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Based on the observational evidences that the tropical cyclones (TCs) number in the
western North Pacific (WNP) in autumn is more than that in summer, this study mainly
compares the disturbance of some conditions that associated with the formation of TCs
between the two seasons. Results show that the most of the distributions of the
disturbance field of atmospheric dynamic factor are similar, while the unique feature of
the upper level geopotential height/vortex anomaly over east Asia/western Pacific sector
varies greatly and may play the important role in generating more TCs in autumn. Further
analyses indicate that the high-pressure/anticyclonic anomaly in autumn is originated from
the north tropical Atlantic Ocean. When a cold sea surface temperature (SST) anomaly
appears in north tropical Atlantic, a Rossby wave train over Eurasia continent could be
induced which then leads a favorable condition for TC genesis over east Asia/western
Pacific sector at upper troposphere, resulting in more WNP TCs in autumn.

Keywords: seasonal difference, western North Pacific, north tropical Atlantic sea surface temperature, Rossby
wave train, tropical cyclone number

INTRODUCTION

As the most active area of tropical cyclones (TCs) in the world, the western North Pacific (WNP)
generates an average of about 26 TCs annually, with about 12 TCs landing in the East Asia in the peak
season (June to October) (Zhao et al., 2010; Gao et al., 2018; Gao et al., 2020b). The total population
of East Asia accounts for about 25% of the world, most of which are concentrated in the southeast
coast, such as the relatively developed South China. TCs have stricken these regions regularly for
many years, and the TC-related disasters take up a large proportion of the natural disasters in these
regions (Goh and Chan, 2010). Therefore, it is necessary to study the TC activities in the WNP.
The generation frequency and location of WNP TCs have attracted much attention for a long time (Liu
and Chan, 2003; Wu et al,, 2005; Zhang et al., 2016a; Zhang et al., 2016b). El Nifio-Southern Oscillation
(ENSO) has a significant effect on the location of TC generation in WNP, but no significant linear
relationship between ENSO and TC generation frequency is found. Influence by the large-scale circulation,
TCs are more likely to generate in the southeast (northwest) of WNP in the summer of El Nifio years (La
Nifia years) (Lander, 1994; Chan, 2000; Chia and Ropelewski, 2002; Wang and Chan, 2002; Zhao et al., 2010;
Zhan et al,, 2011; Liu et al,, 2016). The main reason is that the sea surface temperature (SST) in the west of
WNP is lower than the east of WNP in El Nifio years, while the SST in the west of WNP is relatively higher
in La Nifa years. In addition, the abnormal atmospheric circulation caused by the SST anomaly changes the
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generation locations of TCs. The two different ENSO modes also have
different effects on the TC generation locations. Unlike in the East
Pacific El Nifio period, in the summer of the central Pacific El Nifio
period, the TC generation frequency has not shown a variation of
increasing in the eastern WNP and decreasing in the western WNP.
La Nifa in the central Pacific inhibits TC generation in the southeast
of WNP (Zhang et al,, 2012; Wang et al., 2013). In recent years, some
studies have pointed out that there is also a close relationship between
the tropical North Atlantic (TNA) SST and WNP TC generation
activity (Yu et al,, 2016; Zhang et al., 2017; Huo et al., 2015; Gao et al.,
2018; Gao et al,, 2020b). When the cold SST anomaly occurs in TNA,
the relative humidity in the South China Sea will increase and the
vertical wind shear in the east of WNP will be weakened, forming
three anomaly-centers of TC generation frequency in WNP.
Besides the above inter-annual signals, TC generation is also
affected by other time scale signals. It is regulated by the
Madden-Julian oscillation (MJO) on the seasonal scale. When
the MJO-related convection center is in WNP, by modulating the
relative humidity in the middle levels and the absolute vorticity in
the lower levels, MJO could promote the TC generation.
Moreover, the TC generation locations are mostly located to
the west and north of the convection center (Kim et al., 2008;
Camargo et al,, 2009). On the decadal scale, the TC generation is
mainly affected by the Pacific decadal oscillation (PDO), the
Atlantic Multidecadal Oscillation (AMO), etc., For example, in
the PDO positive anomaly year, the TCs generated in La Nifia
years are significantly more than that in El Niflo years, especially
for the strong TCs (Category-1 and above) (Girishkumar et al.,
2015). Besides, the global warming also affects the TC generation.
The WNP TCs are mainly active in summer and autumn.
Previous studies have shown that there are remarkable differences
in the interannual variation of TC activities in these two seasons, due
to the different environmental factors. The TC activity in summer is
closely related to the Pacific-Japan pattern (Choi et al., 2010; Kim
et al, 2012) and the Antarctic Oscillation (Wang and Fan 2007).
However, Wu and Wang (2004) found that TC activities in
WNP are significantly correlated with the SST anomaly in the
equatorial central and eastern Pacific only in autumn, but not in
summer. Moreover, Yao et al. (2020) found that the number of
TCs in autumn in the WNP showed a slight decreasing trend
from 1949 to 2016. In most years, an increase in the number of
autumn TCs was associated with fewer summer TCs. And the
total number of TCs generated in summer is very close to that in
autumn. But in fact, the monsoon trough is stronger in summer in
WNP, and the convective activity is more active, which is more
conducive to the TC generation. So, what determines the seasonal
difference of the climatic TC generation frequency? What are the
differences of the TC-generation driving factors in summer and
in autumn? No relevant researches have given clear answers to the
above questions, so the purpose of this paper is to show the
reasons for the seasonal differences of TC generation frequency.

DATA AND METHODS

TC best track data over the WNP are obtained from the Joint
Typhoon Warning Center (JTWC, https://www.metoc.navy.mil/
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jtwc/jtwe.html? western-pacific). The study period of this paper is
1979-2016, since the record of the WNP TCs is more reliable
after 1970 with the introduction of more new technologies (Chu
et al,, 2002). Following the previous studies (e.g., Yu et al., 2016;
Gao et al., 2018), only TCs reaching the intensity level of tropical
storm or above (i.e., maximum sustained wind speed > 34 kt)
were included.

Monthly atmospheric variables are obtained from the
National Centers for Environmental Prediction (NCEP)/
National Center for Atmospheric Research (NCAR)
Reanalysis data with the spatial resolution of 2.5° (Kalnay
etal., 1996). Monthly SST data are acquired from the National
Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed Sea Surface Temperature (ERSST) version 4
(Huang et al., 2015).

To further understand the process of wave propagation, the
Rossby wave source (RWS, Sardeshmukh and Hoskins 1988) and
wave activity flux (WAF) are calculated. The RWS is defined as

S=—D-v,- V¢

Where ¢ is the absolute vorticity v, is the divergent wind, obtained

from velocity potential and D is the horizontal divergence 2!+ g—‘y’.
The phase-independent WAF is calculated based on the following

equation by Takaya and Nakamura (2001):

. a(y?-vy) +v(vy, - v'y,)

AUl a vy - vv) v - v'y))

where an overbar and a prime represent the climatological and
disturbance field, respectively; the subscripts x and y indicate the
partial derivatives in the corresponding direction; v , U (u, v) and
W represent the stream function, the horizontal wind and the
two-dimensional Rossby WAF, respectively.

RESULTS

The annual genesis frequency of tropical storms, severe tropical
storms and typhoon (TS, STS, and TY, with the maximum
sustained wind speed near the center exceeding 34 kt, 48 kt
and 64 kt, respectively) in four seasons is shown in Figure 1,
The table in Figure 1D represents the total genesis number of
TCs of each intensity over 38 years. Obviously, TCs are mainly
generated in summer and autumn, while only sporadic TCs are
generated in spring and winter. Not only that TCs are more likely
to generate in autumn than in summer regardless of the intensity.
By further binning the TC generation positions into 2.5° x 2.5°
grid boxes, we found that both in two seasons TCs genesis
position are mainly concentrated in the Philippine sea north
of 10°N, and partly in the South China Sea and EWNP (Figures
2B,C). In the spring and winter, TCs are generated in a further
south location and mostly concentrated in the east of the
Philippines (Figures 2A,D). According to the above results, in
this paper, we focus on the seasonality of TC number during
the peak season summer and autumn (June-August and
September-November).
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FIGURE 1 | Time series of the genesis frequency of TS (red bar), STS (orange bar), and TY (greenyellow bar) during four-seasons 1979-2016. Numbers of TCs
forming in four seasons are shown in the upper of panel (D).

In order to reveal why the total number of TCs generated in ~ of TC in each layer (Yu et al.,. 2016; Gao et al,, 2018; Zhang et al.,
autumn is more than that in summer, we followed the previous 2018; Gao et al.,, 2020a). Figures 3, 4 show the distribution of
works and explored the physical factors conducive to the genesis ~ climate mean state outgoing longwave radiation (OLR), 850 hPa
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FIGURE 2 | Climatology TC genesis density in four seasons.
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FIGURE 3 | OLR (shaded, W/m?) and 850 hPa wind (vector, m/s) of
(A,B) climate state in summer and autumn, respectively, and (C) their
difference between two seasons.

wind and SST minus 27.5°C (convection temperature
threshold) in summer and autumn, as well as the difference
between two seasons, respectively. It is obvious that the
monsoon trough in the northern part of the South China Sea
and the western part of the Philippine sea in the summer is
stronger. Therefore, compared with the summer, there are
stronger anticyclonic circulations and corresponding higher
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OLR in the above TC generating areas in the autumn. While
the cyclonic circulation in autumn of EWNP is stronger than
that in summer, but consider the offsetting effects of the
monsoon trough in both seasons, the difference of monsoon
trough is able to explain the difference of the TC genesis
position but not fully explain that of TC number in summer
and autumn. And whether in summer or autumn, the
climatological SST s sufficient to stimulate
convection in the main areas where TC activity is exuberant.
However, WNP SST in autumn is generally lower than that in
summer and corresponds to stronger OLR. Although in the
southern part of the South China Sea, the eastern part of the
Philippine sea and the WNP, the relative vorticity and OLR (can
abstract from Figure 4) at the lower layers and the vertical shear
of zonal wind have a slight advantage over the summer (not
shown in paper), but the overall difference is not significant.
Based on the above conclusions and considering the
interannual disturbance, we believe that the climate state of
seasonal distribution difference of physical quantity cannot well
explain the TC genesis difference between these two seasons.
We therefore turn our attention to the analysis of the
disturbance field related to the genesis frequency of WNP TCs.

We regress the physical quantities of each level in summer and
autumn onto the TC genesis frequency of the corresponding
season, and obtain the disturbance field of each physical quantity.
Results show that there is no significant difference in the
distribution pattern of disturbance with the frequency of TC
genesis, whether it is 850-hPa vorticity or 850-200 hPa vertical
zonal wind shear (Figure 5). In the TC genesis main regions of
WNP, it is characterized by the almost homogeneous positive
relative vorticity anomalies throughout the region in two seasons,
while the overall disturbance covers a wider range in summer,

always

A Sum

20°S

60°E 120°E

FIGURE 4 | SST (shaded, ‘C) of (A,B) climate state in summer and

autumn, respectively, and (C) their difference between two seasons.
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FIGURE 5 | Regression of 850-hPa relative vorticity (10 s™") and vertical u-wind shear (m/s) (A,C) in summer and (B,D) in autumn on the TC genesis frequency.
Regression coefficients exceeding 90% confidence level are stippled.

extending from 10°N to 30°N (Figures 5A,C). And in the vicinity
of 20-30°N, existing a negative vertical wind shear anomaly
(Figures 5B,D). Hence, we may infer that the above dynamic
factors do not play the key role to the seasonality in the amount of

FIGURE 6 | Regressions of SST (shaded, °C), 850 hPa wind filed (vector,

m s™') and geopotential height (contour, m) on the TC genesis frequency.
Values above the 90% confidence level are shown for vector and stippled for
SST. Contour interval is 2, to the range from 4 to 8 for orange lines, from

-2 to —16 for green lines.

TC genesis. The analysis of the regression field of 850 hPa
geopotential height and wind can further verify this viewpoint.
In WNP, there is abnormal low pressure and cyclonic circulation
centered in both summer and autumn, and WNP SST also

FIGURE 7 | As in Figure 5, but for OLR (shaded, W/m?), 200 hPa wind

filed (vector, m s™") and geopotential height (contour, m). Contour interval is 2,
4 to the range from 2 to 6 and 10 to 22, respectively, for orange lines, and 4 to
the range from —8 to —28 for green lines. The letters “A” and “C” indicate

the centers of anticyclonic/cyclonic anomalies accompany with thick
contours, respectively.
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FIGURE 8 | Rossby wave source (shading, 1 x 107'° s72), WAF (green
vectors, m? s2, the data over south of 20°N has been masked) and regressive
wind field (black and gray vectors, m s7"), calculated and abstracted from the
wind field in Figure 7B. The letter “A” and “C” indicate the centers of
anticyclonic/cyclonic anomalies, respectively. Black vectors denote values
above the 90% confidence level.

presents a large range of negative anomalies in both seasons due
to the effect of northerly winds in the west part of the anomalous
cyclonic on the southward transport of cold sea water at high
latitudes (Figure 6).

But when it comes to the upper troposphere things have
changed. Figure 7 indicates the 200-hPa geopotential height,
wind field and OLR perturbation. In this level we found that
over WNP there are obvious differences of distribution of
circulation. There are significant abnormal high-pressure/
anticyclonic anomaly over the east Asia/western Pacific
sector in autumn, which can enhance the pumping at the
upper level (Figure 7B), thus the TC activity is promoted.
While in the summer it is controlled by abnormal low pressure
and cyclonic circulation (Figure 7A). Lu et al (2019) found
that the equatorial north Atlantic SST anomaly (SSTA) can
affect the circulation in northeast Asia through the eastward
Rossby wave train. Therefore, in combination with the division
of both high- and low-level circulation anomalies, the results
suggest that the anomalous high-pressure/anticyclonic signals
in the upper layer WNP in autumn are probably originated
from the SSTA in the Atlantic Ocean. The anomalous low SST
in the low-to mid-latitude of the North Atlantic will constrict
the air column over the ocean surface. It induces the
descending of upper troposphere isobaric surface near the
30°N and forms the corresponding anomalous cyclonic
circulation. The anomalous signal propagate to the high
latitude brings anomalous high pressure and anticyclonic
circulation into being near the high latitude of the Atlantic
over 30°W, 50°N. Then the signal continues to propagate in the
form of eastward Rossby wave train, forming a low pressure
near the 30°E, 50°N with anomalous cyclonic circulation. The
wave train then splits into two branches, one of which forms a
high pressure center and a cyclonic shear region around 60°E
and 30°N and over the northern part of the Indian peninsula,
and then the wave signal travels northeast to the region of
attention. The other one passes directly through the middle
and high latitude to east Asia/western Pacific region, where it
cooperates with another wave train to form an abnormal high

Comparison of TC Number

pressure along with a large range of anticyclonic circulation in
situ. The anomalous circulation extends from the land to
150°E, and is matched by the abnormally high OLR
distributed on the sea. Moreover, there is an extra high-
pressure center near 170°E associated with the tail of wave
train, which also leads favorable conditions for TC genesis in
eastern WNP. While in summer, SST climate state in the
Atlantic is lower than that in autumn (Figure 4C), so when
there is a negative SST disturbance, the atmosphere is less
sensitive, and it is difficult to form the compression of the air
column. Therefore, there is no abnormal cyclone formation
and meridional propagation of fluctuation signals in the
Atlantic in summer. Combine the distribution form of SST
and low-level wind field, the dominant disturbance pattern in
summer may be the Pacific Meridional Mode (PMM) in situ
(Figure 6A). In order to validate the existence of above Rossby
wave train, we analyzed the autumn WAF and RWS. As shown
in Figure 8 the Rossby wave source is mainly located over the
east flank of the anomalous anticyclone, which is stimulated by
the anomalous cyclonic circulation at the mid latitude over
north Atlantic Ocean, then it travels southeastward through
two ways to east Asia/western Pacific across the entire high-to
mid-latitudes in Eurasia.

CONCLUSION

The differences of WNP TC genesis number between summer
and autumn are examined. The results show that WNP TCs
were mainly generated in summer and autumn, mostly
concentrated in the Philippine sea, and also distributed in
the South China Sea and EWNP. However, the amount of
TC generated in autumn is always more than that in summer
regardless of the intensity.

Since there is no obvious advantage of the climatology
physical quantities in autumn, and considering the existence
of interannual disturbance, we deduced that the unique
feature of the wupper level high-pressure/anticyclonic
anomaly over east Asia/western Pacific sector play the key
role in TC-genesis difference. The disturbance fields obtained
by regressing onto the TC genesis frequency of the
corresponding season show that, in autumn WNP is mainly
controlled by high pressure and anticyclonic anomalous
circulation, while it is the opposite in summer. This
distribution pattern is conducive to the formation of high-
level pumping in the fall, thus promoting the genesis of TC. By
comparing the disturbance pattern at high and low levels, we
found that the abnormal circulation signal at the upper layer
in autumn comes from north tropical Atlantic. Once a
negative SSTA occurs in north tropical Atlantic, the air
column will be compressed and the isobaric surface of the
upper layer will be reduced, accompanied by the occurrence of
middle latitude cyclonic anomaly. This middle-latitude
cyclone will trigger a strong anomalous high pressure and
anticyclone circulation over high latitude. Subsequently, the
anomalous signal is transmitted southeastward through two
ways in the form of the Rossby wave train, until a large
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anomalous high-pressure/anticyclonic area is formed over the
east Asia/western Pacific. This theory is also verified in the
analysis of RWS and WAF. While since the lower climatic SST
in summer, the atmospheric response sensitivity is weak when
negative SSTA occurs, which is not easy to cause air column
compression. And we conjecture that the dominant
disturbance signal in summer should be PMM via the
distribution of SST and wind in situ.

Based on the WNP TC genesis frequency, this study found
the possible relationship between seasonality of WNP TC
number and north tropical Atlantic SSTA, and explained
the physical process behind to some extent, which has
certain guiding significance for the seasonal prediction of
WNP TC number. Moreover, predecessors have found that
north tropical Atlantic SST can influence WNP circulation and
TC activities through Indian Ocean relay mechanism and
eastern Pacific relay mechanism (Ham et al., 2013; Yu et al,,
20165 Gao et al., 2018), and this study gives the possibility of
the existence of another influence path, which complements
the previous work. However, there are still some problems that
have not been solved, such as whether the regional circulation
factors that cause the location difference of TC generation
between the two seasons are the same. What is the difference
between the time scales and the patterns of the anomalous
signals that travel eastward in the Atlantic ocean and interact
with the ENSO in the Pacific Ocean in terms of WNP TC
generation or landing activities? And can this seasonal
difference be replicated in climate model? These problems
need further study.
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