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ABSTRACT

A high-resolution regional atmospheric model is employed to project the late twenty-first-century changes
of tropical cyclone (TC) activity over the western North Pacific (WP) and southwest Pacific (SP). The model
realistically reproduces the basic features of the TC climatology in the present-day simulation. Future pro-
jections under the representative concentration pathway 4.5 (RCP45) and 8.5 (RCP85) scenarios are in-
vestigated. The results show no significant change of TC genesis frequency (TCGF) in theWP by RCP45 due
to the cancellation of the reduction over the western part and the increase over the eastern part together
with a considerable decrease of TCGF by RCP85 due to the excessive TCGF reduction in the western part.
The TCGF over the SP consistently decreases from RCP45 to RCP85. Despite the fact that the simulated
maximum surface wind speeds are below 52m s21, the change with more strong TCs and fewer weak TCs is
robust. The future changes in the TC genesis locations and translational speeds modulate the TC lifetime and
frequency of occurrence. The TC genesis potential index (GPI) is used to evaluate the projected TCGF
changes. The results show that low-level vorticity and midtropospheric vertical velocity largely contribute to
the reduction of GPI in the western part of the WP, while vertical wind shear and midtropospheric vertical
velocity mainly contribute to the decrease of GPI over the SP. The weakening of themonsoon trough is found
to be responsible for the decreases of GPI and TCGF over the western part of the WP.

1. Introduction

The tropical cyclone (TC) activity over the western
North Pacific (WP) will likely change in a future warmer
world (Oouchi et al. 2006; Stowasser et al. 2007; Yokoi
and Takayabu 2009; Zhao et al. 2009; Li et al. 2010;
Knutson et al. 2010; Murakami et al. 2011, 2012; Held
and Zhao 2011; Sugi et al. 2012; Yokoi et al. 2012;
Emanuel 2013; Colbert et al. 2015; Wu et al. 2014;
Manganello et al. 2014). However, the projected future
TC activity is diverse due to different models, methods,
and scenarios applied. Many previous studies
predicted a future decrease in TC genesis frequency and
an increase in intense TCs (e.g., Oouchi et al. 2006;
Bengtsson et al. 2007a,b; Zhao et al. 2009; Murakami
et al. 2011, 2012; Sugi et al. 2012; Wu et al. 2014).

Nevertheless, some studies have shown contrasting fu-
ture projections. Emanuel (2013) found that both TC
frequency and intensity increase over the WP in the late
twenty-first century based on downscaling the phase 5 of
the Coupled Model Intercomparison Project (CMIP5)
climate models under the representative concentration
pathway 8.5 scenario, whereas Stowasser et al. (2007)
found no statistically significant change of TC frequency
in the peak season from July to October in response to
the carbon dioxide increase over the WP. By contrast,
the TC activity over the southwest Pacific (SP) is less
widely studied and the conclusions are more consistent
among different studies (e.g., the projected TC fre-
quency will decrease) (Zhao et al. 2009; Lavender and
Walsh 2011; Murakami et al. 2012; Emanuel 2013;
Walsh 2015).
Most of the general circulation models (GCMs) have
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Coupled Model Intercomparison Project (CMIP3) and
phase 5 (CMIP5) models. Regardless of the disability to
simulate the complex inner core of intense TCs, those
models still provided credible future climate projections
to a certain degree (Bengtsson et al. 2007b; Villarini and
Vecchi 2012; Camargo 2013). The high-resolution
GCMs, on the other hand, are capable of adequately
resolving TCs. In the last few years, some research
centers have started to run high-resolution GCMs to
produce more realistic TC characteristics (Oouchi et al.
2006; Bengtsson et al. 2007a,b; Zhao et al. 2009;
Murakami et al. 2012; Kinter et al. 2013) with the pre-
scribed sea surface temperature (SST). The 20-km res-
olution Meteorological Research Institute (MRI)
atmospheric general circulation model (MRI-AGCM)
was successfully configured to study the TC climatology
and future projections (Murakami et al. 2012). There are
very strong TCs in their simulations due to the use of the
improved cumulus parameterization scheme. Recently a
comparison among different dynamical cores has dem-
onstrated that the dynamical core has a significant im-
pact on storm intensity and genesis frequency in the
Community Atmosphere Model version 5 (CAM5;
Reed et al. 2015). The spectral element core produces
stronger TCs than the finite-volume core by using very
similar parameterization packages. These findingsmight
be an additional explanation for why Murakami et al.
(2012) can simulate very strong TCs. The Geophysical
Fluid Dynamics Laboratory (GFDL) High Resolution
Atmospheric Model (HiRAM) is another GCM widely
used to study TC climatology and future projections
(e.g., Zhao et al. 2009; Held and Zhao 2011; Knutson
et al. 2015). The HiRAM was developed based on the
GFDL Atmospheric Model version 2.1 with increased
horizontal and vertical resolutions, as well as simplified
parameterizations for moist convection in order to bet-
ter represent TC climatology (Zhao et al. 2009).
Compared with GCMs, regional climate models

(RCMs) can save numerous computing resources yet
still provide detailed information on TC activity in a
region of interest, and hence are widely used to study TC
climatology and future projections. The pioneering
work was carried out by Knutson et al. (1998) and
Knutson and Tuleya (2004). They tracked each TC
identified back to its genesis and early development
stage in coarse-resolution GCMs, and then ran each
storm case by a multiply nested limited-area atmo-
spheric model with 18- or 9-km horizontal resolution.
Stowasser et al. (2007) used a regional climate model
with horizontal resolution of half degree developed
at the International Pacific Research Center (IPRC-
RegCM; Wang et al. 2003) to study possible changes in
TC activity over the western North Pacific with

increased CO2 concentration. The GFDL’s Regional
Atmospheric Model with 18-km horizontal resolution
was first configured by Knutson et al. (2007) to study the
recent multidecadal change of Atlantic hurricane ac-
tivity. This model has been then applied to study the
projected changes in TC activities in the future warmer
world over the North Atlantic (e.g., Knutson et al. 2008,
2010) as well as over the WP (Wu et al. 2014) and SP
(Walsh 2015).
The Weather Research and Forecasting (WRF)

Model has been limited to a small number of studies on
TC climatology and/or future projections for the WP or
the SP (e.g., Jourdain et al. 2011; Jullien et al. 2014; Kim
et al. 2015; Jin et al. 2016). A recent evaluation of the
climatology of TC activity over the WP in the Co-
ordinated Regional Climate Downscaling Experiment
(CORDEX) showed that the WRF-based RCM is ca-
pable of reproducing the TC climatology (Jin et al.
2016). Similar results were reported in a WRF-based
RCM simulation by Kim et al. (2015). Both simulations
used 50-km horizontal resolution and Kain–Fritsch cu-
mulus parameterization (CP) scheme (Kain 2004).More
recent studies have shown that the Kain–Fritsch CP
scheme in the WRF Model is sensitive to the horizontal
resolution (Done et al. 2015; Hashimoto et al. 2016); that
is, the TC frequency increases with the increasing model
resolution. This sensitivity is also found in the European
Centre for Medium-RangeWeather Forecasts (ECMWF)
Integrated Forecast System (IFS) model with the Tiedtke
CP scheme (Manganello et al. 2012). The simulated TC
climatology has been reported to be sensitive to the CP
scheme in other studies as well (e.g., Knutson and Tuleya
2004; Murakami et al. 2012). In this study, we first
implemented a new version of the Tiedtke scheme that
was tested for 20-kmhorizontal resolution.We then apply
the 20-km-grid WRF-based RCM to study the TC cli-
matology and future projections over theWP and the SP.
The study aims to investigate the following:

1) How well the WRF Model with the new Tiedtke
scheme can capture the present-day (PD) TC clima-
tology over the WP and the SP, e.g., the intensity, the
geographical distribution, the seasonal cycle, and the
interannual variations.We noticed thatmany previous
studies used spectral nudging in the dynamical down-
scaling to keep the RCM simulated large-scale state
close to the driving fields (e.g.,Wu et al. 2014; Jin et al.
2016; Walsh 2015;). Here, we will show that the WRF
Model with the new Tiedtke scheme can capture the
PD climatology of TC activity without the use of
spectral nudging.

2) The TC activity over the WP and the SP in response
to the future warmer climate in the late twenty-first
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century. Two projected simulations forced with
specified concentrations consistent with a high-
emission scenario and a medium-emission scenario
are performed, whereasmost previous studiesmainly
evaluated only one scenario for the WP or the SP
(Zhao et al. 2009; Murakami et al. 2011, 2012; Wu
et al. 2014; Walsh 2015).

The rest of the paper is organized as follows. Section 2
describes the data, model, and experimental design.
Section 3 presents the comparison of the simulated PD
TC climatology with observations, and the projected
future changes. The possible mechanisms for the future
change of TC activity are discussed in section 4. The
main results are summarized in section 5. The details of
the new modified Tiedtke cumulus parameterization
scheme are briefly noted in the appendix.

2. Data and methodology

a. Data

The International Best Track Archive for Climate
Stewardship (IBTrACS) World Meteorological Orga-
nization version v03r05 provides TC best-track data to
aid the understanding of distribution, frequency, and
intensity of TCs worldwide (Knapp et al. 2010). It in-
cludes the central position, maximum sustained near
surface wind speed, and minimum central sea level
pressure (SLP) for each TC globally at 6-h intervals.
Since IBTrACS is a compilation of data from many
agencies, the IBTrACS maximum sustained wind is an
average from all available agencies and will likely be
different from the reports of each agency. The model
results from the present-day (PD) simulation (see be-
low) will be evaluated against this dataset.
The National Ocean andAtmosphere Administration

(NOAA) global daily SST analysis with the horizontal
resolution of 0.258 longitude 3 0.258 latitude (Reynolds

et al. 2010) was used to give the lower boundary condi-
tion over the ocean for the regional atmospheric model.
The National Aeronautics and Space Administration’s
(NASA) Modern-Era Retrospective Analysis for Re-
search andApplications (MERRA) reanalysis data with
horizontal resolution of 0.58 latitude 3 2/38 longitude
(Rienecker et al. 2011) were used to provide both initial
and lateral boundary conditions for the model atmo-
sphere. The ECMWF interim reanalysis (ERA-Interim)
data with a horizontal resolution of around 0.758 in both
longitude and latitude (Dee et al. 2011) were used to
give the initial soil moisture and soil temperature to the
land surface model described below.

b. Model and experimental design

We used the Weather Research and Forecasting
Model version 3.6 to conduct the numerical experiments
(Skamarock et al. 2008). The domain covers the central
to western tropical and subtropical Pacific (Fig. 1). The
horizontal resolution is 20 km on a Mercator projection.
There are 51 vertical levels from the surface to the
model top at 10 hPa. The outer 10 grid points in the
outermost domain are treated as a buffer zone in which
the results are relaxed to values interpolated in time and
space from the 6-h snapshots provided by the NASA
MERRA reanalysis. No spectral nudging is applied in
the model. The SST is prescribed and updated daily
using the NOAA global analysis. The model integration
for the PD run started at 0000 UTC 1 December 1989
and ended on 0000 UTC 1 January 2010. The initial
conditions for the atmosphere are also from NASA
MERRA reanalysis data, but the soil moisture and soil
temperature at the initial time are taken from the ERA-
Interim data. Note that the first month is considered the
model spinup period and discarded in the following
analysis.
The WRF single-moment six-class (WSM6) micro-

physics scheme (MP) with six prognostic cloud variables

FIG. 1. The observed SST (contour, K) and multimodel ensemble mean increments of SST for (a) RCP4.5 and
(b) RCP8.5 scenarios.
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is used for grid-scale cloud microphysics processes
(Hong and Lim 2006). The shortwave and longwave
radiation fluxes are calculated using the RRTMG radi-
ation scheme (Iacono et al. 2008). The Yonsei Univer-
sity (YSU) planetary boundary layer (PBL) scheme
(Hong et al. 2006) is used for subgrid-scale vertical
mixing. The Noah land surface model (LSM) is used for
the land surface processes (Chen and Dudhia 2001). We
applied a new Tiedtke scheme for cumulus parameter-
ization (cu_physics 5 16 in WRF since version 3.7; see
the appendix for a brief description).
Besides the PD run, two future runs are conducted.

For the future runs, we used the pseudoglobal warming
(PGW) method (Sato et al. 2007; Kimura and Kitoh
2007; Knutson et al. 2008; Kawase et al. 2009; Lauer
et al. 2013) and simulations of the CMIP5 for RCP4.5
and 8.5 scenarios in the late twenty-first century (e.g.,
2080–99; hereafter, we name these two future runs
RCP45 and RCP85, respectively). By the PGWmethod,
both the initial and boundary conditions for the regional
model integrations are given by the sum of observations
(reanalysis data and observed SSTs) and a perturbation
or global warming increment constructed from simula-
tions of global coupledmodels (e.g., CMIP5). The future
increments for atmospheric components (e.g., 3D tem-
perature, geopotential height, winds, specific humidity)
and SST are obtained from the CMIP5 multimodel en-
semble means (e.g., the late twenty-first-century minus
the PD simulations for the multimodel ensemble means
from the CMIP5 models). The monthly future in-
crements are interpolated into 6-h intervals and added
to the PD driving fields. Hence, the synoptic and

interannual variabilities at the lateral boundaries of the
outermost model domain and for SST are the same for
the PD run and the future runs. More detailed discus-
sions of the PGW method are presented in Lauer et al.
(2013) and Zhang et al. (2016a,b). Twelve CMIP5
models (for both RCP45 and RCP85 scenarios) used in
our study are listed in Table 1. The selection of these 12
models was based on the availability of the atmospheric
output variables. We chose one model from each avail-
able research center only if there were more than one
model available. Figure 1 shows the multimodel en-
semble mean increments for SST (shading) fromCMIP5
climate models for RCP45 (Fig. 1a) and RCP85
(Fig. 1b), respectively. The contour shows the climato-
logical SST from the NOAA global analyses. The SST
increments are asymmetric between the WP and the SP,
around 1.6K over the WP and 1.2K over the SP for
RCP45, and around 3K over the WP and 2.4K over the
SP for RCP85.

c. Analysis methods

1) TC TRACKING ALGORITHM

In this study, we used the 6-hmodel outputs to identify
and track TCs. The algorithm used the following four
criteria based on those reported in Nguyen and Walsh
(2001) but with somemodifications in order tomatch the
20-km horizontal resolution. 1) The maximum relative
vorticity at 850hPa exceeds 2.03 1024 s21. 2) There is a
minimum SLP center with closed isobar within the ra-
dius of 300 km of the maximum relative vorticity center
at 850 hPa. The radius of the averaged minimum SLP

TABLE 1. The CMIP5 models used for the ensemble mean increments. (Expansions of acronyms are available online
at http://www.ametsoc.org/PubsAcronymList.)

Originating group(s) Country CMIP5 I.D.

CSIRO (Commonwealth Scientific and Industrial Research Organization, Australia),
and BOM (Bureau of Meteorology, Australia)

Australia ACCESS1.0

Beijing Climate Center, China Meteorological Administration China BCC-CSM1.1
Canadian Centre for Climate Modeling and Analysis Canada CanESM2
Geophysical Fluid Dynamics Laboratory United States GFDL-CM3
NASA Goddard Institute for Space Studies United States GISS-E2-R
Met Office Hadley Centre (additional HadGEM2-ES realizations contributed by

Instituto Nacional de Pesquisas Espaciais)
United Kingdom HadGEM2-CC

Institute for Numerical Mathematics Russia INM-CM4
Institut Pierre-Simon Laplace France IPSL-CM5A-LR
Atmosphere and Ocean Research Institute (The University of Tokyo), National

Institute for Environmental Studies, and Japan Agency for Marine-Earth Science
and Technology

Japan MIROC5

Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean
Research Institute (The University of Tokyo), and National Institute for
Environmental Studies

Japan MIROC-ESM

Meteorological Research Institute Japan MRI-CGCM3
Norwegian Climate Centre Norway NorESM1-M
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system is at least 100km. The closed isobar drops at least
1 hPa to the minimum SLP center. 3) There is a warm
core within 300 km of the minimum SLP center and the
warm core has the temperature within the 100-km radius
at least 0.1K warmer than the temperature between 100
and 300 km averaged between 700 and 300hPa. 4) The
maximum 10-m wind speed in the lifetime is larger than
17ms21 and the genesis time is defined as the time when
the maximum 10-m wind speed reaches 17ms21. The
duration of each detected storm must exceed 48h.

2) PAIRED T TEST

We used a Student’s t test to check if the differences
between the PD run and future run are statistically sig-
nificant. Our null hypothesis is that the PD run and the
future run have the same climatological mean value.
Since we consider the possibility of either positive or
negative differences, we employed a ‘‘double-tailed’’ t
test. Furthermore, since the PD run and the future run
use the same base years (with and without adding the
global warming increments), we applied a ‘‘paired’’ t test
(e.g., McDonald 2014). We applied the test to the time
series of the annual means at each grid point.

3) BOOTSTRAP TEST

The bootstrap method is applied to test if the future
changes in TC genesis frequency, occurrence frequency,
and accumulated cyclone energy (ACE) are significant
(e.g., Fig. 5), given the fact that the values at each grid
cell do not follow a Gaussian distribution. The boot-
strapping procedure is provided by NCAR Command
Language (http://www.ncl.ucar.edu).

4) GENESIS POTENTIAL INDEX

Weused themodified version of Emanuel andNolan’s
(2004) TC genesis potential index (GPI; Murakami and
Wang 2010) to study factors that influence the changes
of TC genesis,

GPI5 j105hj3/2
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whereh is the absolute vertical vorticity (s21) at 850 hPa,
RH is the relative humidity (percentage) at 700 hPa,
Vmpi is the maximum potential intensity (MPI; m s21,
Emanuel 1995),Vsh is the magnitude of the vertical wind
shear (m s21) between 850 and 200hPa, and v is the
vertical p velocity (Pa s21) at 500 hPa. The code to cal-
culate the MPI is available online at ftp://texmex.mit.
edu/pub/emanuel/TCMAX//pcmin_revised.f. There are

five factors in the GPI formula in total. We varied each
factor at one time to check the contribution of each in-
dividual factor to the future change of GPI, for example,

DGPI
i
5DF

i
3 (F

j1
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where D represents the future change (e.g., RCP45 or
RCP85 minus PD). The subscript i is the contributing
factor, and subscripts j1 to j4 are the remaining factors
in PD.

3. Climatology and future change

a. TC tracks

The observed and simulated TC tracks are shown in
Fig. 2. Note that the WP (08–39.58N, 1108E–1408W) and
the SP (08–39.58S,1458E–1408W) are defined by our do-
main settings in this study rather than as commonly
defined. Note that the WP includes part of the central
North Pacific. The observed annual mean TC number is
25.9 over the WP (Fig. 2a). The same number is simu-
lated in the PD run (Fig. 2b). By contrast, the model
overpredicts nearly 3 TCs in the annual mean over the
SP (Figs. 2a,b). The annual mean TC number does not
change over the WP in the RCP45 run (Fig. 2c), but is
reduced by more than 4 in the RCP85 run. Over the SP,
the annual mean TC number decreases in the warmed
climates (Figs. 2c,d) and is only 4.2 in the RCP85 run.

b. TC intensity

Similar to the results from previous studies using
regional models, the simulated TC intensity at around
20-km resolution is not as strong as the observed (e.g.,
Knutson et al. 2007; Wu et al. 2014; Walsh 2015). The
strongest TC in our simulations has a maximum 10-m
wind speed of 52ms21. Figures 3a and 3b show the an-
nual mean TC frequency versus maximum surface wind
speed based on the 6-h interval data for the WP and SP,
respectively. Compared to the observations, the simu-
lated TCs in the PD run show more frequent wind
speeds lower than 37.5m s21, but less frequent wind
speeds higher than 37.5m s21 for both the WP and the
SP (Figs. 3a,b). Compared to the PD run, there are less
frequent wind speeds lower than 42.5m s21, but more
frequent wind speeds higher than 42.5m s21 for both
RCP45 and RCP85 runs over the WP. The frequency of
TCs for most of intensity bins is reduced mainly due to
the significant reduction of TC genesis number in the
future runs (RCP45 and RCP85) over the SP. The
change is statistically significant especially for RCP85 at
most of wind speeds. The basic conclusion of fewer weak
TCs but more strong TCs over the WP in the warmer
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climate is consistent with that of Murakami et al. (2012),
who found that the TC frequency decreases for weak
TCs but slightly increases for strong TCs (see their
Fig. 8) over the Northern Hemisphere.
For the lifetime maximum surface wind speed, there

are more weak TCs and fewer strong TCs compared to
the observations for both theWP and the SP (Figs. 3c,d).
Compared with the PD run, in the future runs, there will
be more strong TCs for both RCP45 and RCP85 over
both the WP and the SP. In comparison to the RCP45
run, the RCP85 run has higher ratio of strong TCs,
indicating a tendency of more strong TCs while less
weak TCs with more warming over the WP and SP
(Figs. 3e,f). The future change of the lifetime maximum
surface wind speed over both the WP and the SP is
consistent with the findings by Knutson et al. (2015, see
their Fig. 6a) in spite of the fact that their results are for
all TC basins. In their study, the frequency change is
significant in downscaled simulations at the 6-km reso-
lution, but not significant in their global 50-km resolu-
tion simulations.

c. Seasonal cycle and interannual variation of TC
genesis frequency

The interannual variations of TC genesis frequency
over the WP (Fig. 4a) and the SP (Fig. 4b) are reason-
ably captured in the PD run. The correlation coefficient
between the PD run and the observations over theWP is
0.58, which is statistically significant at the 95% confi-
dence level. The TC genesis number from the PD run
over the WP is also correlated to that from the RCP45
and RCP85 runs, statistically significant at the 95%
confidence level. The correlation coefficient between
the PD run and the observations over the SP is 0.61,
which is statistically significant at the 99% confidence
level (Fig. 4b). However, the PD interannual variation
of TC frequency is not well correlated with the RCP45
and RCP85 runs. Keep in mind that we used the same
SST distribution patterns and the same driving fields at
the lateral boundary for the PD run and the warming
runs except that the warming signals were added as
perturbations to the SST and the driving fields for the

FIG. 2. The (a) observed and (b)–(d) simulated TC tracks in the present-day (PD), RCP45, and RCP85 runs,
respectively. The TC intensity is classified by tropical storms (TS) and category 1 (CAT1) to category 5 (CAT5)
with Saffir–Simpson hurricane wind scale. The dots are the TC genesis locations. The annual mean TC numbers are
shown in the corresponding panels. The wind speed in IBTrACS data is divided by 0.88 in order to get category 4
and 5 TCs.
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future runs. The model domain is large enough to pro-
duce different annual TC frequencies in the future runs
from the PD run. Note also that the correlation co-
efficient can be influenced by the definition of the WP
and the SP in this study.
Figures 4c and 4d show the seasonal variations of TC

genesis numbers over the WP and the SP, respectively.
The peakmonth from observation is August for theWP,
whereas the PD run peaks in September, one month
later (Fig. 4c). The PD run obviously overestimates TCs
in September and October over the WP but un-
derestimates TCs in all other months. The future change
is only significant in June for RCP45, and June, July, and
December for RCP85 over the WP. January, February,
andMarch are all peak months over the SP. The PD run
overestimates the TC genesis frequency almost in all
months with the peak month in March. There are fewer

occasions of TC genesis in all months in the future runs
by the late twenty-first century over the SP. Only the
changes in March and December are statistically sig-
nificant for RCP45, whereas the changes are statistically
significant from December to April for RCP85 over the
SP at the 90% confidence level.

d. Annual mean genesis frequency, frequency of
occurrence, and accumulated cyclone energy

As mentioned in section 2, the TC genesis is defined
by the time when the 10-m wind speed reaches 17m s21

in our study. The TC genesis frequency of each 58 3 58
grid box is the 20-yr mean of TC genesis numbers in the
box. Figure 5a shows the observed annual mean genesis
frequency (shading) and the simulated genesis fre-
quency in the PD run (contour). The simulated PD
genesis frequency distribution over the WP is similar to

FIG. 3. The annual mean frequency of occurrence for maximum surface wind speed for TCs over the (a) WP and
(b) SP, and (c)–(f) the annual mean or normalized TC number for the lifetimemaximum surface wind speed for the
WP and SP. The frequency of occurrence for maximum surface wind speed is accumulated in 6-h intervals. The
circles indicate the future change being statistically significant at the 90% confidence level.
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the observed. The maximum annual mean TC genesis
number is around 0.8 in the PD simulation, which agrees
well with that in observation, but the center of the
maximum annual mean TC genesis frequency is located
between 1408 and 1608E, which is about 15 degrees east
of the observed center. There is also overly strong gen-
esis in the central North Pacific close to Hawaii in the
PD simulation. Although the TC genesis locations are
similar in the PD simulation and the observation over
the SP, the PD simulation obviously overestimates the
TC genesis number. It is clearly seen that in the future
runs (Figs. 5b,c), the TC genesis frequency decreases
west of 1658E and increases east of 1658E over the WP.
The TC genesis frequency widely decreases over the SP
in both future warming scenarios. The vertical lines in
Fig. 5b are the average TC genesis longitude for the PD
(black), RCP45 (green), and RCP85 (red) runs, re-
spectively. The TC genesis locations shift eastward over
the WP and westward over the SP. The green dots in
Fig. 5 indicate the future change that is statistically sig-
nificant at the 90% confidence level. The change is more
significant for the RCP85 scenario.
In each 58 3 58 grid box, we count the frequency of TC

occurrence at every 6 h. Figure 5d shows the 20-yr mean
TC occurrence frequency. The TCoccurrence frequency
in the PD run (contour) is very similar to that in

observation (shading) over the WP in terms of the dis-
tribution and magnitude. The location of the maximum
TC occurrence frequency in the PD run is about 5 de-
grees south and southeast of that from observation
(Fig. 5d). There are slightly more TCs east of 1808 in the
PD run (Fig. 5d). In spite of the distribution of TC oc-
currence frequency being well simulated in the PD run
over the SP, the simulated PD occurrence frequency is
much higher than the observed (Fig. 5d). Too many TCs
and too long-lived TCs (not shown) in the PD run ac-
count for the large positive bias in the simulated TC
occurrence frequency over the SP. Similar to the TC
genesis frequency, the TC occurrence frequency is higher
east of 1658E and lower west of 1658E over the WP
for both the RCP45 and RCP85 scenarios (Figs. 5e,f),
which is more significant in the RCP85 run. Different
from the WP, the TC occurrence frequency almost ho-
mogeneously decreases over the SP (Figs. 5e,f). The
distribution of the accumulated cyclone energy (Fig. 5g)
is very similar to the TC occurrence frequency (Fig. 5d)
in observations and in the PD run, where ACE
(!V2

max, Vmax is maximum 10-m wind speed) is calcu-
lated for each grid cell at each time interval along a track
and for all TCs in each season for the 20-yr period.
The magnitude in the PD run is smaller than that in
observations because the simulated TCs are weaker.

FIG. 4. The interannual variation in annual TC numbers over the (a) WP and (b) SP; r1 means the correlation
coefficient between observations and the PD run, r2 means the correlation coefficient between the PD and RCP45
runs, and r3 means the correlation coefficient between the PD and RCP85 runs. (c),(d) The seasonal cycle in
monthly TC genesis number over the WP and SP, respectively. The circles indicate the future change being sta-
tistically significant at the 90% confidence level.
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The future change of ACE is also similar to the TC oc-
currence frequency (Figs. 5e,f,h,i). Note that both oc-
currence frequency and ACE increase in both RCP45
and RCP45 scenarios near the Hawaiian Islands, sug-
gesting that the region could experience effect of more
TCs in the future warmer climate. Similar results are also
reported in Murakami et al. (2013) and Knutson et al.
(2015).

4. Discussion

a. Changes in TC occurrence frequency

As shown in Fig. 4c, July to October (JASO) is the
peak season for TC genesis and occurrence over theWP,
and January to April (JFMA) is the peak season for the
SP (Fig. 4d). Hence, we will focus our discussion on
JASO for the WP and JFMA for the SP in this section.
Changes in TC occurrence frequency can be explained

by changes in both TC genesis locations and motions.
There will be a significant reduction in TC genesis fre-
quency over the western part of the WP (e.g., west of
1658E) and a significant increase over the eastern part of
theWP (Figs. 5b,c). If the TCs that formed in the eastern
part of the WP kept moving westward, the TC occur-
rence frequency over the western part would not sig-
nificantly decrease. However, the TCs that formed over
the eastern part of the WP move northward and usually
fast. Figures 6a and 6b compare themean TC translation
vectors between the PD run and observations. Themean
TC translation vectors are calculated at every 58 3 58
grid box. Note that only those grids with annual mean
TC occurrence frequency larger than 1 are shown in the
figure. Overall, the PD run successfully captured the
motion direction and speed of TCs. The mean TC mo-
tion speeds over theWP are 5.4, 5.5, and 5.7m s21 for the
PD, RCP45, and RCP85 runs, respectively, indicating a
slightly increased TC motion speed in the projected

FIG. 5. (left) The annual mean (a) TC genesis frequency, (d) frequency of occurrence, and (g) ACE during 1990–2009. The contours are
for the PD run, while the shading is for observations. The contour has the same interval as the shading. (middle),(right) Future change for
annual TC (b),(c) genesis frequency, (e),(f) frequency of occurrence, and (h),(i) ACE, for RCP45 and RCP85, respectively. The TC
genesis locations were counted in every 58 3 58 grid box. The TC locations and ACE were counted in every 58 3 58 grid box with 6-h
intervals. The unit for ACE is 103m2 s22. The green dots in indicate the future change being statistically significant at the 90% confidence
level. The vertical lines in (b) represent the averaged TC genesis longitudes for the PD (black), RCP45 (green), and RCP85 (red) runs.
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future runs on average (see also Figs. 6c,d). The TCs are
projected to move faster in the western part of the WP
(5.8m s21) than in the eastern part of theWP (5.5m s21)
for RCP85 run. The future changes in the mean zonal
motion speed are 20.02 and 20.31 (the change is sta-
tistically significant at the 90% confidence level) in the
RCP45 and RCP85 runs, respectively, indicating that
TCs would move slightly faster toward the west in the
warmer climate. The future changes of the zonal speed
over the western part of the WP are larger (20.39) than
over the eastern part of the WP (20.22) for the RCP85
run. The future changes in the mean meridional motion
component are relatively small for both the RCP45 and
RCP85 runs. As a result, the mean lifetime of TC de-
creases by 0.41 days in the RCP45 run, and by 0.64 days
in the RCP85 run, compared to the PD run.
The TC motion speeds simulated in the PD run over

the SP are generally slower than those observed south of
158S (Figs. 6e,f). The mean TC motion speed in obser-
vations is 5.6m s21, but only 4.2m s21 in the PD run, and
TCs tend to move southward. The area-averaged future

change in translational speed in the RCP45 run is very
small mostly due to the unevenly distributed change
(Fig. 6g). In contrast, the area-averaged future change in
translational speed in the RCP85 run is 0.52m s21

(Fig. 6h). Despite the overall acceleration of TCs in the
RCP85 run (Fig. 6h), TCs show a general deceleration
west of 1658E, while in most areas east of 1658E TCs
show faster motion under the RCP85 scenario. In-
terestingly, the mean TC lifetime slightly increases in
the warming runs, approximately by 0.2 days in the
RCP45 run and 0.31 days in the RCP85 run. Combined
with the averaged mean TC motion speed, we can
speculate that TCs would travel a longer distance on
average in the warmer world over the SP.
The vectors in Fig. 7 show future changes in the sim-

ulated mass-weighted, large-scale steering flows be-
tween the 850 and 300 hPa for JASO over the WP and
JFMA over the SP. The hatched areas in Figs. 7a and 7b
indicate the future changes that are not statistically
significant at the 90% confidence level. The simulated
future steering flow changes are remarkably different

FIG. 6. The (a),(e) observed and (b),(f) simulated PDmean TC translation vectors and magnitudes (shading) for
the peak TC season [JASO over theWP in (a) and (b) and JFMA over the SP in (e) and (f)]. (c),(g) The difference
between theRCP45 and PD runs for theWPand the SP, respectively. (d),(h)As in (c),(g), but forRCP85. The black
circles in (c), (d), (g), and (h) indicate that the vector difference of either the zonal or meridional component is
statistically significant at the 90% level.
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from those shown in Murakami et al. (2011). In their
paper, the easterly flows south of 208N and east of 1308E
significantly weakened, resulting in a significant future
‘‘slow down’’ of the westward translational speed.
However, the easterly steering flow between 108 and
258N generally strengthens in our warming runs
(Figs. 7a,b). Note thatMurakami et al. (2011) used IPCC
Special Report on Emission Scenarios (SRES) A1B
scenario in their study. The patterns of the future
steering flow changes in the RCP45 and RCP85 runs are
very similar (e.g., acceleration over the tropical regions
and deceleration over the midlatitudes), but the changes
in the RCP85 run are larger than those in the RCP45

run. The purple (blue) lines in Fig. 7 show the departures
of the seasonal mean geopotential height at 500 hPa for
the PD (future warming) runs. The western North Pa-
cific subtropical high shrinks at its southern boundary in
the warming runs, which causes the easterly winds shift
northward. The westward extension of the subtropical
high in theRCP85 run causes the westward retreat of the
western Pacific monsoon trough. The steering flow
changes are generally consistent with changes in TC
translation. The SP subtropical high retreats and
shrinks, leading to the increase in the westerly steering
flow near 208S (Figs. 7c,d) and resulting in the ‘‘speeding
up’’ of TCs east of 1658E (Figs. 6g,h).

b. The future changes in TC genesis

Although GPI and its change do not perfectly agree
with the TC genesis frequency and its change, GPI can
still be used to identify the possible mechanisms that
contribute to the future changes in TC genesis
(Murakami et al. 2011). The white contour in Fig. 8a is
the simulated GPI in the PD run (starts from 1 with
interval of 2). Compared to the TC genesis map in
Fig. 5a, the GPI is obviously too high over the South
China Sea and in the ITCZ east of 1708W. Figure 8
shows the total future GPI changes during JASO over
the WP (Figs. 8a,g), as well as the GPI changes induced
by individual GPI factors (Figs. 8b–f,h–l). The sum of all
individual GPI changes is approximately equivalent to
the total GPI change. The hatched areas in Fig. 8 in-
dicate the future changes that are not statistically sig-
nificant at the 90% confidence level. Overall, the pattern
for the future change in GPI is more similar to the future
change in TC genesis frequency in the RCP85 run than
that in the RCP45 run.
In the RCP45 run, relative humidity (Fig. 8c) andMPI

(Fig. 8d) are two major factors that contribute positively
to the increase in GPI in most of the WP region, and
vertical wind shear has a positive contribution locally
(Fig. 8e), while both relative vorticity (Fig. 8b) and
vertical motion (Fig. 8f) reduce the GPI locally. The
contribution by relative humidity in this study is very
different from the results ofMurakami et al. (2011), who
reported that relative humidity had a very large nega-
tive contribution to the GPI change and tended to
cancel the positive contribution by MPI. By contrast,
Wu et al. (2014) reported that relative humidity had a
small positive contribution to the GPI change in the
warmer climate. Note that both Murakami et al. (2011)
and Wu et al. (2014) used SRES A1B scenarios. The
basic pattern in GPI changes for RCP85 (Figs. 8g–l) is
similar to that for RCP45 (Figs. 8a–f) except that the
region with GPI reduction in the western part of theWP
is larger and more significant for the former than for the

FIG. 7. The simulated future changes in the mass-weighted flows
(vectors; m s21) and the departures of mean geopotential height at
500 hPa [colored contours; units: m; purple (blue) is for PD (RCP45
or RCP85)] during the peak season of (a),(b) JASO for theWP and
(c),(d) JFMA for the SP. The shading indicates the difference in
magnitude of the vectors (m s21) between the future (RCP45 and
RCP85) and PD runs. The departure ofmean geopotential height is
calculated as the difference from the regional mean for the PD
(purple) and future (blue) runs. The hatched areas indicate the
vector differences of both the zonal and meridional components
not statistically significant at the 90% confidence level.
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latter. Relative vorticity (Fig. 8h) and vertical motion
(Fig. 8l) mainly have large negative contributions to the
GPI change.
The maximum GPI in the PD run is located between

108 and 208S over the SP (Fig. 9a, white contour), con-
sistent with the TC genesis locations (Figs. 2b and 5a).
The region with a statistically significant increase in GPI
in the RCP45 run is mainly located north of 108S, which
is not the major TC genesis region, while the region with

the statistically significant decrease in GPI is located
east of 1608W. The region with the statistically signifi-
cant decrease of TC genesis in the RCP45 has statisti-
cally insignificant changes in GPI (Figs. 9a and 5b). Both
relative humidity and MPI changes contribute to the
increase in GPI except for the area east of 1608Wwhere
the contribution by relative humidity is negative
(Figs. 9c,d). The vertical wind shear is the major factor
that reduces GPI south of 158S (Fig. 9e). The change in

FIG. 8. (a),(g) Future change in GPI during JASO over theWP relative to the PD run, and GPI changes induced
by each individual factor: (b),(h) vorticity, (c),(i) relative humidity, (d),(j) potential intensity, (e),(k) vertical wind
shear, and (f),(l) vertical motion, for the (left) RCP45 and (right) RCP85 runs. The white contours in (a) are the
simulatedGPI in the PD run. The contour starts at 1 and ends at 21 with an interval of 2. The hatched areas indicate
where future change is not significant at the 90% confidence level.
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vertical motion also reduces GPI between 108 and 158S
in the RCP45 run. The GPI change in the RCP85 run is
much larger and more significant than that in the RCP45
run despite the similar spatial patterns for the two sce-
narios (Fig. 9g). The area with statistically significant
reduction of GPI extends westward to 1708E (Fig. 9g).
Similar to that in the RCP45 run, the vertical wind shear
is the major contributor to the reduction in GPI south of
158S and west of 1608W. For the GPI east of 1608W
(Figs. 2 and 9g), relative humidity, MPI, vertical wind
shear, and vertical motion are all unfavorable for GPI
(Figs. 9h–l), leading to a significant decrease in TC
genesis frequency over the SP as shown in Fig. 5c.

c. The simulated PD and future changes of large-scale
circulations in JASO

Previous studies (e.g., Yokoi and Takayabu 2009;
Murakami et al. 2011; Yokoi et al. 2012; Wu et al. 2014)
have shown that the eastward shift of the WP monsoon
trough was a possible cause of the increase in TC genesis
in the eastern part of the WP. Instead of shifting east-
ward, here we show that theWPmonsoon trough shifted
westward in the strong greenhouse gases forcing in the
RCP85 run. Figure 10 shows the 20-yr mean streamlines
at 850 hPa in JASO. The model simulated WP monsoon
trough in the PD run (Fig. 10b) is obviously too strong

FIG. 9. As in Fig. 8, but for the SP.
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compared to that in the driving fields (Fig. 10a) and is
about 10 degrees to the east and reaches 1508E. The ‘‘too
strong’’ monsoon trough is also reported by Stowasser
et al. (2007) in their simulations by using a high-
resolution regional climate model (see their Fig. 2). In
their future 6-times carbon dioxide simulation the
monsoon trough is similar to that in PD simulation. In

contrast, the monsoon trough is weaker in the simula-
tions than observations by Wu et al. (2014, see their
Fig. 9) with theGeophysical FluidDynamics Laboratory
(GFDL) Regional Atmospheric Model (ZETAC).
There is no large change in our RCP45 run (Fig. 10c).
Nevertheless, theWPmonsoon trough in theRCP85 run
(Fig. 10d) retreats westward to near 1408E and the

FIG. 10. The 850-hPa streamlines in JASO (a) from the MERRA reanalysis data, and from
the model simulations in the (b) PD, (c) RCP45, and (d) RCP85 runs.
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subtropical high extends westward and occupies the
northern part of the South China Sea. This indicates that
the location of the WP monsoon trough might have a
nonlinear response to the strength of the global warming
forcing. The ‘‘moderate’’ forcing (e.g., RCP45) is not
strong enough to significantly influence the WP mon-
soon trough or even shifts the monsoon trough slightly
eastward (e.g., A1B; Murakami et al. 2011; Wu et al.
2014) or southeastward (e.g., A1B; Manganello et al.
2014), while the ‘‘strong’’ forcing shows a notable sup-
pression of the WP monsoon trough and shifts it west-
ward. However, the WP monsoon trough did not show
any significant change in the ensemble mean of the
CMIP5 12 model simulations for both RCP45 and
RCP85 (figures not shown). Therefore, it remains an
open question how the WP monsoon trough will change
in the strong warming climate forcings. The recent study
by Zong and Wu (2015) showed that TC formation
events within the monsoon trough account for 43.1% of
the total TC formation events in the WNP. The future

change of TCs can be partially explained by the change
of the western Pacific monsoon trough. The bias of the
monsoon trough in the simulations might cause some
uncertainties of the projected TC activities.
The future changes of precipitation by RCP45 and

RCP85 are shown in Fig. 11. Both RCP45 and RCP85
result in a significant increase of precipitation in the
central equatorial Pacific and the central Pacific around
158N. The reduction of precipitation in RCP85 is asso-
ciated with the retreat of the monsoon trough in RCP85.
Another distinct feature of the precipitation change in
RCP85 is that there is a significant increase of pre-
cipitation over the Maritime Continent, which may
further cause the reduction of precipitation over South
China Sea and Philippine Seas.
One possible explanation of the westward retreat of the

WP monsoon trough in the RCP85 run is the change of
zonal atmospheric circulation (namely, the weakening of
the Walker Circulation). Figures 12a–c show the vectors
of zonal wind and vertical velocity for the PD run and the

FIG. 11. The simulated future changes of precipitation in JASO for the (a) RCP45 and (b) RCP85 runs. The hatched
areas indicate where the future change is not significant at the 90% confidence level.

FIG. 12. (a) The vectors of zonal wind and vertical velocity for the PD run, and changes for the (b) RCP45 and
(c) RCP85 runs, respectively. The winds are meridionally averaged between 108S and 108N. The Maritime Con-
tinent is excluded in the calculation.
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changes in the RCP45 and RCP85 runs, respectively. The
upward motion west of the date line and the downward
motion east of 1508W are clearly presented in Fig. 12a.
The change of the circulation is quite small in the RCP45
run (Fig. 12b). However, the change is much more sig-
nificant in the RCP85 run (Fig. 12c). The intensified
equatorial precipitation (Fig. 11b) over the central-
eastern Pacific is associated with the reduced overall
subsidence. As a result, the Walker circulation weakens
and convection can be suppressed over thewestern part of
the WP, which would lead to the weakening and the
westward retreat of the WP summer monsoon trough.
More warming in the central-eastern equatorial Pacific
than in the western Pacific in response to global warming
could favor stronger convection in the central-eastern
Pacific and suppressed convection in the western part of
the WP, leading to the weakening of both the Walker
circulation and the WP summer monsoon trough and the
reduction of TC genesis over the WP, in particular in the
western part of the WP.

5. Summary

We used a 20-km mesh resolution regional climate
model [the Advanced Research WRF (WRF-ARW)
Model] with a newly improved Tiedtke cumulus pa-
rameterization scheme to conduct a pair of 20-yr simu-
lations for the present day (PD; 1990–2009) and for the
late twenty-first century (2080–99) under global warm-
ing conditions with two scenarios (RCP45 and RCP85)
and studied the possible future changes of TC activities
over both the WP and the SP.
The evaluation of the PD simulation demonstrates

that the WRF Model performed reasonably well in
reproducing the climatological mean, seasonal cycle,
and interannual variations of TC activity over both the
WP and the SP. The major biases include the slight shift
of the peak month from August to September, the
missing of very strong TCs (.52ms21), and the over-
estimated TC frequency over the SP.
Results show that there is little change of TC genesis

frequency over the wholeWP defined in this study in the
RCP45 run, but some regional changes are unevenly
distributed. This is because the overall reduction of TC
genesis frequency over the western part of the WP is
compensated by the overall increase of TC genesis fre-
quency over the eastern part. Similar changes are found
for the frequency of TC occurrence and the ACE. The
extent of the decrease in TC genesis frequency over
the western part of the WP is much larger than that of
the increase over the eastern part in theRCP85 run. As a
result, the annual mean TC genesis frequency decreased
from 25.90 in the PD and RCP45 runs to 21.65 in the

RCP85 run over the wholeWP. The eastward shift in TC
genesis frequency and TC occurrence frequency is
consistent with findings in other studies (e.g., Yokoi and
Takayabu 2009; Murakami et al. 2011; Yokoi et al.
2012). The 20-yr mean TC genesis frequency over the SP
consistently decreased from the RCP45 run to the
RCP85 run. The future change in TC genesis frequency
in the peak season is not significant in the WP for both
RCP45 and RCP85 runs, but it decreased significantly in
the peak season in the SP.
The occurrence frequency of weak TCs significantly

decreased in the future warming runs over the WP, es-
pecially in the RCP85 run. Because of the limit of the
model horizontal resolution, and possibly the dynamical
core and physics parameterization schemes that we
used, the maximum surface wind speed is not higher
than 52ms21 in our simulations. Nevertheless, the TC
frequency with wind speeds higher than 42.5m s21 is
higher in the future runs over the WP. The frequency of
TC occurrence over the SP decreases at all intensities in
the future runs mostly due to the large reduction of TC
genesis frequency under warmer climate conditions.
There will be more strong TCs among the total TCs over
both the WP and the SP in terms of the lifetime maxi-
mum near-surface wind speed.
We show that the projected changes in TC occurrence

frequency can be explained by changes in steering flow
and genesis location. A comparison of the steering flow in
the PD run and the warming runs revealed that there are
generally easterly anomalies between 108 and 258N over
the WP, resulting in acceleration of the westward moving
TCs. The TCs formed in the southeast quadrant of the
WP have a higher chance of recurving and moving
northward with relatively higher translational speeds.
As a result, the lifetime decreases more than half days in
the RCP85 run over theWP. The increase in the westerly
steering flow near 208S is primarily due to the retreat and
shrinking of the subtropical high over the SP, leading to
the ‘‘speeding up’’ of TCs east of 1658E. In spite of the
mean faster motion over the SP, the mean TC lifetime is
slightly longer in the warming runs, indicating the aver-
aged longer travel distance under the warmer conditions.
The projected changes in TC genesis frequency and

location were analyzed in terms of GPI. The future
changes in low-level relative vorticity, relative humidity,
and vertical motion contributed to the reduction of GPI
over the western part of themain TC genesis region over
theWP, while relative humidity and MPI contributed to
the increase in GPI over the eastern part of the main TC
genesis region. Different from the WP, vertical wind
shear and vertical motion contributed significantly to the
decrease in GPI over the SP. Overall, the projected
changes of TC activity under theRCP45 scenario are not
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as significant as those under the RCP85 scenario, as seen
from the significance tests.
The reduction of GPI over the western part of theWP

was found to be associated with the westward retreat
and weakening of theWPmonsoon trough in theRCP85
run. This is mainly due to the intensified equatorial
convection associated with the larger warming over the
central-eastern Pacific, which suppresses the overall
upwardmotion and convection in the western part of the
WP, leading to the weakening of the Walker circulation
and weakening the WP monsoon trough, thus sup-
pressing TC genesis in strong future warming forcing.
Finally we would point out that our projections are

incomplete mainly due to the underestimated very
strong TCs. Nevertheless, this study is among the first to
provide projected changes in TC activity over the WP
and the SP under two scenarios and the results demon-
strate that in addition to the basin-scale future changes,
regional changes are also important in response to pos-
sible anthropogenic forcing. Some of our results need to
be further confirmed with higher-resolution model
simulations in future studies.
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APPENDIX

A Brief Introduction to the New Modified
Tiedtke Scheme

The new modified Tiedtke scheme has many im-
provements to the previous version of the modified
Tiedtke scheme implemented into the WRF-ARW
Model since version 3.3 (Zhang et al. 2011). The new
modified Tiedtke scheme is improved mainly based on

the ECMWF Integrated Forecasting System (IFS) docu-
mentation Cy40r1 (http://www.ecmwf.int/en/forecasts/
documentation-and-support/changes-ecmwf-model/cycle-
40r1/cycle-40r1). The new modified Tiedtke scheme can
largely improve the simulations on tropical variations as
well as the diurnal cycle of precipitation. Major im-
provements or the differences from those documented in
the ECMWF IFS documentation include the following:

1) New trigger functions for deep and shallow con-
vection initiations (Bechtold et al. 2004, 2008,
2014). In the WRF-ARW Model, the entrain-
ment rate «iniup for testing parcel for shallow
convection is «iniup 5 [(0:8/z)1 23 1024], where z
is the height, and for deep convection is «iniup 5
«(1)up [qsat(T)/qsat(Tdepart)]

3, where «(1)up is the entrain-
ment rate in the updraft plume and qsat(T) is the
saturated water vapor at environment temperature
T, and qsat(Tdepart) is the saturated water vapor at
departure level.

2) New convection closures for shallow and deep con-
vection as introduced in Bechtold et al. (2014).

3) New convection time scale t for deep convection
(Bechtold et al. 2008). In the WRF-ARW Model,
t5 (11 1:333 1025 dx)(H/wup), 720 s # t # 10800 s,
H is the cloud thickness, wup is the averaged updraft
velocity in the cloud, and dx is the model horizontal
resolutions in meters.

4) New entrainment and detrainment rates for all types
of convection including shallow, deep, and midlevel
convections (Bechtold et al. 2008).

5) New formula for the conversion from cloud water/ice
to rain/snow (Sundqvist 1978).

6) New method to include the convection-induced
pressure gradients associated with the convective
momentum transport. The pressure gradients are
mimicked by doubling the detrainment rate in
ECMWF IFS. We applied the method from Wu
and Yanai (1994) and Gregory et al. (1997). The
convection-induced pressure gradient force (PGF) is
parameterized as PGF52cMu[(1/r)(›V/›z)], where
Mu is updraft mass flux, r is air density, V is
environmental wind speed, z is height, and c is the
tunable coefficient; 0.7 is an optimal value currently
used in the WRF-ARW Model.
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