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Chapter 12

P ROJECTION OF F UTURE T ROPICAL
C YCLONE C HARACTERISTICS BASED
ON S TATISTICAL M ODEL
Nobuhito Mori∗
Kyoto University, Uji, Kyoto, Japan

Abstract
As a consequence of global warming, several climate models suggest that the frequency and intensity of tropical cyclones will change by the end of the 21st century. A
brief review of future tropical cyclone characteristics and stochastic tropical cyclone
models is summarized in the first half of this chapter. Future tropical cyclone projections are based on stochastic tropical cyclone models with global climate change
effects incorporated, and the analysis of the averaged and extreme conditions of tropical cyclones is discussed in the second half of this chapter. The future projection
of TC tracks and intensities were computed by stochastic tropical cyclone models as
discussed in the second half of this chapter. Based on the analysis of general circulation models and stochastic tropical cyclone models, both a decrease in cyclogenesis
frequency and changes in track have regional impacts to annual tropical cyclone frequency. Using mean statistical characteristics from a general circulation model to run
a stochastic tropical cyclone model, it is possible to estimate the uncertainty associated
with these future tropical cyclone changes.

1.

Introduction

Research on global climate change due to enhanced greenhouse effects on the earth’s environment is changing our understanding of these phenomena to allow for assessment, mitigation and adaptation strategies for the future development of human society. From 1870
to 2004 [1], the sea-level has risen at a rate of 1.7 mm ± 0.3 mm/yr, with a significant
increase in the rate during the last ten years IPCC-AR4[2]. The major source of sea-level
rise is thermal expansion of sea water due to an increase in temperature, thus sea-level rise
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is a static, or averaged, side issue of climate change influencing coastal and upper ocean
regions. Sea-level rise greatly impacts human activity near the coastal zone [2] and simply
exacerbates the vulnerability of coastal regions to other physical processes, such as storm
surges and storm waves. Another direct consequence of sea-level rise is inundation of lowlying coastal areas, which is a long-term concern.
On the other hand, future changes in storm surge and ocean wave climates are a dynamic
side issue of how climate change influences coastal regions [e.g. 3]. If extreme weather
events become stronger in the future, it is necessary to seriously consider the effects of
these dynamic phenomena to prevent and reduce the impact of coastal disasters. The longterm changes to storm surge and storm waves are important considerations for structures
near the coastal zone. For example, a coastal breakwater is designed with a maximum
storm surge level and pressure from a maximum wave condition, a so-called design wave,
for a predetermined design lifetime. Generally, coastal areas that will be most affected
by increases in storm surge are the heavily populated mega-delta regions of East Asia,
South-East Asia, South Asia and the Gulf of Mexico. For example, the total land area of
Japan is approximately 378,000 square kilometers; coastal areas with elevations 10 meters
or less below sea-level account for about 19,000 square kilometers and are populated with
more than 25 million people, or approximately 20% of the total population of Japan. The
United States has similar areas, such as Louisiana and Texas. Tropical cyclone (TC) activity
has major impacts to the delta regions located in the subtropical to middle latitudes. In
these regions, a 1 hPa decrease in atmospheric pressure corresponds to a 1 cm change in
the barotropic effect to storm surge, and wind-induced surge is proportional to the square
of wind speed [e.g. 4]. Also, wind induced surge is related to the duration of a storm.
Therefore, storm surge is not only sensitive to TC intensity, but also to the track of the
cyclone. And, a certain number of TC tracks is necessary to make an assessment of storm
surge risk at a particular location.
Future storm surge projections have been conducted for Europe. For example, Lowe
and Gregory [5] and Woth [6] have analyzed future storm surges around the UK and in the
North Sea regions, and they showed significant increases in storm surge elevations for the
UK coast and the continental North Sea coast resulting from increases in the intensities of
mid-latitude storms. For the subtropical to mid-latitude zones, however, future storm surge
projections are limited due to the lack of knowledge of how TCs in these regions will change
in the future. In these latitudes, the majority of coastal regions measuring a few hundred
kilometers in area have limited historical records of TC landfall. Therefore, assessing the
TC risk in a particular region is difficult even considering the present climate alone. One
way to overcome the limited amount of actual events is to use statistical modeling of TC
events. Statistical modeling of TCs from tropical cyclone development (denoted cyclogenesis hereafter) to tropical cyclone weakening (denoted cyclolysis hereafter) can enhance
the number of events by one or two orders of magnitude from the original amount of data.
Combining climate models with statistical TC models is a useful tool to assess the risks of
future TCs.
The beginning of this chapter describes a brief review of future projections of TC characteristics due to global climate change. Then, a review of stochastic tropical cyclone models including our latest results is presented. Finally, how TC characteristics change in the
future climate is discussed based on the stochastic tropical cyclone model results along with
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the analysis of general circulation models (GCMs).

2.

Review of Future Tropical Cyclone Climatology

Beside the pioneer studies of understanding TC formation and structure [e.g. 7, 8], the
study of TC climatology has progressed over the last decade. Many studies have been
concerned with the global warming issue of future changes in TC characteristics such as
frequency and intensity. In this section, a brief review of present and future changes in
tropical cyclone characteristics will focus on the application of a stochastic tropical cyclone
model. Therefore, location changes of future tropical cyclones will be summarized, along
with a summary of the dynamics of future tropical cyclone changes as in Kunutson et al.
[9].
The basic conceptual understanding of TCs suggests there could be relationship between TC activity and sea surface temperature (SST) (e.g. Webster et al. [10] for historical
change). It is well known that SST > 26◦ C is a requirement for TC formation, and there is
a theoretical relationship between SST and maximum potential TC intensity [11]. Emanuel
[12] discussed how global warming affects the TC intensity of historical record. Rising
SST and a possible increase in TC activity in the Atlantic basin since 1950 have been influenced by global warming [e.g. 13]. On the other hand, Webster et al.[10] summarized that
no global trends in the number of tropical cyclones have yet emerged against a background
of increasing SST, although there was an increase in category 4-5 TCs in the past record.
The interannual variability associated with the El Ninõ-Southern Oscillation (ENSO) and
the North Atlantic Oscillation (NAO) could complicate the difficulty of the analysis.
Generally, assessing changes in TC climatology requires an understanding of tropical cyclone physics and model resolutions. While previous studies have conducted climate
projections using several models, one issue that has yet to be clearly addressed is the quantitative detection of long-term trends of frequency and intensity of tropical cyclone under the
warm-climate condition. The model resolution gives major impact to the climatic features
of projected TCs. This lack of information reflects the fact that high-resolution global model
projections remain extremely expensive; consequently, most climate runs are performed at a
relatively coarse resolution (e.g. 100-200 km mesh). For example, Yokoi et al.[14] evaluated
TC climatology using eight different World Climate Research Programme’s Couples Model
Intercomparison Project Phase 3 (CMIP3) models by analyzing the daily-mean atmospheric
output for the Western North Pacific (WNP); these models have a horizontal resolution of
T63 or T106. Five of the eight models reproduced realistic horizontal distributions of cyclogenesis with a large proportion occurring over the 10N-20N and 120E-150E areas. Based
on 18 GCMs of CMIP3 and results of regional downscaling, Bender et al.[13] summarized
a significant anthropogenic increase in the frequency of intense TCs, and a decrease in the
total number of TCs in the Atlantic basin may emerge from background climate variability
by the end of 21st century. The recent important review of this issue based on state-of-theart models is summarized by Kunutson et al.[9]. The future projections based on theory
and high-resolution dynamical models indicate that the global warming will cause the globally averaged intensity of tropical cyclones and it will be increased about 2-11% by 2100
[9]. They concluded that global-warming-induced increases of TC intensity are larger in
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higher resolution models than in coarse-grid models, it is plausible that existing models
may systematically underestimate future intensity trends.
There is a clear tendency that a higher resolution model (60 km mesh or less) projects
an increase in the frequency of the stronger tropical cyclones [e.g. 9]. Bengtsson et al.[15]
investigated the differences in outputs between T63 (180 km mesh) and T213 (60 km mesh)
resolutions, reporting that while the two different resolutions are similar in terms of future
changes in the spatial patterns of tropical cyclone genesis frequency (TGF), they are critically different in terms of future changes in the frequency of intense TCs. As reported by
Oouchi et al.[16], advances in computational resources have enabled climate projections
using high-resolution atmospheric general circulation models (AGCMs) such as TL959, a
triangular truncation 959 model with a linear Gaussian grid, which is equivalent to a 20 km
mesh horizontally. Oouchi et al.[16] summarized possible changes in future TC climates
using TL959 and warm-climate conditions; the tropical cyclone frequency was globally reduced by about 30 % compared to present-day-climate conditions. They also found that
the warm-climate conditions increased the number of intense tropical cyclones on a global
scale. Murakami and Sugi [17] also discussed the effects of model resolution on projected
TC climatology in the WNP; the basin-scale annual mean cyclogenesis number and the
spatial distributions of TGF in the WNP are not critically dependent on resolution when
the domain resolution is finer than TL319 (60 km mesh) for intense TCs and TL159 (110
km mesh) for TGF. Regarding understanding TC related environmental factors, Murakami
and Wang [18] analyzed future TC tracks in the North Atlantic Ocean (NAT) and noted a
signal shift in TC locations is well predicted by how the projected genesis potential index
(GPI; [19]) changes. They summarized that the main environmental factors that influence
TC changes are captured by GPI, and that the changes in maximum potential intensity and
vertical motion increases cyclogenesis in the eastern NAT. These factors are related to the
enhanced convective activity in the eastern Atlantic intertropical convergence zone. For
the northwestern region of the NAT, the factors that increase cyclogenesis include maximum potential intensity and reduced vertical shear. Using the higher resolution models,
quantitative projection of future TCs and related analysis have been improved.
Regarding the influence of future TC change on a regional scale, Wang and Chan [20]
suggested that the number of TCs that approach the Japanese archipelago may increase if
the mean location of cyclogenesis shifts eastward by 10 degrees. On the other hand, compared to the studies regarding TC numbers, the studies on TC intensity change and other
TC climatic aspects are limited. Yokoi and Takayabu [21] discussed the future change in
the number of TCs due to warmer SST in the WNP based on an analysis using five CMIP3
models. Their results noted a slight shift eastward of the area in the WNP where cyclogenesis frequently occurs. Using high resolution GCM data, Murakami and Sugi [17] reported
the cyclogenesis number in each ocean basin using the same TC detection method. According to their results, there are significant reductions of cyclogenesis number in the global
(GL) domain, Northern Hemisphere (NH), Southern Hemisphere (SH), Eastern North Pacific (ENP), and South Indian Ocean (SIO) areas, and a general increase in the North Atlantic Ocean (NAT). Although the models with relatively fine resolution show similar future
changes on hemispheric scales (e.g., GL, NH, and SH), they are inconsistent in several subbasins in terms of both the sign and magnitude of change.
Numerous studies have addressed the issue of changes in frequency and intensity of TCs
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on the global or basin-wide scale. Our interests are projection of future TC characteristics
on the regional or country-wide scales. However, assessing TC risk on a regional scale is
difficult due to the limited resolution of GCMs and the limited number of TC events over
the computational period. Generally, a return period of 50-100 years is necessary for minimum TC pressure and maximum wind speed to assess TCs on regional scale. Therefore,
statistical modeling is required to assess the risk of future TCs.

3.

Review of Stochastic Tropical Cyclone Models

Statistical projections of TCs have been examined in engineering and insurance industries.
There are two different approaches to design structures and assess the risks of TCs. The
primitive engineering approach estimates landfall rates along the coastline based on historical records. This is called a site specific approach or a local model that provides TC
statistics for a particular location of interest [22]. The statistics or probability density functions (pdfs) of TC parameters include central pressure, radius of maximum winds, direction,
moving speed, and distance of closest approach; these are analyzed in the site specific approach. Applying a site specific approach to climate change is difficult because all TC
parameters at all locations need to consider the influences of climate change.
The second approach to statistical projection of TCs involves a stochastic tropical cyclone model/storm track method [23] which is a type of Monte Carlo simulation. The
stochastic tropical cyclone model (denoted STM hereafter) simulates a TC track by random
draw from a temporal-spatial pdf of cyclogenesis locations based on a historical data set of
TCs; it is possible to expand this approach to a basin-wide scale. The STM simulates the
full track of a tropical cyclone, from cyclogenesis to cyclolysis, where cyclolysis includes
the transition from a TC to an extra-tropical system The cyclogenesis and cyclolysis indicate generation and weakening of low pressure circulation physically. However, these are
simply used for generation and dissipation of TC in the study of statistical projection of TC).
Figure 12.1 shows one such historical TC data set, the International Best Track Archive for
Climate Stewardship (IBTrACS), maintained by The National Oceanic and Atmospheric
Administration (NOAA). The STM models TC translation as a function of TC location and
moving speed at each time step. The changing ratios of TC direction, speed and central
pressure are provided in pdf format based on the historical record of TCs as shown in Fig.
12.1. Using this approach, TC characteristics are updated at each time step as shown Fig.
12.2. Both the local model and the STM have been verified with the historical data set [24].
The STM has biases due to an inadequate or missing depiction of physical processes, but it
shows good agreement with the local model if the target area has relatively few landfalls.
There are several approaches to simulate TC translation with STMs. One major approach is an autoregressive model and another approach is a non-parametric method as a
time-series model. Vickery et al.[23] used an autoregressive model for increments in TC
speed and direction with random disturbances. For example, changes in TC speed c and
direction θ between time step i and i + 1 are denoted by
∆ ln c = a1 + a2 x + a3 y + a4 ln ci + a5 θi + ε,
∆θ = b1 + b2 x + b3 y + b4 ci ln ci + a5 θi + b6 θi−1 + ε,

(1)
(2)
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where ai is an empirical coefficient, x and y are the longitude and latitude, ci is the TC
moving speed, θi is the TC direction, and ε is a random number. The coefficient ai is given
by the basin-wide historical data set. This formulation is the standard description of an
STM. James and Mason [25] used a first order autoregressive model (Markov process) for
TCs near northeastern Australia, but modeled the latitudinal and longitudinal increments
with spatially independent coefficients. The following model expresses the rates of change
in TC location for one time step.
∆xi = a0 + a1 ∆xi−1

(3)

∆yi = b0 + b1 ∆yi−1

(4)

It is possible to assume a0 as a local dependent variable to consider local TC characteristics.
The tracks conform to the observed statistics of the historical dataset while maintaining their
previous motions, but x and y are assumed to be independent of each other.
Emanuel et al.[26] also used the Markov model by sampling a transition matrix populated from historical data. Alternatively, Hall and Jewson [27] developed a non-parametric
STM using the means and variances of latitudinal and longitudinal displacements remaining
from anomalies of track displacements. Their model determines the coefficients by averaging near-neighbor historical data with a weighted function. Therefore, the result depends on
the spatial scale of averaging. The central pressures of TCs can be modeled independently
of the tracks, although most studies use the same procedure to model TC tracks and central
pressures. A higher order autoregressive process is required for central pressure due to a
nonlinear tendency for a TC to decrease intensity rapidly at higher latitudes. Vickery et
al.[23] used the Markov model for the relative difference of central pressure P :
∆ ln Pi+1 = c0 + c1 Pi + c2 Pi−1 + c2 Pi−2 +SST effects

(5)

where ci is an empirical constant that depends on latitude, intensity and direction. Since the
central pressure is influenced by sea surface temperature (SST) along with other physical
properties, this additional contribution to P has been included. James and Mason [25] used
maximum potential intensity (MPI) for the deterministic part of the central pressure change:
∆Pi = c0 + c1 ∆Pi−1 + c2 e−c3 [Pi −M P I(yi )]

(6)

This formulation incorporates the latitudinal dependence of mean TC intensity as a function
of MPI. The latitudinal dependence of the mean MPI allows for the TC to decrease intensity rapidly at higher latitudes. To account for central pressure change in the latitudinal
direction, we developed a different approach, which will be described later in this chapter.
The autoregressive STM requires joint pdfs for each variable in the computational domain. For example, joint pdfs for direction, speed and pressure are required at each grid
point in the autoregressive STM. This is difficult to calibrate and is also hard to handle
considering global warming effects. Therefore, a non-parametric STM is useful to make
maximal use of historical data to determine pdfs without over fitting the model and thereby
becoming too complex [27]. We developed a non-parametric type of STM based on principal component analysis (PCA) [28]. The advantage of using PCA for the STM is that two
or more variables are normalized in a unified way to simple relationships to minimize the
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restriction function and cost function without employing a preassigned distribution. The
PCA is applied to obtain variation of a value x1 considering the first and second principal
components. The mathematical procedure to compute variation of a value can be summarized as follows. Target variables of PCA in the present study include a value x1 to translate
the TC into an area (cell) and its variation x2 to translate out. Principal component axes Z1
and Z2 , which cross average the value of variables, (x1 , x2 ), can be expressed as
Z1 = a11 (x1 − x1 ) + a12 (x2 − x2 )
Z2 = a21 (x1 − x1 ) + a22 (x2 − x2 )

(7)

where Z1 and Z2 are the first and second principal components and aij is a variance or
covariance coefficient of xi and xj , and x̄i denotes the mean of x, respectively. In principal
component analysis, information loss may take place since several variables are summarized to a linear expression in Eq.(7). The values of a11 and a12 will be selected to maximize the variance of Z1 . For the Z2 axis, a21 and a22 need to be chosen so that the variance
of Z1 is at a minimum while Z1 and Z2 are orthogonal. The variance and covariance of
explanatory variable (x1 , x2 ) can be expressed as (s11 , s22 ) and (s12 ) respectively. The
variance of Z1 , or Q(a11 , a12 ), for the new axis becomes as follows
Q(a11 , a12) = s11 a211 + 2s12 a11 a12 + s22 a212 .

(8)

The next step is an estimation of aij from given information. The cost function F minimizes
the estimation error and is introduced using eigenvalues. Under the control condition of
a211 + a212 = 1, the functions F (a11 , a22) and F (a21 , a22) can be written using eigenvalues
of the variance-covariance matrix λ1 and λ2 .
F (a11 , a12 ) = Q(a11 , a12 ) − λ(a211 + a212 − 1)
F (a21 , a22 ) = Q(a21 , a22 ) − λ(a221 + a222 − 1)

(9)

The partial derivatives of F (a11 , a22) and F (a21 , a22 ) minimize information loss and give
the following
∂F (a11 , a12)
∂a11
∂F (a11 , a12)
∂a12
∂F (a21 , a22)
∂a21
∂F (a21 , a22)
∂a22

= 2(s11 a11 + s12 a12 − λ1 a11 ) = 0,
= 2(s12 a11 + s12 a12 − λ1 a12 ) = 0,
= 2(s11 a21 + s12 a22 − λ2 a21 ) = 0,
= 2(s12 a21 + s12 a22 − λ2 a22 ) = 0.
(10)

The eigenvalues, λi, can be estimated by the variance and covariance value, sij . The coefficient aij and the principal component Zi can be estimated using the above procedure.
Finally, the normal distributions of new information for two axes Zi , along with the joint
pdfs can be obtained by Eq.(7). Using the joint probability distribution, the input information of the approaching TC at a particular cell provides the variation of the TC parameter
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for the Monte Carlo simulation method. The non-parametric STM based on the PCA algorithm only requires an input variable and its variation, although the autoregressive STM
requires joint pdfs for all related variables. Therefore, the joint pdf can be estimated by a
simple algorithm. Specially the non-parametric STM can be simplified mathematically, if
the Gaussian function is assumed for the pdf. Once the relationship between the TC location (xi , yi ) and the increments (∆xi , ∆yi) is known, the Euler explicit scheme is used for
the time integration.
Simulated cyclogenesis in an STM is conducted in several different ways. Vickery et
al.[23] sampled historical cyclogenesis locations directly. Emanuel et al.[26] sampled a
smoothed temporal-spatial dependent pdf of the historical record. Rumpf et al.[29] used
a near-neighbor approach to develop and sample a cyclogenesis kernel pdf (Gaussian or
other function). Instead, for both cyclogenesis and cyclolysis, we used a smoothed pdf of
the historical data set to enhance the accuracy when compared to the historical data set.
Figure 12.3 shows an example of simulated TC tracks by STM [30]. The pdfs for the
STM simulation were given by IBTrACS as shown in Fig. 12.1 and the simulation was
conducted for a 50 year interval. Qualitatively, the overview of the TC tracks in each basin
is reasonably distributed. Figure 12.4 shows the grid-averaged annual mean frequency of
TC translation (passed TC) for IBTrACS as simulated by STM for a 10,000 year interval.
The simulated peak in the WNP shows good agreement with observed data, and simulated
distributions in other basins also show reasonable reproducibility. The global grid averaged error against the historical data is 0.06 /yr and indicates reasonable accuracy. The
direction, moving speed and intensity were verified against both spatial patterns and local
characteristics, respectively [30].
Using an STM for future climate projections is one option to assess tropical cyclone
risks. If the STM satisfies the TC characteristics in the present climate condition, then a
sufficient number of TC events can be obtained at arbitrary locations. If appropriate future
TC conditions are provided, the future projection of TCs using an STM provides a tool to
quantitatively evaluate risk along a given coast line. Potential future statistical conditions
of TCs will be discussed in the next section.

4.
4.1.

Projection of Future Tropical Cyclone Activity
Future Tropical Cyclone Statistics

To use an STM for future climate projections, certain statistical characteristics such as the
shift in cyclogenesis locations and other climate change parameters are required as given
conditions. The future changes of cyclogenesis and cyclolysis locations and other TC statistics of each basin are discussed here. And, the ensemble model technique is applied to
reduce statistical uncertainty.
To simulate the A1B Scenario from 2000 to 2100, eight different GCMs are used in the
analysis as shown in Table 12.1. Two Meteorological Research Institute of Japan (MRI)
models, MRI-AGCM-3.1S and MRI-AGCM-3.2S [31], were developed for CMIP5 and
are the finest resolution models among those selected. The other AOGCMs are included
in CMIP3. The MRI models are the atmospheric general circulation models (AGCM),
and the remaining are atmospheric-ocean coupling general circulation models (AOGCM).
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Table 12.1. List of GCMs for analysis
Model name
MRI-AGCM-3.1S
MRI-AGCM-3.2S
CCCMA CGCM3
CSIRO 3.0
CSIRO 3.5
GFDL CM2.0
MIROC3.2 (HIRES)
MPI ECHAM5

resolution
TL959
TL959
T63
T63 L18
T63 L18
2.5 x 2.0 degrees
T106 L56
T63 L31

ω [s−1 ] (vorticity threshold to extract)
3.13 × 10−4
3.54 × 10−4
8.84 × 10−5
6.76 × 10−5
7.66 × 10−5
1.00 × 10−6
1.58 × 10−5
5.71 × 10−5

Table 12.2. Ensemble averaged future cyclogenesis centroid shift (unit:degree)
Method
E. Mean
W.E. Mean
E. Mean
W.E. Mean

Dir.
Lon.
Lon.
Lat.
Lat.

NIO
-1.04
-0.76
0.54
0.76

WNP
2.84
2.30
0.45
0.26

ENP
-4.36
-4.25
-0.12
0.03

NAT
2.73
3.82
1.36
1.15

SIO
-2.78
-2.43
-0.65
-0.58

SPO
0.01
0.16
0.42
0.37

<WNP-SIO>
3.18
3.20
0.65
0.50

The high-resolution AGCMs yield better TC characteristics and less uncertainty given the
prescribed SST information. These models comprise the ensemble to analyze future change,
i.e., at the end of 21st century, to TC characteristics.
The TC-detection method adopted in the present study is a modified version of that used
by Oouchi et al.[16]. Oouchi et al.[16] employed six criteria to identify TCs and compare
the simulated annual global-mean cyclogenesis number with observed data (see [17]). The
resolution-dependent relative vorticity at 850 hPa (ζ850) ensures that the annual observed
global-mean TC number (e.g., 84.8/yr for the period 1979-2003) is attained for the presentday simulation for each given model resolution. The cyclogenesis locations were counted
for each 5 degree × 5 degree grid area over the global domain. This detection method identifies observed TCs reasonably well [17]. The TC positions were counted over 2.0 degree
× 2.0 degree grid points every 6 hours. The total count is defined as the frequency of TC
occurrence, which indicates the probability of a TC occurring in a designated basin. When
the count is applied to the genesis location only (e.g., when initially identified according to
the detection method), the total number is defined as the frequency of cyclogenesis.
The statistical variables used in this study are the following: E(x) denotes the average
of variable x; E(xij ) and σ(xij ) denote the grid averaged and standard deviation of variable
xij , respectively; hxi denotes the longitudinal average of x; σlat (x) denotes the longitudinal standard deviation; |x|m and σm (x) denote the model ensemble mean and standard
deviation, respectively. In the following section, the ensemble of x uses three different definitions: E(xij ), hxi or |x|m . The IBTrACS dataset was used for validation and weighted
ensemble averaging.
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Table 12.3. Ensemble averaged future cyclolysis centroid changes

Method
E. Mean
W.E. Mean
E. Mean
W.E. Mean

Dir.
Lon.
Lon.
Lat.
Lat.

NIO
-1.36
-1.40
0.90
1.08

WNP
2.86
2.50
0.74
1.06

ENP
-5.14
-4.41
0.41
1.33

NAT
3.58
3.17
1.63
1.52

SIO
-1.98
-1.99
-1.04
-1.97

SPO
0.07
-0.60
0.67
1.62

<WNP-SIO>
3.39
3.02
0.96
1.47

90
60
30
0
−30
−60
−90
0

60

120

180

240

300

360

Figure 12.1. Historical TC tracks from 1950 to 2009 by IBTrACS (different color indicates
different track)
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Change rate df/dt

Figure 12.2. Schematic view of an STM model
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Figure 12.3. Simulated TC tracks by Global STM (different color indicates a different
track)
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Figure 12.4. Grid averaged annual TC translation number (/yr)

260

Nobuhito Mori
0.5
IBTrACS
CCCMA
CSIRO 3.0
CSIRO 3.5
GFDL
MIROC
MPI
MRI-AGCM-3.1S
MRI-AGCM-3.2S

0.4
0.3
0.2
0.1
0

NIO

WNP

ENP

NAT

SIO

SPO

SAT

(a) Present climate
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(b) Future change from present climate condition
.
Figure 12.5. Normalized cyclogenesis frequency and its future change for each basin
The TC processes for the STM include cyclogenesis, cyclolysis, moving speeds, directions, and central pressure changes. To identify how these processes change from presentday climates to future projected climates, the mean and standard deviation were analyzed
to identify signatures in TC changes. Significant changes were observed in the cyclogenesis number, cyclogenesis location, cyclolysis location and average central pressure. A
summary of how these TC characteristics change is provided in the following section.
Figure 12.5 shows cyclogenesis numbers for each ocean basin. The upper panel indicates present climate cyclogenesis numbers and the lower panel indicates its future change
from the present climate condition, respectively. The values are normalized total cyclogenesis numbers in the present climate. Therefore, the sum of the present climate values
equals one for each model. Besides the GFDL model, most of the models indicate a negative change in cyclogenesis number in the future climate. There are significant differences
between the models for each basin. The model differences are relatively large in the WNP,
ENP and SIO. The 5-10% decrease in the number of TCs in the future climate is consistent
with previous studies [e.g. 21].
Figure 12.6 illustrates the ensemble-averaged centroid shifts for cyclogenesis. The upper and lower panels indicate the shifts in the cyclogenesis centroids in the longitudinal and
latitudinal directions, respectively. The left-side bars are the simple ensemble-averaged centroid shift estimated as the mean of the centroid of each model, and the right-side bars are
the weighted ensemble-averaged centroid shift using the relative distance of the centroid
between the model and the IBTrACS dataset, |~xpresent|m − ~xIBTrACS , using a Gaussian
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Figure 12.6. Ensemble averaged future cyclogenesis centroid shifts (left-side bar: simple
ensemble mean, right-side bar: weighted ensemble mean)
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function as a kernel function. The weighted ensemble average of the future centroid shift,
|∆~x|m , is given by
|∆~x|m =

Z



∆~x
1
√
exp −
present
2
2π σm (~x
)

~ − ~xIBTrACS
x
σm (~xpresent)

!2 
 dx

(11)

where the standard deviation of a Gaussian function is given by the model standard deviation of the present climate, σm (~xpresent), and ∆~x is the centroid difference between the
present and future climates of each model. Therefore, the model with minimal reproducibility error in the present climate has maximal influence on the weighted ensemble averaged
centroid shifts in the future climate.
A clear trend is observed in how the cyclogenesis centroid shifts in future projections.
The future cyclogenesis centroids move toward the center of the ocean basin in the longitudinal direction and toward the poles in the latitudinal direction, with one exception being
the SPO. These results are consistent with previous studies. The future centroid shift in
the longitudinal direction is several times greater than the centroid shift in the latitudinal
direction (see Fig. 12.7). For example, the cyclogenesis centroid in the WNP moves toward
the east-northeast direction, and the centroid in the ENP moves toward the west-northwest
direction. Second, the future cyclogenesis centroid shift has the same order of relative error which is defined as the difference between the observed (IBTrACS) centroid and the
model ensemble averaged centroid for the present climate condition (not shown). The uncertainty associated with these cyclogenesis characteristics in these basins is significant and
not trivial. Therefore, the changes in the expected future cyclogenesis locations has sufficient uncertainty to warrant careful projections of future tropical cyclones, and discussions
should be conducted quantitatively basin by basin.
Figure 12.7 shows the ensemble averaged future cyclogenesis centroid shift for the
present climate for each ocean basin. The star ? indicates the weighted ensemble averaged cyclogenesis centroid, and the other symbols illustrate the cyclogenesis centroids, all
for the present climate. The arrow indicates the ensemble averaged future cyclogenesis centroid shift from the present climate (?), and the length of the arrow is five times the actual
value. Most of the major ocean basins (WNP, ENP, NAT and SIO) indicate a move of the
future cyclogenesis centroid toward the center of the ocean basin, although there are no
significant shifts in the NIO and SPO basins. The SAT basin shows different characteristics
but the number of tropical cyclones that occur in this area is minimal.
Table 12.2 and Table 12.3 provide a summary of the future cyclogenesis and cyclolysis centroid changes for the present and future climates. The notations of E. and W.E.
in the tables indicate the simple ensemble averaged value and the weighted ensemble averaged value. The right-most column, hWNP − SIOi, indicates the average value of the
major basins WNP, ENP, NAT and SIO. There are few differences between the ensemble
averaged and the weighted ensemble averaged values for these cases, but for cyclolysis the
changes differ by 50 % in the latitudinal direction. This difference is a result of the coarse
model resolution mentioned previously. For both cyclogenesis and cyclolysis, the centroid
shifts in the longitudinal direction by approximately 3 degrees. However, in the latitudinal direction, the centroid changes vary between the cyclogenesis and cyclolysis scenarios.
Future cyclolysis centroid shifts are greater than cyclogenesis shifts on average; cyclolysis
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centroid shifts are 48 % larger by the ensemble averaged method and 194 % larger by the
weight ensemble averaged method. These statistics indicate that the tracks of future TCs
will migrate toward the poles by about 0.5 - 1.5 degrees relative to those of the present
climate, and will translate toward the center of the basin by about 3 degrees. Although
we discussed only mean values, these values in future TC shifts are basically the same or
smaller for models with resolutions less than the MRI models. Therefore, higher resolution models such as MRI models are necessary for detailed discussions, and they will be
improved in CMIP5
Many studies have discussed how the intensity of TCs change. The central pressure,
speed and direction of a cyclone primarily depend on movement in the latitudinal direction.
Although global warming causes a decrease in the cyclogenesis number and a longitudinal
shift of TCs, it is useful to examine how the basic statistical characteristics of TCs change
with respect to latitudinal shifts. The statistical parameters for central pressure, moving
speed and direction were analyzed by averaging across the longitudinal direction; both the
mean and standard deviation of longitudinally averaged values are discussed here.
There were no significant differences between the present and future climates for the
longitudinally averaged statistics except for central pressure. Figure 12.8 illustrates the
future change of the model ensemble averaged values for longitudinally averaged central
pressure as a function of latitude. The ensemble mean values in the figure indicate that the
mean central pressure changes from the present to future climates: the solid line indicates
the weighted ensemble average, and the dashed line indicates the simple ensemble average,
|hE(∆Pij )i|m , respectively. The bars indicate the standard deviation of IBTrACS and the
model standard deviations of the present climate and future climate, respectively. The ensemble averaged central pressure change for the future climate, |hE(∆Pij )i|m, is monotonically decreased in the polar direction. A change in future mean pressure can be observed at
latitudes greater than 20-30 degrees, with a decrease of about 15 hPa at 40 degrees latitude.
There is no difference between the weighted ensemble averaged and ensemble averaged
results; therefore, the value of |hE(∆Pij )i|m is neither model nor weighted function sensitive. The model standard deviation of central pressure, σm (hE(∆Pij )i), is smaller in the
lower latitudes and increases toward the poles. The values of the model standard deviation of mean central pressure, σm (hE(∆Pij )i), in both the present and future climates are
greater than the longitudinal standard deviation of IBTrACS, hE(∆PijIBTrACS )i. Therefore,
the uncertainty associated with changes in central pressure is not negligible, and the estimated future pressure change, ∆P , of a tropical cyclone in the middle latitudes can include
large bias. Although there is no physical interpretation of this yet, SST increases in the
future climate may decrease TC intensity and increase the duration of TCs as cyclolysis locations shift toward the poles. Therefore, the pressure change, ∆P , and the increased shift
in cyclolysis locations are intuitively predicted. This discussion requires further analysis
combining how the TC characteristics change with the dynamic change in environmental
conditions and remains a topic of future study.
Future changes in both the dynamic and thermodynamic conditions in tropical oceans
influence cyclogenesis frequency and the locational shift toward the center of the basin. In
general, the SST in the center of a tropical sea is warmer than in the outer regions [32],
and a TC developing in the center of a warm tropical sea would endure longer [21, 33].
Therefore, changes in the intensity of future TCs are related to the centroid shifting toward
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the center of a basin. The dynamic relationship of the TC centroid shift is not discussed
here; that issue will be explored in future studies.
Global warming impacts on TC characteristics have been analyzed using the MRIAGCM-3.XS and CMIP3 models. Future changes in cyclogenesis and cyclolysis in each
ocean basin are discussed along with other TC climatic changes. Statistically, the most
salient change in TC climates include shifts of the cyclogenesis and cyclolysis centroids toward the center of the ocean basin. Using the statistical signatures of future climate change
analyzed here, the future projection of TCs will be applied to the STM in the next section.

4.2.

Future Tropical Cyclone Projection by Stochastic Tropical
Cyclone Model

The future projection of TC tracks and intensity were computed by the STM. The statistical
properties of TCs in the future climate are summarized as follows.
1. Cyclogenesis frequency decreases (Figure 4).
2. Cyclogenesis centroids shift toward the center of a basin (Figure 5).
3. Cyclolysis centroids shift toward the center of a basin (not shown).
4. Central pressures of TCs decrease quadratically in the polar direction (Figure 7).
5. Remaining TC characteristics are unchanged in the future climate.
All of these statistical changes are assumed to be the results of future TCs based on the
model ensemble averaged values analyzed in Section 4.1; this itemized list of the future TC
condition is referred to as the assumed future TC condition (AF-TC) hereafter.
The changes listed in the AF-TC were computed by the STM over a time-frame of
10,000 years on a global scale. The difference between the future condition and the present
condition amounts to significant changes in both TC frequency and intensity. For example,
the future change of annual averaged TC frequency at each grid is shown in Fig. 12.9 (the
present climate results are shown in Fig. 12.4). As a result of the given condition of Item 1
in the AF-TC, the total number of TCs decreases globally in the future climate. Additionally, the TC frequency in Fig. 12.9 decreases in most regions except for some areas in the
WNP and NAT. The averaged annual TC frequency change in the future climate is ±0.2/yr
which corresponds to 5% -10% of the annual TC frequency depending on the region. These
areas of cyclogenesis frequency increase are caused by the TC track shifting toward the
center of the ocean basin. The WNP and NAT have peaks in each basin as shown in Fig.
12.4, and the shifts of those peaks produce increases in TC frequency in front of the distribution in the WNP and NAT. Therefore, both cyclogenesis frequency decrease and track
change are important conditions for TC risk assessment locally. For example, Fig.12.10
shows the sensitivity of the TC landfall number for Japan. The STM simulation was conducted over 10,000 years and more than 50,000 TCs traversed Japan. The left and center
panels illustrate the STM results in the present climate and future climate (AF-TC) conditions, respectively. The right panel illustrates the STM results in the future climate without
TC course change, which means only the cyclogenesis number change is considered. The
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averaged and standard deviations of landfall for Japan in the present climate are 5.0 and
2.3, respectively, and these values agree well with the observed numbers in our definition
of landfall. On the other hand, the TC landfall number decreases by 16% in the STM projection of the future climate. However, the TC landfall number would be decreased by only
12% if the TC course change is neglected in the future climate. Although cyclogenesis
change is a major factor behind the change in future TC numbers, the TC course change
produces a significant impact, 25% in this case, to TC landfall numbers depending on the
location.
Figure 12.11 illustrates averaged central pressure of TC change from the present to future climate. According to the AF-TC Item 4, the mean central pressure is assumed to
decrease in the polar direction. The averaged central pressure directly reflects this assumption. There are minor effects due to central pressure change in the longitudinal direction.
However, the extreme change in central pressure in the future climate shows different characteristics. The extreme minimum TC central pressure with a 100 year return period is
calculated by extreme value analysis. The wind field is estimated by the super gradient
wind scheme [34]. The future change of the minimum central pressure with a 100 year
return value shows both positive and negative changes in the future climate condition. The
spatial distribution of extreme minimum central pressure is different from the averaged central pressure as shown in Fig. 12.11. Overall, the extreme minimum central pressure will be
smaller (i.e., stronger TCs) at latitudes above 30N and 30S. However, the spatial variation
is significant for the extreme value and has a striped pattern in the longitudinal direction.
The extreme value of minimum central pressure shows positive change from subtropical
to mid-latitudes around 30 degrees, and it shows negative change in the polar direction.
These complex changes in the extreme values result from a combination of AF-TC Items
1-4. Although the cyclogenesis and cyclolysis shifts and the mean central pressure changes
in the latitudinal direction reduce the central pressure of TCs in the middle latitudes, the
cyclogenesis and cyclolysis shifts in the longitudinal direction either enhance or reduce the
extreme central pressure change of TCs in the future climate.
The statistical projection presented here is limited to the numerical values of the mean
and extreme central pressures of the TC. The wind speed was given by the gradient of the
pressure distribution and is slightly different from the central pressure, and is therefore sensitive to synthesis typhoon models. Additionally, only Item 1 of the AF-TC was considered
here, but the other itemized conditions are also possible and produce uncertainty with the
future TC projection. Reducing the uncertainty of future TC projections is necessary and
needs to be discussed.

Summary
The first half of this chapter focused on the future change of tropical cyclone (TC) climatology and stochastic tropical cyclone models (STMs). With GCMs, large degrees of
uncertainty exist in basin-scale TC climatology in the future climate, such as with the cyclogenesis, cyclolysis, and central pressure changes for each basin. On the other hand, the
STM based on the present climate is a reasonable tool to assess risk associated with TCs,
such as landfall number on a regional scale.
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Validation of the STM on a basin-wide scale is still under development; this is useful to
assess TC risks that result from climate change and to incorporate future climate effects in
the STM. On the other hand, global warming impacts on TC characteristics were discussed
and analyzed using several CMIP3 and CMIP5 models. Our interests include changes to
TC frequency, intensity, and other TC climatology changes. The major statistical changes
to TC climatology are shifts in the cyclogenesis and cyclolysis centroids toward the center
of the ocean basin.
As concerns the regional impact of future TC change (e.g. for Japan), statistical downscaling is necessary to reduce the uncertainty of the TC tracks. The second half of this
chapter discussed the future projection of TC tracks and intensity, as computed by the STM.
Both the decrease in cyclogenesis frequency and the change in TC tracks yield regional impacts to the annual TC frequency. The extreme TC intensities and wind speeds illustrate
complex spatial patterns, and they become significantly more pronounced above 30 degrees
latitude. Although the future projection with the assumed ensemble averaged future TC
condition was discussed here, the direct use of a single GCM in lieu of the STM is an
alternative choice to assess the risk of of future TCs [35, 36]. GCM results are sensitive
and show some extreme behavior of future TC characteristics as opposed to the results of
this study. To reduce the uncertainty associated with a future projection, both ensemble
averaged future TC conditions and direct use of GCM results are important. A quantitative
comparison of several methods will be discussed in the near future.
Finally, in the future climate, changes in the dynamic and thermodynamic conditions
in tropical oceans have influences on cyclogenesis frequency and locational shifts toward
the center of the ocean basin. The dynamic relationship behind TC centroid shift is not
discussed here. However, Chan [37] and others have addressed that tropical cyclones form
more eastward during El Ninõ in the Western North Pacific, and these shifts are associated
with the SST based El Ninõ index [20]. Therefore, the projection of ENSO in the future
climate has an indirect impact on the projection of TC activity. These dynamic issues are
intrinsic to the discussion of the risk assessment of TCs and remain a topic of future study.
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