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ABSTRACT
The WRF Model is used to simulate 52 tropical cyclones (TCs) that formed in the western North Pacific
during 2008–09 to study the influence of the low-frequency mode of environmental vorticity on TC formation
[Vmax ; 25 kt (;13 m s21)]. All simulations, using the same model setting, are repeated at four distinct initial
times and with two different initial datasets. These TCs are classified into two groups based on the environmental 850-hPa low-frequency vorticity (using a 10-day low-pass filter) during the period 24–48 h prior to
TC formation. Results show that the WRF Model is more capable of simulating the TC formation process, but
with larger track errors for TCs formed in an environment with higher low-frequency vorticity (HTC). In
contrast, the model is less capable of simulating the TC formation process for TCs formed in an environment
with lower low-frequency vorticity (LTC), but with smaller track errors. Fourteen selected TCs are further
simulated to examine the sensitivity of previous results to different cumulus parameterization schemes.
Results show that the capability of the WRF Model to simulate HTC formation is not sensitive to the choice of
cumulus scheme. However, for an LTC, the simulated convection pattern is very sensitive to the cumulus
scheme used; therefore, model simulation capability for LTC depends on the cumulus scheme used. Results of
this study reveal that the convection process is not a dominant factor in HTC formation, but is very important
for LTC formation.

1. Introduction
Tropical cyclone (TC) formation is a multiscale
process during which a tropical disturbance over the
ocean intensifies into a self-sustaining system. Previous
studies have revealed that atmospheric conditions, including tropical waves (Frank and Roundy 2006; Ching
et al. 2010; Gall et al. 2010; Gall and Frank 2010) and
the synoptic environment (Ritchie and Holland 1999;
Lee et al. 2006; Lee et al. 2008; Dunkerton et al. 2009;
Chang et al. 2010), can play a significant role in TC
formation. These conditions, either individually or
combined, provide a favorable environment for the
initial vortex to intensify to the stage of self-maintained
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convective vortex dynamics, that is, TC formation
(Hendricks et al. 2004; Montgomery et al. 2006;
Houze et al. 2009). However, it is difficult to identify
the dominant processes from various possible TC
formation mechanisms because of the complexity of
multiple convection variables and tropical dynamics. Furthermore, TC formation generally occurs far
offshore, inhibiting direct observations. Understanding the mechanisms driving TC formation in the
western North Pacific (WNP) is particularly difficult
because background flows in this region are more
complicated.
Previous field campaigns studying TC formation, such
as the Hurricane Rainband and Intensity Change Experiment (RAINEX; Houze et al. 2006), and the PreDepression Investigation of Cloud-Systems in the
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Tropics (PREDICT; Montgomery et al. 2012) experiment, have focused on the Atlantic. As such, observations over the WNP are scarce. Advanced numerical
modeling is an effective approach for studying the
physical mechanisms associated with TC formation.
Detailed information regarding these mechanisms can
be obtained using TC hindcasting and theoretical experiments (Liang et al. 2014; Xu et al. 2014). For example, Li and Pu (2014) used the nonhydrostatic
Weather Research and Forecasting (WRF) Model to
examine the sensitivity of Typhoon Nuri’s (2008) formation to different initial conditions. Their results
showed that the WRF Model required appropriate data
for the initial and lateral boundary conditions to accurately simulate TC formation. Furthermore, Li and Pu
(2014) found that the replication of intense convection
near the center of the wave pouch was necessary for the
model to successfully simulate the formation of Typhoon Nuri, supporting the results of previous studies by
Dunkerton et al. (2009) and Wang et al. (2010).
Results of previous numerical studies on TC formation have demonstrated that further research is required
to fully understand the various driving mechanisms
of TC formation. For example, Tsai et al. (2013) and
Elsberry et al. (2014) showed that the European Centre
for Medium-Range Weather Forecasts (ECMWF) 32-day
ensemble forecast model resolved the formation of most
TCs during 2009–10; however, some weak and shortlived TCs were not resolved. Nakano et al. (2015) also
found that the formation of weak and short-lived TCs
could be difficult to simulate or predict. However, they
also determined that some systems could be successfully reproduced within 1–2 weeks of model integration,
for example, Typhoon Songda (2004), which formed
within an active monsoon shear line environment. These
results suggest that the capability of a numerical model
to accurately simulate the TC formation process is influenced by different atmospheric conditions. However, the
predictability of TC formation using numerical simulations is complicated by the many natural and artificial
factors involved, including model initial conditions, parameterization schemes, and settings used to perform the
simulation.
In this study, we systematically simulate TC formation
using the WRF Model and analyze the relationship between simulation results and environments to understand the dominant mechanisms for TC formation
under certain conditions. To achieve this, TCs that
formed in the WNP during 2008–09 are simulated using
uniform model settings. The sensitivity of the WRF
Model to the choice of cumulus scheme is then tested
for a selection of TC cases during the 2008–09 seasons.
The data used in this study, experimental design, and
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model settings are described in section 2. The classification of TCs is described in section 3, and the simulated
results for each TC class are discussed in section 4. Results of sensitivity experiments using different cumulus
parameterization schemes are presented in section 5.
Finally, section 6 presents the discussion and our
conclusions.

2. Data and experimental design
Four datasets were used in this study. First, TC data
are taken from the Joint Typhoon Warning Center best
track dataset (http://www.usno.navy.mil/NOOC/nmfc-ph/
RSS/jtwc/best_tracks/wpindex.php). TC formation was
defined as the time when the first 25-kt maximum wind
speed was recorded (note that 1 kt 5 0.5144 m s21).
Second, Gridded Satellite (GridSat-B1) infrared window
(IR) channel data (Knapp et al. 2011) were used for
determining cloud-top temperatures. Third, National
Centers for Environmental Prediction (NCEP) Final
Operational Global Analysis (FNL) data, which are
available 6-hourly on 18 3 18 grids (NCEP 2000), were
used as the source for the model initial conditions. Finally, ECMWF Year of Tropical Convection (YOTC)
data on 0.258 3 0.258 grids (ECMWF 2010), available
only for the period May 2008–April 2010, were used as a
second source for the model initial conditions. During
2008–09, 55 TCs formed; however, 3 TCs were excluded
from this analysis. Two TCs occurred before the YOTC
data were available (prior to May 2008) and the third TC
was excluded because the location of the circulation
center determined using ECMWF-YOTC data varied
unreasonably prior to TC formation.
The formation processes for the remaining 52 TCs
during 2008 and 2009 were simulated using version 3.2 of
the WRF-ARW Model (Skamarock et al. 2008) with two
nested domains, and horizontal grid spacings of 36 and
12 km, respectively. The 36-km-resolution domain extended from eastern Africa to western North America
(590 3 340 grid cells), and the inner domain covered the
WNP (706 3 400 grid cells), as shown in Fig. 1. There are
31 levels in the vertical with the model top at 50 hPa. The
average thicknesses are 0.07 and 1 km at the lower and
upper levels, respectively.
All simulations (except for those in the cumulus sensitivity experiment) used the same physical parameterization schemes. These schemes were determined by
referring to recently published studies of TC simulations
using the WRF Model, including Crosbie and Serra
(2014), Li et al. (2014), and Xu et al. (2014). They appear
to be appropriate for the simulation of TC formation
and include the Kain–Fritsch cumulus scheme (Kain and
Fritsch 1993), the Yonsei University PBL scheme (Hong

Unauthenticated | Downloaded 01/09/23 02:54 AM UTC

OCTOBER 2017

4153

HSIEH ET AL.

FIG. 1. Nested model domain for WRF simulation. The horizontal resolutions are 36 and 12 km
for the larger and smaller domains, respectively.

et al. 2006), WRF double-moment 6-class microphysics
(Lim and Hong 2010), the Rapid Radiative Transfer
Model longwave radiation scheme (Mlawer et al. 1997),
and the Dudhia shortwave radiation scheme (Dudhia
1989). For each TC, two different sets of initial conditions and lateral boundary conditions (NCEP-FNL and
ECMWF-YOTC data) were used and the simulation
was initialized at four different times; 48, 72, 96, and
120 h before TC formation (for convenience, denoted
as 248, 272, 296, and 2120 h, respectively). Each
simulation was run until 24 h (denoted as 124 h) after
the observed TC formation time (denoted as 0 h). In
summary, there were 8 simulations for each TC and 416
simulations in total.

3. Synoptic environments for TC formation
As discussed in section 1, differences in environmental conditions appear to affect the model performance
when simulating TC formation. Therefore, TCs were
classified into different groups based on the low-level
atmospheric conditions during their formation. Previous
studies have identified several synoptic patterns associated with TC formation, including monsoon gyres,
monsoon shear lines, easterly waves, and trade wind
surges (Lander 1994; Ritchie and Holland 1999; Kuo
et al. 2001; Lee et al. 2008; Chang et al. 2010). Furthermore, TC formation is affected by the various time
scales of atmospheric circulation systems, including the
10-day period of WNP monsoons (Wu et al. 2013) and
the 3–8-day period of easterly waves (Fu et al. 2012).
Rather than using the large-scale patterns associated
with tropical cyclogenesis as discussed by Ritchie and
Holland (1999), we applied a low-pass–high-pass filter

with a 10-day cutoff period to both the NCEP-FNL and
ECMWF-YOTC data to obtain the low- and highfrequency winds at 850 hPa (Duchon 1979; Wu et al.
2013). The average vorticity inside the 58 radius of the
circulation center for each pre-TC disturbance during
the period 24–48 h prior to TC formation is computed
using the low- and high-frequency 850-hPa winds, and
the results are termed the (relative) low- and highfrequency vorticities, respectively.
The scatter diagram of the computed low- versus highfrequency vorticity using NCEP-FNL data for 288 preTC disturbances during 2000–09 is shown in Fig. 2, in
which circles represent systems that formed during
2008–09 and black dots are for those that formed during
2000–07. The mean value of low-frequency vorticity for
all 2000–09 cases is 1.39 3 1025 s21, with a standard
deviation of 0.84 3 1025 s21; while for the highfrequency vorticity, the mean value is 0.76 3 1025 s21,
with a standard deviation of 0.68 3 1025 s21. Values
range between 20.88 3 1025 and 2.68 3 1025 s21 for
high-frequency vorticity, and 21.12 3 1025 and 4.32 3
1025 s21 for low-frequency vorticity. The values of lowfrequency vorticity for pre-TC disturbances are spread
over a much wider range when compared to those of
high-frequency vorticity.
When the 55 pre-TC disturbances during 2008–09 are
considered, results are similar (passing the F test at 95%,
but not the t test at 95%). Therefore, for further analysis,
TCs that formed during 2008–09 were classified into two
groups: TCs formed in an environment with higher lowfrequency vorticity (HTC) and TCs formed in an environment with lower low-frequency vorticity (LTC). A TC
was classified as an HTC (LTC) if the value of its lowfrequency vorticity was among the top (bottom) half of all
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FIG. 2. Scatter diagram of 10-day low-pass-filtered 850-hPa vorticity (31025 s21, abscissa) vs
10-day high-pass-filtered 850-hPa vorticity (31025 s21, ordinate) inside 58 radius at 224 to
248 h for 288 TCs during 2000–09 using NCEP-FNL data. Circles (black dots) indicate the TCs
in 2008–09 (2000–07), gray dots indicate TCs Dujuan (2009) and Nuri (2008). Numbers in the
corners indicate the TC number in 2000–09 for each quadrant, and the dashed line indicates the
divide between HTC and LTC.

cases. In addition to the three TCs previously excluded, a
further eight TCs were excluded because they were classified into different groups when different analysis datasets
were used (NCEP-FNL or ECMWF-YOTC). Therefore,
there are 22 HTCs and 22 LTCs, with a low-frequency
vorticity threshold of 1.15 3 1025 s21.
Composites of 6-hourly cloud-top temperatures and
850-hPa flow during 248 to 0 h over a domain of 308 3
308, centered at the 850-hPa circulation center, were
computed for HTCs and LTCs, respectively. Results
show that HTCs and LTCs are embedded in quite different environments during their formation stage, as
shown in Fig. 3. At 248 h, the distribution of cloud-top
temperature (Tb) for HTCs (Fig. 3a) shows that active
convection (,260 K) is located to the south of the circulation center and spread over an area approximately
308 wide. For LTCs, convection is spread over a much
smaller area (approximately 108 wide) or confined to the
proximity of the circulation center (Fig. 3c), and is
weaker as compared to HTC convection. At 0 h
(Figs. 3b,d), convection becomes more concentrated for
HTCs and stronger near the center for LTCs; however,
the patterns of convection are similar to those at 248 h
for both LTCs and HTCs. Active convection is still
spread over a wider area for HTCs compared to that of
LTCs. Results also show that the pre-TC disturbances
for HTCs are embedded in an environment with high
specific humidity and a broad cyclonic circulation at
850 hPa (Fig. 3a). For LTCs, the environment is much

drier and the cyclonic circulation only occurs over a
limited area (Fig. 3c).
Composite results show that HTCs and LTCs form in
distinct synoptic environments. HTCs form in a monsoonlike environment, while LTCs form in an easterly
wave–like environment. The characteristics of these two
synoptic environments are similar to the typical features
of monsoon-related (with a broad westerly wind to the
south side) and easterly wave (with an inverse trough
structure in the easterly wind) environments associated
with TC formations, as discussed by Ritchie and Holland
(1999). Although the synoptic environment of each individual TC is somewhat different from that of the
composite, the composite results effectively demonstrate the general low-level features of HTCs and LTCs.
Specifically, the composites highlight the contrasts between these two classifications of TCs.
Figure 3 also shows that the 850-hPa flow to the south
of the circulation center at 248 h is predominantly
westerly for HTCs, but more easterly for LTCs. This
difference is more evident in the difference field
(Fig. 4a) and persists up to the time of TC formation
(Fig. 4b). This difference is significant using a t test at the
95% confidence level and is mainly due to the difference
in the 10-day low-pass-filtered 850-hPa wind field, as
shown in Figs. 4c–f. The differences in the high-passfiltered 850-hPa wind fields between HTCs and LTCs
at 248 and 0 h (Figs. 4c,d) are much smaller than those
in the low-pass-filtered 850-hPa wind fields (Figs. 4e,f).
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FIG. 3. Composites relative to the TC centers for the cloud-top temperature (K, shaded), 850-hPa vorticity
(.5 3 1025 s21, blue contours with interval of 5 3 1025 s21), and 850-hPa wind vector (m s21) for (a),(b) HTCs
and (c),(d) LTCs at (left) 248 and (right) 0 h. Green contour indicates the wet area (averaged specific humidity at
1000–700 hPa . 0.014 kg kg21). Distance from the TC center is in degrees latitude and longitude.

The differences in the low-pass-filtered 850-hPa wind
fields between HTCs and LTCs are also significant
using a t test at the 95% confidence level.
To test the effectiveness of our classification method,
TCs were then classified into two groups based on the
high-frequency vorticity of the system, instead of the
low-frequency vorticity used in the previous analysis.
Four TCs were excluded from the analysis because they
were classified into different groups (TCs with higher
high-frequency vorticity versus TCs with lower highfrequency vorticity) when different analysis datasets
were used (NCEP-FNL or ECMWF-YOTC). Results
(not shown) indicate that the synoptic environments for
the two groups of TCs are similar, and there is no

significant difference in the synoptic environment between the two groups. These results demonstrate that
the low-frequency component of the wind field has a
more substantial impact on the environmental conditions important to TC formation as compared to the
high-frequency component.

4. Results of systematic simulations for HTCs and
LTCs
To quantify the performance of the numerical model
in simulating the process of TC formation, the presence
of a TC must first be determined in each simulation.
Although the criteria used to identify TC formation
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FIG. 4. Significant difference (pass 95% t test) between composite results of HTCs and LTCs at (left) 248 and
(right) 0 h for cloud-top temperature (K, shaded) and wind vector (m s21) at 850 hPa. Results are shown for
(a),(b) unfiltered fields; (c),(d) 10-day high-pass-filtered fields; and (e),(f) 10-day low-pass-filtered fields. Unit for
the abscissa (ordinate) is degrees longitude (latitude).
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FIG. 5. Time series of the average track errors (km, solid line) and the median of the track
errors (km, dashed lines) for simulations with different initial times (as labeled). Time 0 represents the time of TC formation.

varies for different studies, the common aim is to
detect a large cyclonic circulation system with a strong,
concentrated 850-hPa positive vorticity at the center and
to identify the time at which the TC forms (Jourdain
et al. 2011; Zhan et al. 2011). In this study, the 850-hPa
area-averaged vorticity inside the 1.58, 38, and 58 radii at
0 h for all TC cases are computed using the ECMWFYOTC data. The vorticity value of a simulated TC
should be higher than the minimum value of all TCs in
the analysis dataset; therefore, the mean value of the
computed area-averaged vorticity for all cases minus
one standard deviation is used as the threshold to determine whether a TC has formed in the 12-km-resolution
grid of the simulation. A model run is considered to have
successfully simulated TC formation if the area-averaged
vorticity of the simulated vortex meets two criteria for
more than 12 h during the period from 212 to 112 h. The
first criterion is that the area-averaged vorticity is greater
than the threshold of 7.87 3 1025 s21 inside the 1.58 radius, and the second criterion is that the area-averaged
vorticity exceeds 3.79 3 1025 s21 inside the 38 radius or
1.50 3 1025 s21 inside the 58 radius. A simulation that
does not meet the above criteria is defined as ‘‘no TC
formation’’ (No_TC).
For those simulations with TC formations, the
6-hourly track error (with respect to the observed track
from the ECMWF-YOTC data) of every simulated TC
is computed following Tsai et al. (2013). Figure 5 shows
the mean track error for all simulated TCs for simulations initialized at 248, 272, 296, and 2120 h. The track
error of a TC is considered unreasonable if its value is
larger than the mean value; otherwise, it is considered
reasonable. The mean track errors of all simulated TCs

at 0 h are 249, 301, 441, and 600 km for simulations initialized at 248, 272, 296, and 2120 h, respectively. All
simulations with TC formations are further classified
into two groups based on the track errors of the simulated TCs. The first group includes simulations with
continuous unreasonable track errors exceeding 12 h
(for three or more continuous 6-hourly time periods), or
having unreasonable track errors during four or more
6-hourly time periods during the TC formation period
(248 to 112 h). These simulations are classified as
‘‘Large_error.’’ The remaining simulations are considered to have simulated TC formation (probably simulated) and are labeled as ‘‘Simulated_P.’’
The 352 simulations for the 44 TCs are classified into
three groups as shown in Table 1. Approximately 32%
of the 88 simulations started at 248 h are classified as
Simulated_P. It is reasonable that the percentage of
Simulated_P decreases as the simulations are initialized
at earlier times. Consequently, the percentages of simulations classified as Simulated_P are 28%, 26%, and
27% for simulations initialized at 272, 296, and 2120 h,
respectively. The percentages of simulations classified as
No_TC are 25%, 25%, 28%, and 32% for simulations
initialized at 248, 272, 296, and 2120 h, respectively.
As expected, these percentages increase as the integration time becomes longer.
Approximately two-thirds (65%) of all No_TC simulations use NCEP-FNL data for the initial conditions.
These results indicate that the overall capability of the
WRF Model to simulate TC formation is not only affected by differences in the initialization time, but also
by the initial conditions. This is similar to the findings of
Li and Pu (2014), who showed that simulation results
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STY 03W
TY 05W
TY 06W
TY 07W
TY 08W
TY 09W
TS 12 W
TY 13W
TS 14W
TY 15W
TS 17W
TY 18W
STY 19W
TS 20W
TS 21W
TS 23W
TS 24W
TS 25W
TS 26W
TY 27W
TY 01W
TY 02W
TY 03W
TS 04W
TS 05W
TD 06W
TS 08W
TY 09W
TY 11W
TY 12 W
TS 13 W
TD 14W
STY 15W
TY 17W
TD 18W
STY 19W
STY 20W
TS 21W
STY 22W
TY 23W
TD 24W
TS 25W
STY 26W
TD 27W

Year

2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009

Nida

HTC
HTC
LTC
LTC
HTC
HTC
LTC
LTC
LTC
LTC
HTC
LTC
LTC
HTC
LTC
LTC
LTC
LTC
LTC
LTC
LTC
HTC
HTC
LTC
HTC
HTC
HTC
HTC
LTC
HTC
HTC
HTC
LTC
HTC
HTC
HTC
LTC
HTC
LTC
HTC
LTC
LTC
HTC
HTC

HTC/LTC
L
O
—
L
O
L
—
—
L
—
O
L
L
O
L
O
—
O
L
L
O
O
L
—
O
O
L
L
O
L
O
L
O
L
O
L
L
O
—
O
O
L
L
O

248 h
(ECMWF)
L
O
—
O
L
O
O
—
—
—
L
L
L
O
L
—
—
O
—
O
—
—
L
—
—
L
L
L
—
L
L
L
—
L
L
L
L
—
—
O
O
L
O
L

248 h
(NCEP)
L
O
L
L
L
O
—
—
—
—
—
O
O
O
L
O
O
O
—
O
O
L
L
L
O
L
L
L
L
O
O
L
O
O
L
L
L
L
—
L
O
L
L
O

272 h
(ECMWF)
L
L
—
O
L
L
—
—
—
—
L
O
O
L
—
—
—
O
—
L
L
L
L
—
—
—
L
L
L
L
L
O
L
L
O
L
L
L
—
L
L
L
O
O

272 h
(NCEP)
L
L
L
L
L
L
—
—
—
—
L
L
O
L
O
O
O
O
—
L
O
L
L
—
O
O
L
L
—
L
O
L
—
O
L
L
L
O
L
O
O
L
O
O

296 h
(ECMWF)
L
L
—
O
L
O
—
—
—
—
L
—
—
L
—
O
—
—
—
L
L
L
L
L
O
—
L
L
—
L
L
L
—
L
O
O
—
L
—
O
—
L
L
O

296 h
(NCEP)
—
L
—
O
—
L
—
—
—
—
L
L
L
L
O
L
O
O
O
L
O
O
L
—
—
O
L
L
O
L
O
L
O
O
L
O
L
O
L
—
—
L
O
O

2120 h
(ECMWF)
—
L
—
L
L
L
—
—
—
—
L
L
—
O
O
L
O
—
—
—
O
L
L
—
—
—
L
L
—
L
L
O
—
L
L
L
L
L
—
O
—
L
L
O

2120 h
(NCEP)
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Parma
Melor
Nepartak
Lupit
Mirinae

Goni
Morakot
Vamco
Krovanh
Dujuan
Mujigae
Choiwan
Ketsana

Hagupit
Jangmi
Mekkhala
Higos
Bavi
Maysak
Haishen
Noul
Dolphin
Kujira
Chan-Hom
Linfa
Nangka
Soudelor

Sinlaku

Rammasun
Halong
Nakri
Fengshen
Kalmaegi
Fung-Wong
Vongfong
Nuri

TC name

TABLE 1. Classification of simulation results for each TC: O, Simulated_P; L, Large_error; and —, No_TC.
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FIG. 6. Stacked column chart (percentage of stack’s total) of three types of simulation results for
(left) LTCs and (right) HTCs at different initial times.

using the WRF Model were sensitive to the initial data
used in simulations of Typhoon Nuri (2008). This can be
attributed to the fact that the NCEP-FNL dataset has a
coarser grid compared to that of the ECMWF-YOTC
dataset. Table 1 also shows that simulations classified as
No_TC or Large_error tend to be for specific TCs. For
example, all eight simulations of Nuri (2008) are classified as No_TC, and all eight simulations of Morakot
(2009) are classified as Large_error. It is important to
note that the low-frequency vorticities of Nuri are relatively smaller than those of Morakot, which are 0.37 3
1025 and 3.65 3 1025 s21, respectively, suggesting that
the performance of the numerical model in simulating
TC formation is affected by the low-frequency vorticity
associated with the pre-TC disturbance. It has to be
noted that different thresholds in determining a simulated TC (i.e., the minimum value of all cases or the
mean value plus one standard deviation) were tested,
and the relative numbers of No_TC results were similar.
Among the 28 Simulated_P simulations initialized
at 248 h, 11 are for LTC cases, accounting for 25% of
all 44 simulations for LTC cases, and 17 are for HTC
cases, accounting for 39% of all simulations, as shown
in Fig. 6. These percentages vary only slightly for
simulations with different initial times. For LTCs,
they are 30%, 20%, and 25% for simulations initialized at 272, 296, and 2120 h, respectively. For HTCs,
they are 27%, 32%, and 27% for simulations initialized at 272, 296, and 2120 h, respectively (as shown
in Fig. 6). However, most No_TC simulations are for
LTCs. For example, of the 88 simulations initialized

at 248 h, 22 are No_TC simulations and 86% of those
(19/22) are LTCs.
For HTCs, 92% of the 176 simulations can simulate
TC formation; however, this percentage varies slightly
for simulations with different initial times (Fig. 6). For
LTCs, this percentage is only 54%, which is substantially
lower than that of HTCs. Moreover, among the 92% of
simulations that can simulate the TC formation process
for HTC, 66% are classified as Large_error. This percentage is higher than that of LTCs, which is at 54%.
These results indicate that simulation results concerning
TC formation are affected by the environment in which
TC formation occurs. It is more likely that the WRF
Model will successfully simulate TC formation in an
environment with a larger low-frequency vorticity
(similar to a monsoon system); however, the simulated
TC tends to have a larger track error (Fig. 6). Conversely, the probability that the WRF Model will successfully simulate TC formation in an environment with
smaller low-frequency vorticity (an easterly wave–like
environment) is lower; however, the track error tends to
be smaller. Furthermore, there is a positive correlation
(r 5 0.4) between the low-frequency vorticity in the
analysis data (ECMWF-YOTC) and the mean vorticity
errors (No_TC results are excluded) for all 52 TCs at 0 h.
Therefore, the mean intensity errors for different areas
(inside 1.58, 38, and 58 radii) are also larger for HTCs
than for LTCs (pass t test at 95%). In other words, the
overall simulation results using the intensity errors
as the classification criteria might be similar to current results. However, using the intensity errors as the
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TABLE 2. Classifications and names of TCs in CU_EXP.
Classification

Case name

HHTC

Halong (2008), Kalmaegi (2008), Fung-Wong
(2008), Mekkhala (2008), Morakot (2009),
Dujuan (2009), and Kestasna (2009)
Nakri (2008), Nuri (2008), TS14W (2008),
Maysak (2008), Haishen (2008), Noul (2008),
and Lupit (2009)

LLTC

classifications criteria is likely not appropriate in this
study because there are more complicated processes
involved in the TC intensity changes (such as the effect
of a nearby TC, the landmass and convection patterns,
etc.), which deserve further study in the future.
Similar analyses, with TCs classified into two groups
based on the high-frequency vorticity of the system,
have also been applied to the simulation results. These
results (not shown) reveal that there is almost no difference between the two classifications of TCs regarding
the percentage of each type of simulated result (No_TC,
Simulated_P, and Large_error). These results suggest
that high-frequency vorticity only affects the accuracy of
the simulated TC (location, intensity, and convection),
but not the actual occurrence of TC formation. These
results further support our classification of TCs according to low-frequency vorticity.

5. Cumulus scheme experiments
The results discussed in section 4 are based on simulations using the model parameterization options described
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in section 2; therefore, these results may differ if other
parameterization schemes are used. Because simulation
results are likely to be sensitive to the choice of cumulus
scheme, an additional set of experiments (CU_EXP) is
carried out for 14 selected TCs. These experiments vary
the cumulus scheme while using the same model settings, initial conditions, and initial times discussed in
section 4. In addition to the Kain–Fritsch scheme used
previously, three other cumulus schemes are evaluated,
namely the Betts–Miller–Janjić scheme (Janjić 2000),
the Grell–Dévényi ensemble scheme, and the Grell
3D ensemble scheme (Grell and Dévényi 2002). Therefore, there are 24 more simulations for each of the
14 selected TCs in the CU_EXP experiments. Seven
selected cases are HTCs with the highest low-frequency
vorticity during TC formation, called HHTCs, and another seven selected cases are LTCs with the lowest
low-frequency vorticity during TC formation, called
LLTCs (Table 2).
For the CU_EXP experiments, the simulation classification criteria and analysis procedures are the same as
those used in section 4. Stacked column charts displaying the results for these 14 TCs are shown in Fig. 7. The
overall classification proportions for the HHTCs are
similar to those of the HTCs (Fig. 6). However, the
overall classification proportions for the LLTCs differ
from those of the LTCs. Specifically, the percentage of
No_TC results is 75% for LLTCs and 46% for LTCs,
and the percentage of Simulated_P results is 12% for
LLTCs and 25% for LTCs. However, the percentage of
Simulated_P results for HHTCs is only slightly larger

FIG. 7. Stacked column chart (percentage of stack’s total) of three types of simulation results of
cumulus-scheme experiments for (left) LLTCs and (right) HHTCs at different initial times.
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than that for HTCs (33% compared to 31%), and the
percentage of No_TC simulations is approximately the
same for HHTCs and HTCs (9.0% and 8.0%). In addition, more than 81% of Large_error results are for
HHTCs and 89% of No_TC results are for LLTCs.
For simulations initialized at 248 and 272 h, the
percentage of No_TC results for LLTCs (73% and 79%)
is almost double that of LTCs (43% and 39%). These
differences can be attributed to difficulties with the
WRF Model in replicating TC formation for the extreme TCs (having very small low-frequency vorticities)
simulated for CU_EXP. Consequently, the proportion
of No_TC results increases significantly for LLTCs.
These results indicate that WRF can simulate the TC
formation process in an environment with large lowfrequency vorticity, using a range of cumulus schemes.
Hence, the choice of cumulus scheme is not a key factor for
WRF when simulating TC formation in an environment
with large low-frequency vorticity. This suggests that, while
it is a required process, convection is not a major forcing
mechanism for this type of TC formation. However, for
TCs that have formed in an environment with small lowfrequency vorticity, the WRF Model is less capable of
simulating TC formation. Furthermore, the capability of
the model to replicate the formation of this type of TC is
heavily dependent on the choice of cumulus scheme.

a. Simulation results for selected cases: Nuri (2008)
and Dujuan (2009)
Simulations using different cumulus schemes for the
same TC case are likely to share a similar synoptic-scale
evolution pattern; however, the track and vorticity of the
simulated disturbance can differ markedly. To account
for this, simulation results for the formation times of
Nuri (2008) and Dujuan (2009), which represent an LTC
and HTC, respectively, are shown in Figs. 8 and 9 to
explore the similarities and differences between simulations and TCs. Only 3 of the 32 CU_EXP simulations
replicate TC formation for Nuri, while the majority (30
of 32) of CU_EXP simulations reproduce TC formation
for Dujuan. It should be noted that Nuri and Dujuan are
both extreme TC cases, located at the extremities of
Fig. 2, with area-averaged low-frequency vorticities inside the 58 radius of 0.37 3 1025 and 3.95 3 1025 s21,
respectively, but with similar high-frequency vorticities
inside the 58 radius (0.25 3 1025 and 0.29 3 1025 s21).
For Nuri, the low-level (850 hPa) features of the 32
simulation results (Fig. 8) are diverse and there is no
TC-like vortex in many of the simulations, especially
those using the Kain–Fritsch scheme. Simulations using
the Betts–Miller–Janjić cumulus scheme tend to have
stronger vorticity, and two simulations that successfully
replicate TC formation use this scheme (note that only
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three simulations successfully replicate TC formation
for Nuri). All experiments have clear cyclonic circulation at 850 hPa for the Dujuan case, and the simulation
results using the Betts–Miller–Janjić scheme produced
the highest vorticity at 850 hPa (Fig. 9). The numbers
of simulation results classified as Simulated_P, Large_
error, and No_TC are 13, 17, and 2, respectively. Despite the success of the WRF Model in replicating TC
formation in this case, the positions (and tracks) of the
simulated TCs differ markedly between simulations.
Typhoon Nuri (2008) formed in an easterly wave environment (Montgomery et al. 2010). Thirty-six hours
before TC formation (0600 UTC 15 August 2008), the
pre-Nuri disturbance was a weak inverse trough with a
small area of convection located near 168N and 1528E,
as shown in Fig. 10a. The system moved westward and
intensified significantly during the following 24 h. An
850-hPa cyclonic circulation accompanied by convection
was observed at 0600 UTC 16 August (Fig. 10d). On the
other hand, Tropical Storm Dujuan (2009) formed in
an environment with a large and long-lasting 850-hPa
cyclonic circulation pattern prior to TC formation. In
contrast to the pre-Nuri disturbance, a large low-level cyclonic circulation pattern with vorticity greater than 5 3
1025 s21 existed 36 h prior to the formation of Dujuan
(0600 UTC 2 September 2009; Fig. 11a). Convection was
spread over a broader region and was better organized than
that of Nuri. During the following 24 h, strong convection
became more concentrated on the southwestern side of the
circulation center (Fig. 11d) with a more concentrated
strong vorticity field. The environments of the pre-Nuri and
pre-Dujuan disturbances are similar to the composites of
LTCs and HTCs (shown in Fig. 3), indicating that they are
typical LTC and HTC cases, respectively.

b. Comparisons between simulation results using
different cumulus schemes
Results of CU_EXP experiments also show that the
percentages of the 112 simulations (14 TCs, four initial
times, and two datasets) that can simulate TC formation
are 64%, 77%, 45%, and 47% for simulations using the
Kain–Fritch, Betts–Miller–Janjić, and Grell–Dévényi
ensemble, as well as the Grell 3D (G3D) ensemble
scheme, respectively. Note that simulations using the
Kain–Fritch and Betts–Miller–Janjić schemes tend to
produce stronger convection; thus, the percentage is
higher for simulations using these two schemes (especially for LLTCs, for which over 90% of the simulation
results are classified as No_TC when Grell and G3D
schemes are used). However, there are several simulations (especially for HTCs) using the Kain–Fritch
and Betts–Miller–Janjić schemes that produce false TC
formation as indicated in Fig. 9.
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FIG. 8. The 850-hPa vorticity (31025 s21) and streamlines at 1800 UTC 16 Aug 2008 for the simulations started at
(a) 248, (b) 272, (c) 296, and (d) 2120 h for NURI (2008), with two initial conditions (shown on the right), and
four cumulus schemes (from left to right are the Kain–Fritch, Betts–Miller–Janjić, Grell–Devenyi ensemble, and
Grell 3D ensemble cumulus schemes). The red cross indicates the location of Nuri at 0 h in the ECMWF-YOTC
analysis.
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FIG. 9. The 850-hPa vorticity (31025 s21) and streamlines at 1800 UTC 3 Sep 2009 for the simulations started at
(a) 248, (b) 272, (c) 296, and (d) 2120 h for Dujuan (2009), with two initial conditions (shown on the right), and
four cumulus schemes (from left to right are the Kain–Fritch, Betts–Miller–Janjić, Grell–Devenyi ensemble, and
Grell 3D ensemble cumulus schemes). Red rectangles mark the false TCs, and the red cross indicates the location of
Dujuan at 0 h in the ECMWF-YOTC analysis.
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FIG. 10. The 850-hPa wind vector (m s21), 850-hPa vorticity (blue contours at 5, 10, and 50 3 1025 s21), and cloud-top temperature (K,
shaded) based on GridSat data at (a) 0600 UTC 15 Aug and (d) 0600 UTC 16 Aug 2008. (b),(c),(e),(f) As in (d), but for model simulations
with shading indicating the simulated reflectivity (the maximum reflectivity at grid column) using different cumulus schemes as labeled.
All simulations are started at 248 h (1800 UTC 14 Aug 2008) using ECMWF-YOTC for the initial conditions.

To explore the impact of the choice of cumulus
scheme on the simulated convection and circulation
patterns, results of simulations initialized at 248 h using
different cumulus schemes are analyzed for Nuri and
Dujuan. Simulations for both cases use ECMWF-YOTC
initial conditions. The simulations start at 1800 UTC
16 August 2008 for Nuri and at 1800 UTC 3 September
2009 for Dujuan.
Results of 12-h forecasts (valid at 0600 UTC 15 August,
or 236 h) show that all simulations for Nuri can replicate
the inverse open trough observed near 168N and 1528E
(Fig. 10a). However, the convection pattern differs
markedly between simulations using different cumulus
schemes. For example, the simulation using the Kain–
Fritsch scheme produces a reasonable convection pattern,
while simulations using the Grell–Dévényi and Grell 3D
ensemble schemes (Betts–Miller–Janjić scheme) tend to
produce weaker (stronger) convection compared to the
observations. At 0600 UTC 16 August 2008 (212 h), the
simulated convection and vorticity are still weaker than
observations for simulations using the Grell–Dévényi and

Grell 3D ensemble schemes; therefore, the vorticity of the
simulated pre-TC disturbance does not reach the threshold value (Figs. 10e,f). For the simulation using the Kain–
Fritch scheme, the overall pattern of simulated circulation
and convection appears reasonable; however, active
convection only occurs in a limited region to the north of
the trough (Fig. 10b), which is not consistent with the
observations. As a result, the simulated cyclonic circulation does not develop into a TC using the Kain–Fritsch
scheme. TC formation only occurs in the simulation using
the Betts–Miller–Janjić scheme (Fig. 10c).
Simulation results for Nuri are consistent with those of
Li et al. (2014) and Li and Pu (2014). They indicate that
the assimilation of airborne Doppler radar data and the
finer initial conditions (especially the low-level water
vapor) would lead to convection occurring near the
center of the pre-TC disturbance and could help the
formation of Nuri in the WRF simulations. Our results
support this finding.
For Dujuan, the overall patterns of simulated convection appear similar (but with different intensity) for
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FIG. 11. The 850-hPa wind vector (m s21), 850-hPa vorticity (blue contours at 5, 10, and 50 3 1025 s21), and cloud-top temperature (K,
shaded) based on GridSat data at (a) 0600 UTC 2 Sep and (d) 0600 UTC 3 Sep 2009. (b),(c),(e),(f) As in (d), but for model simulations with
shading indicating the simulated reflectivity (the maximum reflectivity at grid column) using different cumulus schemes as labeled. All
simulations are started at 248 h (1800 UTC 1 Sep 2009) using ECMWF-YOTC for the initial conditions.

simulations using the different cumulus schemes and
the patterns match the observations. The strongest
convection is located on the southwestern side of the
circulation center (178N, 1308E) at 236 h. Convection
either becomes stronger or spreads over a larger area
during the following 24 h, and is better organized
at 212 h, as shown in Figs. 11b,c,e,f. Similar to those in
Nuri’s simulations, the simulated convection is
stronger (weaker) than observed for simulations using
the Betts–Miller–Janjić scheme (Grell–Dévényi and
Grell 3D ensemble schemes). However, in this case,
all simulations can simulate the TC formation. Aside
from the differences in the intensity of simulated
convection, the vorticities of the simulated TCs
at 212 h (the 36-h forecast) for simulations using the
Grell–Dévényi and Grell 3D ensemble schemes
(Figs. 11e,f) are much weaker than the observations.
Additionally, the centers for the simulated TCs for
these two simulations are located far from the observed location; thus, these two simulations are classified as Large_error.

These results indicate that the location and strength of
convection prior to TC formation is very important to
enabling the model to simulate the formation of Nuri
(an LTC) but is less important for the model to simulate the formation of Dujuan (an HTC). Results are
similar for the other six LTCs and six HTCs, analyzed
for CU_EXP. Therefore, it is reasonable to conclude
that simulation results regarding TC formation are
highly (less) sensitive to simulated convections for LTCs
(HTCs). Furthermore, the WRF Model can successfully
simulate the formation of a HTC using a variety of cumulus schemes; however, not all cumulus schemes facilitate the formation of an LTC. An appropriate cumulus
scheme is required to simulate LTC formation.

6. Discussion and conclusions
Following previous studies (e.g., Ritchie and Holland
1999; Lee et al. 2008; Teng 2016), this study aims to
advance our understanding regarding the environmental
influences on TC formation in the WNP by means of
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systematic simulations of TC formation using the WRF
Model. The simulations used fixed model domains and
settings. Two different datasets, ECMWF-YOTC and
NCEP-FNL, were used for the initial and boundary
conditions. The simulations were initialized at four different times (48, 72, 96, and 120 h) prior to TC formation
and were run for up to 24 h after formation. Therefore,
eight simulations with four different integration times
were produced for TCs that occurred during the period
of 2008–09, totaling 416 simulations for 52 TCs. This
approach minimized the impact of artificial factors on
the simulation results and allowed for the analysis of
statistical relationships between the simulation results
and synoptic environments.
To highlight the important environmental factors
influencing TC formation, all TCs were classified into
two groups (HTC and LTC) based on the environmental
low-frequency vorticity prior to TC formation. This
approach follows the findings of Ching et al. (2010), Wu
and Duan (2015), and Zong and Wu (2015), who identified the importance of low-frequency vorticity on TC
formation. Analysis of the systematic simulation results
shows that for HTCs that form in a monsoon-related
system (with higher low-frequency vorticity) the WRF
Model demonstrated a high degree of skill in simulating
TC formation; however, the simulated TCs tended to
have large track errors. In contrast, the WRF Model was
less capable of simulating LTC formation; however, the
track errors of simulated TCs tended to be smaller.
To address the effect of the cumulus parameterization
scheme on the simulation results, cumulus experiments
(CU_EXP) were conducted. Seven extreme HTCs and
seven extreme LTCs (called HHTCs and LLTCs) were
simulated using three alternate cumulus schemes
(Betts–Miller–Janjić, Grell–Dévényi, and Grell 3D) in
addition to the Kain–Fritsch scheme used in the previous systematic simulations. An additional 336 simulations (CU_EXP) were conducted to test the sensitivity
of TC formation to the choice of cumulus scheme. The
analysis procedures for CU_EXP followed those of the
previous systematic simulations. The overall simulation
results for HHTC were similar to those for HTCs, but
the overall simulation results for LLTCs differed from
those for LTCs. More than 80% of the simulations with
large track errors were for HHTCs and 89% of No_TC
simulations were for LLTCs. Furthermore, the percentage of No_TC simulation results for LLTCs was
much greater than that for LTCs.
The CU_EXP simulation results for Nuri (2008) and
Dujuan (2009), representing an LTC and HTC case,
respectively, were also analyzed. Results showed that
the intensity of simulated convection was very sensitive
to the choice of the cumulus scheme. In the case of TC
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Nuri, which formed in an environment with smaller lowfrequency vorticity, the choice of cumulus scheme is
critical for simulating the increase in low-level vorticity.
Hence, the cumulus scheme and initial conditions are
critical for determining whether a disturbance can develop to TC intensity. Previous studies, including the
work of Cheung and Elsberry (2006), Li et al. (2014),
and Li and Pu (2014), have also determined that an
appropriate cumulus scheme and initial conditions are
vital for accurate TC simulation. However, for Dujuan,
an HTC case that formed in an environment with large
low-frequency vorticity, the overall pattern of convection was less sensitive to the choice of cumulus scheme.
In this case, all simulations were able to simulate the
formation of a TC, regardless of cumulus scheme;
however, the simulated TCs displayed different intensities (vorticities) and track errors.
These results indicate that the choice of cumulus
scheme is not a key factor for the WRF Model when
simulating TC formation in an environment with large
low-frequency vorticity; however, the TC track error
may be large. In other words, convection does not play a
dominant role in the formation of this type of TC.
However, as found by Tory et al. (2007), it does affect
the timing and location of TC center development.
Based on our analysis and on previous studies (e.g.,
Zong and Wu 2015), we hypothesize that in a monsoonrelated environment where the background lowfrequency vorticity is large, organized convection can
easily concentrate vorticity, leading to the formation of a
TC. Thus, the WRF Model can more readily simulate
TC formation in this environment. However, such an
environment is also conducive to the initiation of convection (Lee et al. 2008; Chang 2013) and the stochastic
nature of convection results in larger simulated TC track
errors, similar to the argument of Tory et al. (2007).
Furthermore, Wu and Duan (2015) found that TC formation only occurred when using the low-frequency
background as the initial conditions. Therefore, interactions between the pre-TC disturbance and its environmental low-frequency background appear to be
critical for the formation of this type of TC (Zong and
Wu 2015). It is also important to understand the role of
tropical waves, synoptic perturbations, and convection
processes on HTC formation, as has been established by
Park et al. (2015) for Tropical Storm Mekkhala (2008).
On the other hand, the WRF Model is less capable of
simulating TC formation in an environment with small
low-frequency vorticity. In this environment, the capability of the WRF Model to simulate TC formation is
strongly influenced by the choice of cumulus scheme. This
suggests that, for LTCs, convection might represent
a critical low-level vorticity source, which is strongly
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affected by the choice of cumulus scheme. These results
may explain why some weak and short-lived TCs are
difficult to simulate or predict in global models during TC
formation, as was found by Tsai et al. (2013), Elsberry
et al. (2014), and Nakano et al. (2015). It is likely that
convection processes are crucial for the formation of
these weak systems, but not only in the WNP, because
similar simulation results have been found for Atlantic
easterly wave cases (Wang et al. 2010; Suzuki-Parker
2012; Thatcher and Pu 2013). However, the stochastic
nature of convection makes it difficult for models to accurately simulate the convection process during TC formation, such that the model tends to easily miss the
formation of these TCs. Therefore, it is important to investigate convective processes during TC formation to
understand the key forcing mechanisms for the formation
of this type of system.
Our results show that the percentage of simulations
that can simulate TC formation, is higher for simulations
using the Kain–Fritch or Betts–Miller–Janjić schemes
than those using the Grell–Dévényi or Grell 3D ensemble schemes (especially for LTCs). However, the
Kain–Fritsch and Betts–Miller–Janjić schemes are not
necessarily more suitable for simulating TC formation
because these schemes simulate several false TC formations owing to more active convection (especially
for HTCs). Therefore, understanding the detailed evolution of simulated convection using different cumulus schemes, as well as their effects on TC formation,
is important for determining the key factors and triggering mechanisms for TC formation. An understanding of these processes will form the basis of future
investigations.
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