
thinning of the ice shelf, again with the position of the calving front 
kept stationary, caused the grounding line of the model ice streaa to 
retreat rapidly and irreversibly [Figure 2l(b)). Retreat proceeded 
essentially to completion in 660 years. Assuming Ice Stream B to be 
representative of the entire West Antarctic Ice Sheet, this suggests 
that disappearance of the entire ice sheet, following drastic thinning 
or frontal retreat of its ice shelves, might take 6 or 7 centuries. 
Based on these results, and assuming that the rate of melting from the 
base of the ice shelves increases to 1 m/yr in 2030 and is steady there­
after, Lingle (this volume, Attachment 23) calculates that the contri­
bution of the West Antarctic Ice Sheet to sea-level rise by 2100 would 
be only 0.03 to 0.05 m. 

A third model approach, by Thomas (this volume, Attachment 22), has 
taken this concept further by assuming various combinations of basal 
melt rates and positions of the Ross Ice Shelf front and then extrapo­
lating to all of Antarctica. He uses the year 2000 as the beginning 
date for increased melting, because field data indicate that the Ross 
Ice Shelf ia not thinning and may even be thickening near the grounding 
line at present, and presumably some time will be required to establish 
a thinning trend. Thereafter, the basal melt rate beneath the ice shelf 
is taken to increase linearly to either 1 m/yr or 3 m/yr by 2050, and 
the ice shelf calving front is assumed either to remain where it is 
today, or to retreat rapidly, in the 2050s, to a line linking the major 
ice rises. For one model, ice discharge into the ice shelves is assumed 
to increase sufficiently to replace ice lost by basal melting. In the 
second model, melting ia assumed to thin and weaken the ice shelf, which 
results in acceleration of tributary ice streams. The acceleration was 
calculated by assessing the impact of diminishing backpressure from the 
ice shelf on the longitudinal strain rates in the modeled ice stream 
(Figure 22). 

The calculations were applied specifically to Ice Stream B and the 
Rosa Ice Shelf. Extrapolation to all of Antarctica was based on the 
assumption that the same time-dependent fractional increase in volume 
flux across the grounding line that evolved from the model for Ice 
Stream B applied to the whole ice sheet. This assumption is based on 
the fact that most of the discharge from both Bast and West Antarctica 
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FIGURE 22 (a) Assumed enhanced ice-shelf basal-melt rates (M) due to 
002-induced climatic warming during the next century. In cases 1 and 
3, ice-shelf seaward fronts are assumed to remain in present-day posi­
tions. In cases 2 and 4, they are assumed to calve back in the 2050s 
to a line joining major ice rises (e.g., Crary Ice Rise in Figure 14). 
(b) Speed (VI) of Ice Stream B at the grounding line calculated using 
model B for the four different melting and calving scenarios. (c) Sea­
level rise due solely to increased ice discharge assuming all Antarctic 
outlet glaciers respond in the same way as Ice Stream B in Figure 4(b). 
cases Al and A3 depict sea-level rise derived using Model A, in which 
enhanced ice discharge exactly balances increased ice-shelf melting. 

is through ice streams. Since most of the East Antarctic Ice Sheet is 
not marine in character, this is a rather extreme assumption, and cer­
tainly cannot be continued into times of drastic grounding-line retreat. 
Nevertheless, it is a useful model for ascertaining upper limits on the 
possible short-term response of the entire Antarctic Ice Sheet. 

The model yields a wide range of estimated sea-level rise by the 
year 2100 (Figure 23), depending principally on the magnitude of the 
increased melting rate and the position of the ice-shelf front. Impos­
ing reasonable limits on these parameters yields a range of 0.2-0.8 m, 
corresponding, respectively, to enhanced ice-shelf melting of 1-3 m/yr. 

These numbers represent an upper limit to the response. There are 
at least three negative feedback mechanisms that have not been taken 
into account. First, the removal of the warmest ice from the base of 
the ice shelves by basal melting might stiffen them by decreasing their 
average temperature. Second, as the grounding lines retreat, the flow 
in the surrounding ice sheet would become more strongly convergent, 
thus decreasing the rate of thinning and slowing the retreat. Third, 
increasing velocities of the ice shelves themselves would probably cause 
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FIGURE 23 Thickness profiles for numerical models of Ice Stream B. 
(a) Model applied to the ice stream with backpressure at the grounding 
line decreased by 10 percent from equilibrium backpressure at start of 
run. This is equivalent to decreasing the mean ice shelf thickness by 
10 percent from the mean thickness at equilibrium. The position of the 
calving front is assumed fixed. Profiles 1-5 are o, 500, 1000, 1500, 
and 2000 years, respectively. Although the thickness becomes reduced, 
the ice stream reacts in a stable way to this small perturbation. (b) 
As above, except that the model is applied to the ice stream with back­
pressure at the grounding line decreased by 50 percent (at the start of 
the run) frOM equilibrium backpressure. This is equivalent to decreas­
ing the mean ice-shelf thickness by SO percent from the mean thickness 
at equilibrium. Profiles 1-5 are o, 39, 251, 487, and 664 years, res­
pectively. The ice stream reacts in an unstable way to this large 
perturbation. 

increase in the lateral shear stresses along the sides of the ice 
shelves and around ice rises. This effect might be reduced, however, 
by softening of the ice owing to increased frictional warming. 

The central role of backstress and hence of the lengths of the ice 
shelves, makes it essential to study the critical process of calving. 
A plane-strain finite-element analysis was used by Fastook (1984, see 
also this volume, Attachment 21) to model the stress distribution that 
occurs in an ice shelf or floating glacier terminus due to the unbal­
anced hydrostatic forces at the front. This mechanism for iceberg 
calving, which leads to a tension maximum at the top surface about one 
half an ice thickness back frOM the ice front, appears to be effective 
only in the presence of sufficient meltwater to keep the opening cre­
vasse filled approximately to sea level. The possibility of bottom 
crevasses coinciding with top crevasses and leading to calving can be 
ruled out in all but a few special cases because bottom crevasses close 
as they move toward the ice front. The effect of ice fronts of differ­
ent shapes (a submerged bulb and an undercut ice front) on the formation 
of surface crevasses is small. Since free meltwater is not to be expec­
ted by the year 2100 at the high latitudes in which the fronts of the 
Ross and Filchner-Ronne Ice Shelves lie, there is no clear mechanism 
for a rapid retreat of the ice margin. 
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It is clear, then, that we make no prediction of a rapid rise in sea 
level. It is possible that accelerated discharge of land ice from 
Antarctica will cause a modest rise in sea level in the next century. 
It is also possible that any accelerated discharge will be offset by 
increased snowfall on the continent, leading to a small contribution to 
sea-level change that could either be positive or negative. 
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6. 
Summary and Recommendations 

The rising concentration of C02 and other greenhouse gases in the 
atmosphere is likely to produce a warmer climate in the future. This, 
in turn, is expected to lead to a rise in sea level caused by the .. lt­
ing of ice on land and by volume expansion of ocean water. Attempts to 
estimate the probable sea-level rise are fraught with uncertainties in 
all aspects of the problem. The focus of this Workshop was to assess 
what is known and what needs to be known about the contribution of ice 
melt to the sea at the present (defined as the past 100 years) and what 
that contribution is likely to be in the future (defined as the next 
100 years). 

6.1 OCEAN VOLUME CHA!I;BS DURlll:; 'l'HE PAST 100 YMRS 

Relative Sea Level 

Since the turn of the century, global average sea level appears to 
have been risingr estimates of the rate range from about 1 to 3 mm/yr 
along moat continental margins, but the data coverage from the central 
ocean regions and the southern hemisphere is poor. Tectonic and iso­
static disequilibrium effects must be removed from the relative sea­
level data to determine the eustatic component. Along some passive 
continental margins (e.g., eaatern.United States) it is possible to 
correct relative sea-level data approximately for the effect of the 
continuing adjustment of the Earth to the removal of the Laurentide and 
Fennoscandian ice sheets (glacio-isostatic rebound). The corrected 
value is a little more than 1 mm/yr along the eastern u.s. coast for 
the average sea level since the beginning of the century. The corrected 
values however, show considerable spatial variations (0.8 to 3 mm/yr) 
implying that other poorly defined tectonic or oceanographic effects 
are important. The rate of sea-level rise since the mid-1930s appears 
to be higher than before. 

Volume Change Evidence from the Ocean 

Ocean-surface temperature appears to have risen by 0.6 ± 0.3°C since 
the turn of the century, but it is not yet certain whether the rise has 
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been the same as over land, partly because of bias introduced by chang­
ing instrumental and observational techniques. Models are available 
for the computation of the increase in ocean volume due to thermal ex­
pansion. However, the commonly used one-dimensional vertical advection­
diffusion aodela do not reproduce the changes seen in those few areas 
where abundant data exist, nor do they reproduce the physics of the 
formation of deep water and ita movement from high to low latitudes. 
Also, studies in data-rich areas suggest that changes in volume at con­
stant mass (ateric height) can show large spatial variations, indicating 
that sea-level changes along the coasts may be quite different from 
those in the mid-ocean gyrea. The global data are inadequate for deter­
mining long-term trends in ateric height. Estimates of the global rise 
in sea level due to thermal expansion during the past 30-40 years, using 
the simple aodela and assumed surface temperature changes, range from 
0 to 0. 7 aa/yr. As much as 1 aa/yr could also be caused by an expansion 
of deep water. In a data-rich area of the tropical North Atlantic the 
difference between changes in ateric height and sea level (evidence of 
an addition of mass to the system) is about 0.5 to 1 mm/yr for the 
period 1955-1978, but aborter-period variations are larger than the 
long-term trend. In general, the observational data on changes of ocean 
temperature, salinity, and density structure during the past several 
decades are too few to demonstrate changes that are statistically sig­
nificant, except in local areas. 

Contribution from Glaciers and Small Ice caps 

The glaciers of the world, excluding the ice sheets of Antarctica 
and Greenland, have, in general, been shrinking during the past 100 
year&J shrinkage has been pronounced at mid-temperate latitudes (e.g., 
0.37 m/yr in the Austrian Alps) and relatively minor in high latitudes 
(e.g., 0.06 m/yr in the Canadian Arctic). However, the data set is 
temporally and spatially sparse. An approximate correlation between 
net balance and balance amplitude makes it possible to estimate the 
global contribution to sea level. Moat of this contribution is thought 
to be derived from the mountain ranges bordering the Gulf of Alaska, 
Central Asia, and the Patagonian ice caps, but these are areas with few 
observations. In some regions, even the area of glacier ice is poorly 
known. 

Contributions from the Greenland and Antarctic Ice Sheets 

Observations of present elevation changes of the Greenland Ice Sheet 
surface indicate thinning of the marginal zones and a thickening of the 
central area. Accumulation (precipitation) rates are reasonably well 
known for much of the ice sheet. Ablation rates and their gradient with 
altitude are known only for a few sites in West Greenland. The loss of 
ice by iceberg calving baa been measured for some outlet glaciers in 
west GreenlandJ few estimates of calving have been made for the east, 
north, and northwest coasts. Thus it is not possible to estimate 
reliably the exchange of mass between the Greenland Ice Sheet and the 
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oceana, but moat estimates suggest that gains and losses are 
approximately equal. 

The present-day net balance of the Antarctic Ice Sheet also is not 
known precisely, but estimates have been improved over the last decade, 
and moat eatiaatea suggest growth. Perhaps the biggest uncertainty is 
in the iceberg discharge, also, accumulation data are lacking from about 
one third of the continent, the rates of melting below the major ice 
shelves are not well known, and few data exist on changes in the margin. 

Evidence from Earth Rotation 

The present-day true polar wander and the nontidal acceleration of 
the Earth's rotation can be reproduced using modern .adela of the 
Earth's radial viscoelastic structure combined with a realistic scenario 
for the loss of the Pleistocene ice sheets, without any need to assume 
present-day changes in volume of the ice sheets. This suggests approx­
imately zero aasa balance for both the Antarctic and Greenland Ice 
Sheets. The error limits in this estimate are not yet defined and 
await further calculation. calculation of the effects of changes of 
other glaciers on the Earth's rotation rate might also yield useful 
conclusions. 

Summary of Land Ice Contributions to Sea Level 

Estimates of the present-day contribution of ice growth or wastage 
to sea-level change are summarized in Table 3. 

TABLE 3 Estimated Mass Balance of Glaciers and Ice Sheets at the 
Present Time• 

Average 
Period of Mass Balance Effect on 
Observation Area (water equiv.) Sea Level Report 

Ice Mass (years) (106 km2) (11/yr) ( .. /yr) Section 

Glaciers and 1900-1960 0.54 -1.2.:!: 0.7 +0.5 .:!: 0.3 3.3 
saall ice caps 

Greenland 1929-1984b 1.73 +0.02 .:!: o.oac -0.1 .:!: 0.4c 3.4 
Ice Sheet 

Antarctic 1970-1984d 11.97 +0.02 .:!: 0.02 -0.6 .:!: 0.6 3.5 
Ice Sheet 

INote: Error limits represent approxiaate bounds of estiaation and cannot be 
defin~tatistically. 

bobservations scattered in both tiae and space. 
ceo.bination of (a) historical estiaates, (b) extrapolation of .odern 

ablation data from west Greenland and accuaulation data from Central ~reenland, 
and Jc> extrapolation of thickness change data from Central and West Greenland. 

Some observations taken earlier are included. 
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6. 2 PR>BABLB lARD ICB MD OCDN EXCRAIImS DURING 'l'BE NBXT 100 YEARS 

Probable Changes in Climate Caused by Increasing 002 

Por steady-state models, radiation-transfer calculations indicate a 
radiative forcing of about 4 W/m2 (global average) for a doubling of 
002. When multiplied by a gain or feedback factor, this yields a 
predicted temperature rise of 2 to 4•c, or possibly .ore. The global 
temperature rise appears to be amplified at high latitudes according to 
current model results. The major uncertainties result from the diffi­
culty of parameterizing sea ice and predicting the effect of clouds on 
the perturbed climate. The physical bases for soae features of the 
model predictions are not obvious. Predictions of runoff, as opposed 
to melting, at the margins of the two existing ice sheets are not yet 
properly modeled. Predictions made by steady-state .adels show similar­
ities in the global distribution of climate variables, but the agreement 
is poor in regard to longitudinal variations and in the higher lati­
tudes. It is not yet certain why the different .adels produce these 
distributions. The time-dependent evolution of climate, driven by a 
changing C02 concentration through time, is extremely difficult to 
model and many aspects are poorly understood. 

002-Induced Warming of the Ocean 

Coupled ocean-atmosphere general circulation models, still in the 
beginning stage of development, allow investigation of ocean waraing in 
response to a doubled 002 atmosphere. One such model suggests that 
the warming decreases with depth equatorward of 60° latitude in each 
hemisphere, but near 65°N and 60°8 shows interesting maxima at depths 
of 250-750 m. The southern edge of the latter temperature maximum is 
adjacent to some of the ice shelves of West Antarctica. 

If the Antarctic Ice Sheet is supplying icebergs and meltwater to 
the Southern Ocean at a rate of 2000 km3/yr, the mean residence time 
for water on the Antarctic continental shelf appears, according to one 
geochemical/oceanographic model, to be about 6 years, and the average 
melt rate at the base of all the ice shelves, 0.4 m/yr. If a doubling 
of 002 caused an increase in the temperature of circumpolar deep water 
of 0.5•c, as vertical heat-flux considerations suggest, and if that deep 
water were to intrude under all the ice shelves, then the average ice­
shelf melt rate might increase to a value approaching 3 m/yr. However, 
this scenario contains major uncertainties, and tmproved understanding 
is needed. 

Effect on Glaciers and Small Ice Caps 

Energy-balance as well as simple statistical, empirical models exist 
that can provide estimations of the additional wastage (or growth) of 
glaciers (including small ice caps) in response to a perturbed climate. 
However, insufficient data exist to calibrate these models in many 
regions, the models are not easily linked to atmospheric general circul­
ation models because the exchange processes that affect small glaciers 
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operate at subgrid scales, and it is difficult to model the mass balance 
of glaciers in areas of .onsoonal circulation. Furthermore, mass-bal­
ance histories are often dominated by rare years of extremely negative 
balances' it is not well understood how to model these extreme events. 
operate at subgrid scales, and it is difficult to model the mass balance 
of glaciers in areas of monsoonal circulation. Further.ore, mass-bal­
ance histories are often dominated by rare years of extremely negative 
balances' it is not well understood how to model these extreme events. 

Insufficient data exist to calculate the maximum contribution to sea 
level owing to the complete removal of these glaciers because few thick-

Insufficient data exist to calculate the maximum contribution to sea 
level owing to the complete removal of these glaciers because few thick­
ness measurements have been made on large mountain glaciers, estimates 
of the possible sea level range between 0.3 and 0.6 m. 

Response of the Greenland and Antarctic Ice Sheets 

The physics of the dynamic response of these ice sheets to variations 
in climate is known in general terms, but many aspects of the process 
are either not well understood or have not yet been inco~rated fully 
in numerical models. A major problem is basal sliding' others include 
the mechanics of calving, the dynamics of ice streams, and the coupling 
of ice streams with the ice sheet. Also, models of the dynamic response 
probably should include adjustment of the ice sheets to the changing 
ratio of Pleistocene (soft) and Holocene (hard) ice. Another important 
influence on the temperature structure of the outer zones, especially 
of the Greenland Ice Sheet, is the percolation and refreezing of melt­
water' although the physics is understood, few data exist for the cali­
bration of models. 

Several ways exist for making crude calculations of the response of 
the Greenland Ice Sheet to a 002-perturbed climate. Such calculations 
are severely ltmited by lack of present-day data, especially in east and 
north Greenland, as well as by lack of understanding of how the balance 
processes (both accumulation and ablation) relate to large-scale 
climatic processes, how the infiltration/refreezing regimen would react 
to an increase in meltwater availability, and how iceberg calving would 
be affected. 

In the case of Antarctica, especially the west Antarctic Ice Sheet, 
the situation is further complicated by the possibly delicate stability 
of the ice stream/ice shelf interaction. Surface melting with runoff 
to the sea is unlikely to be significant in the next century. As al­
ready noted, melting from the base of ice shelves, induced by a warmer 
ocean, could increase markedly' this effect, through its influence on 
the feeding ice streams, could be important. Ice-shelf thinning and 
ice-stream acceleration can only evolve gradually with time, and it is 
difficult to estimate rates in view of our poor understanding of the 
rates at which heat can be delivered by the ocean to the ice shelves, 
the effect of ice-shelf thinning on the backstresses exerted on the ice 
streams, and ice-shelf calving. The ice streams may be relatively 
stable to small perturbations but not to large ones. Most general cir­
culation models indicate that the precipitation over Antarctica will in-
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crease' this effect will partly compensate for increased ice discharge. 
Estimates of the contribution to sea level due to ice wastage in a 

002-enhanced environment, and the scenarios on which they are based, 
are summarized in Table 4. 

TABLE 4 Estimates of the Contribution to Sea-Level Rise by Ice Wastage 
in a COz-Enhanced Environ.nt. Numbers in Parentheses Refer to 
Scenarios Given at Foot of Table8 

Annual Probable 
Contribution to Sea Batiaated Contribution to 
Level With Steady- ~tal Sea-Level Change to 
State 2 X ~ Year 2100 Report 

Ice Mass At110sphere <-/yr) Range (l) (a) Section 
Glaciers and 
saall ice caps 2 to 5 (2) 0.1 (3) to 0.3 (4) 4.2 

Greenland 
Ice Sheet l to 4 (5) 0.1 (6) to 0.3 (7) 4.3 

Antarctic -3 to 10 (8) -0.1 (9) to ~1 (10) 5.3 
Ice Sheet 

*Note that theraal expansion of the oceans and other nonglacial processes 
might cauae additional increments of sea-level rise. 

(l) It is conaidered highly probable that the contribution to sea-level rise 
will not exceed theae limits. 

(2) A8auaing rise in air te~rature ~T • 1.5 to 4.5•c, little increase in 
precipitation (accuaulation). 

(3) Linear increase with time in annual meltwater contribution due to ~T • 
l.5°C (or greater if partly caapenaated by increased accuaulation) by 2085. 

(4) A8 (3) except ~T • 4.5•c, no increased accuaulation, with the disappearance 
of .uch of the world's glacier• and ice caps. . 

(5) Ten percent increaae in accuaulation coupled with equilibriu.-line altitude 
rise ~BLA • 500 to 1000 a, corresponding to ~T • 6.5 to l3°C (this volume, Attach­
ment 17) or ~T • 3 to 6°C (this volu.e, Attachment 18), and with all the increaaed 
ablation running off to the ocean. 

(6) Accuaulation rate increased 10 percent 1985 < t < 2100. BLA and ablation 
rate at present value 1985 < t < 2000, BLA rises linearly with tiae 2000 < t < 
2050, BLA held constant at 500 a 2050 < t < 2100, corresponding ~T given in (5)J 
all increaaed ablation rune off to ocean. 

(7) A8 above except ABLA • 1000 •· 
(8) Increased accuaulation (precipitation) but no increase in ice discharge 

(lower liait) to increased ice discharge but no increase in accuaulation (upper 
__ _.lllii.-ai t) • 

(9) Increased accuaulation with little increase in ice discharge. 
(10) Melt rate at base of ice shelves same as present value (~M • 0) 1985 < t < 

2000, ~M rises linearly with time 2000 < t < 2050, ~M • 3 m/yr 2050 < t < 2100, 
all ice above aea level in all of Antarctica affected in same way as Ice Streaas B 
and B, little or no increased accuaulation. 
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6. 3 RB<X>MMBNDATIOOS FOR PUR'!HBR RBSBARCB 

Por time scales longer than one century, the uncertainty in estimat­
ing potential changes in land ice and sea level increases significantly. 
The workshop participants did not attempt to sake estimates beyond the 
year 2100, and the limits expressed in Table 2 should not be extended 
beyond that year. 

The workshop participants endorse the previous workshop report (NRC 
Committee on Glaciology 1984). That report presented a critical assess­
ment of how well climate models simulate the present Antarctic environ­
ment and their ability to predict its future environment, as well as 
giving specific recommendations on how these predictions could be im­
proved. Additional research is needed if the major uncertainties in our 
ability to predict the impact of a 002-enhanced climate on the world's 
land ice and oceans are to be reduced. This research includes general 
improvement in our ability to model atmospheric and oceanic circulation 
and to detect changes in mass and volume in the ocean and, in addition, 
some specific research tasks related to the response of the ice to the 
altered climate. 

The workshop participants assume the importance of these general 
goals: 

• Improve existing climate models by refining steady-state climate 
models, including improved parameterization of clouds and sea ice, .ore 
realistic modeling of topography and albedo to predict ice melt and run­
off, and better understanding of why the models produce the sensitivity 
to C02 perturbations that they do. Especially important is modeling 
the time-dependent evolution of the ocean and the atmosphere as a 
coupled system, including the time evolution of C02 and trace-gas 
concentrations and the development of a time response function for the 
ocean-atmosphere system. (See Section 4.1) 

• Determine the present-day global change in sea level more 
precisely, by establishing sea-level stations in strategic locations 
around the globe using interdisciplinary advice on siting, making 
regional studies of sea level to define regional tectonic, oceano­
graphic, and isostatic sea-level signatures, improving statistical 
techniques for estimating global quantities from nonuniformly distrib­
uted and sampled sea-level records, and using contemporary glacio-iso­
static rebound models to correct long-term tidal data including the 
determination of errors. (See Section 3.1) 

• Determine to what extent the current rise in sea level is due to 
volume expansion of the ocean, by undertaking a program of high-quality 
observations of salinity and temperature in the different oceans to 
monitor long-term changes and developing improved understanding of 
vertical mixing processes in deep water. (See Section 3.2) 

The following specific recommendations concern our ability to under­
stand and predict the response of glaciers and ice sheets to an altered 
climate in the next century. These recommendations are all considered 
important to reducing uncertainties. The recommendations, but not the 
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taaka under each reccaaendation, are listed in order of decreasing 
priority baaed on aaount of uncertainty that might be removed' these 
priorities are assigned across the various disciplines. 

1. Southern Ocean Circulation Near Antarctica (Sections 3.2, 5.2) 

• Aaaeaa ocean heat transport across the continental shelf around 
Antarctica, especially in the Rosa, Amundsen, Bellingshausen, and 
Weddell Sea sectors. 

• Determine ocean circulation beneath the large ice shelves. 
• Analyze how these conditions will change as a result of a 002-

enhanced atmosphere. 

These tasks will requires 

a. Large-scale oceanographic studies of the slope front region 
near the continental shelf break, particularly around West Antarctica, 
focused on the transports of water, salt, heat, and ice on and off the 
shelf, and ventilation of the deep ocean1 better observations of sea­
ice thickness and drift rates. 

b. Numerical and analytical modeling of the oceanographic cir­
culation on the Antarctic continental shelves, utilizing recent data, 
better coupling of global ocean circulation models with the continental­
shelf region and better representation in all models of sea-ice for.a­
tion and variability with climatic warming. The models of circulation 
on continental shelves should include storm conditions with katabatic 
wind forcing, particularly near the ice-sheet edge, buoyancy effects 
associated with increased freshwater supply, local increases or 
decreases in salinity, and water maaa formation. 

2. Ocean(Ice Shelf Interactions (Sections 5.2 to 5.4) 

• Measure present basal-melt rates and investigate their relationship 
to underlying ocean circulation. 

• Investigate iceberg calving rates, and identify those factors that 
affect these rates and determine the seaward boundary of ice shelves. 

These tasks will requires 

a. Observations near and beneath the ice shelves, focused on 
heat transfer from the boundary layer to the ice, the effect of bottom 
crevasses and bottoa roughness on vertical mixing under the shelf, and 
monitoring key water masses such as high-salinity shelf water and the 
•warm• inflows. Drill holes, radio-echo sounding, and oceanographic 
observations will be required. 

b. Mapping of the margins of the ice shelves repetitively, using 
satelliteborne imagers, to detect change and iceberg formation and move­
ment' measurement of ice thickness, strain rate, and other variables 
near these marginal and the incorporation of these data in numerical 
models. 
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3. Ice Streams (Section 5.3) 

• Determine the factors controlling whether an ice stream flows in a 
rapid or slow mode. 

• Compile a complete set of data on ice streams, including such items 
as their dimensions, elopes, and speeds. 

These tasks will require continued observation, theory, and 
modeling studies of basal eliding of glaciers and ice streams using 
data from deep ice corea and improvement in ice-dynamics modele ao that 
they incorporate realistic sliding laws aa well aa varying ice proper­
ties in addition to temperature and meltwater effects. 

4. Detection and Prediction of Future Changes (Sections 3.1-3.6, 
4.1-4.3) 

• Changes in dimensions and discharge rates of glaciers and ice 
sheets. 

• Changes in sea level and ocean temperature. 

These tasks will require: 

a. Using radar or laser altimetry from satellite platforms to 
extend topographic mapping of the ice surface to higher latitudes and 
utilizing repetitive surveys of surface altitude to measure the present 
rate of volume change. This latter task will require a more precise 
instrument (laser) than ia currently available if it ia to be accom­
plished in a few years' existing instruments (radar) will require sev­
eral decades before yielding meaningful results. These instruments 
should be placed in a truly polar orbit. 

b. Measuring the calving discharge of the outlet glaciers around 
the coast of Antarctica and along the east, north, and northwest coasts 
of Greenland, determining how the calving speed varies with time in 
these areas, and using these data to obtain a better understanding of 
how calving rates might be predicted. 

c. Measuring the net balance aa a function of altitude in the 
ablation zone of east and north Greenland, aa well as the amount of 
runoff and the extent of the ablation zone, together with discerning 
how the ice melt and other balance components can be determined from 
synoptic meteorological data. 

d. Developing and implementing a program of glacier mass-balance 
measurements in those areas of extensive glacier cover (especially in 
the mountains bordering the Gulf of Alaska and the Southern Andes), and 
completing the World Glacier Inventory, especially in these areas of 
extensive ice' and incorporating these results in an international data 
exchange program such aa the proposed World Glacier Monitoring Service. 

e. Exploring the link between glacier behavior and clt.ate more 
extensively, especially in regard to how the regional synoptic condi­
tions lead to a cumulative net balance, how subgrid scale processes can 
be incorporated in atmospheric circulation models, and investigating 
how the rare extremely negative net balances are caused. 
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f. Using modern radio-echo sounding techniques to measure the 
thickness of glaciers in regions of extensive ice cover, and using 
these data together with inventory results and glacier thickness .adels 
to calculate ice volumes. 

g. Using contemporary models of glacio-isostatic disequilibriua 
in calculations of Barth rotation to define the present mass balance, 
and error ltmits, of the Antarctic and Greenland Ice Sheets' extending 
such calculations to the smaller ice masses so that the present trend 
in global ice melt can be better defined using an independent line of 
evidence. 
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INTRODUCTION 

Appendix: Workshop Presentations 
A'l"l'ACIMENT 1 

RECENT SEA LEVELS PROM TIDE GAUGES: 
PROBLEMS AND PROGNOSIS 

D. G. Aubrey 
Woods Hole Oceanographic Institution 

Woods Bole, Massachusetts 

Changes in relative sea level play an important role in human 
affairs, with future increased importance if the anticipated global 
warming due to higher levels of atmospheric carbon dioxide causes 
significant melting of ice sheets. Throughout geologic history, rela­
tive sea level has been changing, on a full range of space and time 
scales. The rich spectra complicate the unraveling of recent relative 
sea-level trends, making prediction a complex task. Recent studies are 
helping to define the space and time scales of relative sea-level rise 
of the past century over the world's oceans, separating regional pat­
terns of relative sea level from patterns, using tide-gauge records. 
We will test the hypothesis that rate of eustatic sea-level rise is 
increasing, or will increase in the near future, as a result of thermal 
expansion and addition of glacial meltwater&. Because of the nonuniform 
distribution of sea-level observations in both space and time, new 
statistical techniques beyond simple regressions have been developed 
and applied, resulting in definition of space and time scales of change 
with appropriate error estimates. 

The complexity of space and time scales of relative sea-level change 
arises from many causes. The most important are tectonic, glacial 
rebound, and climatic causesr high-frequency oscillations also contrib­
ute to the complexity (e.g., Lisitzin 1974) of the space and time 
scales. 

Under tectonic, we include effects arising from large-scale tectonics 
such as continental collision, cooling of new crust derived from oceanic 
spreading belts, and volcanism resulting from plate-boundary processes. 
Time scales of these processes are long (thousands of years and more), 
and space scales vary from tens to thousands of kilometers. 

Glacial rebound represents the isostatic adjustment of formerly 
glaciated areas to lowered overburden due to glacial retreat. Space 
scales are hundreds to thousands of kilometers, and time scales are on 
the order of thousands of years. The uplift of Scandiavia following 
the most recent glaciation is an example of glacial rebound. 

Climatic sea-level change is partly a response to heating or cooling 
of the upper oceans owing to changes in mean atmospheric temperatures 
and partly a reflection of increased water mass. Time scales are on 
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the order of tens of years and more, and space scales are global. 
These climatic effects may result from deglaciation, on one extreme, to 
shorter-term effects, such as the postulated rise due to increased 
atmospheric carbon dioxide (e.g., Mercer 1978). This sea-level pattern 
is partly a steric response, as the water volume increases because of 
heating. It is also partly due to increased water mass in the oceans, 
as glaciers advance or retreat because of changes in atmospheric teaper­
atures and precipitation patterns. 

Higher frequency sea-level changes include those due to seasonal 
heating/cooling, local meteorological conditions, and other processes. 
The El Nino-Southern Oscillation (ENSO) is an example of a lower-fre­
quency atmospheric/oceanic interaction, with time scales of 1-10 years 
and spatial scales on the order of basin widths. BNSO can be an ener­
getic part of some sea-level series. Not categorized are miscellaneous 
causes of relative sea-level change, including subsidence due to pore­
fluid removal (such as in Galveston, Texas, or Long Beach, california). 
Subsidence due to higher sedimentation rates falls into this miscellan­
eous category, an example being the Mississippi River delta, which has 
more local impacts. Space scales of these processes generally are 
limited to hundreds of kilometers, with time scales ranging upward from 
tens of years. This superposition of space and time scales results in 
complex local relative sea-level time histories, requiring a battery of 
analysis techniques to separate individual effects. 

The present paper concentrates on the past century of relative sea­
level change because of the availability of precise tide-gauge records 
covering this period. The increased spatial coverage afforded by tide­
gauge records, and their increased precision over alternate means of 
estimating sea-level rise (such as radiometric methods), make them use­
ful for our intent of defining both regional and global space and time 
scales of sea-level variability. These stations are not without their 
drawbacks, however. Out of roughly 900 tide-gauge stations in the world 
(e.g., Lennon 1975-l978J Lutjeharms and Albeit 1983), approximately 90 
percent are in the northern hemisphere. The three greatest densities 
of tide-gauge stations are in industrialized areas: the United States, 
northern Europe, and Japan. Lesser developed nations in Africa, South 
America, Central America, and southern Asia have only a few tide-gauge 
stations, most of which span short terms and have many record gapsJ 
some have been discontinued. Thus, added to the number and variety of 
causes of relative sea-level change, we must deal with uneven spatial 
and temporal distribution of tide-gauge stations. 

Previous work on extracting relative sea levels from tide-gauge 
information is extensive. Much of the earlier work was directed toward 
obtaining a single value representing the eustatic sea-level signature, 
reflecting Quaternary glacial processes and climatic effects. All faced 
the problems discussed earlier, with incomplete time and space coverage 
of sea-level data. In recent work, Emery (1980) chose to use the median 
value of rates of rise of relative sea levels to estimate eustatic 
changes. Gornitz et al. (1982) and Barnett (1982, 1983) subdivided the 
globe into units (14 and 11, respectively), within each of which a 
representative sea-level curve was derived, and then a global curve was 
obtained by equally weighting each of the various units. Equal 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


75 

weighting of each unit prevented the added confidence derived from 
multiple sea-level recorda in some units. Selection of a representative 
sea-level curve also presented a problem, which influenced the results 
for the eustatic estimate. Barnett (1982) used eigenanalysis to examine 
global trends, which represented a useful advancement in examination of 
coherent sea-level phenomena. 

Aubrey and Emery (1983) also applied eigenanalyaia to examine the 
apace and time scales of sea-level change along the u.s. coastlines. 
Rather than trying to estimate a single eustatic sea-level rate of rise, 
they defined the space and time scales of sea-level variability over the 
last half century. These could then be simplified to derive a mean rate 
of rise for the United States, if desired. The emphasis on defining 
spatial and teporal scales of change was a significant departure from 
previous work. Rather than modeling sea-level change with an a priori 
hypothesis of a eustatic signature, Aubrey and Emery (1983) defined the 
energetic apace and time scales of change, which could then be model­
tested later. This accords with the philosophy that a global response 
to some external cause of sea-level rise will not be uniform over the 
globe7 rather there will be some spatial and temporal dependence on 
such a response. The term eustatic therefore implies space and time 
structure. 

Most estimates of relative sea-level rise over the past century 
(Table 1.1) are between 10-15 mm/yr. Emery (1980) obtained a signifi­
cantly higher value, for two primary reasons. First, he used data up 
to 1979, which would increase estimates of relative sea-level rise if 
relative sea-level rise were accelerating. Second, Emery's (1980) 
criterion for station selection was based on a statistical test that 
rejected rates whose standard deviation was greater than the estimate. 
Since this test is more stringent for stations with smaller rates of 
rise, it favored larger rates of rise. An improved error criterion 
would be to compare all rates of rise to a uniform deviationJ for 

TABLE 1.1 Estimates of Global Sea-Level Rise 
(after Barnett, 1982) 

Authors 

Thorarinsson (1940)a 
Gutenberg (194l)a 
Kuenen (1950)a 
Lisitzin (1958)a 
Wexler (196l)a 
Pairbridge and Krebs (1962) 
Emery (1980) 
Gornitz !! !!.• (1982) 
Barnett (1982) 
Barnett (1984) 

Rate (mmfyr) 

0.5 
1.1 .± 0.8 
1.2 to 1.4 
1.1 .± 0.4 
1.2 
1.2 
3.0 
1.2 
1.5 + 0.2 
2.3 

Aubrey and Emery (unpublished) 0.3 

isae Lisitzin (1974) for references. 
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instance, reject all stations whose rates of rise are uncertain within 
limits of l or 2 mm/yr. Aubrey and Emery (suamitted) use such a 
criterion for studies of Japanese sea levels. 

Finally, Barnett (1983, 1984) re-examined global sea levels, deriving 
an estimate of 2.3 mm/Yr as a eustatic figure during the past 50 years. 
Be expressed some reservation about whether the data merited further 
analysis to extract sea-level information. We believe that the sea­
level scales can be defined better using improved statistical 
techniques. 

RESULTS AND DISCUSSION 

Using some sophisticated statistical techniques (see Aubrey and 
Emery, submitted), we have made progress in separating from tide-gauge 
records the various contributions to relative sea-level records. Rather 
than initiating a global analysis immediatley, regional studies have 
been undertaken to clarify more local sea-level behavior, distinguishing 
the signatures of the various geologic, isostatic, and oceanographic 
contributions to tide-gauge records. We present three examples of such 
regional studies to illustrate our success in identifying causes for 
sea-level fluctuationsz a •stable• continental margin (the eastern 
United States), a technically active margin (Japan), and an isostati­
cally adjusting margin (Fennoscandia). 

United States sea levels were examined by Aubrey and Emergy (1983) 
to clarify the space and time structure of relative sea levels (spatial 
eigenfunctions land 2). Figure 1.1 reveals some variabilty in the east 
coast sea levels and considerable variabilty in west coast sea levels. 
The west coast is considered tectonically active, while the east coast 
is generally regarded as a relatively stable margin. A closer examin­
ation of the east coast data (Figure 1.2) shows three major compart­
ments, within each of which relative sea level exhibits a monotonic 
trend. From Cedar Keys, Florida, to Cape Hatteras, North Carolina, rate 
of relative sea-level rise steadily increases. From cape Hatteras to 
Woods Hole, Massachusetts, rates of sea-level rise decrease, followed 
by further increase to the north. Although not 'shown on the figure 
because only u.s. stations were used, farther north into Canada, the 
rate of relative sea-level rise decreases and becomes negative, reflect­
ing glacial rebound. This compartmentization of the u.s. east coast 
mirrors some poorly understood tectonic influencer if these compartments 
were not spatially resolved, then use of a few tide-gauge stations to 
derive a regional estimate would give a biased result. The time scales 
of relative sea-level behavior are depicted in the temporal eigen­
functions (Figure 1.3) and by spectra of these eigenfunctions (Figure 
1.4). Fbr sea levels along the u.s. east coast, the spectrum of motion 
reveals many time scales, including a dominant low-frequency motion, and 
broad periodicities of 6-10 years (poorly resolved because of the short 
record length and the small number of degrees of freedom of the esti­
mate). Although not used for this purpose, in Aubrey and Emery (1983), 
these space and time scales permit decomposition of the sea-level sig­
nature into responses to different forcing functions. Fbr instance, the 

' ' 
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PIGURE 1.1 Spatial eigenfunctions for 41 stations having records of 40 
years, with similar plots for 10 west-coast stations and 26 east-coast 
ones. Pirat functions account for 65, 53, and 78 percent of total 
variations, and second functions for 10, 26, and 10 percent, 
respectively. 
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FIGURE 1.2 Mean annual relative sea-level changes during 40-year record 
from Figure 1.1 for east-coast stations. Regression lines denote three 
main segments of east coast having different sea-level trendsJ these 
trends are not reflected in depths to shelf break at points nearest each 
station. 

higher frequencies reflect oceanographic factors, while low frequencies 
reflect tectoniam, isostatic adjustment, and eustatic changes. 

The coastline of Japan shows a complex history of sea levels (Aubrey 
and Emery submitted). Initially, because of the large density of sea­
level stations in Japan, and because of its long-recognized tectonic 
activity, we were curious whether we could bring some order to inter­
pretation of the land and ocean movements. We first performed a linear 
regression on each station in Japan exceeding 15 years in length (since 
we had previously observed that a 10-15 year cycle appeared in many 
Japanese sea-level records) and examined regional trends (Figure 1.5). 
Regression analysis, as discussed by Aubrey and Emery (1983), has severe 
drawbacks because of the direct comparison of dissimilar time periods 
and loss of definition of time scales of variability. In spite of these 
drawbacks, the regression analysis revealed a coherent trend of sea 
levels apparently related to the tectonics of the area and previously 
unpublished (Figure 1.6J Dambara 1971J Kato and Tsumura 1979J Aubrey· and 
Emery submitted). Japan is an island arc with oceanic trenches to the 
east and southJ to the east, the Japan Trench and Bonin Trench converge 
off southern Japan, while to the south, the short Nankei Trough appar­
ently reflects relative movement between the two easterly trench 
segments (Figure 1.5). The regression trends appear to mirror the tec­
tonism, in that the southeastern (Pacific) coast is submergent whereas 
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FIGURE 1.3. Temporal eigenfunctions for same stations of Figure 1.1. 
First functions account for 65, 53, and 78 percent of total variations, 
and second functions for 10, 26, and 10 percent, respectively. Linear 
trend for the first function must be weighted by corresponding spatial 
value to obtain local rate of sea-level rise. 

the northwestern coast (Japan Sea) coast is emergent, apparently res­
ponding to frictional warping on the nonsubducting plate adjacent to 
the trench. In the southwestern part of Japan, a similar parallel but 
secondary warping indicates a second phase of subduction. 
~ examine these patterns further, eigenanalysis of all Japanese 

stations exceeding 15 years in length was performed, on both covariance 
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FIGURE 1.4 Spectra of first and second eigenfunctions for 12 u.s. 
stations for 61 years and for 26 east-coast stations for 40 years. 
Estimates have two degrees of freedom. Energy units are relative. 

0.5 

and correlation matrices (Figure 1.7). Results are similar to the 
regression case, the coastal change mirrors trench processes on the 
adjacent margins with warping of the nonsubducting plate. Spatial 
scales of motion are well defined, as are time scales (Figures 1.7 and 
1.8). Dominant time scales include both low frequencies (reflecting 
tectonic and eustatic processses) and higher frequencies (reflecting 
oceanographic and climatic processes). Higher-frequency Japanese sea 
levels reflect the impact of Kuroshio meanders and correlate well with 
the Southern Oscillation Index (Aubrey and Emery submitted). Eigen­
analysis efficiently represents the variabilty in the data, with the 
first few functions accounting for most of the data variabilty (Table 
1.2). This example shows that even in a highly tectonic region, we can 
demonstrate local space and time scales of motion. In fact, this simple 
analysis has elucidated tectonic trends that have not been described 
previously. 
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FIGURE l.S Average annual vertical movement of land relative to sea 
level for the duration of 86 tide-gauge records in Japan having records 
longer than 10 years, plus eight stations for Korea to establish bound­
ary positions. Rates are based on least-squares linear regressions, and 
they range from +6 to -24 mm/yr. Contours are at 2-mm/yr intervals. 
Stations are shown as solid dots. 
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FIGURE 1.6 Tectonic trends on land and ocean floor. TOpography modi­
fied from Boggs (1984) and others, major tectonic lines (faults) on land 
from Tanaka (1977), and ages of initial plate subduction from Hilde and 
uyeda (1983). Insert shows oceanic plates, their present direction of 
movement, and the areas of overriding crust that have been structurally 
influenced by the subduction. Approximate shelf break (200-m contour)-­
dashed liner major positive elements--dottedr trenches and troughs-­
diagonal linear plates--named with dates of initial subduction. 
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FIGURE 1.7 Spatial eigenfunctions for Japan in units of millimeters at 
51 stations, each having unit variance and spanning at least 15 years. 
A, Firat function. Contours are at intervals of 200 units, with 
4000-unit contour added. Multiplying this pattern by the temporal 
eigenfunction trend yields an estimate of sea-level rise in units of 
aillimetera/year. 

Aa a final exaaple of regional studies, Pennoacandia ia presented to 
represent the problema associated with an area with large isostatic sea­
level signatures. Regression analysis (Figure 1.9) documents the in­
fluence of continued isostatic readjustment of the area, in qualitative 
accord with most, but not all, theories of glacial rebound (Clark et al. 
19781 ~rner 19801 Peltier 1980). Eigenanalyata reveals much the same 

TABLE 1.2 Eigenvalues for Japanese Sea Levels, SO-Year 
Sea-Level Analysts, True Variance 

Eigenvalue Number 
l 
2 
3 
4 
5 

Percent of Var lance Explained 
82.7 

4.2 
3.3 
2.5 
1.7 
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1950 1960 1970 1980 

PIGURE 1.8 Pirst, second, and third temporal eigenfunctions for same 
tide-gauge records used in Pigure 1.7. Elevations are dimensionsless 
and normalized. These three functions account for 83, 4, and 3 percent, 
respectively, of total variations in records. Note that the best-fit 
straight line fails to follow the trend of data points, indicating an 
apparent increase in rate of movement of land or of sea level beginning 
about 1953 (see text for discussion). 
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FIGURE 1.9 Mean annual uplift of Scandinavia and Scotland and downdrop 
of England and Brittany derived from least-squares regression analysis 
of 134 tide-gauge records having time spans longer than 10 years. 
Maximum extent of warm glaciers is from Flint (1957, plate III). Insert 
shows tectonic provinces as compiled by Naylor and Mounteney (1975). 
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pattern of sea-level behavior, with slightly lowered maximum rates of 
land rise (Figures 1.10-1.12). Temporal behavior of relative sea level 
(Figure 1.10 inset) indicates a relative stability in the time history 
of sea-level rise, with some indication of change in rate of rise near 
1924. The interpretation of this change in rate of rise is under inves­
tigation, we need to be certain that it is not a relic of the analysis 
procedure. Higher-frequency time behavior (second eigenfunction, Figure 
1.10 inset) may be related to oceanographic factors, which have not yet 
been clarified. The spectra of the higher frequency sea-level vari­
ations are nearly flat, in contrast with previous regional studies in 
the United States, Japan, and the eastern Asian mainland. Note that the 
Gulf of Finland shows some evidence of tectonic behavior, perhaps un­
related to the isostatic uplift (Figures 1.9 and 1.12), near the inter­
section of the Baltic Shield and Russian Platform, Figure 1.8 inset). 

PROGNOSIS 

These three studies illustrate regional behavior that is sometimes 
difficult to isolate from eustatic signals and that severely biases our 
estimates of global sea levels. These three studies were in regions 
where density of tide-gauge stations allows us to define local trends. 
Unfortunately, most areas of the globe do not permit this degree of 
spatial resolution. Duration of observations are also shorter at most 
other places on the globe, reducing our ability to define time scales 
of sea levels. In order to make an intelligent estimate of global sea 
levels, including any eustatic components, we must define the regional 
trends much better than has been done previously. 

What is the prognosis for being able to distinguish acceleration in 
rate of sea-level rise? Barnett (1984) made a strong case for pessiaism 
in this regard, considering the poor signal-to-noise ratio in these data 
sets. We feel slightly more optimistic. If we can define and eliminate 
regional anomalies, and incorporate theoretical estimates of isostatic 
effects with eapirical estimates of tectonics, we will be able to ia­
prove the signal-to-noise ratio of eustatic sea levels. Estimates of 
coherent global sea levels can be made, with appropriate error esti­
mates. Robust regression techniques (e.g., Andrews 19741 Hogg 1974) can 
be applied to determine if sea-level rise is accelerating. If the error 
analyses suggest that we have no confidence in the results (a possibil­
ity), then we will have at least established a sound statistical basis 
against which to compare future sea levels, over the next 20-30 years, 
to better establish significance of changes in rate of rise. These 
statistics, combined with improved estimates of ocean warming and melt­
water input into the oceans, will help to define sea-level response to 
increased concentrations of 002 and trace gases in the atmosphere. 

How should we proceed with future sea-level research? Clearly, we 
need to increase our base of sea-level observations, particularly in 
mid-ocean years. OVer the next few years, we must establish a larger, 
more uniform net of sea-level observatories. Because of their expense, 
they must be located with care and foresight. A working group consist­
ing of geologists, tectonicists, isostatists, geodesists, physical 
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FIGURE 1.10 First spatial eigenfunction for northern Europe at inter­
vals of 4000 units at 128 stations, each having unit variance and span­
ning at least 15 years. Insert at upper left has first three temporal 
functions for same stations and with elevations dimensionless and nor­
malized, these functions account for 58, 13, and 6 percent, respective­
ly, of total variation in records. Insert at lower right denotes water 
bodies mentioned in text. 
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FIGURE 1.11 Second spatial eigenfunction for same stations used in 
Figure 1.10 at intevals of 200 units. Insert has spectra of first 
three temporal functions. Estimates have four degrees of freedom. 
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FIGURE 1.12 Mean annual vertical movement of land in northern Europe 
relative to sea level as constructed from eigenfunctions of Figures 1.10 
and 1.11. Contours are in millimeters/year and are comparable with 
those of Figure 1.9 baaed on regression analysis. 
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oceanographers, climate modelers, glaciologists, and others should con­
vene over the next year to establish a consensus on the placement of the 
next generation of sea-level gauges. Requirements of modelers, obser­
vationalists, and managers should all be included in this discussion, 
which should have global representation. 

Accurate quantitative estimates of global eustasy have been elusive. 
Definition of changes in eustasy are possible only with improved obser­
vations, better statistical techniques, and diligence in research. The 
next few years should provide increased insight into causes and magni­
tude of sea-level variability, allowing us to access future measurements 
of relative sea-level rise with increased confidence. 
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A'l'TACIIIEHT 2 

CLJMATIC IMPLICATIONS OF ISOSTATIC ADJUS'JMENT 
CONSTRAINTS ON CURRENT VARIATIONS OF EUSTATIC SEA LEVEL 

ABSTRACT 

w. R. Peltier 
Department of Physics 
University of ~ronto 

Two different types of geophysical data have recently been invoked 
to support the notion that the mass of water in the global ocean is 
increasing. These consist of local tide-gauge measurements of relative 
sea level and measurements of the wander of the Barth's pole of rotation 
with respect to the surface geography. This paper reviews recent 
analyses that demonstrate that the former data are significantly con­
taminated by ongoing changes of sea level forced by the melting of WOrm­
Wisconsin ice that occurred in the time interval 6-18 KBP. The latter 
observations, on the other hand, are entirely explicable as a response 
due to the same causative agency. These analyses therefore suggest 
that the rise in mean global sea level that appears to be required by 
the tide-gauge data may be steric in origin. 

INTRODUCTION 

In the recent geophysical literature considerable attention has been 
addressed to the question of whether a significant change in global 
climate has occurred during the past 100 years, that is, since the 
beginning of the industrial revolution. Indeed such change is expected 
owing to the increase in atmospheric C02 (and aerosol) load caused by 
the burning of fossil fuels, an increase that is now well documented. 
Because of the large intrinsic variability of annually averaged atmo­
spheric temperature, it is not expected that this anthropogenically 
induced climatic amelioration would be directly detectable as yet, how­
ever, and there has been considerable interest in proxy records that 
might provide a clearer, if less direct, indication of the expected 
effect. One such class of proxy records that could potentially provide 
the desired information consists of data sensitive to variations of the 
mass of water in the global ocean. The idea that has motivated interest 
in such data is simply that a slight amelioration in global climate 
might be associated with a more significant warming in the polar regions 
and thus cause a detectable decrease in the mass bound in polar, or 
somewhat lower-latitude alpine, ice complexes. If the volume of conti­
nental ice is decreasing then there should be evidence of this in 
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several different oceanographic and geophysical data seta. The moat 
obvious such data are those recorded on tide gauges, aany of which have 
been installed for sufficient lengths of time (50 or .ore years) that 
any significant trend of relative sea level should be easily extracted. 
One leas obvious type of data, which might be equally useful in estab­
lishing the existence of such an effect, consists of astronomical obser­
vations of fluctuations in the Barth's rotation. Because of the vari­
ations in the elements of the planetary inertia tensor that are forced 
by redistribution of the surface mass load during ice-sheet melting, 
both the length of day and the location of the rotation pole with res­
pect to the surface geography should exhibit astronomically detectable 
changes. The latter data have the additional useful characteristic 
that they are only sensitive to the shift in surface mass load. On the 
other hand any sea-level trend observed in tide-gauge data is ambiguous 
in the sense that it might equally well be explained by invoking a 
change in water volume caused by thermal expansion or contraction as by 
a change in water mass. 

In fact both of these types of data have recently been invoked in 
support of the notion that there is an increase of the mass of water in 
the global ocean currently taking place. Both Gornitz et al. (1982) 
and Barnett (1983) have interpreted a global array of tide-gauge-baaed 
relative-sea-level (ral) measurements as revealing an ongoing increase 
of water volume. Beat estimates of the expected ateric (thermal expan­
sion) contribution to this increase have been interpreted to suggest 
that this effect cannot entirely account for the observation. Meier 
(1984) argued on the basis of direct glaciological evidence that the 
small (alpine) glaciers of the world are the moat likely source of at 
least part of the required meltwater. A significant problem with inter­
pretation of rsl data from the global tide-gauge network is that the 
observations are significantly contaminated by isostatic adjustment 
effects (e.g., Peltier 1982). Although the melting of warm~isconsin 
ice was complete by approximately 6000 years ago, relative sea level 
continues to change on this account because of the slow return to 
isostatic equilibrium, which is due to the high value of the viscosity 
of the Barth's mantle. In sites located in the regions immediately 
peripheral to the Laurentide and Fennoscandian ice sheets, relative sea 
level is rising at present owing to the decrease of local planetary 
radius caused by the viscous flow of material back into the regions 
that were once ice covered. This effect may be important since a large 
number of tide gauges are located in such regions (U.S. east coast, 
European west coast). One of the purposes of this paper is to discuss 
a method that has been developed that is suitable to filter isostatic 
adjustment effects from the tide-gauge data and thereby to reveal more 
clearly any residual effect that might exist. This analysis will be 
discussed in the next section of this paper. 

The second class of data that has also been suggested as requiring 
some present-day disintegration of continental ice consists of the 
observed wander of the rotation pole toward eastern canada at a rate 
near 0.95 degree per million years. The history of the position of the 
rotation pole has been recorded since the turn of the century by the 
International Latitude Service (ILS) (e.g., Vincente and Yumi 1969, 
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1978), and the polar wander revealed in it was interpreted by Munk and 
Revelle (1955) as requiring some current variation of the surface ice 
load. Recent analysis has demonstrated, however, that this interpreta­
tion of Munk and Revelle ia incorrect. Argu.enta reviewed in the third 
section of this paper, establish rather conclusively that the observed 
wander of the rotation pole in the ILS path ia entirely explicable as a 
me.ory of the planet of the last deglaciation event of the current ice 
age. PUrther.ore, the nontidal acceleration of the Barth's rotation, 
recently inferred on the basis of the orbit of the LAGBOS satellite, ia 
also entirely explicable as a memory of the melting of wor~iaconsin 
ice (Peltier 1983). These data together appear to restrict severely 
the magnitude of any ongoing reduction of the volume of continental ice. 
The implications of isostatic adjustment contamination of both the tide­
gauge data and Barth-rotation observations to the climate-change issue 
are discussed in the concluding section. 

FILTERING THE TIDE-GAUGE DATA TO Rl!MOVE ISOSTATIC ADJUS'lMENT EFFECTS 

Over the past decade, beginning with the paper by Peltier (1974), a 
complete gravitationally self-conaiatant model has been developed that 
ia able to predict rather accurately the variation of relative sea level 
that should be observed anywhere on the Barth's structure due to ice 
sheet disintegration. A recent summary of this research will be found 
in Peltier (1982). ~date the model baa been exclusively employed to 
predict rsl changes due to the melting event that began 18,000 years 
ago and ended about 6000 years ago that saw the disappearance of large 
ice sheets from canada and Fennoscandia and reduction of the ice in 
West Antarctica. By comparing the predictions of this model with the 
l4c record of ral change over the time since melting began, it has 
proven possible to infer the variation of effective planetary viscosity 
with depth. This parameter is a crucial ingredient in thermal convec­
tion models of the process of continental drift, and the inferred value 
of the mantle viscosity may be construed aa verifying the validity of 
this convection hypothesis (Peltier 1985). Since the viscoelastic model 
does fit the 14c record of deglaciation everywhere, it may be employed 
to predict the present-day rate of rsl variation anywhere where there 
is a tide gauge and thereby to filter from these -modern• oceanographic 
data the local effect due to present-day glacial isostatic disequilib­
rium. The way in which this analysis ia done will be illustrated by 
considering sites from along the eastern seaboard of the continental 
United States shown on Figure 2.1. 

The first step in the procedure ia to establish accord between the 
predictions of the model and the 14c record of ral variations on the 
long time scale of these observations. A collection of such data pub­
lished by Bloom (1967) from this region has recently been analyzed in 
Peltier (1984), who has argued that a good fit to thea appears to 
require a lithospheric thickness somewhat in excess of 200 km if the 
mantle viscosity profile is fixed to a constant value of 1021 Pe a. 
The goodness of fit of this model to l4c data from six sites along 
the u.s. east coast ia illustrated by the comparisons in Table 2.1, 
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FIGURE 2.1 Sites along the u.s. east coast at which 14c data exist 
that can be employed to fix the parameters of the viscoelastic model 
employed to filter the tide-gauge data. 

which demonstrate that the model does explain the data rather well. We 
may therefore proceed to employ it to predict the rate of rsl rise that 
should be observed at any specific tide gauge along the coast and to 
subtract this prediction from any trend that may exist in the individual 
tide-gauge records. Barnett (1983) has shown that all tide gauges along 
this stretch of coast do in fact reveal a trend toward rising relative 
sea level as a function of time. 

Figure 2.2(a) shows a preliminary plot of the residual (corrected) 
rsl trends at a larger number of east coast tide-gauge sites as a func­
tion of distance in radians from the site at Pensacola in Florida. Also 
shown in this figure as the horizontal line is the mean rate of rsl rise 
about which the residuals fluctuate. A more refined calculation sug­
gests that the mean of the data corrected for isostatic adjustment 
effects is between 1.1 and 1.2 mm/yr. The average rate of submergence 
along the u.s. east coast due to this cause is near 0.8 mm/yr, so that 
the contamination is about 40 percent of the raw trends. Pbr comparison 
purposes Figure 2.2(b) shows the corrected trends for tide-gauge sites 
along the u.s. west coast. Along this active continental margin there 
is no consistent signal revealed either before or after correction. 
This is hardly surprising given the intensity of tectonic activity in 
this region due to the presence of San Andreas transform fault. The 
east coast passive margin, however, provides a much more stable •float• 
for the inference of residual rsl variation, and the data from this 
region do seem to require that some process other than glacial isostatic 
adjustment is contributing to the observed submergence in this region 
at present. In attempting to understand what this effect is, it may be 
important to note that the tide-gauge data from almost all sites along 
this coast show that the local rates of sea-level rise decreased rather 
sharply after about 1940. This may be an important constraint on the 
candidate mechanisms that might be invoked to explain the observations. 
An additional constraint is that discussed in the next section. 
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TABLE 2.1 Observed and Predicted rsl On meters) at Selected Eastern Seaboard Sites a 

Time2 ~r 
I 

Location -8 -7 -6 
_, 

-4 -3 -2 -I 0 

Southport 

Observed -3.3.! o., -2.2.! O.lf -1.2.! 0.2 -0.,.! 0.1 0 

Predicted -2.26 -0.96 -0.30 -0.03 0 

Virginia 

Observed -22.!. -17 .! 3 -13.! 3 -10.! 3 -7.0.! 1., -3.0.! 1.0 -0.,.! o., -O.If.! 0., 0 

Predicted -29.,2 -21.70 -llf.90 -9.63 _,.9, -3.4' -i.78 -0.68 0 

New York 

Observed -17.8,! 3.0 -16.0.! 2.4 -13.0.! 2.2 -9.4.! 1., -6.4.! 0.6 -4 •• !: o., -1.2.! 0.3 0 

Predicted -22.48 -19.06 -I If • ., -10.02 -6.~ -4.00 -0.88 0 "' 0\ 

Brigantine 

Observed -10.,.! 0.6 -7.,.! o., _,.2.! o., -3.0.! o .• -I.•.! o.• 0 

Predicted -11.32 -7.79 -4.40 -2.36 -0.9, 0 

Clinton 

Observed -10.2.! 0.7 -8 •• .! 0., -6.7.! 0.' -4.7.! o., -3.4.! 0.' -1.0.! 0.2 0 

Predicted -20.39 _.,_, -10.84 -7.16 -4.41 -0.9. 0 

Boston 

Observed -9.0.! 3.0 -6.0.! 3.0 -2.'.! 2.0 -0.,.! 0.' 0 

Predicted -9.02 -6.03 -3.74 -O.Sif 0 

a Calculations are based on the gravitationally self-consistent model with realistic ICE-2 melting chronology and an Earth model 

with a lithospheric thickness of 2'*' km and 1066B elastic structure. 
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FIGURE 2.2 Relative sea-level trends from tide-gauge data along the 
u.s. east (a) and west (b) coasts in the period since 1940 corrected 
for isostatic adjustment effects. 

EARTH BOTATION AND ICE-SHEET DISINTEGRATION 

The IIS record of polar motion shown in Figure 2. 3 is dominated by 
oscillatory variations of pole position due to the interference of the 
12-month annual and 14-month Chandler wobbles. The interference between 
those two closely spaced frequencies explains the 7-year beat period in 
the record that may be extracted by visual inspection. Of more interest 
in the present context is the slow drift of the pole relative to the 
Conventional International Origin (CIO), upon which these oscillatory 
variations are superimposed. The direction of drift is shown on the 
inset polar projection of Figure 2.3 by the arrow that points roughly 
along the 76 degree west meridian. The rate of drift in this direction 
is 0.95 z (0.05) degree per million years (e.g., Dickman 1977). In 
1952 Munk and Revelle published a paper that purported to show that this 
observed true polar wander required that some ongoing change in surface 
mass load of the planet be currently taking place. They suggested that 
the required surface load forcing was due to mass loss from Greenland 
and/or Antarctica. The theoretical analysis on which this conclusion 
was based vas predicated on the assumption that insofar as the rota­
tional response to surface loading was concerned the planet could be 
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YEAR 

FIGURE 2. 3 The ILS record of polar motion in the time period since 
1900 relative to the conventional international origin (CIO). 

assu.ed to be representable as a homogeneous viscoelastic sphere. A 
characteristic of the rotational response of such a model planet is that 
the centrifugal and isostatic adjustment contributions to the response 
exactly annihilate one another, the result being that no polar wander 
is predicted in circumstances in which the surface mass load is cons­
tant. 10 explain the drift observed in the pole path shown in Figure 
2.3, Munk and Revelle were therefore obliged to invoke some time varia­
tion of surface load, and they pointed to the Greenland and/or Antarctic 
ice masses as being the likely cause. This idea has continued to play 
a role in the recent literature on sea level and climate change, where 
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it is suggested as providing additional evidence that the mass of water 
in the global ocean must be increasing. 

Unfortunately this analysis of Munk and Revelle (1952) has recently 
been shown to be incorrect. The flaw in their argument that the obser­
ved polar wander requires a concurrent variation of the surface mass 
load is that the argument is based on the assumption that the homogene­
ous viscoelastic model of the Barth is an adequate model in terms of 
which to describe the rotational response to surface mass loading. In 
a recent sequence of papers (Peltier 1982, Peltier and Wu 1983, Wu and 
Peltier 1984) it has been clearly demonstrated that the internal visco­
elastic layering of the real Barth has an extremely important effect on 
the rotational response to surface loading. In fact the effect is such 
as to break the symmetry on the basis of which the centrifugal and iso­
static adjustment contributions to the rotational response are forced 
to cancel one another at all times during free relaxation of the homo­
geneous model. Layered viscoelastic models therefore process a finite 
•memory• in their rotational response to surface loading such that the 
pole continues to wander long after the surface load has ceased to vary. 
In terms of such realistic viscoelastic models it is therefore conceiv­
able that the polar wander illustrated on Figure 2.3 could simply be a 
memory of the planet's response to the last deglaciation event of the 
current ice age. That this could be the case is also strongly suggested 
by the fact that the direction of polar wander is slightly to the east 
of the centroid of the Laurentide ice mass, an effect that is an 
expected consequence of the additional forcing due to the deglaciation 
of Fennoscandia. 

Analysis in the three previously cited papers shows in fact that the 
observed direction and rate of polar wander in the ILS path are both 
predicted very nicely on the basis of the assumption that the only 
rotational forcing is that due to the 105 year periodic ice age cycle 
that has dominated the ~l8o record of continental ice volume fluctua­
tions during the past 700,000 years of Earth history. The polar wander 
speed predicted for a sequence of models that differ only in the com­
plexity of their internal viscoelastic layering is shown in Figure 2.4. 
The zero of time on the figure is taken coincident with the end of the 
last 105 year glaciation cycle, of which seven have been included in 
the assumed prehistory. As discussed in wu and Peltier (1984) the ice 
sheets on Canada, Fennoscandia, and West Antarctica have all been 
included and have been approximated by spherical caps of appropriate 
mass that accrete water from and discharge meltwater to, ocean basins 
of realistic form. The temporal history of each cap is assumed fixed 
by the sawtooth approximation to the typical ~l~ record shown on 
Figure 2.5. fOllowing the zero of time on Figure 2.4 there is no 
further variation of surface load. 

The models for which the polar wander-speed predictions are shown in 
Figure 2.4 consist of a homogeneous model with a lithospheric of thick­
ness "'t • 120 km (fixed for all models as i.ndicated on the figure) desig­
nated LOP (no core), a model with a homogeneous mantle and a high-den­
sity invisid core (LOP), a model with one density discontinuity in an 
otherwise homogeneous mantle (LlP), and a model with two internal mantle 
density discontinuities (L2P). The models with internal mantle density 
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PIGURE 2.4 Polar wander-speed predictions for the viscoelastic models 
discussed in the text. The cross at t • 6 kyr is the observed secular 
drift extracted from the data shown in Pigure 2.3. 

discontinuities have these features located at 670-km depth (LlP) and 
420-km depth (L2P). The magnitudes of the density contrasts in these 
models are close to those in the realistic model 10668 of Gilbert and 
Dziewonski (1975). Inspection of the various predictions shows first 
that essentially zero polar-wander speed is predicted for the homogene­
ous model (LOP no core) in accord with the analysis of Munk and Revelle 
(1952). However, as one adds structure to the interior of the model 
the speed prediction begins to depart very significantly from zero. 
The predictions are for models that have an upper-mantle viscosity of 
1021 Pa a, and a good fit to the observations is clearly obtained by 
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FIGURE 2.5 Sample ~18o time series (upper) and sawtooth approximation 
(lower) employed to constrain the load cycle employed for the polar 
wander-speed predictions shown in Figure 2.4. 

model L2F with a lower-mantle viscosity of 3 x 1021 Pa s. This same 
model has been shown to be compatible with most of the other data of 
glacial isostatic adjustment also. In particular, it has been shown to 
be compatible with the recently observed nontidal component of the 
acceleration of planetary rotation that has been extracted from the 
orbit of the LAGEOS satellite (Peltier 1983) and previously through the 
analysis of ancient eclipse data. 

OONCLUSIONS 

The influence of ongoing glacial isostatic adjustment in response to 
the melting of warm~isconsin ice that began roughly 18,000 years ago 
and ended about 6000 years is a significant source of contamination of 
tide-gauge records of the variation of relative sea level. Before such 
data are invoked to constrain present-day variations of water volume, 
they should be decontaminated by re.oving isostatic adjustment effects 
using the gravitationally self-consistent model for rsl variations as a 
filter. An application of this technique to sea-level data from the 
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u.s. east coast shows that roughly 40 percent of the tide-gauge-inferred 
rsl rise is due to the glacial isostatic submergence of this coast. The 
residual could in principle be due either to an increaae in the mass of 
water in the global ocean or to a steric effect. 

The fact that the observed secular variations in the nontidal accel­
eration of planetary rotation and in the location of the rotation pole 
are both so well predicted on the basis of the assu.ption that no on­
going variation of surface mass load is occurring may be taken as strong 
evidence that the tide-gauge-inferred residual rate of rsl rise is pre­
dominantly steric in origin. These observations appear to be extremely 
sensitive to significant rates of change in the surface ice and water 
load. In fact, the two rotation effects are complimentary constraints 
in that the nontidal acceleration is particularly aensitive to ice 
melting near the rotation poles, whereas the polar wander is driven 
entirely by off-polar loading effects. Certainly the Munk and Revelle 
(1952) argument that the present-day observed polar wander requires a 
concurrent variation of surface-mass load is incorrect, however, since 
this is explicable on the basic of the hypothesis that it is entirely a 
consequence of previous load variations. 
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ATTACIIIBNT 3 

Sea Level and the Thermal variability of the Ocean 

D. Roe11111ich 
Scripps Institution of Oceanography 

INTRODUCTION 

This study focuses on changes in the volume of the ocean at constant 
mass and the relationship of these ateric changes vith sea level. It 
has been shown previously that ateric height changes dominate sea-level 
variability on seasonal and interannual time scales (e.g., Shav and 
Donn, 1964J Schroeder and Stomnel, 1969J Reid and Mantayla, 1976). But 
how do specific volume changes compare to sea-level variations over 
periods of decades or longer? can the secular trends observed in many 
sea-level recorda be attributed to ateric expansion and contraction of 
the water column? Is there some residual sea-level rise that cannot be 
due to ateric expansion? 

Barnett (1983) found that the global hydrographic data base is inade­
quate for determining long-term trends in ateric height. He considered 
pairs of stations from nearly the same location and the same month of 
the year, but separated in time by more than 30 years. In each of 11 
regions of the world ocean, between 1 and 68 pairs vere found. But the 
standard deviation of the difference in ateric height of the sea surface 
relative to 1000 db vas very large (20 dynamic centimeters in several 
regions), and none of the areas had a statistically significant trend. 
Relative to the •noise• consisting of mesoscale eddies and other ener­
getic low-frequency phenomena, a hypothetical signal of order 1 dynaaic 
centimeter per 10 years is small. The sampling problem is formidable. 

The approach used here vas to concentrate on a single relatively 
data-rich region, the subtropical North Atlantic, rather than to seek a 
global solution. The objective vas to discover hov much variability in 
ateric height is contained in time scales of decades or longer and to 
determine vhat vertical and horizontal scales of variability correspond 
to these long-term changes. These are essential to answer the questions 
of how long the ocean must be sampled at a single location, and how many 
locations must be sampled and to vhat depths in order to determine the 
relationship of steric height to the long-term trend in sea level. 

BERMUDA SEA LEVEL AND THE PANULIRIS DATA 

The longest regular time aeries of deep hydrographic stations is the 
Panuliris aeries (32°l0'N, 64°30'W) near Bermuda (Figure 3.1). This 
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FIGURE 3.1 Monthly mean values of steric depth at the Panuliris 
station, averaged over 1954-1981, with the average over all months 
removed. Sterle depth is the integral of specific volume from the 
ocean surface down to the pressure level indicated on the ordinate. 

program of measurements was initiated by Henry Stommel and carried out 
by the Bermuda Biological Station beginning in 1954. Weather permit­
ting, and barring occasional other problems, two casts per month were 
made at a location where the water depth is about 3000 m. Nearly all 
casts extend to 2000 m and many to 2500 m or deeper. From 1954 to 1981, 
392 casts were made to depths greater than 2000 m. The time series is 
not long for our pu~ses, and its limited ·depth precludes a study of 
the abyssal water, but it is all that we have. 

A number of investigators have studied the Panuliris data, sometimes 
in combination with Bermuda sea level. Shaw and Donn (1964) compared 
monthly means of sea-level data (corrected for atmospheric pressure 
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variations) with monthly .. ana of the steric height of the sea surface 
relative to 2000 db and found them to be indistinguishable. Schroeder 
and Stommel (1969) noted that this seasonal signal was mainly confined 
to the upper 200 db and was due to local buoyancy fluxes across the sea 
surface. They also found that there were year-to-year variations in 
steric height that were also mirrored in the sea-level record and 
attributed these variations to vertical motion of the main thermocline. 
Wunsch (1972) considered 8 years of data, computing spectra of steric 
height and sea level. He found that the steric height spectrum tapered 
off at periods longer than a year, an incorrect inference that probably 
resulted from the shortness of the record length available at that time. 
Pocklington (1972) constructed time series of temperature at a number of 
standard depths using data from 1955 to 1969. He observed a trend of 
decreasing temperature down to 400 m with a suggestion that it continued 
to decrease as deep as 800 m. Below this there was no apparent trend. 
Frankignoul (1981) compared temperature at 10 standard levels in the 
first 12 years of Panuliris data with temperature in the next 12 years. 
He too found a temperature decrease down to 1000 m with a slight in­
crease at 1600 and 2000 m. (The text and Table 1 of Frankignoul (1981) 
appear to reverse the sign of the changes, but they are given correctly 
in his Figure 2.) 

Here, 27 years of Panuliris data will be used for two purposes. 
First, it will be shown that in contrast to seasonal and interannual 
variations, which are confined to the upper 1000 m, a significant 
27-year trend in the data extends down to the level of the deepest 
observations. Then, this trend in time will be compared to a large 
space-scale temperature difference between two deep hydrographic 
surveys, each of which covered the subtropical North Atlantic at the 
same two latitudes. 

All the Panuliris casts were sorted by month and year and interpo­
lated to 24 standard depths that were 50 m apart down to 300 m and then 
100 m apart down to 2000 m. casts in a given month were averaged over 
all years to estimate a mean annual cycle. Then, for each cast the 
monthly mean (over all years) was subtracted in order to remove the 
annual cycle, and all casts in a year were averaged to estimate a mean 
anomaly for the year. We are interested in seeing how, on different 
time scales, the variability extends to different depths. Figure 3.1 
shows steric depth for each of the 12 monthly mean profiles. By steric 
depth, we mean that the specific volume anomaly is integrated downward 
from the ocean surface to the pressure level indicated by the ordinate. 
It can be seen that the month-to-month changes in specific volume are 
large in the upper 200 m and small below this. Figure 3.2 is of steric 
depth for the 26 yearly anomalies. The year-to-year changes in steric 
depth are slightly larger in magnitude than the annual cycle and clearly 
are distributed over a much greater depth range. This depth difference 
is summarized by examining empirical orthogonal functions (EOFs) of the 
specific volume profiles. The first EOF i.s, by definition, a best­
fitting shape, in a least-squares sense, to all the profiles in a group. 
Figure 3.3 shows the first EOF for the annual cycle of specific volume 
variations and the first EOF for the yearly anomalies. The much greater 
depth range of the yearly anomalies is apparent. The secondary maximum 
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FIGURE 3.2 Yearly anomalies in steric depth (monthly mean values 
removed) at the Panuliris station for the years from 1955 to 1981. 

in the yearly anomalies at 800 m is in the main thermocline. These BOFs 
describe 90 percent and 62 percent of the total variance in the profiles 
of the annual cycle and the yearly anomalies in specific volume, 
respectively. 

But our main interest is in longer time scales. The yearly tempera­
ture anomalies were smoothed vith a 5-year running mean filter and are 
displayed in Figure 3.4. Successive standard levels are offset from one 
another by 0.25•c. In and above the thermocline, down to 1000 m, one 
can see decreasing temperature between 1957 and 1970, as described by 
Pocklington (1972). However, the temperature then began to rise again, 
reaching a maximum in 1975-1977 that vas still generally cooler than the 
initial values. Below 1000 m, the pattern is qualitatively different. 
In the deep levels, the 0(20-year) oscillation seen above ia not appar-
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FIGURE 3.3 The first empirical orthogonal function of the monthly 
mean profiles of ateric depth and the first EOF ot the yearly anomaly 
profiles, normalized to have unit length. The third profile is of the 
linear trend in time ot steric depth over the period 1955-1981, also 
normalized to unit length. 

ent. Rather, there is a more regular rise amounting to between 0.1 and 
o.2•c. The long ti .. -acale variations below 1500 m appear not to be 
coupled to those in the thermocline. 

In order to extract the longest time scale in the Panuliris data, a 
linear trend in specific volume over 26 years was computed at each 
standard depth. Por comparison purposes, the trends were normalized in 
the same way as the EOFs and are plotted in Figure 3.3. The pattern is 
similar to the EOF of yearly anomalies in that it has a maximum in the 
main thermocline. An important difference though is that the trend does 
not become negligibly small below 1000 m. Rather it extends to the 
deepest levels sampled and to some undetermined depth beyond, with a 
change in sign at about 1000 m. In viewing the trends in relation to 
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FIGURE 3.4 The 5-year running mean of temperature anomaly at the 
Panuliris station at 24 standard depths. Standard depths are offset by 
o.2s•c. 
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the running mean values in Figure 3.4, it is clear that the oacillations 
are as large or larger than the apparent trend and that the apparent 
trend in another 25 years of data could be quite different. 

The trends observed at the Panuliris station are presumably not 
strictly local, and one would like to know the spatial extent of the 
signal. lOr this purpose, we compare the Panuliria trends to two large 
space-scale surveys separated in time by 22 years. As part of the 
International Geophysical Year (IGY) hydrographic survey, transatlantic 
sections were occupied along latitudes 36°15' from the United States to 
Spain and 24°30'N from Morocco to the Bahamas. With very similar ship 
tracks, these sections were repeated by the R/V Atlantis II in 1981. 
The two IGY sections have a total of 99 hydrographic stations, whereas 
the 1981 sections, made with a continuously profiling conductivity­
temperature-depth recorder (CTD), have 191 stations to the ocean bottom. 
Large-scale differences in water-mass volumes were discussed by Roe .. ich 
and Wunsch (1984). 

Here, we examine the average temperature difference as a function of 
depth along that part of the 36°N section that is east of the Gulf 
Stream and west of the mid-Atlantic ridge. This difference is shown in 
Figure 3.5, together with the linear trend in temperature in the Panul­
iria data, expressed on the same time frame. The standard error of the 
linear trend is shown by the error bars. Although there are differences 
in detail, these two profiles of temperature difference are remarkably 
similar considering that one is the difference between two large apace­
scale surveys and the other is a trend in time at a single point. They 
show a cooling trend, or uplifting of isotherms, down to the base of 
the thermocline at about 1000 m and a warming or downward displacement 
below. In the large apace-scale surveys the warming extended down to a 
depth of about 3000 m. Moreover, a similar pattern existed along 36°N 
east of the mid-Atlantic ridge and along 24°N for the width of the 
ocean. At 24°N, the cooling was in a more restricted layer down to only 
500 m with warming from 500 to 3000 m (Roemmich and Wunsch, 1984). Just 
as the thermocline showed more structure than the deep water in the time 
domain, there aleo appears to be greater spatial variability in the 
22-year difference above 1000 m than in the deep water (see Roemmich 
and Wunsch, 1984, for maps of temperature difference). The existence 
of both the Panuliria time aeries and the two large apace-scale surveys 
allows us to confirm that the secular trends in the Panuliria data are 
indicative of change over much of the subtropical gyre. 

Of central t.portance here is the relationship between the apparent 
trends in specific volume and sea level. In Figure 3.6, the 5-year 
running mean of Bermuda sea level is shown together with that of the 
Panuliris steric height of the sea surface relative to 2000 db. lOr 
reference, we also show sea level at Charleston, South carolina. It is 
at nearly the same latitude as Bermuda, and the record there is typical 
of the u.s. east coast. The correlation of Bermuda sea level and Pan­
uliria ateric height is very high& the correlation coefficient is about 
0.9 for the unamoothed yearly values. Charleston sea level, on the 
other hand, does not show the fall and rise that is associated with the 
thermocline variations at Bermuda (Figure 3.4) but rather has a more 
steady rise. If the Charleston record is detrended, then the residual 
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FIGURE 3.5 The smooth curve expresses the temperature difference 
between the IGY (1959) and 1981 surveys along 36°N vest of the 
mid-Atlantic ridge and east of the Gulf Stream. A positive value 
indicates that the ocean was warmer in 1981. The horizontal bars show 
the linear trend of temperature in time, with the standard error of the 
estimate, at the Panuliris station. 

has substantially less variance than the Bermuda record. The base of 
the thermocline slopes sharply upward across the Gulf Stream from east 
to west. The 7°C isotherm, found at about 1000 m in the Sargasso Sea 
is at around 200 m shoreward of the Gulf s.tream. If all water above 7•c 
vas cooled by a uniform amount, the effect on sea level would be 5 times 
as great on the offshore side of the Gulf Stream. Thus, the lover sea­
level variance at the coast may be explained by a lower sensitivity to 
temperature fluctuations in the thermocline. An interesting question, 
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FIGURE 3.6 From top to bottom, 5-year running means of Charleston sea 
level, Bermuda sea level, Panuliris steric height (0/2000 db), and 
residual of steric height subtracted from sea level. The height of 
each curve is arbitrary. The straight line drawn through the bottom 
curve has an upward slope of 1 dyn em per decade. 

which we believe cannot be answered by the present data base, is whether 
all or part of the sea-level rise observed along the eastern u.s. can 
be attributed to the subthermocline warming seen throughout the sub­
tropical North Atlantic. 

A power-density spectrum of Bermuda sea level was computed using 
monthly mean values from 1955 to 1978. The high-frequency end is 
undoubteldy affected by aliasing, but here we are concerned only with 
the longest periods. A comparable series of monthly steric height of 
the sea surface relative to 2000 db was obtained by interpolating the 
Panuliris data, also from 1955 to 1978. The two spectra are displayed 
together in Figure 3.7. They are indistinguishable at periods of a year 
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FIGURE 3.7 Power density spectra band averaged over three frequency 
bands of Bermuda sea level and Panuliris steric height (0/2000 db). 

and longer. Indeed the only appearance of a difference is in a band 
from about 3 to 5 months, where the sea-level spectrum appears elevated. 
A prominent annual signal is seen in both records. In the lowest­
frequency bands, both spectra slope more steeply than (frequency)-1, 
indicating that the energy density per unit log frequency increases with 
increasing period. 

As another way of illustrating this point, consider the difference 
of steric height (0/2000 db) subtracted from sea level. That is shown, 
again as a 5-year running mean, at the bottom of Figure 3.6. Time 
variations in this difference amount to a few centimeters. For refer­
ence, a line sloping upward at 1 em per decade is also shown. There is 
an apparent trend, indicating a rise in sea level relative to steric 
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height. But the 0(10-fear) variations are larger than the apparent 
trend. Further, data from the 1981 and IGY surveys of the subtropical 
Atlantic suggest that if the warming froa 2000 to 3000 db were consid­
ered, the apparent trend in the sea-level residual would be approxi­
mately halved. This is obviously not the end of the story. Several 
decades more of Bermuda sea level together with ateric height are 
required in order to see if the upward trend in sea level, which is the 
overall Bermuda record (1933-1980) but not in the 1954-1980 segment 
overlapping the Panuliria observations, is re-established. If so, the 
question is whether the rise is accounted for by an increase in ateric 
height or whether there is a residual rise in sea level not attributable 
to ateric expansion. 

DISCUSSON 

A principal lesson of the extensive North Atlantic data seta is that 
ateric height variations occur over such a variety of apace and time 
scales that the problem of even defining a global trend, let alone 
observing it, is a difficult one. In the 27 years of overlapping ateric 
height and sea-level data at Bermuda, there was no evidence of a •spec­
tral gap• that would allow separation of the time scale spanned by the 
data from a much longer time scale that would appear as a trend. 
Rather, the sea-level and ateric-height spectra were equally red in the 
lowest-frequency banda. An encouraging sign is that longer 50-year sea­
level records such as the Charleston record in Figure 3.6 (for which 
there is no accompanying ateric-height time aeries) do show evidence of 
such a gap. That is, the 15-cm trend over 50 years is greater than the 
5 em fluctuations over 10 to 20 years at that location. The expectation 
then is that about 50 years of sea level together with ateric height at 
Bermuda would resolve the question of whether the sea-level trend is 
accompanied by a trend in steric height (at that location). 

Steric changes in the water column on time scales of a decade and 
longer are not confined to or concentrated in the upper ocean. In the 
subtropical North Atlantic such changes extend to depths of at least 
3000 m. Maxima in temperature change appeared in the thermoscline at 
depths of from 300 to 700 m and below the thermocline at about 1800 m. 
Por observational programs, the large vertical extent of the signal 
means that the entire depth of the ocean should be sampled. The Panul­
iria data are not sufficiently deep, though this deficiency can be made 
up by a few ancillary deep measurements elsewhere. Por climate modeling 
studies, it is clear that the commonly used one-dimensional vertical 
advection-diffusion models not only miss the essential physics of the 
problem but cannot even mimic the observed patterns of change. Critical 
processes are air-sea interactions at middle and high latitudes, which 
determine volume and composition of the mid-depth and deep-water masses 
and the spreading of those waters to lower.latitudea. 

Temperature variations had a somewhat different character in and 
above the thermocline than in the deep water. The thermocline fluctua­
tions had greater variance in the time domain than the deeper changes 
and also more variability around the subtropical gyre. Over 27 years, 
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the thermocline fluctuations made a greater contribution to steric 
height change than the deep changes, but on a longer time scale it is 
not clear whether aid-depth or deep variations would d011inate. 'l'he 
thermocline comes to the surface along the northern rim of the subtrop­
ical gyre, and these waters are therefore subject to at.ospheric forcing 
relatively near to the area of our study. The deep water is farther 
removed from contact with the atmosphere, which can account for the more 
gradual changes and larger spatial scale of the deep signal. 
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ATTACIImNT 4 

OCEANOGRAPHIC EVIDENCE POR LAND ICE/OCEAN 
INTERACTIONS IN THE SOUTHERN OCEAN 

Stanley s. Jacoba 
Lamont-Doherty Geological Observatory 

of Columbia University 

SALINITY CHANGES IN THE DEEP OCEAN 

There is ample evidence that subsurface water masses in the Southern 
Ocean undergo salinity changes with time, but few of these evolutions 
have any direct relationship to land ice. ror example, Rochford (1965) 
showed that SOOR-UNBSOO •calibration• stations in the Southeast Indian 
Ocean experienced apparent seasonal fluctuations on the order of 0.02 
per mil in the deep salinity maximum. Closer to Antarctica, Gordon 
(1978) attributed a 3000 .. -deep freshening of 0.005 to 0.03 per mil 
between 1973 and 1977 to convective overturning associated with the 
giant Weddell Polynya. roster and Middleton (1979) demonstrated an 
increase of 0.02 per mil between 1975 and 1976 in the salinity of bottom 
water flowing out of the Weddell Sea and ascribed this to year-to-year 
changes in atmospheric conditions that affect the rate of sea-ice for­
mation. Their transects show similar salinity alterations in the over­
lying deep water, which may be recovering from the polynya events of 
the mid-l970a, encountering variability in ita resupply of Circumpolar 
Deep Water or displaying the effects of other mixing and circulation 
changes unrelated to glacial ice. 

DATA QUALITY 

The 0.02 per mil salinity changes noted above are of the same magni­
tude as reported climatic freshening of the deep North Atlantic over 
the past two decades (Brewer et al. 1983) and about a factor of 10 
greater than the potential accuracy of salinity (conductivity) measure­
menta. It should be mentioned, however, that the reference standard 
water has varied by nearly 0.01 per mil over the same time period 
(Mantyla 1980), and there are several other factors that can and do 
degrade the precision of shipboard salinity determinations. Further­
more, oceanographic data quality problema tend to increase with the age 
of the observations. Gordon (1982) demonstrated a cooling of Weddell 
Deep Water starting in the mid-l950a but could not use the accompanying 
salinity data back to 1912 (A. L. Gordon, Lamont-Doherty Geological 
Observatory, personal communication, 1984). 
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SALINITY CHANGES ON TIS OONTINENTAL SHELP 

Large salinity changes have been observed on the Antarctic continen­
tal shelf over the past two decades. Prom the Lamont data (open sym­
bols) in Figure 4.1, it could be argued that the High Salinity Shelf 
Water (BSSW) near Ross Island has decreased by at least 0.05 per mil in 
salinity since 1968. If that decrease were due to melting of the Ross 
Ice Shelf, it would correspond to a melt rate of 7 cm/yr, averaged over 
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FIGURE 4.1 Salinity measurements from 1960 through 1984 in High Salin­
ity Shelf Water in the Ross Sea. Corresponding temperature measurements 
are all near the sea-surface freezing point (about -1.85 to -1.95°C). 
The vertical profiles were taken within a half-circle of 15-km radius 
centered near 77°15'S, 168°22'E, just nort~ of Ross Island. The time­
series observations at 565 m were taken through an ice hole in McMurdo 
Sound. Data from Tressler and Ommundsen (1962), Countryman and Gsell 
(1966), Jacobs et al. (1982, and other reports), and Biggs and Amos 
(1983). 
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the entire ice shelf base. BSSW does melt the shelf ice and serve some 
other interesting functions, but its thermohaline properties are prima­
rily set by sea-surface freezing, as attested by its homogeneous temper­
ature near the 1-atm freezing point (Jacobs et al. 1970, 1985). With 
no change in other parameters a salinity decrease of 0.05 per mil in 
BSSW would correspond to about l m less sea ice in one year, or 12 em 
less over the 1968-1976 period. The first value is unlikely, but the 
latter is within the noise level of known annual sea-ice variability, 
although the Ross Sea sector does not appear to show a decrease over 
the time interval (Figure 5 in zwally et al. 1983). Seasonal cycles 
within the BSSW are also large, as demonstrated by the solid squares in 
Figure 4.1, representing salinity measurements at 3-week intervals 
throughout the year in McMurdo Sound. The variability in residence 
time for water on the continental shelf is not known. 

ICE-SHELP WATERs THE PRIMARY EVIDENCE POR GLACIAL MELTING 

While variability in sea ice can mask a freshening signal, even near 
large blocks of melting continental ice, it can be demonstrated that 
the boundary layers directly beneath ice shelves are strongly influenced 
by basal meltwater (Jacobs et al. l979a, 19851 Potter and Paren 1985). 
Probably the most striking examples of glacial melting that reach the 
open ocean are the •Deep• Ice Shelf Waters in some temperature sections 

77•5 LATITUDE 

FIGURE 4.2 A December 1976 temperature section through the primary Deep 
Ice Shelf Water core in the Ross Sea, after Jacobs et al. (l979b). This 
water is at temperatures as much as 0.3°C below the sea-surface freezing 
point, owing to heat loss in melting at the ice-shelf base. Ice Shelf 
Water has been observed on the continental slope in the Weddell Sea 
(POldvik, as reported in Killworth 1983) and plays a significant role 
in •bottom•-water formation. 
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along and perpendicular to the Antarctic ice shelves (Jacobs et al. 
19701 l979bJ Carmack and roster 19761 POldvik et al. 1985). These 
features (e.g., Figure 4.2) result primarily from basal melting by HSSW 
(Jacobs et al. l979a), particularly in the interior regions of the sub­
ice-shelf cavities (MacAyeal 1984). In the Ross Sea the overflow is 
about 0.15 per mil fresher than the average BSSW and, during a 7~nth 
period in 1978, set to the northeast at a mean velocity of 1.4 em/sec. 
MacAyeal (1984) has argued that since BSSW is constrained to the sea­
surface freezing temperature, this mode of basal melting would be 
relatively insensitive to climate change. However, the volume of HSSW 
may influence basal melting by •warm• intrusions at intermediate depths. 

WWARM• CDRES: THE PRIMARY HEAT SOURCES FOR GLACIAL MELTING 

The vulnerability of basal ice to the intrusion of relatively •warm• 
water underneath may be illustrated by the order-of-magnitude differ­
ences between estimated melting rates for several ice shelves. Jacobs 
et al. (1985) identified a •shallow• Ice Shelf Water that results from 
glacial ice melting into a •warm• inflow (WMCO), derived from Circum­
polar Deep Water (COW) north of the Ross Sea continental shelf (Figure 
4.3). Year-long current and temperature measurements in this WMCD near 
the Ross Ice Shelf (Pillsbury et al. 1985) show mean flows to the south 
and west around 5 em/sec Given average dimensions of 200 m by 100 km 
and an average temperature 0.5°C above the !n situ freezing point 
(Jacobs et al. l979a), this WMCD could melt as much as 35 cm/yr off the 
ice-shelf base if recirculation did not return some of the sensible heat 
to the open Ross Sea. 

. ., TEMPERATURE lOCI 100 

1000 

FIGURE 4.3 A December 1976 temperature section through the primary 
intrusion of •warm• water (WMCO) in the Ross Sea, after Jacobs et al. 
(1985). Derived from the Circumpolar Deep Water north of the continen­
tal shelf, the temperature of this inflow drops by about 2°C in crossing 
the slope front. Year-long temperature measurements at the Barrier 
indicate that it may average more than O.S°C above the freezing temper­
ature there (Pillsbury et al., 1985). 
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PIGURE 4.4 Temperature/salinity diagram illustrating the range of 
thermohaline properties of several •warm• intrusions onto the Antarctic 
continental shelf. Observations taken beneath the ice shelf at •J-9,• 
several hundred kilometers south of the Rosa Barrier, are shown for 
comparison. Data from Gammelsrod and Slotsvik (1981), Jacobs and Haines 
(1982), and Paren et al. (1983). 

Intrusions of •warm• water onto the Antarctic continental shelf dis­
play a considerable range of thermohaline characteristics (Pigure 4.4). 
Of particular note ia the Amundaen-Bellingahauaen coastline where nearly 
undiluted COW appears to intrude onto the continental shelf and beneath 
the ice shelves. This water ia about 3°C above the lg~ freezing 
temperature of the glacial ice and leads to basal melt rates on the 
order of 2 m/yr (Hughes, 1983r Potter and Paren, 1985). It may be of 
interest to explore pontential links between this ocean heat transport, 
the hypothesized recent disappearance of grounded or floating continen­
tal ice from this glaciologically unstable sector of the continent 
(Kellogg et al. 1982r Paatook 1984), and estimates of higher CDW temper­
atures in a 002-warmed future (Gordon 1983r Schlesinger, this volume, 
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Attachment 19). Dense shelf water may now limit access by cow and its 
WMCO derivatives to restricted portions of the Antarctic coastline 
(Jacobs et al. 1985). However, relatively small changes in sea ice 
production might alter the HSSW salinity and volume (Figure 4.1), which 
in turn could influence the continental shelf circulation. 

GI!X>CHEMICAL EVIDENCE FOR A'l'MOSPHERE/ICEft>CEAN INTERACTIONS 

Glacial ice spikes the seawater into which it melts with a low l&o 
tracer that can be related to the melting rate and the residence time 
of shelf water. Water on the Ross Sea continental shelf has an average 
~18o content that is about 0.2 o/oo lower than its source water off­
shore owing to the combined impacts of glacial meltwater, sea ice 
freezing, and precipitation (Figure 4.5). The line that crosses the 
horizontal bar in Pigure 4.5 at a residence time of 6.2 years corre­
sponds to a mass balance condition for the ice sheet, with 2000 km3/yr 
attrition, 65 percent of which is lost in icebergs and 35 percent in 
melting of the attached glacial ice. Allowing for some iceberg melting 
over the continental shelf, this is equivalent to average net melting 
under all the ice shelves of about 0.4 m/yr (Jacobs et al. 1985). 
Shelf-water residence times that fall within the range of the solid bar 
in Pigure 4.5 are consistent with most independent calculations of 
•bottom•-water formation rates, but the higher rates are not closely 
coupled to mass transport on and off the shelf. Tracers like chloro­
fluoromethanes (Freons) could help to refine estimates of shelf-water 
residence time (Trumbore et al. 1984). The residence time of surface 
and shelf water and the ventilation time of the deep ocean in the 
Antarctic are critical factors in the effectiveness of this region as a 
co2 sink for the atmosphere. Representative samples of Antarctic 
shelf and deep waters are now being processed for key parameters in the 
carbon cycle (e.g., Takahashi et al. 1984). 

THE ICEBERG CONNECTION 

Bentley (1984) has postulated that a disintegrating West Antarctic 
ice sheet might be slowed by several factors, including the presence of 
pack ice and the sluggishness of ocean currents in moving icebergs away 
from the calving bays. However, except for localized regions of fast 
ice, the sea ice that forms at the coastline probably drifts away from 
it continually during the long winter season (Wordie 19211 e.g., Gill 
1973). Icebergs would tend to move with the pack, or through it under 
the influence of subsurface currents, as shown by trajectories on the 
weekly Antarctic ice charts generated by the NAVY-NOAA Joint Ice Center. 
The subsurface currents are energetic, with measured speeds up to 55 
em/sec and mean northerly drifts at some locations (Jacobs et al. 1979aJ 
Jacobs and Baines 19821 Pillsbury and Jacobs 1985). Icebergs go aground 
on submarine rises, move to the west along the continental margin 
(Tchernia and Jeannin 1980), and probably recirculate within existing 
ocean and shelf gyres. Their melt rates during these exercises will 
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FIGURE 4.5 Relationship between shelf-water ~18o content, residence 
time, and glacial melt rates (cm/yr) for the circumpolar continental 
shelf. The ~18o content of shelf water is decreased by net sea-ice 
freezing (F ~ 1 m/yr), precipitation minus evaporation (P • 15 cm/yr), 
and glacial meltwater (GM, variable). GM includes basal melting (BM), 
wall melting (WM), and iceberg melting (lM) averaged over the continen­
tal shelf area. After Jacobs et al. (1985). 

increase whenever the ice draft extends down into the CON or •warm• 
inflows on the continental shelves. 

The ocean budgets that relate to ice-shelf mass balance could be 
improved considerably if we had better information on the formation, 
thickness, drift, and decay of sea ice and icebergs. In this regard, 

20 

4 

it may be worth noting that most accounts of Antarctic icebergs attrib­
ute their origins to the large ice shelves. However, observations 
incidental to our oceanographic work suggest relatively little recent 
calving of the Ross Barrier. Assuming the two recent positions in 
Figure 4.6 are accurate, the Ross Ice Shelf has advanced over 15 km in 
the past two decades, i.e., about what would be expected from its esti­
mated northward rate of motion during this period (SPRI/NSF charts). At 
an average thickness of 250 m, the northward advance between 1962 and 
1983 represents a volume of ice roughly equivalent to 1.5 times the 
annual accumulation on Antarctica. The earlier barrier positions, after 
David (1914), suggest a short-term (10-yr) instability and a long-term 
(100-yr) stability in its location. 

CIRCULATION UNDER THE ICE SHELVES 

Present-day circulation underneath the Antarctic ice shelves has been 
inferred from a variety of remote data. Summer oceanographic observa-
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FIGURE 4.6 POur determinations of the Ross Barrier position between 
1841 and 1983. The two early positions are from David (1914). The 
shaded area between the two recent positions, assuming a thickness of 
250 m, represents over 3000 km3 of ice. 

tiona near the northern edges of the ice have shown probable regions of 
seawater inflow and outflow and have provided information on likely 
property changes beneath the ice (Jacobs et al. 1970, 1979a, 1985r 
Carmack and POster 1976r Gammelsrod and Slotsvik 198lr Potter and Paren 
1985). Instruments moored year-round near the Ross Barrier (Jacobs and 
Haines 1982r Pillsbury and Jacobs 1985) or lowered through holes in the 
sea ice (Tressler and Ommundsen 1962) have revealed seasonal thermo­
haline changes and energetic deep currents. Regions of probable basal 
melting and freezing have been identified by radio echo-sounding from 
aircraft (Neal 1979r Robin et al. 1983). 

Beneath the ice, direct current observations showed a strong tidal 
circulation, with speeds over 15 em/sec, in a water column stratified 
by basal melting (Jacobs et al. 1979ar Jacobs and Haines 1982). Geo­
chemical measurements suggest a short residence time for seawater 
beneath the ice (Michel et al. 1979r Trumbore et al. 1984), in agreement 
with observed biological activity, which must depend on a continuing 
supply of food to the sub-ice region (Bruchhausen et al. 1979). Cores 
through the ice shelves have confirmed that sea-ice layers exist at the 
bases in some locations (ZOtikov et al. 1980r Morgan 1972). Large bot­
tom crevasses (Clough 1975) are likely sites of concentrated freezing 
and brine drainage. Modelers of the sub-ice shelf circulation have 
considered the roles of tidal mixing and rectification, melt-water 
plumes (MacAyeal 1984, 1985), and the probable transfers of heat and 
salt (Wexler 1960r Gade 1979). 

Net basal melting under the Antarctic ice shelves appears to be a 
significant factor in the mass balance of the ice sheet. The oceano­
graphic data and models are as yet insufficient, however, to determine 
the basal mass balance with any precision or to indicate whether the 
ocean-ice shelf system is now in a state of equilibrium. Even if a 
steady-state condition exists at present, future changes could occur if 
seawater circulating beneath the ice becomes warmer or transfers heat 
into the sub-ice cavities at a faster rate. This might occur if a 
warmer atmosphere resulted in a low-density cap of surface water on the 
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Southern Ocean, less vertical heat flux, and a consequent deep-water 
temperature increase of up to 0.5°C (Gordon 1983). That would probably 
result in a proportional increase in water temperatures on the conti­
nental shelf, even if the shelf-slope circulation did not change. Some 
models indicate that a 002-warmed at.osphere might directly increase 
ocean temperatures by more than l°C at ice-shelf depths and latitudes 
(Figure 8.3 in Revelle 1983). A warmer at.osphere may also result in 
an altered continental shelf circulation in response to different wind 
patterns and less (?) sea ice. Presumably, less sea ice would result 
in less dense shelf water, potentially exposing the ice-shelf base to 
warmer deep water over greater areas. It is not known why •warm• water 
now intrudes onto the continental shelf in some areas but not in others, 
nor how the dynamics of shelf-slope exchanges might be altered in a 
warmer and fresher Southern Ocean. 

Freezing and melting under the floating ice shelves will only have 
an impact on sea level if those processes indirectly change the volume 
of grounded ice. At present, the sub-ice-shelf circulation and temper­
ature field is such that the pressure-dependent freezing temperatures 
may cause ice to be melted in one location and redeposited elsewhere on 
the ice-shelf base. While not altering the basal mass balance, this 
process could change the ice thickness profile and its mean temperature 
and flow rate. It may also redistribute ice in the vicinity of critical 
pinning points where grounding occurs on submarine rises. Transporting 
more heat beneath the ice may not increase the melting rate if, at the 
same time, the circulation slows and the water column becomes more 
highly stratified. It might, however, alter the melting locations, 
which could be of equal importance. We often overlook many of the 
positive and negative feedbacks. A warmer ocean may well increase basal 
melting, assuming that bottom-water formation rates increase to dispose 
of the cold meltwaterr but a warmer ocean is also likely to experience 
increased evaporation, perhaps leading to increased accumulation on the 
ice sheet that would balance wastage at the margins. 

RECOMMENDATIONS FOR FUTURE RESEARCH 

1. Interdisciplinary oceanographic studies of the slope front region 
near the continental shelf break. The focus should be on understanding 
the year-round transport of water, heat, salt, and ice on and off the 
shelf and the significance of this region in ventilation of the deep 
ocean. Particular attention should be directed to the critical and 
practically unsampled Amundsen-Bellingshausen sector. 

2. Direct measurements of ocean properties near and under the ice 
shelves. The objectives should be to understand the ocean-to-ice heat 
transfer, the oceanographic role of bottom crevasses, and the effec­
tiveness of •supercooling relief• (Lewis, this volume, Attachment 20) 
in redistributing ice on the base of an ice shelf. 

3. Long-term monitoring of potentially sensitive water masses, such 
as the •warm• inflows and the High Salinity Shelf Water, in conjunction 
with relevant cryospheric and atmospheric parameters. The objective 
should be to understand the production mechanisms of these waters and 
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determine how their spatial and temporal variabilities relate to various 
climatic factors. Bottom moorings, drifters, and repeated shipboard 
water sampling will be needed. 

4. Modeling of the ocean circulation on and near the Antarctic con­
tinental shelves and beneath the ice shelves. The emphasis should be 
on better coupled shelf circulation and global ocean circulation models, 
fully coupled dynamic/thermodynamic ice models (e.g., Bibler 1984), and 
realistic representations of atmospheric driving and air-sea exchanges. 
See also MacAyeal (1983) and Semtner (1983). 

5. Direct measurements of sea-ice formation, concentrations, drift; 
and melting and of leads and polynyas in the sea ice (e.g., Cavalieri 
and Martin 198Sr Kurtz and Bromwich 198Sr Zwally et al. 1985). The 
objectives should be to provide high-quality ground-truth observations 
for calibrating satellite imagery and model studies and quantitative 
information on brine drainage over the continental shelf and slope. 

6. Satellite monitoring of the ice-sheet elevations and perimeter 
and of the calving and movement of all medium and large icebergs (e.g., 
Orheim, this volume, Attachment 12r Holdsworth 1985). This information 
is needed to improve estimates of ice-sheet mass balance and to refine 
calculations of shelf-water residence time. 
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A'l'TACIMEN'l' 5 

A FEW CX»>4ENTS ON A RECBN'l' DEEP-MATER FRESHENING 

James B. Swift 
Scripps Institution of Oceanography 

La Jolla, california 

Until recently there has been virtually no modern-day evidence of 
any large-scale alteration in deep-ocean salinity. Of course, we have 
not been accumulating high-precision deep salinity data long, but none­
theless the concept of a •steady-state ocean• has been broadened by 
tradition to include the deep temperature and salinity fields. Small 
variations in deep-water salinity have been observed in the western 
North Atlantic, particularly on the often-run Woods Hole to Bermuda 
section, but these have been so near the noise level that they have not 
yet received wider attention. 

The GBOSECS (Geochemical Ocean Sections) program provided sparse, 
large-scale coverage of the North Atlantic in 1972. While the deep 
GEOSECS temperatures and salinities were similar to those from past 
expeditions, the GEOSECS data did show new features, notably a deep 
tongue of tritium-enriched water extending southward from Denmark 
Strait. The presence of the deep tritium signal showed that the bottom 
layers in the northwest Atlantic clearly responded on a time scale of 
10 years or less to the injection of tritium into the atmosphere by 
thermonuclear testing. 

Indeed, in general the best location to examine the deep ocean for 
evidence of recent changes is the northern North Atlantic: it is close 
to the deep-water mass formation regions and has been surveyed by 
expeditions 10-20 years apart. 

The apparent sensitivity of the deep northwest Atlantic on 10-year 
(or less) time scales added immediate interest to the data gathered in 
1981--9 years after GEOSECS--by the Transient Tracers in the Ocean North 
Atlantic Study ('1"1'0/NAS). A total of 250 high-quality hydrographic/geo­
chemical stations were occupied north of 17°N, a region covered by only 
43 stations during GEOSECS. The '1"1'0 track provided some basin-scale 
sections, thus giving adequate coverage and facilitating comparison with 
other data from different years. Early reports in the summer and fall 
of 1981 from TTO/NAS indicated detectable changes in deep-ocean proper­
ties in the northern North Atlantic during the 9 years following 
GEOSECS. Brewer ~ al. (1983) have outlined the essentials of the new 
observations: a shift toward colder, fresher deep water in the northern 
North Atlantic and a larger freshening in the upper layers there. 

The northern North Atlantic plays a significant role in the ocean's 
contribution to climate response, because it can be thought of as the 
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FIGURE 5.1 Dissolved oxygen (ml/1) on an isopycnal that lies near 2000 m over much of the world 
Ocean (nominally a2 • 37.0 when in the depth range 1500 to 2500 m). From Reid (1981). 
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primary deep ventilator of the World Ocean. In Figure 5.1 recently 
ventilated, or oxygenated, deep water can be seen spreading from the 
North Atlantic into the other oceans. Part of these high waters derive 
from dense outflows to the North Atlantic from the Greenland, Iceland, 
and Norwegian seas and part from processes within or over the deep 
northern basins of the Atlantic. 

We can examine the northern sources by following a long section 
around the northern North Atlantic (Figure 5.2), following the western 
boundary undercurrent. Note that the section and the undercurrent cut 
through a fracture zone in the mid-ocean ridge. This section passes 
near the overflows and the deep-water formation zone in the Labrador 
Sea. 

The sections in Figure 5.3 start in the Iceland-Scotland overflow on 
the right, go through the Charlie-Gibbs Fracture Zone and up to the 
northern Irminger and Labrador seas in the middle, then around the 
Grand Banks on the left. There is a great deal of information in these 
sections--here I will discuss only a few of the features. 

The middle section shows salinity ~ersus density (referred to 2000 
db), not depth, and only in the denser portions of the water column. 
Because the Labrador Sea data are from winter cruises, the density of 
the sea surface shows up there. The bottom contour is bottom density, 
and it shows the contributions of dense water from the two main over­
flows. 

There are differences in the salinities and final densities of the 
overflows. The Iceland-scotland overflow mixes with much warmer, salt­
ier, and less dense water and forms a relatively high-salinity deep 
layer, underneath lower-salinity Labrador Sea water. The Denmark Strait 
overflow is a little fresher to begin with and mixes mostly with the 
layers immediately above, which are not so different. Thus the Denmark 
Strait overflow retains its relatively low salinity and high density 
and forms the bottom water in the northwest Atlantic. 

The bottom section shows dissolved oxygen versus density, along the 
same path. The three northern North Atlantic Deep Water sources are 
shown by the sources of relatively well-oxygenated water in the Labrador 
Sea, the Denmark Strait overflow, and the Iceland-scotland overflow. 

The relatively well-oxygenated deep layer spreading south around the 
Grand Banks shows the propagation of the younger, overflow-derived deep 
waters southward via the western boundary undercurrent. 

One of the results of this data analysis was that these deep-water 
components are closely tied to the winter sea surface and so are poten­
tially sensitive to environmental changes. But during the 1957-1972 
period emphasized in Figure 5.3, no such changes were observed in the 
deep temperature and salinity fields. 

But in the 1970s, the surface layers of the northern North Atlantic 
freshened, by about 0.1 o/oo. European oceanographers call this •the 
great 1970s salinity anomaly.• This section was well-enough reoccupied 
in 1981 to compare the deep-water salinities before and after the 
surface-water freshening. 

By 1981 deep-water salinities had changed throughout the northern 
North Atlantic. Figure 5.4 shows the salinity versus density section 
from Figure 5.3, and the same section in 1981, contoured for the same 
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2000 

FIGURE 5.3 Vertical section from the Faeroe-Shetland Channel to the 
eastern u.s. continental margin of (A) a2 versus depth, (B) salinity 
(xl03) versus a2, and (C) dissolved oxygen (xl03) versus a 2• 
Sections (A) and (B) are drawn from a composite of historical data 
(Chain ~960 and 1972, Crawford 1960 and 1965, Erika ~ 1962, Atlantis 
1964, Hudson 1967, and Knorr 1972 and 1976) along the long, winding path 
shown in Figure 5.2. The only post-1972 data in (A) and (B) are from a 
single Knorr 1976 station in the Faeroe-Shetland Channel. Section (C) 
is drawn from April-october 1981 TTO/NAS data along a nearly identical 
path (see Swift, 1984a). Section (A) is contoured only for a2 > 36.7, 
and (B) and (C) show properties only where a~~ 36. 7. The contour 
intervals are (A) o.os kg/m3, (B) 0.02 x 10- (for S > 34.8 x 10-3), 
and (C) 0.2 x lo-3. From Swift (1984b). -
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FIGURE 5.4 Sections of salinity (xl03) versus a2 on a long, winding 
path from the Faeroe Bank Channel to the waters off the u.s. east coast 
(location shown in Figure 5.2). The upper section is from Figure 5.3, 
and the lower section is drawn from April-october 1981 TTO/NAS data. 
The only post-1972 data in the upper section are from a single Knorr 
1976 station in the Faeroe-Shetland Channel. Prom Swift (l984a). 

ranges, and it is clear that the 1981 salinities were lower than their 
earliest counterparts. The deep freshening was about 0.02 o/oo, and, 
since densities in each layer are about the same, we can see there was 
also an overall cooling, which in this case was about O.l5°C. 

Figure 5.5 shows this deep temperature-salinity shift at one loca­
tion, in this case northeast of the Grand Banks. POur deep stations 
from 1960 to 1972 showed virtually the same potential temperature­
salinity correlation, at least for the deep waters colder than 3°C or 
so. But the 1981 station at this location shows noticeably colder, 
fresher water--the changes are four standard deviations above the noise 
level. These changes occurred in virtually every deep-water layer in 
the northern North Atlantic, north of 50°N. 

The surface-layer freshening in the 1970s propagated into the deep 
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FIGURE 5.5 Potential temperature-salinity correlations below 4.5°C for 
four stations from 1962-1972 and from TTO/NAS (1981), all from a 
location NE of the Grand Banks extending to about 3500 m. From Swift 
(l984a). 

water because in winter in the water mass formation areas the downward 
penetration of the cooled water depends on ita density not ita tempera­
ture or salinity alone. The net result of a freshening of the surface 
water is to produce colder, less saline water for a given density. This 
produced the changes seen in the 1981 data. 

The origin of the low salinities is an interesting puzzle. Figure 
5.6 shows surface salinities before the salinity shift. The formation 
of dense waters in the Labrador and Greenland seas owes much to the 
salty water carried north at this and deeper levels. But much fresher 
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36 
FIGURE 5.6 Salinity (xl03) at the sea surface. From Reid (1979). 

water is plentiful along the boundaries. At first, I supposed that 
some shift in forcing in the 1970s allowed the fresh boundary waters to 
penetrate seaward into the deep gyres where the deep waters are foraed. 
But we can see in Figure 5.6 that the freshwater& do not just flow south 
out of the northern North Atlantic--they are in fact mostly incorporated 
into the gyres by the time they reach the Grand Banks. If during the 
1970s the freshwater& had simply spread away from the boundaries in the 
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FIGURE 5.7 Change in integrated Sverdrup transport, average from 
1973-1981 minus 1955-1972. The transports were calculated from multi­
year average sea level pressures on a 5° grid. Data from the Scripps 
Institution of Oceanography Climate Research Group. OWing to a minor 
computational error, the values shown are not in Sverdrups, but in 
nontraditional units. The average changes were 30 percent of the 
1955-1972 base period. 

north and were mixed into the deeper layers, then some areas of the far 
northeastern Atlantic might be expected to increase in salinity, lacking 
the accustomed supply of freshwater from the west. 

But since all the upper waters north of 50°N freshened, perhaps there 
has been some-rncrease in freshwater supply, or decrease in salty water 
supply, since 1972. 

There have indeed been interesting long-term changes in the atmo­
spheric circulation consistent with this. Figure 5.7 shows the differ­
ence of average wind-driven transport in the period 1973-1981 minus that 
from 1955-1972. The changes are an average of about 30 percent of the 
mean at each grid point and so may be significant. The negative values 
indicate a greater southward interior surface transport in recent years. 
Since the greatest negative values occur over the North Atlantic Drift, 
I wonder if the high salts there might have been swept southward, 
partially shutting down the supply of salty water to the northeast 
Atlantic, and hence to the Labrador and Norwegian-Greenland seas. 

But we should remember that although these deep-water salinity 
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changes (e.g., Pigure 5.4) are the largest ever observed, they are 
still very ... 11 in .. gnitude (only 20 parte per aillion). It aay be 
that only a ... 11 shift in the sinking sonea of the balance between 
precipitation and evaporation, or some other aiailar ... 11 shift, ia at 
work here. In either event, this does illustrate the possible ties to 
large-scale ataoapberic forcing of the deep the~haline circulation, 
aaking the salinity shift, aa we trace ita propagation, one aore tool 
with which to study the responsible proceaaea. 
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A'l"l'ACII4ENT 6 

MASS BALANCE OF 'l'BE GLACIERS AND 
SMALL ICE CAPS OF THE WORLD 

Mark F. Meier 
u.s. Geological Survey 

Tacoma, Washington 

Most of the glaciers of the world have been shrinking since the turn 
of the century. Could this wastage account, in part, for the observed 
rise in sea level? Thorarinsaon (1940), in a comprehensive and aeainal 
analysis, attempted to answer this question without the benefit of good 
mapa or sufficient data. Many more data are now available, but major 
gaps still exist. In this paper existing modern data are analyzed, and 
a method for extending the results to a global basis based on the 
annual mass exchange is suggested. 'l'his paper summarizes part of the 
discussion and results presented by Meier (1984), to which the reader 
is referred for more detail. A new section on the geographical distri­
bution of glacier balances is included here. Data from the ice sheets 
of Antarctica and Greenland and the small glaciers that border them are 
not included in this discussion. 

Observational data on glacier fluctuations include measurements of 
advance or retreat, mass-balance histories derived from snow pits and 
ice cores, volume (surface altitude) changes, directly measured annual 
and seasonal mass balances, and mass-balance sequences extended by use 
of numerical models. The first two types are, unfortunately, virtually 
impossible to use to infer long-term changes in ice aaas. Advance/re­
treat data do not provide volume change information and can be mislead­
ing in sign. Stratigraphic measurements of balances in pits and cores 
taken at single locations in the accumulation area are insufficient to 
infer the mass change of the entire glacier. Measurements of mass 
balance, made on the glacier surface, provide directly applicable but 
abort-term results. 

This analysis is based mainly on published long-term volume change 
data, together with extended mass-balance histories developed from 
models. The balance models are baaed on statistical relations between 
meteorological and hydrological data and measurements of mass balancer 
some models were calibrated or verified with long-term volume change 
results. 'l'hia calibration ia possible because the long-term volume 
change (in cubic meters of water equivalent) is equal to the sum over 
this time of the specific annual or net balance (in meters of water 
equivalent) for each year multiplied by the total glacier area (in 
square meters) for that year. 'l'he calibration ia important because the 
statistical relations between meteorological and hydrological variables 
(e.g., precipitation, temperature, runoff) and balance components (e.g., 
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FIGURE 6.1 Location of glaciers (black dots) exclusive of Antarctica 
and Greenland (areas with diagonal lining). Locations where long-term 
mass-balance model results are available are indicated by circles 
(models calibrated with long-term volume change observations) or 
triangles (uncalibrated models). Squares indicate where other long­
term volume-change data are available. Also shown, for each of 31 
regions, is the percentage contribution of each region to the total 
volume of water transferred to the ocean from glacier wastager 0 indi­
cates less than 0.5 percent. Dashed line separates regions. 

accumulation, melt) may not be stationary over long time intervals. 
Glacier balance and volume change data for periods of record exceed­

ing 50 years were found for 25 glaciers (Table 6.1, Figure 6.1) from 
reports of the Permanent Service on the Fluctuations of Glaciers [IASH 
(ICSI)--Unesco 1967, 1973, 1977) and other sources. The mean period of 
record for those glaciers is from 1900.5 to 1961.7. The balance model 
sequences were pruned to the interval 1900-1961 to make the data set 
more homogenous. The unweighted average of these 25 mean balances is 
-0.40 m/yr (water equivalent)± 0.25 (standard deviation)J the mean of 
the 13 regional averages is -0.34 + 0.20 m/yrr and the mean of the re­
gional averages weighted by quality of the data is -0.38 + 0.20 a/year 
(Table 6.1). -

The 25 glaciers with long-term data make up a biased sample of the 
world's glaciersa all but one are between 38° and 69°N latituder none 
are at low latitudes or in the southern hemisphere (Figure 6.1). Thus 
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Region 

Brooks Range, u.s. 
Alaska Range, u.s. 
Kenai Mts., u.s. 
cascades, u.s. 
Rocky Mts. , canada 
Rocky Mts., and 

Sierra Nevada, u.s. 
Iceland 
Novaya Zemlya, USSR 
Scandanavia 
Alps 
caucasus, USSR 
Ural Mts., USSR 
Tien Shan, USSR 

lU 

No. of Glaciers 

1 
1 
1 
3 
1 

2 
1 
1 
2 
8 
2 
1 
1 

Method* 

a 
b 
a 
b, d, e, 
b 

a, b 
c 
D 
b, e 
b(S), c, e(2) 
b, d 
d 
d 

* a, Estimate of long-term volume changeJ b, measured long-term 
volume changeJ c, estimate of long-term volume change for all glaciers 
in regionJ d, uncalibrated HM modelJ e, HM model calibrated with 
long-term volume change. 

Mean of 
regional 
averages 

Weighted 
mean 

Range 

Correlation 
coefficient 

Average 
Balance 

-0.34(0.20) 

-o. 38( o. 20) 

Average 
Aaplitude 

Balance/Amplitude 
Ratio 

-o. 21 < o.l3) 

-o. 23(0.13) 

-0.11 to +0.02 o.so to 3.20 -o.so to +0.02 

o.ss 

Figures in parentheses are standard deviations. 

a method is needed to relate these results to an estimate of the mass 
balance of the whole Barth's cover of glaciers. 

The suggestion has been made (Meier 1984) that the magnitude of the 
long-term balance may be related to the magnitude of the seasonal mass 
fluxes (accumulation and ablation) and that this may be used as a scal­
ing factor to derive global estimates. The annual mass balance b and 
the balance amplitude a are here defined as 
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b • bw + b 8 ,, 

a • <bw - b8 )/2, 

where bw is the winter balance and bs (normally negative) is the 
summer balance. Winter and summer balances are used instead of annual 
accumulation and ablation, respectively, which are rarely measured. 
Values of the annual amplitude can be calculated for .oat of the world's 
glacier areas from data reported since 1965 and can be estimated for 
other areas because they are primarily functions of the cliaatological 
regime. The annual amplitudes are highest at temperate to sub-Arctic 
(and sub-Antarctic) latitudes, lowest near the poles, and also decrease 
with increasing continentality (Figure 6.2). 

The 1900-1961 data summarized in Table 6.1 are averaged by region 
and then scaled to a global average in terms of sea-level change by 

h(l961) _ h(l900) .. __ Jlr± ~l[i(a.G >] A-l U=l aj] k=-1 k k 

where h is the sea-level equivalent of global glacier balance (without 
consideration of elastic, plastic, or thermal compensation of ocean or 
Barth),~ is the average balance change in the jth region for the 
period 19~0-1961, (J • 13, Table 6.1), aj is the annual amplitude 
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FIGURE 6.2 Location and values of annual amplitude data. Values are 
in centimeters/year (water equivalent). Contours of annual amplitude 
are inferred on climatological grounds in areas of few data. 
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associated with the b1; Gk ia the 1900-1961 average of the area of 
glacial ice in the kt6 region of the ~rld (K • 31), ak ia the average 
annual amplitude associated with each Gtr and A ia the area of the 
world's ocean. Numerical data for each of the 31 regions are tabulated 
in Meier (1984). 

This scaling procedure assumes a relation between b and a. Por the 
13 regional averages, the correlation coefficient between the two quan­
tities is -0.55 (Table 6.1). Thus, the implied relation ia only 
crudely supported by the data. Obviously, large amounts of thinning or 
thickening (large lbl) are impossible in regions where the balance 
amplitude ia aaall, but the converse is not necessarily true. Koerner 
(this volume, Attachment 7) suggests that the average balance of the 
Devon Island Ice Cap, representative of small ice caps in Arctic Canada, 
is about -0.05 m/yrr the analysis here estimates a balance of -0.06 
m/yr. Other estimation difficulties are discussed in Meier (1984). 

The scaled results suggest that the wastage of the world's glaciers 
and small ice caps contributed 0.46 ± 0.26 mm/yr to the 61-yr rise in 
sea level. The effect of the assumption about scaling by annual ampli­
tude can be seen by examining two extreme caaesz no scaling yields a 
global sea-level change of 0.57 mm/yrr assuming that no change baa 
occurred in high latitudes (>70°) yields a sea-level change of 0.36 
mm/yr. Both extreme values lie within the estimated error limits of 
the scaled result. Recent calculations of the effect of this glacial 
wastage on the Barth's rotation rate and polar motion suggest that this 
large amount of wastage may not be compatible with observations of 
rotation rate and polar motion (Yoder and Ivins 1985r w. R. Peltier, 
University of ~ronto, personal communication). However, these calcula­
tions may not be definitive because zero change was assumed for the 
Greenland and Antarctic Ice Sheets. 

Figure 6.1 shows that more than a third of the calculated glacier 
contribution to sea level comes from the mountains bordering the Gulf 
of Alaskar also, the high mountains of Central Asia and the Patagonian 
Andes make appreciable contributions. Along the Alaskan coast these 
glaciers constitute a •line source• of freshwater discharge on the order 
of 2 x 104 m3;a, which is comparable with the discharge of the 
entire Mississippi River system (Royer, 1982). This result stems from 
the fact that these regions combine large areas of ice with high rates 
of accumulation and ablation and, therefore, high possible rates of 
wastage. By way of contrast, areas with small annual amplitude and 
large ice area (e.g., Canadian Arctic) or large annual amplitude and 
small ice area (e.g., Washington State, New Zealand) are much leas 
important in terms of impact on global sea level, now and in the immed­
iate future. Unfortunately, the three most important regions are also 
regions of meager obaervatonal datar almost nothing ia known about the 
maaa balance of the Patagonian Ice Cap. 

The present-day contribution to global sea level, 0.46 ± 0.26 mm/yr, 
represents between one fourth and one half of the observed rise (1 to 2 
mm/yr). In the future, with a 002-enhanced atmosphere, the absolute 
contribution from glaciers will probably rise because increased ice melt 
due to higher air temperature ia likely to overpower the more modest-­
but more uncertain--increases in precipitation in glacierized areas. 
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Meier (1984) eatiMtea ·.that a dee of air t.-perature of 1. 5 to 4. 5•c, 
other conditione reaaining the .... , could lead to a rate of glacier 
wastage equivalent to 1.7 to 5.2 .. /Yr of sea-level rise and perhaps a 
total rise in the next century of 0.08 to 0.25 a. However, these are 
only crude eatimateaJ refineMnt is needed. 'l'be total volume of the 
world's glaciers has been eatiaated at 0.30 to 0.60 a in sea-level 
equivalent. 
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CANADIAN ARCTIC ISIARDS a GLACIER MASS BALANCE 
AND GIDBAL SEA LEVBL 
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The Canadian Arctic Island glaciers (Figure 7.1) cover 108,600 ka2, 
which is 0.7 percent of the world's and 5 percent of the northern hemi­
sphere's ice cover. It ia the largest concentration of ice outside of 
Antarctica and Greenland. The glaciers can be divided into three basic 
types. 

A. Dynamic ice cape and their outlet glaciers compose the greater 
part of the ice cover. The largest ice cape are about 20,000 km2 in 
area with thicknesses commonly ranging between 300 and 800 a (KOerner 
1977). velocities vary seasonally on the outlet glaciers owing to the 
presence of meltwater at the bed (Iken 1974) but mean annual values of 
30 a/yr are common. 

B. The smaller ice cape (leas than 90 km2) are stagnant and are 
mostly located on plateaus 500-800 m above sea level. From their geo­
metry they appear to vary in thickness between 20 and 60 m. The beat 
studied of these, Meighen Ice Cap, showed a thickness of 121 m in a 
borehole at ita highest point (Koerner and Paterson 1974). However, 
this ice cap is unusual in many respects, for example, it lies at an 
elevation of only 130-250 a above sea levelJ it will be discussed later. 

c. Ice Shelves are located along the north coast of Ellesmere 
Island, bordering the Arctic Ocean. The Ward Hunt Ice Shelf ia the 
moat extensive and measures 50 km x 10 ka with a thickness of 40 m. 

Routine mass-balance measurements have been made on at least one of 
each of the above types of ice mass in the past two decades. They will 
be discussed later. 

GLACIAL HISTORY 

Various ice core studies (e.g., Paterson et al. l977J Fisher et al. 
1983) indicate that the larger Canadian ice caps began their growth at 
least aa early aa the beginning of the last ice age. Thus the ice corea 
from Devon and Agassiz Ice Cape include ice from the last ice age. They 
also show evidence of the warmth of the Hypsitheraal 5000 years ago and 
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FIGURE 7.1 canadian Arctic Island Ice Caps. G, Gilman GlacierJ P, ice 
cap above St. Patrick Bay (both locations are on Northern Ellesmere 
Island to the east of the main ice cap)J w, White Glacier on Axel 
Heiberg Island. The shaded areas represent ice-covered areas. 

the short cold period that began about 350 years ago and ended early 
this century. The last part of these records is important in placing 
the short mass-balance records of the past 20-30 years in context and 
allowing calculations to be made of the past 200 years of mass balance. 
The stagnant ice caps and the ice shelves are all less than 4500 years 
old (Koerner and Paterson 1974J Lyons and Mielke 1973). Recent Work 
(Koerner, unpublished) suggests that the size of the stagnant ice caps 
may be proportional to their age so that the smallest are remnants of 
the most recent cold period. 
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ACCOMULATION AND ABLATioN 

Quite detailed studies have been made of the snow accumulation rate 
over the Canadian High Arctic (Koerner 1979' Woo et al. 1983). The 
highest accuaulation rates are found along the ice cap slopes facing 
Baffin Bay (Pigure 7.1), where they reach over 500 kg .-2 yr-1. 
However, the most common accumulation rate lies between 150 and 300 
kg m-2 yr-1. 

While ablation measurements have been made on many glaciers (e.g., 
Adams 19661 MOller and Kesler 1969) the regional variation of ablation 
is much more poorly known than that of accumulation largely because 
records of the latter are preserved above the firn line. Ablation shows 
the usual inverse relationship with altitude but only a very weak one 
with latitude (Koerner 1979). One to three meters of ice melts from 
the glacier surfaces near sea level each summer. The equilibrium line 
varies between 500 a altitude on the Baffin Bay glacier slopes to a .ore 
common value of about 1300 m elsewhere. In 9 years out of 10 melting 
occurs right to the tops of the ice caps, where just a few millimeters 
of snow may melt and refreeze within the firn/snow pack. 

MASS BAlANCE 

Stake Measurements 

Routine mass-balance measurements have been made on some of the ice 
caps and glaciers since the late 1950s and the early 1960s (Table 7.1). 
Data from the most continuous records are shown and referenced in Pigure 
7.2. POr the 22-year period between 1961 and 1983 the overall balance 
on the High Arctic ice caps has been slightly negative, with a specific 
balance of -130.0 kg m-2 yr-1 on Meighen Ice Cap and -53.1 kg m-2 yr-1 
on the northwest side of Devon Ice Cap. Mass-balance measurements on 
the northern part of Agassiz Ice Cap made since 1977 suggest that its 
balance follows quite closely that of Devon Ice Cap. Six years of mass­
balance measurements on other parts of Devon Ice Cap (KOerner 1970) 
showed that its northwest sector, where routine measurements are now 
made annually, is representative of the whole ice cap in teras of annual 
balance. On its southeast part very high accumulation rates push the 
equilibrium line 200-600 m lower than elsewhere. However, slightly 
higher ablation rates and larger areas in the ablation zone effect 
similar mass balances to the rest of the ice cap (KOerner 1970). 
Because the larger ice caps cover a much greater area than the stagnant 
ones the Devon Ice Cap mass-balance values will be considered represen­
tative of the Arctic Island ice-covered areas. 

Area Changes 

One of the most common methods used to detect aerial changes of 
glaciers with time is to use photographic records to compare glacier 
snout, or ice-cap edge positions, from one period to another. In a 
preliminary study of this kind, aerial photographs from the 1950s have 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


4 

-4 

-8 

.. 
ti>-
'E 
0 
)( 

01 
~ 

Q) 

u 
c: 
0 

0 4 
(J) 

en ., 
0 0 
~ 

-4 

60 

148 

YEAR 
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PIGURB 7.2 Maaa balance of Meighen Ice cap, Northwest aide of Devon 
Ice Cap, White Glacier on Axel Heiberg Island, and the Ward Bunt Ice 
Shelf on the Arctic Ocean coast of Ellesmere Island. 
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TABLB 7.1 Measurements of Mass Balance, canadian Arctic Ialanda 

Location 

Devon Ice cap 

Agassiz Ice cap 

Meighen Ice Cap 

Period of 
Measurement Reference 

1961- Koerner (1970) 

1977-

1959- Arnold (1965) 
Paterson (1969) 

Melville s. Ice Cap 1964-

Ward Hunt Ice Shelf 1961- Batteraley-Smith 

Organisation 

PCSP 

PCSP 

PCSP 

PCSP 

and Seraon (1973) Various 

St. Patrick Bay 1972 

White Glacier 1959-

Bradley and 
England (1978) 

Arnold (1981) 

Univ. Mass. 

Trent Univ. 

NOTE: All the above ice caps or glaciers have been the 
subject of mass-balance studies that were continuing in 1983. 
Those on Melville Island and above St. Patrick Bay have been 
measured intermittently. Other areas of glacier mass-balance 
measurement have not been included if the network baa been 
abandoned. 

been compared with either aerial photographs or Landsat satellite 
imagery taken in the 1970s. 

Pew changes have been found, with the exception of retreat of the 
edges of some stagnant ice caps. POr example, between 1950 and 1960 
Meighen Ice cap suffered a 6 percent reduction in areaJ some former 
nunataka are now part of the ice-free land at the edge of the ice cap, 
and a new 700-m-long nunatak baa appeared near ita northern edge since 
the 1950s. These changes are characteristic of a stagnant ice cap with 
a slightly negative balance. However, stake measurements show that 
while the edge baa retreated the central parts have been thickening. 
POr the 1960-1982 period along one stake profile the surface baa been 
lowered at a mean rate of 100 mm/yr near the edge, but ice at the 
center baa thickened at a mean rate of 90-100 mm/yr. 

The overall conclusion from this preliminary study is that over the 
past 20-30 years a slightly negative balance (measured using the stake 
method) has effected only a very slight glacier edge retreat, which 
cannot be readily detected from photographic comparisons on all but the 
smaller, stagnant, ice caps. Additionally, one can say that all the 
larger ice caps must have been close to a steady state for a long period 
of time as their edge positions seem to be ao stable. 
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Thickness Changes 

Thickness changes of glaciers can be detected by various methods and 
an attempt made to evaluate the results in teras of maaa balance. ao.e 
of those methods have been used in the canadian High Arctic by Arnold 
(1968, 1981) and the Polar Continental Shelf Project (unpublished). 

Leveling profiles have been surveyed in two areas of the ablation 
~ on Devon Ice Cap. The first was made across Sverdrup Glacier at 
400 m above sea level (Pigure 7.1) in 1965 and again in 1975. No sig­
nificant changes in glacier elevation over this 10-year period could be 
found. Similar results were obtained from leveling traverses made in 
1969 and 1971 at the northwest edge of the Devon Ice Cap, although the 
changes that might be expected over a 2-year period there are leas than 
the standard error of the measurements. Arnold (1968), using tradition­
al survey methods, measured an average surface lowering for 1957-1967 
in the ablation zone of Gilman Glacier (Pigure 7.1) of 0.17 m/yr. Using 
photogrammetric methods he also found a lowering of 0.83 m/yr near the 
terminus of White Glacier (Arnold 1981). 

Measurements at about the elevation of the 1961-1982 equilibrium line 
on the northwest aide of the Devon Island Ice Cap have shown slightly 
positive strain rates there. Positive strain rates at the equilibriua 
line indicate that the glacier there ia out of phase with present cli­
mate such that over the last 20 years the balance must have been slight­
ly more negative than usual. However, it ia almost impossible to define 
how long a period •usual• refers to. 

In the accumulation ~' repeated measurements of the length of 
surface-to-bedrock boreholes at the top of Devon and Agassiz Ice caps 
have not shown any significant changes in thickness in recent years. 
Repeated gravity measurements on Devon Ice cap confirmed the reaulta 
there. Arnold (1968), using traditional survey methods, found no 
changes in elevation in the accumulation zone above Gilman Glazier 
(Pigure 7.1) for the 1957-1967 period. 

The combined evidence indicates that during the l960a and l970a the 
maaa balance of the Canadian High Arctic glaciers has been slightly 
negative. The unchanging surface elevation of the tops of two of the 
ice caps and lower down in the accumulation zone of another, auggeata 
that accumulation rates have not changed significantly for a period 
substantially longer than the period of our mass-balance measurements. 
Consequently, the slightly negative balance must be due to a slight 
increase in summer melting rates. While results from the two leveling 
profiles in the ablation zone of Devon Ice cap do not support this 
conclusion, the measurements of Arnold (1968, 1981) in the ablation 
zones of two glaciers, the edge retreat of the small ice caps, and the 
strain rate evidence from the northwest side of the Devon Ice cap do. 

1882-1982 MASS BALANCE AND THE NEXT 100 YEARS 

Pigure 7.3 shows the oxygen-18 record for the 1870-1972 period. If 
we ignore for the moment that an oxygen isotope record of this kind 
represents air temperatures during periods of snowfall, we see that the 
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FIGURB 7. 3 Oxygen-isotope values from the top of Devon Ice cap. The 
shaded portions of the bargraph represent periods between 1880 and 1973 
that had "warmer• or •colder• isotope values than those fraa the period 
1961-1973, which is part of the period during which mass balance 
measurements discussed in the text were made. 

period when mass-balance measurements were made on the canadian ice caps 
is slightly cooler than the 100-year mean. Figure 7.2 shows that the 
first two or three years of mass balance measurements were made in the 
warm period of the 1930s and 1950s. Therefore, because the data are 
not adequate for anything other than a rough estimate, a range of mass 
balance has been calculated using the most negative balance for the 
1960-1983 period and also the average value' a more positive value is 
not likely to be realistic. 

The values are listed in Table 7.2 and show that in terms of sea 
level change the canadian High Arctic ice caps have contributed very 
little. This is essentially the conclusion that Meier (1984) arrived 
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TABLB 7.2 Sea-Level Rise Resulting from a Negative Mass Balance 
on the canadian Arctic Island Ice caps 

Ice Loss fraa 
Negative Balance Glaciers Sea-Level Rise 
(kg m-2 yr-1) (km3/yr) (mm/100 yr) ReJDarka 

52.6 s l.S 1961-1981 
mean 

359.0 38 10.7 Moat neg. 
balance 
(1961-1962) 

NOTB: Measurements from the northwest aide of Devon Ice cap. 

at in his consideration that the main contribution to sea-level change 
is fraa those glaciers at lower latitudes with much higher accuaulation 
and ablation rates. 

Turning to the next 100 years we should realize that calculating the 
effect on mass balance of increasing 002 levels still entails a lot 
of guess work. A range of higher temperatures have been forecast. How­
ever, to make a reasonably accurate prediction of future mass balance, 
the effects of increased 002 on synoptic weather patterns is needed 
(see, for example, Alt 1978, 1979). 

It is now clear that the warm pulse of the 1930s and 1950s was not 
due to an anthropogenic effect. A statistical time-aeries analysis 
baaed on a few hundred years of oxygen-isotope and melt-aeries data from 
corea (Fisher and Koerner 1983) •forecasted• the warm period of this 
century and also suggested that, anthropogenic effects apart, there will 
be a alight cooling over the next so years of about o.s-l.o•c, the aua­
mera will cool slightly more than this. On top of this uncertain pre­
diction we have another baaed on the 002 effect. At this stage one 
can say little more than that the more negative balances for the 1960-
1983 period will become more common if the 002 models are correct. 
Thus we might take the moat negative eatiJDate for the past 100 years as 
a reasonable forecast for the~ 100 years (Table 7.2). However, one 
must emphasize that a more accurate forecast will have to wait until we 
know how synoptic weather patterns will change in our area. We should 
remember though that even if all the canadian High Arctic ice caps melt 
completely global sea level will only rise by 60-120 mm. 
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The aim of this paper is to review what we currently know about the 
mass balance of the Greenland ice sheet. Observations will be reviewed 
that allow estimates of the balance of the ice sheet locally and as a 
whole. In conclusion, a discussion is given of the potentials and lim­
itations of observational efforts in relation to improving our knowledge 
of the present and near-future transfer of mass between the Greenland 
Ice Sheet and the oceana. 

MASS BALANCE OF 'l'HE ICE SHEET AS A WIDLE 

The Mass-Balance Equation 

The mass-balance equation, which expresses the law of mass conserva­
tion for a glacier or ice sheet, may be written: 

av/at • Qp - OM - Qc, (8.1) 

where V is the glacier volume, t is time, Qp is the annual precipita­
tion, and ~ and Qc are the annual volume losses by melting and 
calving of icebergs, respectively. All volumes are expressed in terms 
of water equivalents. The change of mass (volume) of an ice sheet can 
be determined by observing either the left-hand aide of Bq. (8.1) 
(observations of surface elevation changes) or by summing observations 
of the three terms on the right-hand aide (the hydrological budget 
method). We shall first deal with the budget method. 

The Budget Method 
FOr the Greenland Ice Sheet, the accumulation and ablation areas 

constitute 1,440,000 km2 and 290,000 km2, i.e., 84 percent and 16 
percent respectively, of the total ice-sheet area. The volume of the 
Greenland Ice Sheet has been estimated at 2,400,000 kml of water 
equivalent (Holtzacherer and Bauer 1954), whereas the volume of the 
local glaciers has been given by Weidick (1975) as no more than 100,000 
kml. 
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Slightly different estimates have been obtained in other studies. 
Radok et al. (1982), for example, applying a different map baaia and 
incorporating ice thickness observations obtained by radio-echo sound­
ings, give the total area of the ice sheet aa 1,670,000 km2 and the 
ice volume aa 2,740,000 km3 of water equivalent. 

Disregarding that a small fraction of this volume ia positioned below 
present sea level, the volume corresponds to a potential sea-level rise 
of 7.4 m. 

Several estimates have been made for the actual gain, loaa, and total 
balance of the Greenland Ice Sheet. In terms of cubic kilometers of 
water equvalent, accumulation ia 500 + 100, melting ia 295 + 100, and 
calf ice ia 205 ~ 60 (Weidick 1984).- -

The estimates show that the Greenland Ice Sheet ia believed not to 
be greatly out of balance under the present climatic conditione but also 
that our present knowledge of the terms on the right-hand aide of Bq. 
(8.1) ia insufficient to permit a mass-balance estimate that ia accurate 
enough to be useful in aaaeaaing the present transfer of maaa between 
the Greenland Ice Sheet and the oceana. In the following, the Qp, 
QM, and Qc terms of Bq. (8.1) will be considered in more detail. 

Precipitation-Distribution in Greenland (Qp) 
Figure 8.1 ahowa the actual distribution of precipitation over Green­

land. The map ia baaed on accumulation rate data for the ice sheet, 
obtained by firn stratigraphic methode (pit studies, ice coringa) and 
precipitation recorda from coastal stations. Previous compilations 
(e.g., Mock 1967 and Radok et al. 1982) are compared with the results 
obtained by the Greenland Ice Sheet Program (Langway et al. 1985), which 
has supplied new information in particular aa regards the southern 
Greenland Ice Sheet (Reeh and Clausen in preparation). The main differ­
ence between Figure 8.1 and previous mapa (e.g., Mock 1967) ia that the 
accumulation rate over the southwestern elope of the ice sheet between 
65°N and 69°N shown in Figure 8.1 ia only about SO percent of the cor­
responding values given by Mock. 

Bven though there are still large areas of the Greenland Ice Sheet 
that are not covered by accumulation rate observations, the Qp term 
ia currently the beat known of the three terms on the right-hand aide 
of Bq. (8.1). 

Melting From the Greenland Ice Sheet (QM) 
Estimates of the mean net balance (net ablation) over the ablation 

area of the Greenland Ice Sheet ranges between 107 and 130 g cm-2 yr-1 
(see Table 4.7 in Radok et al. (1982)]. These estimates are baaed 
mainly on scattered observations from the ablation zone in west Green­
land, i.e., on the observations by Loewe (1933) around 71°N for the 
years 1929-1931 and those of Bauer around 69.5°N for the year 1958-1959 
(Ambach, 1979). 

In 1979 the Geological Survey of Greenland (GGO) initiated systematic 
observations of ablation at several locations of the ice-sheet margin 
and on local glaciers in west Greenland (Hojmark Thomsen l984b), see 
Figure 8.2. The GGO observations from the ice margin are plotted in 
Figure 8.3(a) together with the above-mentioned older data. Apparently, 
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FIGURE 8.1 Distribution of precipitation in Greenland (g cm-2 yr-1). 
Compiled by N. Reeh, 1984. 
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FIGURE 8.2 Locations for ablation-rate studies in west Greenland. Hot 
all GGU (the Geological Survey of Greenland) locations have been 
observed throughout the entire period 1979-1984. Also some locations 
have now been abandoned. 
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to judge from this figure, there is no systematic latitudinal variation 
of the ablation rate along the west Greenland ice margin. However, the 
curves in the figure represent at moat a few years of mass-balance 
observations for different periods. As illustrated by Figures 8.3(b) 
and 8.3(c), the mass-balance/elevation relationship can vary greatly 
from one year to another. This clearly demonstrates that previous 
estimates of the ablation from the Greenland lee Sheet baaed on only a 
few years of observations at very few locations should be taken with 
reservation. Using a straight-line approximation to all the ablation­
rate data shown in Figure 8.3, for example, results in an average 
ablation rate of 165 g cm-2 yr-1 obtained by Weidick and Olesen 
(1978) for the same area, but applying only the ablation observations 
before 1979. The only practical way to overcome the problem is to 
supplement the ablation observations with ablation models designed to 
predict ablation rates on the basis of observed meteorological data 
(Braithwaite 1980). 

An important feature to be considered in such models is the refreez­
ing of meltwater in the firn layers of the upper low-inclination areas 
of the ablation zone of the ice sheet. 

A few results obtained by means of Braithwaite's (1980) ablation 
model are shown in Figures 8.4(a) and 8.4(b). Figure 8.4(a) shows 
calculated annual ablation rates in west Greenland as a function of 
latitude and altitude for the period 1965-1974. The calculations--as 
pointed out by Braithwaite himself--can be criticized for neglecting 
important effects such as heating of the air as it moves inlandr never­
theless, they suggest a strong latitudinal gradient of the ablation 
rate, particularly for the lower altitudes. 

Figure 8.4(b) illustrates the calculated year-to-year variations in 
equilibrium-line altitude around 69.5°N in west Greenland, which can be 
used as a measure of ablation variations. On the assumption that the 
shown variations are typical for the entire west Greenland Ice Sheet 
margin, and that the ablation rate-elevation gradient is constant from 
one year to another, as suggested by Figures 8.3(b) and 8.3(c), the 
variation in equilibrium line altitude can be converted to variations 
in total annual ablation in west Greenland. This aug~eata a year-to­
year variability of the total ablation of up to 35 km water equiva­
lent per year. 

Even the moat sophisticated ablation model, however, cannot make up 
for the lack of observations of ablation rates in east and north Green­
land, where even the elevation of the equilibrium line (the line of zero 
net-balance) is poorly known. 

In conclusion, whereas our knowledge of the ablation of the west 
Greenland ice margin has been greatly improved in the last few years 
owing to the GGU ice margin program, and probably, when combined with 
ablation models, will allow reasonably accurate estimates of the abla­
tion in the period of time covered by systematic meteorological obser­
vations (i.e., since the end of the last century), it is currently not 
possible to give qualified estimates of the total ablation from the 
Greenland lee Sheet mainly for lack of data from east and north Green­
land. Even though precise statements cannot be given, actual ablation 
rates in east Greenland are probably lower than has been previously 
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FIGURE 8.4 (a) Computed annual ablation for 1965-1974 in west Greenland 
in millimeters per year. From Braithwaite (1980). (b) Calculated var­
iations in equilibrium-line altitude on the Inland Ice, Jakobshavn area, 
1961-1983. The straight line indicates the 1961-1983 mean value. From 
Braithwaite and Hojmark Thomsen (1984). 

estimated, in southern east Greenland owing to neglect of the large 
precipitation over the ice sheet margin (see Figure 8.1) and in central 
east Greenland owing to high elevations of the ice sheet margin, and a 
consequent restricted extension of the ablation zone. 

Loss by Calving of Icebergs (Qc) 
The most extensive studies of iceberg discharge from the Greenland 

Ice Sheet are those of Bauer et al. (1968b) and Carbonnell and Bauer 
(1968), who determined the calving flux from the outflow glaciers 
calving into Disko Bugt and umanak Fjord, west Greenland, by means of 
repeated areal photography. The results of these two studies deviate 
by about 10 percent (90 km3 of ice per year in 1957 and 102 km3 of 
ice per year in 1964). 

Weidick and Olesen (1978), based on the investigations mentioned 
above and scattered information about calving glaciers in southwest 
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Greenla"d' eati11ated the total calf-ice production from west Greenland 
glaciers between 60°N and 71°N to be 97 km3 of water per year. Few 
observations of calving rates for north and east Greenland have been 
made. Olesen and Reeh (1969) gave the calf-ice production from the 
northern part of the Scoresby Sund region as 11 km3 of ice per year. 
For the southern part of Scoresby Sund, the calving flux based on obser­
vations in 1972 has been estimated at 6.5 km3 of ice per year (Olesen 
and Reeh, unpublished). FOr northwest, north, and the major part of 
east Greenland, calving fluxes are entirely based on estimates and con­
sequently have little weight when attempting to assess the total mass 
balance of the Greenland Ice Sheet. ~ give an impression of the pro­
portion of the calf-ice production that is solely based on estimates, 
Figure 8.5 shows inferred calf-ice production from various sectors of 
the Greenland Ice Sheet, based on the assumption that the ice sheet is 
currently in balance with the accumulation-rate distribution shown in 
Figure 8.1 and assuming ablation rates as indicated in Figure 8.5. It 
appears that out of an estimated total calving flux of 310 km3 of 
ice/year only about 45 percent, i.e., 130 km3 of ice/year, is baaed 
on observed calving front ice velocities and thicknesses. As is the 
case with ablation, this demonstrates that a reliable estimate of the 
total calving flux from the Greenland Ice Sheet cannot be obtained at 
present owing to insufficient observation coverage, in particular for 
northwest, north, and east Greenland. 

Observations of Surface Elevation Change 

Direct observations of the change of surface elevation of the Green­
land Ice Sheet have been made by Bauer et al. (1968a) for the period 
1948-1959 and by Seckel (1977) for the period 1959-1968. The observa­
tions of Bauer et al. (1968a) cover the main part of the ablation zone 
of the EGIG line, i.e., the west Greenland Ice Sheet margin around 
69.5-N, whereas Seckel's (1977) measurements cover the total section 
along the EGIG profile, see Figure 8.2. Both investigations show a 
lowering of the ice-sheet surface in the ablation zone, which on average 
amounts to 0.3 and 0.24 m of ice/year, respectively, see Figures 8.6(a) 
and 8.6(b). On the contrary Seckel's observations in the accumulation 
zone of the Greenland Ice Sheet at 70-72°N indicate an increase of the 
ice-sheet surface elevation, which on average has a magnitude of 0.085 
m of ice/year as far as the west-facing slopes are concerned (Figure 
8.6(b)]. FOr the east-facing slopes, however, the observations indicate 
a decrease of surface elevation on the order of a few centimeters/year. 
The results for the ablation zone agree with an observed average thin­
ning rate of 0.3-0.5 m of ice/year, derived at various sites along the 
west Greenland ice ~~argin by comparing trimline elevations corresponding 
to the ice-sheet extension around 1880 to present glacier surface 
elevations (Hojmark Thomsen, 1983), see Figure 8.7. Also the general 
retreat in this century of the ice margin in west Greenland (see, e.g., 
Weidick 1968r Weidick and Hojmark Thomsen 1983), illustrated in Figure 
8.8, may be taken as evidence for a present thinning of the marginal 
zone of the west Greenland Ice Sheet. 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


163 

32· 

FIGURE 8.5 Estimated calf-ice discharge from Greenland Ice Sheet in 
cubic kilometers of water equivalent per year, based on balanced-state 
assumption. H. Reeh, 1984. 
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FIGURE 8.6 Observed surface elevation change of the Greenland Ice 
Sheet. (a) Change of elevation of the ice-sheet surface between 
1948-1959 for the ablation section of the EGIG line, according to Bauer 
et al. (1968). (b) Change of elevation of the ice sheet between 
1959-1968 along the EGIG line, according to Seckel (1977). 

LOCAL MASS BAlANCE EQUATION 

Introducing a horizontal x-y coordinate system, the local continuity 
equation for the ice sheet may be expressed as follows (Mellor, 1968): 

cm/3t "' a - H(3um + 3vm) - u 3H - v 3H (8. 2) 
ax 3y m 3x m 3y ' 

where His ice thickness (in meters of ice equivalent), tis time, a is 
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1880. Lower profiles show the height of the ice margin in 1959. From 
BOjmark Thomsen (1983). 
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FIGURE 8.8 Change in position of front of lobes from the Inland Ice 
margin in Diako Bugt. 1GB08001 is a land-baaed lobe. The two other 
lobes are calf-ice-producing and situated, respectively, north and south 
of lobe 1GE08001. From Weidick and Hojmark Thomsen (1983). 

accumulation rate (meters of ice equivalent per year), and Um and vm 
are horizontal ice-flow velocities in the x and y directions, respec­
tively, averaged over the ice thickness. 

It is assumed that the depth-density profile is constant in time and 
apace and that the ice is frozen to the bed so that there is no mass 
loss or gain at the bottom of the ice sheet. If we further assume that 
the x axis is in the direction of flow and that the shape of the hori­
zontal velocity profile does not change along the flowline, Bq. (8.2) 
can be rewritten in terms of the surface velocity and surface strain 
rates: 

aH/at = a - - --! + ---9 + u ~ 1 [~au au ) a ] 
f ax ay s ax , (8. 3) 

where index a indicates a value at the surface and f • u8 /um is the 
shape factor of the horizontal velocity profile, which is assumed not 
to vary along the flow line, as already mentioned. 

Equation (8.3) has been used to estimate the local balance at several 
locations on the Greenland Ice Sheet (Shumsky 19657 Mellor 19687 Mock 
1976) and recently by Reeh and Gundeatrup (submitted) who applied the 
method to the ice sheet in south Greenland near the Dye 3 deep hole. 

The older estimates indicate large unbalances of the Greenland Ice 
Sheet (up to more than 1 m/yr), in some cases positive, in others nega­
tive. ~r example Mellor (1968) estimated that the Dye 3 area has a 
positive balance of 1 m/yr. However, this large value is baaed on 
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application of an unrealistically large value of the surface velocity 
(50 m/yr) and a nu.erically far too large transverse strain-rate value 
of -s.o x lo-4 yr-1. 

Generally the previous mass-balance estimates suffer from lack of 
precise data and/or neglect of the difference between surface and 
average values, i.e., precise knowledge of the velocity profile shape 
factor f. A reliable estimate of this factor is made possible by the 
down borehole inclinometry of the deep hole at Dye 3 (Gundestrup and 
Hansen in press). COmbining the results of these investigations with 
those obtained by the upstream glaciological program (Whillans et al. 
19841 OVergard and Gundestrup 19851 Reeh et al. 1985), the rate of 
change of surface elevation at Dye 3 is estimated to be 3H/at • 0.03 
m/yr, with 95 percent confidence limits of -0.03 m/yr < 3H/3t < +0.09 
m/yr. 

Also the previous estimate by Mock (1976) of the balance of the ice 
sheet at Crete in central Greenland was reviewed by Reeh and Gundestrup, 
who concluded that Mock's estimate of -0.25 m/yr is likely too low. 
Applying a value of the shape factor f • 1.6, which is not an unreal­
istic value at Crete (Reeh et al. 19781 Raymond 1984) (positioned at an 
ice divide), will change 3H/at to a positive value of +0.05 m/Year in 
accordance with the observation by Seckel (1977) referred to in the 
previous section. 

As concluded by Reeh and Gundestrup, it seems as if only their 
results from Dye 3 and the observations reported by Seckel (1977) are 
accurate enough to allow conclusions as regards the present mass bal­
ance of the central regions of the Greenland Ice Sheet. Both studies 
indicate thickening rates on the order of s-10 em/yr. However, this 
result should not induce somebody to conclude that the Greenland Ice 
Sheet as a whole is currently gaining mass. As previously mentioned, 
observations from the ice sheet margin in west Greenland indicate that, 
in general, this part of the ice sheet is currently thinning and reced­
ing. Whether the likely gain in the central parts of the ice sheet or 
the loss in the western marginal areas is the larger cannot be deter­
mined on the basis of the data available. 

Moreover, an even greater uncertainty concerning the mass balance of 
the total Greenland Ice Sheet arises from the fact that few mass-balance 
observations have been made in the eastern and northern parts of the ice 
sheet. 

DISCUSSIONS AND CONCLUSIONS 

The Budget Method 

It is currently not possible by means of the hydrological budget 
method to estimate reliably the transfer of mass between the Greenland 
Ice Sheet and the oceans, mainly because of lack of observations of 
ablation rates and calving fluxes in north and east Greenland. However, 
to collect the necessary data will require several years of field inves­
tigations at several localities in logistically rather inaccessible 
areas and, therefore, would require a major logistic and scientific 
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effort. Moreover, even though such efforts were offered, no safe 
guarantees could be given that the goal (i.e., accurately assessing the 
present mass balance of the Greenland Ice Sheet) would be achieved. 

Therefore, even though i.portant new information about the balance 
of the Greenland Ice Sheet can be, and should be, obtained by evaluating 
existing data (for example, deteraining positions and changes of posi­
tions of the snow line and the calving fronts of the outlet glaciers 
from the north and east Greenland Ice Sheet by satellite imagery), it 
is concluded that the hydrological budget method should not be consid­
ered a potential method for providing the answer to the important ques­
tion of whether the Greenland Ice Sheet as a whole is currently losing 
or gaining mass. 

Observation of Surface Elevation Change 

The available observations of surface elevation changes of the Green­
land Ice Sheet are restricted to the marginal areas in west Greenland, 
where a thinning is documented to have taken place since the end of the 
last century and in general is continuing at present, and to the central 
part of the ice sheet at 70-72°N, where the ice sheet seems to thicken 
on the west-facing slopes and to thin on the east-facing slopes. 
Whether the gain in the central areas or the loss in the western mar­
ginal areas is the larger cannot be determined with the data available. 
However, as a means of studying the state of balance of the Greenland 
Ice Sheet, observations of surface elevation change provide a method 
with a large potential. ror the marginal areas of the ice sheet, re­
peated air-photogramnetric surveys seem to be feasible (Andreasen et al. 
19827 Hojmark Thomsen 1983), whereas repeated accurate profiling, e.g., 
by means of airborne satellite-tracked laser is a potential method to be 
used in the interior regions of the ice sheet. 

Local Mass-Balance Method 

The Dye 3 study (Reeh and Gundestrup, submitted) indicates that this 
method is also a potential method for obtaining reliable infor.ation 
about the balance of the Greenland Ice Sheet. Apart froa the ratio 
between surface and mean velocities (which requires inclinometer meas­
urements in deep boreholes, but alternatively can be derived from ice­
flow model calculations), the quantities to be observed (i.e., accuau­
lation rate, surface velocity, surface strain rates, surface slope, and 
ice thickness profile) can be obtained by surface programs. 

Mass Exchange between the Greenland Ice Sheet and the Ocean 

Even though it is not possible at present to give a qualified esti­
mate of the actual contribution from the Greenland Ice Sheet to sea­
level change (even the sign of the contribution is currently unknown), 
a few illustrative numbers can be calculated. FOr example, extrapolat­
ing the observed average thinning rate of about 0.3 m/yr for the abla­
tion area of the west Greenland Ice Sheet to the total ablation area, 
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results in a mass loss ·corresponding to a sea-level rise of 0.2-0.3 
mm/yr. On the other hand, extrapolating the observed thickening rate 
of about 0.1 m/yr for the interior regions in south and central Green­
land to the total accumulation area of the ice sheet, results in a mass 
gain corresponding to a sea-level lowering of about 0.4 m./yr. Finally, 
the year-to-year variability of the total ablation deduced in a previous 
section for west Greenland, corresponds to a year-to-year variability 
of sea-level change of about 0.1 'liD/yr. 
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TIIB S'l'Aft OP BALAMCB OP T11B AN'l'ARC'l'IC ICB SHEET 
AR UPDATBD ASSBSSMBNT 1984 

W. P. Budd and I. N. Smith 
Meteorology Departaent 
University of Melbourne 

PROBLIICS WITH TIIB BARLY ASSESSMENT 

Many of the early aaaeaaaenta of the maaa balance of the Antarctic 
concluded that the net budget appeared to be positive by an amount 
poaaibly up to about 100 percent of the maaa input, cf., Mellor (1959), 
Loewe (1967) , Bardin and Suaetova (1967) • At that ti• one of the large 
unknowns that waa thought could contribute to greater loaa and therefore 
a closer state of balance waa the poaaible existence of large •lt rates 
under the large ice ahelvea. The subsequent atudiea of the Amery Ice 
Shelf ('l'bo.aa and MacAyeal 1982) have shown that large net loaaea do not 
occur there and significant basal growth oocura far inland of the front. 

A aecond source of error in the early eatimatea waa the lack of 
direct measurements of outflow glacier velocities or ice thickneaa and 
the consequent uae of analogy arguments to estimate the total flux baaed 
on the few observed glaciers. Outlet glacier apeeda typically vary froa 
200 to 2000 m/yr, and thickneaaea from 200 to 2000 •· Consequently 
large errore can easily arise in the eatimatea when data are lacking. 

The third major source of error waa the aparcity of data on net 
accuaulation over the interior of the Antarctic, particularly over 
central Baat Antarctica. The combination of the uncertainties in the 
maaa influx and outflux resulted in a total poaaible error of about 
~100 percent of the groaa influx. 

MORB RBCBlft' DATA AND REGIONAL ASSBSSMBN'l'S 

Since the mid-1960a a number of regional atudiea have concentrated 
on the balance of in4iviudal drainage baaina, which together provide a 
much better understanding of the total balance, e.g., Giovinetto (1970), 
Allison (1979), Whillana (1979), Young (1979), Morgan and Jacka (1981), 
and IOtlyakov et al. (1983). 

The traverse into the interior and the longer-tera data fro. the in­
land atationa have resulted in more recent net accumulation eatimatea 
lower (by up to a factor of 2) than the earlier eatimatea. Thia baa 
been clearly brought out by the more recent net accumulation ca.pila­
tiona of Bull (1972), IOtlyakov et al. (1974), and Budd and Smith 
(1982), ca.pared with the earlier mapa of Bentley et al. (1964) or the 
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Soviet Atlas, Bakayev (ed.) (1966). 
A method of aaaeaaing the balance over the Antarctic ice aheet by a 

direct ca.pariaon of obaerved and ca.puted •balance velocitiea• waa 
indicated by Budd et al. (1984). Again their computation of balance 
velocitiea used higher accuaulationa froa a modified veraion of the 
Soviet Atlaa accwaulation map, and aa a consequence thoae balance 
velocitiea could not be expected to be too high. 

A NBW OOMPOTATION OF BALANCE VELOCI'l'! AND FLUXBS 

Sufficient new data are now available to warrant a new computation 
of balance velocities and balance volume or maaa flux. Surface eleva­
tion and ice thickness have been ca.piled and presented in map form by 
the Scott Polar Research Institute (SPRI) Map POlio [Drewry (ed.) 1983]. 
Accwaulation data aince the compilation of IOtlyakov et al. (1974) have 
accrued froa the Rosa Ice Shelf region (Clausen et al. 1979) and Bast 
Antarctica (Budd and Young l979r Young 1979r Young et al. 1982). These 
data were used in a new coapilation by Budd and Smith (1982). Since 
then additional information baa come from Bast Antarctic traverses by 
Australia and the Soviet Union, cf., IOtlyakov et al. (1983) and Jones 
(1984). These new data have now been used together with a ca.pilation 
in preparation by D. J. Drewry (peraonal communication) to prepare the 
new balance velocity aap. 

The whole Antaractic surface and ice thickness was digitized fro. 
the SPRI mapa and inte~lated to a 20-km-apacing square grid. A aiai­
lar procedure was used for the net accwaulation. The balance ice volume 
flux and balance velocity over the grid were then ca.puted using a new 
technique devised by w. F. Budd and I. N. Smith (University of Mel­
bourne, unpublished) for use specifically with grid-point data since 
the program does not require the derivation of flowlines. The results, 
aa shown in Figure 9.1, indicate auch more detailed variation than the 
map of Budd et al. (1971), which was baaed on a broad 200-ka-apacing 
data field. The new velocities tend also to be somewhat lower than the 
earlier ones in the interior and at the coast capture more clearly the 
channeling of the ice flow into the high-speed outlet glaciers and ice 
streams. The large ice shelves are not well protrayed owing to the lack 
of elevation detail available and the flat terrain. In general, how­
ever, the pattern of balance velocities corresponds quite well to the 
recognized major glacier outflow regions. It remain• to compare the 
magnitudes of the balance velocities with the available observations. 

OBSBRVBD ANTARCTIC ICB VELOCITIES 

A compilation of observed Antarctic ice velocities was compared with 
the early balance velocity map in the presentation by Budd (1979). 
Although this compilation ia still unpublished it baa become recognized 
that the pattern of observed velocities show considerable similarity to 
the balance velocities. Since that time additional observed velocit.iea 
have become available including Enderby Land Glaciers (Morgan and Jacka 
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VELOCITY (al~e.,) 

,.,. 
PIGURB 9.1 Computed balance velocity distribution for the Antarctic 
ice sheet representing the average velocity through a vertical coluan 
as required to keep the ice sheet in steady-state balance with an 
accumulation diatribution as given by Budd and Smith (1982) and ice 
thickness fro. Drewry (1983). The calculations were made using a 20-ka­
reaolution grid over the area. 

1981), POaa Ice Shelf (Thomas and MacAyeal 1982), south of casey towards 
Vbatok (Sheehy unpublished), east of casey toward Dwlont d'Urville 
(Jones 1984), west of casey toward Mirny (Medhurat 1984), and oo.e C to 
Pioneerakaya (Haaley 1984). 

The updated compilation is shown with the earlier balance velocity 
11ap in Pigure 9. 2. It ahould be noted that the balance velocities 
represent a aean through the vertical column and should therefore be 
expected to be leas than the observed surface velocities. Many of the 
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FIGURE 9.2 The earlier balance velocity distribution map of Budd et 
al. (1971) baaed on a 200-km-resolution system is shown with vectors 
depicting observed surface velocities superimposed. It should be noted 
that the balance velocities represent vertical column averages and 
should be leas than surface velocities for steady-state balance. 
Comparison with Figure 9.1 suggests that the observed velocities in the 
interior may not be far from balance. 

observed velocities are too closely spaced so that only the major 
features or averages of such groups are shown. By comparison with 
Figure 9.1 it can be seen that the new computed balance velocities tend 
to have the contours displaced further coaatward in Bast Antarctica. A 
general appraisal with the observed velocities and coaputed velocities 
shows similar magnitudes that are more in line with a ±25 percent 
rather than a factor-of-2 difference. 

For more limited regions where it is possible to carry out more 
precise ca.parisona, the state of balance appears to be even closer 
than ±25 percent, e.g., West Antarctic Rosa Ice Shelf basin (Budd et 
al. 1984J IOtlyakov et al. 1983J JOnes 1984) and Enderby Land (Morgan 
and Jacka 1981). 

A further use of the balance velocities map is to highlight those 
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regions that are moat important for the balance aaseaaaent. Already 
around Baat Antarctica a large number of the moat important glaciers 
have now been measured. A systematic integral of flow around the coast 
ia still required. 

In summary the total influx over the Antarctic ice sheet of about 
2 x 103 km/yr is probably nearly balanced by the outflow with a 
discrepancy moat likely in the range of 0 to +20 percent. In teras of 
aea level the total Antarctic maaa flux of 2 x 10J km/Yr represents 
about 6 mm/yr of sea-level change. A net gain of 0 to 20 percent there­
fore represents a net decrease contribution to aea level of about 0 to 
1.2 m/yr. 
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A'l"l'ACIIIENT 10 

GLACIOIDGICAL EVIDENCE t THE ROSS SEA SEC'l'OR 

Olarlea R. Bentley 
Geophysical and Polar Research Center 

University of Wisconsin-Madison 
Madison, Wisconsin 

THE ROSS BMBAlMBNT 

The Rosa Ice Shelf Geophysical and Glaciological Survey (RIGGS) (Bent­
ley 1984J Robertson et al. 198~, together with airborne radar sounding 
in West Antarctica (Roae 1979) and shipboard echo sounding in the Rosa 
Sea (Bayes and Davey 1975), baa made it possible to draw a subglacial 
and submarine topographic map of the entire •aoaa Embayment• (Pigure 
10.1) (Albert et al. 1978J Bentley and Jezek 1982). The unbroken conti­
nuity of the subglacial and au~rine topography across the west Antarc­
tic ice sheet grounding line shows that the position of the grounding 
line is largely determined by ice-sheet dynamics and the heights of sea 
level and is, therefore, easily aubject to change in time. In fact, we 
believe that ita position baa varied greatly in the past and that it 
could be moving now. 

Because depths to ocean bottom were .. aaured on a 55-ka grid, small, 
isolated rises in the ocean floor easily could be missed. After coabin­
ing evidence from the distribution of bottom crevasses found by analysis 
of radar data, froa ice and water layer thicknesses, and fro• surface 
crevaaaing, Jezek and Bentley (1983) concluded that there are six addi­
tional aitea of grounded ice (beaidea Roosevelt Island and Crary Ice 
Riae) on the ice shelf--all in the grid western sector and generally 
associated with known areas of shallow water (Figure 10.~. It is 
widely believed that areas of grounded ice may play a central role in 
stabilizing the ice sheet by acting as •pinning points• in the ice 
shelf. 

THE ROSS ICE SRELF--ICE THICKNESS 

Moat of the shelf, as shown by a map of ice thickness compiled using 
RIGGS data (Bentley et al. 1979) (Figure 10.3), is characterized by broad 
intrusions of thick ice that reflect the tremendous volume of ice enter­
ing the shelf from the ice streams and outlet glaciers. Particularly 

This is contribution nUIIber 427 of the Geophysical and Polar Research 
Center, University of Wisconsin-Madison. 
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FIGURE 10.1 Submarine topography of the Rosa Embayment (from Bentley 
and Jezek 1982). The contour interval changes from 50 min the Rosa 
Sea and under the Rosa Ice Shelf to 250 m beneath the West Antarctic 
inland ice. This map, and also all succeeding mapa except Figure 10.6, 
shows •grid• coordinates: a rectangular system with meridiana parallel 
to the Greenwich meridian (north toward Greenwich) and ita origin 
(L • o•, A • 0°) at the South Pole. 
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FIGURE 10.2 Water-layer thickness contours and the locations of areas 
of grounded ice (solid black areas) from RIGGS data. The contour 
interval is 50 •· 

striking are the lobes associated with the Ice Streams B and D and with 
Byrd Glacier. Crary Ice Rise, centrally located on the ice shelf (grid 
positiona 7°S, lOW), forms an obstruction to ice flow that causes severe 
changes in ice thickness. The grid eastern flank of the ice rise is 
wrapped by a thick finger of ice that may result from the damming effect 
that the ice rise has on upstream ice but that also may be interpreted 
as evidence for a more grid easterly position of the grounding line on 
this flank of the ice rise some time in the recent past. The damming 
effect is also manifest in the pronounced minimum in ice thickness in 
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PIGURB 10.3 Ice thickness map produced from radar sounding data 
collected during RIGGS. Plight lines and surface stations (solid 
circles) are shown (Bentley et al. 1979). The contour interval is 20m. 

the lee of the ice rise, i.e., directly downstream. Contours upstream 
of Roosevelt Island are convoluted and contain anomalous closed minima, 
suggesting considerable •turbulence• as Ice Streams D and B are deflec­
ted around the island. There are several other relative maxima and 
minima. The entire grid eastern part of the shelf is characterized by 
convoluted ice thickness patterns. We believe that some of the ccaplex­
ities arise from disequilibrium conditions in the ice shelf. 

ICE PUJW AND MASS BALANCE 

Repeated position location by navigational satellite, carried out by 
u.s. Geological Survey personnel and coapiled by Thomas et al. (1984) 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


182 

FIGURE 10.4 velocity vectors determined from Doppler satellite tracking 
data (arrows) and flow linea baaed on variations in radar echo strength 
(dashed lines). The heavy line in the central part of the map repre­
sents the boundary between Bast and West Antarctic ice. The dotted 
linea show the output gate and lateral boundaries (one extrapolated) of 
Thomas and Bentley • a (l978a) flow band MNOP(Jt. The solid line from Rosa 
Island to the dotted line is the portion of the RISS (Dorrer et al. 
1969) line used in the mass-balance calculations of this paper. 

yields a straightforward sap of the present-day velocity vectors on the 
ice shelf (Figure 10.4). The agreement with previous data from the 
Rosa Ice Shelf Survey (RISS) (Dorrer et al. 1969) is excellent, and the 
aaaociation with ice-atreaa and outlet-glacier input is well defined, 
except for Ice Stream c, where the coverage is sparse and the evidence 
inconclusive. Some glaciologists believe that Ice Streaa c is now 
inactive but that it flowed auch more actively in the past. 

Plow lines have been mapped in the grid eastern sector of the ice 
shelf by Bentley et al. (1979), using the RIGGS airborne data (Figure 
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10.4), and by Neal (1979), who worked with the airborne radar data from 
the u.s.-u.K. program. They have drawn flow lines by correlating 
changes in the amplitude of bottom reflections between flight lines-­
for instance, the ice emerging from East Antarctic glaciers generally 
produces a strong reflection, whereas the reflections off the bottom of 
the ice between outlet glaciers are poor. Neal suggested that these 
reduced signal strengths are asaociated with brine percolated into the 
firn from upwardly penetrating bottom crevassesr however, there is also 
evidence to suggest that there is absorption and scattering taking place 
in the deeper ice as well. The pattern of bright and dark bands is 
easily correlated between flight lines and can be used to infer the 
direction of ice flow, since there is good correspondence between the 
radar reflection bands and velocity vector data in the grid eastern 
sector of the ice shelf (Figure 10.4). 

The agreement between the two sets of data shows conclusively that 
there have been no major changes in the flow directions on the ice shelf 
over the 1500-year residence time of East Antarctic glacier ice in its 
passage across the Ross Ice Shelf to the Ross Sea. That rules out such 
drastic phenomena as surges of the inland ice into and through the ice 
shelf, or complete disappearance of the ice shelf, for the last millen­
ium and a half (Bentley 1981). 

Mapping flow lines on the basis of correlatable radar reflectors is 
not so straightforward in the western sector. Although there are some 
features that can be traced down the ice shelf (Neal l979r Jezek 1984), 
Jezek (1984) showed that they do not correspond to modern flow lines 
determined from measured velocities. Instead, there is indication that 
these tracks are records of ice-flow changes, a point that is discussed 
further below. 

Using the technique of measuring the depth to dated radioactive fall­
out horizons, Clausen et al. (1979) determined the surface mass balance 
over most of the ice shelf (Figure 10.5). From measured velocities, 
strain rates, accumulation rates, and ice thicknesses, Thomas and Bent­
ley (l978a) calculated the mass balance in three flow bands located in 
the grid western half of the ice shelf. A positive sua of ice-shelf 
thickening and bottom melting (it is not possible from the available 
data to distinguish between the two) of 0.15! 0.06 m of ice per year 
was found near Roosevelt Island--an area that may experience significant 
basal melting. Near the RISP drill site, the figure was approximately 
o--since the bottom balance rate there is probably small, this suggests 
that the ice shelf is near equilibrium in that region. The mass balance 
calculations in the third flow band, upstream of Crary Ice Rise, which 
showed ice-shelf thickening, had to be reconsidered because one of the 
newly discovered (or, in this case, rediscovered) ice rises falls within 
the flow band. Jezek and Bentley (1984) reported two new calculations 
in this area, one taking the ice rise into account and the other avoid­
ing it, that indicate a mass balance not significantly different from 
zero, but with a considerable uncertainty. On the other hand, calcula­
tions on the temperature profile at J9 (MacAyeal and Thomas 1979) sup­
port the idea of ice-shelf thickening upstream of Crary Ice Rise. 

The flow-line map makes it possible to make separate balance analyses 
for the ice shelf corresponding to ice input from East and West Antarc-
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FIGURE 10.5 Surface aass-balance rates (in mm/yr of water equivalent) 
from RIGGS, baaed on depths to dated radioactive fallout horizons 
(Clausen et al. 1979) and measured accumulation at stakes (Thomas et 
al. 1984). The contour interval is 20 mm/yr. 
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tica. The flow line that marks the grid western boundary of ice from 
Reedy Glacier has been chosen as the boundary between Bast Antarctic 
and West Antarctic flow. 

East Antarctic Input 

This analysis extends that of Giovinetto et al. (1966) with a major 
improvement in the accuracy with which the Bast Antarctic discharge is 
known. Uncertainty in the outflow from Byrd Glacier was responsible 
for virtually the entire 30 percent error in the total mass flux cited 
by Giovinetto et al. (1966). The primary source of error was the 
necessity for calculating the ice thicknesses from surface elevations. 
The ice thickness is now known accurately from radar sounding (P. 
calkin, cited by Hughes 1975) on the section across which Swithinbank 
(1963) measured surface velocities' the mass flux is 17.8 + 1.8 ka3/yr 
(the tabulated value in Giovinetto et al. (1966) was 16.3 + 10.6 km3/yr]. 

The ice discharge through most of the other major outlet glaciers 
(Scott, Amundsen, Beardmore, Niarod, and Mulock Glaciers) has been taken 
unchanged from the tabulation in Giovinetto et al. (1966). Estimates 
for Shackleton and Reedy Glaciers, on which no velocity measurements 
have been made, were obtained by interpolation and extrapolation from 
an arbitrary, ad hoc plot (of the ratio of the measured mass flux to 
the width at the mouth versus distance along the Transantarctic Mountain 
front) for the other outlet glaciers. The contribution to the mass 
input from smaller outlet glaciers and from cirque and piedmont glaciers 
has also been taken from Giovinetto et al. (1966), with a 10 percent 
increase to correct for the extension of the section to Reedy Glacier. 
The total mass flux into the ice shelf across the Transantarctic Moun­
tains, calculated in this way, is (51 + 4) x 1012 kg/yr. 

The other aajor input term is that of mass accumulation on the 
surface of the ice shelf, which was calculated by planimeter from the 
map shown in Figure 10.5. The total mass input so calculated is 
23 x 1012 kg/yr, which corresponds to a mean accumulation rate of 
140 kg .-2 yr-1 over the area of 160,000 ka2. 

The error in the mass input at the surface was taken to be +5 x 
1012 kg/yr, or about 20 percent. This is a conservative estimate, 
since it is the same percentage as that found for all Antarctica by 
Giovinetto (1964) in his thorough analysis of errors, even though both 
the error in individual measurements and the error due to temporal 
variability are substantially less in the radioactive-fallout method of 
Clausen et al. (1979) than in the pit-and-stake method to which 
Giovinetto's (1964) analysis applied. 

The output perimeter for the grid eastern section was taken along 
the RISS line (Figure 10.4). The flux through that perimeter was 
calculated to be (55± 6) x 1012 kg/yr (61 ± 6 km3/yr), using 
velocities from Dorrer et al. (1969) and ice thicknesses determined from 
the RIGGS ice thickness map between Ross Ice Shelf Survey station RS 
(grid coordinates ll.7°S, 2.3°E) and the western limit of the flow band 
and including a flux of 1 km3/yr grid east of RISS station R5, as cal­
culated by Giovinetto and Zumberge (1968). Since the outflow perimeter 
was 75 km or more back from the front of the ice shelf, the region near 
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the ice front where melting at the underside of the ice shelf is known 
to be large (Crary 1961J Giovinetto and Zumberge 1968) was excluded. 
Consequently, no a priori estimate of bottoa melt has been included. 

The standard error in the outflow has been estimated at +10 percent, 
again a conservative figure, since the errors in mean ice thickness, 
and the length of the outflow perimeter are both about 5 percent, and 
the error in the movement rates is less than 1 percent (Giovinetto and 
Zumberge 1968). 

The total mass input, (74 + 6) x 1012 kg/yr, and output, (55 + 6) 
x lol2 kg/yr, differ significantly at the 95 percent confidence level. 
The difference is (19 + 8) x 1012 kg/yr, or 26 + 11 percent of the 
in¥ut. (This is about-40 percent as large as the difference (48 + 29 x 
10 2 kg/yr) between mass input and output calculated by Giovinetto et 
al. (1966) for the whole East Antarctic drainage system feeding into 
the Ross Ice Shelf through the Transantarctic Mountains.] The implica­
tion, then, is that the ice is currently flowing into the ice shelf at 
a rate faster than it is flowing out. The difference is equivalant to 
a mean of 130 ! SO mm/yr as the sum of the rates of increase in ice 
thickness and bottom melting rate for the grid eastern ice shelf. This 
means that if the ice shelf is in steady state, the average basal melt­
ing rate behind the output perimeter must be (130 ! SO) mm/yr. If the 
melting rate is less, the ice shelf must be thickening correspondingly. 

West Antarctic Input 

POr the portion of the Ross Ice Shelf fed from West Antarctica, there 
is no complete measurement of mass input by glacial flow. However, we 
can compare the total mass accumultion rate on the West Antarctic drain­
age basin and Ross Ice Shelf with the outflow, using recent evidence. 
The map of accumulation rate on the ice shelf (Figure 10.5) shows a 
large central region of accumulation rates less than 120 kg m-2 yr-1. 
By extrapolating this region through the adjacent portion of West 
Antarctica, where there are no data, to connect with a similar accumu­
lation miniaum grid northeast of Byrd Station (see map in Bentley et al. 
1964), an accumulation map for the whole drainage basin has been drawn 
(Figure 10.6). This leads to a mass input (150 + 30) x 1012 kg/yr, 
corresponding to an average accumulation rate of-125 + 25 kg m-2 yr-1 
over the area of 1.2 x 106 km2. An error estimate of-!20 percent 
has been adopted, as previously explained. 

The aass flux out was calculated as follows. Prom the boundary line 
dividing Bast Antarctic and West Antarctic outflow along the RISS track 
(Dorrer et al. 1969) to the flow line that forss the grid eastern limit 
of flow band MNOP(Jl in Thomas and Bentley (1978a) (Figure 10. 4) , an 
average ice thickness of 325 a was taken from the RIGGS ice thickness 
map, and a mean velocity of 872 m/yr was calculated from the RISS work 
(Dorrer et al. 1969). The cross-sectional length is 235 km. This leads 
to a flux of 60 x 1012 kg/Jr. The outflow from the Thomas and Bentley 
(1978a) flow band is 41 km /yr corresponding to 37 x lol2 kg/yr. 
There remains a small section between Edward VII Peninsula and the grid 
western side of Thomas and Bentley (1978a) flow band (Figure 10.4)J 
here estimates of 300 m/yr for the velocity, 340 m for the ice 
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FIGURE 10.6 Surface balance rate (mm/yr) West Antarctic/Ross Ice Shelf 
system. 

thickness, and 46 km for the cross-sectional length lead to a mass flux 
out of 4 x 1012 kg/yr. Adopting an error of +10 percent, as on the 
grid eastern part of the ice shelf, leads to a total output estimate of 
(101 ~ 10) x 1012 kg/yr. The input and output are thus not signifi­
cantly different at the 95 percent confidence level. However, since the 
errors were conservatively chosen, the implication of a real difference 
is again strong. The excess, (49 + 32) x lol2 kg/yr, is (33 + 21) - -percent of the input, or a mean of 0.20 m/yr for the thickening-plus-
melt rate for the grid western portion of the shelf. POr steady state 
to exist without bottom melting, the mean accumulation rate over the 
whole drainage system would have to be less than 90 kg m-2 yr-l (90 mm 
equivalent water thickness per year), a figure that is unacceptably low. 

There is an important difference in the nature of the flux differ­
ences in the two cases discussed. POr the grid western ice shelf, the 
input is calculated entirely from snow accumulation rates within the 
past 25 years. The response time of the glacial system to a varying 
input is certainly much larger than 25 years, so the excess input could 
simply reflect a snowfall in the past few decades that is 33 ~ 21 per­
cent larger than the long-term mean. POr the grid eastern ice shelf, 
on the other hand, the snowfall input is only 30 percent of the total 
input, so the flux difference nearly equals the accumulation rate--the 
long-term mean accumulation rate would have to be nearly zero to yield 
balance. Thus, the evidence for real dynamical imbalance and/or bottom 
melt is stronger in the grid east than in the grid west, even granted a 
!!!! imbalance in both areas. 

It should be noted further that a positive flux difference in the 
grid eastern sector means directly that the ice shelf itself is either 
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thickening or melting, whereas in the grid western part there might 
simply be an average increase in thickness of the ice in the entire 
drainage system, not necessarily any thickening or melting of the Ross 
Ice Shelf itself. Since the studies previously mentioned (Thomas and 
Bentley 1978a) imply indeed that the thickening-plus-melting rate for 
the ice shelf is small, the positive mass balance, if it is real, would 
suggest a buildup of the West Antarctic inland ice, possibly in a 
recovery phase following a former surge of the inland ice. 

TEMPORAL VARIATIONS OP THE ICE SHELP 

Thomas and Bentley (1978b) and Lingle (1984) modeled the retreat of 
the West Antarctic ice sheet after the Holocene maximum. Incorporating 
the effects of sea-level rise, which tends to force the grounding line 
to retreat, and shear stress along the margins of the ice shelf, which 
tend to inhibit retreat, the modeling shows that retreat of the ice 
sheet from the edge of the continental shelf began about 15,000 years 
before present (BP) and that the present-day Ross Ice Shelf was largely 
established by about 7000 yr BP. An important result of these calcula­
tions is that buttressing of the inland ice sheet by the bounded ice 
shelf probably prevented a much deeper penetration of the grounding line 
into the interior of West Antarctica, perhaps reducing the entire marine 
portion of the inland ice to an ice shelf or removing it altogether. 
Interpretation of the isostatic gravity anomalies in the Ross Embayment 
(Greischar and Bentley 1980) supports the history of ice-sheet retreat 
deduced from the modeling studies. Long-wavelength isostatic gravity 
anomalies show a clear trend of increasingly negative values from about 
0 near Ross Island to -15 mgal near the Siple Coast (Bentley et al. 
1982), which is consistent with incomplete rebound from a former crustal 
depression resulting from glacial loading and a relative maximum over 
the central part of the ice shelf, which implies early crustal unloading 
in an area where, according to the model results, the grounding line 
first retreated. Greischar and Bentley (1980) calculated that, in the 
absence of changes in the ice sheet from other causes, isostatic uplift 
will cause a readvance of the grounding line at rates of 25-200 m/yr, 
eventually reaching a position running roughly from Roosevelt Island to 
Beardmore Glacier. 

On a shorter time scale, there is evidence suggesting that the state 
of the ice shelf varies considerably over periods of several hundred 
years. Bentley (1981) observed both transverse and longitudinal varia­
tions (i.e., variations along a flow line) in basal reflectivity and 
signal strengths from internal layers as recorded on radar sounding of 
a section of the ice shelf comprising ice flowing from a group of valley 
glaciers between Beardmore and Nimrod Glaciers (Figure 10.7). Correla­
tion between individual glacier bands was good enough to yield a strik­
ing pattern of large variations in reflection characteristics every few 
centuries for some 1400 years. Although he proposed no specific causal 
mechanism for these variations, Bentley (1981) suggested that they are 
related to fluctuations in the grounding lines of the valley glaciers 
induced by climatic changes. This idea is supported by a correspondence 
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FIGURE 10.7 Map of grid eastern portion of the Ross Ice Shelf, shoving 
the relationship of flight lines to the Transantarctic Mountain glaciers 
and the ice-shelf flow band. The numbered and lettered lines denote 
NSF/SPRI/TUD and RIGGS flights, respectively. 
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between the glacial variations with time and oxygen isotope ratios in 
ice cores from Byrd Station (Johnsen et al. 1972) and Dome C (Lorius et 
al. 1979) (Figure 10.8). Unfortunately, the glacial record for the last 
200 years is missing, owing to poorly known velocities close to the 
mouths of the alpine glacier. 

The flow band from Nimrod Glacier itself, however, shows no signifi­
cant deviations from zero for the thickening-plus-melting rate (Figure 
10.9). The most likely interpretation of this is that the rates of 
thickening and of bottom melting are separately small and that neither 
has changed auch over the last 1500 years. If so, and if Nimrod Glacier 
is typical of Bast Antarctic outlet glaciers cutting the Transantarctic 
Mountains, then the iaplication is that the mass flux of East Antarctic 
inland ice into the Ross Ice Shelf has been steady over that period of 
time. Furthermore, since the conditions controlling bottom balance 
rates are unlikely to be related to the flow bands (except perhaps 
close to the glacier mouths), it is reasonable to conclude that the 
bottom balance rates over a much more extensive area of the ice shelf, 
determined by the subglacial oceanic circulation pattern, have probably 
remained little changed over the last fifteen centuries. 

The small thickening-plus-melting rate for the Nimrod Glacier flow 
band contrasts with the large positive value for the whole grid eastern 
part of the ice shelf. If both numbers are correct, then different 
parts of the shelf must behave differently. One might speculate, for 
example, that the thick ice of the Byrd Glacier flow band is undergoing 
particularly strong melting. 

If one examines the fluxes in the alpine glacier bands, very large 
relative changes can be seen--up to a factor of 10 for one of thea 
(Figure 10.9). The flux changes are not coherent between glacier bands, 
nor are their changes large enough in total volume to affect the overall 
picture for the ice shelf. Nevertheless, the alpine glacier variations 
do show that large local changes, presumably climatically controlled, 
can take place on time scales on the order of centuries. 

Further evidence of recent changes in the ice shelf comes from an 
analysis by Jezek (1984) of reflectors in the ice shelf downstream of 
Crary Ice Rise. Although the nature of the reflectors has not been 
determined, they can be traced downstream across the ice shelf. These 
tracks were found to cut across the flow lines drawn on the basis of 
present-day velocities (Figure 10.10). Jezek (1984) interpreted this 
aa a lateral migration of the source of the reflector, which he believes 
to be the grid eaatern margin of Crary Ice Rise, in the sense of an 
areally shrinking ice rise, with the most rapid change occurring about 
400 years ago. That the fluctuations in the ice shelf are regionally 
controlled is suggested by the additional observation of a discrepancy 
between a reflector track near the Siple Coast and the associated 
velocity vectors. A steady-state ice shelf for the last 200 years is 
implied by the parallelism of the reflector tracks and velocity vectors 
near the sources of the reflectors both at Crary Ice Rise and on the 
Siple Coast. 
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FIGURE 10.8 (a) •Quality• versus residence time on the ice shelf for 
the bands corresponding to Jacobsen and Ekblad glaciers (JEG), Davidson 
Glacier (DG), and Robb Glacier (RG). Black sections have high 
•quality,• as defined in Bentley (1981), compared with that in white 
sections. (b) Oxygen isotope ratios versus age in drill holes at Dome C 
(East Antarctica) and Byrd Station (West Antarctica). Black sections 
correspond to relatively high ~l8o values (algebraically), i.e., 
warmer temperatures, white sections to relatively low ~l8o values. 
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FIGURE 10.9 Fluxes from the glaciers feeding the band delineated in 
Figure 10.7. Note the different flux scales for the outlet and alpine 
glaciers. The •unified distance• is a scale with an adjustable zero 
point chosen to make the plotted distances approximately equivalent to 
the same residence time on the ice shelf for each glacier band. 
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FIGURE 10.10 Debris tracks (heavy lines) and a flow line (dashed line) 
based on the velocity vectors downstream of Crary Ice Rise. 

<X>NCLUSIONS 

1. The Ross Sea drainage system of the West Antarctic Ice Sheet is 
probably gaining mass at present. 

2. The grid western Ross Ice Shelf is now in, or close to, steady state, 
and has been over the last two centuries. 

3. The Ross Ice Shelf is capable of noticeable changes in its dynamics 
on a century time scale. 
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4. The fluxes froa Transantarctic alpine glaciers show changes as large 
as an order of magnitude with paeudoperioda of a few centuries, but 
the flux from at least one outlet glacier (Himrod) appears to have 
been steady for the last millenium and a half. 

S. The apparent contradiction between the input-outflow difference for 
the entire Bast Antarctic-fed part of the Rosa Ice Shelf, which is 
significantly positive, and that for the Nimrod Glacier flow band, 
which is close to zero, suggests that melting rates or thickening 
rates (or both) vary strongly across the ice shelf. 
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A'l'TACIMENT 11 

ANTARCTIC MASS BAIANCE1 GLACIOIDGICAL EVIDENCE FROM 
ANTARCTIC PENINSULA AND WEDDELL SEA SECTOR 

INTRODUCTION 

c. s. M. Doake 
British Antarctic Survey 

Stretching northward to within 1000 km of South America, the Antarc­
tic Peninsula is the closest part of Antarctica to any other continent 
and reaches to the lowest latitudes. The climate is generally the warm­
est in Antarctica, and the peninsula has the highest snowfall. With 
mountain peaks more than 2000 m high along most of its 1500 km length, 
the peninsula acts as a topographic barrier separating the atmospheric 
circulation patterns over the Pacific Ocean to the west from those over 
the Weddell Sea to the east. TWo distinct climatic regimes can be 
recognized, with a divide close to the eastern escarpment of the penin­
sula. Temperatures are up to 7°C lower on the Weddell Sea side, where 
the temperature regime is dominated by extensive sea ice. The Weddell 
Sea contains the most persistent sea ice, which in summer can account 
for half the total amount around Antarctica. 

Ice shelves fringe the coast of the Antarctic Peninsula, but whereas 
on the Weddell Sea side the Larsen Ice Shelf reaches almost to the 
northern extremity of the peninsula at 64°S, on the western side ice 
shelves extend only as far north as 67°S. The apparent existence of 
the ice shelves close to their climatic limit and the recent retreat of 
their ice fronts suggests that they should react sensitively to changes 
in atmospheric or oceanic temperatures or to shifts in accumulation 
patterns. 

Much of both the East and West Antarctic ice sheets drain into the 
Ronne-Filchner Ice Shelves, which together make the largest ice shelf 
by volume and which form the southern boundary of the Weddell Sea. Cold 
water produced by melting on the underside of the ice shelf flows into 
the Weddell Sea where mixing with saline waters released by sea-ice 
formation helps to create Antarctic Bottom Water. A lobe of thin ice 
in the center of the Ronne Ice Shelf is the result of flow being impeded 
by a locally grounded area between Korff and Henry ice risesJ thinning 
of the ice shelf by only a few meters would remove this restriction and 
reduce the restraint on the inland ice sheet. 

On the sub-Antarctic island of South Georgia, evidence of glacial 
retreat over the past hundred years can be recognized from terminal 
moraines. 
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MASS BALMCB 

'l'he total area of groundecl ice in Antarctica is about 12 x 106 km2 
(Drewry et al. 1982). Recent estiaates of accuaulation rates have been 
aade using eaissivity values aapped at 31 GBa by the NDKBUS-6 satel­
lite's scanning microwave spectrometer (SCAMS) (Rotman et al. 1982). 
By ccabining these data with the generalized map of Antarctic surface 
elevations (Revelle 1983), the resulting estimates of net accumulation 
over Antarctica, split into ten regions (Figure 11.1) are shown in 
Table 11.1. Five iaohydropleths have been used, giving six categories 
tor accuaulation in each region. The drainage basins for the Ronne, 
Pilchner, Amery, and Ross Ice Shelves were taken froa selected ice flow 
lines on the surface elevation aap of the Scott Polar Research Institute 
Antarctic folio series (Drewry (ed.) 1983]. The total accumulation over 
the Antarctic Peninsula has also been calculated using measured values 
of accumulation rate at various sites (R. Prolich, personal comaunica­
tion). The measurements were aade using different techniques, including 
oxygen-isotope layering, a-activity, shallow seismic refraction studies, 
and snow stakes. There are sufficient values to construct curves of 
accumulation against altitude for different regions and to sua the 
accumulation within every 500-m contour interval. The total accumula­
tion is given in Table 11.1. Table 11.2 shows that nearly one quarter 
of the Antarctic ice sheet flows into the Ronne-Filchner Ice Shelves, 
and almost one quarter of the total accumulation for Antarctica falls 
over the Antarctic Peninsula and catchment areas, which eventually con­
nect with the Weddell Sea. The high accumulation rate over the Antarc­
tic Peninsula means that it r,ceives 8 percent of the total accumulation 
while covering only 2.5 percent of the grounded ice area. However, even 
a gross change in the net accuaulation would have a small effect on sea 
levela the volume of the net annual accumulation for the peninsula of 
about 226 km3 of water equivalent corresponds to removing an average 
of only 0.6 mm from the surface of the world's ocean. Sea level would 
rise on average by 0.5 m if all the grounded ice in the peninsula (about 
180 x 103 km3) were to melt. The fig~re in Table 11.1 for total 
accumulation in Antarctica of 2685 km is higher than some earlier 
estimates, largely because of the high accumulation rates determined 
from the satellite data at 77-79°S, 20°W-40°E, and 73-76°S, 60-900Wr 
areas comprising almost 20 percent of the total (Rotman et al. 1982). 
Data froa stable isotope ratios and a-activity profiles taken in the 
Antarctic Peninsula confirm the satellite-derived accumulation rates 
there (Peel and Clausen 1982), but near the coast around Bast Antarctica 
there is more uncertainty about the values. 

There are great uncertainties about how much ice is lost each year 
because of lack of measurements of ice thickness and velocity around 
the periphery of the ice sheet. It is not feasible to give an accurate 
figure for the mass balance of the Antarctic Peninsula, and other 
evidence has to be examined to decide whether the ice sheet there is 
shrinking or growing. 
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TABLE ll.l Accumulation (km3 water equivalent) over Ground Ice in 
various Catchment Areas 

Accuaulation 'cal 
Region& s S-10 10-20 20-30 30-40 40 'l'otal • of 'l'otal 
Antarctic Paninaula 226 226 8.4 
Ronne Ice Shelf, tiA 0 s 10 37 181 233 8.7 
Ronne Ice Shelf, BA 17 21 s 1 2 46 1.7 
Filchner Ice Shelf, BA 42 38 24 so 24 9 187 7.0 
30 .. - Mary 6 34 48 143 339 S70 21.2 
Mary 8 46 60 23 70 207 7.7 
U.ry-Roaa 1 4S 82 234 277 32 671 2S.O 
Roaa Ice Shelf, BA so 49 99 3.7 
Ro.. Ice Shelf, WA 17 49 32 16 7 121 4.S 
Weat Antarctica 60 26S 32S 12.1 

'l'otal 118 222 2S9 398 629 10S9 268S 
• of 'l'otal 4.4 8.3 9.6 14.8 23.S 39.4 

Avera9e accuaulation • 0.22 • 

&wA, Weat Antarctica' BA, laat Antarctica) 

TABLE 11.2 Characteristics of Selected Drainage Basins 

Area Accumulation 
Region 106 km2 ' km3 ' Ronne-Filchner Ice Shelves 3.0 24.2 466 17.4 
Rosa Ice Shelf 2.4 19.3 222 8.3 
Antarctic Peninsula 0.3 2.4 226 8.4 

ICE-FRONT MOVBMENT 

Since the advent of satellite pictures, it has been possible to 
measure retreat of ice fronts around the Antarctic Peninsula (Doake 
1982). Figure 11.2 shows how the Wordie and George VI Ice Shelves have 
diminished. However, without data on either grounding-line movement or 
of ice velocity or thickness changes it is not possible to interpret the 
breakback unambiguously in terms of ice-sheet disintegration. Despite 
the impressive development of fracture patterns on Wordie Ice Shelf, 
there does not appear to have been any change in the position of the 
grounding liner however, early LANDSAT images are difficult to interpret 
in this region, and no firm conclusions can be drawn. At the southern 
end of the George VI Ice Shelf there is an area of thin ice and partial­
ly sea-ice covered polynya around the Eklund Islands. Reports from 
travelers 30 years ago suggest that there may have been substantial 
changes in this area since then, but these suggestions have been diffi­
cult to confirm. Retreat of the Larsen Ice Shelf on the northeast cor­
ner of the peninsula has been documented and appears to be more than 
would be expected from episodic calving of icebergs. Again, there are 
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• 

, .. 
FIGURE 11.1 Isohydropleths (in units of centimeters of water 
equivalent) over the grounded-ice area of Antarctica (extrapolated from 
Rotman et al. 1982). Dashed lines indicate catchment areas. 

no other measurements of ice thickness or velocity that could be used 
to help to interpret the ice-front movement. 

By way of contrast, the position of Halley station on Brunt Ice Shelf 
in the eastern Weddell Sea (Figure 11.3) has been accurately measured 
by a number of techniques since the International Geophysical Year. A 
recent analysis of the data showed that in about 1972 the velocity of 
that part of the ice shelf doubled from about 400 to 700 m/yr over a 
period of about a year and has been almost steady since then (Simmons 
and Rouse 1985). The position of the ice front has remained prac­
tically constant, small pieces being continually eroded with no large 
icebergs being formed. It appears that the movement of Brunt Ice Shelf 
may be affected by the complex conditions created by curving past McDon­
ald Ice Rumples and being partially driven by Stancom~ills Ice Stream 
to the north. Conditions do not seem to have altered substantially at 
the grounding line, where blocks break off periodically and become 
separat~ from the inland ice. To the extent that Brunt Ice Shelf 
appears.to consist of large icebergs welded together by accumulation on 
sea ice, it would seem to be untypical as an Antarctic ice shelf. How­
ever, there is no evidence that the sudden increase in velocity at 
Halley was due to an increase in velocity across the grounding line. 
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FIGURE 11.2 Receding ice-front positions of Wordie and George VI Ice 
Shelves. 

Recent observations of the shape of the northern ice front of the 
George VI Ice Shelf suggest that the forward velocity can vary substan­
tially from place to place. Velocities increase froa about 100 m/yr on 
the eastern aide to about 700 m/yr on the west (J. R. Potter, personal 
communication). Although the change in velocity across the ice front 
may not be completely uniform, the overall pivotal behavior is reminis­
cent of the movement of Brunt Ice Shelf near Halley. 

OCEANOGRAPHY 

The physical and chemical properties of the sea under an ice shelf 
affect the bottom melting or freezing rate. Both the flow of the ice 
shelf and the final properties of the seawater depend on this interac­
tion, yet it remains one of the least understood of the processes that 
determine the mass balance of the ice sheet. Measurements of current, 
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FIGURE 11.3 Map of Brunt Ice Shelf. Dotted line indicates approximate 
flow line through Halley. 

temperature, salinity, and oxygen-isotope ratio with depth have been 
made at both the northern and southern ends of George VI Sound (Potter 
and Paren in press). Very slack flow characterizes most of the channel 
cross section. Temperature against salinity plots for the northern ice 
front show a linear behavior (Figure 11.4), in accord with a simple 
process of a closed two-component system in which freshwater ice melts 
in warm seawater of fixed temperature, salinity, and oxygen-isotope 
ratio. More complicated plots from the southern ice front suggest that 
more water components are involved, where the temperature of all but 
the deepest water is colder than at the northern ice front. Data from 
elsewhere such as the Ross and Weddell Seas cannot be interpreted so 
clearly. The accumulation over the catchment area for the George VI 
Ice Shelf can be calculated accurately, allowing estimates to be made 
of both the average melt rate and the mean isotope ratio of the melt, 
assuming steady state. The estimated average melt rate, of around 
2 m/yr (Table 11.3), agrees within error limits with the observed 
currents at the northern ice front. It also falls well within the range 
of melt rates deduced from measurements on the surface of the ice shelf 
of ice flow and deformation (Bishop and Walton 1981). Assuming that 
the relationship between isotope ratio and temperature/altitude observed 
today has remained unchanged, the mean isotope ratio of the melt, cal­
culated from extrapolating a plot of salinity versus isotope ratio to 
zero salinity, agrees well with the value expected if there has been no 
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FIGURE 11.4 Temperature-salinity relationship for five sites in George 
VI Sound. Numbers against the data points indicate depth in meters. 

TABLE 11.3 Bottom Melting Rates for Selected Ice Shelves 

Ice Pront In~t Melt 
Len9th Thick. Vel. Cal vine) J!!. IYr Melt Area Rate 

Ice Shelf (lea) (lea) (kll/yrl ~ea3jyr Inland Shelf (lea3/Yrl lo3~ea2 (a/Yrl 
Roaa 600 0.25 1.0 150 222 105 177 526 0.3 
Ronne 500 0.25 1.1 138 279 190 331 380 0.9 
Pilchner 180 0.35 1.3 82 187 47 152 93 1.6 
Roone and Pilchner 220 466 237 483 473 1.0 
Geor9e VI 4 42 11 49 25 2.0 

dramatic change in the altitude distribution of the snow surface in the 
catchment area over the past few thousand years. 

RONNB-PILCRNER ICE SHELVES 

~gether, the Ronne-Pilchner Ice Shelves drain about three-million 
square kilometers of the Antarctic ice sheet, both Bast and West. Most 
of the ice discharged from the inland ice sheet into the ice shelves 
flows through ice streams. Long-base-length hydrostatic tiltmeters have 
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been used on Rutford Ice Stream to locate the position of the grounding 
line accurately, in order to monitor possible changes in the future 
(Stephenson and Doake 1982). Recently, a rumpled area between Korff 
and Henry ice rises has been surveyed (Figure 11.5). Large-amplitude 
surface relief indicates that the ice is grounded, although not strongly 
enough to form an ice rise. Combining measurements of surface elevation 
and ice thickness (Figure 11.6) shows that grounding across the rumples 
has thickened the ice by between 10 and 30 m above that required for it 
to float (A.M. Smith, personal communication). Downstream of the rum­
ples a lobe of thin ice, around 200 m thick, stretches to the ice front. 
Restraint across the grounded area reduces the forward velocity, proba­
bly to between 10-100 m/yr, effectively blocking flow between the ice 
rises. The major ice streams draining Bast and West Antarctica are 
diverted to the east of Henry Ice Rise and to the west of Korff Ice 
Rise, respectively. Further study is needed to find out if the rumpled 
area is an ephemeral feature or whether it plays a critical role in 
determining the outflow from the ice sheet. 

Radio echo measurements indicate strong bottom melting over most of 
the Ronne-Filchner Ice Shelves apart from the thin central area (Robin 
et al. 1983). Using estimates at the ice fronts of thickness, velocity, 
and total length gives the amount of ice expected to be lost by calving 
when averaged over a period of several years and assuming that the mean 
position of the ice front remains constant. Combining this estimate 
with that of the ice input from the catchment area and the accumulation 
over the ice shelves themselves suggests that the average melt rate for 
both ice shelves must be around 1.0 m/yr. A similar calculation for 
Ross Ice Shelf suggests an average melt rate of 0.3 m/yr (Table 11.3). 
For these three ice shelves the total amount of ice lost by bottom 
melting could be twice that estimated for all ice shelves given in 
other attempts to calculate the mass balance (Bardin and Suyetova 1967J 
Kotlyakov et al. 1978). This gives an indication of the certainty 
surrounding mass-balance calculations. 

ANTARCTIC PENINSULA 

Retreat of the ice margin has been observed at a few sites on the 
west coast of the peninsula in recent years, mainly at occupied sta­
tions. It is uncertain to what extent this phenomenon is due to cul­
tural effects, such as increased albedo because of deposition of dirt 
of various forms. Along the west coast of the peninsula, most sites 
for stations are chosen on bare rock, so that by definition they are in 
a zero net accumulation zone. The few accumulation measurements that 
have been made in the northern part of the peninsula suggest that accum­
ulation initially increases quickly with altitude near the coast. A 
small shift in the position of the equilibrium line would give an exag­
gerated effect on the nearly stagnant ice ramps that have been seen to 
retreat, without necessarily causing any significant change in the over­
all balance. 

The pattern of melt rates deduced over the George VI Ice Shelf from 
surface measurements of ice movement and deformation (Bishop and Walton 
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FIGURE 11.5 Ice thickness contours for Ronne-Filchner Ice Shelves. 

1981) suggest either that bottom melting is highly variable or that 
there is a time dependence to the flow distribution. There is no reason 
to suppose that oceanographic conditions are so inhomogeneous that they 
could be responsible for the variability, and it seems more reasonable 
that the complex interaction between all the glaciers feeding the ice 
shelf can transmit disturbing influence over large distances. Phase­
sensitive radio echo sounding should be accurate enough to confirm 
whether ice thickness is changing with time. 

A direct measure of changing ice volume, apart from satellite alti­
metry, is to measure a surface profile between two fixed rock stations. 
A 2-km line across a snowfield in the peninsula showed no significant 
change over the period 1975-1980. 

A 19-yr-long tidal record from Faraday station on Argentine Islands 
shows that there has not been any increase in mean sea level (J. c. 
Farman, personal communication). A slight fall might be possible, 
although masked by noise. Gravitational attraction by the ice sheet 
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FIGURE 11.6 Surface elevation and bottom profile of ice rumples 
between KOrff and Henry ice rises, Ronne Ice Shelf. 

acts in such a way that a decrease in ice volume would lead to a local 
fall in sea level close to Antarctica. This change could be concealed 
by other factors, but the tidal data might be taken as indicating that 
at least there has been no net increase in ice mass over the past two 
decades. 

PINE ISLAND GLACIER 

Pine Island Glacier has been suggested as the area showing possibly 
the greatest potential for rapid ice-sheet disintegration (Stuiver et 
al. 1981). This conclusion is based on the belief that if sea level 
rises or if the ice thins then retreat of the grounding line will con­
tinue into the heart of the West Antarctic ice sheet until stopped by a 
high step in the bedrock. Two ratio echo sounding flights in February 
1981 crossed Pine Island Glacier (Crabtree and Doake 1982). These data 
showed that Pine Island Glacier floats on the sea for about 90 km and 
that the present grounding line appears to be held at the foot of a rock 
bar about 200 m high. Landsat images have been used to determine the 
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velocity of the ice front. Using both velocity and thickness data, a 
atmple ice shelf model shows that Pine Island Glacier does not appear 
to be undergoing any extraordinary behavior. However, this can not be 
taken as evidence for either that the glacier is necessarily in an 
equilibrium state now or that it may not in the future suddenly retreat. 
Mass-flux calculations over the catchment area appear to indicate a 
positive balance, with the total annual input of 86 ± 30 km3 water 
equivalent exceeding the annual mass flux at the ice front of 25 ± 6 km3 
water equivalent by a considerable amount. The mass-balance figures 
are baaed on sparse data, but the inference of a positive balance is 
similar to that made for other drainage basins of major outlet glaciers 
in Bast Antarctica. 

CL~TIC TRENDS 

Meteorological recorda have been kept since the beginning of the 
century in the Antarctic Peninsula region. A alight warming has been 
apparent from the 1940s until the mid-1970a. There is a good correla­
tion between oxygen isotope ratios in a core from the southern Antarctic 
Peninsula and temperatures recorded at Faraday, 700 km north (D. A. 
Peel, personal communication). The deepest hole drilled in the penin­
sula so far has recovered ice 500 years old on James Rosa Island 
(Ariatarain et al. 1983). 

Retreat of glaciers on South Georgia, which lies just within the 
Antarctic convergence, has left annual terminal moraines. They document 
almost continual recession over the past hundred years, with a period 
of readvance in the 1920s and 1930s (R. J. Timmia, personal communica­
tion). Hodges Glacier, South Georgia, was intensively studied as part 
of the International Hydrological Decade program and also showed contin­
ual wastage since the 1950s. This century mass balance correlates well 
with mean annual air temperature and with percentage of depressions 
passing to the north of the island. 

Sea-ice extent has only been estimated consistently and accurately 
since satellite observation became possible. There has been no signifi­
cant long-term trend over the past 10 years (Zwally et al. 1983). How­
ever, recorda from whaling stations show that much greater northerly 
limits have been achieved this century, with South Georgia being sur­
rounded at times. The connection between sea-ice cover and ice-sheet 
mass balance is unknown. 

CONCLUSION 

There is no definitive evidence of significant changes in mass 
balance in the Antarctic Peninsula or the Weddell Sea area. What data 
there are suggest a net mass loss rather than gain, but no quantitative 
estimates can be made. 

A change in climate could affect either component of the mass bal­
ance--accumulation or ablation. The volume of the total annual accumu­
lation of around 2500 km3 corresponds to removing an average of almost 
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7 mm from the surface of the sea. There ia great uncertainty in the 
accumulation figure, and nothing is known about any probable annual 
variability. However, trends over time scale• of the order of decade• 
could give an immediate effect on sea level while being of too abort 
term to start affecting the proceaaea that regulate the discharge, and 
hence ablation, of ice. Because of the known local variability of 
accumulation with position, it could be difficult to make sufficient 
shallow-core measurements to determine statistically significant trends. 
However, the problem would seem to focus attention on near-surface pro­
ceases. 

Deeper-seated processes influence the flow of ice. An increase in 
mass loss implies more ice, or ita melt, reaching the aea either through 
ice streams feeding ice shelves or by calving at ice cliffs along the 
coastline. Once afloat, further melting does not affect sea level 
although there may be a reaction on the flow of inland ice. In order to 
determine the influence of climatic change on ablation, it seems neces­
sary to concentrate on factors controlling ice flux across grounding 
linea. Some of the aspects involved would be ice streams-sliding ve­
locity, marginal crevaaaing, and aide-wall shear, ice shelves--bottom 
melting, restraint from aide-wall shear and ice rise pinning, and 
calving. 

The moat direct way of deteraining changes in ice volume over periods 
of a few years or decades appears to be by satellite altimetry. Because 
each drainage basin is likely to react in a different way to changes in 
climate, and because within a single basin there may be conflicting 
evidence of change, it is necessary to gather an overall picture. How­
ever, areas showing greatest activity are probably those near the margin 
and characterized by the highest surface slopes. Thus, an altimeter is 
required that is capable of the necessary accuracy over the steepest 
slopes expected to be found. 
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AT'l'ACIIIENT 12 

ICEBERG DISCHARGE AND 'l'BB MASS BAlANCE OF ANTARCTICA 

INTRODUCTION 

Olav Orheim 
Norsk Polarinstitutt 

Oslo, Norway 

Evaluation of the mass balance of Antarctica requires knowledge of 
input and losses. A number of studies have investigated the mass bal­
ance of limited areas or sectors of Antarctica, e.g., Giovinetto and 
Robinson (1966) and ongoing atudies under IAGP. However, such studies 
cover only part of the Antarctic circumference. Numerous studies have 
also been published concerning the mass balance for the whole conti­
nent. The input--or net accumulation--for Antarctica is probably about 
2 x 1olS kg/yr, and several recent estimates have converged around 
this value following improved data coverage across the continent. Our 
knowledge of the systematic accumulation pattern over the continent is 
now so good that the error in this value is probably less than 20 per­
cent. There seems also to be near-consensus among various authors that 
the total mass balance of Antarctica is positive, even though there are 
large variations in the estimate of the mass loss (Bull 1971). 

The mass loss is mainly in the form of iceberg calving and basal 
melting. The Ross Ice Shelf Project and other studies in recent years 
(e.g., D. R. MacAyeal, University of Chicago, unpublished) have led to 
improved understanding of the melting under the ice shelves, which is 
perhaps around 0.2 x 1olS kg/yr. There are probably large uncertain­
ties in this figure. 

The annual calving rate was estimated by Mellor (1961) as 0.6 x 1olS 
kg/yr and by Suyetova (1966) as 1 x 1olS kg/yr, with most other esti­
mates between these two figures. However, estimates as high as 2-3 x 
1olS kg/yr have also been made (Loser 1973). The uncertainty in the 
calving loss is probably considerably higher than the combination of 
all other uncertainties in the total mass balance. 

The first large data set on icebergs in the southern ocean has now 
become available through international cooperation. In this paper I 
give the first comprehensive presentation of these data, which include 
more than 30,000 icebergs classified by size, and show that this data 
set indicates that the rate of iceberg calving from Antarctica has been 
underestimated. 
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TABLB 12.1 Iceberg Data on File at Horak Polarinstitutt 

Year Classified by size Unclassified Total 
Before 1981 1,924 2,925 4,849 
1981-1982 5,062 737 5,799 
1982-1983 8,855 2,950 11,805 
1983-1984 17,890 3,645 21,535 

33,731 10,257 43,988 

THE ICEBERG DATA 

Only very limited Antarctic iceberg data were available before 1980. 
The most comprehensive sets published by various Soviet authors covered 
1663 bergs. Orheim (1980) published size statistics on 2119 bergs 
observed on the Norwegian Antarctic Research Expedition (NARE) 1978-1979 
and showed that former statistics seemed to be biased in favor of larger 
bergs. Some Australian data was also available from many years of 
observations (e.g., Budd et al. 1980), but there was clearly a need for 
more extensive field observations. 

In 1981 I therefore proposed, through the SCAR Working Group on 
Glaciology, to organize the systematic collection of iceberg statistics, 
and we have since then regularly distributed standard forms to all ships 
going to Antarctica. On these forms the icebergs are recorded in four 
length classes: 10-50 m, 50-200 m, 200-500 m, and 500-1000 m, and those 
over 1000 m length are described individually. The number of partici­
pating ships has increased greatly from the start in 1981-1982 (Table 
12.1), and practically all ships to Antarctica took part in the collec­
tion during the 1983-1984 season. All data are put on file at Horak 
Polarinstitutt, and we return to each participating nation printed 
copies of their data and plots of !!! data received. We also provide 
on request the data for any particular area and in general can provide 
selected data in any manageable form to those who take part. We believe 
that this collection of data has a value larger than the sum of its 
parts and that it should be made attractive to those providing raw data. 
The data set is growing rapdily and includes now more than 3000 separate 
observations. Table 12.1 shows the status on 9 September 1984, when it 
included data on 44,000 bergs, of which over 33,000 were classified by 
size. More data were still being received and processed for 1983-1984. 

The number of classified icebergs observed in recent years are shown 
in Table 12.2. It should be noted that some observers have not recorded 
icebergs in the smallest size category, and our experience indicates 
also that there will be a tendency to overestimate the size when based 
on radar observations alone. Some compensation has been done for the 
latter, but this only affects a small fraction of the large icebergs. 

The mean volumes are computed for each size are shown in Table 12.3. 
The volumes of the bergs greater than 1000 m are computed as the pro­
ducts of the observed lengths, widths, and freeboard x 7. Not all 
records include data on all three dimensions, and occasionally bergs 
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TABLB 12.2 Claaaified Icebergs 

Year Number 
970 
624 

1977-1981 177 
97 
56 

1,924 

1,863 
2,346 

1981-1982 662 
146 

45 

5,062 

2,575 
2,823 

1982-1983 2,265 
853 
339 

8,855 

6,345 
5,277 

1983-1984 3,747 
1,898 

623 

17,890 

Size (m) 

All Years 10-50 
50-200 

200-500 
500-1000 

>1000 

' Size (m) 

50.4 
32.4 
9.2 
s.o 
2.9 

36.8 
46.3 
13.1 

2.9 
0.9 

29.1 
31.9 
25.6 
9.6 
3.8 

35.5 
28.5 
20.9 
10.6 

3.5 

Number 
11,753 
11,070 

6,851 
2,994 
1,063 

33,731 

10-50 
50-200 

200-500 
500-1000 

>1000 

10-50 
50-200 

200-500 
500-1000 

> 1000 

10-50 
50-200 

200-500 
500-1000 

0.015 
0.96 

17.92 
112.5 
Measured 

individually 
Total volume 

0.015 
0.96 

17.92 
112.5 
Measured 

individually 

0.015 
0.96 

17.92 
112.5 

Total volume 

o.o 
10.6 

3.2 
6.3 

368.1 
378.2 

o.o 
9.3 

11.9 
16.4 

314.5 
345.1 

o.o 
2.7 

40.6 
96.0 

>1000 Measured 
individually 130.2 

269.5 

10-50 
50-200 

200-500 
500-1000 

>1000 

' 34.8 
32.8 
20.3 
8.9 
3.2 

0.015 
0.96 

17.92 
112.5 

Total volume 

Measured 

0.1 
5.1 

67.1 
213.5 

individually 263.9 
Total volume 549.6 

Total volume (109m3) 
0.2 

10.7 
122.8 
332.2 

1,076.7 
1,542.6 

may be recorded as greater than 1000 m without size information. The 
following dimensions are used where information is not recorded: length 
• 1000 m1 width • 0.75 x length7 and thickness • 300m. 

The choice of the numbers 7 x freeboard, or 300 m, for the thickness 
is based on the limited thickness observations available, which also 
show the somewhat unexpected result that for the large icebergs there 
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TABLE 12.3 Calculated VOluae of Classified Bergs 

Size class (m) Length (m) Width (m) Thickness (m) VOlume (106 m3) 
10-50 30 25 20 0.015 
50-200 120 100 80 0.96 

200-500 320 280 200 17.92 
500-1000 750 600 250 112.5 

> 1000 Measured individually 

is no correlation between thickness and horizontal dimensions. In 
reality many icebergs are not right-angled parallepiped in shape, but 
our observations show that this is a good approximation for most of the 
larger bergs. 

TOTAL ICEBERGS IN THE SOUTHERN OCEAN 

TO determine the total number of icebergs in the Southern Ocean 
requires evaluation of (a) the presence of repeated observations and 
(b) which fraction of the relevant ocean area has been observed. 

(a) Repeated observations can be present within the records from 
one ship or between records from different cruises. The observations 
are normally made at 6-hour intervals at each ship. This means that 
the observing circles, whether by radar or visual, will not normally 
overlap. A typical observer elevation of 20 m will give a maximum 
radius of observation to an iceberg of 30 m freeboard • 21 nautical 
miles, i.e., there will be no overlap of observation at velocities of 7 
knots or higher. The data have been corrected in cases of repeated 
observations from slower-moving or stationary ships. 

It is more difficult to avoid repeated observations from two ships 
traversing the same area, or from one ship revisiting the area. COnsid­
erable care is taken to eliminate from the files multiple recordings of 
icebergs greater than 1000 m. This has been done even when the obser­
vations are made from different ships because the large bergs are usual­
ly well described and unique within a limited area. It is not possible 
to avoid multiple recording of smaller bergs if two ships pass the same 
area close in time, but such instances are not frequent, and this will 
not be a large error in the total mass of icebergs. Indeed, this will 
not introduce any error in computed total icebergs in the Antarctic 
ocean provided the iceberg distribution is representative. 

(b) The total area of observing circles has been computed for each 
season based on the data for the elevation of the observing platform(&) 
on the ships and taking the iceberg freeboard as 30 m. Often the 
records include information on visibility, which is then used for the 
visual observations. Our experience indicates that the real observed 
area is commonly less than this computed theoretical area. However, 
using this computed area we find that the maximum ocean area south that 
has been observed in various years is shown in Table 12.4. The fraction 
is based on the Southern Ocean area south of the Antarctic convergence, 
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TABLE 12. 4 Maximua Ocean Area ObHrved 

Obaerved Praction Total Ice 
Area of Southern VOlWM Maaa 

Year (106 ka2) Ocean 
Total N\Jm)era 
of Berga 10 • (lol2 a3) (lol5 kg) 

1981-1983 1.9 
1983-1984 2.4 
All year a 5 ( ?) 

1/19 
l/15 
l/7 

340,000 
330,000 
325,000 

12.0 
8.5 

11.4 

9.6 
6.8 
9.1 

which equals 37 x 106 km2. The total numbers are computed using the 
data from Table 12.2, and the mass is based on density of 800 kg/m3. 

ANNUAL ICBBBRG PRODUCTION 

... 

To estimate annual iceberg production requires evaluation of the 
residence time of the bergs, i.e., their •life expectancy.• Drift 
measurements (~hernia 1977J ~hernia and Jeannin 1980J Vinje 1980) 
show that an iceberg from 50°B, which follows the coastal current, will 
take less than 1 year to reach the southern Weddell Sea and then 2 to 3 
years to move north into the westwind drift. Some bergs do not drift 
into the Weddell Sea, and these take less than 1 year to reach the 
westwind drift. Icebergs starting further east seem to drift less far 
along the coast before moving north away from the coast. 

Several authors have estimated the half-life of the icebergs starting 
from the continent (e.g., Budd et al. 1980J Orheim 1980J Kristensen 
unpublished), and the consensus seem to be that the half-life is 2 to 5 
years for bergs near the Antarctic coast and about 1 year for those that 
have drifted northward from the continent and into the westwind drift. 
OUr monitoring of bergs that have reached the Antarctic Convergence 
indicate a half life of less than a year once the bergs have reached 
these warmer watera. 

An •average• half-life of bergs south of the Antarctic Convergence 
seems to be 2 to 4 years. Combining a 4-year half-life with the above 
iceberg observations leads to an mean annual calving rate from Antarc­
tica of 2.3 x lol5 kg, i.e., a larger loss than the net accumulation 
of 2 x 1015 kg. 

The three main objectives that can be raised to this conclusion are 
the following: 

(1) The iceberg data collected so far are not representative in time 
or space, especially that iceberg concentration is lower in the less­
studied Pacific sectorJ 

(2) The fraction of the observed ocean is taken to be too smallJ and 
(3) The half-life is larger than hitherto assumed, or we should use 

a longer half-life because most observations are near the continent. 
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Clearly adjuatmenta can be made to all the valuers and aaaumptiona 
used here for 2 and 3. POr example, we could consider the data as 
representative only for the ocean south of 60°S, which, for comparison, 
covers 20 x 106 km. The results are also clearly sensitive to the 
observations of unusually large bergs, which may be overrepresented in 
the eaFlY data. However, we must chooae both to consider the data 
unrepreaentative, combined with an unlikely choice of aaa~tiona, to 
arrive at the commonly used low calving rate of 0.6 x 1olS kg. Con­
tinuation of the iceberg registration program should clarify these 
questions. 

At present state of knowledge I conclude that the international col­
lection of iceberg statistics indicates that the rate of iceberg calving 
from Antarctica is 3 to 4 times higher than the commonly accepted value 
and that the present mass balance of Antarctica may be negative. 
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AT'l'ACII4BNT 13 

GLOBAL LAND-ICB MONITORING: 
PRESBN'l' STATUS AND FOTURB PERSPECTIVES 

Wilfried Haeberli 
Permanent Service on the Fluctuations of Glaciers 

FAGS/ICSU and VAW/ETHZ, ETH-Zentrum 
zurich, Switzerland 

INTRODUCTION 

Efforts to monitor land ice on a global scale date back to the past 
century (POrel and Du Pasquier 1896). The original goal of this under­
taking was to monitor and to analyze changes in cliaate by regularly 
observing the variations of existing glaciers. In recent years, renewed 
attention has been given to the possibility of drastic future changes 
within the cryosphere due to oo2-induced waraing. The need for care­
ful observation of permafrost and its thermal stability is now recog­
nized (Osterkamp 1984), and the collection of glacier fluctuation data 
on an international level is currently being redesigned. 

The Peraanent Service on the Fluctuations of Glaciers and the ~·­
porary ~chnical Secretariat for the World Glacier Inventory are the 
two international services that collect, process, and publish standard­
ized glacier data. It is planned to merge these two services in the 
near future and to fora a new world glacier monitoring program. This 
paper briefly summarizes the background to this development and gives 
some perspectives for the future. 

HISTORICAL BACKGROUND AND PRESBN'l' STATUS 

The International Commission on Glaciers summarized worldwide glacier 
observations in annual reports between 1895 and 1913, and at reduced 
frequency in the time period 1914-1959. Its successor, the Internation­
al Commission on Snow and Ice (ICSI) of the International Association of 
Hydrological Sciences (IABS) established, in 1967, the Peraanent Service 
on the Fluctuations of Glaciers (PSFG) as one of the services of the 
Federation of Astronomical and Geophysical Services of the International 
Council of Scientific Unions (FAGS/ICSU). This resulted in the publi­
cation of three volumes containing glacier fluctuation data: (VOl. I: 
1959-1965, Iasser 1967r VOl. II: 1965-1970, Iasser 1973r VOl. III: 
1970-1975, MOller 1977). Preparation of Vol. IV (Fluctuations of 
Glaciers 1975-1980) is now under way, and publication is planned for 
1985. 

FOllowing recommendations by the •Oomite Special de l'Annee Geophys­
ique Internaionale• in 1955 and by the Coordinating Council of the 

216 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


217 

International Hydrological Decade (1965-1974), a working group of ICSI 
produced a •Guide for the Compilation and Assemblage of Data for a World 
Inventory of Perennial Snow and Ice Masses• published by UNESCO/lABS in 
1970. After a corresponding resolution was passed by ICSI/IAHS, to­
gether with financial support from UNEP, UNESCO, and some member states, 
the Temporary Technical Secretariat for the World Glacier Inventory 
(TTS/WGI) started operations in 1976. The WGI, as a global undertaking, 
will terminate in 1985. 

PSPG publications contain standardized data about changes in length, 
mass, and volume of glaciers. Figure 13.1 illustrates an example from 
the Swiss Alps. The curve of cumulative balances clearly shows the 
spectacular mass losses that occurred around the middle of the twentieth 
century, something that appears to be quite typical for most parts of 
the world. The reaction of glacier tongues to this development very 
much depends on the size of the glacier. Small cirque glaciers flow 
under low stressesr their altitudinal range is smaller than year-to-year 
variations of the equilibrium line position. Variation in glacier 
length, therefore, is a direct reflection of the position of the equi­
librium line and of the mass balance during the corresponding year, 
rather than a consequence of complex dynamic reactions due to changes 
in ice flow. Advance and retreat of medium-sized mountain glaciers are 
expressions of a dynamic response to balance changes that have accumu­
lated over periods of the order of a decade. With a time lag of a few 
years, Trient glacier, for instance, markedly advanced around 1890, 
1920, and in recent years, as a reaction to positive mass balances. 
Aletsch glacier is the longest valley glacier in the Alps. Its dynamic 
response to balance changes is slow and takes place with considerable 
time lag. Only secular variations show up in fluctuations of its 
length. The examples in Figure 13.1 demonstrate that measurements of 
length variation of glaciers furnish information about balance and 
climatic changes of different frequencies and that the strength of the 
signal thereby obtained is approximately inversely proportional to the 
frequency of the recorded variation. 

The World Glacier Inventory is a snapshot of ice conditions on Earth 
during the second half of this century. Detailed regional inventories 
contain information about the location, surface area, width, length, 
orientation, elevation, and morphological characteristics of single ice 
bodies (MOller et al. 1976). Figure 13.2 is an example of a computer 
plot that can be derived from such data. Glacier elevation is related 
to the abundance of precipitation (cf., Ahlmann 1933J Kerschner in 
press). Low values for the equilibrium line altitude, or the mean 
glacier elevation, or the median glacier elevation indicate the exist­
ence of abundant precipitation, of maritime-type glaciers, and of in­
creased runoff in meltwater streams. In regions with elevated glaciers, 
precipitation and runoff are reduced and continental-type glaciers are 
encountered. Such information as represented in Figure 13.2 can be used 
for hydrological assessments (KOtlyakow and Krenke 1982), as well as for 
climatological comparison of glaciers (see below). Preliminary glacier 
inventories will contain less detail, but interpretation of satellite 
imagery should at least furnish data about the glacierized area in all 
parts of the world (Scherler 1983). Graphs and tables in the final WGI 
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FIGURE 13.1 CUmulative mass balance (tb) of Aletsch glaciers and cuau­
lative length chances (tAL) of a cirque glacier (Lischana), a steep 
mountain glacier (Trient), and a flat valley glacier (Aletsch) in the 
Swiss Alps during the past 100 years. Mass balance of the glaciers in 
the Aletsch region is determined by hydrological measurements combined 
with repeated large-scale mapping (Kaeser et al. 1982). 1, lengthJ AH, 
altitudinal extent1 a, overall surface inclination, Tr average basal 
shear stress' h, mean thickness of the glaciers. T and n are estimated 
from data given by MOller et al. (1976) and Maisch and Haeberli (1982). 
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FIGURE 13.2 Median glacier elevations in the Cordillera Blanca (Peru). 
Only glaciers with surface areas >0.1 km2 and exposed to SE, s, SW are 
considered. Computer plot provided by K. Scherler (TTS/WGI, ZOrich). 
publication will indicate what geographical information is available 
for the glaciers in each region. 
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The data described above are being used for many scientific and 
practical purposes. The worldwide retreat of glacier tongues is still 
one of the moat reliable indicators to the pheno.enon that the energy 
balance at the Earth's surface has changed markedly on a global scale 
over the last 100 years. Progress in the parametrization of climate­
glacier relationships (e.g., Kuhn 1981) has allowed paleoglaciological 
and paleoclimatological reconstructions to be made (e.g., Kruaa 1983' 
Haeberli and Penz in press), which show remarkably good agreement with 
direct observations or computer experiments using global circulation 
models (e.g., Manabe and Broccoli 1984). fOrecasting future glacier 
behavior has become a task of increasing importance in aeveral parts of 
the world (Bindachadler 1980, Shi et al. 1980' Rasmussen and Meier 1982) 
and is always baaed on some type of glacier fluctuation data. Assessing 
the influence of glacier variations on runoff is essential for the 
design of hydroelectric power schemes in mountain regions, for irriga­
tion projects in semiarid areas in many parts of the world, and for 
estimating the effect of glacier melt on sea-level variations (Meier 
1984). Information contained in regional inventories is thereby of 
great practical use. 

PERSPECTIVES OF FUTURE GLACIER MONI'roRING 

fOr future world glacier monitoring, it is planned to combine the 
tasks of the two existing services, and thereby collect available stand­
ardized glacier fluctuation data and update preliminary regional inven­
tories for applications in a variety of fields, such as glaciology, 
climatology, hydrology, and Quaternary geology. The future program 
should be so designed as to (1) speed up the documentation of represen­
tative mass-balance studies, (2) provide a better overview of the more 
numerous observations on changes in glacier length, and (3) reach global 
coverage by using statellite imagery for remote areas. 

Time Series of Mass-Balance Studies 

It is planned to update continuous time series of mass-balance meas­
urements and to publish them at annual or bi-annual intervals. Two main 
problema exist: (1) judging how repreaentatative the observations are 
and (2) keeping long-term observations running or even extending the 
measurements to as yet undocumented regions. 

Bow spatially representative glacier fluctuation data are in general 
depends on the time period considered and the climatological aspects 
involved. Appropriate stratification of glacier data and selection of 
reference glaciers require a classification of glaciers with respect to 
climate and glacier size, the two main factors influencing the processes 
of mass exchange at the surface of and within perennial ice bodies. 
The size aspect is less important for mass-balance data because balance 
observations are usually carried out, for practical reasons, on rela­
tively small mountain glaciers. The limited number of observed glaciers 
(around SO) only warrants the use of a simple climatological classifica­
tion, it seems to be most appropriate to combine latitudinal categories 
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(tropical, temperate, and polar zones) with a scheme of maritime, tran­
sitional, and continental-type climates. Figure 13.3 illustrates this 
scheme, which is mainly baaed on the experiences of Russian and Olinese 
authors (Shumakii 1964J Shi and Li 1981J cf., Haeberli 1983). Maritime­
type glaciers are found in regions where the annual pr~cipitation ia 
higher than about 2000 m. The mean annual air temperature at the equi­
librium line is above -2•c. Balance gradients are high (1 m/100 • and 
more), mass exchange with the atmosphere (accumulation and ablation) ia 
intense, and mass turnover within the mostly temperate ice bodies is 
high. Continental-type glaciers are fed by annual precipitation, which 
remains below 500 mm. The equilibrium line is at altitudes where the 
mean annual air temperature is around -1o•c or lower. Balance gradients 
are small (0.1 m/100 m and less, if not disturbed by local winds on 
small glaciers), and mass turnover within the mostly cold glaciers is 
low. Such glaciers often end within the zone of continuous permafrost 

mean annual 
air temperature 

cold surface ice 

::::500mm 

continental I 

ABLATION 

temperate surface ice 

annual precipitation 

transitional 

::::2000 mm 

I maritime 

FIGURE 13.3 Scheme illustrating the structure of the cryosphere as a 
function of temperature and precipitation and serving as a basis for a 
rough climatological classification of glaciers. 
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and have reduced aaas exchange with the atmosphere. Many mountain 
glaciers are in between these two categoriea and may therefore be called 
tranaitional or aubcontinental. 

Pigure 13.4 summarizes the balance variations of seven glaciers in • 
the northern hemisphere during 1970-1980. Strongly po~itive balances 
were observed for high-latitude, maritime-type glaciers, whereas the 
mass of transitional (and continental?)-type glaciers at these latitudes 
steadily decreased. This trend is confirmed by studies on neighboring 
glaciers, and it seems to have continued after 1980 (Haakensen 1984, 
Mayo and Trabant 19841 Weller 1984). It may possibly indicate that the 
increased precipitation that accompanies a general temperature rise in 
polar regions predominantly affects the margins of mountain chains. At 
lower latitudes, the general tendency is less clear. 

It is of fundamental importance that long-term mass-balance observa­
tions be continued. Reduced stake networks need not necessarly mean 
reduced quality of reported data. The linear balance model for single 
glaciers, as proposed and discussed by Lliboutry (1974), is a useful 
tool for cost saving and long-term monitoring of glacier mass balance 
and can also be applied when investigating how geographically represen­
tative local observations are (Reynaud 1980). Most interesting recon­
structions of mass-balance time aeries reaching back into the pas~ cen­
tury have been published in recent years (Martin 1978J 1angborn 1980), 
and it is hoped that they will stimulate similar studies on other 
glaciers. Direct mass-balance observations of ice sheets would become 
feasible should the technique of satellite altimetry of polar ice be 
available in the future (Swithinbank 1980). The realization of this 
would, of course, be of great interest. Information about mass changes 
of the largest ice bodies on Earth is still extremely sparse and, up to 
now, represents the chief limitation to global land-ice monitoring. 

General Fluctuation Data 

Publication of general fluctuation data should continue at 5-year 
intervals and contain all quantitative and standardized information 
available. Emphasis rests on more detailed mass-balance results and on 
the numerous observations of glacier length variation. Numerical values 
of annual and seasonal balance, equilibrium line altitude, accumulation 
area ratio, and balance gradients, together with special glacier maps, 
complement time series of balance results from selected glaciers and 
are primarily of direct glaciological interest. They remain fundamental 
to modeling the behavior of existing as well as of vanished glaciers 
and are essential to a better understanding of glacier advance and 
retreat (Smith and Budd 1981J Kruss and Smith 1983). 

The value of observations on the advance and retreat of glacier 
tongues should not be underestimated. Beyond its practical use in 
densely populated mountain regions, especially the Alps, such informa­
tion remains an irreplaceable tool for extending the information from 
balance studies, both in space and back in time (e.g., Hastenrath l984)J 
the measuring technique is simple and can easily be applied everywhere. 
Futhermore, past glacier advances can be reconstructed on the basis of 
historical records and field evidence (cf., Figure 13.5). In many 
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FIGURE 13.4 CUmulative mass balance (tb) of seven glaciers in the 
northern hemisphere during 1970-1980. Data are from PSFG VOl. III 
(MUller, 1977) and PSFG VOl. IV (in preparation). In brackets are 
latitude and climatic environment (a, maritiaer t, transitionalr c, 
continental). Glaciers are in Scandinavia (Engahbreen, Grasubreen), 
Alaska (Wolverine, Gulkana) , the Alps (Kesselwand) , the cascades (South 
cascade), and the Chinese Tian Shan (Urumqihe). 

cases, the lack of an adequate data base makes it impossible to derive, 
by applying complex flow models, past balance variations from such 
reconstructions. However, much simpler methods may help to calculate 
approximate figures. Thickness changes can be estimated from glacier 
length variations by assuaing that the product of mean ice depth and 
surface gradient (i.e., the basal shear stress averaged over the whole 
glacier length) remains nearly constant (~ a few percent) in time. 
calculated thickness changes then have to be extrapolated for the whole 
glacier surface by taking the variation of surface area versus altitude 
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FIGURE 13.5 History of glacier length variations of two glaciers in 
the Swiss Alps. Reconstruction is based on analysis of direct measure­
ments, historical sources, tree-ring information, 14c-dating, and 
detailed mapping of morainic deposit. The Lower Grindelwald glacier is 
a steep mountain glacier that reacts to balance changes over time 
periods on the order of about a decade, whereas the Great Aletsch 
glacier, a flat valley glacier, shows secular variations only. The 
ordinate represents the distance from an arbitrarily chosen point in 
the case of the Grindelwald glacier and the historical positions of the 
ice front along the central flow line in 1850, 1890, 1927, 1957, and 
1981 in the case of the Aletsch glacier. Note that the time scale is 
different in the two graphs. Simplified after ZumbOhl (1980, Grindel­
wald) and Holzhauser (1983, Aletsch). 

into account, or they have to be calibrated using actually measured 
values. The latter technique has been used for Aletsch glacier to 
reconstruct trends of cumulative balances back into the nineteenth 
century (Figure 13.1). The fact that the front of this glacier is 
currently retreating, despite the most recent mass gains, indicates 
that the glacier tongue does not yet receive increased influx of ice 
from the higher parts of the glacier--a result of the fact that balance 
and length changes are usually nonsynchronous. Moreover, it means that 
mass balance is not simply •uncoupled• from the dynamic response and, 
hence, from the size of a glacier. On the basis of kinematic wave 
theory (Weertman and Birchfield 1983), the time lag between balance and 
length changes of Aletsch glacier can be estimated to be on the 
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order of decadea, and ti• period• of correaponding length ahould be 
considered only when simple (•steady-state•) approaches are uaed. 

Smaller glaciers, which adjust more quickly to change• in climatic 
conditions, should be considered for monitoring variations of higher 
frequency. This implies that worldwide intercomparison of glacier 
length variations can only be reasonably undertaken if glaciers of 
comparable size and similar morphological characteristics are chosen 
for interpretation. Ttae required stratification of the relatively large 
sample (500-1000) of regularly observed glaciers involves geometrical 
parameters that are related to the transfer of mass within the investi­
gated ice bodies. The main parameters are the length (or surface area), 
which defines the travel distance for waves and other forma of down­
glacier energy dissipation (Lliboutry and Reynaud 1981), and the basal 
shear stress, which is related to glacier flow by ice deformation and 
sliding at the bed. The mean basal shear stress of a glacier is the 
key parameter to dynamic ice-flow considerations as well as to recon­
structions of vanished glaciers. It is a reflection of the mass turn­
over within a given glacier. Because mass turnover depends on the mass 
exchange at the surface, i.e., the rate of balance change with altitude 
(activity index, Meier 1961), the mean basal shear stress is in some 
way connected to the balance gradient (continentality) and to the alti­
tudinal extent of a glacier. This concept (Figure 13.6) is baaed on 
geometrical data from Ice Age glaciers and deserves refinement using 
modern thickness determinations, such as radio-echo soundings (e.g., 
Sverriason et al. 1980J Dowdeawell et al. 1984). It involves the idea 
that small glaciers and glaciers in regions of low precipitation (con­
tinental-type glaciers) may flow under low stresses and, hence, may 
react leas intensively to climatic perturbations than large glaciers 
and glaciers in a maritime enviornment (cf., Xie 1982). In fact, the 
geometrical parameters that define the mean basal shear stress of a 
glacier (altitudinal extent, length, surface gradient, cross-sectional 
shape, ice depth) appear to be moat suitable for a geometrical (kine­
matic) classification of glaciers. Appropriate categories of reference 
glaciers, however, still have to be selected by analyzing the topograph­
ical information reported for the observed glaciers and by comparing 
this information with glacier inventory data. 

Satellite Observations of Remote Glaciers 

Regularly observed glaciers are not evenly distributed over all the 
glacerized regions of the world. This problem should, at least partial­
ly, be overcome by the use of satellite imagery. The possibilities and 
limitations of such a program are related to the technical aspects of 
satellite imagery as well as to the characteristics of glacier varia­
tiona. 

Since 1972, Landsat imagery baa enabled repeated planimetric deter­
mination of glacier extension all over the world at latitudes lower 
than about eo• to be made. Well-known limiting factors are clouds, 
snow cover, shadows of mountains, debris cover, and pixel resolution. 
Problema related to clouds and snow can be avoided by frequently 
repeated coverage, but nevertheless strongly reduce the number of 
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FIGURE 13.6 Average basal shear stress (T) of mountain glaciers as a 
function of their altitudinal extent and climatic environment. Data 
are from reconstructions of Ice Age glaciers in the Alps (Maisch and 
Baeberli, 1982). RR, present-day Rhone glacier (thickness measured by 
radio-echo sounding)J GS, late-glacial (Gschnitz) valley glacier. 

usable images. Mountain shadows can make it t.possible to study small 
glaciers or glacier tongues in deep valleys. Thick debris cover hides 
the lowermost parta of many mountain glaciers (Figure 13.7). It delays 
the adjustment of glacier length to climate warming and, hence, can 
strongly reduce the possibility of interpreting glacier length measure­
ments in a simple or straightforward way. Pixel resolution of early 
Landsat MSS imagery was on the order of 80 m, but it was improved with 
Landsat 3-RBV and Landsat 4~ to around 30 m. SPOT imagery, which 
will seemingly replace the Landsat series in the late 1980s, is planned 
to have a resolution of about 10 m. 

Despite the obvious existing possibilities, application of satellite 
imagery for monitoring glacier changes has, so far, not been examined 
and used systematically (Howarth 1983J Williams 1983). The most easily 
recognized variations are the drastic changes of front positions during 
glacier surges and during periods of instabilty of retreating tidal 
glaciers (Krimmel and Meier 1975). These phenomena are of great glacio­
logical interest, but their relation to climate is not well understood. 
Within the framework of climate monitoring, it is therefore appropriate 
to also observe length changes of •undisturbed• glaciers. The best 
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FIGURE 13.7 Distribution of glacier sizes and debris-covered areas for 
glaciers in the Swiss Alps. Note that the relative amount of debris­
covered ice increases with decreasing glacier size. Computer plot 
provided by K. Scherler (TTS/NGI, ZUrich). 

approach may be to study, in each region, groups of glaciers with vary­
ing sizes and, hence, with varying time lags between balance and length 
changes. Interpretation with respect to balance variations of various 
frequencies could be based on empirically determined relationships (time 
lags) between balance and length changes. Recording fluctuations of 
very small glaciers is especially delicate and requires an appropriate 
combination of ground resolution and time interval to be considered. 
TO design a suitable program, it is necessary to investigate its tech­
nical feasibility and to select groups of glaciers in a number of 
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•reference areas• that have to be defined on the basis of climatological 
considerations and statistical information from the WOrld Glacier 
Inventory. 

OJNCWSIONS AND REOJMMENDED PROGRM 

Future glacier monitoring should combine the tasks of the Permanent 
Service on the Fluctuations of Glaciers and of the Temporary Technical 
Secretariat for the World Glacier Inventory of collecting and publishing 
standardized information, which is then usable by glaciologists, clima­
tologists, hydrologists, and Quaternary geologists. It is planned to 
start a corresponding joint program in 1986, which is to include the 
following activitiesa 

l. Establishment of an annual or bi-annual publication series con­
taining selected mass-balance results (running time series)r 

2. Investigation of possibilities to summarize glacier fluctuation 
data (classification of glaciers, intercompariaon of glacier length 
variations) r 

3. Peasibility study and installation of satellite observations in 
selected remote areasr 

4. COntinuation of the publication of general fluctuation data at 
5-year intervalsr 

5. COmpletion and updating of regional glacier inventories. 
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A'l"l'ACIImNT 14 

MONITORING TIIB AREA AND \OLUMB OJ' ICB CAPS 
AND ICE SBBBTS 1 PRESENT AND P'O"l'tJRE OPPORTUNITIES 

USING SATBLLITB RD«>TB-6BHSING TBCBI«)IDGY 

INTRODUCTION 

Richard s. Williams, Jr. 
u.s. Geological Survey 

Reaton, Virginia 

Ice is present on our planet in a variety of foraa and locationsa as 
ice crystal• in the at.osphereJ aa snow cover on land, on glaciers, and 
on sea iceJ as sea iceJ as ground ice (aeasonal or permafrost)J and as 
glacier ice. Bach of theae distributions of ice is an element of the 
hydrologic cycle (global water budget), an element that, for short or 
long periods of time, becomes static in the dynamic hydrologic cycle 
(Meier 1983). Meier (1980) provided an excellent review of the use of 
remote-aensing technology, froa spacecraft and aircraft, to determine 
remotely various physical characteristics of theae various elements of 
the cryosphere. Depending on the latitude and topographic elevation 
(that is, local climate), snow cover may persiat for daya, weeks, or 
months. Sea-ice cover is highly variable on a aeasonal and annual 
basis. Ground ice may be aeasonal in temperate latitudes or more long 
lived (and deeper in extent) in polar or high-mountain regiona. With 
regard to long-term variation• in aea level, however, glaciers, because 
of their great volume, are the single most t.portant coaponent of the 
cryosphereJ glacier ice ia alao the second largest reservoir of water 
on our planet (Meier 1983, 1984). Glaciers have varying response times 
to climatic change depending on their area, volume, and geographic 
location--generally decade• for valley and outlet glaciers, centuriea 
for ice caps, and millennia for ice sheets. 

An excellent review of traditional methods of meaauring areal and 
volumetric changes of glaciers and coapiling glacier inventories is 
given by Baeberli (thia volume, Attachment 13). Considerable field 
effort has been expended in determining areal fluctuations and mass 
balance of selected glaciersr mountain glacier• have been the type most 
studied in this way by glaciologist• (Wall'n 198lr Meier 1984r Baeberli, 
this volume, Attachment 13). Because the Greenland and Antarctic ice 
sheets account for 99.3 percent of the volume of glacier ice on Barth, 
and polar and aubpolar ice caps and ice fields account for much of the 
remaining 0.7 percent, a means for remotely meaauring volumetric changes 
in ice sheets and ice capa is needed to assess directly the contribution 
of change in volume of glacier ice to sea-level variation. 

Sensors now carried by Barth-orbiting aatellites provide the means 
for the remote determination of areal changes in ice sheets and ice 

232 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


233 

capsr planned sensor• for future satellites will provide the means for 
the accurate remote determination of surface elevation of ice sheets 
and ice caps, although some preliminary ice-sheet elevation measurements 
have already been accomplished by means of satelliteborne radar altim­
eters and more are planned (Mcintyre and Drewry 1984) •. 

The important scientific and practical objective of determining the 
present volume of glacier ice on our planet and ita flux with time can 
eventually be realized through the application of existing remote­
sensing technology and technology to be available during the next 
decade. The measurement of the volumet~ic fluctuation of glaciers can 
be used as a global •early-warning• system of changes in climate. 
Significant melting of polar ice caps and ice sheets would cause a rise 
in sea level that would have serious economic effects on low-lying 
coastal areas and fixed-port facilities (Allison 1981J Hoff~n et al. 
1983J Revelle 198~. 

MONITORING AREAL AND VOLUMETRIC CHANGES OF GLACIERS 

The mass balance equation of an ice sheet or glacier can be written 
as (Reeh, this volume, Attachment 8): 

dv/dt • Qp - Qm - Qc, 

where v is volume of a glacier, t is time, Qo is the annual precipi­
tation (water equivalent), Qm is the annual loss in volume due to 
melting and runoff, and Qb is the loss in volume caused by calving of 
icebergs (where the margin of the glacier terminates in a lake or the 
ocean). As noted by Reeh, the change in mass of a glacier can be deter­
mined by direct measurement of volumetric changes or by measuring the 
total annual precipitation and the amount of melting and calving of 
icebergs. Only about 50 glaciers worldwide have regular direct measure­
ments made of their mass balance, and Meier (1984) was able to find data 
on volume change for only 25 glaciers over a more than 50-year interval. 

Direct mass-balance studies of glaciers require field observations 
and measurementsr calculation of volume, change on the basis of change 
in area, and thickness can be carried out by remote-sensing technology. 
The calculation of absolute volume of a glacier requires measurement of 
the glacier's areal dimensions, surface topography, and thicknessr how­
ever a change in volume (dv/dt) can be calculated from changes in abso­
lute elevation of the surface of the glacier without knowledge of the 
absolute volume. 

Terrestrial and aerial photographs have long been used to document 
the position of glacier termini and to measure the areal extent of 
glaciers and ice caps. The five spacecraft in the Landsat series 
(launched in 1972, 1975, 1978, 1982, and 1984), enabled glaciologists 
to measure repetitively the areal extent of glacier ice on a worldwide 
basis. Imaging sensors on satellites are especially well suited to 
measuring changes in the areal extent of ice caps (Williams 1983b) and 
ice sheets and to monitoring dynamic changes of glaciers (Figure 14.1). 
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FIGURE 14.1 Graph showing the relationship between spatial resolution 
of existing and future imaging sensor• (visible and infrared) onboard 
various satellites and the approximate range ot annual dynamic change 
of termini of different types of glaciers . Termini of ice sheets 
includes ice shelves from which large tabular icebergs can calve off, 
producing large annual changes. Spatial resolution of a camera/fila­
filter system is given in meter• per line pair. Spatial resolution for 
nonphotographic imaging sensors is taken to be 2.8 times the pixel 
resolution where a pixel is the dimension on the Earth's surface of a 
single picture element. BSA, Eropean Space Agencyr HRV, haute resolu­
tion visible (SPOT sensor)r MLA, multispectral linear arrayr MSS, multi­
spectral scanner (Landsat sensor)r RBV, return beam vindicon (Landsat 
sensor)r SPOT, Systems Probatoire d'Observation de la Terre (French 
satellite)r TM, thermatic mapper (Landsat sensor)r AVBRR, advanced­
very-high-resolution radiometer. 

Monoscopic imagery provides two-dimensional (x, y) information about 
the areal extent of glaciers. Landsat images have provided a mean• for 
delineating the areal extent of ice sheets and ice caps (Bj&rnsson 19801 
Williams 1983b)l for determining the changing position of the termini 
of valley, outlet, and tidal glaciers (Krimmel and Meier 1975), and the 
margins of ice sheets and ice shelves [Swithinbank et al. l976r Oolvill 
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1977; SWithinbank and Lane 1977; Drewry (ed.) 1983]; and for measuring 
the average speed of flow of some glaciers, by a time-lapse method of 
sequential images, in Iceland (Williams et al. 1974, 1975, 1979) and in 
Antarctica (Williams et al. 1982). 

Determination of the third dimension (z) of glaciers has been ham­
pered by a lack of appropriate satellite remote sensors, although some 
success has been achieved by using data from Seasat and GEOS radar 
altimeters to determine the elevations of ice shelves in Antarctica and 
of the gently sloping parts of the Antarctic and Greenland ice sheets 
at latitudes not greater than 72° south and north (Brooks et al. 1978, 
1983; Zwally et al. 1983). Recent work by Thomas et al. (1983) estab­
lished the feasibility of mapping margins of ice shelves from radar­
altimetry data. 

The physical characteristics of valley, tidal, and outlet glaciers 
and small ice caps can be determined through a combination of direct 
and remote measurement techniques. Aerial photographs and Landsat 
images provide information about the areal of a glacier. Repetitive 
aerial photographs and Landsat images provide a •time-lapse• look at 
dynamic glaciological phenomena, enabling scientists to observe the 
advance or recession of glacier termini during surge conditions (Wil­
liams et al. 1974, 1979); to monitor iceberg production from Jakobshavns 
Isbrae, West Greenland (Stove et al. 1984); to infer dynamics of flow 
of outlet glaciers in Antarctica (Mcintyre 1983, in press) ; to observe 
the pattern of change in thickness through time (Rasmussen and Meier 
1985); to measure velocity fluctuations (Meier et al. 1985) and velocity 
of terminus (Meier et al. 1978; Williams et al. 1982); and to determine 
position of the firn line (Williams 1983a; Ostrem 1975). Photogrammet­
ric analysis of steroscopic aerial photographs, together with sufficient 
geodetic control on the ground, permits the compilation of accurate 
topographic maps of the surface morphology of glaciers (Kasser 1967, 
1973; MUller 1977; Meier et al. 1978). 

Theoretically, accurate topographic maps of glaciers can be prepared 
from steroscopic images and photographs acquired from an orbiting space­
craft (Doyle 1983; Oolvocoresses 1984), but a specially designed mapping 
satellite, such as Mapsat, a satellite system designed by the u.s. Geo­
logical Survey (Itek Optical Systems 1981; Oolvocoresses 1982), will be 
needed to achieve systematic repetitive 1:50,000-scale or smaller topo­
graphic maps, having a 20-m contour interval, on a global basis. The 
Mapsat concept has recently been accepted by the International Society 
for Photogrammetry and Remote Sensing, which has termed it the Orbital 
Mapping System (OMS) (Oolvocoresses, 1984). The u.s. Large Format 
camera(~, flown for the first time on the October 1984 Space Shuttle 
(STS Mission 41-G) was specifically designed for photogrammetrically 
accurate mapping of the Barth's surface (Doyle 1983). Preliminary 
results from photogrammetric analysis of high-resolution (8-m resolution 
per line pair) black-and-white LFC photographs (stereopairs) confirmed 
that 1:50,000-scale topographic maps, having 20-m contour intervals, 
can be prepared (F. J. Doyle, u.s. Geological Survey, personal communi­
cation, 1984). The French SPOT Satellite, to be orbited in 1985, may 
also have a limited capability for topographic mapping. 
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TABLE 14.1 Present and Future Capability for Acquiring Physical Characteristics of Glaciers from ·· 
satellite Sensorsa 

Cilaciological Parameter 

Glacier area 

Surface Topography 

Change in surface 
topography (traverse) 

Surface topography 

(contour map) 

Firn limit 

Capability 

Present 

Present (ice 
sheets only) 

Future 

Present 

Future 

Present 

Termini fluctuation Present 
Oncludins surge behavior) 

Velocity of termini 

Terminal moraines 

a 

Present 

Present(?) 
Future 

Satellite 

Landsat 

Seasat, CiEOS, 
Cieosat 

High-inclination 
polar-orbiting 
satellites 

Space Shuttle 

High-inclination 
polar-orbiting 
satellite (Mapsat) 

Landsat 

Landsat 

Landsat 

Landsat 
Mapsat, SPOT 

Sensor 

MSS, RBV, TM 

Radar altimeter 

Laser altimeter 
coupled with precise 
geodetic positioning 

LFC, ESA metric 
camera 

Stereoscopic multi­
spectral linear array 
(M LA) 3 scanners, 
coupled with precise 
geodetic positioning 

MSS, TM 

MSS,TM 

MSS, TM 

TM, Spectroscopic 
MLA, HRV 

Remarks 

TM images are expected to provide more precise 
information 

Large areal footprint; altimeter loses lock-in areas 
of irregular topography, accuracies to .!1 m. Orbital 
inclination limits coverage to area between 12• north 
and south latitudes only. The future ER5-I radar 
altimeter will reach latitudes of a2•. 

Small footprint; will enable precise 
surface-elevation (!1-10 em) and av/h 
of glaciers. Systematic repetitive coverage needed. 

Limited geographic nonsystematic coverage. 

Systematic, global coverage of multispectral 
stereoscopic imagery. 1:-'0,000-scale maps 
of glaciers at 20-m contour interval (already 
achieved with Large Format Camera photgraphs). 

TM images should provide more accurate delineation. 

TM images should provide more accurate measurements 
of fluctuation. 

TM images will enable more supraglacial features to 
be identified, therby permittins more average velocity 
measurements of glacier termini. 

TM may provide needed inflormation. Stereoscopic 
images are probably needed ta recognize and map 
terminal moraines. 

ERS, European Remote Sensing satellite; ESA, European Space Administration; CiEOS, Geodetic Earth Observatory SatelUte; HRV, haute 
resolution visible (SPOT sensor); LFC, Large Format camera; MLA, multispectral linear array; MSS multispectral scanner (Landsat 1-' sensor); 
RBV, return beam vidicon (Landsat 1-3 sensor); SPOT, Systeme Probatoire de Ia Terre (French satellite); TM, thematic mapper (Landsat If and ' 
sensor). 

N 
w 
0\ 
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Although the measurement of relative elevation (contour intervals of 
1 m) of parts of the Antarctic and Greenland ice sheets has already been 
achieved from data acquired by radar altimeters on Seasat and GBOS, 
laser altimeters on future polar-orbiting satellites are needed to 
achieve elevation accuracies of a few centimeters (Bufton et al. 1981, 
zwally et al. 1981). Such dedicated future satellites are the key 
element in determining volumetric changes in glaciers on a regional and 
global basis (SWithinbank 1983, in press, National Research Council 
1983). However, such accuracies are meaningless unless the elevations 
are precisely located geodetically. Satellites that combine precise 
geodetic position with precise elevation data are essential. 

Information about the absolute thickness of glaciers, however, must 
be obtained either by drilling through the glacier or by using geophys­
ical methods, such as seismic, gravimetric, or radio-echo sounding 
devices. Nowadays, radio-echo sounding is the preferred method, either 
by surface (Watts and England 1976) or airborne (Drewry 1981) traverses. 

Remote-sensing technology is an important element in the measurement 
of the areal extent, topographic configuration, and thickness of 
glaciers and in the monitoring of changes in all of these physical 
characteristics. Although selected glaciers have been surveyed and 
monitored over long periods (greater than 50 years) (Meier 1984), most 
of the world's glaciers have not been studied scientifically. Most 
glacierized areas are inadequately mapped (Southard and MacDonald 19741 
Swithinbank 1980, in press) and have limited aerial photographic cover­
age. Present and near-future satellite remote-sensing technology al­
ready permits (Perrigno and Williams 19801 Williams and Ferrigno 1981) 
or will permit (Swithinbank 1983, in press) systematic repetitive sur­
veys of the world's glaciers (Table 14.11 Haeberli, this volume, Attach­
ment 13). Areal measurements of glaciers obtained from satellite 
images, when combined with geodetically precise elevation data acquired 
by satelliteborne laser altimeters, will, in conjunction with accurate 
attitude-reference systems on such satellites and accurate ephemeris 
data from the Global Positioning Satellite (GPS) system, permit quanti­
tative measurements of change in volume or glacier ice over time at 
precise geographic locations. These measurements, in turn, will permit 
an assessment of the actual contribution of the melting of glacier ice 
to the secular rise in sea level. 
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SIGNIFICANCE 

A'l"l'ACIIIENT 1 5 

SNOW COVER, SEA ICE, AND PERMAPROST 

R. G. Barry 
CIRBS, University of Colorado 

Boulder, Colorado 

Information on the temporal and apatial variability of snow cover 
and sea-ice extent is needed to enable possible global trends in these 
variables to be detected. Leas readily determined, but similarly impor­
tant, are the depth of snow cover and sea-ice thickness and age struc­
ture. Decreases in snow and ice extent are anticipated in response to 
co2-induced global warming, especially as this warming would be ampli­
fied several times in high latitudes. The time scale of response for 
snow cover would be 1-10 yr, and sea ice about 10 yr. However, there 
is evidence of increased snowfall amount with higher winter temperatures 
in some high-latitude regions, although the net effect of this is uncer­
tain. Furthermore, sea-ice extent around Antarctica has an influence on 
the amount of snowfall on the ice sheet and the ice shelves and there 
are additional possible interactions between ice-extent concentration 
and the ice shelf-oceanographic regime. These have been little explored 
up to now. 

Permafrost extent and thickness will also diminish in response to a 
C02-induced warming on a longer-term scale (about 102-103 yr). Any 
ground-ice melt would be of global significance in terms of the contri­
bution to sea level. 

OBSERVATIONS 

Comprehensive global information on snow cover and sea-ice extent 
has only become available through the use of satellite remote sensing 
since the late 1960&J reliable data seta in digital form exist in each 
case from about 1972-1973 (Dewey and Heim 1981J Barry et al. 1984J 
Sturman and Anderson 1984). lOr individual ocean areas, or countries, 
•historical• observations of sea-ice extent and snow cover provide 
longer time aeries, but many problema arise with such recorda, and care 
is necessary in utilizing them in climatic analysis. 

Surface observations of snow cover (or sea-ice extent) are generally 
point observations, and there are differences in reporting procedures 
in different countries. Although regional data compilations do exist, 
they vary in accuracy in time and spatial coverage in ways that are 
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Table 15.1 Snow and Ice Component• (Modified from Bollin 
and Barry, 1979) 

Ice 
Area Yoluae 
(106 g2) (106 g3) 

Land ice1 East AntarcticaD 9.86 25.92 
West Antarcticac 2.34 3.40 
Greenland 1.7 3.0 
Small ice caps and 0.54 0.12 

mountain glaciers 

Permafrost (excluding Antarctica) 1 
Continuous 7.6 0.03 

to 
Discontinuous 17.3 0.7 

Sea ice• Arc tied 
Late February u.o 0.05 
Late August 7.0 0.02 

Antarctic• 
Septellber 18.4 0.06 
February 3.6 0.01 

Land Snow Coverf 
N. Hemisphere 

Early February 46.3 0.002 
Late August 3.7 

s. Heaisphere 
Late July 0.85 
Early May 0.07 

Sea-Level 
Equivalent• 
(a) 
64.8 
8.5 
7.6 
0.3 

0.08 
to 

0.17 

•400,000 km3 of ice is equivalent to 1 m global sea level. 
b Grounded lee sheet, excluding peripheral, floating ice shelves (which 

do not affect sea level). The shelves have a total area of 1.62 x 106 km2 
and a volume of 0.79 x 106 ka3 (Drewry and Helm 1983). 

Cincluding the Antarctic Peninsula. 
dExcludlng the Sea of Okhotsk, the Baltic Sea, and the Gulf of St. Law­

rence (Walsh and Johnson 1979). Maxiaua ice extents in these areas are 0.7 
million, 0.4 million, and 0.2 million km2, respectively. 

8 Actual ice area excluding open water (Zwally et al., 1983). Ice extent 
ranges between 4 aillion and 20 million ka2. 

fsnow cover includes that on land ice but excludes snow-covered sea ice 
(Dewey and Helm, 1981) • 
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usually not apecified. These problems are illuatrated for sea-ice data 
by Barry (1985). Permafroat thickneas is incompletely known and the 
actual ice volume only crudely eatimated. 

General evaluations of the utility of snow cover, sea/lake ice, and 
permafrost for possible early detection of 002-induced climatic 
effects are given elaewhere (Barry 1984, in press). 

VARIABILITY AND TRENDS 

Table 15.1 summarizes the seasonal extremes of hemisphere snow cover 
and sea-ice extent. Northern hemisphere snow cover and Antarctic sea 
ice are the dominant seasonal components. 

The variabiity of northern hemisphere snow cover for 1967-1984 is 
shown in Figure 15.1 (M. Matson, personal communication, 1984) r the data 
are smoothed by a 12-month running mean. Eurasian snow cover dominates 
the interannual variability in hemispheric extent. Converted to snow 
cover volume (water equivalent), the seasonal variation is approximately 
5 mm of sea-level equivalent and the interannual variability is 1 mm. 
There is no evidence of any long-term trend in snow cover area. 

There is also no clear indication of long-term trends in sea-ice 
extent in either hemisphere. Various studies show that interannual ice 
anomalies on a regional scale, which are associated with corresponding 
anomalies in atmospheric circulation, are large (Walsh and JOhnson 1979r 
Cavalieri and Parkinson 198lr zwally et al. 1983). Kukla and Gavin 
(1981) reported a decrease in sea ice in the South Atlantic sector 
between the 1930s and the 1970s, but the significance of this on a 
hemispheric scale is uncertain. Soviet estimates of Arctic sea-ice 
extent in late summer, 1950-1980, show a fluctuation of approximatley 
+l°C June-August temperature anomalies over the polar cap 65-85°N, for 
S-year running means of each series (see Figure 15.2). During the 
period of ice retreat, the atmosphere is known to •force• the ice over 
lags of several months (Walsh and Johnson 1979). Corresponding records 
of summer ice area and temperature from 1924 are virtually uncorrelatedr 
this suggests either that one or both data sets are unreliable or that 
some unknown, perhaps oceanic process, affected the earlier Arctic ice 
regime. The fluctuations of Arctic ice over the 1970-1980 period show 
no apparent relationship with those of northern hemisphere snow cover. 

Several studies of borehole temperature profiles in Alaskan perma­
frost indicate a warming effect of about 2°C over the last 100 years 
(Lachenbruch et al. 1982), and there are various qualitative indications 
of thawing and permafrost retreat. The ice content of global permafrost 
is poorly known, but estimates of the potential contribution to sea 
level are of the order of 0.08 to 0.17 mm (Barry in press). However, 
the contribution to sea-level rise over the next 100 years is unlikely 
to exceed a few millimeters, in view of the fractional melt anticipated 
for warming and the slow responsed time of ground ice to changes in 
surface air temperature. 
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FIGURE 15.1 Trends of snow cover in the northern hemisphere, Eurasia, 
and North America, 1967-1984, smoothed via a 52-week running mean (M. 
Matson, unpublished). 
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PIGURE 15.2 Arctic Ocean ice extent in late August, 1924-1980, and 
summer temperature departures from the 1946-1960 mean for latitudes 
65-85°N. Dashed line denotes 5-year binomially weighted running mean 
(from Barry 1983). 
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INTERACTIONS BE'IWEEN SNOW OOVBR, SEA ICE, AND lAND ICE 

Projections of the aaaa-balance reaponse of land ice to poaaible 
oo2-induced climate change must take account of potential interaction• 
between the various component• of the climate syatem. TWo such inter­
actions are of relevance here. According to Limbert (1984) accumulation 
in the coastal areas of Antarctica aay increase during a warming. The 
Wolverine Glacier in southern Alaska thickened during 1976 and 1981, a 
period of warmer and more snowy winters (Mayo and Trabant 1984) • Con­
sequently a global warming (which in any case would not be uniformly 
distributed) would undoubtedly give rise to a complex spatial pattern 
of land-ice growth/thinning. Temperature-snowfall relationships have 
received little systematic attention from both observational and model­
ing standpoints. 

The second potential interaction concerns the relationship between 
sea-ice extent and cyclonic activity, which gives snowfall in Antarc­
tica. A shrinkage of the sea-ice cover would facilitate greater pene­
tration of moist airflows into Antarctica. Thia effect could strengthen 
the above-noted tendency for increased snowfall to accompany a warming. 

Other possible interactions involve the role of sea-ice cover in 
reducing wave action along the ice shelf margins at the present time. 
This factor remain• to be considered quantitatively in assessment• of 
possible rates of ice-shelf calving. 

OBSERVATIONAL AND RESEARCH NEEDS 

The observational record of global snow cover and ice is short so 
that their natural variability and trends are poorly specified on deca­
dal and longer time scales. Long-term monitoring via passive microwave 
remote sensing is practical and essential. The feasibility of this 
technique for mapping snow-cover extent has been demonstrated but, so 
far, not routinely applied. Records of surface snow-cover depth and 
water equivalent also need compiling to augment the hiatorical data base 
and to serve as a calibration for the satellite data. Sea-ice extent 
can now be mapped routinely, even in the presence of cloud cover or 
darkness, but information on ice concentration, age, and thickness is 
inadequate. Combined remote sensing, sonar, and field measurements are 
necessary to define the ice mass balance and its fluctuations. Monitor­
ing of changes in permafrost temperatures with depth and improved 
information of permafrost extent, thickness, and ice content are also 
necessary to refine our estimates of the potential impacts of climatic 
perturbations. 
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A'l'TACIIIBN'l' 16 

RBAC'l'IONS 01' MID-LATITUDE GLACIBR MASS BALANCE 
'ro PRBDICTBD CLIMATIC CHANGES 

SPECIFICATIONS 

M. Kuhn 
Innsbruck University 

When investigating the possible contribution of mountain glaciers to 
the river runoff into the ocean and to an increase in sea level follow­
ing conceivable climatic changes one needs to further specify the teras 
involved in the problem, or to set a scenario that fits the topic of 
this paper. A number of existing models are discussed in this volume. 
In this context, climatic changes in aid-latitudes mean a warming of 
about 4.o•c mean annual temperature in 100 years, possibly associated 
with it a minor increase in mean annual cloudiness and in precipitation. 

Mid-latitude glaciers shall be understood to have a .. an annual ice 
temperature of o•c in the majority of their mass and a terminus above 
sea level so that calving and grounding line problema can be disre­
garded, and it is supposed that they have clearly distinguishable accum­
ulation and ablation areas. Within these constraints, they may be 
further distinguished according to respective climatic characteristics, 
e.g., into maritime, continental, and monsoonal types. Without much 
difficulty, the following considerations may be applied to subtropical, 
arid zone glaciers as well. 

Contrary to polar-ice fields, mid-latitude mountain glaciers do not 
influence the general circulation or large-scale climate. While their 
existence modifies local wind systems and changes the annual course of 
river runoff, their presence or absence at the end of the sumner season 
is of little effect compared to the interannual variability of the 
seasonal snow cover of the mid-latitudes. 

Although on a global scale feedback between atmosphere and mid-lati­
tude mountain glaciers is negligible, the boundary layer above the 
thermal admittance of the glacier is modified by the persistence of a 
o•c surface throughout the summer. These effects, however, can be 
covered by the transfer coefficients of the energy-balance equations. 

Finally, the restriction to mass balance deserves further comment. 
In a strict sense, it will always be the entire physical system of a 
glacier that reacts to a climatic change, e.g., its mass, length, width, 
temperature, water content, and velocity. The system components are 
responsible for establishing a new steady state or equilibrium following 
a given climatic forcing, but energy and mass balance are the interface 
through which climatic change is transmitted into the glacier system, 
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which will adapt to it according to the given topography and the dynamic 
properties of the ice. 

The water output of a glacier is not a linear response to climatic 
change. We are not even sure that the system (climate input/water 
output) is transitive, i.e., whether a given climatic forcing and given 
initial conditions will always, or in all glaciers, result in the same 
reaction (Meier 1983). POr this reason the present discussion will be 
restricted to the climate/ice interface, i.e., to local mass energy 
balances, and the method chosen is that of linearization of individual 
components. 

A SIMPLE ALGORITII4 

One example for the method mentioned above has been given previously 
(Kuhn 1981). It has linked cumulative accumulation c with temperature 
T and radiation R as parameters of the energy balance. Some of the 
difficulties enumerated above have been avoided by simply considering 
the system on an annual basis at the equilibrium line, where the reac­
tion is nearly immediate since no mass transport is involved. At the 
equilibrium line altitude h, accumulation equals ablation (c • a) and 
ablation can be parameterized by air temperature T and net radiation R: 

a • f(T, R). (16.1) 

A climatic fluctuation in any of these three variables (6c, 6T, 6R) is 
compensated by the altitudinal gradients (3c/3z measured along the 
glacier surface) such that equilibrium is established at the new alti­
tude, h + 6h. Using the latent heat of melting, L • 335 kJ/kg, and the 
duration of melting for converting between mass and energy terms, 6h 
can be expressed as 

-6c + i (6R + a6T) 
6h • 

ac + .!.(aR + cJ!) ' 
3z L 3z 3z 

where a is the heat-transfer coefficient according to 

H •- a(T- To), 

(16. 2) 

(16. 3) 

with To the surface temperature and H the turbulent flux of sensible 
heat. T is the air temperature of the free atmosphere at the same 
level, e.g., that extrapolated from a valley station. The equation 
given above can be summarized by 

(16. 4) 

where the qi are annual totals expressed uniformly in either energy 
or mass units. 

Three points of interest have to be mentioned: 
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1. 6h can be caused by individual 6qi or by a combination of them. 
2. The formalism given above treats the variables (R, c, T) as if 

they were independent. In nature they will moat likely be interrelated, 
hence a combination of influences will prevail. 

3. Depending on climate, other parameters than (R, c, T) may be 
selected for qi, above all, a term representing heat flux. 

NUMERICAL EXAMPLES 

In Table 16.1 examples are given for the 6h ensuing from various 
possible components of a climatic disturbance, 6qi• In this case the 
constants and vertical derivatives appearing in Bq. (16.2)-{16.4) are 
valid for alpine conditions, and the 6qi are specified. If units of 
mass balance are chosen, Iaqi/az equals the vertical balance gradient, 
which is dominated by a component due to 3T/3z • -0.006°C/m in moat 
climatic regions. The second contribution to the balance gradient is 
associated with ac;az, the accumulation gradient. Even though this has 
a lesser magnitude, it is more variable froa one climatic region to the 
other than the former, being large under maritime and SJiall under con­
tinental conditions. 

The scenario for Table 16.1 is made up by the following 6qi: 

- a doubling of 002 
- a temperature increase of 4°C 
- an increase of water-vapor pressure of 1 hPa 
- an increase of cloudiness by one tenth 
- and an accumulation increase of 100 kgja2 per year 
- of this additional accumulation five snowfall events are aaau.ed to 

occur during summer, increasing albedo from 0.4 to 0.8 for each one 
day. 

Several 002 models predict negligible changlea in cloudiness and pre­
cipitation. Modest changes of these are included in Table 16.1 to dem­
onstrate their effect in principle. POr a a value of 1.6 MJ m-2 d-1 •c-1 
was used, and T was set equal to 100 days. POr I3qi/3z • 3b/3z the 
value of +10 kg m-2 yr-1/m was taken from central alpine observa-
tions. 

PRACTICAL APPLICATION 

The value of 6h thus determined establishes the position of the new 
accumulation area for a given topography. This accumulation area has a 
size 9C and a mean specific balance be· If, after a climatic 
change, the glacier reaches a new steady state 

(16. 5) 

i.e., the annual net accumulation has to flow across the new equilibrium 
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TABLE 16.1 Olanges of Energy Pluxes (tSqi), Associated Annual Mass 
Balance Olanges (tSbi), and Olanges of Equilibrium-Line Altitude (6h) 
Following a Doubling of 002 (see Text for Inputa)a 

Climatic Disturbances 
Sqll (T) 
cSL (T) 
tSL (002) 
tSL (w) 
cSG (w) 
tSG (r) 
6q1 (e) 
tSc 

+ 6.00 
+ 1.40 
+ 0.35 
+ 0.82 
- 0.63 
- 0.30 
+ 1. 70 
- 0.33 

Total effect 9.01 

Effect ofT and C02 7.75 
alone 

aEnergy fluxes concerned: 
global radiation G 
atmospheric downward radiation L 
sensible heat qs 
latent heat (condensation) ql 

tSbi tShi 
(kg m-2 yr-1) (m) 
-1790 + 180 
- 420 + 40 
- 100 + 10 
- 240 + 25 
+ 190 20 
+ 90 10 
- 510 + so 
+ 100 10 

-2680 + 265 

-2310 + 230 

line each year and waste in the new ablation area, Sa, by net abla­
tion, ba• 

Thus, knowing tSh and ab/az and having a suitable ice-dynamics model, 
the reaction of a glacier to a changed climate can be predicted. The 
prediction algorithm presented here does not use absolute values of the 
energy and mass balance components but only its temporal and altitudinal 
derivatives, which is a decisive advantage when treating unmeasured 
glaciers. 

For a large individual ice mass such as the Greenland ice sheet, the 
shift of the equilibrium line can be used as input in an ice-dynamics 
model in order to determine the new equilibrium shape and thus total 
mas~ loss contributing to sea-level change. 

For a large number of mountain glaciers this procedure would be im­
practical. A mountain group such as the Alps contains several thousand 
glaciers of varying sizes, aspects, slopes, and shapes. POr some re­
gions, glacier inventories exist, as reported by Haeberli (this volu.e, 
Attachment 13), which list these parameters and their statistics. In 
the most general case such as the Andes or Himalayas, only the total 
area and the mean equilibrium line altitude can be estimated. 

As long as this ice covered area S remains unchanged it is sufficient 
to know the disturbance of mean specific balance tSba of the ablation 
area Sa• If the extent of Sa is not known, the ratio Sa/S • 0.4 
is an approximation found valid in many individual glaciers. Thus, the 
additional, 002-induced meltwater production per year is 
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(16. 6) 

Values of 6ba and its components are given in the example of Table 
16.1. The balance disturbance 6b corresponds to Meier's (1962) budget 
imbalance and appears also in the linear balance model of Lliboutry 
(1974), see also Reynaud (1980). 

However, there remain two basic difficultiesa (1) Sa will shrink 
at a rate determined by the spatial change of ice thickness, and (2) 
the contribution of 002-induced meltwater to annual runoff will cease 
once a new equilibrium position is reached. Thus even under the most 
simplified conditions the new equilibrium needs to be specified. 

To help this situation, two premises or educated guesses are required: 
(1) a representative profile of ice thickness, or an area/volume func­
tion, and (2) the area/height distribution from which the accumulation 
area can be fitted to the new equilibrium-line altitude. Since even an 
elaborate glacier inventory will furnish only the latter, it is proposed 
here to assume that area/volume and area/height data from one model­
sized glacier are representative for the entire collective. Under 
these circumstances the total melt or mass loss can be determined as 
the difference between two equilibrium states. 

THE TEMPORAL E\OLUTION 

In the climate scenario of ever increasing 002 concentrations, air 
temperature will not reach a steady level so that glaciers after oo2 
doubling will not reach a new equilibrium in the sense of the discussion 
above but will continue to adjust to the changing climatic forcing. 

In order to assess the amount of water annually taken out of glacial 
storage and added to the ocean, let us make some gross simplifications 
about the climatic change and glacier response. (1) Suppose that tem­
perature increases linearly by 0.04 K/yr and that (2) the corresponding 
ablation, according to Table 16.1 increases by 0.0267 m/yr, (3) let all 
glaciers have rectangular shapes of constant width W and length r so 
that the decrease of ablation area is 

asa/at • war/at, (16. 7) 

and (4) let the glacier tongues have the longitudinal cross section of 
a wedge of angle a and let their thickness be constant over w. 

When an annual lowering (mass balance) of the surface, b, increasing 
by ab/at • -0.027 m/yr the size change becomes thus 

or 

asa/at • war/at • w 6b(t) 
tan a 

s (t) • s (0) + w 6b(t). 
a a tan a 

The annual contribution to sea-level rise will be 

(16.8) 

(16. 9) 
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M(t) • Sa(t)~b(t), 

M(t) • Sa(O)~b(t) + ta: a[~b(t)]2, 

so that with 

and with 

a maximum will be reached at 

tmax • -

if b1 < 0 is given in units of length/time. 

CDNCLUS IONS 

(16.10) 

(16.11) 

(16.12) 

(16.13) 

(16.14) 

According to most models, a 002-induced warming would be of the 
order of 0.04°C/yr. This warming, if continued at a constant rate over 
100 years, would be followed by a raise of the equilibrium line of mid­
latitude mountain glaciers of 2-3 m/yr. This raise is forced by the 
disturbance of a number of climatic variables among which ~t, ~c, and 
~e are the moat important ones. It is controlled by the altitudinal 
gradients of mass and energy balance components, notably by that of 
accumulation that is more variable from one climatic region to another 
than the vertical temperature gradient. 

While adjusting to the new climatic setting, mid-latitude glaciers 
will waste ice at a rate that will come to a maximum within a few 
decades, depending on the size range of the glaciers. 

In order to give reliable estimates and predictions, better statis­
tics of the area/number, area/altitude, and area/volume or length/thick­
ness spectra is required. The data banks of existing regional glacier 
inventories, which are the prime source for such information, will be 
enlarged and further evaluated by the newly established World Glacier 
Monitoring Service. 

The mid-latitude glaciers will continue to contribute significantly 
to sea-level rise as they are the ice masses closest to decay conditions 
at presentr but with the extensive melting considered here, their number 
will drastically decrease in the coming 100 years. 
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INTRODUCTION 

A'l"l'ACIIlBNT 17 

TBB SHIP'l' OP EQUILIBRIUM-LINE ALTITUDE ON THE 
GREENLAND ICE SHEET FOLLOWING CLIMATIC CHANGES 

w. Ambach and M. Kuhn 
Innsbruck University 

When considering the various possible sources of climatically induced 
ice melt one has to focus attention on those ice masses that have large 
ablation areas in the present climatic situation. Apart from mountain 
glaciers this is definitely the case on the Greenland Ice Sheet. Pos­
sible changes in the extent of this ablation area are directly related 
to the shift of the equilibrium line. 

EQOILIBRit.l4 LINE AND HEAT BALANCE 

The condition defining the equilibrium line, i.e., accumulation 
equals ablation, can be linked to climatic variables: accumulation is 
proportional to precipitation and is modified by snow drift, and abla­
tion is determined by the energy balance of the surface, for which 
temperature, albedo, and cloudiness are the most decisive climatic 
variables. Disturbances in these variables lead to a shift of the 
equilibrium line by &h to an altitude that is determined also by the 
altitudinal gradients of accumulation and energy balance components. 
This shift can be modeled as follows: 

t&q . 
1 (17.1) 

where the qi are the mass or energy balance components to uniform 
units of either mass or energy fluxes (see also Kuhn, this volume, 
Attachment 16). 

Of the variables involved, the most important are the change in sen­
sible heat flux &qs • a6Ta over melting surfaces (where Ta is 
the air temperature and a the bulk heat-transfer coefficient), and the 
change in net radiation &qr • a'6Ta + B&w, which is caused by a 
change in temperature &Ta and cloudiness w (a', Bare factors of 
proportionality). Changes in albedo can be ignored as the altitudinal 
pattern of albedo follows the shift of the equilibrium line. 

Among the gradients, 3c/3z (c • snow accumulation) deserves the 
greatest attention since it is the one that changes most between differ­
ent climatic regions. It is clear from Eq. (17.1) that a small positive 
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value of Aaqi/az amplifies the reaction of h to a climatic disturbance 
and that large positive values damp the shift of the equilibrium line. 

A PRACTICAL APPROACH 

FOr the application of Eq. (17.1) accumulation and heat--alance meas­
urements are required as the use of parametrization schemes established 
for other climatic regions should not be accepted for the Greenalnd Ice 
Sheet without proof. 

The only area of Greenland that offers sufficient data of the re­
quired variables is the area of the !GIG activities and of the accumu­
lation profiles across Greenland measured by Benson (1962). Heat-bal­
ance measurements in the !GIG profile, which are analyzed with respect 
to heat-balance modeling have been published by Ambach (198Sa). 

Based on these data the equilibrium line shift was computed for the 
EGIG profile (Ambach 1985b). Considering only disturbances &ra, 6w, 
and &c and taking into account the formation of superimposed ice the 
following results were established: 

~h/~Ta • + 77 m x-1 (with 6w • o, 6c • 0), (17. 2) 

6h/6w •- 4 m per 1/10 of cloudiness (6'1'a • o, 6c • 0), (17.3) 

6h/6c • - 73 m per 100 kg/m2 of snow accumulation 
(~Ta • o, 6w • O) • 

The application of these coefficients to the 002 scenario is left to 
the reader. 

When these results are applied to other regions of Greenland the 
varying magnitude of the accumulation gradient has to be taken into 
account. Benson's accumulation profiles show a regional variable accu­
mulation pattern in which there even exist certain zones with negative 
altitudinal accumulation gradients. This is important, for instance, 
in the Thule area where the present-day equilibrium line is situated 
only little below the altitude at which accumulation starts to decrease 
with ablation. Should the equilibrium line be shifted to that altitude, 
a further shift into the region of negative accumulation gradient would 
be enlarged by a factor of 2-3 (Ambach and Kuhn, 1985). However, it is 
not clear whether this peculiar accumulation pattern would persist in a 
changed climate. 

CONCLUSIONS 

The required estimate of the possible contributions of increased 
melting to global sea-level rise will be demonstrated for a 100-m shift 
of equilibrium line in the EGIG profile, where the surface slope is 
1:100. Here, a~h • 100 m causes an increase of ablation area Sa within 
a parallel stripe by 27 percent. With the reasonable assumption that 
the mean ablation gradient remains constant there follows a change of 
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the mean specific ablation 6a of 27 percent so that the relative 
increase of melt following 6h • 100 m becomes 

6M 6Sa o.i o.i6Sa 
M: • s +-=- + as • o.61. (17.5) 

a a a 
In this formulation no dynamic reactions of the ice mass are considered. 
The shift of the equilibrium line follows instantaneously the climatic 
disturbances, even year by year. The question of which part of the 
meltwater surplus generated by the climatic warming can be accepted as 
a loss of mass is open. It is obvious that the formation of super­
imposed ice above the present-day position of the equilibrium line plays 
an important role for this question, which needs to be discussed with 
greater details (see Kuhn and Ambach, this volume, Attachment 16). 
Finally, with the restrictions accepted in the evaluation, the concept 
can be applied also in other regions of the Greenland Ice Sheet provided 
the input data for the modeling are known. 
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ABSTRACT 

A'l"l'AatmN'l' 18 

a>N'l'RIBUTIOH OF THE GREBHIAHD ICE CAP 
TO CHARGING SBA LEVELs PRBSBHT AND FtJ'l'URE 

Robert A. Bindachadler 
RASA/Goddard Space Flight Center 

A static, two-dimensional flowline model is developed to predict the 
response of the net mass balance of the Greenland Ice Cap to warmer 
climates. An average accumulation is assu.ed along with a linear 
decrease of ablation with altitude and a calving term that is either 
constant or simply related to surface ablation. Warmer climates are 
parameterized by a rise in the equilibriua line. Cases of rises in the 
equilibrium line of 500 m and 1000 m are calculated. Using an observed 
value of the lapse rate, these cases correspond to approximate increases 
in surface temperature of 3 and 6°C. Ret mass balances for these cases 
are -461 ka3/yr and -1259 km3/yr, respectively, ca.pared with a 
present net balance of near zero. The respective rates of sea-level 
rise are 1.3 mm/yr and 3.5 mm/yr. 

PRESENT BEHAVIOR 

Calculations of the mass balance of the Greenland Ice cap are usually 
divided into three termss accumulation, ablation or surface melting, 
and calving. Because of the size of this ice cap, precise measurements 
of any of these teras are difficult, but some estimates have been made 
based on the available data. Table 18.1 summarizes an average of five 
published estimates. These estimates indicate that the Greenland Ice 
cap is at present very near mass balance. Dividing the net mass bal­
ance by the area of the ocean surface, 362 x 106 km2 (Flint 1971, 
p. 84), results in a figure that represents the present change in sea 
level due to the Greenland Ice Cap mass balances -0.03! 0.10 mm/yr 
(minus indicating a drop in sea level). 

SIMPLE MODEL OF GREEHLAHD ICE CAP 

TO predict how the Greenland Ice cap would respond to a change in 
climate, a simple two-dimensional model is constructed, which typifies 
a single flowline within the ice cap (Figure 18.1). Assuming that ice 
behaves as a plastic material, Orowan and Perutz (1949) showed with a 
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TABLE 18.1 Estimates of Mass Balance of the Greenland 
Ice Sheet (from Ambach 1982) 
Accumulation a 500+ 81 km3/yr 
Ablation: -29Q± 26 km3/yr 
Calving a -20Q± 28 km3/yr 

Net lQ± 51 km3/yr 

h 

ACCUMULATION 

~ 
ALTITUDE 

DISTANCE l 
FIGURE 18.1 Schematic diagram of ice-cap flowline showing axes and 
representative position of equilibriua line. 

balance of forces argument that the central elevation of the ice cap, 
B, and the length of the ice, L, are related by 

(18.1) 

where ~ is the plastic yield stress and p and g are the density of ice 
and gravitational acceleration, respectively. Equilibrium of the ice 
sheet requires that the elevation profile along a flowline will be a 
parabola of the form 

h(x) • B(l - x/L)l/2, (18. 2) 
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where x is the position from the center along the flow axis and h is 
the elevation at any point. TO fit the present climatology of Green­
land to the model, Benson's (1962) figure of an average accumulation 
rate a • 0.35 m/yr (water equivalent) is used. POr ablation, a model 
of a linear increase in ablation rate with decreasing altitude is used: 

b. db/dh (~-h), (18. 3) 

where b is the ablation rate and He is the equilibrium-line altitude 
(i.e~, that point Xe where annual accumulation equals annual ablation 
and b • 0). Using an average value (for 72°N) fro. Braithwaite (1980, 
Figure 5), db/dh • 2.3 m/yr per 1500 a elevation • 0.00153/yr. The 
present-day equilibrium line is at an average elevation of 1500 m rela­
tive to sea level (Ambach 1982). 

To complete the model, calving must be included. The appropriate 
units for this term are volume of ice calved per unit time per unit 
width, which are applied at x • L. The approximte perimeter of the ice 
cap is 5000 km so calving flux per unit width C • 200/5000 ka2jyr • 
0.04 ka2/yr. 

The mass balance terms per unit width can now be writtena 

and 

X 
e. 

Accumulation 1 A • I adz;, 
0 

L 
Ablationa M • I [fte - h(l;)dl;, 

xe 

calvinga c • 0.04 km/yr. 

POr a net mass balance of zero, 

or 2 +- H:) 1 ~ (He3~ • -- -- c, 
3 dh k 

where 

k • 2T/Pg. 

(18. 4) 

(18. 5) 

(18. 6) 

(18. 7) 

(18. 8) 

(18. 9) 

Using the values given above for a, db/dh, Be' and c, and using R • 
3250 m with respect to sea level, p • 0.9 g/cm3, and 9 • 980 cm/sec 2, 
Eqs. (18.1), (18.8), and (18.9) can be solved for LandT: 

k • 355 km 
T • 1.3 bar. 
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Multiplying the values of A and M by the 5000-km perimeter of Greenland 
used earlier produces values of 488 kmljyr for the accumulation flux 
and 289 kml/yr for the ablation flux, a very close fit to the pub­
lished estimates given earlier. The major difference is that we have 
forced net mass balance by Eq. (18.7). 

FOr convenience, Eq. (18.8~ can be rearranged to 

L = .!_ H 2 + .!_ -:1. db H 3 + ~ (18.10) 
k e 3 ak dh e a 

where on the right-hand side the first term is the length of the abla­
tion zone and the second and third terms are the length of the accumu­
lation zone. It is important to remember that this development greatly 
simplifies the geometry of the ice cap. Nevertheless, it does a reason­
ably good job of simulating the extent and position of the accumulation 
and ablation zones and is useful in examining the possible response of 
Greenland to climate change. 

STATIC RESPONSE TO CLIMATE CHANGE 

A canonical scenario for predicting climate change is to double the 
amount of a>2 in the atmosphere, say from 300 ppm to 600 ppm. This 
case has been investigated with many global circulation models with the 
general result of a mean atmopsheric warming of 2 to 3.5°C with a larger 
increase in the polar regions (Schlesinger 1984). The GISS model 
(Hansen et al. 1984) predicts a rise in surface temperatures of 4°C in 
southern Greeland to 6°C in northern Greenland with a 10 percent 
increase in accumulation rates over the ice cap. A warmer climate would 
obviously increase the melting at the margins of the ice cap and raise 
the elevation of the equilibrium line. This rise of the equilibrium 
line can be calculated, in principle, by using measured values of the 
surface temperature gradient versus altitude. In practice, it must be 
cautioned that this technique may break down for large changes in sur­
face temperature. Two values of this gradient are available in the 
literature a 

(l) 0.6°/100-m elevation (EGIG line 70°N- 7l0 N7 see Ambach 1982), 
(2) l.l2°C/l00-m elevation (camp Century, 76.5°N; Benson, 1962). 

R. G. Barry (University of Colorado, personal communication) pointed 
out that the Camp Century figure may be artificially high owing to its 
proximity to the coast, while the EGIG value is much closer to typical 
values of the atmospheric lapse rate. Uncertainty in this figure makes 
difficult a direct correlation of the effects of atmospheric warming to 
a rise in equilibrium-line elevation. A rise in the equilibrium line 
of 500 m would correspond to a temperature increase of 3°C if only the 
EGIG line value is used, but 5.6°C if the Camp Century value is used. 
Further, Ambach and Kuhn (this volume, Attachment 17), who examined 
each term of the heat balance separately at the snow surface, suggest 
that a 500-m rise in the equilibrium line would correspond to a 6.5•c 
rise in atmospheric temperature. Therefore two cases of warmer climate 
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TABLE 18.2 Changes in Mass-Balance Terms with Climate 

Term 

Be 
Xe 
Ablation rate at 

margin 
Accumulation flux 
Ablation flux 
calving flux 
Net mass balance 
Rate of sea-level 

Present Climate Warm case I 

1500 m 
279 km 

2.3 m/yr 
488 km3/yr 
289 km3/yr 
200 km3/yr 
-1 km3/yr 

rise 0 

2000 m 
220 km 

3.1 m/yr 
424 km3/yr 
685 km3/yr 
200 km3/yr 

-461 km3/yr 
1.3 ra/yr 

Warm Case II 

2500 m 
145 km 

3.8 m/yr 
279 km3/yr 

1338 km3/yr 
200 km3/yr 

-1259 km3/yr 
3. 5 flllll/y r 

will be examined quantitativelya case I will correspond to a conserva­
tive rise of 500 m in the elevation of the equilibrium line, while Case 
II will use a 1000-m rise of the equilibrium line. The •doubled-co2• 
atmosphere should fall somewhere between these two cases. 

By assuming that the value of db/dh does not change and accumulation 
rates increase by 10 percent, the model can be used to calculate the 
changes in the mass-balance terms for these two cases (Table 18.2). As 
can be seen from Table 18.2, the net mass balance would become strongly 
negative for the warmer climate cases. Both the accumulation and abla­
tion fluxes contribute to the mass loss7 the decrease in accumulation 
area outweighs the 10 percent increase in accumulation rate, while the 
ablation area increases as well as the average ablation rate. Figure 
18.2 presents the size of the mass-balanced terms for any change in 
equilibrium line. In this figure the effect of accelerating ablation 
for a warming climate is clearly seen. What can also be seen is the 
decrease in accumulation flux that occurs as the climate warms. Once 
the equilibrium line exceeds 3250 m, the entire ice cap becomes an abla­
tion zone and disappearance of the ice cap is assured. The net mass 
balance in this extreme is -3139 km3/yr or 8.7 flllll/yr in sea-level 
rise. Using the EGIG-line value of surface temperature gradient 
(0.6°C/l00 m), this case would require an average rise in surface 
temperature over the ice cap of 10.2•c. This value is about twice the 
final polar warming predicted by general circulation models (GCMs) for 
•doubled-co2• atmospheres but is roughly equivalent to polar warming 
for a •quadrupled-co2• atmosphere. 

The few transient experiments that have been done indicate that the 
response time for this magnitude of atmospheric warming is a few decades 
(J. Hansen, Goddard Institute for Space Studies, personal communication, 
M. Schlesinger, Oregon State University, personal comaunication). The 
ice cap on the other hand, will respond much more slowly. An estimate 
of the characteristic response time of the ice cap can be calculated by 
the time it would take a kinematic wave to travel the length of the cap. 
In equilibrium, the maximum velocity is at the equilibrium line and is 
equal to the AXe/He • 65 m/yr. In general, the kinematic wave 
velocity is about 4 times the ice velocity, and the response time is 
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FIGURE 18.2 Magnitude of mass-balance terms versus elevation of equi­
librium line for Greenland model with constant calving. Secondary axes 
relate temperature increase to elevation of equilibrium line (assuming 
BGIG-line value of 0.6°/100 m) and rate of sea-level rise to volume 
flux. 

355 km/4 x 65 m/yr • 1365 yr. Therefore, the climate would have equi­
librated long before the ice cap would have had time to equilibrate. 
This fact justifies the static treatment just completed. 

If any dynamic response of the ice cap is neglected for the moment, 
the changes in the ice cap's geometry over a 100-year period following 
the atmospheric warming can be calculated. As an upper bound, assume 
that the altered climate occurs instantaneously and the ice cap does 
not move, then the rate of thickening in the center of the ice cap will 
be equal to the accumulation rate or 0.35 m/yr (water equivalent). OVer 
100 years, the total thickening would be 39 m (accounting for the den­
sity of ice). In this model this thickening is taken as uniform over 
the total accumulation area. As for ablation, the ablation rate at the 
ice margin for Warmer case I would increase to 3.1 m/yr (water equiva­
lent). OVer 100 years, the total melt would be 344m of ice. Ice of 
this thickness occurs about 4 km from the original ice margin. Thus, 
over a period of 100 years, an average retreat of 4 km would be 
expected. 
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If, on the other hand, it is assu.ed that the ice flows at the saae 
rates in an altered climate as it does at present, then at the summit 
it sinks at a rate equal to the accumulation rate and rises at the 
margin at a rate equal to the ablation rate7 this is a requirement of 
an equilibrium profile. In this case, then, the surface will rise at a 
rate equal to the increase in accumulation rate, 3.9 m/100 yr, and will 
thin in the ablation zone at the rate of 89 m/100 yr and retreat only 
265 m. The major reason for these relatively small rates of marginal 
retreat is the very high slope at the surface near the margin and is a 
direct result of the parabolic profile assumed. FOr a wedge-shaped 
snout of angle e, the retreat rate would be 

. 
X • b COt 6, (18.11) 

. . 
where b is the ablation rate (measured vertically) and x is the retreat 
rate. 

To calculate a figure of total sea-level rise by the year 2100, 
assume a scenario in which there is no change in atmospheric warming 
from now to the year 2000, when the atmosphere warms at a rate that 
raises the equilibrium line 500 m (Warm Case I) by the year 2050, where 
it remains. The total change in sea level would be 0.10 a. If the 
equilibrium were raised 1000 m instead of 500 a (i.e., Warm Case II), 
the total rise would be 0.25 a. 

DYNAMIC REPONSE '1'0 CLIMATE CHANGE 

The questions must now be askeds At what point will the changing 
geometry affect the flow of ice, and what will be the nature of this 
response both in the near and distant future? 

FOr the perfectly plastic model posed here, the behavior of the ice 
is quite unrealistic. The ice motion stops when the shear at the base 
drops below the yield stress and flows at an infinite rate when the 
shear stress exceeds the yield stress. The ice sheet is always in 
equilibrium. FOr a more realistic nonlinear flow rheology, the flow 
rate depends on the product of surface slope and ice depth each raised 
to some power (usually between 2 and 5). In the Warm Case I considered 
above, the average slope over the entire ice cap length increased from 
0.524° to 0.537°, or 2 percent over 100 years, while the average thick­
ness decreased from 2167 to 2165 m or 0.1 percent over 100 years. These 
figures suggest that the dynamic response during the first 100 years 
following a warming would be slight. On the time scale of 1000 years, 
the ice cap will have time to adjust to this new climate. The initial 
response will result in thickening in the accumulation area and a 
retreat of the margin as described above. This will tend to increase 
ice velocities due to the increasing surface slope. Increasing veloc­
ities will increase the advection of ice from the central area of the 
ice cap. If this advection exceeds the thickening taking place in the 
accumulation zone, then the surface will lower. This effect could draw 
the accumulation zone below the equilibrium line converting it into an 
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ablation zone. If this were to happen, the ice cap would disappear 
irreversibly. 

What is really needed is a simulation of this scenario using a 
dynamic model that takes into account the full nonlinear aspects of the 
ice-dynamic equations. Pioneering theoretical treatments by Nye (1960) 
showed that the compressive region (the ablation zone) of a glacier 
responded to an increase in accumulation rate unstably before the 
arrival of a kinematic wave from the tensile region (the accumulation 
zone) and caused an accelerating advance of the glacier terminus during 
the unstable period. No dynamic theory, however, can predict a retreat 
rate that exceeds the static case given in the previous section, since 
any ice motion will tend to advance the ice margin. 

RAMIFICATIONS OF A POSSIBLE INCREASE OF CALVING 

Fro. studies of calving glaciers, Sikonia (1982) developed an empir­
ical relationship between rate of calving and water discharge, 

Vc • 1.092 x 103 n0.5689 hd.l75, (18.12) 

where Vc is the calving speed (km/yr), Dis the water discharge 
(a3/s), and hu is the unsupported height of the ice column. If this 
relationship is used crudely to link the calving flux to the ablation 
flux, then for the warmer climate scenarios discussed in an earlier 
section, the fractional increase in calving flux should be 0.5689 times 
the fractional increase in ablation. If so, the calving flux would 
increase by 156 km3/yr to 356 km3/yr for Warm Case I and by 414 km3/yr 
to 614 kaljyr for Warm Case II. This would increase the magnitude of 
the net mass balance deficits to -617 km3/yr and 1673 km3/yr, or 
1.7 mm/yr and 4.6 mm/yr of sea-level rise, respectively. 

FINAL REMARKS 

A simple model has been used to predict the response of the Greenland 
Ice Cap to future changes in climate. Given the limits to our knowledge 
of the areal distribution of the various mass-balance terms throughout 
the ice cap, the reduction of the ice cap to a single characteristic 
flowline is a useful first step to take in such a study. While the 
assumption of plasticity prevents a simulation of flow dynamics, the 
good fit of the model to present conditions lends credence to the tech­
nique used. 

Therefore, it is worthwhile to repeat those results that are believed 
to be most valid and that are pertinent to the main purpose of this 
workshop. 

• The Greenland Ice Cap is in approximate mass balance with the 
present climate. 

• FOr conditions that cause a 500-m rise or a 1000-m rise in the 
average elevation of the equilibrium line, the ice cap will experience 
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a mass imbalance of -461 ka3/yr (1.3 mm/yr rise in sea level) and 
-1259 km3/yr (or 3.5 mm/yr rise in sea level), respectively. These 
two cases bracket the predictions of equilibrated climate change for 
double the present amount of 002 in the atmosphere. 

• OVer the next 100 years, the rate of ice thickening or thinning 
will be primarily due to changes in the accumulation and ablation 
pattern. Retreat of the ice margin will be primarily due to increased 
melting, and any marked changes in ice flow will be limited to regions 
of outlet glaciers currently flowing rapidly. 
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A NUMERICAL SIMULATION OF C02-INDUCED TRANSIENT 
CLIMATE CHANGE WITH A COUPLED A'IMOSPHERE-<>CEAN 

GENERAL CIRCULATION MODEL 

Michael E. Schlesinger 
Department of Atmospheric Sciences and 

Climatic Research Institute 
Oregon State University 

The 002-induced temperature change since the industrial revolution, 
and in the future, depends in part on the •climate response function,• 
which measures the time lag between the actual response to a small step­
function change in thermal forcing and the response that would occur if 
the climate system had no thermal inertia. The majority of the simula­
tions of 002-induced climate change have been performed to determine 
the sensitivity of the climate system from the equilibrium warming 
resulting from an abrupt increase in 002. While these simulations 
are time dependent, their temperature evolution cannot be used to deter­
mine the climate response function because their treatment of the oceans 
was simplified for computational economy to enable equilibrium to be 
attained in as short a time as possible. In the past several years, 
however, simplified climate models with a variety of oceanic treatments 
have been applied to determine the characteristics of the climate re­
sponse function. As shown in Table 19.1, two types of heating pertur­
bation have been studied: a switch-on 002 increase, with either a 
doubling or quadrupling of the 002 concentrations, and an exponential 
increase of the oo2 concentration in time. The temporal response of 
the climate system to the switch-on oo2 increase can be partially 
characterized by an e-folding time Ter which is the time required to 
reach 63 percent of the equilibrium response, even though the actual 
response may not follow the •complementary• exponential function 
1- exp(-t/Te>• The temporal response to the exponential C02 
increase can be characterized by a lag L(t) defined implicitly by 
~T(t) • ~Ti(t- L), where ~Tis the actual temperature response and 
~Ti the temperature response that would occur if the climate system 
had zero thermal inertia. Table 19.1 shows that the estimates of e 
range from about 10 to 100 years. 

The recent analytical study of Wigley and Schlesinger (1985) showed 
that the climate response function depends on the gain of the climate 
system (the change in surface temperature/the change in thermal forcing) 
and the rate at which heat is transported from the ocean surface down­
ward into the interior of the ocean. Thus', it is likely that the cli­
mate response function simulated in these previous studies has been 
significantly influenced through the effects on the oceanic heat trans­
ports and climatic gain of the simplifications made in the models of 
the ocean and climate. Therefore, the objective of the present study 
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TABLE 19.1 Selected Climate Model Studies of Transient Climate Response 

Study 
Bunt and Wells (1979) 

Hoffert et al. (1980) 

SWitch-on C02 
Increase Te 
(Years) 

8-20 

Bllponential co2 
Increase Lag 
(Years) 
8 (at doubling) 

10-20 (1880-1980) 

Cess and Goldenberg (1981) 20 

Schneider and Thompson (1981) 13 

Bryan et al. (1982) ~ 25 

Spelman and Manabe (1984) 

Hansen et al. (1984) 27 
55 

102 

Bryan et al. (1984) 100 

Siegenthaler and Oeachger (1984) ~60 

28 (at doubling) 

is to investigate the characteristics of the climate response function 
with a global coupled atmosphere-ocean general circulation model (GCM). 

The atmospheric component of the coupled model is basically the two­
layer atmospheric GCM described by Schlesinger and Gates (1980, 1981) 
and docuaented by Ghan et al. (1982). The oceanic component of the 
coupled model is basically the six-layer oceanic GCM developed by Ban 
(l984a, 1984b) and extended by him to include the Arctic Ocean. The 
coupled model predicts the temperatures and velocities of the atmosphere 
and ocean, the atmospheric surface pressure and water vapor, the oceanic 
salinity, the land-surface temperature and water content, the sea-ice 
thickness, the snow mass and clouds and includes both the diurnal and 
seasonal variations of solar radiation. The coupled model is global 
and has realistic continent/ocean geography and realistic land and 
ocean-bottom topographies. The coupled model is integrated synchronous­
ly, that is, both component models simulate the same period of time. 
Two simulations were performed with the coupled model, one with a C02 
concentration of 326 ppm (1 x oo2> and the other with a doubled 002 
concentration of 652 ppm (2 x oo2). Both simulations were started 
from the same initial conditions, and each was synchronously integrated 
for 20 years. The difference between the (2 x 002) and (1 x 002) 
simulations thus represents the climate change induced by an abrupt or 
switch-on C02 doubling. 

The evolution of the change in global-mean temperature induced by 
the doubled 002 concentration is shown in Figure 19.1 in terms of the 
vertical distribution of monthly mean [(2 x oo2> - (1 x 002)]-tem­
perature differences for the atmosphere and ocean. The top panel of 
Figure 19.1 shows an initially rapid and vertically uniform warming of 
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FIGURE 19.1 Time-vertical distribution of the [(2 x 002) - (1 x 002)1 
difference in monthly-mean global-mean temperatures (°C) of the atmo­
sphere (above) and ocean (below). The temperature differences have 
been filtered using an asymmetric 12-pole, low-pass recursive filter 
with a 24-month cutoff period. Atmospheric warming between 0.8-l.2°C 
and larger than 1.6°C is indicated by light stipple, as is oceanic 
warming of 0.5-l.0°C, while oceanic cooling is shown by heavy stipple. 
(From Schlesinger et al. 1985). 

the atmosphere followed by a progressively slowing atmospheric warming. 
The bottom panel of Figure 19.1 also shows an initially rapid warming 
of the sea surface followed by a progressively slowing warming. Figure 
19.1 shows that the decrease in warming rate of the atmosphere and sea 
surface with time is the result of a downward transport and sequestering 
of heat into the interior of the ocean. 

The temperature changes shown in Figure 19.1, when normalized by the 
equilibrium temperature change, define the climate response function 
for the global-mean temperature. Clearly, the present simulations are 
not of sufficient duration for the equilibrium change to have been 
attained, a result that was anticipated from the analytical study of 
Wigley and Schlesinger (1985). However, an estimate of the equilibrium 
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temperature change and the vertical transport characteristics of the 
ocean can be obtained from a representation of the time evolution of 
Figure 19.1 by simple one-dimensional climate/ocean models. An energy­
balance climate/multibox ocean model gives an excellent representation 
of the evolution shown in Figure 19.1 with self-deterained parameters 
for which the estimated equilibrium temperature change is 2.8•c. This 
estimate is near the aid~int of the values siaulated by atmospheric 
GeM/interactive-ocean models (Schlesinger 1984). The effective ocean 
thermal diffusivity K, by which all vertical heat transport is parame­
terized in the simple multibox ocean model, is 3.2 ca2/sec at the SO-a 
level, 3.8 cm2/sec at the 250-m level, and 1.5 ca2/aec at the 750-m 
level. Values of K for the deeper ocean levels cannot be determined 
because, as shown in Figure 19.1, the duration of the integrations was 
not long enough for the warming to penetrate below the 750-m level. The 
mass-averaged effective ocean thermal diffusivity of K • 2.25 ca2/sec is 
in agreement with the best estimate based on the value required by a 
box-diffusion ocean model to reproduce the observed penetration of bomb­
produced radionuclides into the ocean (Broecker et al. l980J Siegen­
thaler 1983). Moreover, an energy-balance climate/box-diffusion ocean 
model with K • 2.25-2.50 cm2/sec is successful in reproducing the 
evolution of the [(2 x 002) - (l x 002)l differences in the surface 
air and ocean surface layer temperatures siaulated by the coupled GCM. 
Consequently, it appears that the coupled model transports heat from 
the surface downward into the ocean at a rate that is commensurate with 
the rate observed for the downward transport of radionuclides. 

The climate response function obtained from the energy-balance 
climate/multibox ocean model representation of the coupled model 
[(2 x 002) - (l x 002)]-temperature evolution is shown in Figure 
19.2, where a projection with the simple model has been made to year 
200 after the switch-on 002 doubling. It is seen that the response 
function is not simply l - exp(-t/~e> as it would be if only the ocean 
mixed layer warmed without transporting heat to the thermocline and 
deeper ocean. Thus, the response function cannot be characberized by a 
single parameter such as ~e• Nevertheless, the time to reach 63 per­
cent of the equilibrium is useful for comparison with the earlier stud­
ies (Table 19.1). Figure 19.1 shows that such an e-folding time is 
about 75-100 years for the upper ocean. An estimate from the analytical 
study of Wigley and Schlesinger (1985) using the climatic gain and ocean 
thermal diffusivity estimated for the coupled GCM gives 108 years. This 
large e-folding time and the relationship between it and the lag for a 
time-dependent 002-increase have definite implications for the memory 
of the climate system and for the detection of a oo2-induced climate 
change. 

While the above discussion has focused on the global-mean climate 
response function, the results of the coupled GCM simulations show that 
the warming is geographically differentiated both at the Barth's surface 
and within the ocean. FOr example, the latitude-vertical distributions 
of the zonal-mean [(2 x 002) - (l x 002)]-temperature differences 
are shown in Figure 19.3 for the atmosphere and ocean in terms of the 
annual mean over year 16. This figure shows that both the atmosphere 
and ocean warm as a result of the doubled 002. The oceanic warming 
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FIGURE 19.2 Energy balance climate multibox ocean model projection of 
the evolution of the [(2 x 002) - (l x 002)] difference in global-mean 
surface air temperature (ATa) and ocean-layer temperature (ATo k' 
k • 1, 2, 3, 4) for years l6-200 ·as a fraction of the equilibrium tem­
perature difference (ATeq)• The horizontal line labeled e-fold indi­
cates the level at which AT/ATeq • l - l/e = 0.63. (From Schlesinger 
et al. 1985) • 

increases from the tropics toward the mid-latitudes of both hemispheres 
at the surface and penetrates to a greater depth in the subtropics and 
mid-latitudes than in the equatorial region. These features are similar 
to what.is shown by the observed distribution of 614c in the ocean 
(Broecker et al. 1980). Large temperature increases are also evident 
in the 250-750 m ocean layer at 65°N and 60°S latitude. It is this deep 
penetration of heat into the ocean that results in a climate response 
function whose e-folding time is about 100 years. 

From the viewpoint of physical oceanography it is fundamental to 
inquire by what pathways and through which physical processes the simu­
lated ocean general circulation produces the penetration of 002-induced 
warming into the ocean. It is also of potential glaciological interest 
concerning the stability of the West Antarctic ice sheet to understand 
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FIGURE 19.3 Latitude-vertical distribution of the [(2 x 002) - (1 x 002)] 
difference in the annual-mean, zonal-mean temperatures of the atmosphere 
(above) and ocean (below) for year 16. Atmospheric warming larger than 
1.6°C is shown by light stipple, as is oceanic warming larger than 
0.8°C, while oceanic cooling is indicated by heavy stipple. (From 
Schlesinger et al. 1985). 

how the coupled model produces a considerable warming at depth in the 
vicinity of the Ross Ice Shelf. These inquiries can be made only 
through a time-dependent heat-budget analysis for the world ocean. 
Such a study is now in progress. 
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A'rl'ACIMENT 20 

THE • ICE PUMP, • A MECHANISM POR ICE-SHELP MELTING 

E. L. Lewis 
Institute of Ocean Sciences 

Sidney, British Columbia, canada 

The freezing point of seawater is a function of pressure and decreas­
es 7.5 x lo-l•c for every 10 m of water depth. In the studies of 
conditions near the Pilchner ice shelf, FOldvik and Kvinge (1974) 
pointed out that if water that had been in contact with ice at depth 
was, for any reason, raised then it would become supercooled in relation 

· to the in situ freezing point as the pressure reduced and would provide 
a heat sink for ice growth within the water column. If upwelling were 
to occur, continuity demanded downwelling at some other location or 
time. The converse argument yields that waters so descending, after 
having been in contact with surface ice, will have sensible heat avail­
able to cause the melting of ice at depth. This constitutes an ice 
pump as described by Lewis and Perkin (1983), who applied the concept 
to freezing/melting processes near the surface of the pack-ice-covered 
Arctic Ocean. In that case downward water movement originating at a 
lead, where ice growth was taking place owing to heat loss into the 
atmosphere, would require a corresponding upwelling of water in contact 
with local pressure ridge keels so as to cause some melting from the 
keels and deposition of an equal amount of additional ice within the 
lead. 

The whole process may be clarified by consideration of Figure 20.1. 
There a tank of seawater in an adiabatic enclosure has one of its walls 
made of ice, the ice-water interface being initially along the line AA. 
If the tank is taken to be a little more than 2 m deep the interface 
temperature at the bottom of the tank will be o.ooa•c below that at the 
top of the tank. Suppose that infinitesimal melting occurs near the 
tank bottom. The reduction in density of the seawater immediately next 
to the interface will cause it to rise, and as it rises it will 
increasingly constitute an infinitesimal heat sink for ice growth. 
Should this growth occur near the top of the tank the full o.ooa•c 
potential will have been utilized to move from the bottom to the top of 
the tank, and the salt rejected during the growth will cause a downward 
movement of water, which in turn will lead to more upwelling. A self­
starting •ice pump• is in operation, and as time progresses the inter­
face AA will tend to move through BB till eventually equilibrium is 
reached with the interface horizontal, in the CC position. The system 
has then reached its lowest energy state, and no further potential for 
ice pumping exists. If one applies this type of discussion to the 
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FIGURE 20.1 Schematic of a tank of seawater of depth B in an adiabatic 
enclosure. One wall of the tank is made of ice with the interface 
initially along the line AA. See text for discussion of the case for 
B cr 10 m. 

floating ice shelves of Antarctica a potential of about 0.27°C exists 
to cause melting from the bottom of the 400-m-thick ice sheet and 
deposit of ice beneath the contiguous sea ice. However, the dynamics 
of moat oceanic regimes provide a much stronger circulation to drive 
the pump than the •self-start• convection of Figure 20.1. 

Melting by this mechanism at the bottom of the ice shelf will be 
augmented should circulation beneath the shelf bring in water from out­
aide having significant sensible heat in relation to the depth freezing 
point, but it is important to realize that the described ice pump does 
not rely on an outside heat source to exist although ita rate of opera­
tion can be greatly increased by greater water movement. Any heat flux 
from the water into the ice sheet in response to the latter's cold core 
will reduce the effects of the pump temperature. If this heat flux is 
the dominant factor there will be no melting and sea ice will grow 
beneath the ice aheetr the flux has been estimated to be about 0.2 wja2 
or about 0.006 em/day of sea-ice growth. 

FOr a steady-state ice pump to work, water must be able to move up 
from beneath the floating ice sheet to the adjacent sea ice and there 
must be sufficient circulation so that the pump is not quenched by a 
stable layer of meltwater with low useful thermal content remaining in 
situ. The maximum pump rate is thus probably determined by the ability 
to transfer heat from the water to the ice through a planetary boundary 
layer, the formation of a density step being prevented by the slow 
upwelling of water from below. 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


277 

SURFACE 
SUPERCOOLING 

(m.deg) 

Data on oceanographic conditions in the McMurdo Sound near the Ross 
Ice Shelf have been given by Lewis and Perkin (1985). Figure 20.2 shows 
the locations just below the sea-ice sheet of arrival of supercooled 
seawater from beneath the ice shelf. Two such foci for upwelling may 
be noticed from the figure1 at these locations the supercooling is 
relieved within 2 m of the sea ice/Water interface and owing to salt 
input the water column is unstable to a depth of 190 m so that resulting 
convection is capable of reaching a great depth. It is not known how 
far conditions in McMurdo Sound may be thought to typify those near the 
Ross Ice Shelf. There is a gradual reduction in the thickness of the 
shelf ice as one moves seaward in McMurdo, which contrasts with the ice 
cliff normally seen along the greater part of the Ross Ice Shelf front. 
Clearly in McMurdo Sound a lot of melting is taking place near the ice­
shelf front and a sloping interface between shelf ice and seawater pro­
vides for easy exchange of bouyant water from beneath the shelf with 
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the surface waters of the Sound. Oceanographic profiles taken near the 
ice shelf/sea ice interface indicate that at a depth of 360 m (i.e., 
the bottom of a 400-m-thick shelf) the water is very close to its sur­
face freezing point, that is, about 0.27°C above its in situ freezing 
point, and this potential is therefore available for ice melt. Suppose 
that this water were moving at a velocity of 5 cm/s beneath the ice 
shelf and that the freshwater produced by melting ice would be moved 
out of the system, then, using the planetary boundary-layer for.ulation 
of McPhee (1983), it may be shown that the melt rate would be of the 
order of 1.5 em/day, dropping to 0.6 em/day as the current dropped to 
about 2 em/sec. It must be emphasized that this is a steady-state 
solution unlikely to be realized within nature except as an ensemble 
average. It assumes that, as stated above, there is a continual slope 
allowing sufficient drainage of meltwater from the location of melting 
up to the undersurface of the sea ice so that the tendency to form a 
density step is quenched. Par from the ice edge the drainage would be 
insufficient to allow these melt rates to be sustained, and the heat 
flow from the water would be limited by the circulation. The thickness 
of the ice sheet is variable and except near the ice edge will probably 
allow major •pooling• of meltwater to occur thus stopping further melt­
ing. The calculation also assumes that conditions in McMurdo Sound may 
be applied to the Ross Ice Sheet in general, which seems unlikely. In 
practice the ice pump will probably be limited by the opportunity for 
vertical water exchange rather than heat flow through the boundary 
layer, and the figure given above should be taken as typical of condi­
tions near the ice-shelf front only. 

Bow far •inland• from the ice-front edge is it realistic to assume a 
hydraulic connection between waters beneath and outside the ice shelf 
so that the needed flow can develop? Par more extensive oceanographic 
observations along and beneath the ice-shelf edge are needed. Should 
the logistics to make these measurements become available it is sug­
gested that they should be augmented by a side-scan sonar imaging of 
the ice shelf/seawater interface. It may well be that an upside-down, 
river-valley-type drainage system develops in the ice-shelf edge with 
alternate downwelling and upwelling regions located in relation to the 
shelf-edge geometry. 
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ABSTRACT 

AT'l'ACIMENT 21 

ICE SHELVES AND ICE STREAMS: 
THREE MODELING EXPERIMENTS 

J. L. Fastook 
Institute for Quaternary Studies 

University of Maine at Orono 

Three fundamentally different modeling approaches are discussed and 
their implications concerning the near future are considered. The first 
is a finite-difference model that focuses on the marine instability. 
After applying the model to West Antarctica during retreat from 18,000 
years before present (BP) to the present, the model was applied to con­
tinued retreat beginning in the Pine Island/Thwaites glacier region. 
Collapse of this region destablizes ice streams flowing into the Ross 
Ice Shelf and grounding-line retreat proceeds there also. The second 
is a plane-strain finite-element analysis of the stress distribution 
that occurs in an ice shelf due to the unbalanced hydrostatic forces at 
the front. This mechanism for iceberg calving, which leads to a tension 
maximum at the top surface about one half an ice thickness back from 
the ice front, appears only to be effective in the presence of suffi­
cient meltwater to keep the opening crevasse filled to approximately 
sea level. The possibility of bottom crevasses coinciding with top 
crevasses and leading to calving can be ruled out in all but a few 
special cases owing to closing of the bottom crevasses as they move 
closer to the ice front. The effects of different shaped ice fronts (a 
submerged bulb and an undercut ice front) were investigated and found 
to have little effect on the formation of surface crevasses. The possi­
bility of a second surface crevasse whose position depends on the shape 
of an undercut ice front is observed. The possibility of a bottom 
crevasse existing near the ice front is found in the case of the sub­
merged-bulb ice front. The third is a fully time-dependent, finite­
element flow-line reconstruction model. Based on the time-dependent 
continuity equation with ice velocity specified by a combination of flow 
and sliding laws, this model is used to investigate the formation of an 
ice stream in a region originally dominated by sheet flow. The time 
evolution of this process is discussed on various time scales, showing 
the changing basal traction as the ice stream forms as well as the 
changing mass outflow at the grounding line. 
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INTRODUCTION 

Of major concern among those studying the problem of West Antarctic 
stability has been the effect of the anticipated climatic warming due 
to increased atmospheric concentration of 002. In model experiments 
increases of several degrees for worldwide average temperature are pre­
dicted, while for individual localities the increase may be greater. 
In particular, polar regions seem to experience a greater warming than 
the worldwide average, with some models suggesting as much as 6°C above 
present-day averages (Manabe and Wetherald 1975). A temperature warming 
of this magnitude in polar regions would certainly affect the stability, 
dynamics, and extent of the major ice sheets. In particular one might 
expect major irreversible changes in the possibly unstable marine-based 
West Antarctic Ice Sheet. In this paper the results of three different 
modeling experiments are discussed with particular emphasis on short­
term (approximately 100 years) changes. 

The first model experiment involves the marine instability first 
discussed by Weertman (1974) and further developed by Thomas and Bentley 
(1978) and Stuiver et al. (1981). The results presented here are dis­
cussed at length in Pastook (1984). 

The second model experiment is a finite-element analysis of the 
calving process in an idealized ice shelf (Pastook and Schmidt 1982). 
This is done in an attempt to quantify the major unknown parameter used 
in the first model to control retreat of the grounding line, namely the 
extent of the buttressing ice shelf. 

The third and final model experiment involves the use of a finite­
element model to reconstruct flow-line profiles. This is in many ways 
similar to the finite-difference technique used in the first modeling 
experiment except that the finite-element model is explicitly time 
dependent so that the time response of the system to some change in its 
external or internal boundary conditions can be monitored. In partic­
ular, results concerning the formation of an ice stream (an area of 
anomalously low bed traction coupled with anomalously high ice veloci­
ties) in a region originally dominated by sheet flow are discussed. 
Transient events analogous to mountain-glacier surges are observed as 
the flow line adjusts to its new equilibrium configuration. 

MARINE INSTABI LI'l.Y 

A marine-based ice sheet is one that, on removal of the ice and con­
sequent isotatic rebound, will leave a bed predominantly below sea 
level. The importance of ice streams to the dynamic behavior of a 
marine ice sheet is evident from an examination of West Antarctica, the 
one remaining marine ice sheet. Examination of surface contours shows 
that fully 90 percent of the catchment area of West Antarctica drains 
through only 19 major ice streams (Hughes 1977). The importance of ice 
shelves is indicated by the fact that of these major ice streams 15 
feed either into the Ross or the Pilchner-Ronne Ice Shelves. Only two, 
Pine Island glacier and Thwaites glacier on the Amundsen Sea, flow into 
open sea with no major buttressing ice shelf. West Antarctica has only 
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small ablation zones so that the predominant mechanism for the removal 
of ice is calving from ice fronts. The relative movement of the calv­
ing front and the grounding line interact to provide the major negative 
feedback necessary to contain the otherwise unstable marine ice-sheet 
system (Faatook 1984). 

Instability in a marine ice sheet is focused along the grounding line 
that separates the floating ice-shelf margin from the grounded interior 
dome (Weertman 1974). An expression can be obtained relating the move­
ment of the grounding line to the change of thickness at the grounding 
line that will depend on the surface and bed slopes at the grounding 
line. This is discussed in detail in Faatook (1984). 

The thinning rate at the grounding line can be expressed in terms of 
ice advection across the grounding line (dependent on ice velocity and 
surface and bed slopes), the creep thinning rate as described by a flow 
law (Glen 1955), and the local accumulation or ablation rate. The creep 
thinning term will contain a backatreaa term proportional to the extent 
of the buttressing ice shelf. There have been various parameterization& 
of this backforce, but a simple one involves the product of the shear 
stress with the length of the shear zone as the ice stream pushes 
through the buttressing ice shelf. 

The velocity contained in the advection term is not a simple mass­
balance velocity but must also account for the effects of thinning along 
the entire length of the flow line. Again there are several ways to 
deal with this problem but the method used in this modeling experiment 
involves the comparison of two equilibrium profiles differing only in 
thickness at the grounding line. While this can be criticized, it does 
at least give a reasonable approximation of the true behavior. Profiles 
are obtained from an improved CLIMAP reconstruction scheme (Hughes 
1981), which is discussed at length in Faatook (1984). 

While not central to the issue here it is worth noting that retreat 
and collapse of west Antarctic is driven in this model by rising sea 
level. This rise in sea level is triggered by melting along the ter­
restrial southern margin of the Laurentide and Eurasian ice sheets. As 
the marine margins in both the northern and southern hemispheres retreat 
this additional component of sea-level rise adds to the original sea 
level creating a positive feedback mechanism that greatly amplifies the 
effect of the local insolation variation, which produces the melting 
along the southern margin of the northern hemisphere ice sheets. 

The extent of the buttressing ice shelf through its effect on the 
creep thinning rate at the grounding line has been used to moderate 
retreat and hence fit the retreat rate to the known geological data 
(Stuiver et al. 1981). Figure 21.1 shows surface elevation contours 
(dashed linea) and approximate calving front positions (hatched lines) 
at 10,000 BP. This is the conclusion of modeled retreat from a maximum 
configuration assumed at 18,000 BP (reported in detail in Fastook 1984). 
The margins have in generally reached their present positions. The ice­
shelf extent shown on this figure is the ice-shelf buttressing needed 
to stabilize the grounding line at this position. Note the generally 
good agreement between the necessary ice shelf and the currently exist­
ing ice shelf. The only major discrepancy is in the Amundsen Sea, where 
an ice shelf of nearly 350 km is needed to halt retreat of Pine Island 
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FIGURE 21.1 Surface elevation contours at 10,000 BP following the 
retreat modeled in Fastook (1984). The extent of the buttressing ice 
shelf in general agrees weli with the current extent of the ice shelves, 
shown by the light hatched line. Note that in the Amundsen Sea a 
significant ice shelf is necessary to stablilize the grounding line at 
its current position. 

and Thwaites glaciers. An ice shelf of this size would extend from 
Thurston Island on the west to Siple Island on the east, practically 
filling the Amundsen Sea out to the continental shelf. A possible 
explanation for this discrepancy is that until recently this ice shelf 
did exist and that its disappearance could be the first step in a second 
stage of retreat that could greatly reduce the extent of West Antarc­
tica. Supporting evidence for this hypothesis can be seen in sediment 
records from cores taken near the edge of the continental shelf in the 
Amundsen Sea (Kellogg et al. 1982). The sparse diatom assemblages 
found in these cores may indicate ice shelf coverage of these areas as 
recently as 1000 years ago. 

Figures 21.2-21.5 show the results of a modeling experiment where 
the shelf required to hold the grounding line at its present position 
for Pine Island and Thwaites glaciers is removed. Grounding-line posi­
tions are shown at 1000, 2000, 4000, and 6000 years after removal of 
the ice shelf. A conservative estimate of the extent of the buttressing 
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FIGURE 21.2 Map of West Antarctica showing surface elevation contours 
1000 years after removing the hypothetical Amundsen Ice Shelf. A new 
ice shelf forms in essentially the same position, but the grounding 
line's movement into the deep Bentley subglacial trench causes retreat 
to continue. 

ice shelf produced by the accelerated discharge of ice as grounding 
linea retreat is indicated by the hatched linea on the figures. Ground­
ing-line retreat rates in this experiment are generally of the same 
order as those observed during grounding-line retreat from 18,000 to 
10,000 BP. It should be stressed that should this ice shelf not reform, 
retreat into the interior of West Antarctica would proceed far more 
rapidly than is indicated by this modeling experiment. Experiments with 
no ice-shelf reforming retreat far into the Bentley subglacial trench 
in a few hundred years. An ancillary affect of massive retreat in the 
Amundsen Sea sector is to upset the equilibrium of the ice streams 
flowing into the Rosa Ice Shelf. Migrating ice divides encroach upon 
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FIGURE 21.3 surface elevation contours 2000 years after removal of the 
Amundsen Ice Shelf. The moving ice divide between the Amundsen Sea and 
the Ross Sea embayments has destabilized those ice streams flowing into 
the Ross Ice Shelf, and they too begin to retreat. 

the catchment areas of flow lines on the opposite side of the divide, 
triggering grounding-line retreat as reduced grounding-line velocities 
result in thinning at the grounding line. This is shown in Figures 
21.3-21.5 as the migrating ice divide reduces the catchment areas of 
ice streams D and E, causing the calving rate to exceed the ice flux 
across the grounding line, thereby reducing the backstress and allowing 
further retreat. The highly fractured surface of ice stream c, coupled 
with its anomalously_ low outlet velocity may indicate that such a 
process is already taking place. 
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FIGURE 21.4 Surface elevation contours 4000 years after removal of the 
Amundsen Ice Shelf. 

CREVASSE PORMATION 

Loss of mass through calving from ice shelves and tidewater glaciers 
is though to be the dominant mechanism whereby ice is removed from 
Antarctica. Because of the postulated dependence of marine ice sheets 
such as West Antarctica on the existence of buttressing ice shelves it 
seems important to understand some of the processes that might control 
the calving process. 

The analytical treatment of Reeh (1968) and Weertman (1973) is fol­
lowed in that the primary driving force for calving is assumed to be 
the eccentric tension produced at the ice front by the unbalanced hydro­
static pressures in the ice and water columns. This treatment ignores 
the catastrophic mechanisms (e.g., storm surges, tidal waves) that may 
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FIGURE 21.5 Surface elevation contours 6000 years after the removal of 
the Amundsen Ice Shelf. 

be responsible for the formation of very large icebergs. The following 
treatment is discussed in greater detail in Pastook and Schmidt (1982). 

The form of the eccentric tension at the ice front is obtained from 
the balance of hydrostatic pressures in the ice and water columns. The 
ice, being less dense, needs a longer column to provide the same pres­
sure at the base of the ice column. Pressures within each column are 
proportional to the density and the depth and must be equal at the base. 
Since the ice extends above the water surface there is an unsupported 
face where the tension increases from zero at the top surface to a 
maximum value at the sea level. At sea level, the hydrostatic pressure 
of the water begins to counteract the hydrostatic pressure of the ice 
and the tension decreases to zero at the base of the ice column. The 
magnitude of the tension depends on the relative densities of the ice 
and water as well as on the thickness of the ice column. Typically the 
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average tension on an ice shelf 600 m thick with a density of 917 kgj.m3 
in seawater with a density of 1030 kg/m3 will be 3 bars, with a maximum 
value at sea level of 6 bars. 

It is this tension that is responsible for the thinning of floating 
ice, but the fact that this tension acta with a maximum at the water 
level produces a bending torque that causes the ice shelf to arch over. 
This bending produces a tension maximum some distance back from the ice 
front. It is at this location that a crevasse is assumed to form. None 
of the analytic treatments nor this treatment has arrived at an adequate 
criteria for the fracture of ice. Stress and strain-rate distribution, 
as well as the past history of the ice in question, seem to affect the 
formation of crevasses (Holdsworth 1969J Hambrey and Muller 1978) and 
estimates of the critical values for the fracture of ice range over 
orders of magnitude. Hughes (1984) has attempted to quantify a fracture 
criteria, but it is not incorporated in this treatment. Instead a 
simple criteria that a crevasse forma at the point of maximum tensions 
is used. Propagation of the crack into the body of the ice shelf 
depends on the continued existence of tension immediately below the 
crack. In addition, the crack should not be closing at any level within 
the crack. 

In the present model, this process is investigated using a finite­
element model (Zienkiewicz 1971J Schmidt 1977) to obtain an approximate 
solution to the equations of slow creeping Newtonian flow with velocity 
and pressure as independent variables. The finite-element technique 
allows the specification of acceptable ice configurations including 
cracks and spatially variable material properties as well as realistic 
(i.e., nonlinear) equations of state without the constraints imposed by 
an analytic solution. Moat importantly one can look at the time evolu­
tion of the system as it responds to the changing stress configuration 
created by the development and propagation of the crack. 

Figure 21.6 shows the material configuration used to model the float­
ing ice shelf. The hatched area represents a highly viscous material 
with a density of 917 kg/m3, a flow law constant of 3.14 bars/yr, and 

G.L . 

FIGURE 21.6 Material configuration used to model a floating ice shelf. 
The unhatched region is a low-viscosity waterlike material, while the 
hatched region is a higher-viscosity icelike material. The point marked 
G.L. represent the grounding line and is constrained not to move. 
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FIGURE 21.7 Oomparision of deflections after 0.325 year has elapsed 
predicted by the viscous-beam approximation of Reeh (1968) and by the 
finite-element method. 

an exponent of l [these values correspond to an ice shelf 600 m thick 
at a temperature of -4°C (Reeh 1968)). The unhatched area repreaents 
the supporting seawater with a density of 1030 kg/m3 and a flow law 
constant two orders of magnitude lover than the ice. Although not the 
actual viscosity of water, this value produces realistic results while 
avoiding a difference in viscosities between water and ice. The use of 
water elements to support the ice eliminates the need to calculate the 
unbalanced tension at the ice front since this is performed internally 
by the JDOde l. 

Figure 21.7 shows a comparison of Reeh's (1968) beam analysis with 
the results of the finite-element analysis. Qualitatively the results 
are similar. The arching and bending of the ice shelf produce a non­
uniform distribution of tensions along the top surface with a maximua 
tension of 3.44 bars about 300 m back from the ice front. This distri­
bution is shown in Figure 21.8, as are the distributions that occur when 
a 10-m-wide crack 30 and 60 m deep is introduced into the ice shelf. 
The presence of the crack seems to have little effect elsewhere. Ten­
sion exists below the crack for depths up to llS m, although such a 
crack would tend to close off at an intermediate depth near sea level. 
The deepest crack that one could obtain from this analysis, which dis­
played tension below it and was opening along its entire depth, vas 
approximately 60 m, which compares favorably with Weertman's (1973) 
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FIGURE 21.8 Normal stress at the centroids of elements along the 
surface of the floating ice for no crack and for cracks of different 
depths. The grounding line is to the left, and the calving front to 
the right. 

prediction of 52 m for an ice shelf with a uniform tension of 3 bars. 
The basic conclusion of this analysis is that such a crevasse would not 
produce calving, since the crevasse can only penetrate a fraction of 
the total ice thickness. It is possible, however, that nonuniformities 
in the ice might skew the direction of propagation of the crack so that 
a large section of the ice front (300 m back from the ice front and 
extending perhaps 50 m below sea level) might flake off, producing an 
underwater bulb similar to those described by Swithinbank and Zumberge 
(1965). More will be said about nonrectangular fronts later. 

Weertman (1973) provided an analytic expression for the depth of 
propagation of a crack filled to various depths with water. The finite­
element method yields general agreement with the analytic solution pre­
dicting a depth of 126 m for a crack two thirds full of water and the 
finite-element method predicting a depth of 138 m. 

up to this point little has been done that could not be performed 
equally well with the analytic formulations. One of the strengths of 
the finite-element method lies in continuing the analysis in time beyond 
the point where the assumptions necessary for the analytic solution have 
broken down. Figure 21.9 shows the tensions at different levels within 
the element directly below the crack bottom as a function of time. One 
can readily note a general trend of increasing tension in the element 
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as time progresses. Assuming a linear variation of stress within the 
element, one can obtain a measure of the depth of the level of zero 
tension (Figure 21.9). Because of thinning and other deformation of 
the ice shelf with time, the zero tension level is displayed relative 
to sea level, relative to the crack bottom, and relative to the top 
surface. POr clarity the curves are displaced, the slope being the 
important characteristic to observe. POr this particular crack depth 
of 108 m one finds the level of zero tension moving downward at a rate 
of between 0.41 and 0.30 m/day depending on the reference point chosen. 
A similar analysis for cracks of different depths (Figure 21.10) shows 
rates of zero-tension level movement as a function of crack depth for a 
crack filled two thirds full of water. As the crack becomes progres­
sively deeper, the rate of movement of the zero tension level increases. 
Indeed, an extreme example not shown on Figure 21.10 for a crack 530 m 
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FIGURE 21.9 Movement of the level of zero tension below a crack, 
initially 10 m wide and 44 m deep, filled two thirds full of water, as 
a function of time taken with respect to sea level, the crack bottom, 
and the ice surface. Least-squares fits are shown by the straight 
lines. 
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FIGURE 21.10 Rate of movement of the level of zero tension for cracks 
two thirds full of water and differing bottom depth below sea level. 
Zero-tension-level movement is measured with respect to the ice surface, 
sea level, and the crack bottom. 

deep (90 percent of the ice thickness) filled with water to approxi­
mately sea level shows movement of the zero tension level as high as 
10 m/day. 

Based on the preceding analysis one can postulate a probable calving 
scenario as follows. After the calving of an iceberg the ice front 
deflects downward at the same time that the ice surface more than one 
ice thickness from the front arches upward. This produces a tension 
maximum on the surface about one-half ice thickness from the ice front. 
Fracture is assumed to occur in this region. In the absence of melt­
water this crevasse can only propagate to approximately sea level, pro­
ducing either no calving or only small icebergs, leaving a submerged 
bulb for the ice-front configuration. If sufficient meltwater is pres­
ent to maintain the water level in the crack just above sea level, the 
crack can propagate downward into the ice. Presumably the crack propa­
gates rapidly to approximately the zero tension level and then stops. 
As the ice shelf continues to deform with time, the zero tension level 
moves downward, allowing the crack to propagate further into the ice. 
This movement of the zero tension level accelerates as the crack depth 
increases. As this mechanism depends heavily on the presence of copious 
meltwater, one would expect it to be strongly seasonal in character, 
although once the crack has propagated to a sufficient depth the pre-
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sence of seawater that may infiltrate through microcracks will be cap­
able of maintaining the crevasse. 

Weertman (1980) described a process whereby bottom crevasses can 
extend up to 78 percent of the total ice thick into the ice shelf. The 
possibility of a top and bottom crevasse joining and producing calving 
is then a possibility. Pol (1984), using a similar finite-element tech­
nique, suggested that this is unlikely because a bottom crevasse can 
only remain open far from the ice front (the situation considered in 
Weertman's analysis). As the bottom crevasse approaches the ice front 
where the surface crevasses can exist it begins to close. Pol also 
considered the case of an overhanging front and a submerged bulb (see 
Swithinbank and Zumberge 1965). Pol's concluslons are that for an over­
hanging front the possibility exists for a second top-surface creavasse 
to form at a position dependent more on the shape of the overhang than 
on its distance from the ice front. The secondary crevasse seems to 
form where the ice shelf thickens considerably, although this result 
may be an artifact of the abrupt change in thickness used to model the 
overhang. The significant result of his analysis of the submerged bulb 
configuration is a strong tendency for bottom crevasses to remain open 
much closer to the ice front, hence producing the possibility of a top 
and bottom crevasse coinciding and producing calving. 

TIME-DEPENDENT FINITE-ELEMENT MODEL 

There are important drawbacks of the two modeling techniques discus­
sed in the previous two sections. 

The finite-difference scheme used to reconstruct profiles for calcu­
lation of the grounding-line position as controlled by the marine in­
stability uses a steady-state profile. While this is acceptable on the 
time scales dealt with in that modeling exercise, for more rapid change, 
or to model accurately the state of a system as it changes in response 
to changing boundary conditions, one must include the full time-depend­
ent continuity equation as a starting point. This is difficult to do 
in the finite-difference scheme because of the stepwise nature in which 
this modeling technique obtains profiles. 

The second model suffers from similar drawbacks in that the solution 
obtained is also a steady-state solution so that one cannot observe the 
effects of changing boundary conditions. In addition the requirement 
that one specify the configuration of the boundary as well as all the 
forces acting on that boundary makes this modeling technique less useful 
in situations where the configurations is unknown (as when attempting to 
reconstruct a given flow-line profile). 

The modeling technique described here combines the best points of 
the previous two models while addressing the above-mentioned drawbacks. 

Finite-elements analysis is especially appropriate for modeling 
situations in which a quantity identifiable as a flux is proportional 
to the derivative of some state variable for which one wishes to solve. 
In the problem under consideration the flux, a, given by 

a • uwH (21.1) 
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is simply the product of u (velocity), w (width of the flowband), and H 
(ice thickness at any given point), while the state variable of interest 
is taken to be the ice-surface elevation at that point. Velocities can 
be expressed analytically as some linear combination of sliding and 
flow, where the different components are given by integrating appropri­
ate sliding and flow laws. In this model Weertman's (1964) sliding law 
and Glen's (1955) flow law have been used. Any constitutive relation­
ship that relates either velocity or strain rate to applied stress could 
as easily be used in this formulation. ~e continuity equation for a 
flow line is given by 

(21.2) 

where h is the surface elevation, a is the accumulation rate, x is the 
distance along the flow line with the origin at the margin, and t is 
time. The continuity equation is then solved using a variational-prin­
ciple approach (Becker et al. 1981) that takes advantage of the fact 
that over appropriately small regions (i.e., finite elements) within 
the area being modeled, such variable factors as width, accumulation, 
flow-law constant, and sliding law constant can be taken as constant 
with respect to the integration variable (in this case the distance 
along the flow line). In addition the state variable (surface eleva­
tion) is approximated by a linear combination of simple quadratics 
(termed shape functions) that can be integrated exactly in any arbitrary 
element. The problem reduces to an algebraic problem of solving for 
the coefficients of the linear combinations of shape functions. Combi­
nation of these coefficients yields the solution over the entire region 
under consideration. 

The procedure above yields a matrix equation of the form 
= = 
lh + c (dh/dt) • f, (21.3) 

where h and db/dt are the vector and the time derivative of the vector 
of surface elevations that make up ~he boundaries of the set of elements 
used to approximate the flow line, i is ~he stiffness matrix obtained 
from the flux derivative term equation, C is the capacitance matrix 
obtained from the surface-elevation-time derivative, and f is the load 
vector obtained from this equation by solving the h with the time deriv­
ative equal to zero. 

(21.4) 

POr the full time-dependent solution one can use a backward-difference 
scheme where 

(dbn+l/dt) • <hn+l - bn)/Atr (21.5) 

here At is the time step and n is the number of the time steps taken. 
Combining Bqs. (21.3) and (21.5) and solving for bn+l one obtains 

(21.6) 
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FIGURE 21.11 Equilibrium velocity for a flat-bed, marine-based flow 
line, with and without an ice stream. 

= 
where I is the identity matrix, hn and hn+l are the surface ele­
vation vectors at time steps n and n + 1, and fn+l is the new load 
vector. 

The following is an example of what can be done with this type of 
model, as well as to show what sort of changes one might expect to 
observe in the surface profile of a glacier that has undergone a sudden 
change in boundary conditions. A flat-bed marine-based flow line 400 
km long undergoes a sudden decoupling of the bed that increases pro­
gressively from a point 100 km inland of the grounding line until at 
the grounding line the ice is completley decoupled from the bed. Assum­
ing a thawed bed along the length of the flow line, one can interpret 
this in context of Weertman's (1964) sliding law as a progressive drown­
ing of the controlling obstacles as one moves inland from the grounding 
line. The equilibrium profiles that are obtained by solving Eq. (21.4) 
for the two different sets of boundary conditions are shown as dashed 
lines on Figure 21.12. The grounding line is at the left, and flow is 
from right to left with the flux across the right-hand boundary equal 
to zero. The upper profile presents a typical sheet flow profile, while 
the lower uncoupled bed profile displays the concave surface often 
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FIGURE 21.12 Ice-stream forming, the first 10 years, time step equals 
1 year. Dashed lines indicate equilibrium surface elevation profiles 
for a flat-bed, marine-based flow line, with and without an ice stream 
100 km long. 

associated with ice streams. The basal shear stresses obtained for 
these two equilibrium profiles are shown as dashed lines on Figure 
21.15. Note the very low stresses associated with the uncoupled ice 
stream portion of the profile. Figure 21.11 shows velocity profiles 
for the same two flow lines. Again note the higher velocities along 
the ice stream profile. Figures 21.12-21.14 show the results of this 
model experiment. The upper dashed line is the original profile, and 
the lower dashed line is the equilibrium profile of the new boundary 
conditions. Intermediate solid lines show the surface response as a 
function of time for varying time steps. In Figure 21.12 the first 10 
years of response are shown at 1-year intervals. Note the spreading 
effect of the ice stream that now extends well beyond the 100 ka direct­
ly affected by the changing boundary conditions. Figure 21.14 shows 
the long term response of the flow line with 1000-year intervals show­
ing the clear convergence of the time-dependent solution toward the 
equilibrium profile obtained for the new boundary conditions. Figure 
21.15 shows for 10-year intervals the response of the basal shear stress 
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FIGURE 21.13 Ice-stream forming, the first 100 years, time step equals 
10 years. 

as the ice stream forms. Note that even though the bed is becoming 
progressively decoupled through the drowning of the controlling obsta­
cles the effect is for the basal shear stress to increase locally in 
and above the ice stream region as the ice stream forms. Finally, 
Figure 21.16 shows the calculated grounding-line flux as a function of 
time. The equilibrium flux is shown as a horizontal dashed line. ~e 
flux initially increases to a high value when the bed is decoupled and 
then displays exponential decay to its equilibrium value as time 
progresses. 

While the use of a step function for the change in boundary condi­
tions is at best artificial, this model serves to demonstrate the power 
of this technique, as well as displaying some of the short-term effects 
that one might expect to observe in the formation of an ice stream in a 
region originally dominated by sheet flow. More realistic changes in 
boundary conditions are not difficult to implementr linear rams, sinu­
soidal variations, and others all being possible to introduce through 
Eq. (21. 6). In this model one is not limited to varying the bed coup­
ling. One can also vary accumulation rates (in response to changing 

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


297 

a ICE STRERH FORMING (1000 YEAR STEPJ 
a 
• a 

a 
N -0 

-a 
JCa . 

a 
Ill -
0 
a 
• a 

0 ---- ----- ,,. 
2: ,, -0 / 

0 / z. / 
co / t-1111 

I t-
a: I > 
LLJo 1 
-lo 
IJJ• 

9l.oo 7 .00 1 0.00 2 5.00 3 0.00 13 5.00 
DISTANCE (HJ MlO 
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climate), catchment areas (in response to changes in the neighboring 
flowlines), flow- or sliding-law constants (in response to changing 
temperature), or bedrock profiles (in response to isostatic adjust­
ments). 
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RESIONSES OP THE IOLAR ICE SHEETS '1'0 CLIMATIC WARMING 

INTRODUCTION 

Robert H. Thomas 
National Aeronautics and Space Administration 

Washington, D.C. 

This document presents an assessment of possible responses by the 
Antarctic ice sheet to a climate warming associated with increasing 
concentrations in the atmosphere of greenhouse constituents such as 
C02 and methane. This has been a cooperative effort with the Goddard 
Institute of Space Studies (GISS) climate modeling group under J. 
Hansen. 

Increased ice drainage from West Antarctica is generally' identified 
as the most probable cause for a major increase in sea level if global 
climate becomes appreciably warmer. Potential outlets for the ice are 
the Pine Island and Thwaites glaciers and the great embayments contain­
ing the Ross and Pilchner/Ronne Ice Shelves. In addition, parts of the 
Bast Antarctic ice sheet grounded more than 0.5 km below sea level 
(Figure 22.1) may also be vulnerable to increased discharge. A quanti­
tative assessment of these responses over the next century is hindered 
by lack of both data and understanding of the physical processes that 
might operate. Nevertheless, I attempt here to formulate a simple model 
to describe the initial response of Antarctic outlet glaciers and ice 
streams to warming climate, and I shall use this model to estimate upper 
limits to increased ice discharge during the next century. 

RATIONALE POR A MODEL DESCRIBING ENHANCED ICE DISCHARGE 

Most of the large Antarctic glaciers and ice streams drain into ice 
shelves--in marked contrast to those in Greenland, which flow directly 
into the ocean where they calve to form comparatively small icebergs. 
The Antarctic ice shelves impose a backpressure on ice flowing into 
them, and the magnitude of the backpressure is determined by how diffi­
cult it is to push the ice shelf seaward. Large, embayed ice shelves 
containing grounded ice rises, such as the Amery, Filchner-Ronne, and 
Ross Ice Shelves, impose very large backpressures--up to several bars-­
on their tributary glaciers. As a rough rule of thumb, the backpressure 
can be approximated as l bar for every 200 m by which the grounding-line 
thickness exceeds 400 m. Thus, where the Ronne Ice Shelf approaches 
1400 m in thickness, the backpressure is about 5 bars. 
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FIGURE 22.1 Antarctica. The floating ice shelves are shaded. The 
hachured regions are ~rine-based• portions of the ice sheet resting 
on bedrock more than 500 m below sea level. 

The effect of this backpressure is to limit creep rates in the ice 
shelf and for some distance upstream in tributary glaciers. The up­
stream distance over which the glacier •feels• the presence of the ice 
shelf is determined by how easily it slides over its bed. Backpressure 
is transmitted over the greatest distance for wide, rapidly sliding 
glaciers with low basal shear stresses (and therefore low surface 
slope). A climatic warming sufficient to cause ice-shelf thinning 
and/or accelerated calving would result in a reduction in backpressure, 
since the ice-shelf thickness in contact with the margins and ice rises 
would be reduced. This, in turn, would permit accelerated creep in the 
upstream portions of the ice shelf and for some distance upstream trib­
utary glaciers. The net result would be accelerated discharge into the 
ice shelves. 

This is the basis upon which I shall formulate two models describing 
increased ice discharge. The first model (A) is simple and contains no 
physics. I assume that the increased ice discharge exactly balances 
ice lost from the ice shelves by increased melting. Note, however, that 
the ice shelves would nevertheless become progressively thinner, because 
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additional ice would be lost by enhanced calving at the seaward ice 
fronts to balance the increased ice-shelf speed. I include this model 
to provide a datum against which to compare results from the second, 
more elaborate model (B). In the second model, I calculate ice-stream 
acceleration consistent with progressive ice-shelf weakening due to 
enhanced melting, and I include the negative-feedback effects of the 
increased ice discharge on ice-shelf thinning. First, to illustrate 
the importance of the ice shelves, I shall consider the effects of their 
complete removal on a large tributary ice stream. 

THE DYNMIC ROLE OF ICE SHELVES 

The thick, broad ice streams that drain West Antarctic ice into the 
Ross and Filchner/Ronne Ice Shelves have anomalously low surface slopes. 
Driving stresses balancing shear at the bed and ice-stream sides are 
typically 0.1 to 0.2 bar. If shear stresses at the ice/ice marginal 
interfaces are approximatley 1 bar, basal shear stresses may be less 
than 0.1 bar within the faster-moving lower reaches of these ice 
streams--extending 200 km or more inland from the ice-shelf grounding 
line. This suggests that the ice is sliding readily over a slurry of 
water-saturated glacial drift. Moreover, these portions of the inland 
ice can be regarded almost as extensions of the ice shelf, with negli­
gible shear within vertical planes. The rate at which the ice stream 
accelerates as it moves seaward is then determined by longitudinal ten­
sile stresses, and expressions for these can be derived using ice-shelf 
theory (Thomas 1973). Referring to Figure 22.2, the ice-stream longi­
tudinal strain rate at P is 

{ 
2 n-l/2n n 

Exx • (1 + a + a ) [P ig'H - F s + F is l} 
B (2 + a) 2 WH 

(22.1) 

and a • ~!Bxx, where Evv is the lateral strain rate7 H is the 
ice thickness at P7 W is4 the ice stream width at P7 F8 is the total 
force due to shear between the ice stream and its sides and bed down­
stream of P7 Fis is the total compressive force between the ice stream 
and ice shelf at the grounding line7 B is a temperature-dependent ice 
hardness parameter, averaged over depth7 and n is the ice-flow law 
exponent, generally assumed to be approximately 3. The term (pigB)/2 is 
the weight-induced spreading stress (ae), and the term (Fs + Fis>IWB 
is the retarding stress (or>• (Note that a more generalized expres­
sion can be written for an ice stream with nonhorizontal bed, but it 
becomes more complex and does not alter our final result.) 

With this relationship, we can now examine the influence of ice-shelf 
weakening on ice-stream velocity. Some of the ice streams draining into 
the Ross and Filchner/Ronne Ice Shelves have thicknesses close to 1 km 
at the point where they enter the ice shelves. POr these thick portions 
of ice shelf to survive as equilibrium features, thinning rates due to 
creep must be balanced by thickening rates due to snow accumulation and 
advection of thicker ice from upstream. These thickening effects gen-

Copyright © National Academy of Sciences. All rights reserved.

Glaciers, Ice Sheets, and Sea Level:  Effect of a CO2-Induced Climatic Change
http://www.nap.edu/catalog.php?record_id=19278

http://www.nap.edu/catalog.php?record_id=19278


304 

14-----L •I 
D 

p 

~v 

FIGURE 22.2 A typical Antarctic ice-drainage system. The ice stream 
pushes the ice shelf seaward past its margins and around the grounded 
ice rises, and there is a comprehessive force (Fie> at the grounding 
line between ice stream and ice shelf. This coapressive force is 
transmitted for some distance (L) upstream of the grounding line, and 
there is an additional force (F8 ) due to shear between the ice stream 
and its sides and bed. 

erally are very saall. Consequently, creep rates must also be small, 
implying that the retarding stress (or> in Bq. (21.1) is almost equal 
to the weight-induced spreading stress (oe>• Any weakening of the 
ice shelf sufficient to decrease Fie coyld cause a significant 
increase in the horizontal creep rate (Bxx>• 

To illustrate the point, consider a 1000-m-thick ice stream entering 
a parallel-sided ice shelf at a speed of VL • 500 m/yr. FOr an accu­
mulation rate (A) of 0.2 • of ice equivalent per year and a thickness 
gradient in the direction of flow (aB/ax) of -lo-3, the value of hor­
izontal creep rate necessary to maintain flow is 

Bxx "' (A - vL ;:)/HL • 7 x lo-4 yr-1. 

Then, with B = 6 bars yrl/3 and a • 0 (since Byy • 0), 

Oe • PigH/2 = 46 bars 

and 

If the ice shelf were removed completely, or would not decrease to 

(22.2) 
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zero, it would become the water pressure on the ice stream averaged over 
total thickness 

(22.3) 

Thus, in this example, the ice shelf transmits a backpressure 
(op • or - oro> of 4 bars, representing the cumulative effects of 
shear past its sides and interaction with ice rises. Without the ice 
shelf, the net spreading stress at the ice-stream grounding line would 
increase from 1 bar to 5 bars, and Bxx would increase by a factor of 
sl to 8.7 x lo-2 yr-1. 

Clearly, a slow climatic warming will not remove the big ice shelves 
quickly. Even with increased melting rates, ice shelves will remain 
anchored to the ice rises until they thin sufficiently to float free of 
the shoaling seabed. 

THE IMPORTANCE OF ICE RISES 

The flow of both Ross and Filchner/Ronne Ice Shelves is strongly in­
fluenced by large ice rises that have formed where seabed shoals have 
locally grounded the ice-shelf land arrested its forward motion. Ice 
flows predominantly around these obstructions and is, to some extent, 
dammed up behind them. This is clearly illustrated by the contrasting 
thicknesses of ice upstream and downstream from the ice rises. This 
damming effect requires that backpressure transmitted by the ice shelf 
be proportional to ice-shelf thickness integrated over distance between 
the grounding line and ice front. We must also consider the possibility 
that some of the ice rises may be removed by the effects of increased 
melting. 

ICE-SHELF THINNING SUFFICIENT TO PERMIT FLOTATION OF ICE RISES 

If ice-shelf thinning sufficient to permit flotation were to happen, 
the ice-rise damming effect would be removed, permitting upstream thin­
ning and a major increase in ice-stream velocity. However, the in­
creased speed would also increase the advection of thick ice from the 
ice stream, and this would delay total ungrounding of the ice rise. 

In the Ross Ice Shelf, ungrounding of Crary Ice Rise would have the 
most pronounced effect on ice-stream drainage rates. However, Crary 
Ice Rise is grounded on seabed with a minimum depth of approximately 
300 m below sea level and, because of the effects of increased advection 
described above, anticipated upper values of enhanced melting will not 
be sufficient to unground the ice during the next century. In the 
Filchner/Ronne Ice Shelf, the ice of Berkn~r Island is securely grounded 
on very shallow bedrock. More vulnerable are the Korff and Henry Ice 
Rises further south, and I have tried to assess their viability by com­
paring creep-thinning of the ice shelf leeward of the ice rises with 
thickening due to advection and snow accumulation. I assumed that ice 
shelf to the east of Korff Ice Rise and to the north of Henry Ice Rise 
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is dragged seaward by faster-moving, thicker ice shelves on each side. 
If this is correct, the creep of ice shelf leeward of the ice rises is 
restricted solely by seawater pressure. Then for zero lateral strain, 
creep rates can be estimated using Weertman's (1957) equations for two­
dimensional ice-shelf creep. Thickening effects of advection are cal­
culated assuming that basal ice on the ice rises is below the melting 
point. 

This analysis provides estimates of maximum depth to bedrock beneath 
the ice rises for continued survival in their present form. Calculated 
maximum depth beneath the northeast part of Korff Ice Rise lies between 
250 and 300 m below sea level7 equivalent values for Henry Ice Rise are 
235 and 315 m. The range in values is determined partly by uncertainty 
in snow accumulation rate and partly by differences in ice-rise width. 
If the seabed beneath the ice rises lies at greater depths, then the 
leeward grounding lines of these ice rises are probably already retreat­
ing. A stage in such a retreat is degeneration of the ice rise into 
ice rumples--when the ice shelf upstream is pushed over the shoaling 
seabed. 

IGY data indicate that Korff Ice Rise is grounded on bedrock less 
than 200 m below sea level but that bedrock beneath Henry Ice Rise is 
about 600 m below sea level (Behrendt 1962). Thus, Henry Ice Rise may 
already be collapsing, and the partly grounded ice rumples between Korff 
and Henry Ice Rises may represent the remains of an earlier ice rise. 
Total ungrounding of Henry Ice Rise and the nearby rumples would permit 
increased thinning of the ice shelf upstream and accelerated drainage 
down fOundation Ice Stream and the ice stream to the west. If this 
process is already under way, it could respond rapidly to climatic 
warming. However, its effect would probably be less pronounced than, 
for example, removal of Crary Ice Rise, because the neighboring inland 
ice rests on more highly elevated bedrock (Figure 22.1). 

A MODEL RELATING ENHANCED ICE DISCHARGE TO INCREASED RATES OF ICE-SHELF 
MELTING AND CALVING 

In order to formulate a model describing ice-stream discharge into 
an ice shelf undergoing increased rates of melting and calving, I shall 
make several simplifying assumptions and approximations. These will 
generally be biased to yield upper estimates of ice discharge under 
prescribed conditions in order to satisfy the goals of this study. 

Initial assumptions are as follows: 

1. The lower reaches of the ice stream affected by ice-shelf back­
pressure has length L, and within this region the ice stream is parallel 
sided, and longitudinal strain rate Exx is independent of position. 

2. As ice-stream velocities increase, ice-stream length (L) and ice 
thickness at the grounding line remain constant. 

3. As the ice stream accelerates, Vo, Fs, ~' and the thickness 
profile remain constant. 
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In order for those assumptions to be satisfied, as ice velocities at 
the grounding line increase, the entire ice stream must retreat inland 
maintaining a constant active length (L). In reality, L almost cer­
tainly would decrease. A more realistic analysis will require a careful 
study of conditions at the •inflexion line• of an ice stream--the inland 
limit of the active portion. 

With these assumptions, the velocity at the grounding line prior to 
the increase in melting rate is 

. 
vt. • vo + LBxx· 

As me~ting rates incre~~e, the ice shelf weakens, ap decreases by 
~ap, Bxx increases to Bxxr and VL increases to 

V~ • VL + ~VL • Vo + ~ • 

But, from Bq. (22.1), 

(~)1/3 • <Bxx>l/3 + ~ap/28, 

so 

(Vi, : VO r/3 ·(V\- VO )1/3 + 6al2B. 

To proceed further, we make this additional assumptiona 

(22.4) 

4. At any time t, ap is proportional to the average thickness of 
the ice shelf and to its seaward extent. 

Then at the seaward end (f) of the active ice-stream zone [using 
Bqs. (22. 2) and (22. 3)) 

f 

and 
ap • k £ Hdx 

PiC}H (VL - v 0 )1/3 
ap • -2- (1 - pi/pw) - 2B L ' 

and the decrease in backpressure (~ap) associated with a decrease 
(~B) in ice-shelf thickness is 

f 
~ap • k~/ Hdx, 

L 
which, using Bq. (22.5), becomes 

and, 

~a 
p 

= 

f 

~~ Hdx [ L pigHL( 1 

f 2 
I Hdx 
L 

(22. S) 

(22.6) 

(22. 7) 
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Given expressions for the two integrals in Bq. (22.6), we can solve 
these equations for VL• The integral of Hdx between L and f can 
readily be calculated from the present-day thickness profile of the ice 
shelfJ evaluation of the change in the integral is more difficult. In 
principle, numerical techniques could be used to take account of changes 
in melting rates and ice-shelf velocities and creep rates--all changing 
with both x and t. However, in our present state of ignorance concern­
ing future behavior of these parameters, such an approach might be con­
sidered an example of overkill. Instead, I shall retain simplicity by 
making these additional assumptionsz 

. 
5. Increase in melting rate (~M) is independent of x, but changes 

with time. 
6. Although ice-shelf velocity changes with time, the longitudinal 

velocity gradient is not time dependent. 
7. Time-dependent changes in the ice-shelf thickness profile are 

caused by increases in melting and calving rates modulated by increases 
in ice velocity. 

8. Thickness profiles of present-day ice shelves are in equilibrium 
with prevailing tributary glacier discharge rates, accumulation rates, 
creep rates, and basal-melting rates. 

We can now express the change in the ice-thickness integral in terms 
of the increase in melting rates (~M) and enhanced calving that causes 
the ice-shelf seaward front to retreat from x • f to x • f', 

f f' f 
~~ lilx • I ~Bdx + I Bdx. (22.8) 

L L f' 

The final integral in Bq. (22.8) represents the additional amount of 
ice removed by enhanced calving. To evaluate the other term on the 
right-hand side of Bq. (22.8), let basal-melting rates start to increase 
at t • 0. Then, at t less than the time (tc> taken for ice that was 
at the grounding line at t • 0 to reach the ice front, 

f' t d' t t 
f lilx ~ (D' - d')l ~Mdt + -I ~Mdt • (D' - d'/2) I AMdt, (22.9) 
L 0 2 0 0 

where D' • f' - L' and d' is the distance moved during time t by ice 
that was at the grounding line at t • o. Here, I shall make the approx­
imation 

d' ~ I v dt ~ L L t, t \- v·~ 
0 L 2 

(22.10) 

which provides a lower bound ford', consistent with our goal of esti­
mating upper limits for increased ice discharge. 

At t ~ tc, 
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' where tc is the time taken for ice to travel from the grounding 
line in order to reach the ice front at time t. 

Finally, tc can be approximated as 

(22.11) 

(22.12) 

For a given ice-stream/ice-shelf system undergoing a prescribed sequence 
of enhanced melting and/or calving we can now solve Bqs. (22.6) and 

' (22.7) to give VL at timet using Bqs. (22.8), (22.9), and (22.10), 
or Bqs. (22.8) and (22.11), depending on the value of t. I shall apply 
these equations to ice-stream B flowing into the Ross Ice Shelf, but 
first we must prescribe scenarios of melting and calving that provide 
upper bounds for conditions over the next 100 years. 

INCREASED MELTING AND CALVING ASSOCIATED WI'DI CLIMATIC WARMING 

GISS simulations currently under way should improve our assessment 
of Antarctic surface melting in a doubled 002 climate. Meanwhile, I 
shall assume that most enhanced melting is from beneath the ice shelves. 
Today, basal-flux ranges from freezing of a few centimeters per year to 
melting of a few meters per year, depending on ocean properties, local 
climate, and ice-shelf thickness. The moat extensively studied ice 
shelves are the Ross and George VI, and melting predominates beneath 
both of these. It probably averages a few tens of centimeters per year 
beneath the Ross Ice Shelf (Jacobs et al. in preparation) and between 2 
and 3 m/yr beneath George VI Ice Shelf (Bishop and Walton 1981). 

Melting rates appear to be controlled principally by ocean tempera­
ture beneath the ice shelves. Water passing beneath the Ross, the 
Filchner/Ronne, and probably most other ice shelves is cooled signifi­
cantly during its passage across the continental shelf. In contrast, 
circumpolar deep water is cooled only slightly before reaching George 
VI Ice Shelf (Jacobs et al. 1985). Further research is urgently re­
quired to explain these markedly different ocean behaviors. Meanwhile, 
I shall consider two basal-melting scenarios that might be associated 
with climatic warming. 

For the purposes of this study I assume that a doubled 002 climate 
will be achieved by the year 2050. This is at the fast-response end of 
current estimates, but it is in keeping with out goal of providing upper 
limits for possible sea-level rise during the next century. I also 
assume that in the year 2000, basal ~lting rates start to increase 
linearly to reach a maximum value (~) in 2050. Thereafter, they 
remain constant. 

In the first scenario, ocean water continyes to cool significantly 
before passing beneath the ice shelves and ~x • 1 m/yr. This is 
an upper bound consistent with A. Gordon's (Columbia University, per­
sonal communication, 1984) estimated ocean warming around Antarctica 
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following a C02 doubling and MacAyeal's (1984) analysis of the depend­
ence of basal melting on ocean temperature. 

In the second scenario, I assume that circumpolar deep water is able 
to reach the ice shelves without major cooling, peraitting melting rates 
to increase to values similar to those beneath George VI Ice Shelf. 
For this situation, I set A"-ax • 3 m/yr. The two melting scenarios 
are illustrated in Figure 22.(A. 

Surface melting on the ice shelves may also increase significantly. 
However, much of the meltwater will initially be refrozen at depth in 
the porous firn. Later it will flow into surface crevasses, overdeep­
ening them and thus weakening the ice shelf in readiness for premature 
calving. Consequently, I shall consider two contrasting calving scenar­
ios. In the first, calving exactly balances increased forward motion 
to keep the seaward ice fronts in the positions that they occupy today. 
In the second, there are major calving events in the 2050s that cause 
the ice fronts to retreats to a line linking neighboring areas of 
grounded ice. 

In principle, we could apply the model formulated earlier to the 
various combinations of these calving and melting scenarios and estimate 
increased discharge rates froa all the major Antarctic glaciers. I have 
chosen not to do this, partly because of time constraints t.posed by the 
publication schedule of this report, but mainly because we lack suffi­
cient data from most of the glaciers to solve the relevant equations. 
Instead, I shall apply the model to Ice Stream B flowing from west 
Antarctica into the Ross Ice Shelf (Figures 22.1 and 22.3). Currently, 
the flow of this ice stream is strongly regulated by the Ross Ice Shelf, 
particularly by the presence of Crary Ice Rise within the ice shelf. 
Consequently, Ice Stream B is likely to respond sensitively to weakening 
of the ice shelf. Finally, I shall assume that ice discharge froa the 
entire ice sheet will respond in the same way. The resulting estimates 
of total ice discharge should represent reasonable upper limits froa 
which to calculate maximum probable sea-level rise due to accelerated 
flow of the Antarctic ice sheet. 

RESULTS 

I shall consider four combinations of basal melting and calving: 

Case 1: AM increasing from zero in 2000 to AMmax • 1 m/yr in 2050 
and remaining constant thereafter. Seaward ice fronts remain at pres­
ent-day positions. 

Case 2: Same as Case 1, but with ice fronts calving back to a line 
linking adjacent areas of grounded ice in the 2050s. 

Case 3: Same as Case 1, but with ~x • 3 m/yr. 
Case 4: Same as Case 2, but with AMmax • 3 m/yr. 

Model A 

FOr the first model, increased ice discharge equals enhanced melting 
from the total area (A) of Antarctic ice shelves. The corresponding 
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Dl8tMce (IIIII) 

FIGURE 22.3 Ice Stream B, flowing from West Antarctica into the Ross 
Ice Shelf (see Figure 22.1). 

rise in sea level t years after the year 2000 is defined by the scenario 

lis • A A fiMmax(R + Q), 
0 

(22.13) 

where A0 • total area of the global oceans, R • t2/100 yr, and Q • 
1 for t < 50 years, R • 0 and Q • (t - 25 years) for t ?_50 years. 

Results are shown in Figure 22.4C. Note that if we assume that the 
increased ice discharge is sufficient to balance both increased melting 
and calving, and thus to prevent the ice-shelf thinning, sea-level rise 
would be approximately double the values shown in Figure 22.4C. 

Model B 

For Ice Stream B, measurements indicate that VL ~ 6~0 m/yr, HL ~ 
900 m, D ~ 850 km, D' ~ 350 km, B ~ 5 bars yrlt3, £ Hdx ~ 4 x 108 
m2, and t• Hdx 1. 7 x 108 m2, and I assume that v0 ~ 100 m/yr 
and L ~ 200 km. 

With t • 0 at the year 2000, solution of Bqs. (22.6)-(22.10) gives 
' the values of VL shown in Figure 22.48 for Cases 1 through 4 at t 

• 10, 30, SO, 55, 70, 85, and 100 years. In order to transform these 
results into estimates of sea-level rise, I assume that all Antarctic 
outlet glaciers respond to climatic warming in the same way as Ice 
Stream B. Further, if present-day annual ice discharge balances the 
average Antarctic snow accumulation of about 15 cm/yr water equivalent, 
it represents a layer of water over the entire ocean approximately 5 mm 
thick. Consequently, a doubling of the ice-discharge rate will cause a 
sea-level rise of approximately 5 mm/year. Sea-level rise rates can 
then be calculated for each estimate of velocity for Ice Stream B shown 
in Figure 22.48. Integration over time of the calculated sea-level 
rise rates gives the increase in sea level at any prescribed time, and 
this is shown in Figure 22.4C. 
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FIGURE 22.4 (A) Assumed enhanced ice-shelf basal-melt rates (AM) due 
to OO~induced climatic warming during the next century. In cases 1 
and 3, ice-shelf seaward fronts are assumed to remain in present-day 
positions. In cases 2 and 4, they are assu.ed to calve back in the 
2050s to a line joining major ice rises (e.g., Crary Ice Rise in Figure • 22.3). (B) Speed (VL) of Ice Stream Bat the grounding line 
calculated using model B for the four different melting and calving 
scenarios. (C) Sea-level rise due solely to increased ice discharge 
assuming all Antarctic outlet glaciers respond in the same way as Ice 
Stream B in Figure 22.48. Cases Al and A3 depict sea-level rise 
derived using Model A in which enhanced ice discharge exactly balances 
increased ice-shelf melting. 
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DISCUSSION 

The results shown in Figure 22.4C clearly reveal the sensitive 
response of ice-discharge rates to enhanced melting and calving from 
the Antarctic ice shelves. Associated estimates of total sea-level 
rise for Cases 1 through 4 during the next century vary by a factor of 
10. Although we cannot make reliable predictions, we can indicate which 
of the four cases is most likely, based on current understanding. I 
spggest that present glaciological and oceanographic consensus favors 
6Mmax ~ 1 m/Yr as representing the maximum enhanced melting during 
the next century. This would be unlikely to cause major retreat of the 
seaw~~ ice fronts during the next 100 years, since total melting during 
this period would not cause excessive thinning. Therefore, based on 
existing knowledge, I believe that Case 1 is most likely with a total 
associated sea-level rise during the next century of 24 em. Assumptions 
made in deriving all the estimates were biased toward providing upper 
limits for each prescribed scenario. Consequently, ice-front retreat 
that does occur, particularly on the fringing ice shelves of East 
Antarctica, is unlikely to cause increased ice discharge sufficient to 
raise the Case 1 estimate of sea-level rise much above 24 em. 

It is important to stress that much remains to be learned about ocean 
behavior near Antarctica. We cannot rule out the possibility that a 
climatic change of the magnitude predicted for 002 doubling could 
radically alter ocean circulation. In particular, if circumpolar deep 
water is able to reach the major ice shelves without suffering major 
cooling, then 6Mmax could rise toward the 3 m/Yr of Cases 3 and 4. 
If this were to occur, the ice shelves could thin enough to be vulner­
able to massively enhanced calving. This would probably occur later 
than the 2050 assumed here, suggesting that probable associated sea­
level rise would be closer to the 1 m of Case 3 than the 2.2 m of Case 
4. Clearly, we need to learn more about ocean behavior near Antarctica. 

The model used to calculate enhanced ice discharge is based on the 
simple premise that the stress field in the lower reaches of tributary 
glaciers is affected by the presence of an ice shelf. Controversy 
arises over prescribing the distance (L) over which the glacier •feels• 
the ice shelf. Here, I have set L • 200 km, consistent with the size 
of the •ice-shelf-like• lower reaches of West Antarctic ice streams 
flowing into the Ross Ice Shelf. Pbr some ice streams, L may be larger, 
but for most, it is probably less than 200 km. Moreover, if ice-stream 
grounding lines retreat during ice-sheet thinning, L probably decreases 
with time. This is unlikely to have a large effect on results presented 
here--covering the period up to 2100--but extrapolation beyond this date 
would require incorporation of a time-dependent L in the model. 

Meanwhile, we should be aware of how sensitive the present results 
are to the assumed value of L. Table 22.1 shows total sea-level rise 
for Cases 1 through 4 for values of L • 100, 200, and 300 km. Pbr L • 
100 km, the value of Vo is probably greater than 100 mJYr, and Table 
22.1 includes a set of results with v0 • 300 m/Yr. It can be seen 
that results are strongly dependent on L but only weakly dependent on 
Vo--as might be expected from the equations used in the model. Pbr 
the major Antarctic ice streams, L probably lies between 100 and 200 km, 
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TABLE 22.1 Sea-Level Rise during the Next Century Calculated Using 
Model B with Different Assumed Values of L and v0 and Different 
Scenarios for Enhanced Melting and Calving 

Enhanced Total Rise (em) by 
l\M.ax Calving L (ka) v0 (a/yr) the Year 2100 

1 No 100 300 13 
1 Yea 100 300 92 
3 No 100 300 55 
3 Yea 100 300 121 
1 No 100 100 16 
1 Yes 100 100 100 
3 No 100 100 62 
3 Yes 100 100 130 
1 No 200 100 24 
1 Yes 200 100 174 
3 No 200 100 100 
3 Yes 200 100 220 
1 No 300 100 30 
1 Yes 300 100 239 
3 No 300 100 130 
3 Yes 300 100 295 

which reduces the Case 1 and 3 estimates of sea-level rise to about 0.2 
m and 0.8 m, respectively. OUr present understanding of ocean/ice 
interactions leads me to favor the lower estimate, and even this could 
be too high, since the assumed value of lll\aax • 1 m/yr may not be 
realized beneath the interior regions of the Ross and Filchner/Ronne 
Ice Shelves. 

RECOMMENDATIONS POR FUTURE RESEARCH 

There are several areas of research that would help to improve our 
ability to predict ice-sheet response to future climate. Here, I shall 
list only those that, I believe, are likely to provide major tmprove­
ments. 

• GCM simulations in the polar regions that include effects due to 
sea ice, the ocean, albedo, and ice-sheet topography. In particular, 
we need better estimates of accumulation, surface metling, and air 
temperature. 

• Ocean circulation in polar regions. We need a better understand­
ing of present conditions, particularly around Antarctica. In particu­
lar, differences between processes operating in the Bellingshausen 
compared with those in the Weddell and Ross Seas should be investigated. 

• Basal melting and iceberg calving from ice shelves. This requires 
measurement of basal-melting rates and ocean characteristics via ice­
shelf drill holes. First requirements for calving studies are recon-
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naiaaance surveys to monitor iceberg calving and to identify ice-shelf 
characteristics where calving occurs. 

• Field studies on ice streams to examine (a) the stress and veloc­
ity distribution upstream of the grounding line' (b) the regions of 
intense shear at the aides of the glacier' (c) the •inflexion-line• 
region where the glacier starts to accelerate into a •fast• model and 
(d) zones of intense convergence, such as on the Byrd and Pine Island 
glaciers. This work should be attempted on several glaciers with con­
trasting characteristics. Some of this work has already been started-­
on the Byrd, Rutford, and Jacobahavn glaciers and on the adjacent, but 
very different, Ice Streams B and Centering the Rosa Ice Shelf. In 
addition, analysis of the remarkable data set from Columbia Glacier will 
cast light on some of these problema. 

• Field studies on surging glaciers to investigate the transition 
from •slow• to •fast• glacier motion. The extensive sets of measure­
menta on Varigated Glacier, which has recently surged, will prove par­
ticularly valuable. 

• Reconnaissance work on poorly surveyed coastal regions of Antarc­
tica. In particular, we need surveys of ice-margin position, surface 
elevation, ice thickness, and ice velocity to identify potentially 
vulnerable ice streams and measure basic characteristics of fringing 
ice shelves and their ice rises. 

• More detailed work on Crary Ice Rise in the Ross Ice Shelf, and 
Henry Ice Rise in the Ronne Ice Shelf. 

• Finally, we need to establish an ice-sheet monitoring program. 
Prime requirements are repeated measurements of (a) surface elevation, 
(b) ice-margin position, (c) melt zones on the ice sheet, (d) surface 
temperature, and (e) imagery (visible and/or synthetic aperture radar) 
of coastal regions and the major outlet glaciers. 

• Over the surrounding ocean, sea-ice cover and iceberg populations 
should be measured routinely. 

All of this monitoring program can be achieved from satellites, parts 
of it are already under way. During the next decade, satellites carry­
ing all the relevant sensors will fly, primarily for purposes other than 
polar monitoring. There is an urgent need for a strong advocacy to 
ensure that these satellites will be used effectively over the polar 
regions and that acquired data are processed to a form that is useful 
for polar research. The various space agencies that will acquire the 
data generally do not have a vested interest in satisfying peripheral 
research applications. Consequently, a clear case must be made to the 
space agencies to justify acquisition and processing of the data and to 
the research agencies to justify funding of research using satellite 
data. 

SUMMARY 

If global climate becomes significantly warmer during the next cen­
tury, sea level will be affected, to some extent, by increased ice dis­
charge from Antarctica and Greenland. The major contribution will pro-
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bably be from Antarctica, where moat outlet glaciers flow into floating 
ice shelves that have a strong influence on glacier dynamics. Removal, 
or weakening, of the ice shelves would perait increased ice discharge. 

A simple model relating enhanced ice drainage to ice-shelf melting 
rate during the next century provides estimates of associated global 
sea-level rise for several combinations of increased ~~elting and iceberg 
calving. OUr present understanding suggests that, during the next 
century, the increase in ice-shelf melting is unlikely to exceed 1 mtyr, 
and ice-shelf seaward fronts will probably remain in approximatley their 
present-day positions. 

If this is correct, the model indicates that sea-level rise due to 
increased ice discharge from Antarctica will be approximately 0.2 • by 
the year 2100. However, climate-induced changes in ocean circulation 
may induce considerably greater melting--perhaps 2 or 3 m/Yr greater 
than today. Under these conditions, ice discharge could increase suf­
ficiently to raise sea level by as much as 0.8 m by the year 2100. 
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A MOOBL OP A POLAR ICB S'l'RBM, AND PUTORE SBA-LBVBL RISB 
DUB TO POSSIBLE DRASTIC RBTRBAT OP TBB 

INTRODUCTION 

WEST ANTABCTIC ICB SHBBT 

Craig s. Lingle 
University of Colorado 

Numerical modeling experiments simulating the response of an ice 
stream in the Rosa Sea sector of West Antarctica to changes in the Rosa 
Ice Shelf and in the accumulation rate have been described by Lingle 
(1984). The model ice stream was found to be more sensitive to changes 
in the Rosa Ice Shelf than to changes in the accumulation rate. Anal­
yses of field data obtained during the Ross Ice Shelf Glaciological and 
Geophysical Survey (RIGGS) (Thomas and Bentley 1978a 1 Greischar and 
Bentley 19807 Thomas and MacAyeal 19827 Jezek and Bentley 1985) and 
numerical modeling experiments of ocean circulation below the Ross Ice 
Shelf (MacAyeal 1984) permit a judgment to be made as to which of the 
scenarios modeled by Lingle (1984) are most probable. In this paper a 
brief review of field results from RIGGS is given. The analyses based 
on field measurements are interpreted in terms of the probable future 
behavior of the West Antarctic ice sheet upglacier (northeast) from 
Roosevelt Island (Figure 23.1). This interpretation is based on an 
assumption that climatic warming caused by increasing carbon dioxide in 
the atmosphere will not significantly alter the state of the Ross Ice 
Shelf as measured during RIGGS. Modeling results indicating the possi­
bility of grounding-line retreat in the event that climatic warming 
causes increased basal melting below the Ross Ice Shelf are also de­
scribed. A minimum time is suggested for drastic retreat of the West 
Antarctic ice sheet in the event that warming is sufficient to cause 
extreme thinning of the ice shelf. An estimate for the corresponding 
rate of sea-level rise is given. 

FUTURE CHAR;BS IN TBB ROSS ICB SHELP 

In a flow on the Ross Ice Shelf that included discharge from ice 
stream B (Figure 23.1) Thomas and Bentley (1978a) concluded that the 
ice shelf is thickening at a rate of 0.15 ± 0.06 m/yr of ice minus the 
basal melt rate, which was unknown. Thomas and MacAyeal (1982) found 
that the basal melt rate is approximately 0.7 m/yr near the ice shelf 
front, decreasing to roughly± 0.1 m/yr 100 km upglacier. Combining 
this with the result of Thomas and Bentley (1978a) gives a net thicken-
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FIGURE 23.1 Ice Stream B and catchment area, West Antarctica. Insert 
shows location. Solid elevation contours, upper boundary of flow band, 
boundaries defining ice stream and location of grounding line are from 
Rose (1979) • Contours consisting of long dashes at 1000 and 1500 a are 
from the American Geographical Society map of Antarctica. Contours 
consisting of short dashes are extrapolated from Rose (1979) and also 
estimated from Drewry et al. (1982). Dashed contours are less accurate 
than solid contours. Backpressure at the grounding line of the ice 
stream (discussed in text) is caused by shear stress acting between the 
Ross Ice Shelf and the NE side of Roosevelt Island and also between the 
Ross Ice Shelf and Shirase Coast. 

ing rate of 0.15 ± 0.16 m/yr for the Roosevelt Island sector of the Ross 
Ice Shelf. This implies that the ice shelf is either in equilibrium or 
that it will thicken by about 10 percent in 160 to 330 years (since the 
average thickness of the ice shelf in this area is roughtly 500 m). 

Greischar and Bentley (1980) found that continuing uplift of the 
seafloor in the future should cause a substantial area of the eastern 
Ross Ice Shelf (which adjoins West Antarctica) to ground, because the 
subglacial water layer is relatively thin on the eastern side of the 
ice shelf. Advance of the grounding line would not continue indefinite­
ly, however, because the subglacial water depth increases substantially 
toward the west. Northeast of Roosevelt Island where Ice Stream B 
discharges into the Ross Ice Shelf (Figure 23.1), Greischar and Bentley 
(1980) predicted a maximum grounding-line advance of about 100 km on a 
time scale of several thousand years owing to continuing uplift of the 
seafloor. 

Thomas and MacAyeal (1982) found that the ice shelf has been approx­
imately in steady state for the past 1500 to 2500 years, upglacier from 
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five videly spaced drill holes. (The drill hole at Little America v 
vas located vithin the flow band discharging Ice Stream E.) They empha­
sized, however, that this conclusion could not necessarily be applied 
to the entire ice shelf. 

Jezek and Bentley (1985) recalculated the mass balance of a flow band 
in the southeastern sector of the ice shelf, vhich Thomas and Bentley 
(1978a) found to be thickening at 0.34 ~ 0.15 m/yr plus the rate of 
basal freezing. After taking a previously unsuspected ice rise into 
account and using indirect methods to estimate the maximum of basal 
freezing, they found that the flov band is approximately in equilibrium. 
Citing a comparison between flov lines indentified from radar returns 
and flow lines mapped from surface velocity measurements (Jezek 1980) 
and geological evidence from the Trans-Antarctic Mountains (Mercer 
l968a), Jezek and Bentley (1985) suggested that the ice shelf thinned 
somewhat between 1000 and a fev hundred years ago, then stabilized, and 
that in the future thickening vill occur owing to an apparent positive 
mass balance over the Ross Sea sector of the inland West Antarctic ice 
sheet. 

MacAyeal (1984) found that the bottom melt/freeze regime belov the 
Ross Ice Shelf is stabilized by the formation of cold, high-salinity 
shelf vater beneath the large area of sea ice that forms seaward of 
calving front of the Ross Ice Shelf each vinter. The basal melting 
regime vas found to be impervious to the effects of climatic warming, 
unless warming is sufficient to eliminate the production of cold, high­
salinity shelf vater. MacAyeal (1984) suggested that this could con­
ceivably happen if climatic warming caused by increasing 002 in the 
atmosphere is of sufficient magnitude to eliminate the growth of vinter 
sea ice in the Ross Sea. 

PROBABLE FUTURE CHAR;ES IN THE INLAND ICE SHEET NORTHEAST OF ROOSEVELT 
ISLAND 

The data analyses summarized above indicate that the Ross Ice Shelf 
is either in equilibrium or thickening slowly in the Roosevelt Island 
sector (Figure 23.1), as vell as in other sectors. Modeling results 
from Lingle (1984) corresponding to a state of dynamic equilibrium be­
tween Ice Stream E and the Ross Ice Shelf are shown in Figure 23.2. The 
position of the ice-shelf front vas held stationary. This case vas 
judged a close approximation to reality, because the backpressure 
required to hold the model grounding line in dynamic equilibrium vas 
found to be within 8 percent of backpressure mapped from surface strain­
rate data near the grounding line of Ice Stream E by Thomas and MacAyeal 
(1982). Backpressure is caused by shear stress along the sides of a 
confined ice shelf and by pinning points where the bottom of the ice 
shelf is in contact with the seafloor. It is the difference between 
the theoretical driving stress that would cause the ice shelf to spread 
if it were unconfined and unpinned (Weertman 1957) and the real driving 
stress causing the confined ice shelf to spread. It is thought to play 
an important role in the stabilization of ice streams grounded below sea 
level and in the dynamics of ice shelves (e.g., Budd 1969J Thomas 1973, 
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FIGURE 23.2 Model applied to ice stream with equilibrium backpressure 
at grounding line at start of run. Plow band remained in approximate 
mass balance, with only minor thinning discernible on the upper flow 
band [(a) and (b)]. Grounding line maintained a state of dynamic 
balance, remaining within 2 km of its present position throughout the 
2000-year .. test period (c). Profiles 1-5 are o, 500, 1000, 1500, and 
2000 years, respectively. In all model runs shown in Figure 23.2 and 
through 23.5, the position of the calving front of the ice shelf was 
constant. 

1977, 19791 Thomas and Bentley 1978bl Sanderson 19791 Stuiver et al. 
19811 Thomas and MacAyeal 1982). Figure 23.2 show that almost no change 
can be expected in the thickness profile along the central flow line of 
Ice Stream E, if backpressure from the ice shelf remains constant and 
if the ice stream and its catchment area are approximately in mass bal­
ance. Backpresaure can be expected to remain constant if the geometry 
of the ice shelf does not change and if sea depth below the ice shelf 
does not decrease. 

Ice stream E and its catchment area were found to be approximately 
in mass balance by Rose (1979) and Lingle (1984). Using older data, 
Hughes (1973) also calculated a balance discharge velocity near the 
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grounding line that is within 8 percent of the nearest measured velocity 
on the Ross Ice Shelf (Thomas and MacAyeal 1982). Accumlation data over 
the entire Ross Sea sector of the inland West Antarctic ice sheet are 
very sparse, however, and detailed field measurements of ice discharge 
velocity have not yet been made. Thus, the conclusion that Ice Stream 
B is approximately in mass balance must be regarded as preliminary. 

Figure 23.3 shows modeling results computed with backpressure from 
the Ross Ice Shelf increased initially by 10 percent, from the equilib­
rium backpressure used to compute the results shown in Figure. The 
position of the ice-shelf front was held stationary. This case is 
equivalent to an instantaneous 10 percent increase in the average thick­
ness of the model ice shelf. FOr the real ice shelf, this would be 
equivalent to an increased shear resistance along the sides of a thicker 
ice shelf combined, perhaps, with increased pinning caused by an iso­
statically rising seabed. The 160- to 330-year time delay estimated 
above for a 10 percent increase in the thickness of the Ross Sea Shelf 
is not taken into account, so Figure 23.3 should be viewed as the most 
rapid possible response to a 10 percent increase in backpressure. 

Figure 23.3(c) shows that a 35-km advance of the grounding line 
occurred during 2000 model years, with about 19 km of advance occurring 
during the first 100 years. Subsequently the rate of advance decreased 
because the ice-shelf front was constrained to remain stationary. This 
caused the ice shelf to grow progressively shorter, and backpressure at 
the grounding line was correspondingly decreased. The grounding line 
thus restablized at an advanced position. Figure 23.3(a) shows that 
slight thickening on the lower and central flow band occurred. 

Simulations of the response of Ice Stream B to a doubling of accumu­
lation rates were also described by Lingle (1984). (Increased accumu­
lation rates might occur if air temperatures become warmer over West 
Antarctica.) When the ice-shelf front was constrained to remain sta­
tionary a 5-km advance of the grounding line occurred during the first 
100 years, followed by an eventual 36-km advance after 4000 model years. 
When the ice-shelf front was constrained to advance at the same rate as 
the grounding line a-13 km advance occurred during the first 100 years, 
followed by an eventual 100-km advance after 2000 model years. Thicken­
ing of the ice stream and its catchment area occurred in both cases, 
but thickening was greater when the ice-shelf front advanced at the same 
rate as the grounding line. Present accumulation rates over the Ross 
Sea sector of the inland West Antarctic ice sheet are poorly known, 
however, and the potential effect of increasing C02 in the atmosphere 
is even more poorly known. Thus, the model scenarios corresponding to 
increased accumulation rates must be considered more speculative. These 
results are not shown here. 

POSSIBLE GROUNDING-LINE RETREAT DUB TO FUTURE THINNING OF ROSS ICE SHELF 

If increasing 002 in the atmosphere causes substantial warming in 
the polar regions, recent field measurements may not be indicative of 
future changes in the Ross Ice Shelf. Pbr instances, MacAyeal (1984) 
suggested that if air and sea-surface temperatures warm sufficiently to 
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FIGURE 23.3 Model applied to ice stream with backpresaure at grounding 
line increased by 10 percent from equilibrium value at start of run. 
The grounding line advanced by 36 km during the 2000-year teat period, 
and alight thickening of the flow band occurred. Profiles 1-5 are o, 
500, 1000, 1500, and 2000 years, respectively. 

suppress the growth of winter sea ice north of the calving front of the 
Ross Ice Shelf, cold, high-salinity shelf water (which now forms below 
the sea ice) would no longer buffer the ice shelf against increases in 
the bottom melt rate. The ice shelf would then beccae thinner. This, 
in turn, would probably cause backpressure to decrease (that is, the 
ice-shelf buttressing effect would probably decrease) at ice-stream 
grounding lines. Grounding lines could then be expected to retreat. 

Figure 23.4 shows a 2000-year model run with backpressure at the 
grounding line decreased by 10 percent froa the equilibrium backpresaure 
used to compute the results shown in Figure 23.2. This is equivalent 
to instantaneously decreasing the average thickness of the equilibriua 
ice shelf by 10 percent at the start of the model run. The position of 
the ice shelf front was held stationary. Thinning of the flow [Figure 
23.4(a)] was accompanied by a substantial increase in the velocity 
profile after 500 years [Figure 23.4(b)] during rapid retreat of the 
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FIGURE 23.4. Model applied to ice stream with backpressure at grounding 
line decreased by 10 percent from equilibrium backpressure at start of 
run. This is equivalent to decreasing the mean ice-shelf thickness by 
10 percent from the mean thickness during the equilibrium run shown in 
Figure 23.2. (a) Significant thinning of the flow band occurred, (b) 
the velocity profile increased as the retreat rate peaked, (c) the 
grounding-line retreated 33 km, and (d) the discharge velocity peaked 
at 680 m/yr during initial retreat of the grounding line. Profiles 1-5 
are o, 500, 1000, 1500, and 2000 years, respectively. 

grounding line. The velocity profile then decreased, however, as the 
rate of grounding-line retreat decreased [Figure 23.4(c)). The retreat 
rate decreased because of the greater stabilizing influence of the 
lengthening ice shelf. Ten kilometers of retreat occurred during the 
initial 100-year period. After 2000 model years the grounding line 
retreated 33 km and (apparently) approached a new position of equilib­
rium. This result, together with the model results shown in Figure 
23.3, suggests that if the calving front of the Ross Ice Shelf remains 
stationary the grounding lines of ice streams in the Ross Sea sector 
may be stable with respect to small perturbations, such as changes in 
the average thickness of the Ross Shelf on the order of ±10 percent or 
less. 
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FIGURE 23.5 Model applied to ice stream with backpressure at the 
grounding line decreased by 50 percent (at the start of the run) froa 
equilibrium backpressure. This is equivalent to decreasing the .ean 
ice-shelf thickness by 50 percent from the mean thickness during the 
equilibrium run shown in Figure 23.2. (a) The flow band thinned rapid­
ly, (b) the velocity profile peaked as the flow band acquired maxiaum 
surface slope, (c) rapid and sustained retreat of the grounding line 
occurred, and (d) the discharge velocity peaked between 0 and 350 years 
as ice was brought out from the interior at rates far in excess of the 
rate of replenishment over the catchment area. Profiles 1-5 are o, 39, 
251, 487, and 664 years, respectively. 

Figure 23.5 shows a model run with backpressure at the grounding line 
decreased by 50 percent from the equilibrium backpressure used to ca.­
pute the results shown in Figure 23.2. This is equivalent to instan­
taneously decreasing the average thickness of the equilibrium ice shelf 
by 50 percent at the start of the model run. The position of the ice­
shelf front was again held stationary. Major thinning of the flow band 
[Figure 23.5(a)) accompanied rapid and sustained retreat of the ground­
ing line [Figure 23.5(c)). The velocity profile rose dramatically 
[Figure 23.5(b)) as surface slopes increased and ice was discharged at 
rates far in excess of the rate of replenishment over the catchment 
area. [The sharp dips in the discharge velocity curve--Figure 23.5(d)--
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between 120 and 260 years were caused by retreat of the grounding line 
acroaa points of the finite difference grid, and have no physical 
significance.) The model run waa stopped after 300-km retreat, which 
occurred after 600 years. At that point the catchment area bad disap­
peared, the ice-stream channel extended to the ice divide, and the flow 
band waa considered to have collapsed. 

The model results shown in Pigure 23.5 indicate that ice-stream 
grounding lines in the Rosa Sea sector should be unstable with respect 
to a large perturbation consisting of a 50 percent reduction in the 
average thickness of the Ross Ice Shelf. Qualitatively, this ia in 
accordance with the suggestions of Mercer (1968b, 1978), Thomas et al. 
(1979), and Stuiver et al. (1981) that the West Antarctic ice sheet 
would not survive a major thinning of the Ross and Pilcbner-Ronne Ice 
Shelves. 

MINIMUM TIME POR DRASTIC RETREAT OP WEST ANTARCTIC ICE SHEET 

Thomas et al. (1979) found that Ice Streams B and B in the Rosa Sea 
sector would retreat irreversibly if the melt rate below the Rosa Ice 
Shelf increased to one or more meters per year. They predicted that the 
grounding lines of Ice Streams B and B would retreat 300 ka in 200 and 
300 years, respectively, if the bottom melt rate increased to 1 a/yr. 
Their model predicted faster retreat rates for higher bottom melt rates. 
Hughes (1983) argued that irreversible retreat of the West Antarctic ice 
sheet bas already begun in the Pine Island Bay sector and will proceed 
to completion in about 200 years. 

Bentley (1983) argued that it would be physically impossible for the 
West Antarctic ice sheet to disintegrate in 200 years and that 500 years 
is a more reasonable minimum estimate. Lingle (1984) (Pigure 23.5) 
found that the grounding line of Ice Stream B would retreat 300 km in 
660 years, if the Ross Ice Shelf thinned by 50 percent instantaneously 
and the ice-shelf front remained stationary. Pastook (1984) found that 
a major retreat via the Pine Island Bay sector might take as long as 
6000 years if a confined ice shelf formed during retreat. (Be empha­
sized, however, that retreat could proceed much more rapidly if a 
confined ice shelf did not form.) 

The variation in the above estimates is partly accounted for by dif­
fering treatments of the physics of ice-stream motion. It is also ac­
counted for a large degree by differing assumptions about the behavior 
of the Ross Ice Shelf and whether an ice shelf would form during retreat 
of grounding lines in the Pine Island Bay Sector. 

PU'l'URB SEA-LEVEL RISE DUB TO POSSIBLE DRASTIC RETREAT OF WEST ANTABCTIC 
ICE SHEET 

The following worst-case scenario is based on an assumed sequence of 
events in the Ross Sea, where the grounding line of Ice Stream E appears 
close to dynamic equilibrium at present (Lingle, 1984). The possibility 
of present grounding-line retreat in the Pine Island Bay sector of West 
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Antarctica is regarded as hypothetical and is not considered here, 
because the field meaaureaenta necessary to substantiate this have not 
yet been made. The following events are aaauaed. (l) A doubling of 
C02 in the ataoaphere will cause average air temperatures around 
Antarctica to increase about s•c by 2030, as indicated by general cir­
culation models. (2) The s•c warming will cause the extent of winter 
sea ice in the Rosa Sea to be reduced by about SO percent, as modeled 
by Parkinson and Bindschadler (1984). (3) The SO percent sea-ice reduc­
tion will be sufficient to permit an increased flux of circumpolar deep 
water across the continental shelf and into the sub-ice shelf cavity, 
increasing the average bottom melt rate to l m/Yr. (This assumption is 
speculative.) (4) During the ensuing 70 years (2030 to 2100) the Rosa 
Ice Shelf will thin by about SO m or 10 percent, because the present 
ice shelf is close to dynamic equilibrium (Thomas and Bentley l978aJ 
Jezek and Bentley in press) with an average bottom melt rate of about 
0.2S •IYr (Jacobs 1979). A melt rate of 1 m/Yr would thus cause 0.7S 
m/yr of thinning if other factors (such as the rate of advection of 
thicker ice across grounding lines from the inland ice sheet) remain 
constant. (S) A relatively ainor retreat of ice stream grounding linea 
will occur during 2030 to 2100, as shown by Figure 23.4(c). (6) After 
2100, grounding linea will begin to retreat rapidly. Sustained thinning 
will cause the average thickness of the Ross Ice Shelf to be reduced by 
about SO percent within 330 years after 2030, and thinning will con­
tinue. Retreat will proceed to completion within 660 years after 2100, 
i.e., by 2760, as suggested by Figure 23.S. (Note that the retreat 
behavior of Ice Stream Bas shown in Figure 23.S is assumed to be 
representative of the entire West Antarctic Ice Sheet. Note also that 
the position of the ice-shelf front is assumed to remain constant.) 

The amount of sea-level rise likely to be caused by a 10 percent 
thinning of the Ross Ice Shelf between 2030 and 2100 can be estimated 
from the difference between profiles l and 2 in Figure 23.4(a). Five 
hundred years after the instantaneous 10 percent decrease in the average 
thickness of the Rosa Ice Shelf at the start of the model run, the 
average thinning along the entire length of the central flow line was 
64.5 m. The average above-sea-level ice thickness was thus 0.07. If 
the same fractional thinning occurred over the entire area of the West 
Antarctic ice sheet, and if the rate of thinning between the start of 
the model run and 500 years is approximated as linear, the sea-level 
rise after 70 years (i.e., between 2030 and 2100) would be about 50 mm. 

An alternative estimate can be made by applying the method described 
by Thomas (this volume, Attachment 22). The entire West Antarctic ice 
sheet is assumed to be in mass balance, and the average accumulation 
rate is assumed equal to the average over the entire continent, about 
0.17 m/Yr (Dolgushin et al. 19621 Paterson 1981, p. 56). Both the total 
volume input and outflow rates, at present, are thus equal to the aver­
age accumulation rate multiplied by the 1,809,706 km2 area (Drewry et 
al. 1982) of the West Antarctic ice sheet, that is, about 308 ka3/yr. 
The fractional increase in volume flux across the grounding line of Ice 
Stream E during the 70-year period after the instantaneous 10 percent 
thinning of the Ross Ice Shelf shown in Figure 23.4 was estimated from 
Figure 23.4(d). The aaae fractional increase was assumed to apply to 
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all of West Antarctica. [This assumption was judged reasonable because 
approximately 90 percent of the discharge flux from West Antarctica is 
via marine ice streams terminating in the ocean (HUghes 1972, pp. 
31-32). The response of these ice streams to ice-shelf thinning may be 
at least roughly siailiar to the response of Ice Stream E.) Application 
of this method yields an estimated 11,040 ka3 of excess ice discharged 
into the ocean (beyond what would be discharged if the west Antarctic 
ice sheet remained in mass balance). This is equivalent to a sea-level 
rise of about 30 mm by 2100. 

In summary, this sequence of events would result in 0 contribution 
to eustatic sea-level rise from West Antarctica between the present and 
2030, and a contribution of 0.4 to 0.7 mm/yr between 2030 and 2100. 
The total sea-level rise at 2100 would be about 30 to SO mm. After 2100 
the average contribution from West Antarctica would be 7.6 mm/yr, and 
the eventual sea-level rise, corresponding to disappearance of the West 
Antarctic ice sheet, would be approximately S m by 2760 (i.e., 780 years 
from the present). 

It is reasonable to suppose that at least two negative feedback 
mechanisms would tend to cause grounding-line retreat to proceed more 
slowly than predicted by existing numerical models of polar ice streams 
in the event that drastic retreat of the West Antarctic ice sheet actu­
ally begins. (1) As ice-stream grounding lines retreat into thicker 
ice, ice should converge into ice-stream channels and toward the re­
treating grounding lines. The resulting transverse compressive strain 
rates should tend to counteract the large longitudinal extensive strain 
rates caused by the retreat of ground lines into deeper water. This 
would probably cause net vertical thinning rates and retreat rates to 
be less than predicted because ice-stream .adele do not (at present) 
take transverse strain rates at grounding lines into account. (2) Large 
discharge velocities from ice streams during rapid retreat should cause 
velocity gradients along the sides of the Ross Ice Shelf and around ice 
rises to increase. This, in turn, would cause shear to increase. The 
result would probably be increased backpressure at ice-stream grounding 
lines. This also should cause retreat to proceed more slowly than 
predicted, because numerical models of ice streams do not (at present) 
include the regulatory role of changing velocity gradients along the 
sides of ice shelves. 

If the above negative feedback mechanisms are arbitrarily assumed to 
increase the time required for drastic retreat of the West Antarctic 
ice sheet by a factor of 2, the contribution to eustatic sea-level rise 
from this source would be 0 between the present and 2030, 20 to SO mm 
(at 0. 4 to o. 7 mm/yr) between 2030 and 2100, and about S m between 2100 
and 3420. The average rate of rise between 2100 and 3420 would be 3.8 
mm/yr. The total time required for drastic retreat in this case would 
be about 1400 years. 

A best-case scenario, of course, would be for sufficient winter sea 
ice to form around Antarctica despite climatic warming to keep the Ross 
Ice Shelf and other ice shelves adequately buffered against increases 
in the bottom melt rate that might otherwise be caused by elimination 
of the high-salinity shelf water that now forms below the winter sea 
ice (MacAyeal 1984). In this case, the only contribution to eustatic 
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sea-level rise from West Antarctica would be runoff from surface melt­
ing, if warming is sufficient to force low-altitude areas near the ocean 
into the ablation zone. 

It is worth noting that relative sea-level rise caused by retreat of 
the West Antarctic ice sheet will not be unifo~ly distributed over the 
world ocean. Clark and Lingle (1977) showed that if this ice sheet 
thinned instantaneously and uniformly by l m, the relative sea-level 
rise (i.e., the increase in separation between the surface and the bot­
tom) at Hawaii, New York, and in the North Sea would be 125, 115, and 
110 percent of the average global rise, respectively. After 1000 years 
relative sea-level rise would be 117, 107, and 103 percent of the aver­
age global rise, respectively, at these three locations. The immediate 
nonunifora distribution of relative sea-level change is caused by the 
elastic response of the Barth to the change in ice and water loading 
and associated distortion of the gravitational potential field. !he 
altered distribution of sea-level change after 1000 years is caused by 
time-dependent flow of rock within the Barth's mantle and associated 
distortion of the gravitational potential field. 
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