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ABSTRACT

Possible future change in tropical cyclone (TC) activity over the North Atlantic (NA) was investigated by
comparison of 25-yr simulations of the present-day climate and future change under the A1B emission sce-
nario using a 20-km-mesh Meteorological Research Institute (MRI) and Japan Meteorological Agency
(JMA) atmospheric general circulation model. The present-day simulation reproduces many essential fea-
tures of observed climatology and interannual variability in TC frequency of occurrence and tracks over the
NA. For the future projection, the model is driven by the sea surface temperature (SST) that includes a trend
projected by the most recent Intergovernmental Panel on Climate Change (IPCC) multimodel ensemble and
a year-to-year variation derived from the present-day climate. A major finding is that the future change of
total TC counts in the NA is statistically insignificant, but the frequency of TC occurrence will decrease in the
tropical western NA (WNA) and increase in the tropical eastern NA (ENA) and northwestern NA (NWNA).
The projected change in TC tracks suggests a reduced probability of TC landfall over the southeastern United
States, and an increased influence of TCs on the northeastern United States. The track changes are not due to
changes of large-scale steering flows; instead, they are due to changes in TC genesis locations. The increase in
TC genesis in the ENA arises from increasing background ascending motion and convective available po-
tential energy. In contrast, the reduced TC genesis in the WNA is attributed to decreases in midtropospheric
relative humidity and ascending motion caused by remotely forced anomalous descent. This finding indicates
that the impact of remote dynamical forcing is greater than that of local thermodynamical forcing in the
WNA. The increased frequency of TC occurrence in the NWNA is attributed to reduced vertical wind shear
and the pronounced local warming of the ocean surface. These TC changes appear to be most sensitive to
future change in the spatial distribution of rising SST. Given that most IPCC models project a larger increase
in SST in the ENA than in the WNA, the projected eastward shift in TC genesis is likely to be robust.
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Tropical cyclones (TCs) were the most costly natural
disaster to affect the United States over the period 1960—
2005 (Peterson et al. 2008). In recent years, Hurricane
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Katrina (2005) was the most damaging storm (Schmidlin
2006), and Hurricane Wilma (2005) was the most intense
storm (central pressure of 882 hPa) on record in the
North Atlantic (NA). Hurricane Rita (2005) was the
most intense (central pressure of 895 hPa) tropical cy-
clone ever observed in the Gulf of Mexico.

Hurricane activity in the NA showed an increase over
the past 30 years (Goldenberg et al. 2001; Webster et al.
2005; Bell and Chelliah 2006). The increased severity of
TCs has aroused public interest regarding the impact of
global warming on TC activity. Previous studies have
proposed that these recent changes are largely due to
global warming (Emanuel 2005; Anthes et al. 2006;
Hoyos et al. 2006; Mann and Emanuel 2006; Trenberth
and Shea 2006; Holland and Webster 2007; Mann et al.
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2007a,2007b). However, this view has been challenged by
the following points: 1) recent increases in the frequency
of Atlantic TCs are within the range of observed multi-
decadal variability (e.g., Goldenberg et al. 2001; Pielke
et al. 2005; Bell and Chelliah 2006) and 2) the observa-
tional data used to attribute the trend to global warming
are insufficient (Landsea et al. 2006; Landsea 2007).

Many studies have sought to project the future climate
associated with warmer sea surface temperature (SST)
using increased-CO, scenarios and global circulation
models (GCMs; Broccoli and Manabe 1990; Haarsma
et al. 1993; Bengtsson et al. 1996; Krishnamurti et al.
1998; Royer et al. 1998; Sugi et al. 2002; Tsutsui 2002;
McDonald et al. 2005; Chauvin et al. 2006; Oouchi et al.
2006; Yoshimura et al. 2006; Bengtsson et al. 2007; Gualdi
et al. 2008; Zhao et al. 2009), and regional climate models
(RCMs; Knutson et al. 1998, 2008; Knutson and Tuleya
1999, 2004; Nguyen and Walsh 2001; Walsh et al. 2004;
Stowasser et al. 2007). Most of these studies predicted
a future increase of TC intensity. Most models have also
predicted a reduced frequency of TCs globally, with a
wide range of predictions among models. Consequently,
the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4; IPCC 2007) concluded
in its summary chapter for policymakers that there is ““less
confidence” in projections of a global decrease in the
frequency of TCs than in projections of increased max-
imum intensities. The inconsistency in future changes in
TC frequency becomes more pronounced when specific
tropical ocean basin is considered. For example, among
14 (12) previous numerical studies of future TCs over
the NA [western North Pacific (WNP)], 5 (5) explicitly
indicated an increasing frequency, whereas 9 (7) reported
a decreasing frequency.

Although many modeling studies have explored fu-
ture change in TC intensity or genesis frequency, few
have considered present-day variation and future change
in TC tracks. Based on an observational study, Wu et al.
(2005) first noticed that in the WNP, TCs have experi-
enced an eastward shift of the two prevailing northward
recurving tracks over the period 1965-2003 due to in-
terdecadal change in large-scale steering flows. Vecchi
and Knutson (2008) showed a decrease in TC activity in
the western part of the NA, and an increase in the eastern
part over the past 100 years. It is important to investigate
whether anthropogenic warming influences TC density
over the NA.

Bengtsson et al. (2007) documented the TC track
change from the end of the twentieth century to the end
of the twenty-first century, based on an atmospheric gen-
eral circulation model (AGCM) with T63 and T213 res-
olution. Although the global spatial patterns of future
change of TC tracks were similar, the two resolutions
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predict different patterns in the eastern Pacific and NA.
The authors attributed this inconsistency to inadequate
TC genesis in the lower-resolution (T63) model, suggest-
ing the importance of using very high-resolution models.
Knutson et al. (2008) used a nonhydrostatic regional
model with a grid spacing of 18 km forced by boundary
conditions computed from the multimodel ensemble mean
of Coupled Model Intercomparison Project (CMIP3;
Meehl et al. 2007) under the A1B emission scenario, and
found a decrease in TC occurrence in the western NA,
due mainly to increased vertical shear and decreased
midtropospheric relative humidity. The authors argued
for the likelihood of a future change in TC genesis but
did not discuss changes in the tracks associates with large-
scale steering flows, which could also affect TC density.
Chauvin et al. (2006) used a stretched-grid global model
with 0.5° grid spacing over the NA and reported a future
northeastward shift in TC activity; however, it remains
unknown which factors are responsible for these changes
in TC activity, although the authors reported that future
change in TC frequency was identified by the Genesis
Potential Index (GPI). In any event, the projected future
changes in TC tracks remain uncertain because of the
insufficient model resolution, the model biases in TC
genesis and tracks, and the sensitivity of TC activity to the
lateral boundary forcing and the spatial pattern of pre-
scribed SST anomalies.

Since the current generation of models lacks the hori-
zontal resolution necessary to resolve realistic TCs, an
alternative approach is to infer tropical cyclone tracks
from the output of the large scale wind field of global
models. Wu and Wang (2004) proposed a synthetic “‘tra-
jectory model” in which the future tracks of TCs at a given
grid point are calculated from the mean beta drift and
large-scale steering flows. However, they did not con-
sider future changes in the genesis locations of TCs. A
more sophisticated statistical-dynamical downscaling
model was proposed by Emanuel (2006) and Emanuel
et al. (2008). When applied to simulation of future change,
this method predicts substantial changes and shifts in
tropical cyclone activity, but with much variation among
the global models used.

It is preferable to scrutinize model-simulated TCs in
very high-resolution models when evaluating future change
in TC climatology. The present study investigates future
changes in TC activity, especially changes in TC tracks
using a 20-km-mesh AGCM. The geographic focus is the
NA. The model is similar to that used by Oouchi et al.
(2006), but the experiment design is improved and the
time integration increases from 10 to 25 yr. In Oouchi
et al. (2006), the present-day experiment was forced
by climatological observed SST and the future experi-
ment was forced by SSTs predicted by a single model;
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that is, the Meteorological Research Institute (MRI)-
coupled atmosphere—ocean general circulation model
(CGCM) 2.3 (Yukimoto et al. 2006). In contrast, the
present study compares a pair of 25-yr experiments: the
present-day experiment (1979-2003) was forced by ob-
served SST including year-to-year variations and the
future experiment (2075-2099) was forced by multi-
model ensemble SST projected by 18 CMIP3 models (see
details in section 2). Recent studies (e.g., Emanuel et al.
2008; Zhao et al. 2009) have suggested that the future
changes in TC frequency in a specific basin show wide
variation depending on the individual model’s SST (or
large-scale condition). Therefore, the use of the ensemble
mean of SSTs may lead to a more reliable projection. The
new design also includes year-to-year variation in SST
forcing, as TC frequency and spatial distribution show
large year-to-year variability in association with El Nifio—
Southern Oscillation (ENSO) in the NA (Gray 1984),
and it is preferable that climate projections contain year-
to-year variations in the prescribed SST.

Section 2 describes the model, simulation settings, and
observational datasets. Section 3 outlines the analytical
methods, including TC detection and the GPI, and sec-
tion 4 provides details on model performance in the
present-day simulation. Section 5 describes the simulation
results in terms of future changes in TCs, and section 6
examines the reasons for the predicted future changes.
The last section provides a summary of the main findings.

2. Model and experimental design
a. MRI/JIMA 20-km-mesh AGCM

The climate model used in this study is the 20-km-
mesh Meteorological Research Institute (MRI)/Japan
Meteorological Agency (JMA) AGCM. A brief descrip-
tion of the model is given here; detailed accounts can be
found in Mizuta et al. (2006) and JMA (2007). The MR1/
JMA-AGCM is a hydrostatic and spectral AGCM with
a resolution of T959L60 (triangular truncation 959 with
a linear Gaussian grid, which is equal to 20-km mesh
horizontally and 60 layers vertically). The model adopts
a semi-Lagrangian scheme (Yoshimura and Matsumura
2003) that enables integration with a time step of 6 min.
Regarding physics, the MRI/JMA-AGCM is equipped
with a prognostic Arakawa and Schubert cumulus con-
vection scheme (Randall and Pan 1993), a prognostic
cloud scheme (Smith 1990), the level-2 turbulence clo-
sure scheme of Mellor and Yamada (1974) for vertical
turbulent diffusion, a multiparameter random model for
terrestrial radiation (Shibata and Aoki 1989), a delta-two-
stream approximation scheme for solar radiation (Shibata
and Uchiyama 1992), an orographic gravity wave drag
scheme (Iwasaki et al. 1989), and a Simple Biosphere
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scheme (SiB) for a land surface model (Sellers et al.
1986; Sato et al. 1989).

The MRI/JMA-AGCM has been used for both medium-
range forecasts at the IMA (JMA 2007; Murakami and
Matsumura 2007; Murakami et al. 2008) and climate
projections at the MRI (Kusunoki et al. 2006; Mizuta
et al. 2006; Oouchi et al. 2006). Murakami et al. (2008)
verified the performance of the model in simulating ty-
phoons with real initial conditions and compared the
results with those obtained by using a lower-resolution
version of the model. The high-resolution version simu-
lated more realistic tracks, intensity, and inner-core struc-
ture of typhoons. The increased accuracy is obtained
mainly from increased horizontal resolution (Murakami
et al. 2008). The performance of the model in climate
simulations of TCs has been reported by Oouchi et al.
(2006), who showed that the general features of TCs,
including intensity and genesis frequency, are well sim-
ulated in a 10-yr present-climate simulation forced by
prescribed climatological SST.

b. Simulation setting and boundary conditions

The multiyear climate simulations performed in this
study were based on the so-called time slice experiments
(Bengtsson et al. 1996), in which SST, sea ice concen-
tration (SIC), and greenhouse gases are given as exter-
nal forcings. To evaluate the future change in TC activity,
two 25-yr simulations were performed for 1979-2003 pe-
riod (the present day; PD) and the last quarter of the
twenty-first century (2075-2099; global warming; GW).
For the PD run, the Hadley Centre observational SST and
SIC (HadISST1; Rayner et al. 2003) were prescribed, with
the monthly mean data being interpolated to daily values.
This approach differs from that adopted by Oouchi et al.
(2006), who employed climatological annual cycle SST
and SIC. The observed SSTs contain interannual varia-
tion, such as ENSQO, which is the most influential factor in
terms of TC variations (Camargo et al. 2007a).

For the GW run, the future SST and SIC were created
following the method described by Mizuta et al. (2008;
Fig. 1). First, observed SST and SIC were decomposed
into a trend (PDTR) component and an interannual
variation (PDIV) for the 25 years from 1979 to 2003.
Second, the same decomposition was applied to the
ensemble mean of the World Climate Research Program/
CMIP3 models (here, 18 models were used as listed in
Table 1), thereby obtaining the future trend (GWTR)
and interannual variation for the 25 years from 2075 to
2099. The average values of SST and SIC for each period
were also calculated so that the future change (GWDT)
was computed. Finally, the future forcing conditions were
reconstructed as a recomposition of GWDT, GWTR,
and PDIV. Note that here the amplitude and phase of



2702

Linear trend in HadISST (PDTR) +
Inter-annual variation in HadISST (PDIV)

HadISST
(1979-2003)

CGCMs C20C

JOURNAL OF CLIMATE

VOLUME 23

Linear trend in CGCMs (2075-2099, GWTR) +

Inter-annual variation in CGCMs (GWIV) +

Future change by CGCMs (GWDT)

CGCMs
SRES A1B
experiments
(2000-2100)

Future change
([2075-2099] —
[1979-2003])

v

Experiments

(~2000)
1979 2003

Present-day climate

2075 2099
Future climate

Linear trend in
CGCMs (GWTR)

Future change in
CGCMs (GWDT)

AT +

Prescribed future lower
boundary condition

Inter-annual variation
in HadISST (PDIV)

+ roroAA =

2075 2099

FIG. 1. Schematic diagram of prescribed lower boundary conditions for the future simulation.
The abbreviations are expanded in text except for GWIV: interannual variation in the en-
semble mean of future SSTs and C20C: climate of the twentieth century.

the interannual variation are assumed to be conserved
in the future setting. We did not use the raw time series
of the multimodel ensemble mean because the averaging
smoothes out year-to-year variability of SST and ex-
cludes ENSO.

The annual concentrations of greenhouse gases (CO,,
CH,4, and N,0O) were derived from observed values for
the PD run, and from the A1B IPCC emission scenario
(IPCC 2007) for the GW run. For aerosols, the clima-
tological monthly mean values were calculated from the
global chemical transport model (Tanaka et al. 2003).
The same aerosols were also used for the GW run.

c¢. Observational best-track data

The global TC dataset, obtained from the Web site of
Unisys Corporation (Unisys 2009), was used to evaluate
TC simulations in the PD run. The dataset consists of
best-track data compiled by the National Hurricane Cen-
ter (NHC) and Joint Typhoon Warning Center (JTWC),
and contains historical TC information regarding the
center location, intensity (maximum 1-min surface wind
speed), and sea level pressure in the NA at 6-h intervals
from 1851 to 2009. We used only the TCs with tropical
storm intensity or stronger (i.e., TCs that possess 1-min
sustained surface wind of 35 kt or greater).

d. JRA-25 reanalysis data

The Japanese 25-yr Re-Analysis (JRA-25) dataset
(Onogi et al. 2007) was used for the GPI analysis. The

JRA-25 reanalysis system was constructed based on the
former global operational forecast and assimilation system
at the JMA. The system consists of a three-dimensional
variational data assimilation (3DVAR) and a spectral
forecast model with a resolution of T106L40 (triangular
truncation at wavenumber 106 in the horizontal and
40 vertical layers). The data available period is from 1979
to 2004. One of the advantages of the JRA-25 is that
it adopted TC retrieved (TCR) data in the assimilation
process (Hatsushika et al. 2006). The TCR data provide
an artificial three-dimensional TC structure constructed
using information from the best-track data, such as po-
sition, motion, maximum surface winds, and the radii of
30- and 50-kt wind speeds. The TCR was then treated as
observational data in the assimilation process. This ap-
proach yields both realistic environmental flows around
a TC and TC structure. Several variables were used in
the GPI calculation (see section 3b); however, because the
vertical motion (omega) is not included in the reanalysis
field, we used the omega in the first-guess field (i.e., the
model output in the assimilation process).

3. Analysis methods for projected outputs
a. Detection method for tropical cyclones

The TC-detection method adopted in the present
study is a modified version of that used by Oouchi et al.
(2006), who employed six criteria to identify TCs in order
to match the simulated annual mean number of global TC



15 MAY 2010 MURAKAMI AND WANG 2703
TABLE 1. CMIP3 Models used for future prescribed boundary conditions.
Name Institute
BCCR_BCM2_0 Bjerknes Centre for Climate Research, Norway
CGCM3.1 T47 Canadian Centre for Climate Modeling and Analysis, Canada
CGCM3.1 T63
CNRM CM3 M¢étéo-France/Centre National de Recherches Météorologiques, France
CSIRO Mk3.0 CSIRO Atmospheric Research, Australia
GFDL CM2.0 Geophysical Fluid Dynamics Laboratory/NOAA/U.S. Dept. of Commerce, United States
GFDL CM2.1
GISS AOM Goddard Institute for Space Studies, National Aeronautics and Space Administration, United States
INM CM3.0 Institute for Numerical Mathematics, Russia
IPSL CM4 Institut Pierre Simon Laplace, France
MIROCS3.2 hires Center for Climate System Research (University of Tokyo), National Institute
MIROCS3.2 medres for Environmental Studies, and Frontier Research Center for Global Change (JAMSTEC), Japan

MIUB ECHO-G

Meteorological Institute of the University of Bonn, Meteorological Research Institute of KMA,

and Model and Data Group, Germany and Korea

Hadley Centre for Climate Prediction and Research/Met Office, United Kingdom

MPI ECHAMS Max Planck Institute for Meteorology, Germany

MRI CGCM2.3 Meteorological Research Institute, Japan

NCAR CCSM3.0 National Center for Atmospheric Research, United States
UKMO HadCM3

UKMO HadGem1

genesis with observations. However, the simulated TC
numbers in each ocean basin do not agree with observa-
tions. The present-day simulation performed by Oouchi
et al. (2006) shows that the TC number was markedly
underestimated in the WNP, somewhat underestimated
in the NA, and significantly overestimated in the South
Indian Ocean. In the present study, given that we focus
on changes in TC tracks over the NA, the detection criteria
were modified to ensure that the simulated annual number
and duration of TCs resemble the observed counterparts.
The modified detection criteria are as follows:

1) Across the latitudinal belt of 45°S-45°N, the grid
point of the candidate TC center is defined as that
where the minimum surface pressure is at least 2 hPa
lower than the averaged surface pressure over the
surrounding 7° X 7° grid box.

2) The magnitude of the maximum relative vorticity at
850 hPa exceeds 3.0 X 10> s~ ! (original value: 3.5 X
107°s7h).

3) The maximum wind speed at 850 hPa exceeds
14.0 m s~ ! (original value: 15.0 m s~ 1).

4) The temperature structures aloft show a marked
warm core: the sum of the temperature deviations
at 300, 500, and 700 hPa exceeds 1.2 K (original
value: 2 K).

5) The maximum wind speed at 850 hPa (WS850) ex-
ceeds that at 300 hPa (WS300) at the first detection
(i.e., generation time) of a TC. After generation,
WS850 increased by 2.5 m s~ ! should be greater than
WS300 (this latter condition was not required in the
original detection).

6) The duration of a TC exceeds 36 h.

Conditions 1 and 6 are the same as the original conditions
employed by Oouchi et al. (2006), whereas conditions 2-5
have been modified. The latter part of condition 5 results
in a greater number of TC occurrence at midlatitudes.
This criterion is added because a comparison of simulated
TC tracks with observed track data reveals that the model
underestimates the number of TC tracks at midlatitudes
in the case that this relaxation is not employed. It might
be argued that this relaxation would increase the number
of extratropical cyclones; however, this condition is only
valid for TCs generated at low latitudes. In other words,
we only select those cyclones with transient characteris-
tics that were generated at low latitudes. We included
these transitional TCs because evaluation of their future
changes is important when estimating the future socio-
economic costs arising from TC-related damage.

The model TC positions were counted for every 2.0° X
2.0° grid point over the NA region (0°—-45°N, 110°W-0°,
excluding the Pacific) every 6 h. The total count was
defined as the frequency of TC occurrence, which in-
dicates the probability of a TC occurring in a certain grid
point. When the counting is only applied to genesis lo-
cation (i.e., when initially identified according to the
detection method), the total number of TCs is defined
as the frequency of TC genesis. Because TCs in the NA
are generated mainly during the boreal summer (July—
October; JASO), this study primarily focuses on changes
in TC tracks during these months.

b. Emanuel and Nolan’s Genesis Potential Index

To determine the factors responsible for genesis lo-
cation changes, we used the Genesis Potential Index
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originally developed by Emanuel and Nolan (2004), moti-
vated by the work of Gray (1979). Although the GPI was
developed using a statistical fitting procedure, based only
on climatological seasonal and spatial variations in TC
genesis, it shows some skill in reproducing interannual
variations in the observed frequency and location of TC
genesis for several basins (Camargo et al. 2007a). GPI
values increase when large-scale conditions are favorable
for TC genesis and decrease when conditions are un-
favorable. The formulation of the original GPI is as follows:

s e(REV Vo) 5
GPI = [10°n| (ﬁ) ( 20 ) (1+01V)™=, (1)
where 7 is the absolute vorticity (s~ ') at 850 hPa, RH is
the relative humidity (%) at 700 hPa, V, is the maxi-
mum potential intensity (m s~ ') of Emanuel (1995), and
V, is the magnitude of the vertical wind shear (m s~ ')
between 850 and 200 hPa. Among these factors, only
vertical wind shear is negatively correlated with the GPI.
The relative humidity and maximum potential intensity
are considered thermodynamical factors. The maximum
potential intensity is an empirical value, and is deter-
mined by the vertical structure of temperature and mois-
ture, and SST. The definition of maximum potential
intensity is based on Emanuel (1995), as modified by
Bister and Emanuel (1998). Camargo et al. (2007a) cal-
culated the GPI using reanalysis data, showing good
agreement between observational data and the clima-
tology and ENSO-related variability in GPI. Camargo
et al. (2007b) applied the GPI to model outputs. The
GPI is used not only to provide supplemental informa-
tion regarding TC genesis estimated from model simu-
lations, but also to clarify the most influential factor in
the case of GPI variation due to ENSO or the case of
differences identified when comparing different models.

When the original GPI was applied to JRA-25 data, we
found significant discrepancies between the GPI (Fig. 2a)
and the observed distribution of TC genesis (Fig. 2c).
First, the original GPI underestimates the frequency of
genesis in the intertropical convergence zone (ITCZ)
between 7° and 15°N. Second, the GPI underestimates
the frequency of TC genesis in the eastern Pacific.

Itis expected that TC generation is strongly related to
large-scale mean vertical motion. Indeed, our analysis
reveals that regions with a high frequency of TC genesis
correspond to areas with large upward motion. It is pos-
sible that upward motion was not fully taken into account
in the original GPI, although the relative humidity term
may reflect it to some degree. In the present study, we
modified the original GPI by explicitly incorporating the
following vertical motion term:
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where w is the vertical wind velocity (Pa s~ '). Figure 2b
shows the modified GPI, which yielded improved results
in general, including higher values over the eastern
Pacific and the Atlantic ITCZ region. However, the
modified GPI remains inconsistent with observations of
TC genesis around the Florida peninsula and off the coast
of West Africa. This inconsistency also appears when the
modified GPI is applied to model output (as shown later
in Fig. 9). Although further improvement of the GPI may
be needed, we found that the modified GPI shows future
change in detected TC genesis more clearly than did the
original GPIL.

No other study has applied GPI analysis to such a
high-resolution simulation. A concern might naturally
arise that the vertical motion field induced by TCs may
contribute to the seasonal mean field. Although the de-
gree to which TCs affect climatological mean vertical mo-
tion remains unclear, it is conceivable that the influence
is rather limited, given that fact that on average only
nine storms occur during the four-month peak season.
On the other hand, the incorporation of vertical motion
into the GPI provides additional information regarding
the physical mechanism for future change in TC genesis.

4. Evaluation of the present-day simulation
a. TC tracks and frequency of occurrence

To evaluate the TC climatology and variations simu-
lated in the PD run, we compared the results with ob-
servations. Figures 3a,b (Figs. 3c,d) show JASO TC tracks
(frequency of occurrence) observed and simulated in the
PD run, respectively. The difference between the ob-
served and simulated (PD run) frequency of occurrence
is shown in Fig. 3e. Overall, the simulated TC tracks and
frequency of occurrence are similar to the corresponding
observations; however, the PD run overestimates the
frequency of occurrence in tropical regions (south of
25°N), and underestimates the frequency north of 25°N.
The underestimation mainly reflects a lack of cyclogen-
esis within midlatitude regions in the PD run. The PD run
also underestimates TC genesis over the Gulf of Mexico
and the frequency of TCs moving northward from this
region, and overestimates the frequency of occurrence in
the region offshore from West Africa.

b. Interannual and seasonal variability in TC genesis

Because the prescribed SST and SIC vary from year
to year, we expect to see a corresponding interannual
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FIG. 2. JASO mean of (a) original GPI, (b) modified GPI, and (c) frequency of TC genesis
based on best-track data in the NA. The GPI data were calculated using JRA-25 reanalysis data

for the period 1979-2003.

variation in TC genesis in the PD run. Figure 4a compares
the simulated and observed yearly number of TC genesis.
The average numbers of TC genesis are 10.5 (observed)
and 8.7 (PD run), meaning that the total number of TCs is
underestimated. The recently observed upward trend in
TC genesis, which is conspicuous from the mid-1990s, is
insufficiently reproduced in the PD run. The coefficient
of correlation between the PD run and observations is
0.46, which is statistically significant at the 95% level.

Therefore, to some degree, the PD run reproduces the
observed year-to-year variation in TC genesis number.
However, this correlation is weaker than that reported
in other studies. For example, LaRow et al.’s (2008)
ensemble simulations using a global spectral model at
a resolution of T1261.27 (Gaussian-grid spacing of 0.94°)
yielded a correlation coefficient of 0.78. Zhao et al.’s
(2009) ensemble simulations using a global atmospheric
model with a 50-km horizontal-grid spacing yielded
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FIG. 3. (a),(b) Total tropical cyclone tracks and (c)—(e) frequency of occurrence for JASO from 1979 to 2003 in the NA; (a) and (c) are
observed data, while (b) and (d) are data from the PD run. (e) The difference in frequency of occurrence between the PD run and

observations. (a),(b) Black dots show TC-genesis locations.

a correlation coefficient of 0.83. We noticed that our
result is derived from a single run; if the correlation is
computed only for the last 15 (10) yr of the experiment,
the correlation coefficient would increase to 0.65 (0.73).

Figure 4b shows seasonal variations in TC genesis. Asin
nature, the simulated TC genesis shows a rapid increase
from June to July, peak in September, and a decrease to-
ward the northern winter. This pattern of variation is well
simulated in the PD run. Although LaRow et al. (2008)
accurately reproduced the interannual variation in TC
number, their seasonal cycle of TC number was not well
simulated in the NA. In contrast, the experiment by Zhao

et al. (2009) performed very well in reproducing both in-
terannual variations and the seasonal cycle of TC number.
These results, in combination with the present findings,
suggest that model performance in simulating of inter-
annual variations may be weakly related to performance
in simulating the seasonal cycle.

¢. Change in TC activity induced by ENSO

It is clear from Fig. 4a that the simulated TC number
(PD run) is strongly affected by ENSO. For example,
TC genesis shows a marked decline during El Nifio years
(1982, 1986, 1987, 1997, and 2002), consistent with the
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FIG. 4. (a) Yearly and (b) seasonal variability in the number of
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line), the PD run (1979-2003; solid black line), and the GW run
(2075-2099; dotted black line). The coefficient of correlation for
yearly TC number between the PD run and observation is 0.46,
which is statistically significant at the 95% level. The average
annual numbers of TCs are 10.5 (observed), 8.7 (PD run), and 9.2
(GW run). (a) Circles (triangles) indicate El Nino (La Nina)
years.

finding of Gray (1984), who attributed this decrease to
enhanced vertical shear of zonal wind over the Gulf of
Mexico and Caribbean Sea. In La Nifa years (e.g., 1988,
1995, 1998, and 1999), TC genesis increases because of
decreased vertical wind shear; however, this increase is
poorly captured by the PD run. This deficiency in TC
genesis is generally caused by a number of errors, such as
those in the simulated large-scale environment field, and
deficiencies in the model’s teleconnection linking ENSO
and Atlantic atmospheric anomalies. In addition, our in-
tegration is a single run. Use of ensemble simulation may
get better results.

To clarify whether the AGCM employed in the pres-
ent study contains large-scale errors, the modified GPI
was applied to the PD run; it was also applied to the
JRA-25 large-scale field to evaluate the influence of the
ENSO signal on TC genesis. Figure 5 shows GPI anom-
alies and the locations of TC genesis in July-October for
each ENSO-developing year. Here, El Nifio (La Nifia)
years are defined as 1982, 1986, 1987, 1991, 1997, and
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2002 (1988, 1995, 1998, and 1999), following Camargo
and Sobel (2005). For JRA-25 and best-track data
(Figs. 5a,b), marked differences are seen in both GPI
and genesis locations. There exists a negative (positive)
anomaly in GPI values and frequency of genesis during
El Nifio (La Nifia) years in the main developing regions
(MDR; 10°-20°N, 30°-80°W). This contrast in the GPI
field between El Nifio and La Nifia years at lower lati-
tudes (south of 20°N) is reflected in the PD run (Figs.
5c,d), although the GPI signal is different from obser-
vations in areas offshore from West Africa in La Nifia
years. This finding indicates that MRI/JMA AGCM, at
least to some extent, simulates differences in the large-
scale field between El Nifio and La Nifa years, which
affects TC genesis. The locations of TC genesis in the
PD run also differ between the two ENSO phases, al-
though the difference is weaker than that observed.
There also exists an inconsistency between the GPI and
detected TCs in the PD run. For example, many TCs are
generated in the region offshore from West Africa
during El Nino years, whereas the corresponding GPI
values are small. This overestimation is unrelated to
large-scale field errors, although the exact reasons re-
main to be investigated.

5. Projected future change in TC tracks, frequency,
and interannual variation

Figures 6a,b (Figs. 6c,d) shows JASO TC tracks (fre-
quency of occurrence) simulated in the PD and GW
runs, respectively. The difference in frequency of occur-
rence between the two runs is shown in Fig. 6e. Compared
with the PD run, substantial changes are apparent in the
GW run, including an increase in the frequency of TC
occurrence over the tropical eastern North Atlantic and
the northwestern North Atlantic (around 32°-45°N, 55°—
80°W), and a decrease in the frequency over the tropical
WNA (including the Caribbean Sea and Gulf of Mexico).
This result indicates a decrease in the frequency of TCs
that affect the North American continent south of ap-
proximately 32°N and the West Indies. To ensure the
physical significance and robustness of the shifts in TC
tracks, we implemented two additional analyses with dif-
ferent TC criteria: one used relatively constrained criteria
(compared with the one used in the present study), as
employed by Oouchi et al. (2006), and the other used less-
constrained criteria. These two new sets of detection cri-
teria result in very similar future change in TC tracks (data
not shown), thereby demonstrating that the projected fu-
ture change is independent of the TC criteria employed.

The dotted line in Figs. 4a,b shows interannual and
seasonal variability for the future run, respectively. The
annual mean number of TC genesis is 9.2, slightly higher
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than that in the PD run, although the difference is not
statistically significant at the 95% level. Oouchi et al.
(2006) also showed increasing TC number over the NA
in their future experiment. A resent study by Sugi et al.
(2009), using the same MRI/JMA AGCM but with dif-
ferent resolutions, showed that future change in TC num-
ber within a specific ocean basin is strongly controlled by
the distribution of relative SST changes rather than the
absolute value of local SST. A similar finding was re-
ported by Vecchi and Soden (2007a). Sugi et al. (2009)
also reported an experiment that showed decreasing TC
number over the NA with a relatively small future SST
change in the NA. However, Knutson et al. (2008) and
Zhao et al. (2009) reported decreasing TC number in
their future experiment, when SST is prescribed by the
same CMIP3 ensemble mean. Overall, the nature of fu-
ture change in TC number in the NA remains uncertain,
as also concluded by Emanuel et al. (2008).

Although the two runs prescribe similar interannual
variations in SST and SIC, the interannual variation in
the GW run (Fig. 4a) differs from that in the PD run.
This discrepancy is more apparent in the first 20 years
for the simulations. The interannual variation in TC num-
ber in the GW run is strongly affected by the specified
ENSO (dotted line in Fig. 4a). For example, local minima
occur in El Nifio years (e.g., 2082, 2083, 2087, 2093, and
2098). Interestingly, the local maxima in La Nifa years

are more clearly resolved than those in the PD run (e.g.,
2084, 2094, and 2095). The seasonal variation in TC fre-
quency (Fig. 4b) is similar to that in the PD run, indicating
no future change in seasonal distribution.

6. Reasons for future change
a. Reason for future change in TC tracks

The projected change in frequency of TC occurrence
is thought to result from changes in steering flows or
genesis locations. To help assess which of these two fac-
tors is more influential, JASO mean steering flows are
shown in Fig. 7. Here, steering flows are defined as the
pressure-weighted mean flow from 850 to 300 hPa, as
suggested by Holland (1993). Overall, TC tracks (Figs.
6a,b) follow a combination of the steering flows and beta
drift. The beta drift arises from interaction between the
gradient of earth’s vorticity and the primary TC circula-
tion, which is generally westward and poleward. Tracks
are followed by westward steering flows around the re-
gion offshore from West Africa, northwestward steering
flows over the Caribbean Sea and Gulf of Mexico, and
northeastward flows along the area offshore from North
America. However, the PD and GW runs show only a
small difference in steering flows (Fig. 7c), indicating
that this is not a primary reason for the predicted change
in frequency of TC occurrence. Furthermore, Fig. 8 shows
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FIG. 6. As in Fig. 3, but between the PD and GW runs. (e) The dashed regions highlight an east-west contrast in future change
of TC occurrence pattern.

a comparison of climatological mean TC translation
vectors. The mean TC translation vectors are calcu-
lated at every 2.5° X 2.5° grid point based on all the TCs
that passed across each point. The TC translation vec-
tors are similar between the PD and GW runs, indicating
that each TC moves in a similar direction for both runs
for a given genesis location.

In contrast, there exist marked differences in genesis
locations between the PD and GW runs. Figures 9a,b
show the frequency of TC genesis during the peak cy-
clone season (JASO) for the PD and GW runs, respec-
tively. The future change is shown in Fig. 9c. It is clear

that the genesis locations shift eastward from the PD to GW
runs, resulting in a large increase in TC genesis in the ENA
and a decrease in the WNA. There is also an increasing
signal in the NWNA. The increase in the frequency of
TC genesis in the ENA indicates that many TCs ex-
perience early recurvature and then move northward,
whereas the decrease in the WNA indicates a smaller
risk of TCs approaching the coast of southeast United
States. These changes appear to be consistent with the
predicted change in frequency of TC occurrence (Fig. 6¢),
thereby indicating that the change of TC frequency is
caused mainly by the change in genesis locations.
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b. Reasons for future change in genesis locations

We investigate the reason for changes in genesis lo-
cations based on an analysis using the modified GPIL.
Figures 9d,e shows the GPI in JASO for PD and GW
runs. When these data are compared with the frequency

of genesis (Figs. 9a,b), the GPI performs reasonably
well in capturing the distributions of detected genesis,
although it shows large values in the area around the
Florida peninsula, where TC genesis does not occur. When
we compare future changes in the GPI (Fig. 9f) and
frequency of genesis (Fig. 9c), the GPI change largely



2712

(a) Frequency of Genesis (PD JASO)

45N
40N -
35N A
30N -
25N A
20N A
15N 1
10N A
SN

45N
40N -
35N A
30N -
25N A
20N A
15N 1
10N+
5N

£EQ ‘ : : : : 4 : : ‘ :
110W 100W 90W 80W 70W 60W 50W 40W 30W 20W 10W O

0 05 1 2 3 4 5 6 8 10 15 20

(c) Frequency of Genesis (GW — PD JASO)

JOURNAL OF CLIMATE

VOLUME 23

(d) GPI (PD JASO)

Q
T10W 100W 90W 80W 70W 60W 50W 40W 30W 20W 0

0 05 1 2 3 4 5 6 8 10 15 20

15N
10N
5N

EQ
110W 100W 90W 80W 70W 60W 50W 40W 30W 20W

0 05 1 2 3 4 5 6 8 10 15 20

(f) GPI

T o7

15N 1
10N A
SN

45N
40N 1
35N 1
30N 1
25N 1
20N 1
15N
10N

5N A

(GW — PD JASO)
-

U

EQ T T f T T T T T T T
110W 100W 90w 80W 70W 60W 50W 40W 30W 20W 10W O

—4.5-4-3.5-3-2.5-2-1.5-1-0.50.5 1 1.5 2 25 3 3.5 4 45

EQ T T f T T T T T T T
110W 100W 90W 80W 70W 60W 50w 40W 30w 20w 1O0W O

-4.5-4-3.5-3-2.5-2-1.5-1-0.50.5 1 1.5 2 2.5 3 3.5 4 45

FIG. 9. Simulated frequency of TC genesis for the peak cyclone season of JASO for (a) the PD run, (b) the GW run, and (c) the
difference between the GW and PD runs. (d)—(f) As in (a)—(c), but for the GPI. Rectangles show ENA, WNA, and NWNA with pro-

nounced changes in TC genesis (see text).

captures the change in frequency of genesis. For exam-
ple, contrasting changes in the frequency of genesis are
found across the longitude 50°W, with an increase in the
ENA and a decrease in the WNA. The GPI change also
shows an increasing change in the NWNA.

The GPI can be used to determine which of the factors
contributes most to its future change. Here, we assign the
future value to one of the five GPI elementsin Eq. (2); the
other elements are kept at present-day values, as used in
the PD run. The “‘virtual” GPI value is then subtracted
from the present-day GPI value. In the case of a large

difference, the assigned GPI element is considered an
influential factor in terms of GPI change. Figure 10 shows
the various GPIs in which individual factors are varied.
Here, the logarithm of each GPI is considered because
summation of the logarithm changes in virtual GPIs
(Figs. 10b—f) is equivalent to the total change in loga-
rithm GPI between the present and future [Fig. 10a;
equivalent to the fractional change used in Vecchi and
Soden (2007¢)].

Figure 11 also shows selected area means of future
change in GPI and virtual GPIs for July—October and
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each month. It is notable that changes in the maximum
potential intensity and omega terms make a dominant
contribution to the increase in GPI within the ENA
(Fig. 11b). The vertical shear term also contributes to
the future increase in GPI to some degree, but the vor-
ticity term makes only a minor contribution in the ENA
(Fig. 11b). In contrast to the ENA, the relative humidity
and omega terms make the largest contribution to the de-
crease in GPI within the WNA (Fig. 11a). The dominant
contributions of these terms are robust for the entire peak
season (Fig. 11a). The increase in GPI in the NWNA is
due to an increase in maximum potential intensity (Figs.
10d and 11c) and in part to an increase in the vertical
shear term (Figs. 10c and 11c).

Although many studies have reported that vertical
shear is crucial for future change in TC genesis over the

WNA (e.g., Knutson et al. 2008; Vecchi and Soden 2007c¢),
the GPI analysis performed in the present study reveals
that vertical shear has relatively small influence on the
future change in GPI in the WNA. However, this does
not necessarily mean that signals of circulation change
projected by our simulations are markedly different from
those reported in other studies. For example, the spatial
distribution of future change in the vertical shear of hor-
izontal wind (Fig. 12) is somewhat similar to that reported
by Vecchi and Soden (2007c, their Fig. 1b), indicating
that the vertical shear also contributes, at least to some
extent, to future change in TC genesis in our projections.
Vecchi and Soden (2007b) also examined the response
of tropical atmospheric circulation to global warming
experiments using projections by the IPCC AR4 models.
The authors reported that in all models, the strength of
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atmospheric overturning circulation decreases as the cli-
mate warms. Similarly, our projection resulted in a consis-
tent future change: a weakening in overturning circulation
of about 10%-12% in the GW run. Vecchi and Soden
(2007b) also reported that the weakening occurs prefer-
entially in the zonally asymmetric (i.e., Walker) rather
than zonal-mean (i.e., Hadley) component of the tropical
circulation. This change is also found in our projections,
whereby, weakening was more pronounced in the zonally
asymmetric component than in the zonally symmetric
component.

As shown above, the GPI change in the ENA is mainly
due to change in large-scale vertical motion and maxi-
mum potential intensity, which appear to be related to
enhanced convective activity in the ITCZ. Figure 13 shows
changes in the July-October mean vertical velocity at
500 hPa and relative humidity at 600 hPa in the NA. Itis
clear that upward motions are enhanced in the ENA, as
is relative humidity. These changes are consistent with
a predicted increase in precipitation (Fig. 14). Overall,
these favorable environmental conditions for convective
activity promote TC genesis near the eastern Atlantic
ITCZ. In contrast to the findings for ENA, the WNA
features a decrease in upward motion (Fig. 13c), and
reduced relative humidity (Fig. 13f) and precipitation
(Fig. 14c).

The increase in convective activity in the ENA ap-
pears to be related to the prescribed future SST distri-
bution. Figure 15 shows the distribution of forced SST
and the difference between present and future values.
The magnitude of increase in SST over the NA ranges
from 1.8 to 2.8 K; however, the SST changes are spa-
tially variable, with a relatively large increase in the

ENA and NWNA, and a relatively small increase in the
WNA. Note that precipitation is reduced in the WNA
(Fig. 14c) despite the local increase in SST (Fig. 15c¢).
This finding indicates that the increase in vertical motion
in the eastern MDR region acts to enhance zonal cir-
culation, which in turn results in the suppression of con-
vective activity over the WNA. The enhanced Pacific
ITCZ precipitation along 5°-10°N (Figs. 13c and 14c) can
also reduce the ascent over the Caribbean Sea. In other
words, the distribution of the SST anomaly is important
not only for local TC genesis, but also for remote TC
genesis in the NA.

The projected future change in NA SST is a robust
signal. Figure 16 shows future change in SST relative to
the tropical mean for 18 individual CMIP3 models.
These models are used for computing the prescribed
SST change and trend in the GW run. It is notable that
most of the CMIP3 models show a larger SST increase in
the ENA than in the WNA, indicating that the east-west
contrast in SST change is robust across the models. Our
model shows a higher frequency of TC genesis in the
ENA, resulting in an increased TC number at the basin
scale and increased TC frequency in the ENA. Although
modeling studies have reported conflicting results re-
garding the future TC number, an eastward shift of fre-
quency of TC occurrence is probably robust if a model is
forced by a prescribed SST change with an east—west
contrast in the tropical NA. For example, Knutson et al.
(2008) used a similar pattern of SST increase in a future
simulation (see their Fig. S2a) and obtained a decreased
in the number of TC tracks in the WNA and an increase
in the ENA (see their Fig. 2). Interestingly, Vecchi and
Knutson (2008) reconstructed an observational TC dataset
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FIG. 13. (a)—(c) Vertical velocity at 500 hPa and (d)—(f) relative humidity at 600 hPa for the peak cyclone season of JASO for (a),(d) the
PD run, (b),(e) the GW run, and (c),(f) the difference between the GW and PD runs. Gray shading in (a)—(c) and (f) indicates positive
values. Rectangles show ENA, WNA, and NWNA regions with pronounced changes in TC genesis (see text).

since the late 1800s, and showed a similar trend with an
east—west contrast in TC occurrence pattern. This consis-
tency among different studies indicates the likelihood
that a signal of climate change induced by global warming
might have already appeared.

7. Summary

We conducted a pair of 25-yr climate simulations for
the present day (1979-2003; PD) and the last quarter
of the twenty-first century (2075-2099; GW), based on
the A1B scenario using a MRI/JJMA 20-km-mesh high-
resolution atmospheric general circulation model (MRI/
JMA-AGCM). The analysis focused on tropical cyclone
(TC) activity, especially TC tracks, over the NA. The
PD simulation demonstrates that the MRI/JMA-AGCM
simulated a reasonably realistic climatology and variations

in TC activity over the NA (Fig. 3). The observed spatial
distribution of the frequency of TC occurrence during
July—October (JASO) was largely captured by the PD
simulation, although overestimating TC frequency in
tropical regions south of 25°N and underestimating the
frequency north of 25°N. The underestimation is mainly
due to a lack of cyclogenesis in midlatitude regions. The
correlation coefficient in interannual variation of the TC
frequency between observations and the PD run was 0.46,
which is statistically significant at the 95% level (Fig. 4).
The simulated seasonal variation in TC counts is also
realistic, although the TC genesis number is slightly un-
derestimated for the entire year.

To better understand climate control of TC genesis,
the original GPI produced by Emanuel and Nolan (2004)
was modified by incorporating variations in environmen-
tal vertical motion. Overall, the modified GPI showed an
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nounced changes in TC genesis (see text).

improved representation of TC genesis climatology over
the NA (Fig. 2). However, the modified GPI is still in-
consistent with the observed TC genesis around the
Florida peninsula.

Concerning future change, the basinwide TC frequency
shows a slight increase in the GW run, but the increase
was not statistically significant. The change in frequency
of TC occurrence was spatially inhomogeneous, with a
marked decrease in the WNA, including the Gulf of

Mexico and Caribbean Sea, and an increase in the ENA
and NWNA (Fig. 6). In theory, there are two possible
explanations of the predicted changes in frequency of
TC occurrence: changes in large-scale steering flow pat-
terns and changes in TC genesis locations. A comparison
of steering flow between the PD and GW runs reveals no
significant change (Fig. 7). Furthermore, mean TC trans-
lation vectors are similar between the two runs (Fig. 8).
On the other hand, we found a significant change in the
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locations of TC genesis between the PD and GW runs
(Fig. 9), which is the major reason for the predicted fu-
ture change in frequency of TC occurrence.

The signal of shift in TC locations is well captured by
the projected GPI change (Fig. 9). Therefore, the GPI
can be used to determine the main environmental factors
responsible for future change in TC genesis. The main
factors contributing to the predicted future increase in
TC genesis in the ENA were changes in maximum po-
tential intensity and vertical motion, which are related to
the enhanced convective activity in the eastern Atlantic

ITCZ (Fig. 11). The factors responsible for the increase
in TC genesis in the NWNA were maximum potential
intensity and reduced vertical shear. The former appears
to be related to a relatively large local increase in SST
compared with other regions in the NA, whereas the
latter seems to be due to decreased westerly wind in the
middle troposphere, which is a similar to a signal during
El Nifio years to that reported by Vecchi and Soden
(2007b). The decrease in TC genesis in the WNA was
mainly related to decreases in relative humidity and
ascending motion. Although the prescribed sea surface
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temperature (SST) showed an increase in the WNA,
convective activity decreased, indicating that the effect
of remote dynamical forcing exceeds the effect of local
thermodynamical forcing. In other words, the increase
in convective activity in the ENA or in the eastern Pacific
was sufficiently large to result in a subsidence anomaly
over the WNA, which suppressed convective activity
and lead to decreased TC genesis.

Overall, our experiment results suggest that the spa-
tial pattern of the frequency of TC occurrence will show
marked changes in the future, including a decrease in
TC activity in the WNA and increases in the ENA and
NWNA. However, we must also consider the fact that
these changes are affected by marked model biases. To
achieve more reliable future projections, these biases
should be minimized. In addition, TC genesis appears to
be sensitive to the spatial distribution of SST anomalies,
and models with different physics probably respond

differently to the SST increase. Although many CMIP3
models show a consistent spatial pattern of SST future
change, it would be necessary to perform experiments
with various spatial patterns of SST anomalies and model
physics in order to reduce the degree of uncertainty in
future projections.
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