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Key Points:

e No TC formed over the western North Pacific (WNP) in July 2020, an extreme month that
has never occurred in history.

e It is due to the combination of anomalies in the WNP subtropical high, the South Asian
high, the South Asian summer monsoon, and the TUTT.

e TC-resolving numerical experiments demonstrate the detrimental contributions of all the

four large-scale atmospheric circulations.
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Abstract

No tropical cyclone (TC) formed over the western North Pacific (WNP) in July 2020, which
is record-breaking. Some recent studies suggested that this extreme event was mainly caused by
the strong WNP subtropical high (WNPSH) in July 2020, which might not be the only reason. In
this study, results from statistical and composite analyses indicate that the strong WNPSH, the
strong South Asian high, the westward extended tropical upper-tropospheric trough, and the weak
South Asian summer monsoon are all detrimental to TC genesis over the WNP and might
contribute to the absence of TCs in July 2020. Results from sensitivity experiments using a regional
atmospheric model that can resolve TCs further demonstrate that it was the collective effect, not
any of the individual large-scale circulation anomalies, that induced the extremely unfavorable

conditions for TC genesis and thus led to the record-breaking inactive TC month.

Keywords: tropical cyclone genesis, western North Pacific subtropical high, South Asian high,

tropical upper-tropospheric trough, South Asian summer monsoon
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Plain Language Summary

Tropical cyclones (TCs) become more active during the typhoon season (from July to
September) over the western North Pacific (WNP). However, it is an exception in the records that
no TC formed over the WNP in July 2020. Some recent studies suggest that this extreme event
was mainly caused by the strong WNP subtropical high (WNPSH) in July 2020. This study
identified four large-scale circulation anomalies that are detrimental to TC genesis over the WNP
and might contribute to this extremely inactive TC event, including the strong WNPSH, the strong
South Asian high, the westward extended tropical upper-tropospheric trough, and the weak South
Asian summer monsoon. The strong WNPSH reduced the mid-level moisture and the low-level
vorticity; the strong South Asian high and the westward shift of the tropical upper-tropospheric
trough increased the deep-level vertical wind shear; and the weak South Asian summer monsoon
could not provide sufficient low-level relative vorticity. It is the combined effect, not any of the
individual large-scale circulation anomalies, that induced the extremely unfavorable conditions for

TC genesis and led to the absence of TCs over the WNP in July 2020.
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1. Introduction

Tropical cyclones (TCs) usually form over the western North Pacific (WNP) from July to
September, often referred as the peak typhoon season. The annual mean WNP TC frequency is 3.8
in July during 1990-2020, and the largest TC count happened in 2017 (Fig. 1). It is well known
that the favorable conditions for TC formation include warm sea surface temperature (SST),
significant planetary vorticity, sufficient mid-level humidity, weak vertical wind shear (VWS),
existing synoptic convective systems, and conditionally unstable atmosphere (Gray 1968). In the
early summer 2020, the SST anomalies presented the La Nifia pattern over the Pacific (Qiao et al.
2021; Wang et al. 2021; Zhou et al. 2021) with positive SST anomalies over the WNP that were
beneficial to TC activity. However, no TC occurred in July 2020, which is the first event in the
official records. Therefore, the inactive month might result from the extremely unfavorable
atmospheric conditions.

During early summer 2020, the long-stalled Madden-Julian Oscillation was observed over
the tropical Indian Ocean, which could cause the unfavorable background conditions for TC
genesis over the WNP (Liu et al. 2021; Tian and Fan 2021). Besides, a few studies pointed out that
the anomalously strong WNP subtropical high (WNPSH) was a dominant contributor to the
absence of the WNP TC in July 2020 (Liu et al. 2021; Tian and Fan 2021; Wang et al. 2021a,b).
The anomalous WNPSH in July 2020 was caused by the SST anomalies in the Indian, Pacific and
Atlantic Oceans (Wang et al. 2021a,b), within which the tropical Indian Ocean played a crucial
role (Wang et al. 2021a; Zhou et al. 2021). Tian and Fan (2021) found that the anomalously cooling
in the Nifio-4 region in May could also affect the WNPSH in July 2020. Wang et al. (2021a)
suggested that the extremely strong WNPSH induced intense downward motion, dry middle

troposphere, and weak low-level vorticity, and thus suppressed TC formation. Similar situations
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also happened in July 1998 and 2010, with the anomalously strong WNPSH (Figs. S1land 1a), but
still several TCs formed. This strongly suggests that the WNPSH might not be the only dominant
circulation system contributing to the absence of TCs in July 2020. Furthermore, in July 2017, the
relatively stronger WNPSH (Fig. 1a) extended more westward and southward (Fig. 3e), but with
the largest number of TCs in July on record. Another example is in July 2008 with only two TCs
occurred over the WNP although the WNPSH was quite weak (Figs. 1a and 3d).

Previous studies (Tian and Fang 2021; Wang et al. 2021a; Zhou et al. 2021) explained the
anomalies in large-scale circulations in summer 2020 using atmospheric general circulation
models with horizontal resolutions of hundred kilometers, which are too coarse to resolve TCs.
Higher resolution simulations that can resolve TC circulations and reproduce TC activities (Chang
and Wang 2018; Shen et al. 2017) are necessary to examine whether the WNPSH was the only
large-scale circulation system that inhibited TC genesis in July 2020 (Wang et al. 2021a) or any
other large-scale circulation anomalies might also contribute to the extreme event.

Hence, this study aims to answer two questions: (1) in addition to the WNPSH, whether any
other large-scale circulation anomalies might also independently or collectively contribute to the
absence of TCs over the WNP in July 2020; and (2) can a high-resolution regional atmospheric
model capture the extreme event and be used to evaluate the individual contributions by different
large-scale circulation anomalies? The rest of the paper is organized as follows. Section 2
introduces data, methods and model. Section 3 analyzes the anomalous large-scale circulations
related to the absence of TCs over the WNP in July 2020. The impacts of the identified large-scale
circulations on TC activity are evaluated using a regional atmospheric model in Section 4. Finally,

the main conclusions are summarized and discussed in Section 5.

2. Data and methods
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2.1 Data and analysis methods

The TC best track dataset from 1990 to 2020 was obtained from the China Meteorological
Administration (CMA) (Ying et al. 2014; Lu et al. 2021). The European Center for Medium Range

Weather Forecasts (ECMWF) monthly reanalysis 5 (ERA5) with 0.25° horizontal resolution were

used for the analysis of large-scale circulations and also for the initial and lateral boundary
conditions for the numerical simulations. To facilitate the analysis, we defined the potential TC
genesis region (PGR) as the region outlined in the dashed box in Fig. S2, in which all TC formed
in July from 1990 to 2020. The location of TC formation is defined as where the TC first reached

its maximum 10-m wind of 17 m s (8.3° N-28.5° N, 108.6° E-179.5° E). In addition, we defined

active TC years with no less than 5 TCs (red bars in Fig. 1a) and inactive TC years with no more
than 2 TCs (blue bars in Fig. 1a) in July, which are around the mean TC numbers plus or minus
one standard deviation.

To explore the key factors inhibiting the WNP TC formation in July 2020, the genesis

potential index (GPI, Emanuel and Nolan 2004) is used,

RH\3 (Vmpr)3 -
GPI = 1105713/2 (32)" (“21)" (1 + 0.1Vpear) 2, )

where 7 is the 850-hPa absolute vorticity, RH is the 600-hPa relative humidity (RH), Vyp, is the
maximum TC potential intensity (MPI, Emanuel 1995), V.. IS the magnitude of the
environmental VWS between 200 and 850 hPa.

Indices of four large-scale circulations are defined as follows. The WNPSH index is defined
by the regionally averaged geopotential height at 850 hPa over the climatological maximum
interannual variability center (15°N-25°N, 115°E-150°E) as in Wang et al. (2013) and Huang et al.
(2018). The SASM index is defined as the difference between the zonal wind anomalies averaged

over (5°N-15°N, 90°E-130°E) and the zonal wind anomalies averaged over (22.5°N-32.5°N, 110°E-
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140°E) at 850 hPa as in Wang and Fan (1999). The SAH index is defined by the geopotential height
averaged over (20°N-27.5°N, 85°E-115°E) minus that over (27.5°N-35°N, 50°E-80°E) as in Wei et
al. (2015). The TUTT index is defined as the westernmost longitude of the trough line at 200 hPa.
The trough line is the zone where the zonal wind speed is less than 0.05 m s and the vertical

relative vorticity is greater than 10° s,
2.2 Regional atmospheric model and experimental design

The advanced Weather Research and Forecasting (WRF) model version 3.8.1 (Skamarock et
al. 2008) was used to understand the TC activities in extreme years, as in previous studies (e.g.,
Emanuel and Nolan 2004; Daloz et al. 2015; Chang and Wang 2018; Shen et al. 2017). The model
was configured with 721x381 grid points, with the horizontal grid spacing of 12 km. The model
had 30 vertical levels with the model top at 50 hPa. The model physics included Dudhia shortwave
radiation scheme (Dudhia 1989), Rapid Radiative Transfer Model longwave radiation scheme
(Mlawer et al. 1997), the Yonsei University planetary boundary layer (PBL) scheme (Hong et al.
2006), and the Kain—Fritsch cumulus parameterization scheme (Kain and Fritsch 1990). SST was
interpolated from the ERA5 monthly averaged data and fixed throughout the simulations. To
preserve the large-scale circulation feature, the large-scale spectral nudging method (Cha et al.
2011) was applied to both wind and temperature fields above the PBL with the wavelength larger
than 1000 km and was conducted throughout the whole model domain and updated every 12 h.
Five ensemble simulations were conducted for each experiment to test the robustness of finding
based on reanalysis data. Impacts of individual large-scale circulations on TC activity in July 2020
were investigated through sensitivity numerical experiments. Details about the model setup and

ensemble experiments can be found in Texts S1-S2 and Table S2.

3. Large-scale circulations responsible for TC absence in July 2020
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3.1GPI

GPl is a good starting point to identify the key large-scale environmental factors that possibly
contributed to the absence of TCs over the WNP in July 2020, as it can reproduce seasonal TC
genesis frequency and interannual variability in basin scales (Camargo et al. 2007). In comparison
with the 31-year mean, the GPI presented negative anomalies over most of the PGR in July 2020,
except the southwestern and northeastern portions (Fig. 2a). The regional mean GPI over TC
formation locations was the lowest in July 2020 during 1990-2020 (Fig. S3a), similar to that shown
in Wang et al. (2021a). The anomalies of MPI, mid-level RH, low-level relative vorticity and VWS
with respect to the 31-year mean are examined (Figs. 2b-e) to understand the unfavorable
environmental factors.

The positive GP1 anomalies in the PGR were mainly caused by large MPI (Fig. 2b) due to the
warm WNP associated with the La Nifia pattern SST anomalies (Qiao et al. 2021; Wang et al.
2021a; Zhou et al. 2021). The mid-level RH was lower than the 31-year mean in the eastern portion
of the PGR in July 2020 (Fig. 2c), and its regional mean was the lowest during 1990-2020 (Fig.
S3c). The dry mid-troposphere is unfavorable for convective activity due to dry air entrainment
and the associated melting and evaporative cooling. The anomalies of the mid-level RH closely
correspond with the positive anomalies of the 500-hPa geopotential height. The low-level relative
vorticity in July 2020 was lower than the 31-year mean in two portions of the PGR (Fig. 2d): one
is located to the north of the PGR, and the other is located over the South China Sea (SCS) with
anomalous easterlies. Its regional mean was the second lowest in recent 31-years (Fig. S3d). The
VWS in July 2020 was larger than that of the 31-year mean in two portions of the PGR (Fig. 2e).
As the low-level horizontal wind is generally weaker than that at the upper-level, the magnitude

of the VWS mainly depends on the upper-level wind. The stronger VWS in the northwestern
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portion of the PGR resulted from the anomalous northeasterly wind and that in the southern portion
of the PGR was due to the anomalously stronger westerly wind at 200 hPa. Although not all GPI
components were the most anomalous in July 2020, they together led to the lowest GPI during
1990-2020 (Figs. S4-Sb). Therefore, the relatively drier mid-troposphere, weaker low-level
relative vorticity, and stronger deep-layer VWS are the dominant large-scale environmental factors
that could contribute to the absence of TCs over the WNP in July 2020. It is our interest to further
examine the possible large-scale circulation systems that controls these unfavorable factors in the

following subsection.
3.2 Large-scale circulation systems

According to the locations and features of the anomalous factors in GPI (Figs. 2c-€), we can
speculate that the possible large-scale circulation systems could be the WNPSH (e.g., Wang and
Wang 2019; Song et al. 2020), the South Asian summer monsoon (SASM) (e.g., Molinari and
Vollaro 2013; Wang and Wang 2019; Zhao et al. 2019), the South Asian high (SAH) (e.g., Huang
et al. 2011; Qu and Huang 2012; Wei et al. 2015; Wang and Wu 2016; Wang and Wang 2019;
Wang and Wang 2021) and the tropical upper-tropospheric trough (TUTT) (Wu et al. 2015; Wang
and Wang 2019; Zhao et al. 2019; Wang et al. 2020) based on their climatological characteristics.
All the four large-scale circulations were found to affect the WNP TC activity in summer (Wang
and Wang 2019). Composite analyses are used to verify whether the above systems were
anomalous in July 2020. Here, we first compare the composite circulations of July in active and
inactive TC years (red and blue bars in Fig. 1a) with the 31-year mean circulation to identify the
most possible large-scale circulation systems that are important for TC activities in July. At low
levels, the 31-year mean WNPSH circulation denoted by the 1520-gpm isoline (Fig. 3a) was larger

in size than the mean in active TC years (ACTIVE; Fig. 3b) but smaller than the mean in inactive
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TC years (INACTIVE; Fig. 3c). The anomalous geopotential heights also reflected the weaker
(strong) WNPSH in active (inactive) TC years over the PGR (Fig. S6a,b). The 31-year mean
SASM indicated by the monsoon westerly over the North Indian Ocean and SCS was stronger than
the INACTIVE and weaker than the ACTIVE (Figs. 3a-c). This is consistent with previous studies
that the sufficient relative vorticity in the monsoon trough favored TC activity (Frank 1987;
McBride 1995; Harr and Chan 2005; Molinari and Vollaro 2013).

In the upper troposphere, the 31-year mean SAH indicated by the 12500-gpm isoline (Fig. 3g)
was larger in size than the ACTIVE (Fig. 3h) and smaller than the INACTIVE (Fig. 3i). The
anomalies of the 200-hPa geopotential height indicated that the SAH was weaker (stronger) in
active (inactive) TC years over the northwestern portion of the PGR (Fig. S6f,g). The strong (weak)
SAH in inactive (active) TC years enhanced (reduced) the northeasterly to the southeastern flank
of the SAH and consequently enhanced (reduced) the VWS, since the low-level winds were
prevailed by southwesterlies to the northwest of the WNPSH. Moreover, the 31-year mean TUTT
(Fig. 3g) represented by the trough line shifted westward (eastward) in the active (inactive) TC
years (Figs. 3h,i), accompanied with positive (negative) anomalies in 200-hPa geopotential height
over the southern portion of the PGR (Figs. 70f,g). Recent studies (Wang and Wu 2016; Wang et
al. 2020) suggested that TC formation was suppressed when the TUTT shifted westward, because
the TUTT could cause not only the strong westerly VWS, but also the low RH and subsidence to
the east of the trough axis. Therefore, the composite analyses suggest that few TCs occurred under
the strong WNPSH and SAH, the weak SASM, and the westward shifted TUTT over the WNP in
July.

A further comparison for July 2020 suggests that the strong WNPSH (Figs. 3f and S6e) may

not be the only anomalous large-scale circulation system responsible for the absence of TCs (Wang
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et al. 2021a). This is because besides the stronger WNPSH, the weaker SASM, the stronger SAH,
and the more westwardly shifted TUTT simultaneously occurred in July 2020 (Figs. 3f,I and S6e,j)
than the 31-year mean and INACTIVE (Figs. 3a,c,g,i and S6f,g). Thus, it can be inferred that the
low mid-level RH (Fig. 2c) was associated with the strong WNPSH; the small low-level relative
vorticity (Fig. 2d) was associated with the strong WNPSH and the weak SASM; and the large
VWS (Fig. 2e) was associated with the strong SAH and the westwardly shifted TUTT in July 2020.

One may speculate that these large-scale circulation systems might be coupled together so
that we can only focus on the strong WNPSH as in Wang et al. (2021a). Partial correlation analyses
for the indices of the WNPSH, SASM, SAH and TUTT show that only the WNPSH and SASM
are negatively correlated at statistically significant level (Table S1; Wang et al. 2013). However,
it still could not conclude that the strong (weak) WNPSH must be accompanied with the weak
(strong) SASM. This is further evidenced by two examples (Fig. S6). In July 2008 (inactive TC
year), there were only two TCs over the WNP, but the WNPSH was weak (Figs. 3d and S6c). A
possible reason may be related to the relatively weak SASM (Fig. 3d). On the contrary, the TC
activity was the most active in July 2017 (activity TC year), but the WNPSH was stronger and
larger than the 31-year mean and the ACTIVE (Figs. 3a,b; Fig. S6d). The negative impact of the
WNPSH on TCs seemed to be offset by the strong SASM since most TCs occurred near the SCS
where the SASM prevailed (Fig. 3e). Therefore, even though the large-scale circulation systems
may not be independent, it is still worth investigating the individual contributions of the four large-
scale circulation systems to TC formation, especially in extreme events.

The above hypothesis is first confirmed by statistical analyses of the correlation between the
four large-scale circulation indices and TC frequency over the WNP in July during the 31 years.

Figures 1a-d show the time series of indices of the WNPSH, SAH, SASM and TUTT and their
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corresponding correlations with TC number in July. All the correlations are statistically significant
at 95% confidence level except for the SAH. The total TC number negatively correlated with the
WNPSH and SAH indices (Figs. 1a,b) and positively correlated with the SASM index and the
westward location of the TUTT (Figs. 1c,d). Therefore, from the statistical perspective, the strong
WNPSH and SAH, the weak SASM and the westward shift of the TUTT are unfavorable for TC
activity over the WNP in July, which is consistent with the results of the composite analyses above.
In July 2020, the four large-scale circulation systems all contributed negatively, inducing an

extremely inadaptable environment to TC genesis over the WNP.

4. Results from numerical simulations and sensitivity experiments

The roles of the anomalous WNPSH, SAH, SASM and TUTT, and their relative importance
to the absence of TCs over the WNP in July 2020 were further confirmed and examined based on
two sets of high-resolution numerical simulations using the regional atmospheric model WRF
(section 2.2). The first set of the experiments were performed to evaluate the ability of the model
in reproducing the extremes in TC activity over the WNP in July 1994, 1998, 2017 and 2020, as
these four years represent the most extreme events in July, either active with no less than 7 TCs
(1994, 2017) or suppressed with no more than one TC (1998, 2020) according to the best track
data (Fig. 1 and Table S3). The second set of experiments were performed to investigate the
impacts of the four anomalous large-scale circulation systems identified in section 3 on the absence
of TCs in July 2020. Four sensitivity experiments were conducted, including the weakened
WNPSH (W_WNPSH), the weakened SAH (W_SAH), the weakened TUTT (W_TUTT), and the
strengthened SASM (S_SASM), relative to their corresponding 31-year July mean (Fig. S7). The
large-scale circulations were modified through the piecewise potential vorticity inversion and

model dynamical adjustment (Text S3). A TC tracker algorithm was adopted to track TCs in the
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model simulations (Text S4).

Results from the first set of experiments (Fig. 1e and Table S3) show that the model could
well capture the TC activity in the selected extreme years although the ensemble-mean number of
simulated TCs was slightly larger than that of the observed. It is the systemic bias of the model for
TC climate simulation and some studies also found that the WRF model overrated TC frequency
(e.g. Shen et al. 2017; Zhang and Wang 2017; Chang and Wang et al. 2018). The model captured
the biggest number of TCs in 2017 and the smallest number of TCs in 2020. Moreover, one
member could reproduce 0 TC in July 2020. Furthermore, results of the sensitivity experiments
with the weakened WNPSH, SAH and TUTT, and the strengthened SASM were compared with
those of the control experiment for July 2020 (CTRL) in the first set. Figure 4 shows the initial
conditions of the CTRL and sensitivity experiments, together with the TC formation locations of
all members in the corresponding July simulations. The monthly mean large-scale circulations of
the model results (Figs. S8-S12) were similar to the initial conditions as the large-scale spectral
nudging was adopted (Cha et al. 2011; Text S1). The simulated GPI in the four sensitivity
experiments was larger than that in CTRL near the corresponding large-scale circulation region
(Fig. S11). Compared with the CTRL run, the simulated TC numbers in W_WNPSH, W_SAH,
W_TUTT, and S_SASM all increased (Figs. 1f and 4) with significant difference at the confidence
level exceeding 90%. In W_WNPSH (Figs. 4b and S9a), more TCs formed in the central region
of the PGR due to the increased low-level relative vorticity and the reduced downward motion
associated with the weaker WNPSH. The VWS was also weakened to the northwest of the TC
formation locations (Fig. S10a). In W_SAH (Figs. 4c and S10c), the weaker SAH induced the
reduced VWS in the northwestern portion of the PGR so that more vortices in the central PGR

could intensify to TCs during their westward movements. In W_TUTT (Figs. 4d and S10d), the
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eastward shift of the TUTT reduced the VWS, causing more TCs forming to the west of the TUTT.
In S_SASM (Figs. 4e and S9b), more TCs formed in the southwestern portion of the PGR, as the
strengthened SASM featured with strong westerly winds enriched low-level relative vorticity for
TC formation at low latitudes. Therefore, the concurrence of the stronger WNPSH, the stronger
SAH, the more westwardly shifted TUTT, and the weaker SASM were responsible for and

contributed about equally to the silent TC activity over the WNP in July 2020.

5. Conclusions and discussion

A record-breaking event with no TC formation occurred over the WNP in July 2020 for the
first time. A few recent studies attributed this extreme event to the anomalous WNPSH, which was
caused by the anomalies in SST in different tropical oceans. This study found that besides the
WNPSH, the anomalous SASM, SAH and TUTT all played important roles in causing the quiet
TC month over the WNP in July 2020. Weak low-level relative vorticity associated with the weak
SASM and the strong WNPSH, low mid-level moisture associated with the strong WNPSH, and
large VWS associated with the strong SAH and the TUTT, were all unfavorable for TC genesis
(Fig. S13). This was revealed by the significant correlations between the four large-scale
circulation indices and the July TC counts over the WNP. Furthermore, the high-resolution
regional WRF model that can resolve the TCs was used to quantify the contributions of the four
large-scale circulation anomalies. The model could reasonably reproduce four extreme years of
TC activity in July over the last 31 years in the WNP. By replacing any of the four anomalous
large-scale circulations by the 31-year July mean, the simulated TC numbers increased
significantly, confirming the detrimental impacts of the anomalously strong WNPSH and SAH,
westwardly shifted TUTT, and weak SASM on TC activity over the WNP. This demonstrates that

it is the collective effect of the four large-scale circulation anomalies, not any of their individual
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components that induced the unfavorable conditions to suppress TC genesis and thus led to the
absence of TCs in July 2020. Results from this study strongly suggest that the indices of the four
large-scale circulation systems could be considered in statistical models for TC seasonal forecasts,
but with caution because the indices could not be linearly superimposed or composited because
they are not all independent (Text S5 and Fig. S14). This study also suggests that good
representation of relevant large-scale circulations is key to accurate forecasts of extreme events in
TC activity over the WNP by numerical models.

The four anomalous large-scale circulations in July 2020 identified in this study were possibly
related to the extremely warm tropical North Indian Ocean, the cold central Pacific Ocean, and the
relatively warm tropical North Atlantic Ocean. Wang and Wu (2016) found that the TUTT shifted
more westward when the negative SST anomalies occurred over the central Pacific (Text S6). A
recent study by Zhou et al. (2021) suggested that the warm anomaly in the tropical North Indian
Ocean favored the weak SASM and the strong WNPSH (Text S7). The strong SAH is also found
to be related to the warm Indian Ocean (Huang et al. 2011; Qu and Huang 2012; Text S10). The
correlation coefficients between the four large-scale circulation indices and SSTs supported the
above views (Figs. S15-S17). In addition, the SAH is also affected by rainfall of the SASM (Wu
et al. 2015), and the latter is closely related to the WNPSH (Wu and Chen 1998), which in turn
follows the variation of the SAH (Jiang et al. 2011). However, the partial correlation analyses of
the four indices indicated that only the WNPSH and SASM were significantly negatively
correlated (Table S1). Therefore, the physical mechanisms for the simultaneous occurrence of the
anomalous WNPSH, SAH, TUTT and SASM in July 2020 are complicated due to the involvement
not only the air-sea interaction, but also the interaction among the large-scale circulation systems.

This will be further investigated in a future study.
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Figure captions:

Figure 1. (a-d) Time series of the TC numbers (bars) from the best-track TC data over the WNP
in July and the detrended normalized indices (black lines) of the WNPSH, SAH, SASM, and
TUTT, respectively, in July from 1990 to 2020, with their correlation coefficients given at the
top of their corresponding panels. The star after the correlation coefficient means the
correlation exceeds 95% confidence level. The red (blue) bars denote the active (inactive) TC
years. (e) TC counts of July from the best track data (red) and ensemble-mean model results
(blue) in 1994, 1998, 2017, and 2020, respectively. (f) TC counts from ensemble-mean model
results in the experiments of CTRL, W_WNPSH, W_SAH, W_TUTT and S_SASM in July

2020. The thin vertical bars in (e-f) are the ensemble range.

Figure 2. Differences in (a) GPI, (b) MPI (m s?), (c) 600-hPa RH (shading, %) and 500-hPa
geopotential height (contours, 10 gpm), (d) 850-hPa relative vorticity (shading, 10° s™) and
850-hPa horizontal winds (vectors, m s?), and (¢) VWS (shading, m s?) and 200-hPa
horizontal winds (vectors, m s™) between July 2020 and the 31-year July mean. The dashed

blue box denotes the potential genesis region (PGR).

Figure 3. Geopotential height greater than 1520 gpm (contours, 10 gpm), zonal wind speed
(shading, m s1), and horizontal winds (vectors, m s%) at 850 hPa in July for (a) the 31-year
mean, (b) mean active TC years (ACTIVE), (c) mean inactive TC years (INACTIVE), (d)
2008, (e) 2017 and (f) 2020. (g-1) are the same as (a-f) but for geopotential height (contour
and shading, 10 gpm) and horizontal winds (vectors, m s*) at 200 hPa. The red dots denote
the locations of TC formation. The green line represents the trough line of TUTT. The dashed
blue box denotes the PGR.

Figure 4. Initial conditions of the WRF model in (a) CTRL, (b) W_WNPSH, (c) W_SAH, (d)
W_TUTT, and (e) S_SASM, including horizontal wind with zonal wind greater than 1 m s
(vectors, m st) and geopotential height greater than 1520 gpm (contours, 10 gpm) at 850 hPa,
and geopotential height at 200 hPa (shading, 10 gpm). The dashed blue box denotes the PGR.
The red dots are the locations of the simulated TC formation in all members.
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Figure 1. (a-d) Time series of the TC numbers (bars) from the best-track TC data over the WNP

in July and the detrended normalized indices (black lines) of the WNPSH, SAH, SASM, and
TUTT, respectively, in July from 1990 to 2020, with their correlation coefficients given at the
top of their corresponding panels. The star after the correlation coefficient means the
correlation exceeds 95% confidence level. The red (blue) bars denote the active (inactive) TC
years. (e) TC counts of July from the best track data (red) and ensemble-mean model results
(blue) in 1994, 1998, 2017, and 2020, respectively. (f) TC counts from ensemble-mean model
results in the experiments of CTRL, W_WNPSH, W_SAH, W_TUTT and S_SASM in July

2020. The thin vertical bars in (e-f) are the ensemble range.
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Figure 2. Differences in (a) GPI, (b) MPI (m s?), (c) 600-hPa RH (shading, %) and 500-hPa
geopotential height (contours, 10 gpm), (d) 850-hPa relative vorticity (shading, 10° s™) and
850-hPa horizontal winds (vectors, m s?), and () VWS (shading, m s?) and 200-hPa
horizontal winds (vectors, m s) between July 2020 and the 31-year July mean. The dashed
blue box denotes the potential genesis region (PGR).
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Figure 3. Geopotential height greater than 1520 gpm (contours, 10 gpm), zonal wind speed

(shading, m s1), and horizontal winds (vectors, m s) at 850 hPa in July for (a) the 31-year
mean, (b) mean active TC years (ACTIVE), (c¢) mean inactive TC years (INACTIVE), (d)
2008, (e) 2017 and (f) 2020. (g-1) are the same as (a-f) but for geopotential height (contours
and shading, 10 gpm) and horizontal winds (vectors, m s*) at 200 hPa. The red dots denote
the locations of TC formation. The green line represents the trough line of TUTT. The dashed
blue box denotes the PGR.
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Figure 4. Initial conditions of the WRF model in (a) CTRL, (b) W_WNPSH, (c) W_SAH, (d)
W_TUTT, and (e) S_SASM, including horizontal wind with zonal wind greater than 1 m s
(vectors, m st) and geopotential height greater than 1520 gpm (contours, 10 gpm) at 850 hPa,
and geopotential height at 200 hPa (shading, 10 gpm). The dashed blue box denotes the PGR.

The red dots are the locations of the simulated TC formation in all members.
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