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ABSTRACT

of thesis entitled:

The Discovery of Tropical Cyclone Dynamics in Western North Pacific through
Data Mining

Submitted by ZHANG, Wei
for the degree of Doctor of Philosophy
at The Chinese University of | long Kong

in September 2011

The booming population and property values of coastal areas, together with changing*
climatic conditions, mean that tropical cyclones (TCs) arc coming to wreak increasing
levels of damages on human beings. Data mining methods (e.g. - C4.5 algorithm) are used
to tease out hidden information on the patterns, regularities or structures of cyclonic
behaviors including TC recurvature, TC landfall, post-landfall TC analysis, and intensity
related to landfall and recurvature from the archived TC data in western North Pacific,
,including South China Sea. A web-based system is built for TC analysis and prediction to
combine the outputs of data mining and dynamic models. The primary contributions of
this thesis may be summarized as follows:

1. A decision tree representing TC recurvature with 18 leaf nodes is built through the

C4.5 algorithm based on the potential variables that may influence TC recurvature.

f

Eighteen rules are derived from the tree by following a pathway from the root node to
each leaf node. All these rules can be explained from the meteorological perspective. The
chosen variables and cutting values in the decision tree (e.g., 123 °E and 130 °E) identify

the particular importance in estimating and predicting of controlling the TC recurvature.

2. A decision tree stipulating. TC landfall with 14 leaf nodes is built by C4.5 algorithm
selecting potential variables and cutting values to build the tree. Therefore, 14 rules are
derived from the tree by tracking the path from the root node to each leaf node. The rules

comprised by chosen variables and cutting values are interpreted by TC movement



theories. The classification result of the decision tree is verified according to 2010 TC

best track data. The chosen variables and cutting values of the tree provide references for
predicting TCs’ landfall.

3. The analysis of the historical post-landfall tracks of TCs over China unravels three
clusters using Finite Mixture Model (FMM)-based clustering. The dusters arc interpreted
by the concepts of geopotential height, water vapor supply and baroclinic energy from
mid-latitude circulations. This form of cluster analysis tor the first time identifies the

|
clusters hidden in the TCs that made landfall over the Chinese coast.

4. By revisiting the intensity change associated with rccurvature, the study determined
that TCs are prone to peak their intensities near their recurvaturc. We also found that the
recurving points of TCs peaking in intensity after recurvaturc tend to be located to the
southeast of those of TCs peaking in intensity prior to recurvaturc. The recurving TCs
sustain their maximum intensity for significantly longer than straight-moving TCs. The

TCs tend to weaken significantly from landfall—24h to landfall+24h.

5. The study builds a novel web-based system for TC analysis and prediction. This
system is web-based and has great potential for technology transfer. Its user-friendly
interface offers a multi-criteria query system for tracking and visualizing TC movements
on the basis of mined data and dynamic modeling. It can play a significant role in TC

analysis and prediction for professionals and general users.

6. This thesis focuses on how large-scale circulation and meteorological variables
surrounding TC centers influence TC motion. TCs actually interact with large-scale
circulation. At the same time, the TC structures and internal convections also exert
impacts on TC motions. With the development of advanced observing equipment (e.g.,
radar, satellites and other forms of reconnaissance), the variables related to internal TC

dynamic” can be collected to complement the analysis of large-scale circulation.
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CHAPTER 1 : Introduction

1.1 Research Background

Losses caused by weather-related damage have been rising by 10% year on Yyear
(Cameron and Allen, 2005). In particular, the economic damage and disruption caused by
tropical cyclones (TCs) have risen in scale enormously in recent dccadcs due largely to
the rising coastal populations and the increasing value of infrastructure (Knulson el d. >
2010; Pielke Jr el al” 2008). The projections derived from the theory and high-resolution
dynamic models illustrate that global warming will cause the global average intensity of
TCs to increase by 2-11% by 2100 - and that the frequency of the strongest TCs as well as
the precipitation rate within 100 km of the TC center is projected to rise appreciably in
the 21st century (Knutson et al., 2010). Climate change is thus a factor that has the

potential to impact on the future variation in the degree of damage incurred by TCs.

TCs are intense geophysical (atmospheric) vortices that form over warm tropical oceans.
It has long been recognized that TCs derive their energy largely from the release of latent
heal following the condensation of water vapor in the atmospheric boundary layer
(Ooyama, 1969; Shay, 2010). Of the TC-triggered disasters, strong winds, heavy and
torrential rainstorms and, worst of all, the cumulative effect of storm surges and
astronomical tides arc the three major elements (Chan, 2005a; Mohanty and Gupta, 2008;
Simpson and Riehl, 1981b). TCs cause tremendous damage to coastal regions each year.
The western North Pacific (WNP), including South China Sea (SCS), has had the greatest
number of TCs among the oceans. The TCs that occur in WNP cause severe damages to

the coastal regions of Asia. China, which has a coast that is vastly exposed to TCs, has

suffered disastrous losses inflicted by such climatic processes. For example, typhoon
‘Nina’ caused more than 10,000 deaths in Henan province, China, in 1975. More recently,
the tropical storm 'Bilis' led to more than 1000 deaths due to landslides and flooding
caused by the torrential rainstorms in Hunan province in 2006 aiter making landfall over

Fujian province when it decayed into a tropical depression. TC forecasting, including TC



tracking and intensity predictions, are, therefore, of great significance to the scienlific and
public community with regard to disaster management. As described by Chan (2010),
among all of the elements of TC forecasting, track prediction has always been the top
priority because an incorrect prediction of the future location of a TC will render all other
predictions, such as intensity, rainfall and storm surge, meaningless. The prediction of the
track of a TC is one of the most dilTicull and challenging problems in current
international TC research (Mohanly and Gupta, 2008). As illustrated in Heming and
Goerss (2010), steady reductions in TC track forecast errors have been achieved by the

U.S. Navy's Operational Global Atmospheric Prediction System (NOGAPS), the U.S.

Navy version of the Geophysical Fluid Dynamics Laboratory model (GFDN), the Met
Office (UKMO) model, and the Global Forecast System (GFS) in both WNP and North
Atlantic, while the 72-hour consensus forecasts in the North Atlantic reached less than
250 km in 2008. Although TC track forecasts have becomc increasingly accurate over the
last few decadcs, researches on TC intensity greatly lag behind those on TC movement
(Knaff et al. > 2005; Wang and Wu, 2004). Besides, TC rccurvaturc (e.g., Dobos and
Bisberry, 1993; George and'Gray, 1977;Joint Typhoon Warning Center (JTWC), 1988;
Riehl and Shafer, 1944) and landfall (e.g., Bender et al., 1985; Chan and Liang, 2003;
Tuleya et al,, 1984; Tuleya and Kurihara, 1977; Tuleya and Kurihara, 1978; Wong and
Chan, 2006a; Wong et ai, 2008), which are closely related to TC movement, have been
challenging the capability and accuracy of dynamic model-based and statistical TC
prediction schemes. As the volume of TC-related databases is increasing rapidly,
quantitative analyses (e.g.” data mining and statistics-bascd methods) are promptly
required to unravel from the historical multi-source, multi-level, and mulli-scale TC data
the hidden and useful regularities, patterns and rules related to TC tracking and intensity
to complement the dynamic models, which simulate the physical processes through
mathematical equations. Therefore, the research problems that are detailed below include
TC recurvature, landfall, post-landfall TC tracks, characteristics of intensities related to

TC recurvature and landfall, as well as a platform for the analysis and prediction of TCs
in WNP, including SCS.



1.2 Research Problems

1.2.1 Tropical Cyclone (TC) Recurvature

Recurvature is a special type of TC tracking, i.e., turning from westward to the north and
eventually to the northeast in the Northern Hemisphere (e.g., Dobos and Elsberry, 1993;
George and Gray, 1977; Joint Typhoon Warning Center (JTWC), 1988; Richl and Shafcr,

1944). In general, large track forecast errors typically occur when a TC that has been

predicted to recurvc moves westward. Similarly, a sudden recurvature of a TC prcdictcd
to maintain a westward track can engender large forecasting errors (Dobos and Hilsberry,
1993). Since nearly half of all WNP TCs eventually recurve, forecasters frequently face
these potential recurvature situations (Dobos and Elsberry, 1993). During the last few
decades, numerous statistical and observational studies have been conducted on TC
recurvaturc in terms of its physical mechanisms and operational aids (e.g., Chen et al.,
2009; Evans el al., 1991; George and Gray, 1977; Harr and Elsberry, 1991 > 1995a;
Holland and Wang, 1995; Krishnamurti and Subrahmanyam, 1982). Meteorological
agencies nowadays take into account the TC track as a whole and do not pay special
attention to TC recurvature (Elsberry, 2008, personal communication). Our current
understanding has led to a framework of qualitative analysis for recurvaturc; for example,
the influence of large-scale circulation (e.g., the subtropical high, monsoon and mid-
latitudc westerlies) on recurvature (e.g., Hvans et al, 1991; Harr and Hlsberry, 1991,
1995a), However, this remains a substantial challenge for the meteorological agencics

around the world.

1.2.2 TC Landfall

The greatest damage incurred by TCs usually occurs while or after they make landfall. A
landfall is defined as the process of the entire TC system moving over land (Tulcya and
Kurihara, 1977; Tuleya and Kurihara, 1978). On average, the coast of China annually
undergoes about eight times of landfalling TCs with intensities reaching tropical storm or

higher (Li et ai, 2004c). TCs forming in the WNP, including SCS, are generally steered



by an easterly flow to head north or northwestward when the subtropical high is strong
and shifts westward. These TCs may make landfall along the coast of China if the
steering current is persistently strong and westward. However, the westward-moving TCs
will "turn to the north and then the northeast” (JTWC, 1988) if the steering current
changes direction from westward to eastward due to the interactions of large-scalc
circulation. Under this change of steering flow, TCs will move far away from the Chinese
coast without making landfall over it. TC landfall and recurvature are closely related
since they arc both controlled by large-scale circulation. Past attention focused on the
seasonal or annual forecasts of TC landfall frequency in different basins, on modeling the
TC-land interaction during the landfall process, on modulations of variability in
atmospheric-ocean oscillations (e.g., the EI Nino-Southern Oscillation (ENSO) - the
Madden-Julian Oscillation (MJO), the Pacific Decadal Oscillation (PDO), the Quasi-
Biennial Oscillation (QBO), and the Atlantic Multi-decadal Oscillation (AMO)) on TC
landfall' and on historic and prehistoric (paleo-) records of landfalling TCs study.
Although the influence of large-scale circulation on TC landfall is vital in predicting
landfall accurately, it has been paid little attention in the past. In this thesis, we will
discover the rules and regularities thai control recurvature and landfall by investigating

them together through data mining.
1.2.3 Post-landfall TCs

TCs from WNP always cost tremendous lives and property after making landfalls over

the Chinese coast. They begin to change in terms of their structure, intensity, and track
during and after landfall. After landfall, the moist transfer is cut off and the TC interacts
with the land surface, TCs tend to weaken because latent heat is released rapidly through
the increased condensation of water vapor induced by TC-land interactions. The
variability of weakening differs with regard to land roughness; for example, plains
weaken TCs more slowly than do mountains and dense, high buildings. TC movement is
more strongly influenced by steering current when TCs degrade after landfall. Latent heat
exchange occurs when energy is usqd to convert water into a higher slate (liquid to gas),
or energy released as water is converted into a lower state (gas to liquid). TCs lose their

energy due to the latent heat release (LHR). Our understanding of the mechanisms and



patterns associated with post-land fall TC tracks can play a vital role in our preparation for,
response to and mitigation of TC-related disasters (e.g., floods, storm surges, landslides
and debris flows). However, to date, discussions on post-landfall TCs have been
dominated by modeling rainstorms and sustaining (Li et al., 2004b; Yuan et al., 2008;

Yuan et al., 2007), but much less attention has been paid to the characteristics of the
S

tracks; for example, track types and lengths after landfall. Cluster analysis has been
employed to unravel JC tracks and intensities in the TC database among various basins
(e.g., Camargo et al.2004; Camargo et al” 2008; Camargo et al” 2007a, b; Cheng et al,
2008; Gaffiiey and Smyth, 1999; Gaffney et d., 2007; Gaffiicy, 2004; Hart and FJsberry,
1991, 1995a; Lee ei al., 2007). The application of cluster analysis to post-land fall TC
tracks has not appeared in the literature yet. Therefore, we investigated the post-landfall

TC tracks through cluster analysis to find the patterns and regularities in this study.

1.2.4 Intensities related to Recurvature and Landfall

The interaction between TC movement (recurvature and landfall) and intensity plays an
important role in TC prediction in WNP. In spite of the paramount significance of this
interaction, relatively little attention has been paid to the interactions between TC
movements and intensities (Evans and McKinley, 1998; Velden and Leslie, | 991). The
maximum intensity corresponding to' recurvature has been investigated during the last
few decades (Evans and McKinley, 1998; KnafT, 2009; Riehl, 1972). Past researches on
the relationship between TC landfall and intensity focus on the decay rale during or after
landfall (Bhowmik et a!.” 2005a; Choi and Kim, 2007; Choi et al” 2010; Wong et cil.,
2008). However, the maximum intensity near the TC recurvature femains ambiguous to
date. We investigate the relationship between maximum intensity and rccurvature with
the application of Maximum Potential Intensity (MPI) conceptions derived from Sea
Surface Temperature (SST) (e.g., Emanuel, 1986° 1988, 1991, 1997; Emanuel et al” 2004,
Malkus and Riehl, 1960), the characteristics of TCs peaking at their maximum intensity

. t
prior to or after recurvature, and the duration for which the maximum intensity of straight

movers and recurvers is sustained. The decay rate of landfalling TCs is also worthy of

ftirther study in order to identify the changes prior to and after landfall.



1.2.5 Multi-source Databases

The rapid development of TC-related observation means and technologies has enabled us
lo collect data from numerous sources, such as satellite sensors, radar devices, aerial
photographs, digital scanning devices, mobile devices and global positioning systems.
Different collecting devices obtain data through various data formats, spatial and
temporal scales - resolutions and measurements. TC monitoring and researches involve a
variety of organizations and institutes around the globe. From the 1950s, airplanes began
to be used to record melrological variables outside or inside the TC (Chan, 1985a, 2006).
These satellite observations are used to derive variables related to TCs from the early
1960s. With the development of radar technology and remote sensing equipment, satellite
images, .with their larger coverage and higher resolution, have been increasingly applied
to TC study and operational forecasting. With respect to TC tracking, a number of the
best tracks based on satellite observations have been collected by authoritative agencies
(e.g., Japan Meteorological Agency (JMA), Joint Typhoon Warning Center (JTWC),
Hong Kong Observatory (HKO), and Shanghai Typhoon Institute (STI)). With regard to
the meteorological variables - the re-analysis and final analysis of the meteorological data
sets (e.g., gcopotential height, pressure, humidity, and zonal and meridional winds)
provide conveniently available databases on which to base simulations or real-time
predictions. Dealing with multi-source data is an indispensable procedure for discovering
knowledge from the historical database. Therefore, data integration is examined in this

study.

1.2.6 Platform for TC analysis and prediction

A TC platform is required for public consumption and professional use. This platform
facilitates the efficient and efTective visualization of historical TC archives, retrieval of
data for analysis, as well as TC forecasting in a web-based environment. It contains a
user-friendly interface, an efficient query system, facilities, for the employment of
dynamic models and data mining algorithms for TC analysis and prediction, particularly

on TC landfall and recurvature. Existing TC systems can be grouped into several
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categories: (1) stand-alone systems for professional use only, with a limited capability for
TC visualization and query (Sampson and Schrader, 2000; Woodcock, 1995); (2) web-
based systems for visualization, with a limited capability for TC analysis and prediction;
(3) geographic information system (GIS)-based systems for simple TC analysis (Kong et
al., 2008; Kumar et al” 1998); and (4) web-based systems for information dissemination,
with limited data analysis capability. Therefore, a web-based, free-access GIS system
should be built to bring GIS technology and TC knowledge to researchers and the general
public al little or no cost) It should have functionalities for the visualization of historical
TC archives, cbmplex data analysis and information distribution for both research and
professional use, and also for the consumption of the general public. A comprehensive
wTC analysis and prediction system with all of the above features as well as powcrflil data

mining and dynamic modeling capabilities has yet to be developed. This study includes
v

the construction of such a prototype platform on which data mining methods, such as
clustering, the classification and regression tree (CART) and case-based algorithm and
dynamical models such as The Fifth-Generation NCAR / Perm State Mesoscale Model

.(MM5), can also be used individually or in synchrony to accomplish more accurate TC
prediction.

1.3 Research Objectives and Significances
< N
The overall topic of this thesis is TC analysis and prediction. The overall objective is to
be accomplished through the achievement of the following sub-objectives:
1. To unravel useful patterns dnd rules hidden in data thai control TC recurvature
fromlhe historical TC database.
2. To uncover valuable regularities and rules hidden in data that govern TC landfall
from the archived database related to TC landfall.
3. To discover clusters of tracks hidden in the historical post-landfall TC tracks.
4. To shed light on the relationships between TC tracks and intensity, especially the
intensity change of recurving and | andfalling TCs.
5. To develop a powerfill web-based system with a platform independent interface
for the tracking, prediction and visualization of TC movements, landfalls, and
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recurvatures via dynamic modeling and data mining based on an assimilated,

multi-source, multi-scale and multi-level TC database.
In order to accomplish each sub-objectivc, corresponding tasks are to be fulfilled
accordingly. These tasks are described as follows:
For the first sub-objective - the tasks are:
» to summarize the potential parameters influencing TC recurvalure;
» to establish a comprehensive database containing the potential parameters;

» to unravel hidden rules controlling TC recurvatiire from the database by building a
decision tree;

* tojustify the findings from the meteorological perspective;

.» to employ the findings for TC recurvature prediction.

With regard to the second sub-objective, the tasks are:
* to summarize the potential parameters affecting TC landfall;
* to establish the database archiving the parameters;

» to define rules governing TC landfall from the database by choosing variables and

cutting values to build a decision tree;

to verify rules from the meteorological perspective;

* to utilize the findings to predict landfall.

The third sub-objective is fulfilled by the completion of the following tasks:
» to determine the number of clusters and parameters for cluster analysis;
» to discover clusters hidden in the historical TC tracks;

* to interpret the clusters from the meteorological perspective.

The fourth sub-objective comprises the following tasks:
» to revisit the relationship between TC maximum intensity and recurvaturc;
» to verify the results from.the meteorological perspective (e.g., SST and MPI);

* to establish the spatial characteristics of TCs that attain their maximum intensity prior

to or after recurvature; ‘



to test whether the duration for which recurvers and straight movers sustain their

maximum intensity differs significantly;

to find the intensity change before and after landfall.

The fifth sub-objective is to be realized through the accomplishment of the following

interrelated tasks using innovative design concepts:

to build a web-based platform with a user-friendly interface and effective
visualization capability using advanced GIS technology and scientific speed-up
techniques:

to ensure that the system can run on any standard computer. Dynamic models based
on physical processes in meleoroiogy are utilized to generate data for tracking TCs’
particularly in relation to the dynamic changes in terms of landfall and recurvalure;

to develop novel data mining algorithms to discover the rules and regularities of TC
landfall and recurvature. The data mining algorithms and the dynamic model will
mutually cnrich each other in a complementary and integrated manner;

to construct a multi-source > multi-scale and multi-level remote sensing database
consisting of atmospheric and meteorological data such as wind fields at different
levels, humidity, sea-level temperature and pressure, geopotential height, rainfall -
wind shear, best track data; .

to facilitate effective and efficient TC track analysis and forecasting;

to use state-of-the-art software tools such as Adobe Flash and Sun's Java in
conjunction with Google Maps Application Programming Interface (API), to develop

the system for public consumption on the internet. ‘

The significance and contribution of this thesis are summarized as follows:

1. The research findings > as well as the platform built based on pari of the findings can

advance our understanding of the recurvature, landfall, post-landfall tracks and
intensity change in recurving and straight-moving TCs’ and facilitate TC analysis,

prediction, and visualization for both professionals and the general public.



2. The rules and regularities discovered in the database arc helpful for the mitigation,
prediction and management of TC-related hazards.

3. Previous researches focus on employing dynamic modeling and simulation to model
the physical processes of TCs. This thesis provides a new angle, i.e., data mining
methods, to investigate the TC-related problems. Data mining methods are employed
to uncover usefiil information and knowledge (e.g., patterns and regularities) from the
historical database. This can complement the dynamic models lo advancc our

understanding and simulation of TC dynamics.

4. The methods and algorithms employed in this thesis can also be applied beyond the
TC-related problem to other meteorological fields; for example, monsoons, winter

storms, floods, drought, and rainfall.

1.4 Thesis Structure

There are nine chapters in this thesis. Chapter One constitutes the introduction, where the
research background, research problems, research objectives and significance as well as

thesis structure are introduced.

Chapter Two is the background of the research. The previous researches related to TC
movement, TC recurvature, TC landfall, TC intensity, and data mining are reviewed and

summarized. The background of the research provides directions for examining the

research problems.

Chapter Three focuses on the research methodology. In this chapter, the data resources,
data mining algorithms and statistical methods are elucidated. The reasons why we

choose these methods are described in this chapter.

Chapter Four discusses TC recurvature. In this chapter, the tree-based algorithm (i.e.,
C4.5 algorithm) is used to unravel the rules governing TC recurvature from the historical
TC recurvature database that consists of various potential variables and factors that may

influence recurvature. The rules afe justified from the meteorological perspective; for
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example, we examine the composite geopotcntial height and steering flow in the square
anchoring at the TC center.

Chapter Five examines TC landfall.-As in Chapter Four, the rules governing TC landfall
are unraveled using the C4.5 algorithm from the database that includes the potential
parameters influencing TC landfall. The rules arc also verified from the meteorological
perspective. We also compare the results of this chapter with those from Chapter Four

due to the close relationship between landfall and recurvature.

Chapter Six studies post-landfall TCs. The Finite Mixture Model (FMM)-based
clustering algorithm is utilized to unravel the patterns hidden in historical post-landfall
TC tracks. Three clusters with different "shapes” arc uncovered. We justify these clusters
by examining the meteorological parameters, such as steering current, geopotcntial height,

‘and horizontal and vertical water vapor supply, as well as three-dimensional wind fields.

Chapter Seven investigates the relationship between TC tracks and intensity, especially
the intensity change in recurving and landfalling TCs. We examine the intensities by the
statistical methods (e.g., the Student's t test, Analysis of Variance (ANOVA)) to
determine whether there exist significant differences between the various groups. SST

and MPI are considered for interpreting the statistical relationships.

Chapter Eight discusses the web-based system for TC analysis and prediction. Based on
state-of-the-art software, such as Google Maps API, Java platform. Grade database, and
Adobe Flash, we build a prototype for a Ili11-fledged, web-based system for TC analysis

and prediction by complementing data mining and dynamic modeling.

Chapter Nine consists of the summary, suggestions for future work and the conclusion.
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CHAPTER 2: Background of Research

A TC is one kind of extreme natural event, with the potential to cause the tremendous
loss of human lives and social property due to excessive, torrential rainfall, flash flooding
and strong winds. TC track (e.g., Carr and Elsberry, 1990; Chan, 2005a; Holland, 1983a,
1984; Holland and Lander, 1993; Holland et al., 1995) and intensity (e.g., Camargo and
Sobcl, 2005; Emanuel, 2005; Mandal et al., 2007; Velden and Leslie, 1991; Wang and
Wu, 2004; Wong and Chan, 2004) are the two paramount topics in TC-related research in
terms of physical mechanisms, observational analyses, numerical simulations, and short-
er long-term predictions. TC recurvalure and landfall associated with TC motion are of
significant social and economic concern. Further post-landfall TC research is required
because TCs cause most of the damage both during and after landfall. The intensity
variability of recurving and landfalling TCs can provide a useful reference for operational
forecasts. These TC-related problems arc investigated through data mining in this thesis.
Therefore, the following subsections review the literature on these topics; i.e., TC

recurvature, TC landfall » post-landfall TCs, TC intensity, a system for TC analysis and
prediction, and data mining.

2.1 TC movement

The prediction of TC tracks is one of the most difficult and challenging problems for
current international TC research (Chan, 2010). The physical processes of TC movement
involve dynamic and thermodynamic processes bccause TC energy comes from the
evaporation of sea water and is released as latent heat in clouds later (Chan, 2005a;
Kepert, 2010). The solutions for TC track forecasting via a barotropic and baroclinic
framework are both proposed and investigated with paramount concern. The pressure is
only a function of temperature and the air density is constant in a barotropic atmosphere
while in the real atmosphere the density is essentially a function of both temperature and
pressure. This kind of fluid is regarded as baroclinic and horizontal temperature gradients
commonly exist in such a fluid (Chan, 2005a).

12



2.1.1 Barotropic view

The barotropic framework mainly refers to the steering level/flow (Chan, 1984, 1985b;
Chan and Gray, 1982; Elsbcrry, 1987; George and Gray, 1977), Beta effect (p-effect) or
Coriolis effect (Adcm and Lczama, 1960; Chan and Williams, 1987; Fiorino and Kilsberry,
1989; Holland > 1983b; Rossby, 1948), asymmetric circulation (Hlsberry, 1990; Fiorino
and Klsberry, 1989) > environmental structure (Chan, 1995b; Ngan and Chan, | 995;
Williams and Chan, 1994), vortex structure (Chan and Williams, 1987; Fiorino and
Elsberry, 1989) and energy budget (Chan and Cheung, 1995; Li and Wang, 1994; Wang
and Li, 1995). Although the motion of most TCs can be explained by the above
mechanisms (Ngan and Chan, 1995) - there still exist many circumstances that cannot be
properly explained by them. As summarized in Chan (Chan, 2005a), barotropic dynamics
appear to dominate in the physics of TC motion in most cases. These barotropic concepts
have been applied to the numerical prediction of TC movement with great success (Carr
and Elsberry, 1995; Hcming ct al. - 1995).

2.1.2 Baroclinic view

Although the barotropic view has done much to advance our understanding of TC
movement, barotropic dynamics are inadequate for describing all of the physical
processes associated with TC motion (Chan, 2005a). For example, in a real atmosphere »
the internal structure of a TC varies with height. Cyclonic flows prevail in the lower
layers and anti-cyclonic flows at the top. In addition, the effect of diabatic heating and the
vertical wind shear of the environment will also interact with the TC and affect its motion
(Chan et al. » 2002; Ko and Chan, 2000). Therefore, from the mid-1990s, much attention
has been paid to using the baroclinic approaches to improve our understanding of TC
movement dynamics. These processes involved in baroclinic effects include the effect of
the vertical structure of the TC vortex (Shapiro, 1992; Wang and Li, 1992; Wang and
Holland, 1996b), the effect of the environmental vertical shear (Flatau et cil., 1994; Wang
and Holland, 1996a, ¢; Wu and Emanuel, 1993) and the diabatic heating process (Chan et
al, 2002; Flatau et al., 1994; Holland and Wang, 1995; Wang and Holland, 1996c).

, 13



2.2 TC recurvature

According to JTWC (1988), TC recurvature is "the turning of a TC from an inilial path
west and poleward to (a subsequent heading) east and poleward”. Recurvature is also
defined as ‘Svestward moving cyclones will sometimes turn to the north and then to the
northeast” (George and Gray, 1977). Dobos and Elsbcrry (1993) stated that, “for the
northern hemisphere, recurvaturc means the changc from a northwestward to a
northeastward track into the mid-latitudc westerlies". Recurvaturc is referred to simply as
"the directional change that many TCs undergo when their motion changes from
westward and poleward to eastward and poleward” (O'Shay and Krishnamurti, 2004). In
this study, the definition of recurvature is “westward moving cyclones turning to the
north and then to the northeast”. Numerous researches have investigated rccurvaturc from

the perspective of observational study and dynamic modeling from the 1950s.

2.2.1 Observational Study

Synoptically, the approach of a westerly trough and the eastward retreat of the subtropical
ridge (STR) are found to be favorable conditions for recurvature (e.g.. Richland Shafer,
1944). If the base weakens considerably west of a TC in conjunction with an eastward-
shifting middle-latitude westerly trough and keeps low, northward recurvature will occur.
If the upper westerlies cannot maintain themselves at low latitudes, the TC will
circumvent the northern trough and continue in a westward direction. Similar rules arc
stated for several types of abnormal TC tracks, and some observations are collected on
the genesis of tropical storms (Riehl and Shafer, 1944). The upper streamline analysis

may be used as an additional parameter for predicting recurvature (Hill and Malkin,
1965).

From the 1950s to the present, numerous studies have been conducted statistically and
observalionally on TC recurvature in terms of physical mechanisms and operational aids.
The subtropical high, monsoon systems, and westerlies are regarded as the most
importanl synoptic systems controlling TC recurvature (Chen et ul., 2009; Evans et al.’

1991; George and Gray, 1977; Uarr and Elsberry, 1991 - 1995&4olland and Wang, 1995;
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Krishnamurti et al., 1992; Miller and Han, 2001). Synoptically, a westerly trough and
eastward retreat of STR are found to be favorable conditions for TC rccurvaturc (e.g.,
Elsberry, 1990; Hvans et al., 1991; George and Gray, 1977; Holland, 1984; Riehl and
Shafer, 1944). On the contrary, a strong subtropical high sitting to the north of the TC,
with a major trough in the westerlies located tar to the west of the TC - is a typically

synoptic pattern for non-recurvalure (e.g., George and Gray, 1977; Holland and Wang,
1995).

Observational studies have found the outer circulations of TC (e.g., 5-7° radius from the
TC ccntcr) to be good indicators of TC recurvalure. For instance, the 300 hPa zonal wind
(Burroughs and Brand, 1973), the zonal and meridional geoslrophic wind component of
the 200 hPa layer (George and Gray, 1977; Hodanish and Gray > 1993), the 400 hPa zonal
wind (Hodanish and Gray, 1993), the 500 hPa zonal wind (Chan et al., 1980; George and
Gray, 1977; Hodanish and Gray, 1993), and the deep-layer mean flow (Fitzpatrick, 1992;
Holland, 1984) play an important role in determining TC recurvature within a certain
time (for example, 24 hours) preceding recurvaturc. Average 200 hPa and 500 hPa zonal
and meridional winds are typical examples of this. Statistical methods have also been
employed to provide prediction schemes for TC recurvature, including discriminant
analysis (Ford et al., 1993), regression analysis (Lage, 1982; Lcftwich, 1980) and
empirical orthogonal functioning (Ford et al., 1993; Lagc, 1982). Besides, cluster analysis
has been used to examine the recurving TC tracks for seasonal or annual characteristics in

a variety of basins (e.g., Choi et al., 2009; Ko and Hsu, 2009)
2.2.2 Dynamic Modeling Study

In addition to the observational analyses, dynamic models, based on the barolropic (e.g.,
Evans el al. » 1991) and baroclinic perspectives (e.g., Holland and Wang, 1995; O'Shay
and Krishnamurti, 2004), have been utilized to study TC recurvature for a long time. The
vorticity advection (e.g., Hlisberry, 1990), the momentum between a TC and its
environment (e.g., Krishnamurti et al” 1992; Li and Chan, 1999), diabatic heating (e.g.,
Chan et al., 2002; Holland and Wang > 1995), baroclinic waves due to divergent
circulation (Modyss and Hendricks, 2010), and the interaction of the TC and the mid-
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latitude flow as the TC recurves northward (Archambault cl al. - 2009; Kim and Jung,
2009; Reynolds et al. » 2009; Schumacher ct al,, 2010) all provide explanations for TC

recurvature through dynamic modeling.
2.2.3 Remark

The observational analysis, statistical methods and dynamic modeling based on the
barotropic and baroclinic framework have been used to examine and advance our
understanding of TC rccurvatiirc. However, it remains a great challenge for TC
forecasters all around the world. With the developments of technologies related to TCs, it
is thus worthwhile to revisit TC recurvature. First, the observational equipment (satellites,
aircrafts and radars), methods and facilities have undergone rapid developments in the
last tew decades. The data acquisition methods and quality have greatly advanced in
terms of their accuracy, spatial and temporal resolution, and dimensions. Further, the

study is equipped with more recent knowledge about TC motion and recurvature.
2.3 TC Landfall

The greatest damage incurred by TCs occurs largely during or after their making landfalls.
Besides, the structure, intensity and motion of TCs will change dramatically during the
landfall process. Improved TC landfall forecasting provides many potential benefits for
coastal communities. TC landfall has, therefore, attracted much attention from scientists
in recent years after being highlighted in the U.S. Weather Research Program (Marks and
Shay, | 998). The seasonal and annual variability of TC landfall frequency is of great
concern to scientists, governments and insurance companies. Statistical modeling has
long been applied to investigate seasonal and annual TC landfall (e.g., Blackwell el al.[}
2006; Kim et al, 2009a; Med lin et al., 2007) and dynamic models have been widely used

to simulate the rainfall distribution and TC-land interaction during and after landfall.

Numerous researches have investigated the seasonal or annual forecasts of TC landfall
frequency in the Atlantic basin (e.g., Bovc ct al., 1998; Larson el al. » 2005; Lehmillcr et
al. » 1997; O'Brien el al., 1996) and WNP (Chan, 1995a; Eisner and Liu, 2003; Saunders
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et al., 2000; Wu et al.,, 2004). Particular attention has also focused on land Tall over
regional areas; for example, Southern China (Goh and Chan, 2010; Liu and Chan, 2003)
and the Korean Peninsula (e.g., Fudeyasu ct al., 2006). The variability of seasonal TC
landfall frequency was attributed to the modulation of ENSO, MJO > QBO, AMO and
PDO (e.g., Goh and Chan, 2010; Liu and Chan, 2003). The variability of large-scale
circulation (the subtropical high, monsoon trough and westerly anomaly) associated with
ENSO events or other oscillations is likely to be responsible for most of the seasonal or
annual variations in TC landfall activity in WNP (e.g., Goh and Chan, 2010; Liu and
Chan, 2003) and the Atlantic basin (Bretlschneider, 2008; Lchmiller ct al., 1997). Besides,
historic and prehistoric records of lafidfalling TCs are also reconstructed using geological
proxies, such as coastal lagoon sediment as well as the isotopic composition of
stalagmites, tree-rings, and coral in both the Atlantic basin (e.g., Donnelly et al., 2001;
Liu and Fearn, 2000; Reading, 1990) and WNP (for example, Liu et al. » 2001; Louie and
Liu, 2003).

With regard to rainfall distribution, its relationship with landfall is widely investigated
through dynamic modeling (Blackwell et al, 2006; Kim et al., 2009a; Medlin et al, 2007,
Yu and Cheng, 2008). In addition, the surface wind distribution and decaying
characteristics are continuously investigated using empirical models or observational
analysis due to the direct damage induced by the strong, raging winds of TCs (e.g.,
Bhowmik et al”” 2005b; Fujibe and Kitabatake, 2007; Powell, 1982; Powell and Houston,
1998; Powell et al., 1991; Wong et al., 2008).

TC-land interaction during landfall has been studied through observational analysis and
dynamic modeling over the last few decades (refer to Bender et al., 1985; Chan and
Liang, 2003; Dong et al.” 2010; Wong and Chan, 2006b; Wroc and Barnes, 2003). The
impact of topography on landfalling TCs is more significant than roughness variation,
especially in mountainous areas (Chang, 1982). Observations have corroborated the
significant correlations between regions of peak rainfall during TC landfall and the
mountainous land surface (Brunt, 1968; Hamuro and Coauthors, 1969). Brand and

B leiloch (1973, 1974) found that the topographical effects, if not properly accounted for,
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can cause significant errors in the forecasting of TC motion. Chang (1982) also observed
that the interaction between the terrain and the TC caused strong easterlies to develop

north of the island, accelerating the TC in his case.

To recapitulate, previous researches on TC landfall were conccrncd with the seasonal or
annual TC landfall frequency according to the variability of large-scale circulation (e.g.,
the subtropical high > monsoona | systems and westerlies) modulated by ENSO, QBO and
MJO, with precipitation and wind distribution associated with TC landfall, and with
changes in the tracks and structures when a TC passed through an island by studying
land-TC interaction, with TC decaying mechanisms after its making landfall. However,
few researchers have investigated the mechanisms controlling TC landfall over the
Chinese coast based on the historical TC database. Besides, few researchers have
investigated the TC forecast scheme solely for landfall. Up until recently, few objective
forecast aids in operational use have bee*, specifically designed to identify landfall
situations. Given our existing understanding of the TC landfall mechanisms based on
observational and statistical analysis and dynamic modeling (e.g., Bretlschneider, 2008;
Eisner and Liu, 2003; Goh and Chan, 2010; Liu and Chan, 2003), large-scale circulation
exerts a dramatic influence on TC landfall activities in the SCS and WNP basins. Of
particular scientific interest and value is unraveling the rules and regularities governing

TC landfalls over the Chinese coast from the historical TC archives.
2.4 Post-landfall TCs

Landfall is taken to be the process of the entire TC system moving over land (Tuleya and
Kurihara, 1977). When a TC moves over land, the cutting off of the water vapor supply,
the increased surface roughness, the interaction with mid-latitude systems, and the
decreasing upwards motion in the TC centcr all make the post-landfall TCs very different
from those on the ocean. The TC-land interaction is summarized in the last section.
Empirical models and observational analysis were used to predict the decay rate of TC
intensity after landfall over South China (Wong et al., 2008), the Indian region (Bhowmik
et al, 2005b), and the U.S. coast (Goldman and Ushijima, 1971; Kaplan and Demaria,

1995, 2001). Apart from these studies, the heavy rain mechanism associated with post-
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landfall TCs has undergone numerous investigations through dynamic modeling (e.g.,
Tao ct al. » 1994; Yu et al. » 2010; Zhang et a!., 2007). There have been several studies
related to the sustaining and movement of typhoons post-landfall (Li el al. > 2004a; Li et
al. » 2004b; Yuan et al.: 2008; Yuan el al. > 2007).

?1
In summary, these existing investigations on post-landfall /PCs focus on the rainstorm
mechanism associated with mesoscaie circulations and landfall surface, as well as the
mechanism and characteristics of the sustaining mechanisms of TC after landfall, through
dynamic modeling. From these investigations, the sustaining of TC is largely influenced
by the water vapor supply, mid-latitude interaction and upper-level wind flows. However,
due to the complexity of TC-land interaction post-land fall, there has been far less
research on-posl-landfall TC characteristics than on TC tracks and intensity. The study of
the characteristics of post-landfall TC movements (e.g., types and shapes) has received
little attention during the last few decades. We discovered the knowledge from the

historical TC tracks through data mining methods. ‘

2.5 TC intensity and Movement

2.5.1 TC Intensity

TC track forecasts are becoming increasingly accurate (Wang and Wu, 2004), thanks
largely to a combination of better observations, especially via satellite (Soden et al., 2001)
and dropsonde (Aberson and Franklin, 1999; Burpee et al., 1996). Nonetheless, the
research on TC intensity (defined as either the maximum surface wind or the minimum
central surface pressure) is far less developed than that on TC movement (e.g., Fitzpatrick,
1997; Knaff et al. » 2005; McBride and Holland, 1987; Wang and Wu, 2004). In spile of
the application of numerical modeling and the availability of advanced remote sensing
equipment and observations, little progress regarding the prediction of TC intensity and
the intensity change rate has been made in the past (DeMaria et al., 2005; Emanuel et al.,
2004; Wang and Wu, 2004). The best TC intensity forecast scheme is still statistically
based, not dynamic model based (DeMaria and Kaplan, 1999; Wu and Wang, 2004). The

reasons for this include the inadequate observations over the ocean, the spatial and
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temporal model resolution, the initial and boundary condition of dynamic models, and
our lack of understanding of the physical processes involved in-controlling the intensity
change - especially the rapid intensification defined by Holliday and Thompson (1979) as
a central pressure drop of at least 42 hPa per day (Fitzpatrick, 1997; Wang and Wu - .2004).
The operational prediction of rapid intensification has proven to be particularly difficult,
due largely to our lack of understanding of the physical mechanisms underlying rare
events (Elsberry et al. > 2007; Kaplan et al. > 2010). Since the intensity change is
influenced at any time by sophisticated physical processes and systems controlling the
internal TC structure and the interplay between the TC and both the surrounding

environment and‘ ocean (Hong et al, 2000; Wang, 2002; Wii and Cheng, 1999),
J

understanding TC intensity changes is far more complex and difficult than understanding

TC movement (Fitzpatrick, 1997; Wang and Wu, 2004).

Based on the current understanding, TC intensity and intensity change are modulated by
the interaction between upper-tropospheric trough and TC, internal TC dynamics,
ambient wind flows, MPI, and internal TC dynamics (Wu and Wang, 2004). MPI is
defined as the theoretical limit of the strength of TC and it is a function of SST (Emanuel,
1986 - 1988, 1997; Emanuel et al., 2004). The intensity is proven to be remarkably
influenced by internal TC dynamics including spiral rainbands > vortex Rossby waves,
mesoscale vortices and eyewall processes (e.g., Chen and Yau/2001; Diercks and Anthes,
1976; Holland and Dietachmayer, 1993; Kossin et al,, 2002; Kuo et al, 1999; Kurihara,
1976; Lewis and Hawkins, 1982; Macdonald, 1968; Marks et al., 2008; Montgomery and
Lu, 1997; Montgomery et al.” 2002; Raymond and Jiang, 1990; Rcasor et al., 2000;
Simpson et al.” 1997; Wang, 2001; Wang, 2002; Willoughby, 1978; Willoughby et al.,
1984)

Statistical schemes for TC intensity have been proposed and used in operations; for
example, the Statistical Hurricane Intensity Forecast model (SHIFOR) (Jarvinen and
Neumann, 1QTQXthe Typhoon Intensity Prediction Scheme (TIPS) (Fitzpatrick, 1997),
o the Statistical Hurricane Intensity Prediction Scheme (SHIPS) (DeMaria and Kaplan,
1999; DeMaria ct al., 2005; Kriaffet al: - 2005) and the Logistic Growth' Equation Model
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(LGEM) (DeMaria, 2009). Dynamic models have been used to simulate and predict TC
intensity and intensity change. As verified in Gentry and Lackmann (2010), grid-length
and domain size suggestions for operational predictions are provided; for operational
prediction, a grid length of 3 km or less is recommended. Up until recently, only a limited
number of moclels (e.g., the Geophysical Fluid Dynamics Interpolated model (GFDI;
Bender et al.,, 2007) and the Geophysical Fluid Dynamics Model-Navy (interpolated)
model (GFNI; Rennick, 1999)) have attained resolutions whereby TC structure (e.g.,

intensity) can be successfully identified (Heming and Goerss, 2010).
2.5.2 Relationship between TC Intensity and TC Track

TC landfall and recurvature are of paramount interest in TC research. The relationship
between TC track and intensity concentrates on the relationship between TC recurvature
and landfall with intensity. The interaction between TC movement and intensity plays an
important role in operational TC prediction. In spite of its great significance, relatively
little attention has been paid to the interaction between TC movement and intensity. For
example, Velden and Leslie (1991) investigated the relationship between TC intensity
and direction of movement using the depth of the environmental steering layer, while
Evans and McKinley (1998) discussed the relationship between intensity and motion
changes. Past researches on the association between TC landfall and intensity focus on
the decay rate Jjoth during and after making landfall along the South China co”t (Wong
et al. » 2008), Korean Peninsula (Choi and Kim, 2007; Choi et al., 2010), Indian coast
(Bhowmik et al., 2005a), U.S. coast (Powell et al”” 2004), and Japanese coast (e.g., Fujibe
and Kitab;take, 2007). .

The maximum intensity corresponding to recurvature has been investigated during the
last few dccades (Evans and McKinley, 1998; KnafiF, 2009; Riehl, 1972, referred to as
EM9§, K09 and R72 respectively). It has been reported that TC maximum intensity tends
S;me goincident with TC recurvature (Evans and McKinley, 1998; Riehl, 1972). R72
found that roughly two-thirds of TCs that reach typhoon/hurricane intensity attained their
‘maximum lifetime intensity within 12 h of recurvature in WNP. Instead of 45 and 70% of
all WNP TCs peaking within 4212 h and +24 h of recurvature, as reported in EM98 for the
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period 1980-1996 - the datasets for 1980-2006 in K09 suggested that these percentages are
close to 28.9 and 50.0% respectively. It is inferred in K09 that the long-held conclusion
that most TCs attain their peak intensities near or close to rccurvaturc is not supported by
the observations.

2.5.3 Remark

TC intensity research Iagsi far behind that of TC movement due largely to our lack of

understanding of the complicated physical processes that are responsible for the intensity
change. Based on the existing literature, most TCs decay after landfall. There also exists
some unusual intensification of TCs post-landfall. However, the specific characteristics
of TC intensity change before and after making landfall over the Chinese coast have
seldom been examined. The relationship between TC recurvature and maximum intensity
remains ambiguous, based on K09, and the TC intensity changes have not yet been
explored comprehensively with respect to TC recurvature. The intensity changes in

recurving and landfalling TCs are examined comprehensively through the consideration
ofMPI.

2.6 Data Mining and Knowledge Discovery

Dynamical models based on physical mechanisms and processes are broadly used for TC
simulation and real-lime TC prediction. However, the dynamical models are always
confined by initial and boundary conditions and also a fleeted by chaos (Lorenz, 1965;
Lorenz, 1969). Another problem is that dynamic modeling precludes the historical
databases that include useful information and knowledge. The data mining and
knowledge discovery (KDD) algorithm can be used to discover knowledge and

informalion from the TC database and enrich the dynamic models for TC analysis and

prediction.

KDD refers to "the nonlrivial process,of identifying valid, novel, potentially useful, and
ultimately understandable patterns in data" (Fayyad and Stolorz, 1997; Fayyad et al.,

1996). By definition, KDD is "the overall process of discovering useful knowledge from
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data whereas the data mining method refers to a p~ticular step, the application of specific
algorithms for extracting patterns, structures, processes and relationships from data, in
this process” (Fayyad et al., 1996; Lavrac et al., 199" Leung, 2010). More recently, as
defined in Han and Kamber (2006), data mining, "also popularly referred to as
knowledge discovery from data, is the automated or convenient extraction of patterns
representing knowledge implicitly stored or captured in large databases, data warehouses,
the Web, other massive information repositories, or data streams". Kantardzic (2003)
referred to data mining as "the entire process of applying a computer-based methodology,
including new techniques, for discovering knowledge from data™. Based on their views,

data mining is treated as a synonym for KDD. We tend to regard data mining as a
synonym for KDD throughout this dissertation. E

Data mining has become an active research field that is of scientific and commercial
concern nowadays (Han and Kamber, 2006; Leung, 2010). It is based on machine
learning, pattern recognition, database systems and statistics (Koperski et al” 1996). Data
mining methods include statistical approaches; for example, correlation analysis,
regression analysis, clusters analysis and principal component analysis. The heuristic
algorithms such as genetic algorithm, neural network and support vector machine also lay
foundation for data mining. Data mining bypasses the traditional statistics to adapt data
that are not normally suitable for statistical models with strict assumptions (such as
independence, stationarity of the underlying processes, and normality). The data archived
in real-life databases are, however, sometimes nonnumeric, noisy, inconsistent and
incomplete. In the meantime, data mining is more strongly inductive than traditional

statistical aralysis (Han and Kamber, 2006; Miller and Han, 2009).

Spatial data mining involves “the discovery of structures and processes in spatial and
temporal data” (Leung, 2010). Spatial data mining, also called “geographic data mining
and knowledge discovery", refers to "the extraction of implicit knowledge, spatial
relationship or other patterns not explicitly stored in spatial database’ - (Koperski and Han,

1995; Koperski et al.” 1996; Roddick and Spiliopoulou, 1999; Roddick et al, 2001,
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Shekhar and Chawla, 2003; Shekhar el al”” 2010). This dissertation adheres to the
definition of spatial data mining of Leung (2010).

Although spatial data mining or data mining have been widely applied to various fields,
its applications in the field of meteorology in general and TC research in particular arc
relatively few. Data mining algorithms such as clustering algorithms, association rule
analysis and classification have been employed to investigate TC tracks, cyclogenesis and
intensities in TC databases (e.g., Camargo et “/. - 2004; Camargo et al., 2008; Camargo
ai, "2007a, b; Cheng et al” 2008; Gaflney and-Smyth, 1999; Gaffney et al., 2007;
Gafihey, 2004; Harr and Bisberry, 1995a; Lee et al., 2007; Li et al”” 2009; Yang et al.,
2011). In terms of temporal data mining, wavelet analysis and Fourier Transformation
have been used to unravel knowledge from historical TC-related variables for a long time
(e.g., Chan, 2005b; Liu and Chan, 2008). .

A data-rich but information-poor situation is ascribed to the increasing abundance of data,
together with the urge requirement for sophisticated techniques and tools to handle data
(Han and Kamber, 2006; Miller'and Han, 2009). The TC-related database is particularly
difficult to visualize and understand because the data grows along two dimensions: the
number of fields (also depicted as attributes) and the number of cases. The rates of
growth of TC-related data sets exceed much faster than the rales that the traditional
"manual” analysis methods can handle. Useful knowledge (e.g., structures, processes,
relationships, regularities and patterns) underlying the TC mechanism is often hidden in
the historical TG database. Therefore - the data mining approach is suitable for unraveling

from the TC database the rules governing TC-related processes throughout their

movements.

2.7 Summary

The existing literature related to research problems such as TC recurvature, TC landfall,

TC intensity and post-landfall TCs has been reviewed in this chapter. It is summarized as

follows: .
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1. TC recurvature remains a considerable challenge given the advances in TC movement
research. Different from simulating the physical processes underlying TC rccurvatiirc,
data mining methods are used to discover the useful and hidden knowledge (e.g., rules,
patterns, regularities and structures) governing the recurvature.

2. Past researches on TC landfall focus on TC-land interaction, rainfall and wind
distribution through dynamic modeling or observational analysis. TC landfall is similar to
TC recurvature because they are both largely influenced by large-scale circulation.
Therefore, TC landfall is also examined through data mining in general to discover the
knowledge underlying the landfall mechanisms.

3. Post-landfall TCs have rcccived little attention in the past, since TCs tend to decay
rapidly post-landfall. However, extreme disasters are always triggered by post-landfall
TCs. Post-landfall TCs have been studied frequently in the past few years. Cluster
analysis is employed to discover the types or patterns hidden in the historical post-
landfall TC tracks.

4. TC intensity is a very complicated problem. Our prediction and understanding of TC
intensity or intensity change lag far behind those of TC movement. The relationship
between intensity and movement are far less well understood. Therefore, the intensity of
recurving and landfalling TCs are investigated through statistical models to find the
characteristics of intensity changc.

5. Machine learning, pattern recognition, database systems and statistics have laid the
foundation for data mining. Spatial data mining is more complicated than general data
mining due to the complications of spatial data and consideration of spatial dependence.
The rapid growth of a TC-related database and the useful knowledge hidden in the data
sets urgently require powerllil tools for data mining. Therefore, we seek to explore TC

dynamics through data mining in this dissertation.



CHAPTER 3: Research Methodology

With respect to the research problems, the research background is summarized in Chapter
2. Based on the research background, the tasks that need to be conducted are summarized
as: to use data mining methods to examine TC rccurvaturc and landfall; to conduct a
cluster analysis of post-landfall TC tracks; to analyze the relationship between TC
movement and intensity; and to build a web-based TC platform for TC analysis and
prediction. In this chapter, the research framework is proposed for investigating these
problems. It comprises data mining methods that are used to analyze a TC-related
database. The main research framework is shown in Figure 3-1. The left side of Figure 3-
1 describes the problems to be solved: TC recurvalure, 'IC landfall, post-landfall TC
analysis, intensities related lo TC movement and TC platform. The middle of Figure 3-1
illustrates the datasets to be used to solve these problems. These datascts are listed as
follows: JMA TC best track dataset. National Center for Environmental Protection/
National Center for Atmospheric Research (NCEP/NCAR) reanalysis dataset, Tropical
Rainfall Measuring Mission (TRMM) precipitation and SST datasets and the United
States Geological Survey (USGS) DEM dataset. In order to handle the datascts and
discover useful knowledge to solve the problems, C4.5 algorithm, FMM-based clustering
algorithm, ANOVA, the Student's t test and dynamic modeling are employed and shown
in the right side of Figure 3-1.

3.1 Data Source

The database built in this dissertation includes the Regional Specialized Meteorological
Center (RSMC) Tokyo at the JMA best track dataset, NCEP-NCAR reanalysis and final
analysis dataset, the NCEP Global Forecasting System (GFS) Final analysis (FNL)
dataset, the SST and precipitation rate of TRMM data and USGS DEM. The collected

raw data are integrated together or transmitted into appropriate formats. The datasets

cover a range of atmospheric levels (e.g., 1000 hPa, 850 hPa, and 200 hPa), and different
spatial and temporal resolutions, and are collected by different satellites from authorized

meteorological organizations. The database is, therefore, multi-source, multi-scale and
26



multi-level. The dalasets are processed and analyzed in the proper data formats that can
be accommodated by data mining tools and methods. The datasets and analysis methods

are discussed in detail in the following subsections.

JMA TC C4.5

Best track Algorithm
FMM-based

NCEP/NCAR

Rcanalysis Clustering
Analysis of

Variance/ the

TRMM Student's t test

Precipitation/

SST

UGGSDEM
Methods

Datasets

Problems

Figure 3-1 Conceptual framework and research design
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3.1.1 Japan Meteorological Agcncy (JMA) Regional Specialized Meteorological
Center (RSMC) TC Best Track

The TC best track data arc made available from JMA RSMC Tokyo. This post analysis
best track data consist of 6-h estimates of position (latitude and longitude), Minimum
Central Pressure (MCP), and 10-minute maximum sustained wind speed (MSW) for all
named TCs in the WNP basin including the SCS from 1951 to the present. The best track
datascts from 2000 to 2010 are selected for data mining because the meteorological
variables released by the NCEP GFS FNL with 1 x 1spatial resolution arc available for
the time range from 30/07/1999 to the present at 6-hour time intervals. The datasets for

examining TC rccurvaturc and landfall are introduced as follows.

Recurving TCs with certain characteristics are retained as follows: (1) the TC sustains for
at least 72 hours in best track, (2) the recurvalure point has the minimum longitude
among the entire track, (3) the latitude of the subsequent point is greater than the latitude
of the recurvature point (i.e., no looping tracks or equatorward recurving TCs). In total,
2552 sampling TC points were obtained from 102 TC tracks, 63 of which are recurving
tracks and the rest are straight-moving ones, consistent with the definitions of
““recurvature’’. It is noted that the recurvature points of 63 recurving TC tracks are on the
ocean and thai TCs that recurved over land arc excluded, since the respective
mcchanisms for recurvaturc on the ocean and on land should be driven by different
mechanisms because of the TC-land interaction and the cutting off of water vapor for
post-landfall TCs. Recurvers and straight movers are two classes of TC samples. Of the
recurving TC tracks, 1560 points previous to TC rccurvature are drawn as samples and
these are labeled as class “0”. On the contrary, the 992 sample points in straight-moving

tracks are labeled as class “T’.

With regard to TC landfall, there is a total of 6920 sampling TC observations derived
from 222 TC tracks, 53 of which are landfalling TC tracks and the rest are non-landfall
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TC tracks. The landfalling TC tracks contain 1150 observations and the non-landfall TC
tracks contain 5770 observations. It is noteworthy that, with rcspcct to the observations of
landfalling TCs, only the observations prior to landfall are sampled and labeled as class

"1". All observations of non-landfall TC tracks, on the contrary, are labeled as class “0”.

3.1.2 National Center for Environmental Protection/ National Center for

Atmospheric Research (NCEP/NCAR) Datasets

The meteorological variables (e.g., SLP, wind fields and geopotential heights in dilTercnt
atmospheric layers) are derived from NCKP GFS FNL analysis which covers the time
range from 30/07/1999 lo the present at 6-hour lime intervals (Yang el al., 2006). The
web link to the NCEP "FNL" dalaset is htljx/dss.ucaj.edLi/daiasels/Js()83. ; : .. These
NCEP FNL Operational Global Analysis data are on 1.0° x 1.0° degree grids continuously
at every six hours. This product is from GFS that is operationally run four times a day in
near-real time at NCEP. The analyses arc available on the surface, at 26 pressure levels
from 1000 hPa to 10 hPa (e.g., 200, 250, 300, 350, 400, 450 > 500, 550, 600 > 650, 700 » 750,
800 - 850 - 900 - 950 and 1000 hPa), in the surface boundary layer and at some sigma levels,
the lropopause and a few others. The parameters include SLP, relative voiticity, surtacc
pressure, relative humidity, vertical velocity, geopotential height, SST, soil values, zonal

(u-) and meridional (v-) winds and ozone parameters.

Although the NCEP/NCAR reanalysis data (Kalnay et al., 1996) are available for a
longer time period, from 1948 to present, the resolution of 2.5" x 2.5° degrees of
NCEP/NCAR is coarser than that of the NCEP FNL dalasel. The link lo the
NCEP/NCAR reanalysis data is littp:/./[1 viv[] v.esrl.noaa.iiov/g:salh2rid(ie(JAjma.nc:t'p

icanalysis.html. Therefore > wc derive the meteorological variables from the NCEP FNL
dataset and NCEP/NCAR dalaset according to the requirements of spatial resolution. The
TC samples for investigating TC recurvature and landfall are only extracted for the
period from 2000 to 2010 by considering the higher resolution and available lime period
of the NCBP FNL dataset. The NCEP/NCAR reanalysis dalaset from 1985 to 2009 is

used to study the relationship between TC intensity and movement (e.g., landfall and

recurvature).
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3.1.3 Sea Surface Temperature (SST) and Precipitation Rate by Tropical Rainfall
Measuring Mission (TRIMIM)

In order to examine the relationship between TC movement and intensity, MPI plays a
key role in quantifying the changes in intensity. MPI is derived from SST and TC
intensity (DeMaria and Kaplan, 1994; KnafT et al., 2005). The precipitation rate is taken
as an indicator of TC intensity. Precipitation rate and SST are accessed by TRMM
datascts. The rainfall dataset used in this study is the 1 RMM Multi-satellite Precipitation
Analysis (TMPA) (Berg et al., 2006; HufTman el al., 2007; Kummerow ct al., 1998;
Kummerow et al., 2000). TRMM is a joint project between the National Aeronautics and
Space Administration (NASA) and Japan's National Space Development Agency, starting
from 1997 (Wentz ct al., 2002). It is basically designed to monitor and study the
characteristics of tropical rainfall and the related release of latent heat energy that
maintains global atmospheric circulation, and modulates the global weather and climatc.
TMPA with fine resolutions (0.25° x 0.25° and 3-hour) integrates precipitation Irom a
number of satellites, as well as land surface rainfall gauge products. The TRMM rainfall
covers the area between 50°N and 50°S for the period from 1998 to the present and is

used in this study. It is available al

rtp:/Zdih>cl"asc(mu.iasa.gov/dato/s4pa/ TRMM—L.VTRIMM—31)42/.

The through-cloud capacities of microwave radiometers offer a meaningfiil profile of
global SST (Kummerow et al., 2000; Ricciardulli and Wentz, 2004; Wentz el al., 2000).
Therefore > scientists have produced a daily, optimally Interpolated (Ol) SST product at a
0.25° X 0.25° degree (-25 kilometers) resolution. This dataset greatly suits for research
activities that desire a complete > daily SST profile but not one with missing data because
of orbital gaps or environmental conditions excluding SST retrieval. The |IRMM
Microwave Imager (TMI) on NASA's TRMM satellite was the first microwave
radiometer that calibrates well with accurate through-cloud SST retrieval. TMI Optimum
Interpolation (01) daily SST (Gcntemann et al., 2004) at a 0.25° x 0.258patial resolution
together with JIMA RSMC Tokyo TC best track data arc utilized to estimate MPI, which

is one of the most important predictors for the TC intensity prediction models. TMI Ol



SST analysis is available from the RSS website at hlip://A\vivw..ssiiii.com and covers the

latitude band 40°S-40°N for the period from January 1998 to the present.
3.1.4 United States Geological Survey (USGS) Digital Elevation Model (DEM)

The elevation at the TC center is used to build the clustering model for post-landfall TC
tracks because the surface roughness and elevation play an important role in TC
movement post-landfall (e.g., Chan and Liang, 2003; Li et al”” 2004a; Li et al.” 2004b;
Tuleya et al., 1984; Yuan et al.,, 2008; Yuan et «/., 2007). The elevation data are the
GTOPO030 - available from USGS website. GTOI)030 is a global digital elevation model
(DEM) with a horizontal spatial resolution of 30 arc seconds (approximately 1 kilometer).
Of note is that GTOP030 was based on several vcctor and raster sources of topographical
characteristics (i.e., land surface). The USGS DEM data files represent cartographic
information digitally in a raster format (e.g., tiff). The link to the GT01)030 dataset is

htlpy'/edc. u.s’s.jrov-'if-'Firul  Dala/Hroi.IncLs and DiHn A vaiUihle/At()in)30 info.
3.1.5 Data Integration

Data integration is defined as “combining data from multiple sources into a coherent data
store, as in data warehousing” (Han and Kamber, 2006). It seeks to overcome “the
proble”™ of combining data residing at different sources, and providing the user with a
unified view of these data" (Lenzerini, 2002; Naumann et al., 1999). The sources usually
include multiple databases, data cubes, or flat files. Data integration increases frequently
due to the fact that the volume and requirement to share the existing data sources is rising
rapidly. Data integration is nowadays a critical problem in our increasingly
interconnected but intrinsically heterogeneous environment. Numerous data sources are
made available via public information systems such as the World Wide Web. The
primary purpose of data integration is lo offer programmatic and human users with a
comprehensive and combined interface to multiple, heterogeneous data sources
(Lenzgfini, 2002; Naumann et al., 1999). The users may have the illusion that they are
individually visiting a single - homogeneous database for a specified requirement. The
data integration process can now be automated in many eases (Genesereth, 2010). The

most important issues technically related to data integration include: standards,
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interoperability, vertical topology, semantic, reference system, data model, format > and

data quality.

The research problems in this dissertation are utilizing comprehensively the multi-source,
multi-scale and multi-level spatial databases (e.g., NCEP/NCAR, JMA, USGS, TRMM
datasets) for data mining. The data associated with different data sources have different
data formats, spatial and temporal scales and atmospheric levels. The integration of
mulli-sourced spatial data owing to diversity of data providers is thus of great scientific
and practical concern. In addition, the technical integration and interoperability of the
data sources play an important role in the processes of TC analysis and prediction. Data
integration associated with TCs is largely the match of datasets geometrically and
topologically, as well as the match of spatial and temporal resolution, vertical levels,
referencing system and data formats. Therefore, the processes of utilizing the numerous

TC-related data sources fall within the sphere of data integration.
3.2  Methodology

3.2.1 Data Mining-C4.5 Algorithm

Much useful knowledge and information is hidden in the historical IC database. On the
other hand, operational and professional people are trapped and stuck in a dilemma
caused by the lack of sufficient useful references and knowledge. Data mining is the
process of discovering patterns and structures from database (Leung, 2010). It is used to
unravel the rules and regularities underlying TC dynamics (e.g., the dynamics associated
with TC recurvalure, landfall and post-landfall movement). Specifically, tree-based
algorithms (e.g., CART and C4.5 algorithm) are employed to find the rules controlling

TC recurvature and landfall.

KDD refers to "the nontrivial process of identifying valid, novel, potentially useful, and
ultimately understandable patterns in data’ (Fayyad arid Slolorz, 1997; Fayyad et al.,
1996). By definition, KDD is "the overall process of discovering useful knowledge from

data whereas the data mining method refers to a particular step in this process, the

t
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application of specific algorithms for extracting patterns, structures, processes and
relationships from data’ - (Fayyad et al., 1996; Lavrac et al. - 1997; Leung - 2010). As

pointed out in Chapter 2, wc tend to regard data mining as a synonym for KDD

throughout this dissertation.

A decision tree is a typical data mining algorithm for unraveling rules and selecting

features from databases for a decision making process (Brciman et al., 1984a; Quinlan,

at

1987). A decision tree is defined as “a classification procedure that recursively partitions
a data set into smaller sub-divisions based on a series of tests defined at each branch (or
node) iti the tree>’ (Quinlan, 1987). The tree consists of a root node (derived from all of
the data), a set of internal nodes (splits), and a set of terminal nodes (leaves) (Friedl and
Brodley, 1997). It is noteworthy that each node in the tree has only one parent node, and
two descendant nodes or child nodes or more. A dalaset is classified by sequentially
partitioning it based on the decision framework defined by the tree, and a "class label” is
then assigned to each observation according to the leaf node into which the observation

belongs to (Friedl and Brodley, 1997).

Decision trees arc superior to traditional classification procedures such as maximum
likelihood classification in a number of ways. In particular, decision trees are based on
strictly non-parametric procedures and any assumption with regard to the distributions of
the input data is not required. In addition, they can handle non-linear relationships
between variables and classes, accommodating missing values, and are capable of dealing
with both numeric and categorical input (Fayyad and Irani, 1992; Hampson and Volper,
1986). Finally, decision trees arc of considerable interest because the classification

structure is explicit and thus easily interpretable (Friedl and Brodley, 1997).

A classic decision tree is CART model described in Breiman et al. (1984a). CART is a
* A

non-parametric statistical method that has been developed for handling classification
problems from categorical or continuous dependent variables (Breiman et al., 1984a).
CART generates a classification tree based on categorical dependent variables. The

continuous dependent variables, however, produce a regression tree. In classification and

° *
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regression trees, the essential objective of CART is to generate an accurate set of data
classifiers by unraveling the predictive structure of the problem of interest (Brciman et al.,
1984a). Corresponding to CART, a tree-structured decision space is achieved by
recursively partitioning the data at each node according to a statistical test raising the

homogeneity of the training data in the resultant descendant nodes (Brciman et ai, 1984a;

Fayyad and Stolorz, 1997). Other decision tree algorithms, such as Chi-squarcd
Automatic Interaction Detection (CHAID), ID3 and C4.5 (Quinlan, 1993), arc also

proposed for classification."CHAID and ID3 have limitations in classifying continuous
t

variables. Under this condition, continuous variable must be converted into categories in
order to be digested by CHAID and 1D3. However » C4.5 algorithm can be used for
continuous variables. Considering the continuous variables employed in this study (e.g.,
wind fields and the indices of large-scale circulation), the CART and C4.5 algorithms
will be employed for the current classification. 'I:he construction of a CART classification
rule is based on the definitions of three primary elements: (1) the sample-splitting rule; (2)
the goodness-of-split criteria, and (3) the criteria for choosing an optimal”~or final tree for
analysis (Breiman et al., 1984a). Classification tree is built in CART by applying

predefined splitting rules and goodness of split criteria in the node-splitting process at

each step. -

In general, the three steps involved in the tree building process (Yohannes and Webb,
1999) are:

(1) growing a large tree (a tree with a large number of nodes);

(2) combining some branches of this large tree to generate a series of sub-trees of varying

sizes (different numbers of nodes);

(3) choosing an optimized tree according to “measures of accuracy of the tree”.

In CART, the variable splitting criteria are the Gini impurity criterion and the Twoing

criterion for nominal variables. Taking the multi-class problem as an example, the two-

7 V
class .problem is simply a special case. Given a node t with the estimation of class
probabilities p(jit) > j= 1,..., J, a measure of node impurity given t
e i = 0(p(Ilt), ..., pQIt) (3.1)

.
<
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is defined and a search conducted for the split that results in the greatest reduction in

node or, tree impurity. The original function was

(Kp”:..,Pj— Y”P)cygPj (3.2)
o)

It is noted that the Gini diversity index was adopted and can also be written as

/() =1-5>2(fE)) 3 3)

)

In the two-class problem, the index is reduced to

/() =2/7(1|/)p(210 (3.4)
The interpretation of the Gini index is interesting. Other than utilizing the plurality rule to
classify elements in a node t, it adopts the rule that randomly assigns an element from the
node to class 1 with probability p(i|l). The estimated prol*ability that the element belongs
to class j is p(jjt). Therefore, the estimation of tlie® misclassifying probability

corresponding to this rule is the Gini index

I>(/|/)pC/K) (3.5)

It has proven that, for any split s, Ai(s, t) > 0" actually it is strictly concave (Breiman et al.,
1984a), so that Ai(s, t) = 0only ifpG )=p{ = j =10,.07/ .

As another powerful classification algorithm, the C4.5 algorithm (Quinlan, 1993) is also
a supervised learning method based on decision-tree induction. The fundamental strategy
is to select an attribute that will best separate samples into individual classes via a
measurement; here the measurement is the ‘Information Gain Ratio', based on
information-theoretic ‘entropy > . The primary objective is to find the minimum
information required to retain the least "impurity" of the partitions (Han and Kamber,
2006).

Let S be the training set consisting of s data samples, and s(C,) is the number of records

in S that belong to class Cj (for i=I, 2, ...>m) The information (entropy) required to
classify S is
d
InMS) = (3.6)
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Hence, tlie amount of information required to subdivide S into {Si, S2... Sv} by attribute

A (the number of distinct values of attribute A is 'v') is

(3.7)
The gain is calculated as
(3.8)
Info{A 1S)
where
(3.9)

gam{A 1S) =Info(S) - Info{A | S)

3.2.2 Finite Mixture Model-based Clustering

It is assumed that there are several patterns (i.e., clusters) hidden in the historical TC

tracks from the meteorological perspective. Some empirical analyses indicate that TCs

may display similar moving characteristics post-land fall. FMM has long been applied to
cluster analysis. In statistics, samples belonging to different statistical distributions are, at
times, mixed. It is somehow difficult to establish the distributions and estimate the
parameters for the differentiation of these distributions. TC tracks arc assumed to be
generated from several unknown distributions (i.e., clusters), that must be identified in
order to implement a cluster analysis based on the post-landfall TC samples. In this thesis,
FMM is used for the clustering of the post-landfall tracks of TCs that made landfall over

the Chinese coast.

As discussed in Everitt and Hand (1981), a mixture density is defined as follows. Let

g(x;6) be a d-dimensional probability density function depending on an m-dimensional
parameter vector 6 and let //(9) be an m-dimensional cumulative distribution function.
Then

f(x) =fg(x; e)d/7(0) ‘ (3.10)
where /7(0) is called the mixing distribution. This definition is perfectly general but most
applications are concerned with a subset of this general definition. This subset appears

when H is discrete and assigns positive probability to only a finite number of points {3
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i=l... c}. The finite mixture is then produced by summing up the discrete points to
replace the integral in equation 3.10.
= B4 ) 9ix;9,) (3.11)

The parameters in equation 3.11 consist of three types: c, the number of components in
the finite mixture, the mixture proportions (which is usually denoted by p [ and
the component parameter vectors After Pearson (1894) attempted to estimate the five
parameters in a mixture of two normal distributions using moments estimation, a variety
of estimation methods have been devised and used for the estimation of the parameters of
mixture distributions, varying from maximum likelihood approaches, through informal
graphical techniques and Bayesikn estimation, to the powerful, widely-used Expectation-

Maximum (EM) algorithm (McLachlan and Krishnan, 1997).¢

FMM has been extensively applied to unravel structures and patterns from databases
(Biernacki et al., 2002; Evcritt, 1988; Leung el al., 2002; Leung et ai, 2006; McLachlan

et al., 2002). However, the finite mixture framework was not used for TC track clustering
t

until Camargo et al. (Camargo et al, 2007a, b) employed the FMM for clustering TC
tracks in WNP.

The model used in Camargo et al. (2007a, b) is

yi= + 0 ( 3 . 1 2 )

Pyi\ Xd= K{XiP.Y.K) (3.13)
where Xj is the regression matrix with an n”p dimension, p denotes the regression
coeflTicients. yi is the TC track, consisting of n latitudexlongitude points' (i.e.,

observations). 8i is an niX2 matrix of multivariate Gaussian noise, with a zero mean and a

2X2 covariance matrix which contains the diagonal elements a™*and (the noise
variances for each longitude and latitude observation). 0

s GfO 0

v ..

Ja order to take into account other variables (e.g., elevation, central pressure, zonal and

meridional wind fields, and the indices of the monsoon or the subtropical high), the



values of these variables at each TC point are integrated into X,. Therefore, the tuned

clustering model changes its X, into

/I .. NZii .. Zfei

Ti (3.15)
\1 i e Nk n

Here, T, (the modification of Xj) becomes an nx (p+k+1) matrix and (3 turns out to be a

(ptk+I1)x2 matrix of regression coefficients. Therefore, the model is modified into

Yi = TiP + £] A0S (3.16)
The conditional density for the  TC track, depending on membership of the k™ cluster,

is then defined as

p(yjti, e,) =/(yi|Tipk.Zk)

=(270-nfkexp{-Itr[iy, - TjPk)IKHViI — TiPk)]] (3-17)
where ek HPk.HKk}.

This leads to the regression mixture model with K clusters
p(yilti,(t))=1? (yilti,ek) = YI'CC— (yilTipk.IkX (3.18)
where (ks the proportion of a randomly chosen TC track belonging to cluster K (itis

noted that —”). Here 1l represents theoverall set of mixture parameters
Pi<,and 2k)-

Providing Y= {yi,..., yn} is the complete set of n TC tracks and T= {i> ... i} is the set of
associated measurement times and related meteorological variables, then the fijll
probability density of Y given T is

p(yiT, (p) =nr ak wy | mPk.zZi<) (3.19)
The parameters are estimated by maximizing this likelihood expression to implement
clustering. The EM algorithm finds the local maximum likelihood through iterative
estimations. After the model has been learnt, one of the K models with which each TC

traﬁk is most probably associated can be inferred.

The E-step and M-step form the EM algorithm. In the E-step, we calculate the

membership probability, that TC track i belongs to cluster k as follows
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... —o0AkfkiyATiPk.Zk) 4
L - ifajfirwi) (3.20)

It is noteworthy that Wif* is equal to the ratio of the likelihood of trajectory i under cluster
k > to the total likelihood of TC track i under all clusters. The W where 1,,. is an
rii veclor of ones. Let WP = degv “> ... > ---#A) ke an NxN diagonal matrix. In the M-step,
we use W to calculate the mixture parameters. The process of calculation is almost
equivalent to the weighted least squares in regression analysis. The estimated parameters

are

K = (X'WKX)-iX'WKY

I k- EPwiffc .JJ

The EM algorithm iteratively performs R and M steps until convergence. Convergence is
identified when the ratio of the incremental improvement in log-likelihood lo the initial
incremental improvement during the second iteration drops below a certain threshold
(e.g., IxIO"™). The algorithm randomly selects a set of membership weights WK and
performs the M step. The solution with the highest likelihood obtained from 20 starts of

the EM algorithm was used.

Another problem related lo the clustering is the selection of the number of clusters. In this
study, the number of clusters is determined using cross-validation, and is decided when
the maximum likelihood is reached, given a specified number of clusters. This is
discussed in detail in Chapter 6.

t
3.2.3 Statistical Methods

It is an essential step to test whether there is a significant difference between certain
independent samples. For example, is there a significant difference between the lifespans
of recurving and straight-moving TCs? Is TC intensity significantly different prior 2 and
post-landfall? Are the lifespans, elevations at the TC center and intensities of several TC

clusters significantly different? Do the recurving and straight-moving TCs sustain for the
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same time period after attaining their maximum intensity? Which group sustains for
longer? Because these problems are of great scientific concern, the Student's t test and
ANOVA are employed to verify the relationship between them,

a. The Student’s t test

The Student's t test is used to test whether the difference between two groups is
significantly positive or negative. Therefore, it plays an essential role in testing, for
example, whether the sustaining time of the maximum intensity of recurving TCs is

significantly longer than that of straight-moving TCs.

The Student's t test is used to test the null hypothesis (Ho) that the two normally
distributed populations have equal means (Efron, 1969; Sokal and Rohlf, 1969; Zar,
1974). This test is commonly referred to as an "independent samples™ t-tcst due to the
fact that it is mostly implemented when the statistics derived from the two samples under
comparison are not overlapped.

If the two populations are assumed to have equal variances, the t statistic is calculated as

follows

(3.22)

where X" and Xi are the sample means of X" and X2 and ni and 12 arc the sample sizes of
group 1 and group 2 respectively. The numerator of the | statistic is the diffcrcncc
between the two means or averages, while the denominator is taken to be a measure of

the variability or dispersion of the value of X.

n I ( 3 23)
SX[ X2 -

where S} and S} are the variances of two samples respectively. It is noteworthy
t

represents the estimation of the standard deviation of the two samples. In this
way, its square is the unbiased estimation of the variance. The total number of degrees of
freedom is defined as the total sample size minus two (i.e., + <« - 2) in the significance
testing. Given the two-group samples, we accept or reject the null hypothesis by
comparing the t statistic with the critical t value at a selected significance level (e.g.,
0.05).
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b. Analysis of Variance (ANOVA)

ANOV A is used to test whether there is a significant diftbrcncc between several groups.
It is utilized to test, for example, whether or not the average TC intensities prior to and
post-landfall differ significantly. It is also employed to test whether the lifespan,
elevations at the TC center and intensities of different TC clusters differ signillcanlly.

Different'time periods prior lo or post-TC recurvaturc, as well as TC landfall, are tested
via ANOVA.

ANOVA is a set of general statistical models and their relevant procedures, in which the
observed variance in a variable of interest is subdivided into components ascribed to
different sources of variation (Meter et al. > 1990). ANOVA carrics out a statistical test of
whether or not the means of several groups are all equal, and thus extends the | lest lo

more than two groups in its simplest form (Neter et al., | 990).

If sample observations arc obtained from K groups (K > 2), and wc attempt to compare
two or more sample means based on interval or ratio data, the statistical hypotheses are
Ho: [lI= [I12= 1/8=« ="K

H1: Al least two of the [i, arc unequal.

The logic of ANOVA depends on the comparison of the variance between groups, as
measured by the difference between the sample means, and the variance within groups, as

measured by the value of variance between each sample's mean averages across all
groups. :
For example, in a one-way ANOVA, statistical significance is tested for by comparing
the F test statistic, since the total sum of squares S (variance) is partitioned into
components related to the effects used in the model (Bray and Maxwell, 1985; Girden,

1992; Harris, 1994; Kim and Kohoul, 1975; Silk, 1981).
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A one-way ANOVA represents that only one factor or variable of interest is considered.
The total variation is thus subdivided into two parts - explained by this factor and
unexplained by this factor (Silk, 1981). The total variation in the observations may be
represented by the total sum of the squares (SST) (it is noted that SS = sum of squares),
which may be subdivided into two components, the between-group sum of squares (SSA)
(i.e., the SS attributed to factor A) and the within-group or error sum of squares (5 :),

according to the equations:

liljivy~j-vy — | - Bl +Z i - (3.24)
(SST) = (SSA) + (SSn)
where SST represents the sum of the squared deviations OF each sampling observation
irom the sample grand mean (the mean of all the sampling observations), SSA the sum of.
the squared deviations between each sample group mean and the sample grand mean
multiplying the sample size (n,)'of each group, and SSt the sum of the squared deviations

of individual observations from their sample means (Silk, 1981).

If 1l) is assumed to be true, the sample means of Y| and Y2 and Y3 indicate the
estimations of the population mean [i, and SSA represents the unbiased estimation of the

variance, 0", of the population. Therefore, the bctwecn-group variance is:

Si

(3.25)
where K is the number of groups, so (K-1) is the degrees of freedom associated with this

variance estimation. SSp, is another unbiased estimation of ¢ related to the error variance:

5; =" (3.26)

where N indicates the total number of sampling observations, and (N-K) is the degree of
freedom.

It is shown thai the ratio:

=1 (3.27)
is as an F distribution with xi=K-1 and X2=N-K degrees of freedom when the null
hypothesis is true. Given the numbers of observations and groups, the degrees of freedom
would be known. The remaining task is to test whether the F ratio exceeds the critical K

value at a certain significance level (e.g., 0.05).
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The characteristics of different TC groups (e.g., recurving and straight-moving TCs,
landfall and non-landfall TCs, TCs attaining maximum intensity prior to or post-

recurvature) can be found through the Student's I test and ANOVA, given a certain

significance level.
33  Summary

In this chapter, research dalasets including JMA RSMC TC best track data, the
NCEP/NCAR reanalysis dataset, the NCEP FNL datasct, TRMM data and USGS DEM
are introduced. The data mining methods, including C4.5 algorithm, CART > FMM-based
clustering, and statistical methods (e.g.. The Student's | test and ANOVA), are also
briefly discussed. These methods arc applied in order to mine knowledge from the given

database in subsequent chapters.
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Chapter 4: TC Recurvature

4.1 Introduction

TC recurvature and landfall pertaining to TC motion arc of significant social and
economic concern. Until recently, the largest TC track prediction error was still causcd
by TC recurvature, especially sudden or sharp recurvature. Recurvature signifies a special
type of TC track, turning from westward towards the north and eventually to the
northeast in the Northern Hemisphere. In general, large track forecast errors typically
occur when a TC thai has been predicted to recurve continues on a westward track.
Similarly, the sudden recurvature of the TC that was predicted to move in a westward
direction can engender large forecasting errors. Since nearly half of all WNP I'Cs
eventually recurve, forecasters are frequently challenged by these potential recurvature
situations (Dobos and Blsberry, 1993). Therefore, a comprehensive understanding of the
mechanisms and rules stipulating TC recurvature is of great theoretic and operational
significance. The results will also play an essential role in disaster preparation,
management and mitigation. Furthermore, the accurate and real-lime prediction for I C

recurvature can issue timely forewarnings for people living in coastal regions.

TCs cause most damage during or after landfall that is taken lo be the process of the
entire TC system moving over land (Tuleya et ai, 1984). TCs forming in SCS and WNP
arc steered northward or northwestward when the subtropical high is strengthened and
shifts westward. These TCs may make landfall along the Chinese coast if the steering
current is persistently strong and westward. However, westwarci:moving TCs will turn
towards the north and then the northeast if the steering current changes its direction from
westward lo eastward due to the interactions between large-scale circulation (e.g., the
subtropical high, monsoonal systems and mid-latitude westerlies). TCs will inove far

away from the Chinese coast without making landfall over it due to the reversion of the

1

steering flow. TC recurvaturc and landfall arc both dramatically influenced by large-scale

circulation. The two problems are, therefore, investigated together through data mining
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methods and shown in this chapter and Chapter 5 given Ifjeir similarities in internal
mechanisms and the intimate relationships. Chapter 4 and Chapter 5 aim to discover from
the archived historical TC data the rules governing the TC recurvature and landfall and

present the results on TC recurvature and landfall respectively.

Given the aforementioned discussions on TC recurvature in section 2.2, observational
analyses and dynamic modeling have been applied to TC recurvature research for several
decades. Nonetheless, TC recurvature still engenders the largest errors in TC track
"prediction. The abundance of data, together with the requirement for powerful data
analysis techniques and tools, has been regarded as a data rich but information poor
situation. The TC-related database is particularly difficull to visualize and understand
because the data can grow along two dimensions: the number of fields (also depicted as
attributes) and the number of cases. The rates of growth of TC-related data sets far

outstrip the amount of information that traditional "manual” analysis methods can handle.

%

Useful knowledge (e.g., structures, processes, relationships, regularities and patterns)
underlying.the TC recurvature mechanism is often hidden in the historical TC database.

Therefore, the data mining approach is'suitable for unraveling from the TC database rules

J
governing the recurvature of | Cs throughout their movements.
\

In recent years, a number of data mining algorithms have been employed to unravel TC
tracks and intensities from the TC. However, with regard to these researches, the
emphasis is placed on the application of clustering methods to the historical TC tracks
and only a few data mining derived results have been successfully applied to analyze TC
movement. Tree-based algorithms are widely used for the classification due largely to
their simplicity, interprctability, self-explanatory nature, adaptability to processing
datasets with errors or missing values and ability to unravel rules and regularities
(Breiman et al,, 1984b; Fried [ and Brodley, | 997; Quinlan, 1987 - | 993).However’
dccision-tree methods have seldom been employed to analyze TC recurvature. TC
rccurvature study is treated as a binary classification problem (recurvature and non-
rccurvature) in this chapter. The primary objective of this chaptcr is, therefore, to unravel

the knowledge and rules governing TC recurvature through a decision tree based
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algorithm - the C4.5 algorithm — for classification (Quinlan, 1993) from the macroscopic
(e.g., the subtropical high, monsoonal systems, and westerlies) and micrgscopic

perspective (i.e., outer radius environmental wind fields around TE:s).tThis objective is

attained by using the C4.5 algorithm to analyze all of the potential features that may
influence TC recurvature. "V

This chapter is organized as follows. Section 4.2 introduces the study area and data
source. Methodology is discussed in section 4.3. Section 4.4 explains and analyzes the

results generated by C4.5 algorithm. The conclusion is drawn in section 4.5. [ []

4.2  Study Area and Data Source

All of the TCs that occurred in the study area from 2000-2010 arc employed as samples.

The TC-related dataset consists of two major classes: TC best track data and

meteorological data.

The TC best track data arc made available from JMA RSMC Tokyo. These post-analysis
best track data consist of 6-hourly estimates of position (latitude and longitude), MCP,
and the 10-min MSW of all of the TCs in the WNP basin - including SCS from 1951 to
the present. There arc 2552 sampling TC points obtained from 102 TC tracks, 63 of
which are of recurved tracks and the rest are of straight-moving tracks. It should be noted
that the recurvature points of 63 recurving TC tracks are in the ocean. In this study, TCs
that rccurved over land are excluded because the mechanisms for recurvature over the
ocean and over land differ due to typhoon-land interaction and the cutting off of water
vapor lor post-landfall TCs. Thus, our TC samples comprise recurvers over the ocean and
non-rccurvers (straight-movers). The recurvers should retain certain characteristics, as
follows: (1) the TC sustains for at least for 72 hours in its best track; (2) the recurvature
point has the minimum longitude among the entire track; and (3) the latitude of the
subsequent point cannot be less than the latitude of the recurvature point (i.e., no looping

tracks or equator-ward- recurving TC tracks). Of the recurving TC tracks, 1560
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observations prior to TC recurvature are employed as samples and labeled class “0”. For

the straight-moving TC tracks, all 992 observations are labeled class "1".

The meteorological variables (e.g. > wind fields and geo-potcntial height in different
atmospheric layers) are derived from the NCEP GFS FNL at 6-hour time intervals from
30/07/1999 to the present (Yang ct al., 2006). These NCEP FNL Operational Global
Analysis data are on continuous 1.0° x 1.0° degree grids for every six hours. This GFS is
run four times a day in near-real time at NCEP. The data arc made available on the
surface, at 26 mandatory (and other pressure) levels, varying from 1000 hPa to 10 hPa, in
the surfacc boundary layer and at some sigma levels, the tropopause and a few others.
The parameters includc SLP, relative vorticity, surface pressure, relative humidity,
vertical velocity, geopotential height, SST, soil values, zonal (u-) and meridional (v-)
winds and ozone parameters. Although the NCEP/NCAR reanalysis data (Kalnay el d. >
1996) are available for a longer time period, the resolution of a 2.5" x 2.5" degree of
NCEP/NCAR isscoarser than that of the NCEP FNL dataset. Therefore, wc derive the
meteorological variables from the NCKP FNL dataset other than NCEP/NCAR dataset.

Due to the higher resolution and'time-period availability of the NCKP FNL dataset, the
TC samples are only extracted from 2000-2010.

4.3 Methodology

_The C4.5 algorithm is.employed to unravel the rules for TC recurvature from the

potential factors that may ianU(\ance this phenomenon. These factors are categorized into
I

three groups: the variables relating to Iarge-scalf circulation - .the variables measuring the

circulation surrouhding TCs, and the variables ch'aracterizing TCs (see Table 4:1). In

Table 4-1, the variables arc displayed in abbreviations, fn the group "Circulation
surrounding TC > > > "uwnd 200" and "vwnd_2'00".are respectively the average zonal and
meridional wind of 6 - 8° radial belts at the 200hPa level. The other variables in the same
group are defined likewise. The five variables choscn to measure the “strength and
position of the large-scale circulation (i.e., the subtropical high, EASM, westerlies) that
largely control TC recurvature (e.g., Harr and Elsberry, 1991, 1995a; Hodanish and Gray,
1993) arc: area index (arca_IndexSTH), intensity index (inten—IndexSTH) » and westward
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extension index of the subtropical high (west—extSTH) in WNI) (for measuring the
strength of the subtropical high and the position of the subtropical high ridge), the EASM
index by Wang and Fan (1999) (Monsoon—WF) > as well as the westerly index
(W_Westerly). In what follows, we first examine these potential factors and then give a

brief discussion 0ofC4.5 algorithm. ‘ ‘

Groups Potential Variables *

Circulation surrounding TC uwnd_20(), uwnd—300" uwnd—400 > uwnd_5()0,
uwnd_600, uwnd_700, uwnd_800, uwnd—850,
uwndJ 000 > vwnd—200, vwnd—?300 > vwnd—400,
vwnd_500, vwnd_600, wvwnd—700 > vwncJ—800 »
vwnd_850, vwndJ 000 J

Large-scale circulation area—IndexSTH - inten IndexSTH

wesl_extSTH, Monsoon WK

W_Westerly
Characteristics of TC Lon, Lat, Pressure (Central Pressure of TC
Center)

4.3.1 Indices for Large-scale Circulation

A number of indices have been proposed to measure the position and intensity of largc-
scale circulation (e.g., the monsoon systems, subtropical high and mid-latitude westerlies)
in the SCS and WNP. The indices depicting the large-scale circulation belong to the

potential parameters that influence TC recurvature.

The East Asian Summer Monsoon (EASM) is the most influential and essential
component of the Asian climate systems (Chang et al., 2000; Chen and Yo0072000;
Ding/1992, 2007; Ding and Chan’ 2005; Lau ct al., 1988; Wang and Li, 2004; Wang et

al. » 2008) in the study area due largely to orographical forcing: huge thermal contrasts
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between Eurasia and the Pacific, which arc the world's largest continent and ocean basin
respectively. It is also remarkably affected by the world's highest mountain - the Tibetan
Plateau. Meteorologically > there are five categories of EASM indices, namely the "cast-
west thermal contrast” index and the "north-south thermal contrast” index that arc
constructed according to the vertical shear of zonal winds, the shear vorticity (often
expressed by a north-south gradient of the zonal winds), the "southwest monsoon™
indices, which directly measure the strength of the low-level Hast Asian monsoon winds
using the 850-hPa southwesterly flow, and the "South China Sea monsoon" indiccs
(Wang et al. » 2008). In Wang et al. (2008), 25 existing EASM indices were examined in
terms of two observed major modes of inter-annual variation in the precipitation and
circulation anomalies from 1979-2006. They ultimately recommend an index, the
reversed Wang and Fan index (Wang and Fan, 1999) (hereafter WF), which is almost
"identical to the leading principal component of the BASM and greatly facilitates real-
time monitoring”. The Wang and Fan index belongs to the "shear vorticity" index and
was first proposed to quantify the variability of the WNP summer monsoon. This index
was defined by the 1)850 in the region 15°N > 90°-130°E) minus 1J85() in the region
(22.500 —32.501M001 —14001 E) » whdB50 represents the 850 hPa zonal wind. Physically,
the WF shear vorticity index quantifies well the variations in both the subtropical high
and WNP monsoon trough, which are the crucial components of the EASM circulation
system (Tao and Chen, 1987). Therefore, the WF shear vorticity index is chosen to
measure the status of EASM, which places significant influences on TC recurvaturc (Carr
and Elsbcrry, 1995; Chen, 2009; Harr et al., 1996; Lander, 1994, 1996; Mao and Wu,
2008).

The Western North Pacific Subtropical High (WNPSH) is the large-scale circulation

exerting the most dramatic influence on TC movement, especially TC recurvature

0

through the steering flow (e.g., Chen et al, 2009; Evans et al,” 1991; George and Gray,
1977; Harr and Elsberry, | 991 » 1995a; Holland and Wang, 1995). Kasahara (1959) first
noted that the position of the subtropical high plays a crucial role in TC movement. He
suggested that a vector mean of the 500 and 700 hPa steering flows should be used for
forecasting TC movement. The 500 hPa geopotential heights have been widely used to
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measure the WNPSH (e.g., Sui et al., 2007; Sun and Ying, 1999; Zhang and Yu, 1998;
Zhou et al. » 2009). Besides, the National Climate Center in China (NCC) announced the
monthly indices of westward extension as well as the north edge and intensity of the

WNPSH, based on monthly mean 500 hPa geopolential heights.

The WNPSH indices announced by NCC have been used in previous studies (e.g. > Chen
el al” 2001a; Chen et al., 2001b). The NCC defined indices to describe the status ofthe
WNPSH. These indices include the WNPSH intensity index, westward extension index,
and area index according to the mean 500 hPa geopotential heights in the weather charts
published by the China Meteorological Administration (Chen, 1999). By considering the
pre-existing subtropical high indices defined by NCC and other scholars (e.g., Lii, 2001;
Lu el al., 2007), we define the WNPSH indices as follows: intensity index is defined as
the average geopotential height of the points with their geopotential height larger than
5870 gpm in a rectangular region (100 °E to180 and 10 °N to 60 °N); the WNPSH
area index is defined as the number of grids with their geopotential height larger than
5870 gpm in this region; the '“vest extension index" is defined as the longitude al the
western edge of the subtropical high. This definition of the "westward extension index" is
in line with that of NCC. The three indices arc extracted and calculated from the FNL

reanalysis data to measure the WNPSH.

The mid-latitude westerlies also have a significant impact on TC recurvature through
upper-tropospheric zonal winds (] 208Pa) (e.g., George and Gray, 1977; Guard, 1977);
for instance, it is observed that, when the base lowers considerably west of a IC in

connection with an eastward-shift mid-latitude trough, and remains low, northward
I

recurvature will occur (Riehl and Shafcr, 1944). Rossby (1939) defined a typical westerly
index derived from the 500 hPa geopotential height: IR = H35 - H55. It should be noted
that IR is the westerly index defined by Rossby, and 1135 and H55 represent the 500 hPa
geopolential height at 35°N and 55°N respectively. Here - we calculate the IR from 100 °R
to 180 in longitude to measure the status of the mid —lal] itt"aesterlies, and the larger

the IR, the stronger the westerlies.
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4.3.2 Outer Radius Flow Surrounding TCs

A variety of indices depicting large-scale circulation are presented in the previous

subsection. Apart from the largc-scalc synoptic systems surrounding TCs, the outer

radius (e.g., 5-7°) 6-8°) environment wind fields from the TC center also play a
significant role in determining whether or not a TC will recurve. Numerous radial drclcs
have been proposed to investigate wind fields in recent decades; for example. Gentry
(1983) found that, when the mean upper-lropospheric zonal wind (~200hPa) 1500-2000
km northwest and west of a TC exceeds 20 rn/s, the TC will recurve at a probability of
80%. Zonal wind profiles at 8° showed that significant changes in the ambient wind
fields concur with no immediate effect on the motion of the TC. Chan (1984) showed that

the 5-7° radial circle Iroin the TC center is the best region for the indication of the wind
I

fields surrounding TCs. Based on their rawinsonde database, Hodanish and (iray (1993)
found that the 1-3 oscants in the 6-8 " radial circle from the TC center is the best region
for the wind fields. Fitzpatrick (1992) verified thai these upper tropospheric zonal winds
at a 6° radius to the northwest of a TC are probably a crucial factor in determining
whether the TC will recurve or remain on a west-norlhwesl course. The resiill indicated
thai the composite deep-layer mean (850-300 hPa) wind fields averaged within ihc radius
5-7° from the TC center provide a significant component of the steering flow for TCs
(Fitzpatrick, 1992). In order to choose the most appropriate outer radius for calculating
Ihe ambient wind fields, the radial circles, such as 46- >57° 6-8 - - 7-9and the 1-3

oscants in these radial belts, are tested for classification accuracy.

4.3.3 Variables Characterizing TC

As a result of the atmospheric characteristics of different places, TC movements are
largely related to the position in which the TCs are located. The longitude and latitude of
a TC center are therefore potential factors influencing TC recurvaturc. Although TC
intensity has not proven theoretically to have an influence on TC recurvature? several
studies (e.g., Evans and McKinley, 1998; Knaft: 2009; Riehl > 1972) have found a

relationship between recurvature and intensity. The longitude, latitude and intensity (here

51



central pressure: hPa) of the TC center thus chosen as potential parameters for mining

TC recurvature rules.

4.3.4 Determining Parameters

To choose the most appropriate radial belt and algorithm, the C4.5 algorithm and CART
are compared with respect to their classification performances. The first column of Tabic
4-2 represents the widths of the radial circles within which the environmental flows (e.g.,
200 hPa and 500 hPa zonal wind fields) are averaged. The second and third columns
indicate the classification accuracy by CART when the minimum leaf sizes are 20 and 50
respectively. The fourth and fifth columns show the classification accuracy by the C4.5
algorithm when the leaf sizes are 20 and 50 respectively. From the table, the radial bell
(6-8°) outperforms the others and the C4.5 algorithm performs better than CART when
the other parameters are the same. Therefore, the 6-8° radial belt is employed to measure
the ambient wind flow and the C4.5 algorithm is used to analyze the potential parameters.

Table 4-2 The classifying accuracy by.CART and C4.5

Radial Belt CART (20 OBJ) CART (50 OBJ) C4.5 (20 OBJ) C4.5 (50 OBJ)
TT® 82.0061 % 78.1394 % “ 84.8392 % 80.8959 %
5-7° (123 octants) 81.4701 % 78.2542 % 85.0306 % 80.2833 %
6-8° 81.92% % 78.8285 % 85.7198 % 84.364%
6-8(123 octants) 81.6233 % 78.5988 % 85.3752 ofo 80.513%
7-9° 82.121 % 78.6753 % 85.0306 oo 80.2067 %
7-9° (123 octants) 82.0827 % 78.6753 % 84.6861 % 80.7427 %
8-10, 82.0827 % 78.1011 % 84.3798 % 79.5176 %
8-10° (123 octants) 81.3936 % 78.7136 % 84.2266 % 80.9724 %
4-7° 81.6233 % 77.5268 % 84.1884 ofo 81.049 %
4-7° (123 octants) 81.317 % 77.8714 % 85.3369 % 80.8193 %
5-8° 81.6998 % 78.2542 ofo 84.6478 % 81.5084 %
5-88 (123ctants) 81.5467 % 78.5988 ofo 85.5283 % © 80.0153 %
6-90 82.0061 % 78.4839 % 84.3032 % 80.7427 %
6-9° (123 octants) 81.9296% 78.5605 % 85.4518 % 80.58% %
7-10° 82.1593 % 78.2542 % 85.0689 % , 80.2067 %
(J23 octants) 81.2404 % 78.7519 % 84.4946 % 81.2021 %
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4.4  Results and Interpretations

44,1 Results

w

The C4:5 algorithm is implemented in Wcka 3.6.2 (a collection of machine learning
algorithms for data mining tasks). The algorithms in Weka can either be applied directly
to a datasel or called from some user-defined Java codes. Weka contains tools for data
pre-processing, classification, regression, clustering, association rules, and visualization.
It is.also suitable for the development of new machine learning schemes (the software is
open source and available at hitp/e‘vne\v\\.cs.waikut(,.>.aca ; ilulc®XJUn™)* To lower
the complexity of the classification tree, the minimum leaf size is set at ‘50 because the
smaller the minimum leaf size, the more complicated the classification tree becomes.
Ten-fold cross validation is used for verification. Other parameters arc used according to
their default setting. The settings arc: "Binary Split" is true; confidcncc factor is “0.25” :
debug is "false"; numFolds arc ‘3" ; rcducedErrorPruning is "true"; savelnstanceData is
"false"; seed is "1"; subtreeRaising is "true"; unpruncd is "false"; and uselaplace is

"false".

Iris worth noting that the used TC samples consist of the TC observations prior to the 1C
recurvalure and observations of all the straight-moving TC. The observations after
rccurvature may carry useful information and knowledge underlying the mechanisms of
TC rccurvature. All observations of recurving and straight-moving TCs are classified
using C4.5 algorithm. In addition, with respect to the rccurving TCs, wc can also extract
the equal points from straight-moving TCs by the average number of observations within
recurving TCs. Therefore, three pairs of TC datascts are classified using the samples from
2000-2009 and verified by TCs in 2010 (Table 4-3). It can be observed that the
accuracies of verifications of three TC groups arc quite close to those of traininR
accuracies. The accuracies of verifications are larger than 80% among the three t 3
groups. The classification trees of these three groups arc similar to each other with litlle
difference in splitting values. Therefore, the classification results derived from the partial

recurving and full straight-moving TCs are discussed in the following sections.



Table 4-3 The classification accuracies of different TC groups

TC Groups Training Accuracy Verifying Accuracy
Partial Recurving and Full Straight-moving TCs 83.3640% 80.5970%
Full Recurving and Full Straight-moving TCs 82.2169% 81.6832%
Partial Recurving and Partidl Straight-moving TCs 81.1235% 80.4023%

From the result, we can see thai Lon, Lat, Pressure, uwnd—200, uwnd 100O, vwnd_800,
vwnd—850 > vwnd 1000, arcaJndcxSTH, west exIS 111 and Monsoon—WF arc chosen by
the C4.5 algorithm to build the decision tree (Figure 4-1), stipulating 18 unraveled rules
(see Table 4-4) governing TC rccurvature. The average accuracy of TC rcciirvaturc
prediction by the C4.5 algorithm is 84.364%. In the figure, “1- > mears rccurvaturc and “0,
means non-recurvature, respectively. The rectangles are leaf nodes whereas the ellipses

or circles arc parent nodes. Hvery path from the root node to a leaf node represents a rule

that can be used as a reference for TC recurvaturc prediction.

Rule Number

1

Rules

If Lon<130,
hPa, then TC will NOT rccurvc.
If Lon<130, and Pressure<996
hPa, and wcst_extSTH<I 27, and
uwn(lI_1000>0.898, then TC will

and Pressure>9%

NOT recurve.

If Lon<130, and Prcssure<996
hPa, and west_extSTHil27, and
uwnd_1000<0.898,

vwnd_lO()()< 3.624, Uicn TC will
recurve.

If Lon<130, and Pressurc<q96
hPa, and wesl_extSTIi<|27, and
uWvnd_1000<").898, and

vwnd 1000> 3.624, then TC will
NOT recurve.

If Lon>130, and Pressures 1006
hPa - and area_IndexSTH" 14,
and uwnd 200<.3.57, then TC

Attributes
Longitude, Central Pressure
Central

Longitude, Pressure,

west edge of the subtropical

high ridge, 1000 hPa zonal
wind
Longitude, Central Pressure,

west edge of the subtropical
high ridge, 1000 hPa zonal and

‘

meridional wind

Longitude, Central Pressure,
west edge of the subtropical
high ridge, 1000 hPa zonal and
meridional wind

Longitude, Central Pressure,
area index of the subtropical

high, 200 hPa zona! wind

Accuracy

251/263-0.954

64/92-0.696

216/270-0.800

35/50—0.700

44/72-0.61
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10

will recurve.

If Lon>130, and Pressures 1006
hPa, areaJndcxSTH<314, and
uvvnd_200>-3.57, and
wcest_extSTH<133, and
Lon> 146, then TC will recurve.
[r Lon<130, and F"rcssurc<996

hPa, and wcst_exISTM<127, and

Lon<i23, then TC will NOT
recurve.
11" Lon<I30, and Pressurc<996

hPa, and wcsi_cxtSTH<I 27, and
Lon>123, and Monsoon_WF<-
5.168, then TC will recurve.

ir Lon>I3(),
hPa, and

and uwnd—200-3.57, and

and Pressures 1006

area_IlndexSTH<314,

west_extSTH>133, then TC will
recurve.

If Lon>130, and Prcssurc<I006
hPa, and arcaJndcXvSTH<314,
and uwiid 200>-3.57, and
wesl_extSTII<1383, and
L()n<146, and Monsoon_WK<—
1.732 > then TC will recurvc.

If Lon<13(), and Pressure<996

hPa, and west_exISTH<I 27, and

Lon>123, and Monsoon_WF>-
5.168> then TC will NOT
recurvc.

If Lon>130, and Pressure! 1006
hPa, and area_IndexSTH<314,
and uwnd_200>-3.57, ‘ and
wcest_cxtSTH<133. and
Lon<146, and Monsoon_WF<-
1.732, and vwnd 800>-0.022

then TC will recurve.

Longitude, Central Pressure,

west edge of subtropical high

ridge, area index of the
subtropical high, 200 hi'a
zonal wind

Longitude, Central Pressure,

west edge of the subtropical
high ridge
Longitude, Central Pressure,
west edge of the subtropical

high ridge. Monsoon Index

Longitude - Central Pressure,

west edge of subtropical high

ridge, area index of the
subtropical high, 200 hPa
zonal wind

Longitude, Central Pressure,

west edge of the subtropical
high ridge, area index of the
subtropical high, 200 hPa
zonal wind’ Monsoon Index

Longitude, Central Pressure,
west edge of the subtropical

high ridge. Monsoon Index

Longitude, Central Pressure,
west edge of the subtropical
high ridge, area index of the
subtropical high: 200 hPa
zonal wind - Monsoon Index,

800 hPa meridional wind

126/129 ~0.97

7

266/286--0.930

50/74-0.676

591/617—-0.958

109/120—-0.(X)8

88/110-0.800

47/70-0.671
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13 If Lon>130, and Pressure<1006 Longitude, Centra! Pressure, 56/74=0.757
hPa, and arcaJndcxSTH>314, area index of the subtropical
and Monsoon_WF>6.241, then high. Monsoon Index
TC will NOT recurve.

14 If Lon>130, and Prcssure<1006 Longitude, Central Pressure, 278/349-0.801
hPa, and area IndexS'l |1>314, area index of the subtropical
and Monsoon_WF<6.241, and high, Monsoon Index, Latitude
Lat> 16 then TC will recurve.

15 If Lon£I3(), and PressurO 1006 Longitude, Central Pressure, 44/73-0.603
hPa, and vwnd_850>-I .695, then 850 hPa meridional wind
TC will recurvc.

16 ir Lon<I3(), and PressurO 1006 Longitude, Central Pressure, 55/60-0.917
lia - and vwnd_850<-I .695, then 850 hPa meridional wind
TC will NOT recurvc.

17 If Lon>130, and Pressure<l006 Longitude, Central Pressure, 46/87-0.530
hPa, and areaJndexSTI [>314, area index of the subtropical
and M(>nsoon_WF43.241, and high, Monsoon Index, Latitude
Lat <16, then TC will NOT

recurve.

18 [f Lon>I30, and Pressures 1006 Longitude, Central Pressure, 35/50-0.700
hPa, luitl area_IndexSTH<314, west edge of the subtropical
and uwnd 200>-3.57, and high ridge, area index of the
wesl_cxtSTH<I33. unci  subtropical high, 200 hPa
Lon<l46, and Monsoon_WF<- zonal wind > Monsoon Index,
1.732, and vwnd_800<-0.022 800 hPa meridional wind

then TC will recurve.

Tabic 4-4 lists 18 rules thai are derived from the classification tree (Figure 4-1). It is
noteworthy that "longitude" and "pressure™ are two variables characterizing TCs (Table
4-1). These two variables arc the first and second factors to be chosen in building the
decision tree. Rule 1 is.decided merely by "longitude" and "pressure”. The remaining 17
rules can be subdivided into three groups:

Group 1:rule 2, rule 3, rule 4 > rule 5, rule 6 and rule 7. This group is largely determined

by the western edge of the subtropical high.
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Group 2: rule 8 > rule 9 > rule 10 > rule 11 > rule 12, rule 13 > rule 14, rule 15 and rule 16. This
group is mainly controlled by the high center of the subtropical high. It should be noted
that the rules of Group 2 are also modulated by the western edge of the subtropical high
and monsoonal systems. However, the area index of the subtropical high is the first factor
that is chosen to split the decision tree after “longitude” and “central pressure”.

Group 3: rule 17 and rule 18. This group is (Jctcrmincci by the mean 850 hPa meridional
wind.

Group | and Group 2 take up the 15 rules of the remaining 17 rules. It implies thai,

besides the variables characterizing TC, the subtropical high plays a crucial role in

modulating TC recurvature.

Taking leaf node ‘“0(263.0/12.0) >’ as an example, the "“0” before the bracket means non-
rccurvature and "263.0" and "12.0" indicate that, among the 263 samples of the leaf
node, there arc 251 (263 minus 12) non-recurvaturc samples and 12 recurvature samples,
respectively. Each rule can be justified by the meteorological processes and theories on
TC dynamics. The first column of Table ,4-4 indicates the rule numbers. [I'lie second
column describes the rules unraveled. The third column depicts the attributes contained in
each rule. TI'ne fourth column shows the classification accuracy of each rule. 'l he
accuracy is calculated by dividing the number of samples correctly classified by the total
number of samples in the leaf node. From the fourth column, the highest classification
accuracy is 0.977 whereas the lowest is 0.530. It is apparent thai the "longitude” of the
TC center appears in every rule as it is the first attribute to be selecled by the C4.5
algorithm. For substantial ion, inlerprelalions of some ol(] ihc”sgules are made in the
following subsection. Longitude (Lon) is chosen for the splitting of,the root node. For the
Iwo resultant child nodes of the root node, ccntral pressure (the measurement of TC

intensity) is the splitting variable.



5&9@ T %%85
PT< /m%._”nv

(P VA

S+ AQ p3[[2ABIUN 2INJBAINDAL )| SUTUI2A03F S3[NY "[- 24n31

uon



Previous investigations have found thai some synoptic patterns can identify rccurvalure;
for example, a TC under the influence of a weak subtropical high and southward westerly
trough tends to rccurvc, whereas a strong and weslward-shill subtropical high cause the
TC to move westward or northwestward. In fact, the tree built by the C4.5 algorithm
(Figure 4-1) contains not only the empirical knowledge based on these existing synoptic
patterns » but also the rules derived from characteristics such as central pressure, latitude,
longitude, and the indices for depicting large-scale circulation. Furthermore, the built
classification tree transfers the qualitative empirical rules to quantitative rules
characterized by selected variables and splitting values. The rules derived from the
classification tree include rules that confirm existing TC theories, and rules thai contain
new knowledge about TC recurvalure. I'lie new rules arc: Rule 1> Rule 2, Rule 3 > Rule 4,
Rule 5, Rule 12, Rule 14 Rule 15, Rule 16’ Rule 17 and Rule 18. The rules confimiiiig
the existing TC theories arc: Rule 6’ Rule 7> Rule 8, Rule 9 Rule 10> Rule | 1 Rule 13

(Table 4-5)/1 herefore, this classification tree can provide references for TC rccurvaturc

prediction.

4.4.2 Verification and Interpretation

Verification and interpretation arc essential components of data mining and always
emitled "pattern evaluation” (1 lan and Kambcr, 2006). The rules unraveled by the C4.5
algorithm are interpreted from Ihe meteorological perspective. The decision tree in Figure
4-1 is thus verified using the JMA RSMC TC best track in 2010 lo justify whether or nol

it can correctly classify the newly recurving and non-recurving TCs.

The decision tree built by the C4.5 algorithm is verified using the 2010 RSMC JMA TC
best track data, which are not involved in training the classification model. Of the
fourteen TCs occurring in 2010, seven TC tracks with 134 observations were selected for
verification. The requirements for the testing datasct are consistent with those for
selecting training datasets, as discussed in section 4.2. Of the seven selected tracks, four

are rccurvers and three are straight-movers. The fundamental informalion about the test



TC tracks are shown in Table 4-5. The total classification accuracy of the decision tree is
80.597%, which is only slightly lower than the 84.364% for training accuracy. Table 4-6
shows the confiision matrix of verification. The non-recurvature TCs arc all correctly
classified, whereas 26 TC points of recurving TCs are classified as non-rcciirvaturc. It
can be inferred that the straight-movers are easier to predict than recurvers.

Table 4-5 Selected | C tracks in 2010 for Verification

Names of TCs in 2()10 Recurvature Time of Genesis

CONSON No 2010071112
CITANTIHU No 2010071706
MINDULLR No 2010082200
MALOU Yes 2010090112
MALAKAS Yes 2010092006
MEG! Yes 2010101300
CHABA Yes 2010102318

Table 4-6 Confusion Matrix of the Verification

Recurvature straight
Recurvaturc 42 26
Straight 0 66

TC tracks are largely determined by the steering current, especially the 500 lil)a (mid-
tropospheric) environmental flow. It has been found that the steering level is greatly
influenced by the intensity of the TC. The stronger Ihe intensity of the TC, the deeper
(e.g., 300 hPa) the steering level. The deep-layer mean flow is, in general, the pressure-
weighted averaged flow from 850 hPa to 300 hPa layer. Therefore, the deep-layer mean
flow indicates the steering current that determines the TC movement to a large extent. It
has been reckoned that deep-layer means, e.g. 850-300 hPa, are most reliable for
forecasting (Holland, 1993b). Therefore, the decision tree with unravelled rules is
interpreted (rom the perspective of the deep-layer mean. Each leaf node has a certain
number of samples. The composite deep-layer mean in the leaf node arc, therefore,

obtained within the 60°x60° longitude and latitude square anchoring at the ccntcrs of the
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TC vsamples. The composites of the deep-layer mean wind fields indicate the steering

flow around the TC ccntcr. The direction of the steering flow can thus alTecl whether a
TC recurves or not.

The rule with the highest classification accuracy of 0.977 is generated by the leaf node
'1(129.0/3.0)". It can be described as follows: "If the longitude of a TC ccntcr is to the
east of 130°B, and the central pressure of the TC ccntcr (TC intensity) is smaller than
1006 liPa, and the area Index of the subtropical high is smaller than 314, and Ihe average
zonal wind within the 6-8° radius in the 200 hPa layer is larger than -3.57 m/s, and the

western edge of the subtroplcal high shifts to the west of 133 and the longiuide of the.

TC center.is located to the cast of 146°E, then the TC will recurve."”

o

Figure 4-2. The overlay of the composite deep-layer mean wind fields (vcctor, unit: ms™)
and 500 hPa gcopotcntial heights (contour, unit: gpm) ofthe 'IC samples in the leaf node
"1(129.0/3.0)". The thick contours represent the high center of the subtropical high. The
TC symbol denotes the relative TC center with the coordinate (0, 0). The axes on the

bottom and left of the plot represent the x and y ordinates that represent aaist and north
respectively.
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As observed in Figure 4-2 > the subtropical high is located to the north of the TC center.

This is a normal situation, since the TC lies to the east of 146 to ils west beyond

which the subtropical higli always shifts. Supposing the TC moves westward for 20
degrees (east of 126 °E), it will lie to the west of the subtropical high and will be steered
by the north-eastward wind in the western part of the subtropical high to rccurve. This

constitutes the reason why the subtropical high sitting lo the north of a I'C center still
leads to TC recurvature.

The rule with the lowest classification accuracy (0.530) among all the rules is generated
by the leaf node '0(87.0/41.0)' thai can be described as follows: "I f the longitude of the
TC center lies to the east of 130°H, and the central pressure of the TC center (TC
intensity) is smaller than 1006 hPa, and the area—Index of the subtropical high is larger

than 314, and the Monsoon_WF index is smaller than 6.241, and the latitude of the TC
center is lo the south of 16°N, then the TC will not recurve.”

1>  yo ifl M)
20
Figure 4-3. As in Figure 4-2 except tor the leaf node ‘0(87.0/41.0),
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As can be observed in Figure 4-3 - the subtropical high is strengthened and displaces to
the west of the TC center for more than 30 degrees. The TCs tend to be steered westward
under the westward steering current in the southern part of the subtropical high.

Therefore, they will move straight under the influence of the easterly flow.

Taking the rule formed by the path from the root node to the leaf node "1(617.0/26.0)" as
another example, it can be stated as: "If the longitude of a TC is to the cast of 130 and
the central pressure is less than 1006 hPa, and the number of grids within the 5870 gpm
contour of the 500 hPa geopotential height is less than 314, and the 200 hPa zonal wind
averaged within the 6-8° radial belt is mainly eastward, and the western edge of the
subtropical high displaces to the east of 133 then the TC will recurve.” According to
this rule, TCs will recurve under the influence of a weak and retreating subtropical high
and moderate westerlies (Figure 4-4). The composite 500 hPa geopotential heights and
deep-layer mean wind fields derived from the TC samples belonging to this rule arc in
agreement with the steering flow (Figure 4-4). The contour of 5870 gpm illustrates the
status of the subtropical high. We can observe that the subtropical high retreats to the
west of the TC, and the steering flow, illustrated by the deep-layer mean flow from the
850 hPa to 300 hPa layer, tends to turn to' the north and northeast. As a result, this

steering flow surrounding the TC ccntcr leads the TC to recurve.
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Figure 4-4 As in Figure 4-2 except for Ihe leaf node "0(617.0/26.0)".

The rule derived from the leaf node ‘1(120/1 1)' is staled as: "If the longitude of the TC
center is to the cast of 130°E, and the central pressure of the TC ccnter (TC intensity) is
smaller than 1006 hPa, and the. area—Index of the subtropical high is smaller than 314,
and the average zonal wind within 6-8° radius in 200 hPa layer is larger than -3.57 ms™,
and the western edge of the subtropical high progresses to the west of 133 °E, and the
longitude of the TC center is to the west of 146 °E, and the monsoon index (Wang and
Fan, 1999) is smaller than -1.732 (representing a strong summer monsoon), then the TC
will rccurve.” The monsoon index used in this study (Wang and Fan, 1999) is negatively

correlated with the strength of EASM. Therefore, a low monsoon index (here smaller

¥

than -1.732) refers to the relatively high intensity of a summer monsoon. Given the
existing findings on monsoon-TC interactions (Carr and Elsbcrry, 1995; Chen, 2009;
Harr and Chan, 2004; Harr ct al. » 1996; Lander, 1994), the strong surfimcr monsoon in
SCS and WNP tends to provide a northward and north-easlvvard wind component for TC
propagation. Therefore, a strong monsoon plays a positive role in TC recurvature here.
With regard to this rule > the relatively weak subtropical high, relatively high zona | wind
in the 200 hPa layer and strong summer monsoon will cause the TC to recurve. The
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composite deep-layer mean is plotted in Figure 4-5. From the figure, although the

subtropical high ridge shifts westward beyond the TC ccntcr, the TC still tends to recurve
due to the strong monsoon (depicted by the wind fields in the 850 hl)a layer) and its own
longitude (| 30E <Lon 146 ° E).

m." “

(@ (b)

Figure 4-5. The composite wind fields (vectors, unit: nis" ) and geopolential heights
(contour, unit: gpm) in the (a) 500 hl)a and (b) 850 hPa layers ol the samples in the leaf
node '1(120.0/1 1.0)’. The thick contours represent the high ccntcr of the subtropical high.
The TC symbol denotes the relative TC ccntcr with the coordinate (0, 0). The axes on the

bottom and left of the plot represent the x and y ordinatcs that represent east and north

respectively.

ot

The rule derived from the leaf node '0(286.0/20.0)" can be staled as: “If'a I'C moves to
the west of 130 and the central pressure of the TC ccntcr is smaller than 996 hPa, and
the western edge of the subtropical high extends to the west of 127 °E. and the longitude
of the TC ccnter is to the west of 123 then the TC will move straight.” This rule is
mainly associated with the longitude of the TC center and Ihc status of the subtropical

high. The longitude at 123° C is quite close to the Chinese coast. The easterly steering
flow may cause the TC to move straight. The westward-shift subtropical high provides a
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prevailing easterly component for the steering flow in its southern part. Figure 4-6
illustrates the overlay of the composite steering flow and 500 hPa geopotential heights.
The steering flow given in Figure 4-6 is westward and the subtropical high shifts to the
west of the TC center (depicted by the TC symbol). Under the condition that the TC
moves to the west of 123 °H, and the subtropical high displaces westward, the TC will go
westward or north-westward under the steering of the easterly flow in the southern pari of

the subtropical high.
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Figure 4-6. As in Figure 4-2 except for the leaf node '0(286.0/20.())'

The rule obtained from the leaf node “0(74.0/180)" - is stated as: "If a TC is located to the
east of 130 °E > and the pressure of the TC center is smaller than 1006 hPa, and the area
index of the subtropical high is larger than 314, and the monsoon .index is larger than
6.241 (weak monsoon), then the TC will not recurve." This rule indicates a-strong
subtropical high, weak monsoon, and moderate TC intensity. The composite dce|T yer
mean wind and 500 hPa geopotential heights arc overlaid in Figure 4-7. In the figure, the
subtropical high is significantly strengthened and situated'to the north of the TC center.
The steering flow surrounding the TC is largely westward. Therefore, the TC tends to
move westward under the influence of the strong subtropical high and the weak monsoon

(Figure not shown).
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Figure 4-7. As in Figure 4-2 cxccpt for the leaf node “1(270.0/54.0]

The rule derived from the leaf node “1(270.0/54.0)” is stated as: "If a TC moves to ihe

west of 130 °E, and the central pressure of the TC is smaller than 9% hPa, and the
J

western edge of the subtropical high displaces to the east of 127°E > and the average 1000
hPa zonal wind within the 6-8° radius from the TC center is smaller than 0.898 ms", and
the average meridional wind within the 6-8° radius from the TC center in the 1000 hPa
layer is smaller than 3.624 ms™, then the TC will rccurve.” This rule includes the low-
level wind fields (i.e., 1000 JiPa layer). This means thai the low-level zonal and
meridional winds also influence TC movement to some degree. The rule states that the
western edge of the subtropical high retreats and the low-level wind fields are weakened.
It is observed that the subtropical high ridge retreats to the east of 127" Hand the low-
level wind fields are weak (Figure 4-8). The TC moves northward or northeastward along

the western part of the subtropical high and eventually rcciirvcs.
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Figure 4-8. As in Figure 4-2 exccpt for the leaf node “1(2700540~ > >
'l he rule obtained from the leaf node "0(110.0/22.0)" can be staled as: “If the longitude ol"
the center of a 1C is to the west of 130 and the central pressure of the TC center is
smaller than 996 hPa, and the western edge of the subtropical high ridge shifts to the west
of 127 and the TC propagates to the cast of 123 "E, and the monsoon index is larger
than'-5.168, then the TC will not rccurvc.” It is indicated by this rule that, if a TC is
located to the east of 123 the subtropical high displaces westward, and the monsoon is
relatively weak, then the TC will move westward or norlh-weslward due lo the strong
steering flow (see Figure 4-9). The conditions of the “recurving” leaf node “1(74.0/24.0)’
generated by the binary split arc similar to those for this rule except thai the monsoon
index js smaller than -5.168. Due to the strong southerly component of a strong monsoon
(refer to Figure 4-10), the rule Ibrmed by the leaf node *1(74.0/24.0)” leads to
rcciirvalure. This result is in full agreement with the previous findings on TC-monsoon

interaction (e.g. > Chen etul, 2009; Marr and Hlsbcrry, 1991, 1995a).
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Figure 4-9. As in Figure 4-2 except for the leaf node “0( 110.0/22.0)"

Figure 4-10. The composite deep-layer mean wind fields and geopotential height in the
850 hPa layer of the leaf node “1(74.0/24.0)”. The thick contours depict the region with a
geopotential height larger than 1500 gpm. The TC symbol denotes the relative TC center
with the coordinate (0, 0). The axes on the bottom and left oflhe plot represent the x and

y ordinates that represent east and north respectively.

The rule produced by the leaf node "0(263.0/12.0)" is stated as: "Ifihe TC moves lo the
west of 130 °E and the intensity of the TC center is larger than 996 hPa, then the TC will

not recurve.” 1l is observed in Kigurc 4-11 that the subtropical high lies to the north of the

69



TC center. It should be noted that the TC ccntcr is adjacent to the Chinese coast (Lon <
130 °E). Therefore, the TC will move westward under the prevailing easterly flow from

the southern pari of the subtropical high and will not recurve.

10
Figure 4-1 1 As in Figure 4-2 except for lhe leaf no?j(()e *“1(263.0/12.0}”
Due to the space limitations, not every interpretation of the rules is presented in this
study. The eight rules are taken as examples for inlerpretalion. In lad, all oi Ihc rules arc
justified from the perspective of meteorology and are consistent with Ihe existing theories
and nndings. Apart from the modulation of the subtropical high, monsoon systems, and
westerlies on TC recurvalure, its intensity, the latitude and longiUide oi"the TC center,
and the ambient wind fields also have an impact on TC rccurvaturc. As is consistent with
the existing results about the significant modulation of the subtropical high on TC
movement (e.g., Hisberry and School, 1987; Evans el al., 1991; George and Gray, 1977;
Harr and Elsberry, 1991, 1995a), the west extension index and area index of the
subtropical high arc sele~d by ihe C4.5 algorithm to identify TC recurvalure. The

monsoon inikx "Monsoon_WF" (Wang and Fan, 1999) was chosen three times to
> — — °

construct the dccis” tree (iMgiire 4-1). This monsoon index should be paid particular
attention when measuring the impact of monsoons on TC recurvalure. A variety of

splitting values in the classification tree can provide references for TC forecasting, since

I :
these values can best dilTcrentiatc the recurving and non-recurving cases based on thg



archived TC data. For example, TC rccurvalure is highly sensitive to longitude “130 °E”
because lhis longitude is first chosen by the C4.5 algorithm lo build Ihe classification
tree. Besides, longitude "123 (] E’should be paid attention in operational aids for TC
recurvature. Based on the data mining results, these critical values will provide useful

references for TC recurvature forecasting.

45 Summary

This chapter presents a detailed study of TC rcciirvatiirc through data mining over the
SCS and WNP. The investigations are particularly foeused on unraveling the hidden rules
and regularities governing TC recurvature. The historical TC tracks database is
comprised of recurving TCs and straight-movers. The TC points of recurving T( s
prcceding TC rccurvaturc are labeled "1™ and those of straight-movers are labeled “0”.
The investigation becomes a binary classification problem. The potential parameters
exerting an influence on TC recurvature are categorized into three groups: circulations
surrounding TCs (for example, average 200 hPa zonal and meridional winds within 6-8°
radius Ih)m the TC centcr), largc-scalc circulation (i.e., indices lor measuring the
subtropical highs, monsoon systems and westerlies) and variables characleri/.ing TCs
(l.e., longitude, latitude - and central pressure of the TC center). A classic tree algorithm -
C4.5 is applied to the classification. Totally, Lon, Lat, Pressure, uwnd 2()(), uwnd 1000,
vwnd_800, vwnd_850, vwnd_1000, arca IndexSTI I, west exIS TIl and Monsoon WF
are chosen by the C4.5 algorithm to bui” the decision tree. The parameters measuring
large-scale circulation aixl those characterizing the TCs play significant roles in building

the classification tree. Altogether, 18 rules are unraveled from the processed database.

Most of the 18 rules can be explained by the existing theories and are supported by other
empirical findings on TC recurvature (e.g., Chan cf ai, 1980; George and Gray, 1977,
Guard, 1977; Hodanish and Gray » Holland and Wang, 1995) according lo the
vcrificalloii of the results, by calculating and investigating the .composite wind fields,
geo-potcntial heights and deep-layer mean wind fields in a square (60" x 60") centering at

the IC ccnters. These synoptic surrounding wind- fieWs, especially deep-layer mean
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winds (from the 850 hl)a to the 300 hPa layer) signify the steering How around the TCs
for interpreling the rules. The differences between the rules and the existing theories and
findings on TC rccurvaturc arc that the rules discovered in this investigation are
quantitative. However, the existing findings on I'C reciirvalure, such as “a strong
subtropical high and weak monsoon cause TCs lo recurve” arc mainly qualitative results,

or a "rule oflhiimb™. The rules governing TC recurvalure from a quantitative pcrspcctivc
can provide useful referehces for TC track forecasters.

Dynamic models have undergone rapid advancements in the last few derades and are
now broadly used in TC track and intensity prediction. Given the rules unraveled by the
C4.5 algorithm and the development ol' dynamic models, lhe data mining methods and
the dynamic model will nuilually enrich each other in a compleiiieiUary and integrated
manner. The research findings can be used lo improve the dynamic models by inning ihe

parameters and verifying Ihe modeling results.
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CHAPTER 5: TC Landfall

5.1 Introduction

As shown in Chapter 4, TC recurvalure and landfall are two TC-relaled scienlinc
problems of significant econc™nic and social concern. Chapter 4 presents the analysis of
TC recurvalure based on the C'4.5 algorillim. In this chapter, particular atlention will be
paid to I C landfall.

The greatest damage caused by TCs tends to occur during or allcr they make lundfall.
Besides, the structure, intensity and motion of the TC will change dramatically during the
landfall process. Impmvcd TC landfall forecasting provides many potential benefiis for
coastal communities. Landfall has, therefore, attracted great attention from scienlisls in

recent years, after it was highlighted in the U.S. Weather Research Program (Marks ct al.
1998).

Numerous researches have investigated the seasonal or annual forecasts of TC landfall
frequency in the Atlantic basin, WNP. Particular attention has also focused on lund fall
over regional areas; thc example. Southern China and the Korean Peninsula. The
variability of seasonal TC landfall frequency was attributed to the modulation of I"NSO,
MJO, QBO, AMO and PDO. The variability of large-sealc circulation (e.g., the
subtropical high, monsoon troughs and westerly anomalies) associated with CNSO events
or other oscillations are likely to be responsible for most of the seasonal or annual

variations in TC landfall in WNP and the Atlantic basin.

TC-land interaction during landfall has been studied through observational analysis and
dynamic modelling during the last few decades (refer to Chan and Liang, 2003; Tulcya et
al., 1984; Wong and Chan, 2006a, b, 2007). The impact of topography on land fall ing 'I'Cs
is more significant lhaii roughness variation, especially in mountainous areas (Chang,

1982). Observations (Brunt, 1968; | lamuro and Coauthors, 1969) have confirmed thai
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high correlations exist between the areas of maximum rainfall during 1C landfall and the
mountainous terrain of the region. Brand and Blclloch (1973, 1974) (bund thai
topographical cffccts, if not considered appropriately, can bring forth significant errors in
the forecasting of TC motion. Chang (1982) also observed lhal the interaction between

the terrain and the TC caused strong easterlies to develop north of the island, accclerating
the TC in his case. FE

To recapitulate, previous researches on TC landfall prediction were concerned with

seasonal or annual TC landfall frequency according to the variability of large-scale

U

circulation (e.g., the subtropical high, inonsoonal systems and mid-latitude westerlies)
modulated by BNSO, QBO and MJO; with the precipitation distribution associated with
TC landfall; with changes in their tracks and structures when TCs passed through an
island by studying land-TC interaction; and with the TC decaying mechanisms post-
landfall. However, few researches have investigated the mechanisms controlling TC
landfalls over the Chinese coast based on the historical TC database. Besides, lew,
researches have investigated TC forecasting solely with regard lo landfall. Up until
recently, few objective forecasting aids in operational use have been specifically designed
to identify landfall situations. Given our existing understanding of TC landfall
mechanisms based on observational and statistical analysis and dynamic modeling (e.g.,
Brettschncidcr, 2008; Hlsner and Liu, 2003; Goli and Chan, 2010; Liu and Chan, 2003),
large-scale circulation exerts a dramatic influence on TC landfall in ihe SCS and WNP
basins. As staled in Chapter 4 > TCs forming in the SCS and WNP move in a norlliward or
norlhweslward direction under an easterly steering current when the subtropical high is
relatively strong and displaces westward. These TCs tend to make landfall along the
Chinese coast when the steering current is persistently strong and westward. By contrast,
westward-moving TCs will lurn lo the north and then to the northeast if the steering How
is weakened or even changes direction from westward lo eastward due lo the interaclions
of large-scale circulation. In general, TCs will move far away from the Chinese coast

without making landfall there due lo changes in the steering How from westward to
eastward.
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Given the rapid rate of growth of the TC-related data sets in term of storage volume and
dimensions (i.e., attributes), as well as the increasing amount of usetill knowledge (e.g.,
structures, processes, relationships, regularities and patterns) hidden in the TC-rclatcd
dataset, this chapter seeks to unravel the rules and regularities governing TC landfall over
the Chinese coast from the historical TC archives through data mining methods (here, the

C4.5 algorithm). The discovered rules can provide useful rct'crcnces for forecasting aids

specifically for TCs that make landfall over the Chinese coast.

This chapter is organized as follows. Section 5.2 introduces the study area and data
source. The methodology is introduced in scction 5.3. Section 5.4 explains and analyzes

the results generated by the C4.5 algorithm. The concluding remarks arc discusscci in
section 5.5.

5.2 Data source and Methodology

All of the typhoons that occurred in the study area lroiti 2000-2009 are used as samples.

'l he data sources related to TC landfall consist of two major classes of data: TC best track
data and meteorological data.

The TC best track data are made available from JMA RSMC Tokyo. This post analysis
best track data consists of 6-hourly estimates of position (latitude and longitude), MCI),
and the 10-min MSW of all named TCs in the WNP basin, including the SCS, Irom 1951
to the present. There is a total of 6920 sampling TC points derived from 222 TC sample
tracks, 53 of which are landfall TC tracks and the rest arc non-landfall ones. Landlalling
TC tracks contain 1150 observations and non-landfall TC tracks contain 5770
observations,' respectively. It is noteworthy thai, with rcspcct to the observations of
land falling TCs, only the TC observations prior to landfall are labeled class “I”. Non-
landfall TC tracks, on the contrary, are labeled class *““0”. Due to the imbalance in the

number of TC samples in the two classes, rc-sampling methods (here ovcrsampling) are

used lo make the class distribution more balanced./



The meteorological variables (e.g., wind fields and geopotential height in dilTerenl
atmospheric layers) are derived from the NCBP GFS FNL at 6-hourly intervals from
07/30/1999 to the present (Yang el al. 2006). These NCRP FNL Operational Global
Analysis data are organized on continuous 1.0 [1.0" degree grids al 6-hourly intervals.
This GFS is run four times a day iii near-real time at NCEP. The data are made available
on the surfacc, at 26 mandatory (and other pressure) levels, varying from 1000 h”a to 10
hPa (e.g., 200” 250, 300, 350, 400, 450, 500, 550, 600, 650, 700 - 750, 800 850,4/1() > 950
and 1000 hPa), in the surfacc boundary layer and in some sigma levels, the tropopausc
and several others. The parameters include surface pressure, SLI), geopolential height,
relative vorticity, temperature, SST > soil values, ice cover, relative humidity, zonal (u-)

and meridional (v-) wind fields, vertical motion, and o/one parameters. Although the

NChiP/NCAR rcaiialysis data (Kalnay ct al. > 1996) are available for a longer limcj*pcriod,
/ the resolution of 2.5° x 2.5° degrees of NCEP/NCAR is coarser than that of the NCEP
FNL dataset. Therctbrc, wc derive the mctcorological variables from the NCEP FNL
datasel other than the NCHP/NCAR dataset. For the higher resolution and lime-period
availability of the NCHI) HNL datasel, the TC samples are only extracted from 2000-2000.

v

As explained in section 4.1, both TC rccurvaturc and landfall arc intlucnccd by large-
scale circulation and the wind fields surrounding the TC. The potential factors that-
determine whether or not the TCs make landfall across the Chinese coast arc categorized
into three groups: variables relating to large-scalc circulation, variables measuring the
circulations surrounding TCs, and variables characterizing TCs (see Table 5-1). Table 5-1
presents the variables displayed in an abbreviated form in order to be consistent with the

variables in lhe figure showing the classification tree (see Figure 5-1). In the group
"Circulation surrounding TC” - “uwnd—200” and “vwnd—200” are respectively the
average zonal and meridional wind of the 6-8 degree radial belt at the 2()()-hPa level. The
other variables in the same group arc defined likewise. Five variables arc chosen to
measure the strength and position of large-scale circulation (i.e., the subtropical high,,
BASM and westerlies) that largely control TC recurvature (e.g., I larr and HlIsbcrry, 1991 »
1995a): area index (area IndexSl H), intensity index (inten_IndexS |11), westward

extension index of subtropical highs (wesl extSTH) in WNP ( for measuring the strength
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of the subtropical high and the position of the subtropical high ridge)Tt*e EASM index
by Wang and Fan (1999) (Monspon WF), as well as the westerly index (W_Westerly).
These factors are analyzed by the C4.5 algorithm to build the classification tree.

Tabic 5-1. The potential attributes influencing TC landfall
Groups Potential Variables

Circulation surrounding TC UWTId 200, UNTH 300, uwnd_ 400 > uwnd -500 -
uwvnd 600, uwnd —700 uwnd 800, uwnd 850,

uwiid J 000 vwnd_200. wwiid_300,  wWnd 400’

_ wvd -500°  vwnd; 600 WM -700°  vwnd 800

vwnd_ 850 - vwvndJ 000

Large—scale circulation area IndexSTI 1,inten IndexS TH

wcst cxtSTH, Monsoon—WF

WWesterly

Characteristics of TC Lon, Lat, Pressure (Central Pressure of'1C Center)

a. Indiccs for Large-scale Circulation

t

k
A variety of indices have been proposed to measure the position and intensity of | arge-

scale circulation. The indices depicting large-scale circulation form part of the potential
parameters that influence TC landfall ;

EASM Is the most influential and essejitial component of the Asian climatic systems
(Chen and Yoon > 2000; Ding, 2007; Ding and Chan, 2005; Wang el al. > 2008) in the
study area due largely to orographical forcing. The reversed Wang and Fan index (Wang
and .Fan, 1999) is generally i.dentical to the leading principal component othhe EASM.

The Wang and Fan index belongs to the ‘‘shear vorticity” index and was initially

proposed to measure the variability of the WNP summer monsoon. This index was
de<5ned by the Usso in (501 4501 N » 90°-130°Eminus U#F in (22.50 -32.501 Nl 1071 34001 E),
where "850 denotes the zonal wind in the 850 hPa layer. In physical sense, the WF shear
vorticity index represents the variations of the subH"opical high and WMP monsoon

trough, which are the crucial, parts of the EASM circulations (Tao and Chen, 1987). The
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WEF shear vorticily index is thus chosen to measure the status of the EASM. which place

significant influences on TC movement, and further on TC landfall (Chen, 2009: Kisberry,
2004; Harr and Chan, 2004; Ko and Hsu. 2006).

The WNPSH indices announced by NCC have been used broadly in previous studies (e.g..
Chen el al., 2001a). The NCC defined five indices to describe the location and intensity
of the WNPSH, including the WNPSH intensity index, the westward extension index, the
mean ridge index, and the area index according to the monthly mean 500 hPa

gcopotentigl heights in the weather charts published by the Chinese Mctcorological

Administration (Chen, 1999). By considering the pre-existing subtropical high indices
defined by NCC and .other scholars (e.g., Lu and Dong, 2001; Lu a al., 2007), we used
these definitions to measure the status of the subtropical high as follows. |1 he WNPSH
intensity index is defined as the average geopotential height of points with their
geopolential height greater than 5870 gpm in a rectangular region (100  to 180 °E and
10 lo 60 °N). The WNPSH area index is defined as the number of grids with their
geopolential height greater than 5870 gpm in the region (100 to 1800 Bnd 10 "N to 60
'N). The WNPSH ‘vestvvard extension index” is defined as the longitude of the most
westerly position of the subtropical high ridge. This definition of the ““'westward
extension index” is iP line with that of NCC. The three indices are extracted and

° »

calculated from FNL reanalysis data to measure the WNPSH, tor simplicity.

The mid-latitude westerlies also exert a significant impact on TC landfall through upper-

troposphcric zonal winds (-200 hPa) (e.g., George and Gray, 1977; Guard, 1977); for
I

instance, it is observed that, if the base is weakened sufficiently west of a TC in
conjunction with an eastward-shift mid-latitude trough, and remains low, northward
recurvature will occur (Riehl and Shafer, 1944). Rossby (1939) defined a typical westerly
index by the 500 hPa geopotential heights: 1R = H3s - Hss. Of note is that IR is the
westerly index defined by Rossby (1939), and Hss and Hss represent the geopotential
heights at 35 °N and 55 respectively on the 500 hPa layer. Here > we calculate the IR

from 100  to 180 °E in longitude to measure the mid-latitude westerlies. The larger the
Ik, the stronger the westerly.
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b. Wind Fields Surrounding TC

Various indices depicting large-scale circulation are presented in the previous subsection.
Anart from large-scale circulation, the outer radius (e.g., 5-7°, 6-8°) environmental wind
fields from the TC center also play significanl roles in determining whether TCs will
make landfall across the Chinese coast. During the last few decades, numerous radial
circles have been proposed to investigate wind fields (Chan et al. » 1980; Fitzpalrick, 1992;
Hodanish and Gray, 1993). In order to choose the most appropriate radius for calculating
the wind fields from ihc TC”s ccntcr, radial circles such as 5°-T\ 60-8 - > and
the 1-3 oscants in these radial circles are tested by the accuracy of classification. The 6-8°
radius from the TC ccntcr is chosen to calculate the average wind fields surrounding the
TC, in order to conform with the procedure followed in Chapter 4.

TC tracks are associated closely with the position where TCs arc locatcd as a result of the
atmospheric characteristics of different places. The longitude and latitude of TCs’ centers
are therefore regarded as potential parameters influencing TC landfall. Although intensity
has not been proven to influence TC landfall in terms of physical mcchanism, several
studies (Evans and McKinley, 1998; Knaft: 2009; Riehl, 1972) have found a relationship
between recurvature and intensity. Given the close relationship between TC recurvalure
and TC landfall, TC intensity as well as the longitude and latitude of TC centers

characterizing TCs arc chosen as the potential parameters for this study.

5.3 Results analysis and interpretation

5.3.1 Results

The C4.5 algorithm is implemented in Weka 3.6.2, that is a collection of machine
learning algorithms for data mining tasks. The algorithms can either be applied directly lo
a dataset or called from user-defined Java codes. Weka contains tools for data pre-

processing, classification, regression, clustering, association rules, and visualization. It is
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also well-suited for developing new machine learning schemes (the software is open
sourcc and available at iutp:/. w\s.cs.w aikatli.ac.nz/inl"\\cka- iiklc\.hin11). The minimum
leaf size is set at '150" by considering the complicity of the classification tree. Ten-fold
cross validation is used for verification. Other parameters are used according to their
default selling. The settings arc: "Binary Split" is true; confidencc factor is “025" : debug
is "false"; nuniFolds are “3” ; reducedErrorPruning is “true” : savclnstanccData is "false" :

seed is ‘T,; sublreeRaising is ‘€ ~ ; and unpruned is “fake > , ; uselaplace is "false".

It should be noted that the TC samples used in this study contain the TC observations
prior to landfall and observations of all non-landfall VCs. The observations post-landfall
may carry usefill information and knowledge about landfalling TCs. All of ihe
observations of non-landfalling and landfalling TCs are classified using the C4.5
algorithm to see whether there is a significant improvemenl in accuracy. In addition, with
respect to landfalling TCs, we can also extract the equal points from non-landfalling TCs
from the average number of observations within landfalling TCs. Therefore, three pairs of
TC datasets are classified used samples from 2000-2009, verified by TCs in 2010. The
results are shown in Table 5-2. It can be observed that the verifying classification
accuracy of the first group (Partially Landfalling and Full Non-landfalling TCs) is quite
close to the training accuracy. The testing accuracy of the other two groups is, however,
considerably lower than the training accuracy. The other iwo TC groups fail to improve
the .classification accuracy. Therefore, the results derived from the partially non-

landfalling and fully landfalling TCs arc discussed in the following sections.
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Table 5-2 The classification accuracies of different TC groups

TC Groups Training Accuracy  Verifying Accuracy
Partial Landfalling and Full Non-landfall TCs 81.3287% 81.9018%
Full Landfalling and Full Non-landfall TCs 83.4101% 67.5000%
Partial Landfalling and Partial Non-landfall TCs  79.4174% 69.6000%

The total classification accuracy of the built decision tree (sec Figure 5-1) is 81.3287%
by ten-fold cross-validation. Among all the variables listed in Table 5-1 » sclccted by the
C4.5 algorithm to build the decision tree are: the latitude and longitude of the TC ccnter
(Lat and Lon), the intensity index and area index of the subtropical high
(inten IndexSTH and arca_IndexSTH), the average zonal wind within a 6-8° radius in
the 400 hPa layer (uwnd—400), the westerly index (W Weslerly), the westward extension
index of the subtropical high (wcst cxtSTH), and the monsoon index proposed by Wang
and Fan (Wang and Fan, 1999) (Monsoon WF). In Figure 5-1, “means “landfall - - and
“0” means "non-land fall", respectively. The rectangles are leaf nodes whereas ellipses or
circles are the parent nodes. Bvery path from the root node to the leaf node represents a
rule, which can provide references for TC landfall prediction. Fourteen rules governing
TC landfall in the SCS and WNP basins are derived from the classification tree built by
the C4.5 algorithm (see Table 5-3). Taking leaf node ‘“0(1269.0/85.0)” as an example, the
“0” before the bracket means "the TC will not make landfall along the Chinese coast"
and "1269.0" and "85.0" indicate that, among the UHal 1269 samples of the leaf node -
there arc 1184 (i.e., 1269 minus 85) non-landfall samples and 85 landfall samples,

respectively. Each rule can be justified by meteorological and TC theories.

Table 5-3 lists the 14 rules that arc derived from the decision tree (Figure 5-1). Other than
rule 1that is merely determined by "latitude™ of TC center, the remaining 13 rules are
categorized into three groups:

Group | consists of rule 2 > rule 4, rule 8 > rule 9 > rule 12 and rule 14. The rules in group |
are decided by the condition of the subtropical high in the last split.

Group 2 has rule 6, rule 7> rule 10, rule 11> and rule 13. This group is determined by the

factors measuring the westerlies (e.g., westerly index and 200 liPa or 400 hPa zonal

winds) and monsoonal systems in the last split.
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Group 3 is comprised of rule 3 and rule 5. This group is controlled by the "longitude™ of

a TC center.

The indices characterizing largc-scalc circulation (e.g., ihe subtropical high and mid-

latitude westerlies) are chosen lo build the tree after the “latitude” of a TC center is

selected in the first split. In other words, the large-scale circulation severely affccts TC

landfall activity based on the decision tree (Figure 5-1).

Rule Number

Table 5-3 The 14 unraveled rules governing TC landfall

Rules

If Lat>27, then the TC will not make
landfall across the Chinese coast.

[f Lal™7, and
intcndndcxSTH<5880.175, then the
TC will not make landfall across the
Chinese coast.

I Latfy, and
IntcndndcxSTH>5880.175, and

W_Wecstcerly>477.463, and |ami) 130>

then the TC will not make landfall
across the Chinese coasl.

If Lat™7, and
intendndexSTH>5880.175, and
W_Westerly>477.463, and Lon<130,
and arcaJndexSTIK 105.0, then the
TC will not make landfall across the
Chinese coast.

If Lat<27, and
inlendndcxSTH>5880.175, and
W_ Westerlyl477.463, and Lon<130,
then the TC will make landfall across
the Chinese coast.

If Lal™7, and
intcndndexSTI1>5880.175, and
W_Westcrly<477.463, and Lon>130,
and west—extSTH> 141 > and
W_Wecstcerly>233.04, then the TC will

Attributes

Lalilude

Latitude, intensity

index of the subtropical

high

Latitude, intensity

index of the subtropical

high. Westerly Index,
Longitude
Latitude, intensity

index of the subtropical

high. Westerly Index,

Longitude, area index

of the subtropical high

Latitude, intensity

index of the subtropical

high, Westerly Index,
Longitude
Latitude, intensity

index of the subtropical
high, Westerly Index,
Longitude, zonal wind

in the 500 hPa layer

Accuracy

1184/1269-0.933

819/074-0.841

228/246-0.927

111/159-0.698

2205/2656-0.830

260/271-0.959

83



10

1

not make landfall across the Chinese

Coast.

If Lat<27, and
intcndndcxSTH>5880. | 75> and
W Weslerly<477.463, and Lon> 130’
and west—extSTHI 41, and
iiwnd_200< 13.547, and

Monsoon_Wr>0.289, then the TC

will make landfall across the Chinese

coast.
If Lat<"7, and
intcn_IndcxSTH>5880.175, and

W Weslerly>477.463, and Lon<130,
and areadndexSril> 105.0, then the
TC will make landfall across the
Chinese coast.

[f Lat™7, and
inten JndexSTH>56880.175, and
W_Wecstcrly<477.463, and 1Lon>130,

and west_cxtSTH<I41, and
uwnd 200 : :13.547, and
Monsoon WF<0.289, and

west exIS'm>130, then the TC will

NOT make landfall across the Chinese

coast.
| f Lat<?27, and
intendndexSTH>5880.175, and

W_Westerly<477.463, and Lon>130,
and west_extSTH<141, and
uwnd 200> 13.547, then the TC will

not make landfall across the Chinese

coast.
| f Lat<27, and
intendndcxSTH>5880.175, and

W_Westerly<477.463, and.Lon>130,
and west extSTIIKI41, and

Latitude, intensity
index of the subtropical
high. Westerly Index,
Longilude, weslward
extension index of the
subtropical high, zonal
wind in the 200 hPa
layer, Monsoon Index

Latitude, intensity
index of the subtropical
high. Westerly Index,
Longitude, area index

of the subtropical high

Latitude, inlensily
index of the subtropical
high, Westerly Index,
Longitude, westward
extension index of the
subtropical high, zonal

wind in 200 hPa layer.

.Monsoon Index

Latitude, intensity
index of the subtropical
high, Westerly Index,
Longitude, westward
extension index of lhe
subtropical high, zonal
wind in the 200 hPa
layer'

Latitude, intensity
index of the subtropical
high. Westerly Index,

Longitude, westward

629/825-0.762

93/157-0.592

110/165--0.721

157/260--0.604

<

132/161--0.820
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13

14

uwnd_200< 13.547, and
Monsoon_WF<0.289. and
west_exISril::13(), and uwnd 400<-
0.243, then the I1C will make landfall

across the Chinese coast.

If Lat<27, and
intcndndcxSTH>5880.175, and
W_Westcrly<477.463, and Lon-UO,
and west exIS'ITI<141, and
uwnd 200£ 13.547, and
Monsoon_WF<0.289, and

wcest_cxtSTH5":130, and uvvnd_400>-
0.243, and area IndexSTI <416, then
the TC will make landfall across the

Chinese coasl.

If l.at<27, and
intendndcxSTH>5880.175, and
W_Wocsterly<477.463, and Lon>130,
and wcest_cxtSTH>141, and

W_Woecstcrly<233.04, then the TC will

make landfall across the Chinese

Coasl.

If Lat™7, and
inten_ItidexSTH>5880.175 - and
W_Westerly<477.463, and Lon) 130 -
and west extSTH<I4l, and
uwiid_200<I3.547, and
Monsoon_WF<0.289, and

west extSTH<I30, and uwnd—400>-
0.243, and area_lndcxSTH>416, then
the TC will make landfall across the

Chinese coast.

extension index of the
subtropical high, zonal
wind in the 200 hPa and
400 hPa layers,
Monsoon Index
Latitude, intensity
index of the subtropical
high, Westerly Index,
Longitude, zonal wind
in 500 hPa layer,
westward extension
index of the subtropical
high, area index of the

subtropical high

Latitude, intensity
index of the subtropical
high, Westerly Index,
Longitude, westward
extension index of the
subtropical high
Latitude, intensity
index of the subtropical
high. Westerly Index,
Longitude, zonal wind
in 500 hPa layer,
westward extension
index of the subtropical
high, area index of the

subtropical high

129/234-0.551

94/150-0.627

106/150-0.710

In Table 5-3, the first column represents the rule numbers. -] Te second column describes
the unraveled rules. The third column depicts the attributes involved in each rule. Each

attribute may occur two or three times per rule. However, the attribute occurs only once
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in the second column to avoid redundancy and misunderstanding. Besides, the fourth
column shows the classification accuracy of each rule. This accuracy is calculatcd by
dividing the number of samples classified correctly by the total number of samples in the
leaf node. The rules derived from the classification tree include rules thai confirm
existing TC theories, and rules thai arc new in theory. The new rules arc: Rule I, Rule 2,
Rule 3, Rule 5, and Rule 11. The rules confirming existing TC theories are: Rule 4, Rule

6’ Rule 7 > Rule 8 Rule 9, Rule 10, Rule 12 > Rule 13 and Rule 14 (Table 5-3).

5.3.2 Verification and Interpretation

The data mining results unraveled by the algorithms should be verified and interpreted
according to the background knowled®ge in terms of TC movement and atmospheric
circulation. Verification and interprelalion are essential components of the data mining
proccss (Han and Kamber, 2006). The decision tree shown in Figure 5-1 is verified by the
RSMC JMA TC best track in 2010 lo justify whether it can correctly classify the landfall
oi newly-occurred TCs. Wc interpret the classification tree and the rules derived from the

tree according lo I C theory on movement and landfall.

The decision tree built by the C4.5 algorithm is justified using the 2010 RSMC JMA TC
best track data with 14 TC tracks, which are not involved in training the classification
model. Of the fourteen TCs occurring in 2010, six made landfall over the Chinese coast
while the rest did not. The fourteen TC tracks with 326 TC observations arc used to test

the decision tree. The TC name, landfall and time of genesis of the 14 TCs in 2010 arc

elaborated in Table 5-4. A conftision matrix illustrating the verification results is shown
in Tabic 5-5. Of the 123 landfalling and 213 non-landfalling TC observations > ~ 109 and
158 are correctly classified, respectively. The cFassiilealion accuracy is 81.9018%,
compared with 81.3287% for the training model. Therefore, the rules derived from the
classification tree characterize TC landfall over the Chinese coasl and the classification

tree can provide useful references for the prediction of TC landfall there.
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Fable 5-4 1 C tracks in 2010 for verifying the landfall classification Tree

2(/[[)TC Names Landfall (Yes or No) Time of Genesis
OMAIS No 2010032212
CONSON Yes 2010071112
CHANTHIJ Yes 2010071706
DIANMU No ‘ 2010080700
MINDULLH No 2010082200
LIONROCK Yes 2010082718
KOMPASU No 2010082812
NAMTIIBUN No 2010082906
MALOU No 2010090112
[ERANT | Yes 2010090700
FANAPI Yes 2010091418
MALAKAS No 2010092006
MHGI Yes 2010101300
CHABA No 2010102318

Tabic 5-5 Confusion matrix of the verification

landfall non-landfall
landfall 109 14
non-landfall 45 158

The classification tree shown in Figure 5-1 is interpreted from the meteorological aspccl
based on the existing theories and research findings on TC movement. I'he interpretation
of the classification tree governing TC landfall resembles that of the classification tree

governing TC recurvaturc, shown in Chapter 4. The primary idea is to consider the

d

composite(] steeringflow (e.g., deep-layer mean winds), 500 hPa geopotential height
(depic”ng the subtropical high) of the samples in each | eaf node and the distance from

the location of the TC center to the Chinese coast.
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The rule derived from node "0(1269.0/85.0)" is quite simple, but the classification
accuracy is the highest of all the rules. This rule is stated as: "If a TC moves to the north
of 27"N, then the TC will not make landfall over the Chinese coast." A possible
explanation for this is that the latitude in excess of 27"N is in the mid-latilude area with a
strong westerly flow. When a TC moves into this region, it will be steered by the westerly
flow to move away from the Chinese coast. The composite deep-layer mean winds (i.e.,
averaging from 850 hPa to 300 hPa layer), as well as the 500 hPa gcopotential height of
all the samples in this leaf node are overlapping, according to Figure 5-2. The subtropical
high is depicted by the contour ofZsoo = 5870 m (Zsoo represents 500 hPa geopolenlial
height). Figure 5-2 illustrates that the wind fields surrounding the TC arc eastward and
that the TC is situated to the north of the subtropical high (depicted by the 5870 gpm
contour). Therefore, the TC tends to be steered by the westerly flow to move far away
from the Chinese coast. Latitude 27°N is a key value for determining TC landfall along
the Chinese coast, since it is the first attribute selected by the C4.5 algorithm to build the
classification tree. The first variable means the greatest improvement in classification
accuracy. This latitude can be used as a crucial value in the operational forecasting of IC

landfall across the Chinese coast.

Figure 5-2 The composite deep-layer mean streamline and geopotential heights in 500
hPa layer of the samples in leaf node "0(1269.0/85.0)". The trick contour indicates the
high center of the subtropical high. The 1C symbol denotes the relative TC center with
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the coordinate (0, ())» The axes on the bottom and left of the plot represent the x and y
ordinates that represent cast and north respectively.
The rule constructed from the leaf node "0(234.0/105.0)", which- has the lowest

classification accuracy among lhe rules, is addressed as: “If a TC moves to the south of.
27 °N, and the intensity index of the subtropical high is higher than 5880.175, and the
westerly index is smaller than 477.463, and the longitude of the TC center is not to the
west of 130 and the western ridge of the subtropical high is to the west of 141 "H, and
the 200 hPa zonal wind is smaller than 13.547 m/s, and the monsoon index is smaller
than 0.289 (strong monsoon), and the western ridge of the subtropical high is to the west
of 130 "E, and the 400 hPa zonal wind is larger than -0.243 m/s, and the area—Index of the
subtropical high is smaller than 416, then the TC will not make landfall across the
Chinese coast.” The western part of the subtropical high moves to the north of the TC
center by about 5-10 degrees. The steering current caused by the subtropical high leads
the TC lo move westward for a certain distance, Ibllowed by turning or recurvalure afler
the TC moves beyond the subtropical high (see Figure 5-3). The tendency for TCs lo
make landfall is not remarkable. This is in accordance with the classification accuracy of
0.551.

‘igure 5-3 As in Figure 5-2 except for the leaf node “0(234.0/105.0),
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The rule derived from the leal node “0(974.0/155.0)” is stated as: “ Ifa TC is situated to
the south of 27 °N and the intensity index of the subtropical high is smaller than 5880.175
gpm, then the TC will not make landfall across the Chinese coast.” This rule has an
accuracy of 0,942. Based on this rule, the intensity of the subtropical high is relatively
weak (inten indexSTi |l < 5880.175 gpm). A subtropical high corresponding to this rule is
too weak to draw the 5870 gpm contour. Therefore, only the 5860 gpm contour of the
geopotential height in the 500 hPa layer is plotted in Figure 5-4. Besides, the average
deep-layer mean wind fields associated with this rule arc northward and northeastward.
The TC will be steered by the northward and northeastward flow to recurve (see Figure

5-4). Therctbrc, TCs under this rule will not make landfall across the Chinese coast.

Figure 5-4 As in Figure 5-2 except for the leaf node “0 (974.0/155.0)".

The rule derived Irom the leaf node "0(246.0/18.0)" is described as: “If a TC is located to
the south of 27 "N, and the intensity index of the subtropical high is higher than 5880.175
gpm, and the westerly index is larger than 477.463 (strong westerly) and the longitude of
the TC center displaces to the east of 130 °E, then the TC will not make landfall across
the Chinese coast." From this statement, this rule involves the subtropical high and
westerlies. The intensity index of the subtropical high indicates the average 500 hPa
geopotential height of the grids with their geopotential height larger than 5870 gpm in the
region (100 to 180 and 10 °N to 60 °N). This' rule reveals that the interactions
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between the relatively strong subtropical high and strong westerlies eventually cause TCs
to recurvc without making landfall across the Chinese coast when they are located
relatively far away from it (>130 °B). Il is shown in Figure 5-5 that the subtropical high
lies to the east of the TC center. Although the steering flow may drive the TC westward
for a distance, it has an appreciable tendency to recurve. Since the steering flow and TCs

position are far from the Chinese coast, the TC will not make landfall across this coast

subsequently. e

Figure 5-5 The composite deep-layer mean streamline and 500 hPa geopotential heights
(left), and the composite 200 hPa wind fields (right) of the samples in the leaf node
"0(246.0/18.0)". The TC symbol denotes the relative TC center with the coordinate (0 > Q).
The axes on the bottom and left of the plot represent the x and y ordinates that represent
east and north respectively.

f
The rule obtained from the leaf node "1(157.0/64.0)" is described as: "If a TC propagates

to the south of 2701 N » andhe intensity index of the subtropical high is higher than
5880.175 gpm, and the westerly index is larger than 477.463 (strong westerly), and the
longitude of the TC center is to the west of 130 °E > and the area index of the subtropical
high is larger than 105, then the TC will not make landfall across the Chinese coast.” The
rule means that, when the TC moves closer to the Chinese coast, the strong, wide
subtropical high depicted by the intensity index and area index of the subtropical high
drives the TC to make landfall across the Chinese coast. Figure 5-6 shows that the

subtropical high lies to the north of the TC. Therefore, the prevailing easterly along the
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southern part of the subtropical high will eventually lead the TC to make landfall across

the Chinese coast. The composites in Figure 5-6 are consistent with what the rule infers.

Figure 5-6 As in Figure 5-2 except for the leaf node “1(157.0/64.0):

v

The rule obtained from the leaf node "1(2656.0/451.0)" is stated as: "If a TC moves to
the south of 2701 N - anthe intensity index of the subtropical high is higher than 5880.175
gpm, and the westerly index is smaller than 477.463, and the longitude of the TC center
is to the west of 130 °E > then the TC will make landfall across the Chinese coast.” This
rule means that the subtropical high is strong in terms of its intensity index, and the

westerly flow is weak near the TC. It is noteworthy that the longitude in this rule is to the

west of 130 The environmental wind fields surrounding the TC are plotted in Figure
5-7. The deep-layer mean wind is easterly, which is consistent with the 200 hPa
composite wind fields (Figure 5-7). This indicates that the environmental easterly flow
prevails from lower to higher levels. Therefore, the easterly along the southern part of the

subtropical high will eventually lead the TC to make landfall across the Chinese coast.
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Figure 5-7 As in Figure 5-2 except for the leaf node "1(2656.0/451.0)".

The rule formed by the path from the root node to the leaf node ““1(825.0/1%.0] " is slated
as: "If a TC is located to the south of 27 °N, and the intensity index of the subtropical
high is higher than 5880.175 gpm, and the westerly index is smaller than 477.463, and
the longitude of the TC center is not to the west of 130 and the western ridge of the
subtropical high is to the west of 141 and the 200 hPa zonal wind is smaller than
13.547 m/s, and the monsoon index is larger than 0.289 (weak monsoon), then the TC
will make landfall across the Chinese coast.” This rule shows that the mean intensity of
the subtropical high is strong, the westerly flow is weak near the TC > and the southern
and southwestern components of the monsoon system are weak. Figure 5-8 shows that
the easterly flow along the southern part of the subtropical high will eventually lead the
TC to make landfall across the Chinese coast. This rule integrates the subtropical high,
monsoonal system, westerlies and the outer radius environmental wind fields of TCs in
the 200 hPa layer. It is fully consistent with existing findings on TC movement (Chen et
fl/. > 2009; Harr and Elsberry, 1991, 1995a).
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Figure 5-8 As in Figure 5-2 except for the leaf node “1(825.0/196.0)”.

The rule derived from the leaf node “0(271.0/11.0)” is described as: “If a TC moves to
the south of 27 [ Nand the intensity index ofthe subtropical high is higher than 5880.175
gpm, and the westerly index is smaller than 477.463, and the longitude of the TC center
is lo the east of 130 and the western ridge of the subtropical high is to the cast of 141
°E > and the westerly index is smaller than 233.04, then the TC will not make landfall
across the Chinese coast." This rule indicates that the subtropical high ridge retreats to
the cast of 141 and the westerly index varies from 233.04 to 477.463. Besides, the
intensity index (>5880.175 gpm) represents the strong subtropical high. As shown in
Figure 5-9, the subtropical high retreats to the east of the TC center in spile of the
relatively high intensity index and the westerlies begins to cxercise influence on the TC
center. The southerly component of the eastern part of the subtropical high steers the TC
northward and northeastward, and it subsequently recurves without making landfall
across the Chinese coast. Therefore, the composite deep-layer mean wind and subtropical

high are fully in line with what is indicated by the rule.
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Figure 5-9 As in Figure 5-2 except for the leaf node “0(271.0/11.0)” .

The rule obtained from the leaf node "0(150.0/56.0)" is described as: “If the TC moves to
the south of 27 °N, and the intensity index of the subtropical high is higher than 5880.175
gpm, and the westerly index is smaller than 477.463 > and the longitude of the TC ccntcr
is to the east of 130 and the western ridge of the subtropical high is to the east of 141
°E, and the westerly index is smaller than 233.04, then the TC will not make landfall
across the Chinese coast.” This rule indicates that the subtropical high ridge shifts to the
cast of 141 and that the westerly index is as low as 233.04. As described in Figure 5-
10 > the subtropical high integrating with another high pressure system is located to the
north of the TC. The prevailing easterly surrounding the TC steers the typhoon vortex
westward, and eventually it will make landfall across the Chinese coast. It is seen thai
this rule differs from the rule induced by leaf node “0(150.0/56.0)” on the westerly index.
The westerly index is smaller than that of leaf node “0(150.0/56.0)”. It can be proved by

the prevalent eastern component induced by the subtropical high (see Figure 5-10).
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Figure 5-10 As in Figure 5-2 cxcept for the leaf node “0(150.0/56.0),

In summary, the longitude at 130 °E was frequently chosen as a splitting value by the
C4.5 algorithm when building a classification tree for TC landfall and recurvature in both
this study and Chapter 4 of the two-part series. It is indicated that this longitude (130

is critical for TC recurvature and landfall. In terms of operational aid, particular attention
should be paid to this longitude, since it plays an important role in forecasting whether or
not the TC will recurve and make landfall across the Chinese coast based on the series.
The latitude at 27 °N is the first chosen attribute of the classification tree (sec Figure 5-1).
This latitude is also a key indicator of TC landfall. Based on our findings, if a TC moves
to the north of 27 °N, it will probably not make landfall across the Chinese coast. The 200
hPa and 400 hPa zonal winds arc also selected by the C4.5 algorithm. Nonetheless, none
of the meridional winds is selected by the C4.5 algorithm in this study. As proven by
various investigations, the zonal winds surrounding TC centers have more significant
impacts on TC movement than meridional winds (e.g., Elsberry, 1987; Evans et ai, 1991;-
George and Gray, 1977; Harr and Elsberry, 1991, 1995a; Holland and Wang, 1995). In
addition to the attributes discussed above, selected by the C4.5 algorithm to build the
classification tree are the indices for measuring large-scale circulation (e.g., the

subtropical high, monsoons and westerlies), which include the westerly index, indices of
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the subtropical high (the intensity index, area index, and west extension index), and the
monsoon index. The indices are used here to quantify the status of the large-scale
circulation. The results are in good agreement with previous researches and findings

about the modulation of large-scale circulation on TC movement.

5.4 Summary

This research investigated TC landfall in the SCS and WNP basins through data mining
methods. Based on the historical TC archives, the C4.5 algorithm, a classic tree algorithm

for classification, is employed quantitatively to discover the rules and regularities

governing TC landfall.

A classification tree, with 14 leaf nodes, is buill by the C4.5 algorithm. The path troni the
root node to each leaf node forms a rule. Eventually, 14 rules governing TC landfall
across the Chinese coast arc unraveled from the potential attributes which may influence
TC landfall. The rules are derived by the attributes and splitting values. Split values, such
as 27 °N latitude > 130 °E longitude, 141 "E in the west extension index and 0.289 in the
monsoon index (Wang and Fan, 1999), are useful references for operational aids for TC
forecasting. The rules are verified from the perspective of meteorology and TC theories
on movement and recurvature (e.g. > deep-layer mean winds and large-scalc circulation).
The findings of this study are also consistent with the existing results on TC movement
and landfall (e.g., Chen et a/.” 2009; Harr and Elsberry, 1991, 1995a). Both the unraveled
rules and the splitting values of these rules can provide useful references for operational
aids for TC landfall prediction. It is noteworthy that TC intensity (central pressure) is
chosen to build the classification tree governing TC recurvature. This implies that TC
intensity is associated with TC recurvature. This is consistent with the previous
researches on the relationship of recurvature with TC intensity (Evans and McKinley,

1998; Knaft ; 2009; Riehl, 1972). This relationship is ftirther elaborated in Chapter 7.

With the advancement of dynamic modeling, data mining methods and dynamic
modeling can complement each other in studies of, for example, TC recurvature and

landfall. The research findings of this study can be used to improve the dynamic model
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by fine-tuning the parameters and verifying the modeling results. The variability of
seasonal TC landfall frequency is attributed to the modulation of HNSO, MJO, QBO,
AMO and PDO (e.g., Goh and Chan, 2010; Liu and Chan, 2003). The indices of these
oscillations may cxcrcise a certain intlucncc on TC landfall. These indiccs can be taken
as potential attributes of TC landfall in future study.

The present, two-part study (Chapter 4 and Chapter 5) examined TC recurvature and
landfall using the C4.5 algorithm. Two classification trees with derived rules are
unraveled and verified using the 2010 TC datasct. In the meantime, this study is limited
by data availability (e.g., 6-hourly intervals, a lack of data about internal TC dynamics
and the spatial resolution of TC-related meteorological data). In further study, data with
shorter lime intervals (e.g., 3-hour, 1-hour, hour, and I5-miniile) and 3-D radar data
are expected to unravel the rulefjelating to TC rccurvature and landfall. In order to find
any complementarity and enrich the rules, comparisons can be made between 6-hourly

rules and different time-interval rule sets in order to clicck rule-set consistency and

stability.

A real-time system for TC analysis and prediction is of great operational significance,
based on the integration of the rules governing TC recurvature and landfall, A prototype

has been built and is described in Chapter 8.
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Chapter 6: Cluster Analysis of Post-landfall TC Tracks

6.1 Introduction

TCs cause most of their damage in coastal or inland regions during or after landfall.
China, with a coast thai is severely exposed lo TCs, has suffered disastrous losses
inflicted by such climatic processes; for example, typhoon 'Nina’ caused more than
10,000 deaths in Henan province, China, in 1975 post-landfall. More recently, the
tropical storm 'Bills’ led to more than 1000 deaths in Hunan province in 2006 afler its
making landfall in Fujian province, after which it decayed to a tropical depression.
Therefore, our understanding of the characteristics of TCs post-landfall is of great

significance both for scientific research and operational forecasting.

During the last few decades, numerous researches have been conducted on the TC
landfall process and activities; for example, the relationship between rainfall distribution
and landfall is widely investigated by dynamic modeling (Blackwell et al., 2006; Kim ci
cil., 2009a; Medlin et a/. > 2007; Yu and Cheng, 2008; Yu et al., 2010). In addition,
surfacc wind distribution and variability are paid wide attention by empirical models and
observational analysis due to the dircct damage induced by the strong, raging winds
around TCs (Bhowmik et al.” 2005b; Fujibe and Kitabatake, 2007; Powell > 1982; Powell
and Houston, 1998; Powell et al., 1991).

TC-land interaction during landfall has been studied through observational analysis and
dynamic modeling in the last few decades (Bender et al., 1985; Chan and Liang, 2003;
Shcn et al.” 2002; Tulcya et al., 1984; Wong and Chan, 2006b, 2007; Wong et al., 2008).
The impact of topography on landfalling TCs is more significant than roughness variation,
especially in mountainous areas (Chang, 1982). Observations have confirmed that a high
correlation exists between the areas of maximum rainfall during the TC landfall and the
mountainous terrain of the region (Brunt, 1968; Mamuro and Coauthors, 1969). Brand

and Blelloch (1973 » 1974) found that topographical cffects, if not considered properly.
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can cause significant errors in the forecasting of a PC's motion. Chang (1982) also
observed that the TC-lerrain interaction caused strong easterlies to develop to the north of

the island, accelerating the TC.

With rcspect to studies on post-land fall TC - empirical models and observational analysis
were used to predict the decay rate ol TC intensity alter making landfall over the South
China coast (\yong et al., 2008), in the Indian region (Bhowmik at til., 2005b), and over
the U.S. coast (Goldman and Ushijima, 1971; Kaplan and Demaria, 1995, 2001; Vickcry,
2005). In addition to these studies, the heavy rainfall mechanism associated with post-
landfall TCs has undergone numerous investigations (e.g., Tao ct al., 1994; Yu et al.,
2010; Zhang et al.,, 2007). There have been several studies related to the sustaining and
movement of TCs post-landfall (Li ct al., 2004a; Li et al., 2004b; Yuan et al. > 2008; Yuan
et al., 2007). Therefore > these existing investigations on post-landfall TCs focus on ihe
rainstorm mechanism associated with mcsoscale circulations and landfall surface, as well
as the mechanisms and characteristics of TC sustaining post-land fall through dynamic
modeling. Despite Ihe rapid development of observational analysis and dynamic models,
the study of the characteristics of post-landfall TCs' movement has received little

attention in the last few decades.

Data Mining, in general, is the process of extracting hidden and useful patterns and
information from data (Fayyad and Slolor/, 1997; Han and Kainber, 2006; Leung, 2010).
In recent years, a number of data mining algorithms have been employed to unravel TC
tracks and intensities from a TC database (e.g', Camargo et al.,, 2004; Camargo ei al.,
2008; Camargo et al., 2()07b; Cheng el al., 2008; GafTney and Smyth, 1999; GalTney el
al” 2007; Gaffney > 2004; Harr and Elsberry, 1991; Lec el al.,, 2007). The K-mcans
clustering method (MacQueen, 1967) has been applied to TCs in WNP (Eisner and Liu,
2003) and north Atlantic (Klsner, 2003) areas. It is pointed out in Camargo (2007b) that
K-means cannot accommodate tracks of different lengths. The FMM-based clustering
algorithm, used to fit the geographical shapes of the trajectories, enables the clustering to
be implemented in a strictly probabilistic framework and adapt TC tracks of various

lengths (Camargo et al., 2007a, b). FMM-based clustering has been applied to TC tracks



in WNP (Camargo et al.” 2007a, b), the North Atlantic (Kossin ct al., 2010; Nakamura ct
al., 2909), and the Eastern North Pacific (Camargo ct al., 2008). However, little attention
has been focused on the study of post-land fall TC tracks through cluster analysis (e.g., K-
means, FMM-based, and fuzzy clustering). Clustering or cluster analysis is the
unsupervised classification of patterns (observations, data items, or feature vectors) into
groups (clusters) (I lan and Kamber, 2006; Leung, 2010). These dusters can be natural
groups of variables, data-points or objects that are similar to each other according to a
defined similarity (e.g., distance and probability) (Leung, 2010). Cluster analysis is taken
as an initial exploration of the data and always sets the stage tor the further mining of
structures and processes (Han and Kamber, 2006; Leung, 2010). it is unsupervised
learning because the clusters, structures and patterns to be unraveled are unknown a priori.
With the development of TC observation and storage equipment, it is natural thai useful
patterns and knowledge arc hidden and unknown a priori among the historical post-
landfall TC tracks. Therefore, cluster analysis is used to discover the hidden clusters,
structures and patterns from the collcctcd post-landfall TC tracks. As found in previous
researches that land surfacc or elevation have a significant influence on post-landfall I'C
tracks (e.g., Li et al., 2004a; Li et al., 2004b; Yuan et al., 2008; Yuan et al.” 2007), the
elevation at the placc where the TC center is located should be taken into account in posl-
landfall TC studies. Therefore, in the present study, we will apply cluster analysis to the
posl-landfall tracks of TCs making landfall over the Chinese coast. The primary objective
of this research is to unravel the patterns and structures hidden in the historical post-
landtall TC tracks, to analyze the characteristics of each duster and to interpret cach
cluster from the viewpoint of TC theory, especially the theory on TC movement and

sustaining. The FMM-based clustering algorithm is used for KDD.

This chapter is organized as follows. Scction 6.2 introduces the methods and data source.
The results based on the FMM-based clustering algorithm are elaborated in section 6.3.
Section 6.4 explains and analyzes the clustering results. The conclusion is drawn in

section 6.5.
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6.2 Data and Methods
6.2.1 Data

The cluster analysis in this study aims to group TCs with similar "shape type” and
“length > - into clusters. The "shape type" of a curve fitted by polynomials is represented
by the coe(Ticients of the polynomials. A TC track is depicted by connecting the discrete
longitude-latitude observations. The polynomials are based on the time orders of TC
observations (refer to section 2.4). It is suggested by previous researches that land surface
or elevation has a significant influence on post-landfall TC tracks (e.g., Chan and Liang,
2003; \Ael al, 20(Ma; Tiileya el ai, 1984; Wong and Chan, 2006b, 2007; Wong el ai,
2008; Yuan et ul.” 2008; Yuan et al., 2007). Therefore, the longitude, latitude, TC time
orders and elevation at the TC center are used to build the clustering model. The

longitude, I?titude and TC time orders are derived from the TC best track. DEM data arc

used to derive the elevation at the TC center for the cluster analysis. The procedures for

building the models arc elaborated in section 2.4,

The TC datasct used in this chapter is the JMA best track (available online at
h(lp:/'M\vwvirna.lj().ip.)ii-ia/|iiia-etm/ The best
track data set from 2000 to 2010 is used to determine the TC track types. Only TCs that
attain at least tropical storm intensity level are considered in our analysis. The composite

analysis utilized different data sources. The atmospheric composites (e.g., geopotential

height) were obtained from NCEP FNL Operational Global Analysis data, with a rxi [
spatial resolution and 6-hour intervals (the web access is
http://'dss.ucar.edu/datri.sets/cls()83.2/). The cluster analysis is applied to time intervals
from 2000-2010 and from 1951-2010 and we found that the clusters of post-landfall
tracks for both time periods are essentially the same. This sensitivity analysis lends
credence to the results derived from the post-landfall TC tracks for the period from 2000-
2010.The elevation data are the GTOPO030 - available at the website of USGS. The DBM
data (tiff file format) is processed on ArcGIS 9.3 platform to extract the elevations at

each TC center.
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6.2.2 Clustering Methodology

The curvc clustering algorithm used in this study is based on the algorithms employed in
Camargo (2007b) and Gafihey (2004). It is based on FMM (e.g., Evcritt and Hand, 1981;
MclLachlan and Basford, 1988; MclLachlan and Krishnan, 1997; MclLachlan and Pedl »
2000; Wong el al., 2008), which is capable oT modeling probability densities, especially
non-Gaussian density, using a small set of basic probability component densities
(Camargo et al.” 20073, b). This algorithm employs mixed polynomial regression models
(i.e., curves) to fit the geographical "shape" of the TC tracks and model a TC's

longitudinal and latitudinal positions versus time (Gaffncy et al., 2007). Through KMM,
J

"non-Gaussian density functions can be expressed as a mixture of uni-modal component
probability distribution functions. The model is fit to the data by maximizing the
likelihood of the parameters, given the historical TC datasets. In order to integrate the
elevation al the TC center, the model is tuned by taking the elevation at the TC ccntcr as
an independent variable. The tuned model integrates the TC's longitudinal and latitudinal

observations, time and elevation at the TC center.

The assumption is that each TC track is generated by one of K different regression
models, cach having its own shape parameters. The objectives of modeling arc to
estimate and learn the parameters of all K models given the TC tracks, and to infer to
which oflhe K models each TC track is most likely to belong. Cach TC track is assigned
to the mixture component (i.e., the cluster) which is the most likely to have generated the
track, given the FMM. The assigned cluster has the highest posterior probability, given
the TC track. Expectation Maximization (EM) algorithm is used to estimate these model
parameters. The EM algorithm is straightforward to implement and use, and it has been
widely used for parameter estimation in the FMM problem. The PMM can be defined in a
manner that analogous to that for mixtures (DeSarbo and Cron, 1988; Gafihey et al.,
2007; MclLachlan and Basford, 1988; McLachlan and Peel, 2000). The details of the

FMM-based clustering algorithm arc presented in chapter 3.

6.2.3 Number of dusters



A sophisticated problem associated with duster analysis is to determine lhe most
appropriate number of clusters. The log-likelihood is defined as the log-probability of the
observed data under the model, which can be seen as a goodness-of-fil metric for
probabilistic models. Used as an objective measure, one selects the number of clusters for
which the log-likelihood is greatest across a candidate set of values. It is shown in Figure
6-1 that the log-likelihood attains its maximum value when the number of clusters is set
to be three, given the post-landfall TC tracks from 2000-2010, by ten-told cross-

validation. The log-likelihood fluctuates from 4 to 7 and is smaller than Ihe value when

Ihe number ofclusters is 3.
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Figure 6-1 Log-likehood values for differenet numbers of TC track clusters (i.e., 2-7).

The clustering results with different number of dusters are shown in Figure 6-2, given
the post-landfall TC tracks from 2000-2010. The number ofclusters is set at '3 4, 5,6
and 7. It can be observed that the difference between cKisters 3 and 4 is due to splitting
cluster 1 into 2 clusters. However, the two resultant split clusters have quite similar
directions and "shapes". The characteristics of cluster analysis with a number ofclusters
larger than 4 are similar in nature. As the number of clusters increases, the clustering
processes seem to split the existing cluster. Therefore, the number of clusters is set at

three during the implementation of the algorithm. The cluster analysis results of post-



landfall TC tracks from 1951-2010 is shown in Figure 6-3 to verify whether or not the
clustering is sensitive to the amount of datasets. There are 358 post-landfall TC tracks

and 3826 TC points as a whole. The TC tracks are clustered, with a number of clusters

from 2 to 7 (Figure 6-3). It can be also observed that three appears to be the most
appropriate choice for the number of clusters. As the number of dusters increases, they
arc generated in a similar manner, as shown in Figure 6-2. A greater number of clusters
do not carry richer information. In other words, three clusters are appropriate for the post-
landfall TC samples from 1951-2009. Meanwhile, the cluster analysis based on FMM is

not sensitive to the number of samples or length of time in this ease.
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Figure 6-2 The clustering results for post-landfall TC tracks from 2000-2010 by
.setting the number of clusters at: (a) 2 (b) 3(c) 4 (d) 5(e) 6 (f) 7
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Figure 6-3 The clustering results for post-landfall TC tracks from 1951-2010 by
setting the number of clusters at: (a) 2 (b) 3(c) 4 (d) 5(e) 6(0 7

6.2.4 Model Improvements

The building processes of the clustering model accommodating the variables that may
influence TC tracks post-landfall are elaborated in subsection 3.2.2. The clustering model
employs a polynomial regression model to simulate TC tracks and integrating the spatial
alignment. Apart from this, many other ways of building a clustering model exist, such as

the spline regression model or time alignment (Gaffhey ; 2004). A general, iterative ML
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procedure called EM algorithm provides an efficient framework for parameter estimation

in the mixture model context (Dempster et al.” 1977; MclLachlan and Krishnan, 1997).
w

EM is an approximate root-finding procedure that is utilized to search the root of the'
likelihood equation and it iteratively searches for a set of parameters © maximizing the
probability of the observed TC data.

Based on the existing studies on TC landfall (Bender et al,, 1985; Chan and Liang, 2003;
Shen et al, 2002; Wong and Chan, 2007; Wong et al.2008), the land surface interacts
with TCs post-landfall. This TC-land interaction modulates TC movement post-landfall.
In addition, environmental flows and large-scale circulation have proven to exert a
dramatic influence on TC movement. These parameters should influence TC movement
post-landfall. Therefore, the elevation at the TC center and the parameters characterizing
large-scale circulation are taken as the potential parameters affecting post-landfall TC
clusters. These parameters are, therefore, integrated for cluster analysis. In addition to the
time and elevation, ‘ other parameters arc categorized into three groups: parameters
measuring large-scale circulation (the subtropical high, monsoon systems and westerlies),

parameters describing the wind fields (the 200 hPa and 850 hPa zonal winds), and

%

parameters characterizing the TCs (e.g., central pressure, unit: hPa). Figure 6-4 illustrates
the clustering results for different groups of parameters: (a) time; (b) elevation and time;
(c) elevation, central pressure, time and parameters measuring large-scale circulation; (d)
elevation, time and wind fields; (e) elevation, lime, and parameters measuring large-scale
circulation; and (f) elevation, time, parameters measuring large-scale circulation and

wind fields : The clustering result based on time is inferior to that generated by the model

on time and elevation at each TC center. The results based on time and elevations are
more appropriate than those derived from other groups of parameters. Therefore, three

clusters are found to be derived from post-landfall TC tracks (Figure 6-4b).
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Figure 6-4 Clustering of TC tracks over WNP, during the period 2000-2010, based on the
variables: (a) time (b) elevation and time (c) elevation, central pressure, time and large-
scale circulation parameters (d) elevation, time and wind fields (e) elevation, time, and

large-scale circulation parameters and (f) elevation, lime, large-scale circulation

6.3 Results

parameters and wind fields

Based on the FMM-based clustering algorithm introduced in the previous section, the

historical post-landfall TC tracks are grouped into three clusters (Figure 6-5). Each



cluster has its special characteristics in terms of spatial distribution and lifespan.

iy
Figure 6-5 The three clusters unraveled from the historical post-landfall TC datall:tlase for
the period 2000-2010 using an FMM-based clustering algorithm. The number at the end
of the track signifies the cluster number.

The post-landfall tracks in Cluster 1 make landfall over the southeast coast of China,
including Guangdong province ° Fujian province, and Zhejiang province. Following
landfall, cluster 1 heads northward or northeastward. Most of them move back over the
ocean and make secondary landfall over Liaoning province, the Korean Peninsula or
Japan. These TCs eventually recurve to the mid-latitude region. Based on past researches
on the extra-tropical transition of TCs in WNP, cluster 1 is prone to transit to extra-
tropical cyclones during its course. Cluster 3 makes landfall over Guangdong province
and Fujian province. Post-landfall, the TCs move over land and eventually dissipate
inland. Cluster 2 makes landfall in Hainan province and across the western Guangdong
coast. Post-landfall, the TCs move inland to Guangxi province or cross the occan to make
secondary landfall over the eastern Vietnamese coast. The moisture latent heat flux and
baroclinic potential energy (Harr and Elsberry, 2000; Harr et al., 2000; Sinclair, 2002;
Thorncroft and Jones, 2000) from the mid-latitude synoptic systems arc two crucial
factors for TC sustaining (Chen el al., 2004; Li ct al, 2004a; Li et al., 2004b). The large-
scale circulation (eg. > the -subtropical high) has a significant influence on TC tracks post-

landfall (Chen et al., 2004). The TC motion and sustaining mechanism post-landfall are

109



also influenced by the elevations and land surface (e.g., Brunt, 1968; Chan and Liang,
2003; Chang, 1982; Hamuro and Coauthors, 1969); for example, TCs may experience
track deflections when passing through Taiwan (e.g., Wu, 2001; Wu and Kuo, 1999;
Yang et ai, 2008). The three clusters discovered from the post-landfall TC tracks are
interpreted from the perspective of a moisture supply, large-scale circulation, elevation
and baroclinic potential energy.

6.4 Interpretations

TC movements are largely controlled by the steering flow (e.g., Chan, 1985b, 2005a;
Holland, 1993a; Holland, 1983b), which is characterized by the streamline and the
subtropical high. The composite 500 hl)a geopotential height and streamline of each
cluster are plotted to show the environmental flow surrounding TCs. Given the
characteristics of the post-landfall tracks of three clusters, these tracks are attributed to
the environmental flows surrounding TCs post-landfall. Figure 6-6 illustrates that the
steering flows surrounding the TC centers in the three clusters dilTer vastly. The steering
flow (i.e., deep-layer mean wind fields from 850 to 300 hPa layer) surrounding the TC in
duster 1is largely westerly. The subtropical high is located to the southeast of the TC
center. However, the steering flows of clusters 2 and 3 arc mostly easterly. The steering
currents of clusters 2 and 3 drive the TCs to move westward after landfall. Figure 6-7
illustrates the remarkable difference between the 500 hPa geopotential heights of the
three clusters in the region 70 °E to 160 °W longitude and 0°N to 70[R Natitude. The
subtropical high depleted by the 5870 gpm or more contours is located to the east of
130 °E. However, the subtropical highs of clusters 2 and 3 shift westward to about 110 °E
and 90 °B respectively. Cluster 1 moves northward and northeastward under the influence
of an eastward-shift subtropical high (Figure 6-7). However, clusters 2 and 3 tend to go

westward because the subtropical high shifts westward (see Figure 6-7).

The elevations of land surface where the TC centers are located influence the sustaining

and decay rate of TCs post-land fall. Given the characteristics of TC landfall locations and

tracks, the average elevations of TCs in cluster 1 are higher than those for cluster 2



according to the Student's t test. Besides, the average elevations of the TCs in duster 3
are higher than those for cluster 2 according to the Student's / test. No significant
relationship is observed between clusters 1 and 3. The average elevation of cluster 2 is
the lowest of the three (see Table 6-1). Cluster 1 makes landfall over more northern areas
than does cluster 3 (see Figure 6-5). Therefore, the mean elevations of duster | arc lower
than those for cluster 3 > despite the fact that the relationship is insignificant (see column
‘F-value’ in Table 6-1). The lower elevation of cluster 1 and the westerly due to the

northern latitude cause the TC to recurve.

Table 6-1 Comparison of Average Elevations of Clusters 1, 2 and 3 within 12 hours post-
landfall by the Student's t test

F-valuc Sig. t-value d.f.
Cluster 1-Cluster2 11.245 001 1.606 56
Cluster2-Cluster3 6.271 015 -1.891 52
Clusterl-Clusters 218 643 -.254 50

TC tracks are usually influenced by the steering flow (e.g., Chan, 1985b, 2005a; Holland,
1993a; Holland, 1984). Besides, some studies have found thai the moisture supply and

baroclinic potential energy play significant roles in sustaining TCs post-landfall.
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Figure 6-6 Composite streamlines of three clusters in the region 60° x 60[ centering
the TC center. Coordinate (0 > 0) marks the typhoon's center.
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Figure 6-7 The composite 500 hPa geopotential height of three clusters based on the post-
landfall TC tracks for the period 2000-2010. The 5870 gpm or higher contours indicate
the high center of the subtropical high.

The characteristics of water vapor supply (e.g., moisture transfer) and wind fields on the
850 hPa of clusters 1°2 and 3 are depicted in Figure 6-8. It is shown thai the average
moisture transfer of cluster 1 is weak and is cut off during the average time for this
cluster. The moisture transfer of duster 1 at landfall is relatively strong. The moisture
transfer is cut off at 24 hours post-landfall and becomes dramatically weaker at 48 hours

post-landfall.

112



clui clul

«

>m-m_[( d rm

—ri- -m -aft — - ©a j* m e

22
2?0 10 P2

Figure 6-8 The composite 850 hPa water vapor flux (unit: g-s"'-hPa''-cm") ofclusters 1-

2 and 3 at different tjmes related to landfall. The first row marks the water vapor flux al

landfall; the secoruirow the water vapor flux 24 hours post-landfall; and the third row the
, water vapor flux 48 hours post-landfall.

However, the water vapor fluxes of clusters 2 and 3 arc much stronger than that for
cluster 1 for all of the selected time periods; for example, at landfall, and 24 or 48 hours
post-landfall. The moisture supply at 48 hours post-landfall is still strong for clusters 2
and 3 > especially duster 3 (see Figure 6-8). It is noted that cluster 1 contains the post-
landfall TC tracks sustaining for a longer time than those of dusters 2 and 3, The existing
findings on TC development and sustaining indicate that the moisture supply sustains the
TC to a large extent. However, cluster 1 sustains for a much longer time than dusters 2
and 3 - given the weak moisture supply. Therefore, there should be parameters other than

moisture supply to sustain the TCs in cluster 1 post-landfall.
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Figure 6-9 The latitudinal profile map of vertical water vapor flux divergence (unit: 10"
and the vertical water vapor flux (o*q (10" g-kg"'-hPa" -s"') of clusters
1°2 and 3 at different times. The first row marks the vertical water vapor flux (from 1000
hPa to 300 hPa layer) at landfall; the second row the vertical water vapor flux 24 hours
post-landfall; and the third row the vertical water vapor flux 48 hours post-landfall. 11 is
noted that -30 and 30 along the horizontal axis mean 30° to the south and north of the TC
center respectively.

Figure 6-9 shows that the vertical motion of the water vapor of duster 1 is much weaker
than that of dusters 2 and 3. The vertical motion and moisture transfer disappear at 48
hours after landfall. However, those of clusters 2 and 3 continue to rise rapidly to the

high-level troposphere at 48 hours after landfall. It is noted that the composites in Figure



6-9 are averaged over the TC samples that still sustain and live in some time period (e.g.,
24 hours, 48 hours) post-landfall. Therefore, with respect to the TCs existing post-
landfall for 48 hours in clusters 2 and 3 the horizontal and vertical moisture transfer

plays an important role in sustaining post-landfall TCs.

The profile of westerly and vertical velocity is shown in Figure 6-10. The vertical profile
is from the 1000 to the 200 hPa layer. The solid contours signify the westerly whereas the
dashed contours the easterly. In the WNP basin, the prevailing westerly indicates the
proximity of westerlies. In I he first column of Figure 6-10 > the three vertical profiles from
top to bottom are from different time periods: at landfall, and 24 and 48 hours post-
landfall. It can be observed that the solid contour region moves increasingly closer to the
TC center as the TC stays longer over land. In other words, the westerlies are closer to
the TCs of cluster 1 posl-landfall. At 48 hours post-landfall, westerlies almost occupy the
low-, middle- and, high-level troposphere (700 hPa and above) of cluster 1 (see first
column of Figure 6-7). Westerly prevails to the south of the three clusters because of the
cyclonic flow surrounding TCs. The TCs in cluster 1 interact with westerlies and obtain
their baroclinic potential energy from them via interaction. However, the interaction
between TCs and westerlies cannot be observed in clusters 2 and 3 because the westerlies
lie far away from the TCs in these clusters. Therefore > clusters 2 and 3 do not have any
opportunity to obtain energy from the mid-latitude synoptic systems. The upward motion
disappears 48 hours post-landfall in cluster 1, whereas the upward motion (depicted by
the pressure vertical velocity) of clusters 2 and 3 prevails at 48 hours post-landfall. This
helps to explain the reason why duster 1 sustains much longer than dusters 2 and 3

without a sulTicient water vapor supply.
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Figure 6-10 Latitudinal profile of pressure vertical velocity (co means pressure vertical
velocity, unit: Pa/s) and zonal wind of clusters 1, 2 and 3(the arrows mark the direction
and strength of the vertical velocity and the contours show the zonal wind, unit: m/s). The
horizontal axis indicates the latitudes from south (negative) to north (positive).
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Figure 6-11 The 200 hPa divergence (unit: xI0"*) and zonal wind (unit: m/s) of clusters |,
2 and 3 at different times post-landfall over the region 60°x 60° centering at TC centers.
The symbol at coordinate (0 > 0) indicates the typhoon's center.

The TCs have convergence in their low level and divergence in lheir high level
respectively (Bister and Emanuel, 1997; Charney and Eliassen, 1964; Craig and Gray,
1996). Convergence and divergence arc good indicators for convections to sustain the | C
structure during its lifespan due to the Convective Instability of the Second Kind (CISK)
or Wind-Induced Surface Heat Exchange (WISHE) mechanisms (Charney and Eliassen,
1964; Craig and Gray, 1996). Meanwhile, the 200 hPa zonal wind indicates the high level
environmental surrounding flow. Figure 6-11 illustrates how the divergence of cluster 1
to the northeast of the TC is larger than that for clusters 2 and 3. There is an appreciable

westerly close to cluster 1 at all times post-landfall. However, analogous divergence and
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wind field patterns do not exist irt clusters 2 and 3. Indeed, the 200 hPa wind fields close
to clusters 2 and 3 are mostly easterly by contrast to westerly for cluster 1 > which can also
be obseryed in Figure 6-10, which depicts the vertical profile of the zonal wind as well as
the upward motion. Therefore, the divergence of cluster 1 indicates that TCs maintain
their cyclonic structure post-landfall. The prevailing 200 hPa westerly surrounding
cluster 1 implies that cluster 1 interacts actively with the mid-latitude westerlies and
obtains baroclinic energy from the mid-latitude synoptic systems in order to maintain the

cyclonic structures.

Based on the discussion above, we interpret dusters 1°2 and 3 from the meteorological
perspective. Cluster 1 has a long lifespan and recurves post-landfall » whereas clusters 2
and 3 arc short-lived. Cluster 2 mostly moves westward post-landfall. Eventually, most of
the TCs in duster 2 make secondary landfalls across the Vietnamese coast. Cluster 3
moves inland and subsequently disappears. A possible explanation for lhis is that the
subtropical high of cluster 1 propagates more eastward than that, of clusters 2 and 3.
Besides, the steering flow of cluster 1is westerly, whereas those of clusters 2 and 3 arc
easterly. The landfall locations of cluster 1 have higher elevations than those for clusters
2 and 3. Therefore > cluster Ehoves northward and recurves post-landfall, while clusters 2
and 3 move westward or northwestward under the influence of the strong subtropical

high and prevailing easterly.

The horizontal and vertical water vapor supply of cluster 1is weaker than that of clusters
2 and 3. However, it sustains for much longer than clusters 2 and 3. From the vertical
profile (from the 1000 to 200 hPa layer) of zonal wind, the westerlies are much closer to
cluster 1 than to clusters 2 and 3. The interaction between cluster 1and the mid-latitude
systems (e.g., westerlies) provides the baroclinic potential energy for cluster 1. The
strong divergence and southwesterly wind near the TCs of cluster 1 on the high level
(200 hPa layer) indicate thai cluster 1 maintains its cyclonic structure well. The baroclinic
potential energy may play an important role in sustaining the TCs and maintaining the

cyclonic structure of TCs.

118



6.5 Summary

TC landfall has long been considered as one of the most crucial problems in TC study
since it triggers tremendous damage to coastal areas. However, the characteristics of TCs

post-landfall have been paid insufficient attention by the scientific community.

FMM:-based clustering algorithms are applied to post-landfall TC tracks to discover the
hidden clusters. Elevations are taken into account in this clustering model because
existing studies have found that the landfall' surface or elevations influence TC
movements post-landfall. Three clusters are uncovered from the historical post-landfall
TC tracks. Cluster 1 makes landfall along the Fujian and Zhejiang coast and sustains for a
long period, during which it mostly recurves to the mid-latitude region. Cluster 2 makes
landfall in Hainan province and across the western coast of Guangdong province. Most of
the TC tracks in cluster 2 move over the ocean and make secondary landfalls over the
Vietnamese coast and western Yunnan province. Cluster 2 eventually dissipates inland
due to the rough landfell surface in western Vietnam and the Himalayas near Yunnan
province. Cluster 3Fhakes landfall over the GAuangdong and Fujian provinces.

Subsequently, the TCs in cluster 3 move inland and disappear.

The clustering results'are interpreted and justified from the meteorological perspective
(©.g, the geopotential height, steering flow, vertical and horizontal water vapor supply).
We find that cluster moves northward and northeastward and recurves into the mid-
latitudeg r(gglon because of a retreating subtropical high and westerly steering flow
surroundlng the TCs By contrast, clusters 2 and 3 move westward or northwestward as a
_r(gsult of the yyestrﬁard—shlft" subtroplpal high and westward steerlng flow. Cluster 1
.sustains for a longer timc/.than clusters 2 and 3 in spite of its weak horizontal and vertical
| water \g.épor s.upply.'lt is fpund that the TCs im cluster 1 interact actively with westerlies

during the post landfall perlod On the other hand, we cannot observe any analogous
. -k :

interactions with»westerlies in clusters 2 and 3. Besides, the composite 200 hPa

divergence of cluster 1 post-landfair is stronger than that for clusters 2 and 3. This



explains why the TCs sustain much better than clusters 2 and 3 post-landfall to some
degree.

v!

The focus of this chapter is on the discovery of the patterns in historical post-landfall IC
tracks hidden in the TC data. With the development of the dynamic modeling of land-TC
interactions, the predictions of post*ndfall TC tracks and TC-triggered rainstorms will
be advanced in the future. In order to make progress in disaster response, mitigation and
management, the data mining algorithms, such as FMM-based algorithms used in this

study, will complement dynamic modeling in post-landfall TC study.
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CHAPTER 7: Tracks and Intensities

1 Introduction

TC tracks and intensities are two basic problems of scientific and operational concerns.
TC track forecasts have becomc increasingly accurate over last several dccades (Wang
and Wu, 2004), thanks largely to a combination of better observations, especially the
satellite (Soden et al. » 2001) and dropsonde (Aberson and Franklin, 1999; Burpee €t 4d. >
1996). Nonetheless, researches on TC intensities greatly lag that of TC movement (e.g.,
KnafT et al., 2005; Wang and Wu, 2004). TC landfall and recurvature are of paramount
interest in TC researches. The relationship between TC movement and intensities
concentrates on the relations of TC recurvature and landfall to intensities. The interaction
between TC movement and intensity plays an important role in operational TC prediction.
In spite of the great significance in the interaction, relatively little attention has been paid
to the interactions between TC movements and intensities. For example, Velden and
Leslie (1991) investigated the relationship between TC intensity and moving direction

using the depth of the environmental steering layer.

0

Past researches on the association of TC landfall with intensity focus on the decaying rate
during or after making landfall in the South Chinese coast, Korean Peninsula, the Indian
coast, the U.S. coast, and the Japanese coast. Based on the existing research findings,
most of TCs decay after making landfall. Meanwhile, there exists some unusual
intensification of TCs after landfall. However, the specific characteristics of TC intensity

change before and after making landfall over the Chinese coast have seldom been
examined,

to
The maximum intensity corresponding to recurvature is under investigation in the last
several decades (Evans and McKinley, 1998; KnafT, 2009; Riehl, 1972). It has been
reported that TC maximum intensity tends to be coincident with TC recurvature (Evans

and McKinley, 1998; Riehl, 1972). Riehl (1972) found that roughly two-thirds ofthe TCs
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that reach typhoon/hurricane intensity attained their maximum lifetime intensity within
12 h of recurvature in the WNP. Instead of 45 and 70% of all WNP TCs peaking within
412 h and 724 h of recurvature as reported in EM98 for the period 1980—199% : the
datasets from 1980-2006 in Knaff (2009) suggested these percentages are close to 28.9
and 50.0% respectively. It is inferred in Knaff (2009) that the long-held belief that most
TCs attain their maximum intensities near recurvature is not supported by the
observations. The TC intensity records prior to 1985 should be used with caution (Chu ct
al., 2002). Nonetheless, the relationship between TC recurvature and maximum intensity
is still ambiguous based on KnalT (2009) and the TC intensity changes have not been

explored comprehensively with respect to TC recurvature.

MPI is proposed to estimate an upper bound on TC intensity for given atmospheric and
oceanic conditions. The MPI is mainly governed by SST (e.d., Emanuel, 1986, 1988 -
1997; Emanuel et al. » 2004; Malkus and Riehl, 1960). MPI has not been applied to the
relationship between intensity and recurvature yet. In this study * MPI will be used to

analyze the potential of TCs to intensify related to recurvature.

Instead of counting the frequency of landfalling and recurving TCs, the Student's t test
and ANOVA are employed to analyze whether the differences between the indicators of
several groups are significant. The attempt of this study is lo shed light on the
relationship between TC tracks (e.g., landfall and recurvature) and intensities through the

Student's t test and ANOVA.

Therefore, the intensity change with regard lo TC recurvature and landfall is investigated
by taking into account the MPI and SST to determine the mechanisms controlling the
intensification or weakening. The characteristics of two-group TCs (i.e., peaking
intensities prior to and after recurvature) arc studied by ANOVA and the Student's t test
to decide vChether there is a significant difference. Meanwhile, the Student's t test is
employed to determine whether the average durations for sustaining maximum intensities

between straight movers and recurvers are significantly different.
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This chapter is organized as follows. Section 7.2 introduces the data source and
methodology. The intensities of landfall TCs are presented in section 7.3. Section 7.4

presents the analysis on intensities of recurving TCs. The conclusion is drawn in section
7.5.

7.2 Data and Methodology

a. Data for Rccurving TCs

JTWC TC best track is used in Knaff (2009) to analyze the characteristics of intensity
change corresponding to recurvature in WNP and other basins. The TC intensity of
JTWC is measured by a 1-min MSW for all named TCs. All of the TCs occurring in these
study areas between 1985 and 2009 are drawn as samples. The TC best track data used in
this study is available from JMA RSMC Tokyo.

This post analysis best track data consist of 6-h estimates of position (latitude and

longitude), MCP, and 10-min MSW for all named TCs in the WNP basin, including the

cn”./inia-center/rsiiic-hp-piih-c*/bestiraclx.html). The MSW value of the JTWC best track
is therefore larger than that of the JIMA best track.

The meteorological parameters, such as latent heal net flux, divergence, relative humidity,
water vapor, and upper-troposphere temperature, are extracted from the NCAR/NCEP
rcanalysis dalaset (Kalnay et al., 1996) (available online  at
http:,"\V\vw.e.srl.noaa.l/ )v/psd/dat(,/2ridded/data.ncq).i'eamilysis.ptessme Uiul).The

rainfall dataset used in this study is TRMM Multisatellite Precipitation Analysis (TMPA)
(Huffman et al., 2007). TMPA at fine resolutions (0.25° x 0.25° and 3 hourly) combines
precipitation estimates from multiple satellites, as well as land surface rainfall gauge
analyses where possible. The TRMM rainfall covers the area between 50°N and 50°S for

the period from 1998 to the present.
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TMI Optimum Interpolation (Ol) daily SST data (Gentemann el al., 2004) at a 0.25®
0.25° resolution together with RSMC Tokyo best track data are used to estimate MPI,
which is one of the important predictors employed in the TC intensity prediction models.
TMI Ol SST analysis is available from the RSS website at http://www.ssmi.com and
covers the latitude band 40°S-40°N from January 1998 to the present.

In order to investigate the relationship between recurvature and intensity, the MPI is
taken into account. However, the SST daily data are only available from January 1998.
The TC best track data from 1998 to 2009, together with the NCEP/NCAR dataset over
the same period, are applied to the investigation. This study focuses on TCs that form in
WNP. Therefore, recurvature is defined as turning from westward to the north and
eventually to the northeast in the Northern Hemisphere (Joint Typhoon Warning Center
(JTWC), 1988). The point of recurvature is consistent with KG9 as the first point where
the first derivative of longitude with regard to time is equal to zero and the second
derivative of the longitude is positive (i.e., the minimum). However, the theoretical point
of recurvature may lack recording due lo the 6-hour intervals of the best track data. The
point which is nearest to the theoretical point of recurvature is thus regarded as the
practical point of recurvature if the theoretical point of recurvature has no records. Not all
recurving TCs are drawn as samples. Indeed, the TCs are precluded if they have the
following characteristics: (1) the point of recurvature is over land; (2) the maximum
intensity of TC is less than 17 ms''; (3) the looping TCs or equatorward-recurving TCs;
and (4) the latitude of any future point cannot be less than the latitude of the recurvature
point. This methodology leads lo 164 recurving TCs in WNP between 1985 and 2009. Of
the 164 recurving TC cases, h37 (0.835) TCs achieve at least typhoon/hurricane intensity
(i.e., 65 knot or 33 m s"), whereas 17 (0.104) TCs reach Category 3 of the Saftlr-
Simpson Hurricane Scale (Simpson and Riehl, 1981b). It is noteworthy that in order lo be
consistent with the R72, EM98 and K09, the definition of "time reaching the maximum

intensity of the lifespan" is the first time that the TC attains the largest intensity.
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7.3 Recurvature

7.3.1 Recurvature and Intensity

It is presented in KO9 thai are the percentages of TCs that attain the maximum intensity

within a specific time period related to rccurvature (e.g., recurvature 112 h). Table 7-1

gives the percentages of TCs attaining the maximum intensity at times related to

recurvature. Of the TCs with tropical storms' strength or greater (>17 m/s), 0.30 and

0.46 reach maximum intensity within 12 h and +24 h respectively. With regard to TCs

of typhoon strength or above (> 33 m/s), 0.27 and 0.42 of them peak in intensity within
+ 12 h and +24 h. With respect to severe typhoons (>52m/s), only 0.16 of these storms

attain the maximum intensities within both 12 h and 124 h respectively. However,

these severe typhoons tend to peak in intensity prior to or at the recurvature point (0.84).

Of these severe typhoons, few reach their greatest intensity after recurvature.

Table 7-1 The statistics based on the percentages of TCs peaking in relation to the timing

of recurvature. The intensity levels arc set in consistence with Table 1 of K09 for

comparison. Vimax is the maximum sustained wind.

Intensity Level
>17m/s
>33m/s
>52m/s

(1)
0.30

0.27
0.16

52m/s>Vmax>33m/s 0.29

33m/s>Vmax>17m/s 041

(1) The percentage
(2) The percentage
(3) The percentage
(4) The percentage
(5) The percentage
(6) The percentage
(7) The percentage

(2)

0.46
0.42
0.16
0.47
0.56

(3)
0.63
0.60
0.37
0.64
0.72

of TCs that attained maximum
of TCs that attained maximum
of TCs that attained maximum

(4)
0.75
0.73
0.63
0.74
0.82

intensity at +12 h of
intensity at £24 h of
intensity at +36 h of
of TCs that attained maximum intensity at +48 h of

of TCs reaching maximum intensity24
of TCs reaching maximum intensity prior to or at recurvature.
of TCs reaching maximum intensity24

Q)
0.37

0.42
0.83
0.36
0.23

h after

(6) (7
0.62 0.17
0.67 0.16
0.84 0.11
0.65 0.17
0.46 0.21
recurvature.
recurvature.
recurvature.
recurvature.

h prior to recurvature.

recurvature.

These results are compared to K09 as follows. It is observed in Table 7-1 that tropical

storms (33m/s>vmax>l 7m/s) are most likely to peak in intensity when closc to

recurvature. In comparison to 0.32 and 0.57 for all the WNP TCs peaking within 12 h of
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recurvature as reported in K09, these percentages are 0.41 and 0.56 respectively in this
study. We also find that strong TCs tend to peak in intensity prior to recurvature (0.84).
Among these strong hurricanes (>52m/s) attaining maximum intensity before rccurvature,
most of them (0.83) reach their maximum intensity prior to recurvature-24h (i.e., 24
hours previous to recurvature. Others arc defined likewise). This is much larger than the
corresponding probability (0.46) in KO09. In agreement with K09 - a fraction of TCs
achieve their maximum strength after rccurvature among all the intensity levels,

especially at rccurvature+24h.

The timing of maximum intensity is defined as the first time the TC achieves maximum
intensity. If this timing is extended to be any time(s) thai the TC attains its greatest
intensity, the results arc distinct. As shown in Tabic 7-2, the proportion of TCs that reach
the maximum intensity is much higher than that in Table 7-1, within +12 h, 124 h, +36 h
and 48 h. Another appreciable difference is that the proportion of TCs thai peak 24
hours after recurvature is much higher than that shown in Table 7-1. However, the ratio

of TCs that peak prior to or at TC rccurvature resembles those of TCs in Table 7-1.

Table 7-2 The statistics based on the percentages of TCs peaking in relation to the timing
of recurvature (as in table 1 but the timing of recurvature is not confined to the first TC
peak intensity). The intensity levels are set in consistence with Table | of K09.

Intensity Level 0 (2) k) @ (5 (6) (7

>17m/s 46% 64% 77% 85% 44%  63%  52%
>33m/s 43% 61% 75% 84% 48% 67%  47%
>52m/s 32% 53% 74% 84% 74% 84%  52%

52m/s>V,r.ax>33m/s 45% 61% 75% 83% 44% 64% 52%
33m/s>V,u,x>17m/s 53% 65% 78% 88% 30% 45% 68%

*Columns are defined as in Table 7-1.

The relationship between the maximum intensity and rccurvature is ambiguous to some
degree based on the previous investigations. It is meaningful further to analyze this
relationship. The average TC intensities (both MSW and MCP) at different limes related
to recurvature are derived from the JMA TC best track data between 1985 and 2009 (see
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Figure 7-1). We take into account 48 hours in relation to recurvalure. From the figure, it
is observed that the average intensities ofrecurvers tend to peak at or near recurvaturc in
terms of MSW and MCP. According to the average TC intensities, the TC tends to reach

its maximum intensity at or near recurvalure.
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Figure 7-1 The average central pressure and maximum sustained wind of TCs at dilTereni
times related to recurvature. "R" at the x-axis indicates the time at recurvaturc whereas
"r-6" marks 6 hours prior to recurvaturc. Other times are defined likewise. The led
vertical axis is the maximum sustained wind (unit : Knot) while the right vertical axis
indicates the central pressure (unit: hPa).

The Student's t test is employed lo justify whether the average TC intensity (depicted by
MSW (ms'"')) changes significantly corresponding to recurvaturc. The average intensities
associated with recurvature arc evaluated at seven points: recurvaluretl2 h,
recurvaluret24 h, recurvature+36 h, and at recurvature. It is shown in Table 7-3 that the
average intensity at recurvalure is sighj/icanUy larger than that at both 24 and 36 hours
preceding TC recurvaturc at a 0.05 significance level. The average intensity at
recurvature is also significantly larger Ihan that,at recurvaturc+24h and recurvature+36h.
The difference between intensity at recurvature and at recurvature1-12h is not remarkable.
However, the difference is significantly remarkable between intensity at recurvaturc and
intensity at recurvature-24h, and between intensity at recurvature and recurvature+24h.

Therefore, Table 7-3, together with Figure 7-1, indicates thai TC tends significantly to
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peak in intensity at or near recurvature, at least within £24 hours in WNP. This result is
consistent with R72 and EM98: thai a TC tends to attain its maximum intensity close to

recurvature.

Table 7-3 The Student's t test results for differences in intensities related to TC
recurvature from 1985 to 2009. Rec marks the average intensity at recurvature. Pre36H
and Aft36H indicate the average intensity at 36 hours previous to and after recurvature
respectively. Others arc defined likewise.

Intensity changc mean t-valuc cl.f. Sig (2-tailcd)
Rec-Pre36M 7.844 4.432 166 0.000
Rcc-Prc24H 3.383 2.361 166 0.019
Rcc-Prcl2H 1.437 1.569 166 0.119
Rec-Aai2H 1.018 1.910 166 0.059
Rcc-Att24H 4.611 4,752 166 0.009
Rec-Aft36ll 10.359 7.108 166 0.000
Pre36H-Aft36H 2.515 0.959 166 0.339
Pre24H-Aft24H 1.228 0.608 166 0.544
Prel2H-AftI2H -0.419 -0.337 166 0.737

Since the TRMM SST dataset is only available from 1998 to 2009, the TC samples
during this time period arc analyzed for comparison in order to be consistent -with the
available TRMM SST dataset. The analysis of the TC samples from 1998 to 2009
indicates similar but not identical results (Table 7-4). It shows that the average intensity
at recurvature is larger than that at recurvature-36h, recurvature+24h and
rccurvature+36h. Different from Table 7-3 > the diffcrcnce between at recurvature and
recurvature-24h is, however, not statistically significant from the tabic. MPI, an upper
bound on TC intensity for given oceanic and atmospheric conditions (e.g., Emanuel, 1986,
1988, 1991), is used to analyze the potential for intensification. The empirical MPI
function (DeMaria and Kaplan, 1994; Knaff ct al., 2005) is fit by historical records of
SST and TC intensity and shown as:

MPI = >4+ BeC7/-To) (7.1)
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where A=38.21 knot > B" 170.72 knot, C= 0.1909 and To=30 T remarks the SST
at the TC center. The potential for intensification is evaluated using MPI minus current
intensity. As shown in Table 7-5, the intensification potential at rccurvature is larger than
that at rccurvature-36h at a significance level of 0.096. This means that the intensifying
trend at recurvature-36h is more evident than that at recurvature. Besides, the
intensification potential is significantly larger than those at recurvalure+12h,
recurvature+24h and recurvaturc+36h. It can also be observed that the potential TCs
intensifications previous to recurvature are much higher than those after recurvaturc (see
Pair 7, 8 and 9 of Table 7-5). The intensification potential based on MPI is in flill line
with the results in Table 7-3. Figure 7-2 shows that the average SST around the TC center
tends to dccrcase as TC moves from previous to recurvature to after rccurvature, since

TC tends to move into the mid-latitude region with a lower surface temperature after
recurvaturc.
Table 7-4 The Student's t test results for differences in intensities related to TC

recurvature from 1998 to 2009. Rcc marks the average intensity at recurvature. Pre36H
and Aft36H indicate the average intensity at 36 hours previous to and after recurvature

Intensity change  'mean t-valuc d.f. Sig (2-tailcd)
Rec-Pre36H 6.667 2.564 62 0.013
Rec-Prc24H 2.143 1.189 62 0.239
Rec-Prel2H . -0.079 -0.070 62 0.945
Rec-AftI2H 0.794 0.904 62 0.369
Rec-Aft24M 3.730 3.218 62 0.002
Rec-Aft36H 8.413 4.569 62 0.000
Pre36H-Aft36H 1.746 0.467 62 0.642
Pre24H-Aft24H 1.587 0.617 62 0.539
Prel2H-Aftl211 0.873 0.439 62 0.626
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Table 7-5 The Student's t test table for intensifying potential (MPI minus current

Intensity change Mean t-value d.f. Sig (2-tailcd)
Rcc-Pre36H -9.98 -1.694 58 0.096
Rec-Pre24H -3.39 -0.673 58 0.504
Rec-Prel2ll -6.29 -0.987 59 0.328
Rec-AftI2H 11.34 2.234 54 0.030
Rec-Aft24H 12.59 2.734 39 0.008
Rec-Aft36H 15.73 2.524 53 0.015
Pre36H-Aft36H 27.67 4461 53 0.000
Prc24H-Aft24H 16.56 3,008 58 0.004
Prcl2H-AftI2H 15.60 2.573 54 0.008
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Figure 7-2 The average SST of a rectangular region (20°x20°) centering at TC center
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7.3.2 Points of TC Rccurvaturc

Recurving TCs may peak in intensity prior to or after recurvature. The recurving points
are shown in Figure 7-3 for TCs between 1984 and 2009. Green rectangular and red
circular points indicate thai the recurvaturc points of TCs attaining Iheir maximum
intensity after and prior to recurvature respectively. The characteristics of recurving
points are derived from the ANOVA table (Table 7-6) for the three attributes: longitude,
latitude and MCP. It can be observed that the latitude is significantly different between
.the two groups (i.e. » peaking prior to or after recurvature). The longitude is different
between the two groups at a significance level of 0.063. The central pressures of the two
groups significantly differ from each other. Therefore > the latitude, longitude and MCP of
the, two groups of recurving TCs are significantly different. The recurving points'
peaking intensity after rccurvature tends to be located to the southeast of that of the TCs’
peaking intensity prior to rccurvature, since the relatively southern recurving points
provide more space for intensification due to the higher SST, strong latent hear flux and
smaller vertical wind shear (e.g., DeMaria et al” 2005; Emanuel el al. » 2004; KnalTet al.,
2005). As a TC moves further north, it in general faces a lower SST > oceanic heat content
and mid-level cold moisture, as well as a rising vertical wind shear. These conditions are

associated with TC weakening.
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prior to or after recurvaturc
Variable Sum of Mean
Squares Square
Latitude Between 199.399 199.399
Groups
Within 5111.381 169 30.245
Groups
Total 5310.780
.ongitude Between 682.060 682.060
Groups
Within 32990.94 | [ 69 195.213
Groups
Total 33673.001 [ 70
Central Betw 4472 .492 4472 .492
Pressure Groups
Within 99272.503 169 587.411
Groups
Total 103744994

Table 7-6 ANOVA table for the recurving points of TCs attaining maximum intensity

Sig.
6.593 0.011
3.494 0.063
7.614 .006
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Figure 7-3 The recurving points of TCs peaking intensity prior to and after recurvature.
The green rectangular points indicate the recurvature points of those TCs attaining their
maximum intensity after recurvature whereas the red circular points are the recurvature
points of those TCs attaining their maximum intensity prior to recurvature.
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7.3.3 The Sustaining of Maximum Intensity

After TCs attain their maximum intensity, they sustain the same intensity for some lime.

Lillle attention has been paid to the sustaining of TCs’ maximum intensity with regard to

recurversand straight movers (Figure 7-4). It is noteworthy that the timing of attaining
the maximum intensity agrees with the previous definition as being the first time that a
TC peaks in intensity. It is of great interest to evaluate the time period for which
recurvcrs or straight movers sustain their maximum intensity after first attaining it. This

investigation is accomplished by ANOVA and the Student's t test, to see whether the
means of the two groups are statistically different.
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Figure 7-4 The TC tracks and points to their lifetime maximum intensity after first
peaking in intensity of (A) recurvers and (B) straight movers from 1985 to 2009

The ANOVA tabic is shown in Table 7-7. From the table, the maximum intensity and its
duration of straight movers and recurvers are different at a significance level of 0.00.
Besides, the Student's / lest indicates that the average duration of the maximum intensity
of recurvers is significantly larger than that of straight movers. The average MCP of

recurvers during peak time is significantly larger than that of straight movers. This infers
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that the intensity of straight movers tends to be larger than thai ofrecurvers during peak
time. The difference is largely attributed to the SST. The straight movers peak in intensity
and sustain their maximum intensity in relatively low-latitude regions. However,
recurvers peak in intensity and sustain their maximum intensity in relatively higher
latitude regions, even in the mid-latitude area. The lower SST and higher vertical wiixi
shear associated with the higher latitude ocean lead to the weaker intensity ofrecurvers.
The relatively short duration of peaking intensity of straight moving TCs can be ascribed
to the landfall, which causes the water vapor supply and oceanic latent heal to be cut off.
Most straight movers experience landfall during their lifespan. Once the TC or its outer
rim interacts with the coastal areas about one day prior to the landfall, the TCs begin to
weaken. Nonetheless, in spite of the lower SST and sometimes higher vertical wind shear,
recurvers can sustain their maximum intensity for longer due to the continuous occan

heat content and water vapor supply.

Table 7-7 The results of (a) the Student's t test and (b) ANOVA for maximum intensity
and llie duration of peak intensity for recurvers and straight movers

(a)

Variables t-value d.f. Sig (2-tailcd)
Duration of Maximum Intensity  4.480 . 287 0.000
Maximum Intensity 4.533 287 0.000

(b)
Variables F-value d.f. Sig (2-tailed)
Duration of Maximum Intensity  20.070 287 0.000
Maximum Intensity 20.500 287 0.000

135



74 Landfall and Intensity

t

7.4.1 Decay related to landfall

The =448 hours related to TC landfall are divided into intervals of 12 and 24 hours to form
7 and 8 pairs. TC landfalls coincide with the weakening of intensity due to the culling off \
of the water vapor supply, structural change, land-TC interaction and rainstorms induced
by TCs, from the previous observational analysis (e.g., Bhowmik ei al., 2005a; Fujibe
and Kitabalake, 2007; Wong el al., 2008). The time at which the TCs begin to weaken
associated with TC recurvature is investigated using the Student's t test at intervals of 12

and 24 hours respectively (Table 7-8).

Table 7-8 The Student's / test results for the difference between the two groups' average
intensity of TCs at intervals of (a) 12 hours and (b) 24 hours related to TC landfall.
“Pred8H > indicates the average intensity at 48 hours previous to landfall. The others arc
defined likewise,

(a)

intensity change mean t-value d.f. Sig (2-tailcd)
Pre48H-Pre36H -1.607 -1.235 60 0.221
Pre36-Pre24H 0.016 0.017 60 0.996
Pre24H-Prel2H -2.361 -2.079 60 0.042
Prel2H-Landfall -3.311 -3.366 60 0.001
Landfall- Aft 12H -8.545 -3.570 54 0.001
Aftl2H-Aft24H -4.902 -4.834 50 0.000
Aft24H - Aft36H -1.182 -0.559 43 0.579
Aft36H-Aft48H -0.947 -0.349 37 0.729
(b)
intensity change mean t-value d.f. Sig (2-tailcd)
Prc48H-Pre24H -1.590 -0.842 60 0.403
Pre24H -Landfall -5.672 -3.036 60 0.004
Landfall - Aft24H  -14.117 -5.486 50 0.000
Aft24H - Aft48H -2.421 -0.977 37 0.335
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Pre36H —Prel2H -2.344 -1.305 60 0.197
Prel2H -AftI2H -11.618 -4.288 54 0.000
Aftl2H -AfI36H -7.000 -3.297 43 0.002

From the table, with a time interval of 12 hours (Table 7-8a), the average intensity lends
to be stable from 48 hours to 24 hours preceding TC landfall and the intensity difference
begins to be remarkable at 24 hours prior to landfall at a significance level of 0.042. The
decay continues until 24 hours after landfall, at which the intensity difference alter 12
hours is not remarkable. With respcct to the table with a time interval of 24 hours (Tabic
7-8b), the average intensity difference between landfall-24h and at landfall is significant.
Besides, the average intensity difference between Landfall and LandfallAft24 is also
significant. Similar differences cannot be observed between LandfallPrc48 and
LandfallPre24, between LandfallPre36 and LandfallPrel2, and between LandfallAft24
and LandfallAft48. Therefore, the analyses between the intensities of landfalling TCs arc
not sensitive to the time intervals (e.g., 12 hours, 24 hours) and TCs experience
significant decay only during £:24h related to TC landfall. After landfall for 24 hours, the

TCs mostly decay to tropical depression.

7.4.2 Interpretation

TC intensity is associated with a wide range of parameters, such as SS T, which is related
to MPI (e.g., Emanuel, 1986, 1988 > 1997, Emanuel el al., 2004; Malkus and Riehl, 1960),
the upper bound on TC intensity, vertical wind shear, high-level relative humidity, and
surface flux (DeMaria et al., 2005). Landfalling TCs interact with land surface prior to
and after landfall. There exists a long time period without SST observation after TCs
make landfall. Therefore, the SST is not employed for interpretation. LHR through
condensation and precipitation processes, particularly in the TCs inner core (a radius of
110 km from the TCs center), is crucial to TC development and maintenance (Charney
and Eliassen > 1964; Kuo, 1965). The rainfall as a proxy of co”ensational heating is
employed to evaluate TC strength by case study (e.g., Heymsfield ct al., 2001; Jiang and
Halverson, 2008; Rodgers et al., 2000; Simpson et al., 1998). The relationship between
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landfall and intensity are interpreted from the perspective of latent heat flux, precipitation

rate, vertical wind shear, and relative humidity.

Figure 7-5 The latent heat flux (wm'#) related to TC landfall. The coordinate (0, 0)
indicates the TC's center. The rectangular region (20° x 20°) is centering at the relative
TC center. Landfall-48h means 48 hours previous to and after TC landfall rcspcctivcly.

Others are defined likewise.
The composite SLHF is shown in Figure 7-5, which includes the composited SLHP at 9
time periods related to the landfall (e.g., landfall-48h, landfall-36h). The composite SLHF
tends to decrease from landfall-24h to landfall+24h. However, the SLHF is nearly stable
after landfall+24h. The SLHF remains stable prior to landfal 1-24h. Therelbre, the
intensity change associated with TC landfall is partly attributed to SLHF. The composite
analysis of precipitation ~te by TRMM is displayed in Figure 7-6. The precipitation rate
in relation to landfall tends to drop after landfall-24h. However, the difference between
landfall-24h and landfall-i2h is not appreciable. The difference between landfall-12h and
the times after that arc significant from the observational analysis. The precipitation has
been used as a proxy to measure intensity. Therefore, the characteristics of TC intensity

change related to landfall can be attributed to the precipitation rate.
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Figure 7-6 The precipitation rate (mm-hr") related to TC landfall. The coordinate (0, 0)

indicates the TC's center. The rectangular region (20° x 20°) is centering at the relative

TC center. Landfallt48h means 48 hours previous to and after TC landfall respectively.
! Others are defined likewise.
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Figure 7-7 The 200 hPa divergence (x| O’ related to TC landfall. The coordinate (0’ 0)

indicates the TC’s center. The rectangular region (20° x 20°) is centering at the relative

TC center. Landfall{-48h means 48 hours previous to and alter TC land fail respectively.
Others arc defined likewise.

The high-level divergence (e.g., 200 hPa level) is an important indicator of'TC intensity,
which is associated with TC structure and development (DcMaria et al.,, 2005). The
composite 200 hPa divergences at time periods prior to landfall dilTer insignificantly.
However, the composite 200 hPa divergence lends to decrease greatly after landfall

(Figure 7-7). The TC intensity therefore drops after landfall.

'l he water vapor supply plays an important role in TC sustainmcnt. The composite 850
hPa water vapor and wind fields are overlaid for investigation. As shown in Figure 7-8’

the 850 hPa wind fields around the TC center arc mostly northeastward al all times

t

related to landfall. However, the water vapor supply weakens after landfall. After

landfall+36 h > the water vapor supply is cut oil The cut-off water vapor supply largely
explains the death of post-landfall TCs. The weakening water vapor tlux leads lo the

lower TC intensity. Therefore, the TC weakens after landfall.
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Figure 7-8 The 850 hPa water vapor supply (g-s'-hPa''cm') and wind fields (m-s"')
related to TC landfall. The coordinate (0 > 0) indicates the TC's center. The rectangular
region (20° x 20°) is centering at the relative TC center. Land fall+=48h means 48 hours
previous to and after TC landfall respectively. Others are defined likewise.

In summary, the relationship between TC landfall and intensity is interpreted from the
perspective of latent heat flux, precipitation rate, 200 hPa divergence, and 850 lil)a wind
fields and water vapor supply. These composite indicators indicate that the TCs lend to

weaken significantly during the period from land fa 11-24 h to landfall+24h.
7.5 Summary

The relationship between TC tracks and intensity is investigated in this chapter. It is
found that, at least in WNP (including the SCS), TCs tend to peak in intensity close to | he
point of recurvaturc. We also found that the recurving points of TCs peaking their
intensity after rccurvature are located to the"southeast of the recurving points of TCs
peaking intensity prior to recurvalire. The recurving TCs sustain their maximum
intensity for significantly longer than straight moving TCs. The TCs also lend lo weaken
significantly from landfall-24h to landfall+24h. 1l is consistent with the previous study
that the TCs begin to interact with the coastal areas one day prior to landfall. Meanwhile,
the TCs decay to tropical depression or dissipate at landfall+24h. Therefore, the TCs will
not weaken significantly after landrall+24h. The results derived from the characteristics
of TC intensity change related to TC movement should be of both scientific and

operational significance.



CHAPTER 8: A Novel Web-based System for Tropical
Cyclone Analysis and Prediction

8.1 Introduction

It is of considerable importance to corrcctly predict the TC track (Abcrson and Sampson,
2003; Chan, 2005a; flarr and Elsbcrry, 1991) and intensity (Vcldcn and Leslie, 1991;
Wang and Wii > 2004; Wong and Chan, 2004) for effective disaster analysis, response,
mitigation and management (Simpson and Riehl, 1981a).> Landfalls (e.g., Lyons, 2004;
Wu et al., 2003) and recurvatures (e.g., Chan ct al., 1980; Cheung, 2006; Hodanish and
Gray, 1993; Krishnamurti ct al., 1992) of TC arc particularly critical problems since most

damages are caused during TC landfall and recurvature.

Observational research, dynamic modeling and data mining have been key approaches to
TC prediction and analysis in terms of intensity, track, landfall and recurvaturc. A
number of systems have also been implemented for TC forecasting. MacA fee (MacA fee,
1997) developed the Canadian Hurricane Center Forecaster's Workstation lo forecast and
analyze hurricane tracks by the analysis of larger-scale tropical weather patterns and
global dynamic hurricane modeling. The Automated Tropical Cyclone Forecasting
System (ATCF) developed by NRL Monterey (Sampson and Schrader, 2000) is a
computer-based platform designed to automate and optimize the forecasting process at
the U.S. Department of Defence and tropical cyclone warning centers of the National
Weather Service. It provides capabilities to track and forecast movement, construct
messages, and disseminate warnings. Version 3.2 is now widely used in tropical cyclone
warning ccnters and enables analysts to track and forecast storms in the USA. The
Australian Tropical Cyclone Workstation (ATCW) (Woodcock, 1995), developed by the
Bureau of Meteorology in Australia, is in operations at the Western Australia regional
office in Perth and in New Caledonia (Woodcock, 1995). ATCW used CLImatology and
PERsistence (CLIPER, Neumann and Hope, 1972) as a forecasting scheme for current
TC tracks. In brief, these TC forecasting systems arc designed for professional use at

various meteorological agencies and are not made available to the public. Furthermore,
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system developments are only based on stan,d-alonc edition workstations. These systems,
however, do not provide case-by-case visualization and query of historical TCs and do

not have facilities for web-based services.

With regard to software development, quite a few TC tracking software have been made
available in recent years. There are, for example, 'Eye of the Storm', 'Global Tracks',
‘Hurricanc Watch 2000 > > 'HurrTrak' » 'Merlin', 'Personal Hurricane Center' ; Storm,,
‘Tempest Hunter' and Tracking the Eye' on the webpage of National Oceanic and
Atmospheric Administration (NOAA). However, these systems arc mainly developed for
the visualization of historical TC archives. Only a few are developed tor simple TC
tracking, TC analysis, or the display of predictions issued by authoritative meteorological
organizations. The systems at JTWC > JMA, National Hurricane Center (IMHC) and HKO
are typical examples. These TC tracking software are developed just for the visualization
of the Jaistorical TC database via the web > but they lack the capabilities for TC analysis

and prediction. )

As for building a GIS for prediction, analysis, tracking and visualization of TC, the
fundamental spatial database and API are relatively expensive to access, particularly for
the general public. There is a number of popular GIS software, such as ArcGIS server,
ArcIMS, MapExtrcme, MapX, which provide useful interfaces for system development.
For example, a desktop-version of a GIS-based TC system is built for the simple analysis
of historical and active TCs (Kong et al. » 2008). A GIS-and-remote- sensing-based
system was developed to monitor the TC movement in 1998 (Kumar et al., 1998).
However, it is considerably more difficult to develop a wcb-based system for rigorous TC
analysis with functionalities for complicated visualization, analysis and data mining.
Very few TC forecasting systems are built by web-based GIS software. Existing web-
based GIS systems for TCs are > however, mainly built for information dissemination and
map distribution via the Inteme(s, with only a few having limited data analysis capability.
As to the accessibility of GIS, by virtue of its technical complexity and high cost, GIS has
usually been made acccssible only to the government and public administration, where it

plays a vital role in the vast majority of its everyday operations (Masscr ct al., 1996).
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Data mining is the process of extracting hidden and useful patterns and information from

data (Fayyad et al., 1996; Han and Kamber, 2006)! In recent years, tremendous data
mining algorithms have been employed to unravel TC tracks and intensities in TC
database (e.g., Camargo et al., 2004; Camargo et al., 2008; Ca!T\"r|o el ctl., 20073, b;
Craffney and Smyth, 1999; Gaffncy et al., 2007, GafThey, 2004; Lee et al., 2007).
However, only a few data mining derived results have been successfully applied to
predict TC movement. On the other hand, dynamic models have been employed to
predict TC movements over the years (Juneng el al., 2007; Mancial et al., 2007). The two
approaches can actually complement each other to achicvc more reliable and accurate
prediction of TC movements. Data mining can unravel useful information for the
enrichment of the dynamic | nodels, and the mechanisms underpinning the dynamic

models can be used to guide the data mining process.

To recapitulate, existing TC systems can be grouped into several categories: (1) stand-
alone systems for professional use only, with limited capability tor TC visualization and
query; (2) web-based systems for visualization, with limited capability for TC analysis
and prediction; (3)" GIS-based system for simple TC analysis; (4) web-based system for
information dissemination, with limited data analysis capability. Therefore, a web-based
and free-acccss GIS system should be built to bring GIS technology and TC knowledge
lo the researchers and general public at little or no cost. Thus, it should have
functionalities for the visualization of historical TC archives, complex data analysis and
information distribution for research and professional use, but also for the consumption
of the general public. A comprehensive TC analysis and prediction system with all the
above features as well as powerful data mining and dynamic modeling capabilities has
yet to be developed. This chapter introduces our (a group effort in collaboration with the
Department of Computer Science and Engineering at The Chinese University of Hong

Kong) construction of such a platform on which data mining methods such as clustering,

J

CART and case-based algorithm and dynamical models such as MM5 can also be used

individually or in synchrony to accomplish more accurate TC prediction (Leung el al.’
2011). -



The overall objective is to develop a powerful web-based system for the tracking,
prediction and visualization of TC movements, landfalls, and rccurvatures via dynamic
modeling and data mining in assimilated multi-sourcc, multi-scale and multi-level TC
database. It is to be realized through the accomplishments of the following interrelated
sub-goals with innovative design conceptsFirstly, a web-based platform with user-
friendly interface and effective visualization capability is buill with advanced GIS
technology and scientific -speed-up techniques. The present system uses Google map4

products as a basis for development since it is web-based, and is open and free in terms of
|

geographic data management and API. Secondly, the system can run on any computers
and is transportable. Dynamic models based on physical processes in meteorology arc
utilized to generate data for tracking typhoons, particularly on the dynamic changcs of
landfalls and i*ecurvatures. Thirdly, novel data mining algorithms are developed to
unravel rules and regularities for TC landfalls and recurvatures. The data mining
algorithms and the dynamic model will mutually enrich each other in a complementary

and integrated manner. Fourthly, a multi-source, multi-scale and multi-level remote

sensing database consisting of atmospheric and meteorological data such as wind fields in
different levels, humidity, sea-level temperature and pressure, geopptential height,
rainfall, wind shear, best track data - etc, is constructed for effective and efficient typhoon
track analysis ancT forecasting. Lastly, using state-of-the-art software tools such as Adobe
Flash and Sun's Java in conjunction with Google Maps API, the system is developed for
public consumption in the intei*net.

The significance of this system lies in i’gs efficient and effective visualization of historical

i
TC archives artd the retrieval of data for analysis and forecasting in the web-based

environment. Its user-friendly interface and efficient query system greatly facilitate
public consumption and professional usa Its facilities,for the*employment of dynamic

models and data mining algorithms- make it a powerful system for TC analysis and
» e J

prediction, particularly on TC landfalls and recurvatures. Furthermore, the TC database is

extensible for future applications.
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In what follows, the overall architecture of this system is first discussed in section 8.2.
System functionality and implementation are scrutinized, in section 8.3. Prediction of TCs
with data mining algorithms and dynamic model is then elaborated in scction 8.4. This

chapter is concluded with a summary and outlook for further research.

8.2 Overall architecture of the system
8.2.1 Overall system architecture

The present system uses Google map as a basis for development since it is web-based,
flexible, and efficient and is open and free in terms of geographic data management and
API. The tropical cyclone analysis and prediction system (TCAPS) is constructed on the
basis of the Client/Server architecture. The overall system architecture is depicted in

Figure 8-1.
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Figure 8-1 Overall architecture of the tropical cyclone analysis and prediction system
! (TCAPS)



When clients access the system through the World Wide Web (WWW), a request will be
submitted to the server for onward submission to the Apache Web Services. The Apache
Web Services will then transfer these messages to relevant services or applications.

Apache Web Services act as the web gateway to be shown on the WWW.

Specifically, Apache Tomcat Services provide a gateway for different applications to
transfer interactions and communications to JSP application or Java Servlet. The Apache
Web Services, on the other hand, provide a web gateway for various services or
applications. Flash Applications render dynamic graphical user interface for the
visualization of geographical and meteorological data and connection to Google Map
Services, Open Action Message Format (OpenAMF) and Geographical Data Plotting
Program, as well as display of TC best track on Google Map. The Geographical Data
Auto-Insertion Program can be employed to cxtract ihe downloaded TC-rclatcd
meteorological data, transform the geographical data to specified format, and insert the
meteorological data into database. The Meteorological Data Plotting Program transforms
the meteorological data as images in JPEG formats used as images on super-imposed
layers of the TC Track Viewer. Google Map Services connect the background worWW map
data from the Internet to other applications. The HTML Applications supply static
WebPages through Apache Web Services for user navigation and are used mostly for

organization purpose, i.e. linking of different applications and WebPages. Meanwhile,

Java Servlet /JSP Applications offer database query services and Java Web Applications

!

thrA\Sugh the Apache Tomcat Services. The OpenAMF manages Java-to-Flash Remote
Services and provides linkages for Flash Action Script and Java Class aiming at
retrieving data from the database. The Oracle Database stores geographical data and TC-
relaled data in a relational database. In order to cxtract the MM5 modeling results, the

Result Extraction Program can extract results obtained by the MM5 model.

8.2.2 General Functionality of the TC track viewer

The TC Track Viewer of TCAPS provides the map view, terrain view and satellite view
through Google Map APl (Figure 8-2). The Ilink to the system s
hlip://pcS9075x\'ie.ciM.Cihilik:SOS()/mvcgrAAA TC analysis and
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prediction are hidden by default in order to provide more space for analysis and decrease

the loading time of the TC track viewer.

Map View

Terrain Viewl
Satellite View
Figure 8-2 Three basic views of the TC Track Viewer

The TC track viewer is developed by Flash Action Script 3.0 > and cannot be directly
connected to the Oracle database. Therefore, Java programming is used to connect the TC
track viewer to the database. Java Servlet, OpenAMF and Java programs form a linkage
between the database and the TC track viewer. The viewer is built on Flash and is
embedded into the HTML. It provides not only a high level graphical user interface for
the visualization of TC and its related attributes, but also contains different kinds of
multi-criteria spatial queries in terms of TC track, recurvature and landfall. Basic
functionalities of the TC Track Viewer arc summarized as follows:

1. Animation of TC tracks

This tool makes a TC recur in 6-hour increments. The animation starts at a predefined
time and from there users can play, pause, go backward or forward to view the TC tracks.
The viewer can be set at any year starting from 1951.

2. Layered display of features

To facilitate visualization, atmospheric features can be shown in layers. SLP, SST > cloud
formation, humidity, wind field, wind shear on land surface and high altitude can be

individually displayed as image layers, or can be superimposed onto one another. It runs
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in parallel with the animation of IC tracks to give the atmospheric and oceanic
conditions throughout the TC movement.

3. Data analysis

The viewer provides facilities for users to incorporate difterenl attributes into the analysis,
and results can be displayed on the line chart which is movable and with changeable
opacity. Il depicts the correlation between selected attributes.
4. Information display via cursor

4
TC information of each point along a track can be retrieved and displayed by clicking the
mouse cursor at the point. It can also show its atmospheric and oceanic background
information. Such informalion can be hidden by moving the cursor away from it.

5. Data search
|

For easy manipulation, the viewer can show or hide a wide range of data searching panels
such as TC classification. Users can set the visibility of these panels.

6. Result Selector Panel and Result List

Results obtained from the query are shown on the Result Selector Panel and user can

select “proceed,, or “show details" on the panel. After clicking “show details", the Result
List will be shown automatically - giving brief descriptions of the results. User can further

select the results on the Result List.

7. TC prediction

Data mlnlng algorithms are put in store for TC track prediction via KMM, spatial
5|m|Iar|ty and temporal S|m|Iar|ty, and dynamic analysis by MM5.

8. TC genesis analysis

Since TCs originated at different locations in the Pacific Ocean and SCS will have
different characteristics in terms of track, intensity and landfall characteristics, analysis of
the initial condition, called genesis analysis, at the point where TC gains its intensity to
become tropical storm is important to the prediction of its subsequent development. This
analysis focuses on the number of TCs formed in a specific time interval at a latitude-
longitude grid cell. Each latitude-longitude grid cell is colored according to the frequency

of TC occurrences at that location over the years.
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8.3 System Functionality and Implementation
8.3.1 Building the TC Database

In TCAPS, the TC archives are organized in terms of 'I'C tracks, mctcorological variables
and satellite cloud images. TC tracks display TC points constituting the polyline in 6-
hour interval. The track data arc downloaded from J MA. Meteorological variables (e.g.,
wind field, wind shear, SLP, SST, rainfall and humidity) arc important factors affecting
TC track, intensity, genesis, landfall and TC triggered disasters (e.g., flgod, land slide,
storm-surge). Therefore, these variables are collected from authoritative meteorological
agencies and can be superimposed in TCAPS. Satellite cloud image can display not only
the TC structure; it can also indicate TC intensity and motion. In the present system, the
study area mainly covers WNP and SCS, that is 0°N - 45°N in latitude and I00O"H -180°K
in longitude. Therefore, the meteorological variables are extracted within the specified
study area. A description of the TC database is given in Table 8-1.

Table 8-1 Description ofthe TC database

Data Source Time Spatial Resolution Image range' Raw data
Resolution (lat x long) range’

TC track JMA Every 6 hours N/A 1951 to 2009  195i to 2009

Wind at NCEP/NCAR Every 6 hours 25" X 2.5' 2003 to 2007 2003 to 2007

level of IOm

Wind shear NCEP/NCAR Every 6 hours 2.5°?¢2.5° 2000 to 2007 2003 to 2007

SLP NOAA Every 6 hours 20(p° 2003 to 2007 none

SST NASA/NOAA Daily 01- (0.1° 2003 to 2007 2003 to 2007

Rainfall NASA Rvery 3 hours 0.2501(0.25° 2006 to 2007 2006 to 2007

Satellite  cloud NASA Every 3 hours 1/60(1/60] About 10 N/A

images days

Humidity NCEP/NCAR Every 6 hours 25 (2.5° 2003 to 2008 2003 to 2008

‘linage range™ stands for the temporal data range for the image layers superimposed in the system

'Raw (lata range' stands for the temporal data range for ihe raw data stored in llie backuround database.
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The comprehensive TC database in TCAPS integrates TC best track database,- and other
meteorological variables (such as SST, SLP, humidity, wind fields in different
atmospheric levels) acquired from NOAA, NASA, NCBP/NCAR and JMA. A tool kit is
constructed to facilitate data retrieval.

. <

The TC track data arc derived from the JMA best track with 6-hour interval. It is
organized by TC number, intensity, date, central pressure, latitude and longitude. The
SST data and images are downloaded from the remote sensing systems (RSS) under the
sponsorship of NOAA and NASA. The data have a spatial resolution of 0.25° by 0.25°
with a daily interval for the years starting from 1951. SI.P data and images have a 6-hour
interval. The wind at sea level of 10m, wind shear and humidity are collected from
NCBP/NCAR rcanalysis (Kalnay el al., 19%). SLP is downloaded from the website of
NOAA with a 2.5& 2.5° rectangular grid resolution in latitude. Satellite cloud images in
a 3-hour interval are obtained from NASA. Due to the large storage requirement, about
10 days of satellite cloud images arc temporarily collected for preliminary analysis. The
SQL loader, Ferret and Grid Analysis and Display System (GrADS) are employed to

transform the original raw data into the format suitable for TCAPS operations.

8.3.2 System Requirements \

The construction of the TCAPS platform involves Windows XP workstationVh¢l Linux
Ubuntu workstation. The Windows XP workstation is set up as web server, while Ihe
Linux Ubuntu workstation is set up to run the M1VI5 for TC prediction (Table 8-2).
liable 8-2 The operating systems and functions of the TCAPS platform
Operation System Windows XP Linux (Ubuntu)
Installed Application(s) Apache HTTP Server 2.0.48 MMS5 Prediction Model

Tomcat 6.0
Oracle 1 Ig Release 2 >
Functions Storing TC data TC Track Prediction

Hosting the system (GIS)



Besides the software listed in Table 8-2, we also use other slate-of-thc-art software, for
example, Adobe Flash, SQL Loader, gfortran, OpcnAMF, GrADS, Statistical Product
and Service Solutions (SPSS) and Ferret. The system architecture and functionalities are
detailed in the discussion to follow. We first discuss the query system in subsection 8.3.3.

TC prediction is then examined in section 8.4.

8.3.3 Spatial Query

TC query plays a key role in TC analysis in TCAPS. The purpose of TC query here is to

retrieve TC tracks from the TC database with respect to the multiple spatial or non-spatial
criteria, to mine and visualize useful information hidden in the historical TC database by
powerful algorithms, and to provide useful reference for TC prediction in terms of
genesis, track, intensity and landfall. The spatial query system is depleted in Figure 8-3.
The TC query system efficiently finds the required TC tracks with respect lo multiple

criteria (e.g., spatial > temporal, GIS-based) via the effective query outlined in Figure 8-4.

Figure 8-3 The Spatial Query System

Among these query methods, Query by similar path, Query by key area, and Query by
landfalling locations find TC tracks passing through a buffer zone with ccrtain radius, or
through one or two arbitrarily specified areas (i.e.’ rectangle, circles and arbitrary

polygon) and coastal areas (e.g., Guangdong province, Hong Kong) respectively. Query

ns3>



by Genesis obtains useful information on thefrequencyofoccurrencc of"historical TCs in
a certain region, and unravels the TC hot spots in WNP and the SCS. Query by direction
and Query by turning angle search TCs moving in a ccrtain direction and turning in a

certain angle respectively.

TC Query
User sclccts one of the

queries and ihc
corresponding options

rC Query

Use one of the
algorithms lo retrieve

Flash action script

Build the sQL lo
query typhoon track
records according to
user's Time Range

OpcnAMF

Pass the results to
J'lash Query Window

Flash action script

Conned arid send the
SQL toJava Program

elava Program

Use SQL lo query
Database Tables and

TCs and display BELsznAM;esults to

lablcs (Iscd for I ( Qucr

Similar i)»th algorithm

rsnic tc list:
Direction algorithm
stores stores IlI), Names
. geographical of all TC trucks
. . informulion about
Turning algorithm TC records J
\%

Figure 8-4 The TC query interface and procedure

During each query, users can specify location, intensity (e.g., tropical depression, tropical
storm), duration (e.g., 10 days, 12 days), period (e.g., from 1951 to 2007), and month of
the TC Therefore, each query is multicriteria in space and time. Various queries arc

further explained in the discussion lo follow.

1) Similar Path Query

Similar path query is a kind of case-based reasoning (Aamodt and Plaza, 1994; Kolodner,
1993; Kurbalija el ai., 2009). It aims at the retrieval of all TC tracks that passed through a
specified buffer zone. The buffer zone treats the selected TC track segment as the buffer
center. This algorithm is divided into two sub-llinclions, namely "Locating TC tracks

passing through a rectangular region" and "Finding tracks with similar path".



(a) Locating TC tracks passing through a rectangular region

The query aims at the retrieval of all TC tracks that pass through an area specified by lhe
user. As shown in Figure 8-5, the semi-transparent blue rectangle represents the region of
interest on the map. By dragging the 2 purple points freely at the corners of lhe reclangic,
the user can move or resize the region on the map. The query algorithm then finds and

displays all TC tracks passing through the rectangular region on the viewer.

+'006-0&-

g%f Na // J—‘*7.,\jj_:;/\i.4);a3

R
Figure 8-5 Locating TC tracks passing through a rectangular region

(b) Finding tracks with similar path

The purpose of this query is to retrieve all tracks going through a path specified by the
user. As depleted in Figure 8-6, users can draw points by left-clicking the mouse on the
screen bounded by the semi-transparent blue rectangle > and then draw the subsequent
points to form the shape of the path in pink color. A TC track is regarded as having a
similar path if it falls within the specified path or if its starting and ending points locale at

the two ends of the specified path(e.g., labelled by Area | and Area 2 in Figure 8-7).
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Figure 8-6 Finding tracks with similar path
The Similar path algorithm can be modified to predict the future path of an active TC

track by using the subsequent paths of the tracks to which it is similar. The integration of

this query with seasonal similarity and clustering results for TC movement prediction is

discussed in section 8.4.1.

un 1

Figure 8-7 The buffer for querying by similar path
2) TC Genesis Query

Genesis of a TC is the point at which the TC first reaches the intensity level of tropical
storm. TCs occurring at different locations might possess different characteristics in
terms of shape, intensity, landfall and recurvature in their subsequent developments (Harr

and Elsberry, 1991; Liu and Chan, 2003). Thus, this query might be instrumental to the

prediction of TCs based on their initial conditions.
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Figure 8-8 Visualization of TC genesis by latitude-longitude grids

TC genesis deals with the counting of that started within a specified latitudc-

longitude range, duration, and time (month)range.The records of TCs are retrieved from

the database. The starting latitude and longitude of a TC is defined as the earliest record
of the TC. Since the records can be ordered by latitude and longitude according to the

guery, no sorting of the records is required. The counting result will be passed to a
function for visualization in color, Grids with difTerent number of occurrenccs arc

displayed in different colors (Figure 8-8). TC tracks that start fromindividual grids can
also be displayed (Figure 8-9).
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Figure 8-9 TC tracks from various latitude-longitude grids
3) Query by Key Areas

This function allows users to retrieve TCs passing through one or two areas of interest.
Single area query enables users to analyze the degree to which the area is subjected to TC
attacks (Figure 8-10). By specifying another area, the system can reveal all TCs that have
passed through the previously specified area and the currcnt area (Figure 8-11). The

guery can be done with respect to lime and other options.

Cnmbadici
0. )
0
/flbysin

Figure 8-10 Single area query
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Figure 8 | 1 Two-area query

4) Query by Direction

Each TC moves along ccrtain direction throughout its life. Directions of TCs in the WNP

and the SCS exhibit different characteristics in terms of landfall, recurvaturc and

intensity. This algorithm helps to find the movement directions ofTCs.

Users can query the database in eight directions: East, North Kast, North, North West,
West, South West, South and South East (Table 8-3) and can select the threshold,
percentage of the TC path that lies in the selected direction, as a basis of query.

Table 8-3 TC directions (Degree)

Direction
Bast
Northeast
North
Northwest
West
Southwest
South

Southeast

Degrees

0l 22.%9r3375 0 360

22.5,-67.5
67.5--112.5
1125® 157.5
15750 202.5
20250 247.5
24751 292.5
292.5-337.5

I==



Figure 8-12 is the result of a query with respect to the northeast direction and a 40%
threshold.

Figure 8-12 TCs from 1st January 1951 to 1st January 2007 with 40% oflhe paths
moving northeast

5) Query by Turning Angle
AlTected by various factors, TCs might change course in their movements. Sudden
turning of a TC always causes considerable damages to areas lying on its path iflhey are

caught unprepared.-The query is to retrieve TC tracks that change courses al certain

angles and al certain points in time.

To retrieve relevant TC tracks, users can specify turning angles, number of turns, and
minimum distance between two adjaccnt segments at the turning point. The turning angle

is determined by using the vector dot product a»b=\a\h cosO=zo0”~\a *h/ h ) to find

the angle between 2 sequential segments (Figure 8-13). The user can choose a threshold

value to see whether the turning angle ofa TC track is larger than the threshold angle.
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Figure 8-13 Query by turning angle (a) the algorithm (b) specification of angle (It defines
the angle between 2 sequential segments dl and d2.)

Figure 8-14 depicts TC tracks retrieved tor the period frorrrJanuary 1st 1951 to January

I'si 1965 with turning angles >70 degrees, one single turn and minimum distance 0.6

degree in latitude or longitude.

Figure 8-14 PCs retrieved by turning angle (The blue rectangle demonstrates the selected
guery area relevant TCs passed through.)

6) Query by landfalling location

TC landfall (Ching el al. » 2000; Lyons, 2004) always inflicts severe damages to coastal
areas. TCs that landfall in different coastal areas may be similar in track shape and trend.
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Query by landfalling location can help to analyze all TCs thai landed in certain coastal
selected months and periods. In Figure 8-15, it is clear that most of the TCs that
“made landfall in Guangdong province and moved in a more or less straight path, with

only a few that recurved.
oriina

vi'j
ici Vietnam e ) e R 0.
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Figure 8-15 TC tracks landed in Guangdong province frora 1997 to 2007

7) Additional Query Options

When users are performing any of the above queries, they could set additional options for
TC retrieval. The additional options are about period, location, length and duration. Users
can specify the query period in terms of year, month and day; and/or location in terms of
coastal area, region or a city; and/or strength according to, for example, Table 8-4. Query
results are tabulated in the result list showing TC IDs, names and start dates. Selected

TCs are then plotted onto the Google map for visualization.
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Grades of Tropical Cyclone Strength on Knots

‘Super Typhoon More than ()r equals to 100
Severe Typhoon 81 --100
Typhoon 64--81
Severe Tropical Storm 48--61
Tropical Storm 34--48
Tropical Depression Less than or equals to 33

8.4. Prediction of Tropical Cyclones

8.4.1 Mining of Historical Tracks for TC Prediction

Among other topics > prediction of TC track is a main area of research in TC analysis and
is of public concern. To facilitate analysts to itiake prediction, the present web-based
system renders the data mining approach and the dynamic-model approach to TC

prediction. It also ofTers the integrated use of both approaches to enhancc prediction.

The data mining approach, at present, offers TC-pattcrn clustering by the FMM and TC
recurvalure prediction by CART. The dynamic model, IVIM5, on the other hand, is

incorporated into the current system for TC-track prediction.

The movement of a current TC may be predicted by the movements of the past TC tracks
exhibiting similar characteristics. Thus, data mining methods can be employed to unravel
the characteristics of relevant TC patterns in the past and to shed light on the prediction
of the current TC. TC track clustering through FMM, for example, has been performed
over the years (Camargo et ai, 2004; Camargo el al., 2008; Camargo et a/., 2007a, b;
Gaffiley and Smyth, 1999; Gaffney et al., 2007; Gaffhey, 2004). Camargo et al.
(Camargo et al.” 2007a, b) discovered 7 clusters in historical TC track afchive of WNI),
while Gaffhey (2004) found 10 dusters in similar TC-track database.
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Integrating spatial similarity, temporal similarity and the clustering procedure of
Camargo el al. (2008), we constructed a TC track prediction scheme, which is similar to
the case-based prediction scheme and ClLImatology and PERsistcnc (CLIPBR)

(Neumann and | lope, 1972) schemc.

In the present system, the .HMM-based clustering model is implemented within the
Matlab platform (Camargo el al., 2004; Camargo et al., 2008; Camargo el al, 20073, b;
Gaffncy and Smyth, 1999; GatTney et al., 2007; Gaffncy, 2004). The parameters (3, 0"
and V* in equation (1) (Gaffhey, ‘2004), characterizing the shape of each cluster can be

obtained as follows:
pAy. )= f

(81)

where vy, is the i-th curve of length n, (it denotes the i-th TC track), pkl(y,} is the
probability of track yi belonging to the k-th cluster, |, is a curve-specific translation scalar
for the i-th track, pk is the p x 1 mean coefficient vector of the k-th cluster, and OK' and
\K* are variances of y; andt, in the Gaussian model, for the k-th cluster respectively . 11 ere,

according to Gaffncy (2004),

A 2 A
e =\ nY~git.k),

A2 A A

CT, (8.2)

- A "=
/ t

A2 A2 A

where v* » cr¥, are the estimations ofvk", and pk. nand N are the total number of,

A

sample TC tracks, cU is the estimation oftik. and tk is the curve-specific translation scalar
of the i-th track for the k-th cluster, Xj is the Vandermondc matrix evaluated at the i-th

TC track and X/ is the transpose of X| . )



Using the longitude and latitude of each point of a new TC track as input of the clustering
model, we can calculate the probability of the current activc track belonging lo each TC
class using equation (8.1). Essentially, the clustering procedure employs the TC position
orders (e.g., 1, 2, and 3) as a basis in the polynomial regression. The shapes of the TC
tracks (curves) are depicted by the parameters of the polynomial regression model.
DifTerent shapes are integrated into the FMM according lo the distribution of the error
terms. Then > the current TC will be assigned to the class with the largest posterior
probability. The characteristics of the TC class and the historical TC tracks belonging to
this class can be used as a reference for forecasting. Once an active TC track has been
assigned lo a duster, all the historical tracks of that cluster will be retrieved and

employed to predict the shape and movement of an active track.

Besides the clustering results, spatial similarity or case-based reasoning via the "Query
by Similar Path" can also be employed to find useful historical tracks for prediction. In
general, TCs occurring in a certain season have special or similar characteristics
according to the positipn and strength of the subtropical high and monsoon trough (Ho ct
al., 2004; Lchodey et al., 1997; Lu and Dong, 2001). Thus, historical TC tracks occurred
in the same season as the current active track can be used lo predict the movement of the
latter. This is called "Temporal similarity" or "Seasonal similarity". Thus, TC tracks
unravelled satisfy both the clustering results and the spatial and temporal similarity query
results. The tracks obtained from these three procedures will then be cross compared and
integrated, and the subsequent points of movement of the integrated track can be

employed to make more reliable prediction of the current track.

Figure 8-16 shows the flow of the above prediction procedure, and Figure 8-17 depicts a
reasonably accurate experimental result of such prediction. The blue buffer is the buffer
zone of the selected TC track segment. The yellow line with blue dots is the prcdictcd 72-

hour track. The other is the real TC track.
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Figure 8-16 The flow of the scheme for TC track prediction
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Figure 8-17 TC track predicted by FMM
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8.4.2 Prediction Scheme based on MM5

In place of making prediction through the method of clustering, the direct modeling of
TC dynamics has been attempted over the years. Among others, MM5 is one of the most
widely-used numerical weather prediction systems (e.g., Deng et al., 2004) developed
partly for such purpose. Its construction is based on the physical processes and
mechanisms plausibly governing TC development and dynamics and it has been
employed to predict TC movements (Juneng et al., 2007; M”ndal et al., 2007; Ramsay
and Leslie, 2008). Due to high computational cost and complexity, we have implemented

MMS5 into the 32 x 4 parallel computation environments, and it is run using a quadcorc.

There arc many atmospheric datasels available on the Internet, and these datasets have
different characteristics. The two major datasets used by MMS5 in the present system are
"FNI ; ' and "GFS data’ > both of which are published by NCAR/NCEr). The web link lo
“FNL” datasct is liiLp://dhS.ucur.ecluai:nascis/ds083.2/, whereas the link to' GFS" dalasel
is hl(p://\\ \vwv.iicoe nccp.mma.uov/pinlVptOLluc(s/gls/. "FNL" is the abbreviation for “Final
analyses". This dataset contains historical data in high resolution. By using this datasel,
wc can use MM5 to perform past TC simulations. "GFS" is the abbreviation for Global
Forecasting System. The "GFS" database contains high resolution data tor future

prediction. The datasct can be used by MM5 to perform TC prediction.

Since "GFS data" is using GRIdded Binary 2 (GRIB2) formal, MM5 cannot read it
directly. Data preprocessing is needed to convert data from the ¢ r15. format to ihe
GRIBI format. NCEP also provides a tool called "cnvgrib", which can convert a GRIB2

file lo GRIBI file and vice versa:

Figure 8-18 shows the experimental result of a MM5 prediction of Ihe sudden recurving
of a TC. The TC in this case is "CHANCHU" whose lifespan is from 2006-5-9 20:00 to
2006-5-19 17:00 > and its serial number is '200601'. The 12 red dots in Figure 8-18 arc
the points in lime of the predicted track of the active TC after 20:00 on of May. For
comparison, the real TC track (in rainbow colors) is also shown in Figure 8-10. It can be
observed thai MM5 successfully predicted the sudden reciirvalure of this TC.
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, Figure 8-18 TC track forecasting by MM5

8.4.3 TC Rccurvature Analysis through CART

Different from dynamic modeling, the data mining approach aims at the discovery of the
mechanisms/rules characterizing the conditions under which TC might recurve. Instead
of using process models, the data mining approach tries to unravel from TC data rules
governing the reciirvaturc of TCs throughout their movements. Data mining, in general,
is the process of extracting hidden and uscliil patterns and information from data (Fayyad
and Stolorz, 1997; Han and Kamber, 2006; Leung, 2010). In rccent years, a number of
data mining algorithms have been employed to unravel TC tracks and intensities in TC
database (e.g., Camargo e( cil., 2004; Camargo et «/., 2008; Camargo et al., 20073, b;
Cheng et al., 2008; GafTncy and Smyth, 1999; GafTncy et ai, 2007; Gaffney, 2004; Harr
and Elsberry, 1991, 1995b; Lee et al., 2007). However, only a few data mining derived
results have been successfully applied to prcdict TC movement. The data mining
approach and dynamic modeling can actually complement each other to achieve more
reliable and comprehensive prediction of TC movements. Data mining can uncovcr
useful information for the enrichment of the dynamic models, and the mechanisms

underpinning the dynamic models can be used to guide the data mining proccss.
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For TCs in the northern hemisphere, recurvaturc is the change from a north-westward to a
norlh-easlward track moving into the mid-latitude westerlies with the prevailing westerly
flow (Dobos and Elsbcrry, 1993). TC recurvature in the Northern Hemisphere is sensitive
to the change speed of the zonal and meridional wind in the 200 hPa and 500 hPa layers
within the octant |, 2, 3 (north and west) of the 6 - 8 degree radial bell (Hodanish and
Gray, 1993). Chan el al. (1980) demonstrated that zonal and meridional wind (u and v
wind) in the 200 hPa, 300 hPa, 400 hPa, 500 hPa, 700 hPa, 800 hPa, 850 hPa, 900 hPa,
1000 hPa layers (especially the 200 hPa, 500 hPa, 700 hPa layers) in the 5 - 7 degree
radius circic play an important role in deciding the recurvartiirc. Mean values of
geopotential height (Lagc, 1982; Lellwich, 1980) on the 500 hPa layer for 5- 7 degree
radius circle are important factors in TC recurvature. TC intensity can also alleel TC
rcciirvaturc. However, the physical mcchanisin leading to TC recurvatiircs still needs to

be cxactly determined (Bao and Sadler, 1983; Evans and McKinley, 1998; KnalT, 2009).

The present system provides a data mining procedure to discover conditions under which
TCs may change their directions of movement. The idea is to unravel from data
mcchanisms affecling TC recurvaturcs. The ultimate purpose is to integrate the dynamic
modeling and the data mining approaches to achieve more in depth and accurate
prediction. The data processing methods of Hodanish and Gray (1993) is chosen lo
calculate the attributes relevant to TC rccurvatures. They arc, for example, zonal and
meridional wind in 200 hl*a, 500 hPa and 700 hPa layers, the geopotential height in 200
hPa and 500 hPa layers, in the octant I, 2, 3 (north and west) for 6 - 8 degree radial bell
and MSW.

CART is chosen as a method for data mining because of its simplicity and intcrprctability
(Brciman et u/,[1 1984bjieung, 2010). The primary purpose is to unravel rules for TC
recurvature. The sample data of the initial experiment were takenfrom2000 to 2009. The
potential factors that influerite TC rccurvature are categorized into three groups: the
variables relating to large-scalc circulation, the variables measuring the circulation

surrounding TC - the variables describing the characteristics of TC (see Table 8-5).
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Table 8-5 The potential attributes influencing TC recurvature
Groups Potential Variables

Circulation surrounding TC uwnd—200>  uwnd_300, iiwnd_4()(),
uwnd_500, Liwntl—600 » uwnd—7()0,
Liwnd—800, iiwnd_850, uwnd_I ()()(),
vwncl_2()0, vwnd_300, wwnd—400 »
vwncl 500, vwnd 600, vwnd 700,
vwnd 800, vwnd 850, vwnd 1 ()()()

Large-scale circulation area IndexSTH, inten—IndexSTI 1
west exIS'I'l 1, Monsoon WF
W_Wecslerly

Characteristics of'l'C Lon > Lat, Pressure (Central Pressure of
TC Center)

The area IndcxSTl ], inten IndexS TH and west cxtS'PH are the area index, intensity index and
westward extension index of the subtropical high respectively. Monsoon—WF is the monsoon
index proposed by Wang and Fan (1999), and W Wocstcrly is the westerly index.

‘In Table 8-5, the variables are displayed in abbreviations. In the group "Circiilalion
surrounding TC", “lwnd—200 > and "vwnd_200" are respectively the average zonal and
meridional wind of 6-8 degree radial belt at 200-hPa level. The other variables in the
same group are defined likewise. Five variables choscn to measure |he strength and
position of "large-scalc circulation” (i.e. > the subtropical high, HASM, westerlies) thai
larj*ely control TC rcciirvalure (e.g., Hodanish and Gray, 1993) are area index
(area IndexSTH), intensity index (inlen—IndexSTH), and westward extension index of
the subtropical high (wesl extSTH) in WNP ( tor measuring the strength of the
subtropical high and position of SIR), EASM index by Wang and Kan (1999)
(Monsoon WF) (demonstrated by to be nearly identical to the leading principal
component <jf the EASM and greatly facilitates real-time monitoring), as well as westerly

Judex (W_Westerly) proposed by Rossby (1939). For the charactcrization ol rCs, we use

the Longitude (Lon) and latitude (Lat) of TC center > as well as Central Pressure of \ C

(Pressure) in the CART mining process.
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From the result, we can see that Lon, Lat, Pressure, uwiicd—200 > uwnd 000, vwnd—800,
vwnd_850, vwnd 1000, area IndexSTI I, west cxtS'l | | and Monsoon WF arc chosen by
CAR T to build the decision tree (Figure 8-19) stipulating 18 unravelled rules governing
TC reclLirvalure. We can observe that the average accuracy of I'C rccurvaturc prediction
by CART is 84.364%. In the figure, “1> ~meas recurvature and “0” means non-
rccurvature respectively. The rectangles arc leaf nodes, while ellipses or circles arc parent
nodes. Taking leaf node "0(263.0/12.0)" as an example, “0” in front of the bracket means
non-rccurvature and “263.0” and "12.0" indicate thai among the 263 samples of the leaf
node, there are 251 non-recurvaturc samples and 12 rccurvaturc samples respectively. A
path from the root node lo the leaf ni>dc represenls a rule, which can provide reference for
TC recurvataure prediction, Hach rule can be justified by mctcorological and 'IC theories.
Taking the rule tbrmed by lhe path from root node lo leaf node "1(617.0/26.0)" as an

example il can be stated as:

"I r the longitude of a TC center is to the east of 130 "E, the cenlral pressure is less than
1006 hPa, the number of grids within the 5880 gpm contour of 500 hPa geopolential
height is less than 314, the average zonal wind at 200hPa is mainly westerly, and the
western ridge of the subtropical high shifts to the cast of 133 "B, then the TC will
recurve’,. According to this rule, TCs will rccurve under the conditions of weak and
retreating subtropical high and moderate mid-latitude westerlies. In terms ol' the
geopolential height and deep-layer mean wind vector calculated by the I'C samples
belonging lo this rule are all in line with the analysis (Figure 8-20). The 5880 gpm
contours of Figure 8-20 represent the high center of the subtropical high. The deep-layer
mean wind is > in general, | he pressure-weighted mean wind averaged from 850 hPa lo
200 hPa layer. Therefore, the deep-layer mean indicates the steering current thai
determines the TC movement to a large extent. It has been reckoned that the deep-layer

mean wind fields, e.g. 850-200 hPa, are best tor the forecasting of TC movement
(Holland, 1993b).
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The above CART result is only for the purpose of pedagogy. A more comprehensive
study will be carried out to discover rules governing TC landfalls and recurvatures within

the complcx iiionsoonal system.
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Figure 8-19 Rules governing TC reciirvaturc unravelled by CART (The rectangles are
leaf nodes, while ellipses and circles are parent nodes.)

To recapitulate, the present system provides facilities for the prediction of TC movement
by the data mining and dynamic modeling approaches. The initial implementations of
FMM and CART tor data mining and MM5 for dynamic modeling have shown the

effectiveness of both approaches. The next step is to perform more in-depth investigation

of these methods and to take advantages of both approaches to achieve more accurate

prediction through their eftcctivc integration.
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Figure 8-20 The composition of deep-lay mean wind fields and 500 hPa geopotential
height of the samples in the CAR| node (0(263.0/12.0)). The TC symbol denotes the
relative TC center with the coordinate (0, 0). The axes on the bottom and left of the plot
represent the x and y ordinatcs that represent east and north respectively.

8.5 Summary

In this chapter, novel methods and advanced information technologies have been
employed to build a TC analysis and prediction system suitable for academic rcscarch,
practical application, and public education. For technical research, the system provides
facilities tor process models and data mining algorithms. Though they arc made
transparent to users, a more flexible interface can be built in the future tor models
management and algorithm implementation to facilitate researchers to perform TC

analysis and prediction. For the general public, Ihe system provides user-lriendly
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interface for TC query and visualization. It is thus a web-based system with high

academic and educational value and has great potential for technology transfer.

The significance of this system lies in its efficient and effective visualization of historical
TC archives and the retrieval of data for analysis and forecasting in the web-based
environment. Us user-friendly interface and elTicienl query system greatly facilitate
public consumption and professional use. Its facilities for the employment of dynamic
models and data mining algorithms make it a powerful system for TC analysis and

prediction, particularly on TC landfalls and recurvaturcs. Furthermore, the TC database is
extensible for future applications.

The present system is a prototype that can be extended into a fully Hedged system in
which TC dynamics can be studied within the nionsoonal system affecting the
development of TCs (Klsberry, 2004; Harr and Chan, 2004). The data mining function of
the system, in particular, can be extended to unravel rules stipulating the interplay
between TC and MJO (Madden and Julian, 1971, 1972; Madden and Julian, 1994), QBO
(Bbdon, 1960; Rccd ct al., 1961) and RNSO including El Nifio and La Nifia occurrence
(Chan » 2000; Wang et «/., 2003). To increase its tlinction and applicability, it can be

further developed into a real-time system with monitoring and mitigation capabilities.
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Chapter 9: Conclusion and Discussions

9.1 Conclusion

Extreme and more intense TCs tend lo occur more frequently under climate change
(Knutson el al., 2010). TC intensity and movement arc two problems of paramount
scientific and operational concern. TC movement research has dramatically advanced in
the last few decades. | lowever, | C intensity research lags behind that on TC movement.

TC rccurvatiirc has been investigated since the 194()s by meteorologists using

observational studies and modeling physical processes. It is still a challenging field for

operational forecasters and researchers all around the world. >

TC landfall, the process of a TC moving over land, is also of significant importance
because previous researcbes on TC landfall were concerned with seasonal or annual TC
landfall frequency according to the variability of large-scale circulation (e.g., the
subtropical high, monsoonal systems and westerly troughs) modulated by ENSO, QBO
and MJO, with the precipitation and@ B distiribution associated with TC landfall, with
the changes in their tracks and structures when TCs passed through an island by studying
land-TC interaction, and with TC decaying mechanisms post-landfall. The Chinese coast,
as the landfall location, is seldom examined regarding the characteristics of TC landfall in

the light of the combination of large-scale circulation and environmental fields
surrounding TC centers.

When a TC moves overland, the cuUing-olT of the water vapor supply, greater surfacc
roughness, interaction with mid-latitude systems, and decreasing upwards motion at the
TC center make post-land fall TCs dramatically different from those on the ocean. Due to
the complexity and dilTiculty of studying TC-land interaction post-landfall, there has
been far less research conducted on post-landfall TC characteristics than on TC tracks
and intensity. The specific characteristics of TC intensity change both before and a Her

landfall over the Chinese coast have seldom been examined. The relationship between
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TC recurvature and maximum intensity remains ambiguous based on K09, and TC

intensity change has not yet been explored comprehensively witH respect to TC
recurvature.

Given the shortcomings and limitations of the current TC platforms, a web-based, free-
access GIS system should be built to make GIS technology and TC knowledge available
to researchers and the general public at little or no cost. It should have functionalities for
the visualization of historical TC archives, complex data analysis and information

distribution for both research and professional use, and also for the consumption of the
general public.

Therefore, our understanding of TC recurvature, landfall, post-landfall characteristics and
track-intensity interaction plays a vital role in the preparation for, mitigation and
management of TC-relaled natural hazards. Dynamic modeling has been widely
employed to simulate the physical processes of TC dynamics since the 1960s. However,
predicting TC remains a tremendous challenge for operational forecasters. The
abundance of data, togethcF with the requirement for powertiil data analysis techniques
and tools, has led to a data rich, but information poor situation (Han and Kamber, 2006;
Kantardzic, 2003). The TC-rclated database is particularly dilTicult to visualize and
understand because the data can grow along two dimensions: the number of fields (also
depicted as attributes, features or variables) and the number of cases. The rale of growth
of TC-related data sets proceeds much faster thdti the amount of material that traditional
"manuar' analysis methods can handle. Useful knowledge (e.g., structures, processes,
relationships, regularities and patterns) underlying TC dynamics and -mechanisms is
inherently hidden.in the historical TC database. Data mining is defined as "the nontrivial
process of indentrfying valid, novel, potentially useful, and ultimately understandable
patterns in data" (Fayyad and Stolorz, 1997; Fayyad et a/.1996). Nonetheless, it is
currently seldom used to investigate TC recurvature, landfall, and intensity, as ‘weII as

track-intensity interactions in this s*udy. Therefore, data mining methods, together with

statistical methods ; are employed to unravel the rules, patterns and regularities from the

historical TC archives, fhe research findings are summarized as follows:
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TC Recurvature

Two decision trees governing TC recurvature and landfall respectively are built via the
C4.5 algorithm - a powerful, tree-based classification algorithm. In particular, 18 rules
are derived from the decision tree for TC recurvature. Totally, Lon, Lat, Pressure,
uwnd 200, uwnd—1000, v\vnd_800, wvwnd 850°> wwnd—1000°> area—IndexSTH,
west_cxtSTH and Monsoon WF are chosen by the C4.5 algorithm to build the decision
tree (the explanations of these parameters arc shown in section 4.3). The parameters
measuring large-scale circulation and characterizing TCs play a significant role in
building the classification tree. These 18 rules can be explained by the existing theories
and supported by otRer empirical findings on TC recurvature (e.g., Chan et ai, 1980;
Dobos and Elsberry, 1993; George and Gray, 1977; Guard, 1977, Harr and Elsberry.
19953; Li and Chan, 1999; Riehl and Shafer, 1944) according to the verification of the
results by calculating and investigating the composite wind fields, geo-potential heights
and deep-layer mean winds in a square (60° x 60 > ) centering on the TC ccnters. These
ambient wind fields, especially the deep-layer mean winds (from the 850 hPa to 300 hPa
layer) signify the steering flow around the TCs for interpreting the rules, as well as by the
2010 TC best track data that is not involved in training the model. The differences
between the rules and the existing theories and findings on TC recurvature are that the
rules discovered in this investigation are strictly quantitative. However, the existing
findings on TC recurvature, such as "A strong subtropical high and weak monsoon cause
TC to recurve" are mainly qualitative results, or "rule of thumb”. The rules governing TC
recurvature from a quantitative perspective can provide useful references for TC track
forecasters. A variety of splitting values in the classification tree can provide references
for TC forecasting, since these values can best differentiate the recurving and non-
recurving cases based on the archived TC data; for example, TC recurvature is vastly
sensitive to the longitude “130 E°’  because this longitude is first chosen by the C4.5
algorithm to build the classification tree. Besides, longitude “123 should be noted in
operational aids for TC recurvature. Based on the data mining results, these critical

values will also provide useful references for TC recurvature forecasting.
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TC landfall

A classification tree, with 14 leaf nodes, is built using the C4.5 algorithm for TC landfall.
The path from the root node to each leaf node forms a rule. Eventually, 14 rules
governing TC landfall over the Chinese coast are unraveled from the potential attributes
-(see Table 4-1) that may influence TC landfall. The rules are derived from the attributes
and splitting values. Split values such as 27 °N in latitude, 130 °E in longitude, 141 °E in
west extension index and 0.289 in monsoon index (Wang and Fan, 1999) are useful
references for operational aids for predicting TC landfall. The rules are verified from the
perspective of meteorology and the existing TC theories on movement and recurvature
(e.g., deep-layer mean winds and large-scale circulation), as well as from the 2010 TC
best track data that is not involved in training the model. The findings of this study are
also consistent with the existing findings, results and theories on TC movement and
landfall (e.g., Chen et ai, 2009; Harr and Elsberry, 1991 > 1995a; Wang and Fan, 1999).
Both the unraveled rules and the splitting values of these rules can provide useful

references for operational aids for TC landfall prediction.

Post-landfall TCs ‘
t

TCs trigger most of their damage during and posl-landfall. The mechanisms or patterns
characterizing post-landfall TC movement are insufficiently examined. FMM-based
clustering algorithms are applied to post-landfall TC tracks to discover the hidden
clusters underlying the historical TC tracks. Elevations at TC centers are taken into
account in this clustering model because existing studies have found that the landfall
surface or elevations influence TC movement post-landfall. Three clusters arc uncovered
from the historical post-landfall TC tracks. Cluster 1 makes landfall along the Fujian and
Zhejiang coast and sustains for a long time > during which the TCs mostly recurve into the
mid-latitude region. Cluster 2 makes landfall in Hainan province and along the western
coast of Guangdong province. Most of the TC tracks in cluster 2 move over the ocean
and makes secondary landfalls over Vietnam and western Yunnan province. Cluster 2
eventually dissipates inland due to the rough landfall surface in western Vietnam and the

Himalayas near Yunnan province, China. Cluster 3 makes landfall over Guangdong and
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Fujian provinces. Subsequently, the TCs in cluster 3 move inland and dissipate. The
clustering results are interpreted and justified from the meteorological perspective (e.g.,
the geopotential height, steering flow, vertical and horizontal water vapor supply). We
find that cluster 1 move northward and northeastward and recurve into the mid-latitude
region because of the eastward-retreating subtropical high and westerly steering flow
surrounding the TCs. By contrast, clusters 2 and 3 move westward or northwestward as a
result of the westward-shift subtropical high and easterly steering How. TCs of Cluster 1
sustain for a longer time than clusters 2 and 3 in spite of their weak horizontal and
vertical water vapor supply. A plausible explanation for this is that the TCs in cluster 1
interact actively with westerlies during the post-landfall period. On the other hand, we
cannot observe analogous interactions with westerlies in clusters 2 or 3. Besides, the
composite 200 hPa divergence of cluster 1is stronger than that of clusters 2 and 3 post-

landfall. This explains why cluster 1 sustains for much longer than clusters 2 and 3 posl-
landfall to some degree.

TC Track and Intensity

The relationship between TC track and intensity is worthy of investigation. Statistical
methods (e.g., the Student's t test and ANOVA) are used to test whether the variables of
two groups (e.g., recurving and straight moving, landfall and non-landfall) are
significantly different. Il is found that, at least in WNP (including SCS), TCs tend to peak
in intensity close to rccurvaturc. We also found that the recurving points of TCs peaking
in intensity post-recurvature are located to the southeast of those of TCs peaking in
intensity prior to recurvature. It is also detected that recurving /TCs sustain their

maximum intensity for significantly longer than do straight moving TCs. TCs also tend to

weaken significantly from land fa 11-24 h to landfall+24h. It is consistent with the previous
findings on TC landfall that TCs begin to interact with coastal areas one day prior to
landfall. Meanwhile, they dccay to a tropical depression or dissipate at landfall+24h.
Therefore > TCs will not weaken significantly after landfall+24h. The results on the

characteristics of TC intensity related to TC movement arc of scientific and operational
significance.
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TC Platform

Novel methods, state-of-the-art software (e.g. > Google Maps API, Oracle database,
Adobe Flash, Java) and advanced information technologies have been employed to build
a typhoon analysis and prediction system suitable for academic research, practical
application, and public education. It is a web-based system with high academic value and
great potential for technology transfer. The system has a user-friendly interface and
powerftil multi-criteria query system for the tracking and visualization of TC movement,
[l'is also equipped with data mining and dynamic-modeling capabilities for the analysis
and prediction of TC landfall and recurvature. It is thus a uscr-fricndly and flexible

system for research, professional, and the general public's consumplion.

9.2 Implications

This dissertation has examined several TC-related problems through data mining. The

research findings have a wide range of implications for our understanding and prediction

of these problems.

Firstly, this study advances our understanding and paves the way for the more accurate
prediction of TC recurvature. The C4.5 algorithm examines TC recurvature using the
variables measuring large-scale circulation, meteorological variables surrounding the TC
centers and variables characterizing TCs. The rules facilitate a quantitativeframeworkfor
TC recurvature and, being derived from the classification tree of recurvature, provide
new insights into this phenomenon. The key splitting values, such as longitude “130 °E”

and “123 °”, are valuable references for the operational prediction of TC recurvature.

Secondly, this study enhances our understanding of TC landfall and paves the way for its
accurate prediction over the Chinese coast. The C4.5 algorithm examines TC landfall
using large-scale circulation and meteorological variable because the TC landfall over
China and recurvature are closely related. The rules provide a quantitative framework for
TC landfall and, being derived from the classification tree of landfall, provide new

insights into TC landfall. The key splitting values, such as 27 °N in latitude, 130 °E in
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longitude, 141 °E in the west extension index and 0.289 in the monsoon index, are
valuable references for the operational prediction of TC landfall. The characteristics of
TC landfall are associated with the location of TC centers (i.e., longitude and latitude),
but few studies investigate the relationship between location and TC landfall. The
findings indicate that TC landfall is indeed concerned with TC location. A plausible

explanation for this is that the location reflects the status of large-scale circulation.

Thirdly > for the first time, duster analysis has been applied to post-landfall TC tracks. In
particular, three clusters have been unravelled from the historical post-landfall TC tracks
in China. This result can be explained by the empirical findings of Chen and Ding (1979).
Different from the previous research findings on sustaining TCs post-landfall, it is found
that the water vapor supply and baroclinic potential energy are both important factors

largely controlling TC sustaining. Previous studies accept the water vapor supply as the

most important factor in TC sustaining.

Fourthly, studies of the relationship between TC tracks and intensity double the
complexity and difficulties. Previous studies found that TCs lend to attain their maximum
intensity close to rccurvaturc. Knaff (2009) challenges this result by revisiting the
relationship using the JTWC best track dataset. It is echoed in this study that TCs reach

their peak intensity close to rccurvaturc. This result may play a significant role in TC

forewarning.

Lastly, the web-based system for TC prediction and analysis can help to facilitate the
operational processes and procedures. The current TC platforms around the world focus
on professional users. This system can fulfil the requirements of research/professional
users, bul*also those of the general public. Currently, although several professional TC
platforms exist, such as the Canadian Hurricane Center Forecaster's Workstation
(MacA fee, 1997) , the Automated Tropical Cyclone Forecasting System (Sampson and
Schrader, 2000) of the U.S. Department of Defense and the National Weather Service,
and the Australian Tropical Cyclone Workstation (Woodcock, 1995), these systems are

stand-alone. Web-based systems are mainly developed for the dissemination of
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information or visualization of the historical TC database via the web, but they lack the
facility for TC analysis and prediction. Therefore, the System in this study may fill the
gap between a stand-alone professional TC platform and a web-based system for
information dissemination. It provides useful references for researchers and operational
personnel regarding everyday operations and forecasts, as well as meteorological

information and knowledge that may be of interest to the general public.
9.3 Directions for Further Research

This study attempts to discover knowledge about TC dynamics through data mining. We
investigate TC recurvature, landfall > and post-landfall problems, as well as the
relationship between TC movement and intensity, and build a novel web-based plat form

for 'IC analysis and prediction. The current limitations and future directions are

summarized as follows:

7

1. Since this study is based on existing TC theories and findings, the potential factors
may change with the development of these theories. The existing theory on TC
movement focuses mainly on a barotropic framework. The baroclinic processes of TC
dynamics (eg.; thermodynamic processes) arc still under investigation by
meteorologists and are far less well understood. It has |*cn pointed out that the study
of TC intensity lags far behind that of TC movement. Therefore, this study simply
marks the beginning of using data mining methods lo discover knowledge from
historical TC dynamics, and it will be further advanced by the development of the

existing TC theories, data mining algorithms and dynamic models.

2. The study area is focused on WNP, including SCS. The Chinese coast is selected as
the landfall location for the current research. As WNP and the Atlantic are both in the
Northern Hemisphere and influenced by large-scale circulation, the research methods
and findings in this study can also be applied to study the recurvature, landfall, and
intensity of TCs in the Atlantic. Meanwhile, the research methods can also be applied
to the Southern hemisphere (e.g., cyclones in Australia) by redefining the recurvature,

and the indices ofthe subtropical high and monsoonal systems.
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3. As the spatial resolution of NCEP/NCAR meteorological variables is 1°x 1° only from
1999 to the present, and the time interval of the variable is 6 hours, the quality of the
data variables may lirjvil the results to some extent. The NCHIVNCAR reanalysis
dataset from 1951 to the present has a spatial resolution ol 25*"2.5*A, which seems

too coarse for studying TC problems. As the data quality is increasingly improving

according to the advanced observation equipment and technology, this problem may

be solved in the future.

4. The present system is a prototype that can be extended into a full-fledged system
through which TC dynamics can be studied within the monsoonal system affecting
the development ofTCs (Elsberry, 2004; Harr and Chan, 2004; Liu and Chan, 2003).
The data mining flinction of the system, in particular, can be extended to unravel the
rules stipulating the interplay between TC and MJO (Madden and Julian, 1994), QBO
(Ebdon, 1960) and EN SO, including Bl Nino and La Nina occurrence (Chan, 1985a;
Chu, 2004; Wang and Chan, 2002). In addition, real-time TC prediction, which is ol

great interest to the general public, will be developed via collaboration with the Hong

Kong Observatory.

5. Dynamic models (e.g., MM5 and WRF) have elcperienced rapid advancements in the

last few decades and are now broadly used for TC tracks and intensity prediction.
Given the knowledge (e.g., rules, structures and dusters) unraveled by the data
mining methods and the development of the dynamic models, the data mining
methods and the dynamic model will mutually enrich each other in a complementary,

integrated manner. The findings of this study can be used to improve the dynamic

model by fine tuning the parameters and verifying the model outputs.

o v

%

6. This thesis focuses on how TC dynamics are influenced by large-scale circulation
(e.g.” the subtropical high, monsoons, and westerlies). TC internal dynamics and the

interaction between TCs and large-scale circulation are excluded due to a lack of
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observations inside TCs and our insufficient understanding of the mechanisms related
to these processes. Further studies on these aspects are required, given the increasing
spatial,and temporal availability of observations coming from radar, satellites and

otherformsof reconnaissance.

ENSO exerts a significant impact on TC activity (e.g., TC intensity, genesis and track)
in WNP. The BNSO indices will therefore be considered as polenlial variables thai
inlluencc TC landfall and rccurvaturc in the future research. EI Nino Modoki (i.e..
Central Pacific HI Nino) (Ashok et alL, 2007; Kao and Yu, 2009; Kim el al., 2009b;
Weng et ¢/.2007) has been studied by meteorologists in last lew years. The

modulation of HI Nino Modoki on TC activity will be taken into account in further

investigation.
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