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NOTICE: The project that is the subject of this report was approved by the Governing Board of the
National Research Council, whose members are drawn from the councils of the National Academy
of Sciences, the National Academy of Engineering, and the Institute of Medicine. The members of
the committee responsible for the report were chosen for their special competences and with regard
for appropriate balance.
Support for this project was provided by the National Oceanic and Atmospheric Administration
under Contract No. 50-DKNA-7-90052 and by Alcoa. Any opinions, findings, and conclusions or
recommendations expressed in this publication are those of the author(s) and do not necessarily
reflect the views of the NOAA or any of its sub-agencies or of Alcoa.

International Standard Book Number 0-309-06891-6
Additional copies of this report are available from: National Academy Press 2101 Constitution
Avenue, NW Box 285 Washington, D.C. 20055 800-624-6242 202-334-3313 (in the Washington
Metropolitan Area) www.nap.edu

Cover: Surface and lower to mid-tropospheric temperature trends for the period 1979-1998. The
surface data (left panel) are comprised of surface air temperature over land and the temperature of
water at the ocean's surface, and have been subjected to a slight additional smoothing to simplify the
pattern (Jones et al., 1999). The lower to mid-tropospheric data (right panel) are derived from satel-
lite observations from the Microwave Sounding Unit Channel 2 (the so-called “MSU 2LT”)
(Christy et al., 2000). For both datasets, the trends are computed using the method of ordinary least
squares. The color key is the same as in Figure 6.2. The map views on the front cover are centered
at 30° N and 110° W and the views on the back cover are centered at 30° S and 70° E. For the globe
as a whole (see Figures 6.2 and 7.1 inside), warming has been prevalent at the earth's surface, but
much less so in the lower to mid-troposphere.
Copyright 2000 by the National Academy of Sciences. All rights reserved.
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The National Academy of Sciences is a private, nonprofit, self-perpetuating 
society of distinguished scholars engaged in scientific and engineering 
research, dedicated to the furtherance of science and technology and to their 
use for the general welfare. Upon the authority of the charter granted to it by 
the Congress in 1863, the Academy has a mandate that requires it to advise 
the federal government on scientific and technical matters. Dr. Bruce M. 
Alberts is president of the National Academy of Sciences. 

The National Academy of Engineering was established in 1964, under the 
charter of the National Academy of Sciences, as a parallel organization of 
outstanding engineers. It is autonomous in its administration and in the 
selection of its members, sharing with the National Academy of Sciences the 
responsibility for advising the federal government. The National Academy of 
Engineering also sponsors engineering programs aimed at meeting national 
needs, encourages education and research, and recognizes the superior 
achievements of engineers. Dr. Wm. A. Wulf is president of the National 
Academy of Engineering. 

The Institute of Medicine was established in 1970 by the National Academy   
of Sciences to secure the services of eminent members of appropriate 
professions in the examination of policy matters pertaining to the health of 
the public. The Institute acts under the responsibility given to the National 
Academy of Sciences by its congressional charter to be an adviser to the 
federal government and, upon its own initiative, to identify issues of medical 
care, research, and education. Dr. Harvey V. Fineberg is president of the 
Institutedicine. 

The National Research Council was organized by the National Academy of 
Sciences in 1916 to associate the broad community of science and 
technology with the Academy’s purposes of furthering knowledge and 
advising the federal government. Functioning in accordance with general 
policies determined by the Academy, the Council has become the principal 
operating agency of both the National Academy of Sciences and the National 
Academy of Engineering in providing services to the government, the public, 
and the scientific and engineering communities. The Council is administered 
jointly by both Academies and the Institute of Medicine. Dr. Bruce M. 
Alberts and Dr. Wm. A. Wulf are chair and vice chair, respectively, of the 
National Research Council. 
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PREFACE

A National Research Council panel was convened to examine observed
trends of temperature near the surface and in the lower to midtroposphere (the
atmospheric layer extending from the earth's surface up to about 8 km). The
objectives of this panel were to:

(1)  summarize the state of the science in the measurement of temperature
from space, from radiosondes, and from surface instrumentation;

(2)  assess the biases and uncertainties in the data;
(3)  describe the major conflicts in the trends; and
(4)  define the actions required to reduce the uncertainties and biases.

The panel, which is under the purview of the Board on Atmospheric
Sciences and Climate's (BASC) Climate Research Committee (CRC), included
individuals with expertise on all relevant technical facets of the issue.

The panel's report, presented here, is structured in a layered fashion,
providing the reader with an increasing level of technical detail. The Executive
Summary gives a very brief overview of the report's findings and
recommendations and is targeted towards non-scientists. Part I of the main body
of the report is intended for the public, policy-making, and scientific communities
and is also written in a relatively non-technical

PREFACE xiii
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fashion. Part I includes a chapter outlining the key questions (Introduction) and
another that provides an overview of the relevant measurement types and their
observations (Background). Part I concludes with chapters on the panel's
Findings and Recommendations. Part II more fully articulates the scientific basis
for the discussion and conclusions that are presented in Part I, by detailing the
major, relevant measurement systems and their temperature records. It does so in
chapters on Surface Temperature Observations, MSU Observations, and
Radiosonde Observations. Part II concludes with a chapter that compares the
temperature records of the three types of observations and presents possible
reasons for the observed temperature trend differences.
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EXECUTIVE SUMMARY

The global-mean temperature at the earth's surface is estimated to have risen
by 0.25 to 0.4 °C during the past 20 years. On the other hand, satellite
measurements of radiances indicate that the temperature of the lower to mid-
troposphere (the atmospheric layer extending from the earth's surface up to about
8 km) has exhibited a smaller rise of approximately 0.0 to 0.2 °C during this
period. Estimates of the temperature trends of the same atmospheric layer based
on balloon-borne observations (i.e., radiosondes) tend to agree with those inferred
from the satellite observations. The panel was asked to assess whether these
apparently conflicting surface and upper air temperature trends lie within the
range of uncertainty inherent in the measurements and, if they are judged to lie
outside that range, to identify the most probable reason(s) for the differences.

To address these questions the panel had to consider:

•   the factors that contribute to uncertainties in the trends inferred from
three categories of instrumental measurements—Microwave Sounding
Units (MSU) carried aboard National Oceanic and Atmospheric
Administration (NOAA) satellites, radiosondes, and surface
observations;

•   the technical issues involved in making comparisons between global-
mean temperature trends derived from measurements with different
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physical characteristics, different spatial and temporal sampling
characteristics, and different error characteristics;

•   the impact of the recent corrections to the algorithms for processing
measurements derived from the MSU to account for satellite drifting and
changes in instrument response;

•   the contribution of natural climate variability to decade-to-decade
climate changes, including changes in the atmosphere's vertical structure
associated with natural variability;

•   the changes in the atmosphere's vertical structure associated with
human-induced climate changes; and

•   the results of recent climate model simulations of temperature trends
that take into account both natural variability and human-induced
forcing.1

In the opinion of the panel, the warming trend in global-mean surface
temperature observations during the past 20 years is undoubtedly real and is
substantially greater than the average rate of warming during the twentieth
century. The disparity between surface and upper air trends in no way
invalidates the conclusion that surface temperature has been rising. The
recent corrections in the MSU processing algorithms (referred to above)
bring the global temperature trend derived from the satellite data into
slightly closer alignment with surface temperature trends, but a substantial
disparity remains. The various kinds of evidence examined by the panel
suggest that the troposphere actually may have warmed much less rapidly
than the surface from 1979 into the late 1990s, due both to natural causes
(e.g., the sequence of volcanic eruptions that occurred within this particular
20-year period) and human activities (e.g., the cooling of the upper part of
the troposphere resulting from ozone depletion in the stratosphere).
Regardless of whether the disparity is real, the panel cautions that
temperature trends based on data for such short periods of record, with
arbitrary start and end points, are not necessarily indicative of the long-term
behavior of the climate system.

Reducing uncertainties in the evaluation of the trends will require: (1)
implementing an improved climate monitoring system designed to ensure the
continuity and quality of critically needed measurements of

1 A climate forcing is a perturbation to the energy balance of the earth-atmosphere
system and may bring about climate change.
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temperature, other climatic variables, and concentrations of aerosols and trace
gases; and (2) making raw and processed atmospheric measurements accessible in
a form that enables a number of different groups to replicate and experiment with
the processing of the more widely disseminated data sets such as the MSU
tropospheric temperature record. A number of possible research strategies for
improving the understanding of uncertainties inherent in the various
measurement systems and the relationship between surface and upper air
temperature trends are proposed in the report.
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PART I—

OVERVIEW AND CONCLUSIONS
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1—

Introduction

An overall increase in global-mean atmospheric temperatures is predicted to
occur in response to human-induced increases in atmospheric concentrations of
heat-trapping ''greenhouse gases" (IPCC, 1996). The most prominent of these
gases, carbon dioxide, has increased in concentration by over 30% during the
past 200 years, and is expected to continue to increase well into the future. Other
changes in atmospheric composition complicate the picture. In particular,
increases in the number of small particles (called aerosols) in the atmosphere
regionally offset and mask the greenhouse effect, and stratospheric ozone
depletion contributes to cooling of the upper troposphere and stratosphere.2,3

Many in the scientific community believe that a distinctive greenhouse-
warming signature is evident in surface temperature data for the past few
decades. Some, however, are puzzled by the fact that satellite temperature
measurements indicate little, if any, warming of the lower to mid-troposphere (the
layer extending from the surface up to about 8 km) since such satellite
observations first became operational in

2 The troposphere is the atmospheric layer where the temperature generally decreases
with height, extending from the surface up to approximately 10–15 km, and the
stratosphere is the stable layer above that extending up to approximately 50 km.

3 Further complicating the response of the different atmospheric levels to increases in
greenhouse gases are other processes such as those associated with changes in the
concentration and distribution of atmospheric water vapor and clouds.
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1979. The satellite measurements appear to be substantiated by independent trend
estimates for this period based on radiosonde data. Some have interpreted this
apparent discrepancy between surface and upper air observations as casting
doubt on the overall reliability of the surface temperature record,4 whereas others
have concluded that the satellite data (or the algorithms that are being used to
convert them into temperatures) must be erroneous. It is also conceivable that
temperatures at the earth's surface and aloft have not tracked each other perfectly
because they have responded differently to natural and/or human-induced climate
forcing during this particular 20-year period. Whether these differing temperature
trends can be reconciled has implications for assessing:

•   how much the earth has warmed during the past few decades,
•   whether observed changes are in accord with the predicted response to

the buildup of greenhouse gases in the atmosphere based on model
simulations, and

•   whether the existing atmospheric observing system is adequate for the
purposes of monitoring global-mean temperature.

This report reassesses the apparent differences between the temperature
changes recorded by satellites and the surface thermometer network on the basis
of the latest available information. It also offers an informed opinion as to how
the different temperature records should be interpreted, and recommends actions
designed to reduce the remaining uncertainties in these measurements.

4 Unless specified otherwise, the "surface record" referred to in this report is a
combination of the temperature of sea surface water and the temperature of surface air
overland.
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2—

Background

Estimates of temperature variations near the earth's surface are based on
thermometer readings taken daily at thousands of land stations and on board
thousands of ships. Dating back into the late nineteenth century, the data
coverage has been dense enough to reveal the existence of gradual changes in
hemispheric- and global-mean surface temperature. A time series of global-mean
temperature from 1880 to 1998 (Figure 2.1) displays short-term fluctuations that
can be identified with El Niño events and volcanic eruptions. Superimposed upon
these short-term fluctuations in the time series are more gradual variations that
include a warming of between 0.4 and 0.8 °C over the course of the century. The
exact amount of estimated warming depends upon which of the existing
compilations of the data is used as a basis for the calculation, the method used to
estimate global means on the basis of irregularly spaced station observations, and
the way in which the data are smoothed in time. Such globally averaged time
series are not necessarily representative of local conditions: for example, Canada
and Siberia have warmed much more rapidly during the past 20 years than
indicated in Figure 2.1, while parts of the high latitude North Atlantic and North
Pacific regions have cooled slightly. In order to estimate globally averaged
temperature changes with a high degree of accuracy, it is necessary to have a
broad spatial distribution of observations that are made with high precision.
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Figure 2.1.
Time series of seasonally averaged global surface temperature (December
1879–August 1999) based on the Quayle et al. (1999) data set, computed as
differences from the 1880–1998 mean. The time series uses-an area-weighted
average of the surface air temperature over land and the temperature of water at
the ocean's surface.

Temperature changes at and just above the earth's surface are of singular
importance from the standpoint of societal and human impacts, and they are also
widely regarded as an important indicator of human-induced climate change.
However, if global warming is caused by the build-up of greenhouse gases in the
atmosphere, it should be evident not only at the earth's surface, but also in the
lower to mid-troposphere. Temperatures aloft can be measured in a number of
ways, two of which are useful for climate monitoring: by radiosondes (balloon-
borne instrument packages, including thermometers, released daily or twice daily
at a network of observing stations throughout the world), and by satellite
measurements of microwave radiation emitted by oxygen gas in the lower to
mid-troposphere, taken with an instrument known as the Microwave Sounding
Unit (MSU).5 The balloon measurements are taken at the same Greenwich mean
times each day, whereas the times of day of the satellite measurements for a given
location drift slowly with changes in the satellite orbits. The radiosonde network
has been operative since the late 1940s and substantial

5 The Microwave Sounding Unit senses radiation in a number of different channels,
each of which is representative of a different layer of the atmosphere. The measurements
discussed in this report are derived from channel 2—a channel that senses radiation in the
layer extending from the surface up to about 15 km. To eliminate the influence of the
stratospheric radiation, rather elaborate processing is required. The processed data are
referred to as MSU 2LT (lower to mid-troposphere). Successive, improved versions of the
MSU 2LT data have been produced over the past several years. The current version (D)
was released in early 1999. For further discussion see chapter 7.
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only since the mid-1960s that the instrumentation has been stable enough and
sufficiently well documented for these measurements to be of use for estimating
global temperature changes. Continuous MSU measurements began in 1979.

In the scientific literature on the detection of climate change, temperatures
are commonly expressed in terms of departures from the local "climate" mean for a
specified reference period. In this report, the reference period is the 20-year
period 1979–98. Such departures from climate means are referred to as
"temperature anomalies." Figure 2.2 shows the patterns of tropospheric
temperature anomalies over the Western Hemisphere, as sensed by the MSU,
during the northern winters (December through February) of 1982–83 and
1997–98, which both correspond to strong El Niño events in the tropical Pacific,
and during the winter of 1988–89, which corresponds to a La Niña event. During
the El Niño winters, temperatures throughout the tropics were above the mean of
the past 20 years (i.e., the anomalies were positive), with alternating patches of
warm and cold anomalies at higher latitudes. In contrast, during the La Niña
winter the tropics were colder than the mean for the 20-year period. The patterns
in this figure reflect the warmer global-mean temperatures characteristic of El
Niño years, in contrast to the cooler La Niña years.

Figure 2.3 shows three time series of global-mean temperature anomalies.
The black curve represents surface temperature, and the colored curves represent
the temperature of the lower to mid-troposphere as inferred from MSU
measurements (red) and radiosonde observations (green). Year-to-year
fluctuations are evident in all three time series, and particularly in the series for
the temperatures aloft. For example, the El Niño years 1983 and 1998 were a few
tenths of a degree warmer, while 1992–93 following the eruption of Mt. Pinatubo
were a few tenths of a degree cooler, than the 20-year average. Contrasting warm
El Niño and cold La Niña years show up even more clearly in the tropical time
series shown in Figure 2.4. In both global and tropical data, the peaks and dips in
the satellite and radiosonde time series correlate quite well. Since these two time
series represent largely independent mean temperature estimates for the same
atmospheric layer, the strong correspondence between them is further proof that
the fluctuations are real. El Niño and La Niña years are also evident in surface
observations for the tropical belt (Figure 2.4), but they do not show up as clearly
in the global-mean time series (Figure 2.3).
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Figure 2.3.
Seasonal mean time series of global-mean temperature anomalies from 1979 to
1998. The red curve shows lower to mid-tropospheric temperature from MSU
2LT (Christy et al., 2000). The green curve shows temperature data from the
same layer as measured by radiosondes (i.e., "simulated 2LT") (Parker et al.,
1997). The black curve shows surface temperature data (a combination of land
air and sea based on the Jones et al. (1999) data set). The light gray line
represents the mean of each time series. The first season is March–May 1979,
and the last season is September–November 1999 for the MSU data set and
December 1998– February 1999 for the other two data sets. El Niño, La Niña,
and volcanic cooling episodes are indicated below the figure.

Figure 2.4.
As in Figure 2.3, but-for the tropical domain 20 °S - 20 °N.
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Upon close inspection, it is evident that the surface temperature time series
in both Figures 2.3 and 2.4 show upward trends relative to the corresponding
tropospheric temperature time series for the past 20 years. The fit of a trend line
to the time series of global-mean surface temperature (e.g., Figure 2.5) indicates a
warming between 0.25 to 0.4 °C for this 20-year period, or approximately 0.1 to
0.2 °C per decade,6 depending upon which of the existing data sets is used to
represent the surface temperatures, and exactly how the fitting is done. In
contrast, the tropospheric time series exhibits a smaller upward temperature trend
of about 0.1 °C during this 20-year period. This disparity between the recent
trends in global-mean surface and tropospheric temperature is the motivation for
this report. Since this phenomenon first became apparent in the early 1990s, the
research community has been seeking to identify and quantify possible sources of
errors in the surface and upper air temperature measurements, and it has been
trying to understand the physical processes that may have caused surface and
upper air temperatures to change relative to one another. A number of biases in
the data sets have been identified and corrected, and the process of refining the
data sets is continuing.

In considering possible sources of errors in the satellite, radiosonde, and
surface-based temperature measurements, it should be noted at the outset that
none of these measurement systems was specifically designed for long-term
climate monitoring (NRC, 1999). Changes in instrumentation and station
locations have introduced time-varying biases into all three temperature time
series. In principle, time series can be adjusted to remove these artifacts, but in
practice there is some ambiguity in making such corrections. Decisions
concerning which corrections need to be made, and how to implement them, are
subject to debate. While many adjustments have been implemented, some quite
recently, there will always remain a possibility of biases in the data that may be
beyond the range of the current formal error estimates based on currently
recognized sources of error. One mitigating factor is the

6 In the literature on climate change, rates of change observed during prescribed
intervals such as the past 20 years are conventionally expressed in units of degrees per
decade. Rates of change computed in this manner are not necessarily applicable to periods
of record outside the interval for which they were estimated. For example, the rate of
warming of surface air temperature observed during the past 20 years is much greater than
that observed during the previous 20-year interval, 1960–79, and is not necessarily
indicative of the rate of temperature change that will be observed during the future
interval 2000–2019.
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independence of both the measurement errors and the uncertainties in satellite,
radiosonde, and surface-based temperature records, which lends greater
confidence to an assessment based on all three measurement categories than to an
assessment based on any one of them in isolation.

Figure 2.5.
Time series of global-mean surface temperature from 1979 to 1998, repeated
from Figure 2.3, shown with a trend line fitted by the method of ordinary least
squares. The numerical value of the 20-year trend based on this particular data
set (Jones et al., 1999) and fitting method is 0. 19 °C/decade.

A concern that has been raised with respect to the surface-based temperature
measurements is the effect of land use changes such as urbanization. As growing
metropolitan areas encroach into the surroundings of formerly rural observing
stations, the temperatures at these stations rise, particularly at night, in response to
the well-documented "urban heat island effect." Some have suggested that much
of the observed rise in global surface temperature during the twentieth century
might be merely the expression of such local environmental transformations that
are real, but not necessarily a signature of the global warming predicted to be
associated with an increase in atmospheric greenhouse gas concentrations. These
concerns have been addressed in numerous studies over the years that have
sought to quantify the effect of land use changes and adjust the estimated global
surface temperature
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trends accordingly. There have also been continuing efforts to document changes
in instrumentation and observing practices, and to make appropriate adjustments
in the data to compensate for them. Documentation of instrumentation and
observing practices is also critical with respect to the radiosonde data. Ongoing
efforts are being made to recover information on the past observing practices of
the various national weather services and to apply adjustments as appropriate.

The major uncertainties in satellite measurements of upper air temperature
are due to sensor and spacecraft biases and instabilities, the characteristics of
which need to be estimated by performing satellite intercalibrations during
overlapping intervals. These intervals are designed to be about two years long,
but on two occasions, the overlap was substantially shorter due to instrument
failures. The temperature measurements have recently been adjusted for gradual
changes in satellite orbits that affect the levels and times of day at which the
microwave radiation is sampled, and for small non-linearities in sensor
performance, which cannot be determined in advance on the basis of laboratory
calibrations. Because there is, in effect, only one satellite-based temperature
record for which most of the processing has been performed by a single group,
efforts to independently verify the MSU temperature measurements have, of
necessity, focused on comparisons with radiosonde data.

Calculating the global-mean temperature anomaly for a particular season
based on the MSU is straightforward, because the measurements are densely
spaced and global in extent. However, for radiosonde observations, which are
irregularly spaced with large gaps over the oceans (Figure 2.6), global-mean
temperature is estimated on the basis of those stations operating during the season
in question. Notice, for example, how the radiosonde data fail to sample the
strongest local temperature anomalies over the subtropical eastern Pacific shown
in Figure 2.2. Even in the absence of any real temperature variation, the global-
mean temperature anomaly computed from radiosonde data could conceivably
change from one season or decade to the next, merely as a result of stations in one
of these poorly sampled regions going into or out of operation. Surface-based
estimates are also subject to similar discontinuities, but they are not considered as
serious a problem because there are so many more surface stations than there are
radiosonde stations (compare Figures 2.6 and 2.7). In addition, surface data
coverage over the oceans is much better, with the notable exception of high
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latitudes in the Southern Hemisphere. The effects of this uneven sampling are
being investigated and quantified in several ways, for example by estimating
''true" global-mean temperatures from the complete fields generated by satellite
observations, blends of satellite and in situ data, or climate models, and then
sampling these fields using the actual (incomplete) observed data coverage (see
chapter 9).

Figure 2.6.
Location of radiosonde stations in the World Meteorological Organization's
(WMO) Global Observing System upper air network. Fewer than half of these
905 stations report monthly climatic data, and only about two-thirds have
reported regularly over the past few decades. Although most report some daily
data, tropical portions of South America and Africa are often missing. Note the
sparseness of the stations over the oceans and the high latitudes.

Measurement errors and uncertainties are not the whole story. The
possibility that there may have been a real disparity between trends in surface and
tropospheric temperature also needs to be considered. One way of making such an
assessment is to consider whether simulations of the evolving climate of the past
20 years in climate models exhibit disparities as large as those that are observed.
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Figure 2.7.
Location of surface temperature observations. The map is a composite of all of
the Global Historical Climatology Network temperature stations (small dots),
and the ship-based and floating and moored buoy observations from a single
week used in the production of the Reynolds and Smith (1994) sea surface
temperature data set (very small dots).

Climate models are tools that can be used to relate changes at the surface to
those in the troposphere. Although today's state-of-the-art models accurately
depict many physical processes, they are deficient in several respects, owing to
difficulties in representing small-scale processes, such as those associated with
clouds. Moreover, the detailed three-dimensional spatial structure and the
temporal evolution of the many forcings of the climate system that are used to
"drive" the models are poorly known. Model simulations are helpful in
understanding the disparity between the 20-year trends in surface versus
tropospheric temperatures, but they are not sufficiently reliable to provide a
definitive assessment of whether the trends at these two levels are physically
consistent.

Due to the non-deterministic nature of the climate system, an ensemble7 of
simulations run with the same climate model yields a

7 In such an ensemble, each individual simulation is run with the same time-dependent
climate forcings (greenhouse gases, aerosols, etc), but with different, but equally plausible
initial conditions. Differences among the climates in the individual stimulations are
interpreted as being due to the internal (unforced) variability of the climate system.
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number of different possible scenarios, each with its own 20-year trends at
various levels of the atmosphere. It is only by performing ensembles of
simulations with these models that it is possible to assess whether the observed
disparity lies within the range of what should be regarded as physically plausible.
Because these numerical experiments are computationally intensive, only a very
limited number of them have been run thus far.

It is evident from Figure 2.3 that globally averaged temperature fluctuations
associated with El Niño tend to be larger aloft than at the surface, and this
behavior is well-simulated in numerical models. These models show evidence of
stronger cooling aloft than at the surface in the wake of major volcanic eruptions
such as Mt. Pinatubo and in the amplitude of temperature variations induced by
fluctuating solar irradiance. The longer the period over which trends are
computed, the more these naturally occurring fluctuations in the temperature time
series tend to average out. For example, the influence of these phenomena upon
the trends should be much smaller when the trends are estimated for a 20-year
long record compared with a 5-year record. However, model simulations suggest
that such natural variability can still amount to an appreciable fraction of the
observed disparity between the global-mean temperature trends at the earth's
surface and in the lower to mid-troposphere. Because 20-year trends can be
substantially influenced by just a few single or multi-year "warm" or "cold"
events, they are not necessarily representative of the true response of the climate
system to the more gradual changes in atmospheric composition that are taking
place in response to human activities.

A number of different human-induced forcings are, in fact, believed to have
contributed to the observed temperature changes during the past 20 years. The
climate system is highly non-linear8 and relatively little is known about the effect
on temperature changes resulting from human contributions to the changing
three-dimensional distributions of ozone and aerosols, either or both of which
may have been partially responsible for the observed discrepancy between
surface and lower to mid-tropospheric temperature changes. The aerosol
contribution is

8 Highly non-linear in this context means that there is no guarantee that the response of
the climate system to the sum of these forcings would be equal to the sum of its responses
to the individual forcings if each of them had occurred in isolation.
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particularly difficult to estimate because of the limited understanding of how
aerosols affect cloud properties, which affect the transfer of radiation through the
atmosphere. In addition to changes in atmospheric composition, land use changes
can be a significant factor in causing climate change at the earth's surface.

Despite the many unresolved issues touched on in this chapter and discussed
in more detail in chapters 5–9, the progress that has been achieved over the past
few years provides a basis for drawing some tentative conclusions concerning the
nature of the observed differences between surface and upper air temperature
trends, and their implications for the detection and attribution of global climate
change.
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3—

Findings

(1)  Surface temperature is rising. Because global warming is a long-
term process, which can be masked by year-to-year climate
variability, it is most clearly revealed in the longest available record
of global temperature—i.e., that of surface temperature (Figure 2.1),
which is based on stations determined not to have been substantially
impacted by urbanization. In the opinion of the panel, the disparity
between satellite and surface temperature trends during 1979–98 in
no way invalidates the conclusion of the Intergovernmental Panel on
Climate Change report (IPCC, 1996) that global surface temperature
has warmed substantially since the beginning of the twentieth
century. Accelerated warming during the late 1990s has raised the
estimated warming to 0.40–0.8 °C in the past 100 years. The
warming of surface temperature that has taken place during the past
20 years is undoubtedly real, and it is at a rate substantially larger
than the average warming during the twentieth century.

(2)  Based on current estimates, the lower to mid-troposphere has
warmed less than the earth's surface during the past 20 years.
For the time period from 1979 to 1998, it is estimated that on
average, over the globe, surface temperature has increased by 0.25 to
0.4 °C and lower to mid-tropospheric temperature has increased by
0.0 to 0.2 °C.9

9 The range of these trend estimates is determined by applying different trend
algorithms to the different versions of the surface and tropospheric data sets. Further
discussion of the uncertainties inherent in these estimates is provided in chapters 6–9.

FINDINGS 21

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Reconciling Observations of Global Temperature Change 
http://www.nap.edu/catalog/9755.html

http://www.nap.edu/catalog/9755.html


(3)  Current estimates of surface and lower to mid-tropospheric
temperature trends are subject to a level of uncertainty that is
almost as large as the apparent disparity between them. The
factors contributing to this uncertainty are:

•   the uncertainty inherent in temperature trends determined over relatively
short time periods;

•   the complexity of the algorithms for processing the satellite data, and the
limited validation that has been performed on them thus far;

•   the possibility of biases remaining in the data sets that have not yet been
recognized and corrected;

•   the uneven and, in some places, sparse spatial coverage of radiosonde
observations and, to a lesser extent, surface observations; and

•   the inherent difficulties in correcting for changes in instrumentation and
in the siting of radiosonde and surface stations.

(4)  The observed trends have been partially, but not fully, reconciled
with climate model simulations of human-induced climate
change. The simulated three-dimensional spatial pattern of the
temperature changes induced by increasing concentrations of a
well-mixed greenhouse gas, such as carbon dioxide, is complicated
and varies from model to model, but one common aspect is the
tendency for the lower to mid-troposphere to warm more rapidly than
the surface, except over high latitudes. More realistic model
simulations that take into account radiative forcing with combined
changes in human-induced and natural factors, including the three-
dimensional structure of the changing distribution of ozone, are in
better agreement with the observed changes, but they still predict
that the lower to mid-troposphere should warm at least as rapidly as
the earth's surface. The models used to perform these simulations are
subject to uncertainties and subject to change as more realistic
treatments of physical processes are incorporated into them.

(5)  The record of satellite observations of lower to mid-tropospheric
temperature is still short and subject to large sampling
fluctuations. Recent experiments with a number of different climate
models indicate that the inclusion of natural climate forcings such as
volcanic eruptions, stratospheric ozone depletion, and solar
variability can lead to a broad spectrum of simulated 20-year surface
and lower to mid-tropospheric temperature trends. In light of this new
information, the

FINDINGS 22

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Reconciling Observations of Global Temperature Change 
http://www.nap.edu/catalog/9755.html

http://www.nap.edu/catalog/9755.html


panel cautions that trends in such short periods of record with
arbitrary start and end points are not necessarily representative of
how the atmosphere is changing in response to long-term human-
induced changes in atmospheric composition. Given reliable
measurements, as outlined in Recommendation #1, the level of
confidence that can be attached to the trends will increase as the
period of record of upper air measurements lengthens.

(6)  It is not currently possible to determine whether or not there
exists a fundamental discrepancy between modeled and observed
atmospheric temperature changes since the advent of satellite
data in 1979. Measurement uncertainties (Finding #3), modeling
uncertainties (Finding #4), and sampling uncertainties (Finding #5)
were all considered by the panel as possible causes of the
disagreement between models and observations. None of them can
be singled out as the dominant factor, nor can any one of them be
shown to be unimportant. Surface temperature and lower to mid-
tropospheric temperature are different entities, which should not be
expected to vary in precisely the same manner in response to
human-induced and natural climate forcings during a particular 20-
year period of record. Hence, the panel concludes that at least part of
the observed disparity between the 20-year changes in surface and
mid-tropospheric temperature is probably real, but the measurement,
modeling, and sampling uncertainties alluded to above make it
difficult to precisely attribute the disparity to any particular sources.
A more definitive reconciliation of modeled and observed
temperature changes awaits the extension and improvement of the
observations and the algorithms used in processing them, better
specification of the natural and human-induced climate forcings
during this period, and improvement of the models used to simulate
the atmospheric response to these forcings.
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4—

Recommendations

In order to monitor global climate change on a decade-to-decade basis in
support of national and foreign policy decisions, it will be necessary to better
quantify and to substantially reduce the measurement errors inherent in estimates
of global-mean temperature, as well as to develop an improved understanding of
the processes that contribute to short term variability of global-mean
temperature. To achieve these goals, the panel recommends the following
actions:

(1)  The nations of the world should implement a substantially
improved temperature monitoring systems10 that ensures the
continuity and quality of critically important data sets. Needed
measurements include not only the conventional climatic variables
(temperature and precipitation), but also the time-varying, three-
dimensional spatial fields of ozone, water vapor, clouds, and
aerosols, all of which have the potential to cause surface and lower to
mid-tropospheric temperatures to change relative to one another.
Management of climate data sets also needs additional attention and
support. Raw and processed measurements and follow-on products
need to be accessible in a form that enables a number of different
research groups to replicate the processing of the more widely
disseminated data

10 The NRC report Adequacy of Climate Observing Systems (NRC, 1999) describes
characteristics that should be incorporated into the design of climate monitoring systems to
facilitate the detection of climate change.
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sets and to develop new and improved temperature algorithms. To
ensure such access, the ongoing documentation of instrumentation
and observing practices, the archiving of data sets, and the provision
of raw and processed data sets in electronic form to the scientific
community should be regarded as integral parts of the climate
monitoring effort and afforded high priority in terms of funding.

(2)  The scientific community should perform a more comprehensive
analysis of the uncertainties inherent in the surface, radiosonde,
and satellite data sets. Such an assessment should involve a detailed
analysis of the sensitivity of global-mean temperatures derived from
these three different measurement systems to the various choices
made in the processing of the raw data—e.g., corrections for
instrument changes, adjustments for orbital decay effects in the
satellite measurements, and procedures for interpolating station data
onto grids. Such studies should also address the comparison of data
sets with different sampling characteristics.

(3)  Natural as well as human-induced changes should be taken into
account in climate model simulations of atmospheric
temperature variability on the decade-to-decade time scale. In
particular, the studies described in Finding #4 need to be repeated
with improved models and with an experimental design that reflects
the uncertainties in natural and human-induced forcings.

(4)  The scientific community should explore the possibility of
exploiting the sophisticated protocols that are now routinely used
to ensure the quality control and consistency of the data ingested
into operational numerical weather prediction models, to
improve the reliability of the data sets used to monitor global
climate change.
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PART II—

TECHNICAL BACKGROUND

TECHNICAL BACKGROUND                                                                       27
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5—

Introduction

Variations in global-mean temperature are inferred from three different sets
of measurements: surface observations, satellite observations, and radiosonde
observations. Each of these kinds of measurements has its own particular
strengths and weaknesses, as summarized in Table 5.1.

The satellite measurements of tropospheric temperature are the only ones
that provide comprehensive global coverage, but rather intricate processing is
required in order to infer global-mean temperature trends from the raw radiance
data, and these trends have proven difficult to validate independently.
Temperature measurements retrieved from the hundreds of balloon-borne
radiosonde instruments that are released each day by the various national weather
services provide much more detailed information on the vertical structure of
atmospheric temperature changes than is available from satellites. The processing
of these observations is straightforward, but large gaps in spatial coverage
compromise the reliability of global averages, and changes in instrumentation can
give rise to spurious trends. Surface temperature measurements derived from
thermometers at land stations (housed in instrument shelters) and aboard ships
(mostly engine intake temperatures) are more densely spaced than the radiosonde
measurements. However, spatial sampling is still an issue in the higher latitudes
of the Southern Hemisphere, and ensuring the homogeneity of these data in the
face of urbanization and changes in
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instrumentation and observing protocols has proven to be a major challenge.
To appreciate the issues involved in comparing estimates of surface and

lower tropospheric temperature trends, it is necessary to have at least a
rudimentary understanding of these three kinds of measurements and the
uncertainties inherent in each of them. Chapters 6, 7, and 8 present this basic
background information, and the final chapter (9) discusses the issues involved in
making comparisons between the different kinds of measurements. Collectively,
these last four chapters of the report are the basis for the findings and
recommendations presented in chapters 3 and 4.
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6—

Surface Temperature Observations

SUMMARY OF TRENDS

Globally averaged surface temperatures have been rising over the last
century, but at an uneven rate. Temperatures increased from 1900 to the 1940s,
and then leveled off or even decreased until the mid- to late- 1970s. Since that
time, globally averaged surface temperatures have increased again. Sea surface
temperatures (SST) and land surface air temperatures both show these same
features, although the magnitude of the century-scale changes and year-to-year
variability of the land air temperatures are greater than those of SST (see
Figure 6.1). The fact that a centennial-scale warming trend with similar decadal-
scale features exists in both independently collected data sets serves as a useful
check on the reality of the surface temperature trend. Long-term warming, as
well as warming over the past two decades, has occurred in both hemispheres and
in all seasons (Jones et al., 1999). Although not all regions have warmed, the
warming trend since 1976 has been very widespread, as indicated in Figure 6.2.
Another widespread feature of the global surface temperature signal is that, at
least over the last half century—the period for which we have the most data—the
mean daily minimum land, air temperature has been increasing at approximately
twice the rate of the mean daily maximum temperature (see Figure 9.4) (Karl et
al, 1993; Easterling et al., 1997).
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Figure 6.1.
Time series of seasonally averaged temperature anomalies (1880–1999). The
upper figure shows globally averaged sea surface temperature. The lower figure
shows globally averaged surface air temperature over land. The anomalies are
computed as differences from the 1880–1998 mean. The first season is
December 1879–February 1880, and the last season is June–August 1999. The
data are based on the Quayle et al. 1999) data set.

The exact magnitude of the temperature trend depends on how the
observations are globally averaged. Very different global averaging techniques
have been used in various studies. Quayle et al. (1999) created separate globally
averaged land and ocean time series using only those grid boxes containing data,
and then combined the two series with a 30%/70% weighting, proportional to the
global area of land and ocean surfaces. The data used in this approach include
satellite-derived sea surface temperatures. Jones et al. (1999) employed a
different approach, combining land and ocean in situ data in the same gridded
data set, with interpolation into blank grid boxes with at least four neighbors, and
then areally averaging the grid boxes into a single time series. In a third
approach, Hansen and Lebedeff (1987) produced a global time series
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from only land data by using a given station to represent temperature change to
distances suggested by correlation studies. The resulting time series has been
shown to be representative of combined land and ocean temperature (Peterson et
al., 1998a). This approach has recently been updated to include urban adjustment
and an increased number of stations (Hansen et al., 1999). All three of these very
different approaches yield quite similar results (see Figure 6.3).

Figure 6.2.
Global surface temperature trends (°C/decade) for the 20-year period 1979–98
computed using the method of ordinary least squares. The data have been
interpolated to a 5°x5° grid by Jones et al. (1999). The gridded data have been
subjected to a slight additional smoothing to simplify the pattern.

The exact value of the trend in globally averaged temperatures depends not
only on which of these methods are used to globally average the data, but also on
the time period assessed, as well as on the technique that is used to determine the
linear trend. In fact, the method used to determine the linear trend can have a
greater impact on the result than the method of creating globally averaged
temperatures (Peterson et al., 1998a). The most common method for determining
trends—least squared deviations—indicates linear trends from the time series of
+0.053,
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Figure 6.3.
Comparison of global-mean annually averaged surface temperature time series,
illustrating the similarity of results from three different analyses. The series,
displayed as anomalies from their 1961–1990 means, are from (a) 1890–1998
and (b) 1979–98, and include least squares linear regression lines for each. The
purple line represents the Quayle et at. (1999) data set; the black line represents
the Jones et al. (1999) data set; and the aqua line represents the Hansen et al.
(1999) data set.
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+0.059, and +0.053 °C/decade for the period 1890–1998 and +0.17, +0.19,
and +0.13 °C/decade for 1979–9811 for Quayle et al. (1999), Jones et al. (1999),
and Hansen et al. (1999), respectively (Figure 6.3).

As revealed in Figure 6.3, the increase in the global temperature time series
is not linear, nor is there any physical basis for expecting it to be linear.
Figure 6.3 also shows that 1998 is by far the warmest year on record, with 1997
the next warmest. In addition, the past ten years (1989–98) have been the
warmest decade on record.

Considerable corroborating evidence exists to support the analyses
indicating that global surface temperature has risen during this period of
historical instrumental record. For example, Oerlemans (1994) recorded a general
retreat of glaciers around the world over the past 100 years. De la Mare's (1997)
analysis of whaling records indicates that a 25% decrease in Antarctic sea ice
occurred between the mid-1950s and the early 1970s. There are indications that in
the past 20 years, the extent of Antarctic sea ice may have increased slightly,
while the extent of Arctic sea ice has decreased (Parkinson et al., 1999; Vinnikov
et al., 1999). In addition, measurements from submarines indicate that the average
thickness of sea ice across the open Arctic Ocean has declined by 1.3 meters, or
40 percent, from 1958 to the 1990s (Rothrock et al., 1999). Borehole
temperatures can also provide an independent instrumental validation of surface
measurements. Pollack et al.'s (1998) analysis of underground temperature
measurements from four continents indicates that the average surface temperature
of the earth has increased by about 0.5 °C in the twentieth century. Warming of
surface temperature should also cause a rise in sea level as a result of thermal
expansion of the ocean and melting of glaciers. There is considerable evidence
that global-mean sea level has in fact risen 10–25 cm over the past 100 years
(Warrick et al., 1996).

SOURCES OF UNCERTAINLY IN TREND ESTIMATES

Surface temperature is primarily observed by several thousands of
individual thermometers. While the technology for building accurate, reliable
thermometers for in situ environmental measurements has been

11 To further illustrate the sensitivity of a two decade-long time series to the endpoints,
if 1976 instead of 1979 is used as the starting date, the trend is approximately 0.02 °C/
decade greater.
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in existence for over 150 years, there are many problems with the data from these
instruments. The data can be erroneous due to instrument problems (e.g., a bubble
in the liquid-in-glass thermometers), or contain errors caused by faulty
transcription, digitization, or transmission of the data. Such quality control
problems add noise to the data, but are not likely to add a bias to the results
because of the large number and variety of sites monitored.

However, homogeneity and spatial coverage problems could potentially add
a bias to the results. A surface temperature time series is considered
homogeneous if variations are caused only by variations in weather and climate
(Conrad and Pollak, 1950). Unfortunately, most long-term climatological time
series have been affected by a number of non-climatic factors that make these
data unrepresentative of the actual climatic variation occurring over time. These
factors include changes in: instruments, observing practices (e.g., depth of the
water intake for SST measurements), station locations, formulae used to calculate
means, and station environment (e.g., urbanization) (Jones et al., 1985; Karl and
Williams, 1987; Gullett et al., 1990; Heino, 1994). They occur in measurements
of land air temperature, marine air temperature, and sea surface temperature
(Folland and Parker, 1995; Peterson et al., 1998b). Some changes cause sharp
data discontinuities, while other changes, particularly change in the environment
around the station, can cause gradual biases. All of these inhomogeneities can
bias a time series and lead to misinterpretations of the studied climate unless they
are accounted for by adjusting or ''correcting" the data.

One of the largest sources of uncertainty in global surface temperature
analyses is due to incomplete sampling (see Figure 2.7 for data coverage). Large
portions of the earth have few in situ observations. This is particularly true of
polar regions, uninhabited deserts, and oceanic regions away from the usual
shipping and fishing areas. To make matters worse, the locations of observations
frequently change with time, and there has not always been a steady
improvement in data coverage. For example, starting only in 1978, a limited
number of drifting buoys have been placed in the tropical and southern oceans
where whaling fleets once took observations. While surface station coverage
increased during the nineteenth and most of the twentieth centuries, the
difficulties in near-real time international data exchange and the success of many
retrospective data gathering efforts (e.g., Bradley et al., 1985; Peterson
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and Griffiths, 1997) means that we have fewer land surface in situ observations
available in the 1990s than in the 1970s or 1980s.

Using the Comprehensive Ocean/Atmosphere Data Set (COADS; Woodruff
et al., 1998), Trenberth et al. (1992) analyzed sources of errors for in situ SSTs.
By assessing the variability within 2° longitude by 2° latitude boxes within each
month for 1979, they found that individual SST measurements are representative
of the monthly mean to within a standard error of ±1.0 °C in the tropics and ±1.2
to 1.4 °C outside the tropics. The standard error is larger in the North Pacific than
in the North Atlantic and it is much larger in regions of strong SST gradient, such
as in the vicinity of the Gulf Stream, because both within-month temporal
variability and the within-2° box spatial variability are enhanced. The total
standard error of the monthly mean in each box decreases proportionately to the
square root of the number of observations available. The overall noise in SSTs
ranges from less than 0.1 °C over the North Atlantic to greater than 0.5 °C over
the oceans south of about 35 °S.

In addition to the problems of in situ data, satellite-derived SSTs add
another source of uncertainty. While Reynolds and Smith (1994) use optimal
interpolation to blend satellite-derived and in situ SSTs, there are biases,
particularly in areas with sparse in situ data, that can still occur due to volcanic
aerosols (Reynolds and Smith, 1994) and differences between satellite-observed
ocean skin temperature compared to in situ observed bulk temperature (Reynolds
and Marsico, 1993). The incomplete adjustment of satellite data could decrease
the linear trend of globally averaged surface temperature between 1979 and 1999
by up to 0.05 °C/decade (Hurrell and Trenberth, 1999). Also, there are large
uncertainties in the location of the sea ice margins in regions of sparse data
(Hurrell and Trenberth, 1999).

EFFORTS TO CORRECT THE PROBLEMS

Efforts to address these problems started over a century ago. The First
International Maritime Conference, held in Brussels in 1853, agreed on the need
for international cooperation and adopted a standard set of observational
instructions and ship weather-log forms (WMO, 1994). Such efforts have
continued through to the present international effort to create the Global Climate
Observing System Surface Network (Peterson
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et al., 1997). At the same time, historical sea surface temperature data continue to
be digitized to fill in gaps in the available in situ data (e.g., Woodruff et al.,
1998). While new approaches to derive surface temperature over land using
satellite data are under development (e.g., Basist et al., 1998), the satellite data
these approaches require may only go back to 1987.

The possibility, indeed probability, of erroneous data is addressed by every
major data set compiler as part of the quality control effort (e.g., Jones et al.,
1999; Peterson et al., 1998c). While all erroneous data points cannot be removed
from a data set without the risk of removing a great deal of good data as well,
biases due to large isolated errors can be eliminated. Biases due to discontinuities
in the observing network are a much more difficult problem to resolve. However, a
great deal of work on homogeneity problems has been done over the past decade
or more, as summarized in a recent review of homogeneity research (Peterson et
al., 1998b). This work attempts to estimate the magnitude of the bias caused by
random station moves, installation of new instrumentation, and changes in
observing practices such as changing the time of observation of maximum/
minimum thermometers from late afternoon to early morning. Once the
magnitude of the bias is determined, the data can be adjusted to account for these
inhomogeneities.

A more difficult problem is assessing the impact of small, gradual changes in
the observing network. Urbanization (and land-use changes in general) and the
resultant urban warming is the most commonly cited example of this type of
problem. Recent efforts to assess this bias focus on identifying which stations are
rural and which are urban, using map-based metadata12 (Peterson and Vose,
1997) or night-lights derived metadata (Owen et al., 1998). Long-term global
temperature trends calculated both from the full land surface network, and from
rural stations only, turn out to be very similar (differing by about 0.05 °C per 100
years), despite some differences in regions sampled (e.g., India has few long-term
rural stations) (Peterson et al., 1999).

The uneven spatial distribution of in situ data, and the change in their
distribution over time, can also potentially create biases. Some of the approaches
to addressing this problem are: (a) acquiring more data through digitization of
historical records, (b) improving international

12 Metadata (or data about data), in this context, is information that describes the
environment in which a measurement is made and/or the methods and/or tools used to
make the measurement.
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exchanges, (c) reconstructing full global grids using the spatial and temporal
covariance of the field (e.g., Smith et al., 1998), and (d) developing new space-
based observing systems. However, global coverage of in situ data can never be
achieved, particularly historically. Therefore, inventive area averaging techniques
have been developed to provide robust estimates of global temperatures. These
techniques include grid-box averaging of climate anomalies (e.g., Jones, 1994),
or averaging of the interannual change in temperature (Peterson et al., 1998a). A
more complex approach that interpolates anomalies adjusted to regional reference
stations produces information for each grid box (Hansen and Lebedeff, 1987).
Smith et al. (1998) also fill in the full grid using the spatial and temporal
covariance of the sea surface temperature field together with the available data.
Within this latter approach is the assumption that the covariance pattern
developed in the satellite era is an appropriate guide for interpolating data in
earlier eras.

Several efforts have been made to put error bars on global surface
temperature time series, primarily by focusing on the impact of inadequate
spatial sampling and using model simulations of global climate. Jones et al.
(1997) estimated that the typical standard errors for annual data on the
interannual time scale since 1951 are about ±0.06 °C. 13 Errors associated with
century-scale surface temperature trends are probably an order of magnitude
smaller than the observed warming of about 0.5 °C per 100 years since the late
nineteenth century (Karl et al., 1994).

13 Unless stated otherwise, the quantitative error estimates given in this report represent
95% confidence intervals.
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7—

MSU Observations

INTRODUCTION

The Microwave Sounding Unit (MSU) is a microwave radiometer that flies
aboard NOAA's polar orbiting weather satellites. Each day, the MSU observes
approximately 80% of the earth's surface, with the orbit shifting slightly each day
so that 100% coverage is achieved over a three to four day period. To date, nine
MSUs have been used operationally, forming an uninterrupted daily time series
from 1979 to the present. One MSU remains in orbit as the last representative of
this series, which in 1998 began to be replaced by the Advanced Microwave
Sounding Unit.

The MSU observes the earth's natural upwelling radiation at four
frequencies between 50 and 60 GHz. The particular channel upon which this
report focuses is channel 2 (53.74 GHz). The radiation detected by channel 2
comes from the earth's atmosphere (90–95%) and surface (5–10%). The bulk of
this radiation originates in the troposphere, the layer from the earth's surface up to
about 10 km. The MSU also monitors the lower stratosphere through its channel
4. The intensity of radiation observed in these channels is directly proportional to
the temperature of the air; hence, MSU can be used as a satellite "thermometer"
for measuring air temperature.

The air temperature computed directly from channel 2 is representative of
the middle-to-upper troposphere (centered about 7 km above the surface). A
small but significant part of this radiation emanates
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from the lower stratosphere. This is problematical for detecting changes related to
greenhouse warming, because the warming in the troposphere is expected to be
accompanied by cooling in the lower stratosphere. Therefore, the blending of the
radiation from these two layers seen by channel 2 partially or completely damps
out any greenhouse warming signal.

There are two approaches to processing the observations to obtain a pure
tropospheric temperature. One approach is to combine observations from the
different channels of the MSU. The other approach is to exploit observations from
the different scan angles using MSU channel 2 alone. The latter approach is the
one discussed in this report because it is much more mature in terms of the extent
of data-set development and validation. To obtain a temperature closer to the
earth's surface in the latter approach, observations from different scan angles that
the MSU uses to view the earth's atmosphere are arithmetically combined to
reduce the influence of the upper troposphere and stratosphere (Spencer and
Christy, 1992). The advantage of this technique is that the resulting lower
tropospheric temperature (often referred to as "MSU 2LT") is closer to the earth's
surface (centered about 4 km high). Because the central issue being examined in
this study is the expectation by some that the lower troposphere should exhibit
similar temperature trends as the surface, the panel exclusively discusses the MSU
2LT product in this report. The drawback of using the MSU 2LT product is that
the retrieval method relies on a subtraction of adjacent view angles, which (a)
increases measurement noise and (b) doubles the sensitivity of the measurements
to surface emissions (to 10% over oceans, 20% over land) (Spencer and Christy,
1992). These effects more than double the error characteristics for MSU 2LT
relative to MSU 2.

MSU TEMPERATURE TRENDS

The geographical distribution of MSU lower to mid-tropospheric
temperature trends is shown in Figure 7.1. It is evident that the regions of rapid
surface warming apparent in Figure 6.2 (e.g., Western Europe, Eastern Russia)
tend to be characterized by rapid warming aloft, and vice versa. In contrast to the
surface data, which exhibit a warming trend at most locations, the satellite data
show roughly equal areas of warming and cooling. Whereas it is obvious from a
visual inspection of Figure 6.2
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that the global-mean surface temperature trend is upward, the same cannot be said
of the trend inferred from the MSU data; the global-mean trend may be viewed as a
small difference between warming trends over some areas and cooling trends
over others.

Figure 7.1
Global lower to mid-tropospheric temperature trends (°C/decade) from the MSU
version D over the 20-year period 1979–98. These ordinary least square trends
are computed from data from Christy et al. (2000).

The time series of seasonally averaged global MSU lower to mid-
tropospheric anomalies is shown in Figure 2.3. The data reveal major swings in
temperature over relatively short periods, which are largely the result of climate
perturbations such as the El Niño—Southern Oscillation (ENSO) warming events
in 1983, 1987, 1991, and 1997; the cooling events in 1985, 1988, 1996, and
1999; and the volcanic aerosol cooling events in 1982 and 1991 (Christy and
McNider, 1994). Over the past 20 years, MSU observations indicate that the
globally averaged lower to mid-tropospheric temperature has increased at a rate
of approximately 0.05 °C/decade, as computed using the ordinary least squares
statistical method. It is important to note that a single 20-year period of record is
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unlikely to be representative of both future rates of change and rates of change
over much longer periods of the historical record. The reasons for this include the
large natural variability associated with El Niño, together with both long- and
short-term changes in the external factors that can influence climate, such as
volcanic eruptions, the sun, and greenhouse gases.

SOURCES OF UNCERTAINTY IN TREND ESTIMATES

As with all climate data sets, there are drawbacks and limitations associated
with the MSU temperatures. To begin with, MSU channels 2 and 4, as well as
products derived directly from these channels, have quite coarse vertical
resolution. The MSU cannot measure the temperature at a specific altitude, as is
done by balloon observations. Rather, it detects a weighted average of the
temperature throughout the atmosphere. This is particularly problematic for
diagnosing the causes of climate change, because the different atmospheric layers
may exhibit different long-term temperature trends. For example, during the 20-
year period of MSU operation, the evidence is clear that the surface layer has
experienced a warming trend, while significant cooling has occurred in the
stratospheric layers observed by MSU channel 4.

Systematic measurement errors are another problem for the MSU.
Variations in sensor gain (i.e., the ratio of the perceived signal to the actual
signal) are particularly problematic in that these gain variations can be
misinterpreted as trends in air temperature. In principle, gain variations can be
measured (and hence corrected) by the onboard two-point calibration system,
consisting of a warm load at a known temperature and cold space observations at
2.7 Kelvin. However, in practice the gain cannot be exactly determined because
of the presence of small non-linearities in the MSU response to incoming
radiation. It appears that this non-linear response was not properly characterized
in the pre-launch thermal-vacuum tests. As a result, the two-point calibration
system is not completely removing gain variations. To correct this problem, a
rather elaborate post-launch analysis relies on the fact that the radiometer gain
varies with the physical temperature of the front-end radiometer components
(Christy et al., 2000). Systematic measurement differences between different
satellites over many years are correlated with the physical temperature of the
radiometers. A time
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varying gain correction, which is a function of instrument temperature, is then
applied to those MSUs that appear to have experienced calibration problems.
This additional complexity in MSU data processing, in conjunction with a non-
linear gain problem that is poorly understood, decreases our confidence in the
ability of MSU to measure long-term trends. To the extent that these problems are
random, they can be reduced by averaging the millions of observations (over
15,000 per day). However, residual systematic calibration errors not correlated
with the radiometer temperatures cannot be removed in this way.

Systematic measurement errors also impact our ability to intercalibrate the
series of MSUs. The offsets between the MSU observations from each of the
satellites can be readily determined if the bias is constant, but is more difficult to
determine if the satellite is drifting in orbit (see below). During periods of
satellite overlap, the temperatures measured by two different MSUs are
compared. Typically, a temperature offset of up to ±0.4 °C is found. Given the
fact that the MSUs are nearly identical instruments, it is not entirely clear what is
causing these offsets (perhaps very small manufacturing differences or satellite
altitude differences). In any case, these inter-satellite offsets are addressed by
adding small bias corrections to data from the various MSUs so that they are, on
average, in agreement during overlap periods. This type of satellite
intercalibration works best for long overlap periods (one year or greater).
Unfortunately, in the case of the NOAA-9 MSU the overlap period was only 102
days. To bridge the NOAA-9 period, several different adjustment methods were
tested (Christy et al., 1998). These methods produced a spread in trends of about
0.1 °C/decade. The method that produced the lowest error characteristics and the
most data available for analysis was chosen. This selected method also had the
desirable feature of producing a decadal trend that was close to the mean of all
other possible methods. Nevertheless, the relatively small number of observations
during overlapping periods in 1986–87, coupled with uncertainties arising from
the choice of method used to correct inter-satellite biases, introduces a further
source of uncertainty in MSU-based estimates of decadal-scale trends.

Aside from the issue related to the method chosen for merging the satellite
data, there is also an uncertainty associated with determining each satellite's bias
relative to some reference value. Several tests have been performed in which the
biases were calculated from separate subsections of the overlapping periods,
demonstrating very high

MSU OBSERVATIONS 45

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Reconciling Observations of Global Temperature Change 
http://www.nap.edu/catalog/9755.html

http://www.nap.edu/catalog/9755.html


reproducibility of the results. Even so, small inter-satellite bias errors can
accumulate in such a way as to introduce errors in the long-term trend.

Even in the absence of measurement error, the drift of the satellite orbit has
the potential to introduce spurious signals into the MSU temperature trend. One
component of orbit drift is the decrease in satellite altitude that occurs after
launch. Fortunately, this effect can be precisely modeled using the satellite
orbital data and a relatively simple radiative transfer model. However, it is worth
noting that this particular effect, known as orbit decay, was not recognized until
quite recently (Wentz and Schabel, 1998), which suggests that there may be other
subtle but important corrections that still need to be applied. The other
component of orbit drift is the change in the local time for satellite observations.
As the satellite slowly drifts in time, it will observe a warming or cooling trend
simply due to the change in time of day being observed on earth (night is cooler
than day). If no correction is applied, then this diurnal signal will be confused
with an interannual signal because the diurnal drift is on time scales of the order
of 0.5 hr/year. As was the case for the radiometer gain problem, a complex
analysis is required to remove the diurnal drift signal. In Christy et al. (2000), the
effect of the diurnal drift is estimated from the difference between the left and
right sides of the MSU viewing swath, which represents a difference in local time
ranging from over one hour in the tropics to several hours at the poles. This
procedure attempts to remove most of the diurnal signal, but some error will
remain. The preceding discussion of problems addresses each individually,
whereas in practice these problems are not necessarily independent (for example,
a bias that is changing with time), increasing the uncertainty of the corrections.

In light of the aforementioned problems, the obvious question is how
accurately can MSU measure long-term trends. This is a difficult question to
answer. The errors associated with radiometer gain, inter-satellite calibration, and
diurnal drift are difficult to model, and there is always the possibility of other, yet
to be found, effects.

The most recent version of MSU 2LT, which includes adjustments for
orbital changes, instrument heating, and changes in diurnal sampling, is referred
to as version D, distinguishing it from earlier versions labeled A, B, and C. Over
the entire time series, the adjustments to version D relative to version C affect the
trend of version C as follows: (1) orbit decay, +0.10 °C/decade; (2) diurnal drift,
-0.03 °C/decade; and (3)
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instrument body effect on several instruments, along with the impact of new
NOAA-12 calibration coefficients, -0.04 °C/decade. The net effect therefore is
+0.03 °C/decade of version D versus version C.

The time series of globally averaged temperatures from versions C and D are
compared in Figure 7.2 together with the difference time series (D minus C),
which represents the correction to version C. During individual seasons, the
corrections amount to as much as a few tenths of a degree C. The spikiness in the
difference between C and D in post 1991 data is due to the erroneous calibration
coefficients used in version C, discovered by Mo (1995), and corrected in version
D. The upward trend in the corrections, which amounts to +0.03 °C/decade, is
evident from a visual inspection of the difference time series in Figure 7.2. The
cumulative effect of all the corrections that have been made to the MSU data
since the release of version A also amounts to +0.03 °C/decade.

Consistent with the recommendations of this report that independent
processing efforts should be undertaken, a separate MSU time series has been
created by Prabhakara et al. (1998). This data set is based on a small portion of
the MSU channel 2 data, with no adjustments for the effects described above. In
many ways it is similar to the Spencer/Christy MSU 2 version A. However, the
data set has yet to be completed for 1979–98, and has not been compared with
other data sets in detail for assessment purposes.

Because there is only one set of observations and a limited number of
processing efforts, there is no rigorous way to objectively compute the MSU's
measurement precision. However, assessments can be made of the effect of
perturbing the methodology, as well as the assumptions that are used to compute
MSU temperatures. One analysis of this type, which also included direct
radiosonde comparisons, suggests a measurement error of ±0.06 °C/decade14 for
the MSU trend (Christy et al, 2000).

14 This particular value was derived from three separate calculations. (1) The 95% error
estimate for each of the three correction procedures was determined and applied to the
data. Then the year of worst reproducibility was identified (i.e., to create a conservative
estimate). The magnitude of this error was applied to all years (i.e., each year had an error
bar with which the 95% trend range could be determined.). (2) Using co-located
radiosonde and MSU differences on 2.5-degree grids, error estimates were calculated for
regions and then scaled globally in a conservative manner by assigning all error to MSU
(because these were stable, U.S. controlled stations). (3) Using two different global
radiosonde data sets, error estimates were derived. The value ±0.06 °C/decade
encompasses the 95% range from these three methods of estimation. However, this
estimate does not include testing either of the sensitivity of the period analyzed, or of the
substantial uncertainty associated with adjustments to the data from NOAA-9.
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Figure 7.2
Globally averaged time series of lower to mid-tropospheric MSU temperature
anomalies from version C (orange curve; Christy et al., 1998) and version D (red
curve; Christy et al., 2000), as well as the difference between versions D and C
(D-C) (gray curve, bottom) from 1979 to 1998. To highlight the differences
between the curves, the vertical scale has been expanded by 50% relative to the
report's other MSU time series figures.
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Others, however, view this analysis as not rigorous enough to reliably
identify measurement error at the precision required for decadal-scale climate
monitoring, and estimate the measurement error in the MSU trend to be about
±0.1 °C/decade (Hurrell and Trenberth, 1998), or possibly greater.
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8—

Radiosonde Observations

SUMMARY OF TRENDS

Several data sets compiled from radiosonde observations have been used to
monitor atmospheric temperature trends (Angell and Korshover, 1975; Angell,
1988; Parker et al., 1997). Recent analyses of various versions of these data sets
indicate slight warming trends of up to 0.1 °C/decade or more in lower
tropospheric temperature for the period during which MSUs have been
operational (1979–98). Exact trend values vary depending on the data source,
treatment, and trend-fitting method (e.g., Angell, 1999; Parker et al., 1997; Santer
et al., 1999; Santer et al., 2000).

SOURCES OF UNCERTAINTY IN TREND ESTIMATES

There are several unresolved challenges in determining reliable, global,
radiosonde-based temperature trend estimates. These challenges are outlined
below, together with some of the methodologies that have been used to address
them.
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Background

Radiosondes have for several decades been the primary means of obtaining
atmospheric vertical profile data from the surface to the lower stratosphere. They
are routinely used as input to the operational meteorological analyses that are
used in numerical weather prediction and meteorological diagnostics. In the
absence of other in situ measurements, radiosonde observations have recently
been used to assess trends of atmospheric conditions above the surface, even
though they were not designed for this purpose. The instrument packages carried
aloft by balloons are generally equipped with temperature, humidity, and pressure
sensors, whose measurements are radio-transmitted to a ground receiving station.
Wind data are also obtained by tracking the position of the instrument during
ascent. Temperature sensors vary according to the manufacturer and model of the
radiosonde; most contemporary instruments carry a thermocapacitor, wire
resistor, thermocouple, or bimetallic sensor. An excellent overview of radiosonde
instruments, including discussion of measurement error characteristics, is
provided by the World Meteorological Organization (WMO, 1996).

Currently, the global radiosonde network nominally includes about 900
upper-air stations, of which about two-thirds make observations twice daily (at
0000 and 1200 Coordinated Universal Time (UTC)). The network is
predominantly land-based and favors the Northern Hemisphere (Figure 2.6).
Radiosondes can achieve heights of about 35 km, although many soundings
terminate below 20 km because less expensive balloons burst at a lower altitude.
There has been some deterioration in the radiosonde network in recent years. The
loss of navigational systems used to track the sondes has led to at least temporary
closing of some stations, particularly in Africa. Efforts to reduce operating costs
have led to station closures and reduced observing schedules in some parts of the
former Soviet Union and elsewhere.

Measurements are made and transmitted with approximately 10–50 m
resolution during ascent, but archived sounding data may contain only about 20
data levels per sounding. Radiosonde-based data sets for climate monitoring
come from two basic data products: individual soundings containing all reported
data (Angell, 1988), or monthly mean data (known as CLIMAT TEMP reports)
at mandatory pressure levels only (Parker et al., 1997). Only about 45% of
stations provide CLIMAT TEMP reports in addition to the daily sounding data.
Missing daily data
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can cause substantial random errors in estimates of monthly means, especially if
the available data are unevenly distributed in time.

Data Homogeneity Problems

Sampling Changes: The spatial and temporal characteristics of radiosonde
observations have tended to change through time, in part because these
observations are generally made for operational weather analysis purposes rather
than long-term trend detection. Spatial biases may be introduced through changes
in the number, location, and characteristics of radiosonde sites. Further
exacerbating this problem is the fact that the land surface characteristics of
radiosonde sites may change through time, biasing surface and boundary layer
observations. Shifts in site locations of even a few kilometers can have a similar
effect. In addition to spatial sampling issues, biases can also be introduced if the
diurnal sampling time or frequency changes. For example, observing times were
not fixed at 0000 and 1200 UTC until 1957, making data from earlier years
potentially biased relative to more recent observations. Even today,
measurements are not always conducted twice daily at all stations.

Instrument Changes: There have been many and widespread changes of
radiosonde sensors during the history of the global radiosonde network. These
changes often brought useful improvements in precision and accuracy, essential
for weather analysis and forecasting, but they also prejudiced the homogeneity of
the records from the perspective of climate change analysis (Gaffen, 1994). For
example, efforts to update the sondes temperature-sensing technology and efforts
to mitigate the effects of solar radiation on the sondes have, in some cases,
introduced time varying biases. Parker and Cox (1995) documented an increased
dominance of radiosondes made by the Vaisala company in recent years. Since
their paper was published, many North American stations have also switched to
Vaisala instruments, although stations in Russia, China, and Japan continue to use
national instrumentation. Within each class of radiosondes (such as Vaisala),
there have also been progressive developments (e.g., the Vaisala RS11 through
RS90 series), which have introduced heterogeneity. Another problem is that the
documentation of instrument types and the timing of instrument changes is not
always complete or accurate (Gaffen, 1993).
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Data Treatment Changes: Changes in the way raw radiosonde observations
are processed can also have a significant impact on the long-term record.
Changes in corrections applied to the temperature data (to reduce errors resulting
from solar and infrared radiation impinging on the sensor and errors resulting from
the time lags in instrument response as the sensor ascends through the
atmosphere) are detectable in the data (Gaffen, 1994). However, these effects are
more noticeable in the data from the upper troposphere and lower stratosphere
than from the lower troposphere, and more noticeable early in the radiosonde
record than in recent years (the time of overlap with MSU observations). A third
type of change in data treatment affects the CLIMAT TEMP monthly averages,
but not the individual sounding data. Changes in the rules by which stations
compute their monthly averages, including which observing time to use and how
many days of data must be available, can have large effects, which are revealed
by comparisons with monthly averages computed using a consistent set of rules
(Gaffen et al., 2000).

Variety of Methods of Estimating Global Trends in Layer-
Mean Temperatures

Methods for Obtaining Layer-Mean Temperatures: The MSU temperature
product discussed in the previous chapter is a vertically-broad and non-uniform
representation of tropospheric temperature. Therefore, comparisons with
radiosonde data are most meaningful if the radiosonde data are processed to
represent the same portion of the atmosphere as the MSU product. At least two
different techniques have been used. The simplest involves computing the mean
mid-tropospheric temperature, weighting all levels (e.g., 850 to 300 hPa) equally.
The disadvantage of this method is that it does not reflect the unequal
contributions from each of the levels that underlie the MSU product. In the
second technique, radiosonde temperature data at different altitudes are weighted
to more closely resemble what the satellite would have observed. However, this
method, termed the 'static weighting method,' does not account for variations in
atmospheric moisture as a function of space or time. The biases associated with
this technique are, however, not large relative to other sources of bias in the
global time series (Santer et al., 1999).
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Methods for Calculating Global Average Temperature Anomalies: Estimates
of global and regional temperature anomalies depend on the selection of stations,
the method of averaging station anomalies, the method of gridding, and the
method of averaging gridded values, which are discussed below.

For the reasons mentioned previously in the Sampling Changes section,
fixed networks smaller than the full observing system have been chosen for the
determination of temperature trends. Angell and Korshover (1975) selected 63
stations in their pioneering efforts to develop a global temperature monitoring
capability. The Global Climate Observing System / Baseline Upper-Air Network
designates approximately 150 stations for the same purpose. Other efforts (e.g.,
Oort and Liu, 1993, Parker et al., 1997) attempt to incorporate data from as many
stations as possible with an aim of maximizing spatial and temporal coverage.
That approach, however, suffers from the inconsistencies that are introduced into
the network through time.

An annual temperature anomaly of the selected stations may be calculated as
the average of the available months, or as an average of the available seasons. If
the record is incomplete in a systematic manner, the weighting implicitly applied
to individual monthly data may introduce biases. Similar considerations apply to
the calculation of monthly statistics from daily data, and these are especially
relevant when a month's data consist of a different number of daytime and night-
time ascents.

To grid the station data, anomalies within a gridbox may either be weighted
equally, or weighted according to the distance of the station from the center of the
gridbox (e.g., Parker et al., 1997). Some schemes also fill unsampled gridboxes
using eigenvector-based reconstructions (Parker et al., 1997), objective analysis
schemes such as ''Conditional Relaxation" (Oort and Liu, 1993), or optimum
interpolation (used on sea surface temperatures by Reynolds and Smith, 1994).
The validity of interpolations decreases away from the observation sites in
proportion to the spatial decorrelation scale of the temperature data. Finally,
model-based reanalyses, which also incorporate surface and satellite
observations, use complex data-assimilation schemes based upon known physical
relationships (e.g., geostrophy) and detailed statistical quality controls (Kalnay et
al., 1996; Uppala, 1997).

There are many ways of averaging gridded temperature anomaly values into
global indicators. Although each of these has its strengths,
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the problem of incomplete spatial coverage remains nonetheless. The most direct
method is to average all of the gridded anomalies, weighting each according to
the area of the gridbox (Parker et al., 1997). This approach naturally places more
weight on the Northern Hemisphere where there are more observations.
Alternatively, the grid boxes may first be averaged into larger grid boxes before
averaging globally (e.g., Parker et al., 1997). In data-sparse regions, this
procedure gives greater weight to isolated boxes where data happen to exist, and
was shown by Santer et al. (1999) to have a noticeable impact on trend estimates.
Another method is to calculate latitudinal averages and then to average these
bands (e.g., Angell, 1988). For the tropics, where data are sparse but also where
temperature variations tend to be spatially coherent, this form of averaging offers
some potential advantages (Wallis, 1998). On the other hand, it can introduce
large errors if relatively few stations are operating within a given latitudinal
band, and if their temperatures are not representative of the latitudinal average.

EFFORTS TO CORRECT THE PROBLEMS

It is only in the past few years that serious attempts have been made to
adjust radiosonde data to remove the effects of artificial changes, and several
different approaches have been proposed. Because of the demonstrated sensitivity
of trends to data adjustments, and the distinct possibility that some adjustments
may introduce more error than they remove, it will be important to compare
adjusted data sets and their effects on trends in the future.

Parker et al. (1997) used MSU retrievals as references to test for
heterogeneities in temperatures at individual radiosonde stations since 1979 (the
beginning of the MSU record), and to make adjustments if necessary. MSU
channel 4 and the 2LT retrieval were used for the stratosphere and troposphere,
respectively. Adjustments were only made in cases of known instrumental or
procedural changes at the radiosonde stations. Some changes in instrumentation
had resulted in spurious cooling of up to 3 °C in the lower stratosphere, but biases
were much smaller in the troposphere.

Radiosonde temperatures can be adjusted independently of MSU data using
semi-empirical models of the thermodynamics of radiosondes, and the results
verified using day-night (strictly, 0000–1200 UTC)
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differences (Luers and Eskridge, 1998). These models take into account known
changes in the rate of ascent and in observing time, as well as changes in sensors.
These models are now being applied to the majority of radiosonde types used
since 1960.

Figure 8.1.
Mid-tropospheric (500 hPa) temperature trends (and their 95% confidence
intervals) at twelve radiosonde stations operated by the Australian Bureau of
Meteorology for 1959–1995 (Gaffen et al., 2000; reprinted with permission of
the American Meteorological Society). The temperature data for seven stations
were adjusted to account for a 1979 change in radiosonde instrument type from
the Astor Mark I sonde to the Phillips Mark II sonde.

A third approach utilizes statistical methods to objectively identify abrupt
shifts, or change-points, in time series. Gaffen et al. (2000) experimented with
two different statistical approaches, representing opposite extremes. One, which
relies only on statistical identification
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and adjustment of the data, is very liberal in that it cannot distinguish between
artificial and natural variability. The other, which incorporates station history
metadata, is very conservative in that it adjusts only for artificial changes which
are identified with a high degree of confidence. These experiments demonstrate
that adjustments for change-points can yield very different time series and trends,
depending on the scheme used to make adjustment and the manner in which it is
implemented. This is illustrated in Figure 8.1, which shows mid-tropospheric
(500 hPa) temperature trends from twelve stations operated by the Australian
Bureau of Meteorology (Gaffen et al., 2000). The trends in the original data for
the period 1959—95 show warming of between 0.05 and 0.71 °C/decade. The
data from seven stations were adjusted due to a step-like warming of
approximately 0.75 °C associated with a 1979 change in radiosonde type. The
effect of the adjustment is to substantially reduce the trends and in some cases to
change the warming to a cooling.

Model-based reanalyses (see the previous discussion on gridding radiosonde
data) offer a further potential means of radiosonde temperature bias detection and
removal through comparisons with first-guess fields.

Each of these strategies for radiosonde data adjustment, except the last one,
depends to some degree on metadata—information about the history of
instruments and observing practices at each station. Despite recent efforts to
compile and digitize global radiosonde metadata (Gaffen, 1993, 1996), there are
gaps and uncertainties in the historical information. Current efforts to collect and
maintain metadata archives are minimal and should be enhanced.
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9—

Trend Comparisons

COMPARISONS BETWEEN MSU AND RADIOSONDE DATA
SETS

One means of assessing the accuracy of the MSU data set is to compare its
results with those of other independent measurement systems. Strictly speaking,
it is impossible to compare time series of global-mean tropospheric temperature
anomalies based on satellite data with radiosonde measurements, because the
radiosonde network does not provide global coverage (see the discussion in the
Radiosonde Observations chapter). To illustrate this point, Figure 9.1 compares
two global-mean tropospheric time series based on the same MSU
measurements. The red curve represents full global coverage, while the pink
curve is based on just a limited sampling of grid points designed to mimic the
existing distribution of radiosonde stations. The least squares trend of the global
coverage time series is 0.06 ±0.11 °C/decade, compared with 0.14 ±0.10 °C/
decade for the sub-sampled time series. The differences between these two curves
indicate that the radiosonde network may not be sufficiently dense to provide
reliable estimates of global-mean temperature anomalies.

Although one cannot compare MSU and radiosonde-based time series of
complete global-mean tropospheric temperature anomalies, it is nonetheless
possible to compare the sub-sampled MSU time series in Figure 9.1 with the
corresponding radiosonde-based time series. In

TREND COMPARISONS 58

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Reconciling Observations of Global Temperature Change 
http://www.nap.edu/catalog/9755.html

http://www.nap.edu/catalog/9755.html


principle, a close match constitutes an independent verification of the MSU data.
The two curves, shown in Figure 9.2, exhibit a number of common features and
rather similar trends.

Figure 9.1
Global-mean seasonally averaged tropospheric time series based on the same
MSU 2LT measurements (Christy et al., 2000). The red curve represents full
global coverage, while the pink curve is based on a limited sampling of grid
points designed to mimic the existing distribution of radiosonde stations. The
dark gray curve (bottom) represents the difference between the sampled and full
data sets. The light gray lines represent the means of each time series. The first
season is March– May 1979 and the last season is December 1998–February
1999. The sub-sampled MSU data were supplied by the U.K. Meteorological
Office (UKMO).

Uncertainties exist in assigning confidence levels to trends because of
persistence in the data, which may or may not be due to the trend itself. There is
no unique set of confidence intervals for the relatively short atmospheric
temperature time series considered here. The estimated confidence intervals
depend on the underlying statistical model that is used to describe the data, as
well as on the exact period considered and the sampling interval (i.e., whether
one uses monthly, seasonal, or annual means). One approach, following Cryer
(1986), yields trends of 0.14 ±0.10 °C/decade for the subsampled MSU data and
0.04 ±0.07
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°C/decade for the radiosonde data (see Hurrell et al., in review). Other
approaches suggest even larger confidence intervals (Santer et al., 2000).

Figure 9.2
Equivalent 'global-mean' MSU 2LT and radiosonde tropospheric time series.
The pink curve in this figure is identical to the pink curve in Figure 9.1 and
represents MSU data from those grid points from which long-term radiosonde
observations are available. The green curve in this figure is the average of the
radiosonde data (Parker et al., 1997) at the same grid points. The dark gray curve
(bottom) represents the difference between the MSU and radiosonde data sets
shown in this figure. The axes are the same as in Figure 9.1. Both data sets were
supplied by the UKMO.

Some of the discrepancies between the MSU- and radiosonde-based time
series are a consequence of changes in radiosonde instrumentation that have not
been corrected. Christy et al. (2000) performed a comparison analogous to the
one shown in Figure 9.2, but for a subset of 97 radiosonde stations operated by
the United States, whose records are believed to be free of such artificial
discontinuities for a specific period of time (Figure 9.3). The level of agreement
between the radiosonde data and the MSU data was moderately improved by
restricting the comparison to this more limited selection of stations. High,
middle, and low latitude subsets of these stations (not shown) exhibited a
comparably high level of agreement with the MSU data. For the 97 stations as a
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whole over the 16-year period from 1979 to 1994, the station-by-station root
mean squared (RMS) difference in monthly anomalies averaged 0.45 °C (ranging
from 0.18 to 0.78 °C), and the RMS of station-by-station trend differences was
0.11 °C/decade. When averaged over the 97 stations, as well as into the three
regional subsets, the RMS of annual anomaly differences ranged from 0.05 to
0.11 °C, and the trends were virtually identical.

Figure 9.3.
Time series average of radiosonde data from 97 U.S.-operated stations, believed
to be free of artificial discontinuities (green curve). MSU 2LT data are from co-
located grid boxes (pink curve). The dark gray curve (bottom) represents the
difference between the MSU and radiosonde data sets shown in this figure. The
axes are the same as in Figure 9.1, except that the data extend only through
1994.

Hurrell et al. (in review) and Santer et al. (2000) performed similar
subsampling studies, but over a considerably larger geographical area. The work
by Hurrell et al. compared the MSU data to a somewhat different radiosonde data
set that included more radiosonde stations, but did not correct for some of the
changes in radiosonde instrumentation. In
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the temperate latitudes of North America, the RMS of grid-point monthly
anomaly differences ranged from 0.4 to 0.8 °C. In addition, Hurrell et al.
examined the impact of spatial averaging methods on trends and concluded that
given the spatial coherence of the troposphere, especially in the tropics, the
temperature variations are mostly captured by the present sparse distribution of
stations if they are latitudinally averaged. Hurrell et al. found that global trends
for 1979–1998 were +0.06 (±0.11) °C/decade for MSU 2LT and +0.04 (±0.07) °
C/decade for radiosondes. Santer et al. (2000) examined alternative methods of
computing global-scale trends in which spatial averaging procedures and trend
fitting methods were varied, giving results with larger trend differences and error
bars over shorter time scales.

Among the factors that need to be considered in accounting for the
differences between the results of Christy et al. (2000), Hurrell et al. (in review),
and Santer et al. (2000) are: (a) differences in the size of the grid boxes over
which radiosonde data are averaged before comparing them with the satellite
data, (b) the different quality control criteria used for determining which stations
should and should not be included in the analysis, (c) the use of daily versus
monthly radiosonde reports, (d) the treatment of missing data, and (e) how the
emissions from the surface that influence MSU values are handled. Further work
will be required to determine the relative importance of each of these factors. In
addition, given the multiplicity of decisions involved in the design of algorithms
for converting satellite radiances into temperatures, the comparison of satellite
and radiosonde trends should be revisited following independent verification of
these data sets. Efforts to produce such data sets are already under way.

EVIDENCE CONCERNING SURFACE VERSUS
TROPOSPHERIC TEMPERATURE TRENDS

Figure 2.3 shows time series of surface and tropospheric global-mean
temperature anomalies. The former are based on surface station and ship
observations interpolated onto a global grid, and the latter are based on the latest
version (version D) of the MSU data that have been corrected for the orbital
decay problems pointed out by Wentz and Schabel (1998). A difference in the
trend over this 20-year period is clearly apparent. Surface temperature has been
increasing at a rate of
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about 0.1–0.2 °C/decade, whereas tropospheric temperature has changed so little
that a different sign for the trend is obtained, depending on whether or not the
final year of the record is included—a year that was extraordinarily warm in the
wake of the exceptionally strong 1997–98 El Niño. Spatial averages of surface
and tropospheric temperature trends over the tropics/extratropics, Northern
Hemisphere/Southern Hemisphere, and land/ocean exhibit qualitatively similar
differences.

Direct comparison of surface and tropospheric temperature changes is
feasible with radiosonde observations, because they include both surface and
upper-air data. For 1979–98, Angell (1999) found the surface to have warmed
more than the mid-troposphere (850 to 300 hPa layer) globally, in qualitative
agreement with the results from the surface network and MSU. However, the
difference was not statistically significant because of the large confidence
intervals of the trends, due to the relatively short data period and small
radiosonde network used. In selected high latitude regions in the Northern
Hemisphere, Ross et al. (1996) found evidence of decreasing temperature trends
with height from the surface through the troposphere for the period 1973–93.
Using longer radiosonde data records extending back approximately forty years,
Angell (1999) found less pronounced (but still noticeable) differences between
surface and tropospheric temperature trends than during the satellite period,
consistent with Jones's (1994) comparison of Angell's mid-tropospheric (850 to
300 hPa) radiosonde data with independent surface observations.

There is independent evidence that bears on the question of how temperature
at various levels of the tropical troposphere has changed during the past 20 years.
Even though the radiosonde data do not appear to show evidence of a rise in the
mean freezing level in the tropics during this period (Gaffen et al., in review),
tropical glaciers in the Andes and in the high mountains of Africa and Indonesia
have retreated dramatically during this 20-year period (Diaz and Graham, 1996;
Thompson et al., 1995; Thompson, 1999). Another indication that tropospheric
temperature has increased is the fact that satellite and radiosonde measurements
indicate that the water vapor loading of the tropical troposphere has increased
(Wentz and Schabel, in press; Gaffen et al., 1992; Gutzler, 1992, 1996).

Although the above findings are both suggestive of a warming of the
tropical troposphere, neither can be regarded as a definitive indicator of how
tropospheric temperature has changed during this period. The
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number of tropical glaciers is quite limited, and cloudiness, precipitation, and
wind speed, as well as temperature, could be factors in their mass balance. With
regard to the finding that tropospheric water vapor is increasing, it should be
noted that most of the water vapor loading of the tropical atmosphere tends to be
concentrated within the lowest one to two kilometers of the layer sampled by the
MSU measurements, and may therefore be more representative of surface
temperature than tropospheric temperature.

Figure 9.4.
Time series of average daily maximum (gray curve) and minimum (black curve)
land-surface air temperature anomalies, and their difference, the diurnal
temperature range (maximum minus minimum; dark gray curve at the bottom).
This figure, which encompasses the period 1950–99, illustrates a tendency
toward a greater increase in minimum than in maximum temperature. The
annual anomalies are computed as differences from the 1961–90 mean and use
data from Peterson and Vose (1997).

Over many land areas, the range between daily maximum and minimum
temperatures (see Figure 9.4) has been decreasing in recent decades, apparently
largely in response to an increase in cloud cover (Dai
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et al., 1999). Daily maximum temperatures better reflect the temperature of the
air mass as a whole (i.e., the tropospheric temperature), whereas the minimum
temperatures often bear little relation to temperatures aloft because they are
strongly influenced by the presence or absence of inversion layers close to the
ground (Dai et al., 1999; Hurrell et al., in review). The fact that daily minimum
temperatures have been rising at a more rapid rate than daily maximum
temperatures supports the notion that surface temperature may actually be rising
more rapidly than tropospheric temperature.

INTERPRETATION OF THE DIFFERENCES BETWEEN
OBSERVED SURFACE AND TROPOSPHERIC

TEMPERATURE TRENDS

The warming trend of approximately 0.1–0.2 °C/decade that has been
observed at the earth's surface during the past 20 years clearly exceeds the
observational uncertainties, including the effects of urbanization (Hansen et al.
1995; Hurrell and Trenberth, 1998). It is evident from Figure 6.2 that warming is
evident in both hemispheres, at most latitudes, over most of the oceans, and over
most land areas. It is also evident during all seasons of the year.

There is more of a diversity of views among panel members with respect to
the degree of confidence that can be attached to the absence of a warming trend in
the MSU measurements. Those more inclined to take the MSU measurements at
face value cite the high degree of consistency with radiosonde measurements
(Figures 2.3, 9.2, and 9.3), whereas those less inclined to do so note the retreat of
the tropical glaciers and the increasing burden of water vapor (Wentz and
Schabel, in press). The seasonal and interannual changes in the MSU
temperature, sea surface temperature (see Figure 9.5), and atmospheric water
vapor are closely coupled in the tropics according to a relatively simple
thermodynamic model (Wentz and Schabel, in press). However, on decadal time
scales, the trends of sea surface temperature and water vapor continue to exhibit
the same close coupling, whereas the MSU and radiosonde temperature trends are
less correlated. Some panel members are concerned that the satellite
measurements may contain spurious discontinuities resulting from changes in the
times of day (i.e., diurnal sampling) at which the satellites carrying the MSU
instruments pass overhead and the influence of radiation emitted from the
underlying land surface.

TREND COMPARISONS 65

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Reconciling Observations of Global Temperature Change 
http://www.nap.edu/catalog/9755.html

http://www.nap.edu/catalog/9755.html


Figure 9.5.
Lower to mid-tropospheric temperature time series from MSU version C with
orbital decay corrections (C+O.D.) (aqua curve; Wentz and Schabel, 1998),
version D (red curve; Christy et al., 2000), and, for reference, sea surface
temperature (black curve; updated from Reynolds and Smith, 1994). The period
of the NOAA-9 MSU observations is also indicated. The data are seasonal
averages over the tropics (20 °N to 20 °S). The MSU data are from the period
1979–1998, and the SST data are from November 1981 through December
1998. The MSU data have been divided by 1.6 to normalize the amplitude of the
tropospheric temperature variations to that of the SST data.

Some of these concerns were recently addressed with a reissuing of the MSU
data set in a form in which adjustments have been made to account for orbital
changes, instrument heating, and changes in diurnal sampling (see chapter 7).
This adjusted version is referred to as version D. Santer et al. (in review), Christy
et al. (2000), and Hurrell et al. (in review) have performed an analysis of the
differences between versions C (the previous version) and D. An example of how
the recent adjustments can affect the MSU temperature trend is shown in
Figure 9.5. Three anomaly time series of the tropics are shown: MSU version C
with the orbital decay correction (C+O.D.) of Wentz and Schabel (1998), the
more recent MSU version D (Christy et al., 2000), and, for reference, the sea
surface temperature data set of Reynolds and Smith (1994). A comparison of
versions C+O.D. and D clearly shows a discrepancy between the two versions for
the periods of the NOAA-7, -9, and -12
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satellites. During the NOAA-9 period, version C+O.D. more closely tracks the
SST data than version D, although version D tracks the radiosondes more closely
in this same period. As mentioned above, the treatment of NOAA-9 was
particularly problematic due to a relatively small inter-satellite overlap period and
gain drift. In version D, a relatively large correction for gain drift is applied to
NOAA-9, equivalent to 0.17 °C over two years, bringing its temperature data into
closer agreement with the observations of NOAA-6 and NOAA-8, which were
also observing during that period. However, the changes to the NOAA-7 and
NOAA-12 data are actually greater and in the opposite direction than the
adjustments to the NOAA-9 data.

Part of the observed difference between global-mean trends in surface
temperature and tropospheric temperature may be a reflection of the incomplete
coverage of surface data, which are sparse over the higher latitudes of the
Southern Hemisphere. Recent calculations of Santer et al. (in review), based on
the sub-sampling methodology described earlier, indicate that perhaps as much as
one-third of the difference may be due to this effect. However, the panel views it
as highly unlikely that incomplete spatial coverage of the surface data could be
the primary reason for the disparity in the trends.

It seems more likely that at least part of the observed disparity is a reflection
of real differences between temperature trends at the two levels. Temperatures
near the earth's surface and temperatures aloft are subject to different influences,
and they are often de-coupled from one another because of the presence of a
temperature inversion within the atmosphere's lowest 1–2 km (Trenberth et al.,
1992). Year-to-year variations in the temperature of the tropics that occur in
association with El Niño tend to be about 30% greater in the middle troposphere
than at the earth's surface (Hurrell and Trenberth, 1998; Wentz and Schabel, in
press). In contrast, variations in. circulation over the high northern latitudes exert a
stronger influence on global-mean temperature at the earth's surface than in the
middle troposphere (Hurrell and Trenberth, 1996). The emissions from volcanic
eruptions are believed to produce stronger cooling of the troposphere than at the
earth's surface (Bengtsson et al., 1999; Hansen et al., 1997).

Within a given sampling interval like the past 20-years, any changes in the
temperature structure of the atmosphere that might be occurring in response to a
long-term increase in atmospheric concentrations of greenhouse gases and
aerosols may be masked by internal variability of
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the climate system (e.g., phenomena like El Niño), or variability forced by
volcanic eruptions, fluctuating solar emissions, or even by short-term, naturally
occurring variations in greenhouse gas concentrations themselves. For example,
if the eruption of Mt. Pinatubo in 1991 were stronger and longer lasting than that
of El Chichon in 1982, this would have contributed to the disparity between
surface and tropospheric temperature trends of the past two decades. The longer
the period of record considered, the stronger the likelihood that these naturally
occurring short-term fluctuations will average out so that the observed trends are
representative of the atmospheric response to longer term trends in atmospheric
composition.

The modeling evidence discussed in the following section indicates that a
20-year record is subject to considerable ''sampling variability" due to the
presence of the short-term fluctuations in global-mean temperature discussed in
the previous paragraph. As further evidence, the panel notes that according to the
radiosonde record, the lower to mid troposphere warmed by a few tenths of a
degree C during the late 1970s (Jones, 1994; Santer et al., 1999). Hence, the
radiosonde record, to the extent that it can be believed, serves to illustrate the
sensitivity of the trends to the particular choice of the period of record over which
they are computed, and it suggests that the apparent lack of agreement between
surface and upper air temperature trends during the past 20 years may not be
representative of the longer term behavior of the climate system.

INSIGHTS DERIVED FROM MODEL SIMULATIONS

Much of our physical understanding of the climate system is encapsulated in
models. Climate models are capable of simulating many of the processes that
contribute to the observed differences between variations in surface temperature
and tropospheric temperature, and they realistically represent the vertical
structure of El Niño-related temperature fluctuations and the thermal signature of
time-varying circulation patterns over higher latitudes. Unlike the climate models
of a decade ago, the models used in recent simulations have enough horizontal
resolution and strong enough coupling with ocean and land to realistically
simulate not only the patterns of natural variability on interannual time scales,
but also the amplitudes of these internal modes of variability of the climate
system. Extended control runs of such
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models with no external forcing have been used as a basis for estimating the
likelihood that the natural variability of the atmosphere-ocean system is
responsible for the differing trend in surface temperature and upper air
temperature (Hansen et al., 1995; Hurrell and Trenberth, 1998; Santer et al., in
review). The models indicate that natural variability may indeed have contributed
to the observed discrepancy, but unless the models are seriously underestimating
the natural variability, it is highly unlikely that a differential trend as large as the
one observed during the past 20 years could be entirely due to the internal
variability of the climate system.

Models provide one way to relate observed atmospheric changes to those at
the surface. This is typically done by forcing a climate model with estimates of
past changes in carbon dioxide, methane, ozone, and other greenhouse gases, as
well as solar variations and volcanic and anthropogenic aerosols. The types of
models used to do this are either atmospheric general circulation models (GCM)
coupled to oceanic GCMs, or atmospheric GCMs driven by observed SSTs. Both
approaches have their relative advantages. Hansen et al. (1993, 1997), and
Bengtsson et al. (1999) have explored the former approach. Bengtsson et al. note
that the natural variability in globally averaged temperature time series—which
typically have a standard deviation of 0.2 to 0.3 °C for a 20-year interval—makes
it difficult to establish long-term temperature trends using a 20-year period. The
coupled atmosphere-ocean GCM simulations of Hansen et al. (1997) suggest that
dynamic coupling of the atmosphere and ocean tends to increase the variability of
the troposphere-surface temperature trend difference. These studies, and those of
Tett et al. (1996), highlight the importance of including the decrease in
stratospheric ozone during the past 20 years, as it substantially reduces upper
tropospheric warming and results in cooling in the lower stratosphere. In a series
of fully coupled ocean-atmosphere and uncoupled (specified SST) climate model
experiments with a range of natural and anthropogenic forcings, Hansen et al.
(1997) found that different forcing mechanisms in the model simulations have
different characteristic vertical temperature signatures.

Some of the forcing combinations explored by Hansen et al. (1997) yielded
surface-troposphere trend differences similar to those found in the observations.
Folland et al. (1998) used an atmospheric GCM forced by observed SSTs,
greenhouse gases (including stratospheric and tropospheric ozone), and
tropospheric sulfate aerosols for the period from 1950 to 1994, and similarly
noted much improved agreement with
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observed temperature profile changes. They were not, however, able to reproduce
the well-established strength of the observed surface warming over land. These
changes have been linked in part to changes in atmospheric circulation (Hurrell,
1996), which have to be simulated to correctly reproduce the observations. In
addition, it is quite possible that model-observation differences arise as a result of
errors in the greenhouse gas and aerosol forcings that are applied. Thus, although
climate models indicate that changes in greenhouse gases (including tropospheric
and stratospheric ozone) and aerosols play a significant role in defining the
vertical structure of the observed atmospheric temperature changes, model-
observation discrepancies indicate that the definitive model experiments have not
yet been done.

To reduce model-based discrepancies, we need better information on the
changes in radiative forcings as a function of height, especially tropospheric
aerosols and ozone, as well as water vapor changes and cloud changes caused by
aerosols. In addition, it is likely that further work will be needed to improve
model representations of the atmospheric boundary layer, clouds, and vertical
heat transport in order to fully represent the observed temperature changes.
Finally, models need to include more realistic representation and coupling of the
stratosphere, troposphere, and ocean to fully capture the vertical structure of
temperature change.

CONCLUDING REMARKS

The various kinds of evidence examined by the panel led it to conclude
that the observed disparity between the surface and lower to mid-
tropospheric temperature trends during this particular 20-year period is
probably at least partially real. Just as the different factors that control daily
maximum and minimum temperatures are evidently giving rise to a trend in the
diurnal range of temperature, the different factors that control temperatures at
different levels of the atmosphere are capable of altering the vertical profile of
global-mean temperature. Human induced forcings (e.g., increasing
concentrations of well-mixed greenhouse gases and stratospheric ozone
depletion) give rise to long term changes in the vertical profile, while natural
forcings such as volcanic eruptions and 'unforced' natural modes of climate
variability such as El Niño give rise to large year-to-year changes which can also
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contribute substantially to the trends observed during a period of record as short
as 20 years. The presence of these sampling variations, together with the
remaining uncertainties inherent in the temperature measurements themselves,
preclude the possibility of drawing more definitive conclusions concerning the
cause of the observed disparity in the trends.

It is clear from the foregoing that reconciling the discrepancy between the
global-mean trends in temperature is not simply a matter of deciding which one
of them is correct, or determining the ideal "compromise" between them. In the
long term, it will require major advances in the ability to interpret and model the
subtle variations in the vertical temperature profile of the lower atmosphere that
occur in association with the internal variability of the climate system in response
to volcanic eruptions and solar forcing, and in connection with changes in
atmospheric composition due to human activities. It will also require more
precise and extensive satellite -and ground-based observations for monitoring
climate change, and changes in the way these observations are implemented and
processed. A detailed consideration of these issues is beyond the scope of the
panel's charge (see Preface). However, the panel does offer a number of
recommendations (see chapter 4) for short-term actions that it views as steps in
the right direction.
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Appendix A—

Biographical Information on Panel
Members

John M. Wallace (Chair) is professor of atmospheric sciences and co-
director of the University of Washington Program on the Environment. From
1981–98 he served as director of the (University of Washington/NOAA) Joint
Institute for the Study of the Atmosphere and Ocean. His research specialties
include the study of atmospheric general circulation, El Niño, and global climate.
He is a member of the National Academy of Sciences; a fellow of the American
Association for the Advancement of Science, the American Geophysical Union
(AGU), and the American Meteorological Society (AMS); and a recipient of the
Rossby medal (AMS) and Revelle medal (AGU).

John R. Christy is professor of atmospheric science at the University of
Alabama in Huntsville. He specializes in satellite microwave data in evaluating
global climate change. He has appeared as an expert at congressional hearings
and is a member of NASA's Global Hydrology and Climate Center which focuses
on climate research. He was recently named by the American Meteorological
Society to receive a special award, jointly with Dr. Roy W. Spencer of the
Marshall Space Flight Center, for developing a global, precise record of earth's
temperature from operational polar-orbiting satellites which is regarded as having
advanced scientists' ability to monitor climate. Data from the Spencer-Christy
research project is used in both national and international policy analyses relating
to global climate change and for validating climate models.
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Dian Gaffen leads the climate variability and trends group at the NOAA Air
Resources Laboratory in Silver Spring, Maryland. Her recent research focuses on
observational studies of atmospheric temperature and water vapor changes,
climate extremes, and meteorological data quality. She is a member of the
American Meteorological Society and the American Geophysical Union and a
recipient of both the Prof. Dr. Vilho Vaisala Award from the World
Meteorological Organization and the NOAA Administrator's Award.

Norman C. Grody is affiliated with NOAA NESDIS (National
Environmental Satellite Data and Information Service) where he has developed
techniques to retrieve atmospheric parameters (e.g., temperature, water vapor,
rainfall) and identify surface features (e.g., snowcover, sea ice, flooding) using
satellite-based microwave radiometers. He has received the U.S. Department of
Commerce Bronze and Silver Medal Awards for the development of operational
products from the SSM/I and AMSU instruments, respectively.

James E. Hansen is head of the NASA/Goddard Institute for Space
Studies. His research interests include radiative transfer in planetary
atmospheres, interpretation of remote sounding of planetary atmospheres,
development of simplified climate models and three-dimensional global climate
models, current climate trends from observational data, and projections of man's
impact on climate. He is a member of the National Academy of Sciences and a
fellow of the American Geophysical Union.

David E. Parker is with the Hadley Centre for Climate Prediction and
Research at The Meteorological Office in the United Kingdom. Since 1979 his
work has focused on climatic variability and change and on near-real-time
monitoring of climatic variations. He has contributed to the development of
global historical data bases for sea surface temperature and sea ice, as well as
marine air temperature, mean sea level pressure, and radiosonde-based air
temperatures with a view to the detection and attribution of climate changes and
the forcing and verification of climate model simulations. He is a fellow of the
Royal Meteorological Society; a contributor to the 1990, 1992, 1995, and current
IPCC Assessments; and a recipient of the Fitzroy Prize of the Royal
Meteorological Society.

Thomas C. Peterson is chief of the Scientific Services Division at the
NOAA National Climatic Data Center. His expertise lies in assessing surface data
and surface climate variability and change, including analyses of various
temperature characteristics. He is a WMO CCI rapporteur on statistical methods
for climatology and serves as chair of the Joint WMO CCI/CLIVAR Working
Group on Climate Change Detection. He has received the U.S. Department of
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Commerce Bronze Medal Award ''for developing revolutionary new
climatological baseline data sets and statistical techniques that reveal accurate
long-term climatic trends." He is a member of the American Geophysical Union
and the American Meteorological Society.

Benjamin D. Santer is a physicist/atmospheric scientist at the Program for
Climate Model Diagnosis and Intercomparison at Lawrence Livermore National
Laboratory. His research interests include identifying human effects on climate
and evaluating the performance of global climate models. He is the recipient of a
MacArthur Fellowship, the 1998 Norbert Gerbier-MUMM International Award
from the World Meteorological Organization, and the 1997 NOAA/
Environmental Research Laboratories "Outstanding Scientific Paper" award.

Roy W. Spencer is Senior Scientist for Climate Studies at NASA's
Marshall Space Flight Center. His research has focused on satellite information
retrieval techniques, passive microwave remote sensing, satellite precipitation
retrieval, global temperature monitoring, space sensor definition, and satellite
meteorology. He is a recipient of NASA's Exceptional Scientific Achievement
Medal and a co-recipient, along with Dr. John Christy, of the American
Meteorological Society's Special Award for their global temperature monitoring
work with satellites. Dr. Spencer is the U.S. Science Team Leader for the
Advanced Microwave Scanning Radiometer that will fly on NASA's Aqua
spacecraft in 2000. He is a member of the American Meteorological Society.

Kevin Trenberth is head of the Climate Analysis Section at the National
Center for Atmospheric Research (NCAR). His main scientific interests are in
global climate variability and its effects, including El Niño and global climate
change, and being from New Zealand, Southern Hemisphere meteorology. He is
currently a member of the NRC's Committee on Global Change Research, the
NOAA Advisory Panel on Climate and Global Change and Council on Longterm
Monitoring, the Joint Scientific Committee of the WCRP, the National Science
Foundation's Climate System Modeling Advisory Board, and the ECMWF
Reanalysis Project Advisory Group. He is co-chair of the International Scientific
Steering Group (SSG) for the World Climate Research Programme (WCRP)
Climate Variability and Predictability (CLIVAR) Programme and chair of the
Center for Ocean-Land-Atmosphere Studies Scientific Advisory Committee. He
has also been prominent in the IPCC Scientific Assessment activities. He is a
Fellow of the American Meteorological Society and the American Association
for the Advancement of Science and an Honorary Fellow of the New Zealand
Royal Society.
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Frank J. Wentz established and currently serves as director of Remote
Sensing Systems, a research company specializing in satellite microwave remote
sensing of the earth. His research focuses on radiative transfer models that relate
satellite observations to geophysical parameters, with the objective of providing
reliable geophysical data sets to the earth science community. He is currently
working on satellite-derived decadal time series of atmospheric moisture and
temperature, the measurement of sea-surface temperature through clouds, and
advanced microwave sensor designs for climatological studies. He is a member
of the American Geophysical Union.
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Appendix B—

Acronyms and Abbreviations

BASC Board on Atmospheric Sciences and Climate

COADS Comprehensive Ocean/Atmosphere Data Set

CRC Climate Research Committee

ENSO El Niño—Southern Oscillation

GCM general circulation model

GHz GigaHertz

hPa hectoPascal

IPCC Intergovernmental Panel on Climate Change

MSU Microwave Sounding Unit

MSU 2LT lower to mid-tropospheric temperature derived from MSU
channel 2

NOAA National Oceanic and Atmospheric Administration

NRC National Research Council

RMS root-mean-square

SST sea surface temperature

UKMO United Kingdom Meteorological Office

UTC Coordinated Universal Time

WMO World Meteorological Organization
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