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Abstract  As the primary interannual signal of variability in the tropical ocean-atmosphere interaction, the El Nifio-Southern
Oscillation has a considerable impact on tropical cyclone (TC) activity over the western North Pacific (WNP). Both 2018 and
2021 were La Nifia decay years, but TC activity over the WNP during the two summers (June—August) showed notable
differences. In 2018, summer TC activity was unusually high with a total of 18 TCs, and the region of TC genesis was mainly in
the central and eastern WNP. In contrast, only 9 TCs were generated in summer 2021, and the region of TC genesis was primarily
in the western WNP. By comparing the characteristics of the large-scale environmental conditions over the regions of TC
genesis, the thermal factors of the tropical oceans, and the activity of the Madden-Julian Oscillation (MJO), this study revealed
the possible causes for the marked differences in TC genesis over the WNP during the two summers, which both had a similar
background of La Nifla decay. The Indian Ocean Basin Mode (IOBM) transitioned of a cold anomaly in the winter of 2017/2018
and persisted until summer 2018. At the same time, the Pacific Meridional Mode (PMM) maintained a positive phase, leading to
eastward and northward displacement of the Western Pacific Subtropical High in summer, and eastward extension of the tropical
monsoon trough, which presented conditions conducive to TC genesis over the Northwest Pacific. Moreover, the days when the
MJO stagnated in phases 5 and 6 in the summer of 2018 increased by approximately 150% relative to climatological state,
providing dynamic conditions favorable for TC formation. In 2021, the IOBM quickly turned to a warm anomaly in March and
persisted until summer, whereas the PMM became a negative phase in January and remained so until summer. At the same time,
the MJO stagnated in phases 2 and 3 for up to 47 days, with the center of convection located over the western Maritime
Continent, producing conditions unconducive to TC genesis over the Northwest Pacific. Thus, despite being under a similar
background of La Nifia decaying year, the distinct evolutions of the IOBM, PMM, and MJO in spring and summer of 2018 and
2021 were the main causes of the notable differences in TC activity over the WNP during these two summers, and the anomalies
in IOBM and MJO contributed more significantly than those of the PMM.
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Introduction (WNP) account for approximately one-third of the TCs that
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As one of the most destructive natural disasters, tropical
cyclones (TCs) generated over the western North Pacific
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occur globally each year (Chan, 2000). On average, seven to
eight TCs make landfall on the southeastern and southern
coasts of China annually, causing huge economic losses and
numerous casualties (Zhang et al., 2011). Therefore, studies
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on TC activities over the WNP, accurate prediction of TC
activities, and strengthening of TC defense capabilities are of
great importance both for ensuring the safety of livelihoods
and property, and for promoting sustainable regional socio-
economic development.

Over the WNP, most TCs in summer form within a
southeast-northwest extension of the monsoon trough, and
their geneses are closely related to tropical disturbances
(Briegel and Frank, 1997). The monsoon trough provides not
only the large-scale environmental conditions favorable for
TC genesis, such as low-level airflow convergence and cy-
clonic relative vorticity, upper-level airflow divergence,
weak vertical wind shear, and abundant water vapor, but also
the initial disturbances and dynamic conditions suitable for
TC genesis (Chen and Huang, 2006). Furthermore, the
evolution of the monsoon trough is closely related to the
Western Pacific Subtropical High (WPSH). When the WPSH
retreats from the South China Sea (SCS) to the vicinity of the
Philippines, the monsoon trough correspondingly extends
eastward, and the westerlies on its southern flank also extend
eastward, creating conditions favorable for TC genesis over
the southeastern WNP. Southward movement of the WPSH
ridgeline also causes the location of TC genesis to become
displaced further southeastward (Huangfu et al., 2018).
Additionally, the WPSH can also affect TC track by guiding
the airflow (Ho et al., 2004).

As one of the most important external forcing factors on
the interannual timescale, the El Nifio-Southern Oscillation
(ENSO) cycle has a tremendous impact on TC activities over
the WNP by affecting large-scale circulation systems such as
the Walker circulation and the monsoon trough (Wang and
Chan, 2002; Zhan et al., 2011; Han et al., 2016). In the
summer of a developing El Niflo, owing to the eastward
development of the monsoon trough, TC is active over the
southeastern WNP, and the frequency of TC genesis over the
northwestern WNP is reduced, presenting a dipole distribu-
tion between the southeastern and northwestern regions of
WNP TC genesis. In the summer of a developing La Niiia,
the frequency of TC genesis is broadly the converse. Thus,
ENSO mainly affects the spatial distribution of TCs during
its developing phase, rather than affecting the overall fre-
quency of TC genesis (Wang and Chan, 2002). In the de-
caying phases of the eastern-Pacific El Niflo, owing to the
strong low-level anomalous anticyclone over the WNP, the
number of TCs generated over the entire WNP is usually
reduced (Zhan et al., 2011). In the past two decades, the
central-Pacific El Nifilo phenomena occurred more fre-
quently, and the relationship between the frequency of TC
genesis and the year of El Nifio decay was weakened (Wang
et al., 2018), which reflects that the WPSH is often weaker in
the summer of the year of central-Pacific El Nifio decay than
in the summer of eastern-Pacific El Nifio decay (Stuecker et
al., 2013; Zhang et al., 2015). However, in the summer of La

Nifia decay, the monsoon trough is weakened and the low-
level absolute vorticity is reduced, inhibiting TC genesis near
the SCS. Correspondingly, in terms of spatial distribution,
TC genesis frequency occurs less often over both the western
SCS and the southeastern WNP TC genesis regions, but it
has a trend of increase over the central WNP (Liu et al.,
2021). According to previous studies, such conditions cannot
explain the notable differences in the frequency of TC gen-
esis between 2018 and 2021 under similar ENSO phases and
evolution backgrounds.

In addition to the ENSO cycle, other sea surface tem-
perature anomaly (SSTA) modes, including the Indian Ocean
Basin Mode (IOBM), Pacific Meridional Mode (PMM), and
Tropical North Atlantic Mode, also have a substantial impact
on TC activities over the WNP (Huangfu et al., 2019). The
IOBM usually manifests as a response lagging one-two
seasons behind the evolution of ENSO (Ashok et al., 2003).
The positive phase of the IOBM stimulates eastward pro-
pagation of Kelvin waves, generating negative vorticity
anomalies in the lower troposphere through Ekman pumping
and diabatic cooling, which lead to a stronger and further
southwestward extension of the WPSH that is unfavorable
for TC genesis (Qian and Guan, 2019). The influence of the
IOBM on the WPSH during spring and summer is greater
than that of ENSO events (Liu and Gao, 2021). The PMM
features a meridional seesaw of SSTAs accompanied by
cross-equatorial surface winds (Chiang and Vimont, 2004).
Typically, it influences TC activities by affecting the low-
level circulation and monsoon trough anomalies over the
WNP. It can serve as a predictor of TC genesis frequency
independent of ENSO (Zhang et al., 2017b). Furthermore,
several studies hypothesized possible linkages between
SSTAs in the Tropical North Atlantic and WNP TC activities
by adjusting the Walker circulation (Zhang et al., 2017a).

The Madden-Julian Oscillation (MJO), which is the most
important mode of the tropical atmospheric circulation, is
characterized as a large-scale tropical deep convection
anomaly moving from the East Indian Ocean, across In-
donesia, and into the West Pacific, disappearing near the
dateline (Madden and Julian, 1971). However, even under
similar SST backgrounds, MJO activity can exhibit com-
pletely different features, and the physical mechanisms that
influence MJO activity have yet to be identified conclusively
(Liu et al., 2021). Thus, the MJO is treated as an independent
driving factor of the tropical circulation, summer precipita-
tion, and WNP TC activities (Gong et al., 2022). When the
MJO is in an active phase, it promotes the occurrence and
development of convection, creating large-scale dynamic
conditions favorable for TC genesis. As the MJO propagates
eastward, cumulus convection continually develops and
spreads, greatly influencing the heating configuration in the
WNP, and regulating the generation and development of TCs
(Gong et al., 2022). It also has a substantial impact on the
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activity and paths of WNP TCs (Liu et al., 2021).

One of the main predictors for summer TC genesis is the
SSTA in the central and eastern equatorial Pacific during the
previous winter and spring. The winters of 2017/2018 and
2020/2021 were both La Nifia years, with cold SSTAs in the
central and eastern equatorial Pacific, which gradually turned
to a neutral state in the spring of the following years.
However, under similar ENSO evolution backgrounds, the
frequency of TC genesis over the WNP presents obvious
differences between the two La Nifia decay summers. This
raises questions regarding what caused the difference in TC
activity over the WNP between the two years, and which
factors other than the ENSO cycle should be considered
when predicting TC genesis over the NWP. This study in-
vestigated and compared the large-scale environmental
conditions, SSTA forcing, and MJO activities in the two
years, and quantitatively evaluated the relative contributions
to TC activity among those external forcing factors.

2. Data and methods

In this work, the meteorological elements associated with the
large-scale environmental conditions for WNP TC activity,
extracted from the National Centers for Environmental
Prediction/National Center for Atmospheric Research re-
analysis data with a spatial resolution of 2.5°%x2.5°, included
air temperature, relative and specific humidity, horizontal
wind, vertical velocity, and sea level pressure (Kalnay et al.,
1996). The global linear optimal interpolation SST data with
spatial resolution of 1°x1° (i.e., the OISSTv2.1 data), start-
ing from September1981, were provided by the National
Oceanic and Atmospheric Administration (Huang et al.,
2021). The information on TC occurrence frequency and
genesis location was derived from the best typhoon track
dataset provided by the Shanghai Typhoon Institute of the
China Meteorological Administration (Ying et al., 2014).
Anomalies of all variables were defined as deviations from
the climatological mean of 1991-2020. The temporal range
of the linear correlation in this work spanned 1991-2020,
and according to the t-test standard, the correlation coeffi-

()

cient values corresponding to the 0.1, 0.05, and 0.01 sig-
nificance levels were 0.30, 0.35, and 0.45, respectively.
The Niflo3.4 index used here comprised the SSTA aver-
aged over the area 5°S—5°N, 170°W-120°W, and the [OBM
index comprised the SSTA averaged over the area 20°S—
20°N, 40°E-110°E (Chambers et al., 1999). The PMM was
the first mode obtained by singular value decomposition of
the SST and surface wind field at 10-m height in the area
175°E-95°W, 21°S-32°N after removing seasonal trends
and ENSO signals (Chiang, 2004). The specific calculation
method can be found at the following website: https://psl.
noaa.gov/data/timeseries/monthly/PMM.  The real-time
multivariate MJO index was selected as the monitoring and
forecasting indicator for the MJO (Wheeler and Hendon,
2004). This index, which is composed of three variables (i.e.,
850-hPa meridional wind, 200-hPa meridional wind, and
outgoing longwave radiation (OLR)), reflects the large-scale
circulation and deep convection coupling structure char-
acteristics of the MJO. It is used widely in MJO monitoring
and related studies, and the index data can be downloaded
from the website of the Australian Bureau of Meteorology.

3. Comparison of TC activity between 2018 and
2021

The monthly frequency of TC genesis over the WNP during
January—December and the monthly TC landfall frequency
in China in June—October of both 2018 and 2021 are shown
in Figure 1. In 2018, 29 TCs occurred over the WNP and 10
TCs made landfall over China, representing 4 and 3 more
than the climatology, respectively. Among them, 18 TCs
were generated in the summer, which was a number notably
higher than the climatological mean value and the second
highest since 1949. The frequency of TC genesis in each
month from June to August was higher than the climatolo-
gical mean value (Figure la). During summer 2018, eight
TCs made landfall over China, which was a number more
than twice the standard deviation of the climatology and the
highest since 1949. The monthly frequency of TC landfall
from June to August was also higher than the climatological
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corresponding climatology (green bars).

m2018 w2021 climatology

Jun Jul Aug Sep

L

Oct

Monthly frequency of (a) TC genesis over the WNP and (b) TC landfall over China in 2018 (red bars) and 2021 (blue bars), together with the
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value (Figure 1b). It is evident that TC activity in summer
2018 was characterized by continuously abnormal activity.

The situation in 2021 was different from that in 2018.
Although 22 TCs occurred over the WNP, only 6 TCs made
landfall over China, i.e., 3 and 1 less than the climatological
mean values, respectively. Among them, nine TCs were
generated in the summer, i.e., two less than normal. The
frequency of TC genesis in both June and July was equal to
that of the climatology, but the number of TCs generated in
August was two fewer than normal (Figure la). Four TCs
made landfall over China in summer 2021, i.e., slightly fewer
than normal; the frequency of TC landfall in June and July
was close to the climatological value, but it was one fewer
than normal in August (Figure 1b).

The region of TC genesis over the WNP was divided into
three sub-regions, i.e., 110°E—120°E (SCS), 120°E-145°E
(WNP1), and 145°E-180° to the dateline (WNP2), and the
frequency of TC genesis in each sub-region was determined
to analyze the specific features of these locations (Table 1).
In 2018, the frequency of TC genesis in all three sub-regions
was slightly higher than normal throughout the year. In the
summer, the frequency of TC genesis was close to the cli-
matological value over the SCS, but it was 43% and 122%
higher than normal over WNP1 and WNP2, respectively.
Thus, most TCs were generated over the eastern part of the
TC genesis region of the WNP in summer 2018. In 2021, the
frequency of TC genesis was equivalent to the climatological
value for the entire year over the SCS and WNPI, but it was
less than half of the climatological value over WNP2. In the
summer, the frequency of TC genesis was close to the cli-
matology over the SCS, but it was 37% and 26% lower than
normal over WNP1 and WNP2, respectively. Thus, TCs
were generated mainly in the western part of the TC genesis
region of the WNP in summer 2021.

4. Environmental conditions in 2018 and 2021

In this section, we explore the possible causes for the dif-
ferences in TC genesis over the WNP between the summers
of 2018 and 2021 through a comparison of the large-scale
environmental conditions and key circulation systems over
the TC source region of the WNP.

4.1 Monsoon trough and environmental factors

Figure 2 shows the spatial distribution of the large-scale
environmental factors and the monsoon trough that affected
TC genesis over the WNP during the summers of 2018 and
2021. In summer 2018, the monsoon trough extended east-
ward to nearly 150°E, with positive relative vorticity
anomalies in the monsoon trough region, and positive centers
over the northern SCS and northeastern Philippines (Figure

Table 1 Frequency of TC genesis over the three sub-regions in 2018 and
2021

Time SCS WNP1 WNP2
(110°E-120°E) (120°E-145°E) (145°E-180°)
Summer of 2018 3 9 6
Summer of 2021 3 4 2
Summer climatology 23 6.3 2.7
All months in 2018 6 14 9
All months in 2021 5 14 3
Annual climatology 4.9 13.4 7.5

2a). The tropical western Pacific region was dominated by
westerly winds in the low-level wind field, and there were
two anomalous cyclones over the northern SCS and north-
eastern Philippines (Figure 2c). In the convection field, there
were extensive negative OLR anomalies over the TC genesis
region, indicating active deep convection (Figure 2g). Ad-
ditionally, there was strong upper-level divergence over the
WNP (Figure 2c¢). Simultaneously, the vertical wind shear
between the higher and lower troposphere over the northern
SCS and northeastern Philippines was weak (Figure 2e).
Thus, in summer 2018, the northern SCS and northeastern
Philippines experienced enhanced convection, strong low-
level tropospheric convergence, upper-level divergence, and
weak vertical wind shear between the higher and lower tro-
posphere. Such large-scale environmental conditions were
conducive to TC genesis (Gong et al., 2022), leading to the
unusually high frequency of TCs in summer 2018.

The environmental conditions in summer 2021 were al-
most the opposite of those in 2018. The monsoon trough
extended only to around 135°E, and the TC genesis region
was dominated by negative vorticity anomalies (Figure 2b).
The WNP region was affected primarily by easterly winds,
with an anomalous anticyclone over the SCS and eastern
Philippines (Figure 2d). Except for the northeastern Phi-
lippines with negative OLR anomalies, most other parts of
the WNP region were controlled by strong positive OLR
anomalies (Figure 2h), indicating that deep convection was
not active over most of the TC genesis region. The center of a
positive divergence anomaly in the upper troposphere was
located over the northeastern Philippines (Figure 2d). The
vertical wind shear between the higher and lower tropo-
sphere over the TC genesis region was strong (Figure 2f).
Thus, in summer 2021, most of the TC genesis region ex-
perienced suppressed convection, weak low-level con-
vergence, and upper-level divergence concentrated only over
the northeastern Philippines, together with strong vertical
wind shear between the higher and lower troposphere.
Consequently, the location of TC genesis was shifted further
northwestward, and fewer TCs were generated.
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Figure 2 Distribution of the large-scale environmental factors in the summers of ((a), (c), (e), (g)) 2018 and ((b), (d), (), (h)) 2021. (a), (b) 850-hPa
horizontal wind stream field (bold blue lines indicate monsoon trough) and vorticity anomalies (shading, 10~ sﬁl). (c), (d) 850-hPa horizontal wind anomalies
(vectors, m 57]) and 200-hPa divergence anomalies (shading, 10° sfl). (e), (f) Vertical wind shear between the 200- and 850-hPa levels (m sfl). (g), (h) OLR
anomalies (W m72). Green dots indicate locations of TC genesis, and blue dashed rectangle indicates the WNP TC genesis region (5°N-25°N, 110°E-180°).

4.2 WPSH and water vapor transport

The frequency and location of TC genesis in summer are
closely related to the intensity and position of the WPSH

(Gong et al., 2022). When the WPSH strengthens and ex-
tends westward, the frequency of TC genesis decreases, and
vice versa. In summer 2018, the westernmost point of the
WPSH was at approximately 140°E, further eastward than
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normal, and the ridgeline of the WPSH was at 13.7°N, i.e.,
further northward than normal and at its northernmost po-
sition since 1951 (Figure 3a). Owing to the more north-
eastward location of the WPSH, the tropical southwest
summer monsoon extended eastward and converged with the
easterly winds on the southern flank of the WPSH, forming a
center of strong water vapor convergence over the SCS and
eastern Philippines region, which was conducive to TC
genesis over the WNP (Figure 3a). However, in summer
2021, the WPSH was unusually strong and positioned further
southwestward than normal. The WPSH-controlled regions
were dominated by subsiding airflow, with poor moisture
conditions and weak water vapor convergence (Figure 3b).
The easterlies on the southern flank of the WPSH inhibited
eastward extension of the summer monsoon, leading to a
weak monsoon trough that was located further westward
with conditions that were unfavorable for TC genesis.

5. SST and MJO anomalies in 2018 and 2021

One feature that was consistent in 2018 and 2021 was that the
central and eastern equatorial Pacific experienced a La Nifia
event in the preceding winter (Figure 4). Specifically, from
October 2017 to March 2018, the central and eastern equa-
torial Pacific experienced a La Nifia event, which then de-
cayed to a neutral state in spring 2018 (Figure 5a; Wang et
al., 2018). Similarly, from August 2020 to March 2021, the
central and eastern equatorial Pacific went through another
La Nina event (Liu and Gao, 2021; Li et al., 2022, 2023),
which transformed into a neutral state in spring 2021. Pre-
vious studies indicated that in summers with a higher fre-
quency of TC genesis, the SSTs in the main TC genesis
region of the WNP are anomalously warm during the pre-
vious winter and spring, whereas the central and eastern
equatorial Pacific exhibits an extensive cold-tongue SSTA
(Xiao et al., 2009). The large-scale low-level wind field of

(a) 2018

the preceding winter converges over the regions of warm
SST, providing a background favorable for TC genesis in the
subsequent summer. In spring, an abnormally active inter-
tropical convergence zone in the equatorial Pacific advances
toward the TC genesis region of the WNP, enhancing the
positive feedback between the large-scale low-level moisture
convergence and latent heat release in the atmosphere, which
also favors TC genesis in the subsequent summer (Liu et al.,
2021).

Given that the pattern of SSTA distribution in the central
and eastern equatorial Pacific during the preceding winter
and spring of both 2018 and 2021 was conducive to a higher
frequency of TC genesis over the WNP in the subsequent
summer, it is important to elucidate why the frequency of TC
genesis differed markedly between the two years. In the
following sections, we further compare and investigate the
evolution characteristics and possible influences of the
IOBM, PMM, and MJO, which have substantial impacts on
the frequency of TC genesis over the WNP.

5.1 Indian Ocean Basin Mode

It is evident from Figure 5b that the positive IOBM turned
negative in winter 2017/2018 and the negative phase per-
sisted into the summer of 2018. This evolution of the tropical
Indian Ocean SST turning into a cold anomaly aligns with
the typical lagged response of La Nifia decay (Ashok et al.,
2003). However, the SSTA in the tropical Indian Ocean
during 2020-2021 showed a different evolution (Figure 5b).
After a temporary transition into the negative phase during
winter 2020/2021, the IOBM index quickly became positive
in March 2021, strengthened further in May, and then re-
mained positive throughout the summer, which is a pattern
that does not align with the lagged response of Indian Ocean
SST in a year with La Nifia decay.

To analyze the possible impact of the tropical Indian Ocean
SSTA on the WPSH, the key circulation system affecting TC

(b) 2021
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Figure 3 (a) Vertically integrated water vapor transport from the surface to 300 hPa (kg s mfl) and its divergence (1075 kg s mfz) during the sumer of
2018. Red dots indicate the location of TCs genesis. Red solid and black dashed contours of 5880 gpm indicate the western Pacific subtropical high and the
corresponding climatology, respectively. (b) Similar to (a) but of the summer of 2021.
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2021, to MAM 2021, to JJA 2021, respectively.

genesis, the correlation coefficients between the summer
WPSH intensity and the IOBM indices from the preceding
winter to the simultaneous summer were calculated after
removal of the long-term linear trends (Figure 6). Moreover,
the correlation coefficients with the Nifio3.4 index were also
calculated to compare the impacts of ENSO. The correlation
coefficients between the summer WPSH intensity and the
Nifi03.4 indices in the preceding winter and spring are 0.57
and 0.51, respectively, both exceeding the 0.01 significance
level. However, the correlation with the simultaneous sum-
mer is no longer significant, indicating that the summer
WPSH is influenced mainly by SSTAs in the central and
eastern equatorial Pacific during the preceding winter and
spring. The relationship between the WPSH and the IOBM
index is different from that of the Nifio3.4 index. The cor-
relation coefficients between the WPSH and the IOBM index
in the preceding winter, spring, and the same summer are
0.51, 0.65, and 0.55, respectively, all exceeding the 0.01
significance level. It is implied that the influence of the
tropical Indian Ocean SSTA on the WPSH can persist for

longer than that of the Pacific SSTA, with more statistically
significant impacts during spring and summer. The warm
SSTA in the Indian Ocean can excite Kelvin waves through
the Matsuno-Gill response, and form an anomalous antic-
yclone over the Bay of Bengal and the SCS, favoring the
strengthening and westward extension of the WPSH (Mat-
suno, 1966; Gill, 1980; Liu and Chen, 2019; Ding et al.,
2021; Liu and Gao, 2021).

Thus, the persistently warm SSTAs in the Indian Ocean
during spring and summer 2021 were important factors in
relation to the westward extension of the strengthened
WPSH (Figure 3b). Such a situation inhibited eastward ex-
tension of the monsoon trough (Figure 2b) and suppressed
tropical convection over the WNP (Figure 2h), creating
conditions that were unfavorable for TC genesis and ac-
counting for the low frequency of TC occurrence in summer
2021. In contrast, in 2018, the continuous cold SSTAs in the
Indian Ocean during the winter, spring, and summer resulted
in further northeastward displacement of the WPSH (Figure
3a), eastward extension of the monsoon trough (Figure 2a),
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Figure 5 Time series of (a) Nifo3.4, (b) IOBM, and (c) PMM indices
from Oct 2017 to Aug 2018 (red lines), and from Oct 2020 to Aug 2021
(blue lines).

mIOBM  mNifio3.4

Correlation Coefficients

DIJF MAM JIA

Figure 6 Correlation coefficients between the summer WPSH intensity
index and the IOBM index (red bars) and the Nifio3.4 index (blue bars) in
DJF, MAM, and JJA during 1991-2020 (the long-term linear trends were
removed from all the indices).

active tropical convection over the WNP (Figure 2g), low-
level convergence, and upper-level divergence, which were
conducive to TC genesis and accounted for the unusually
high frequency of TC occurrence in 2018.

Sci China Earth Sci

5.2 Pacific Meridional Mode

The PMM, defined by both SSTA and surface wind fields,
reflects air-sea interaction. It is found that a statistically
significant positive correlation exists between the PMM and
TC activity in the WNP at the interannual timescale (Zhan et
al., 2017). During the positive phase of the PMM, SSTAs in
the subtropical northeastern Pacific are warmer than normal
and extend into the western Pacific region, whereas the
SSTAs in the tropical eastern Pacific are negative. Ob-
servation indicates that from winter 2017/2018 to summer
2018, the PMM index remained in a positive phase (Figure
5¢), corresponding to warm SSTAs in the subtropical
northeastern Pacific extending into the western Pacific, and
cold SSTAs in the tropical eastern Pacific (Figure 4a, 4c, 4e).
In the TC genesis region of the WNP, atmospheric heating
via the Gill-Rossby wave response excited a low-level
anomalous cyclone and an upper-level anomalous antic-
yclone, leading to weakened vertical wind shear and en-
hanced low-level relative vorticity (Figure 2a, 2c, 2f). This
resulted in a weakened WPSH and a strengthened monsoon
trough extending eastward, thereby promoting the generation
and development of TCs over the WNP (Liu et al., 2019).

However, the positive phase of the PMM index during
winter 2020/2021 turned to the negative phase in January
2021 and it remained in that state through into the summer.
The negative phase of the PMM led to the strengthening of
the WPSH and the formation of a low-level anomalous an-
ticyclone over the TC genesis region of the WNP, which
reduced relative vorticity and weakened the monsoon trough
(Figure 2b, 2d, 2f), creating conditions unconducive to TC
genesis. Thus, the divergent variation in the PMM was one of
the influencing factors that caused the notable differences in
TC genesis between the summers of 2018 and 2021.

5.3 Madden-Julian Oscillation

As an important mode of the tropical atmospheric circula-
tion, the MJO activity with different phases corresponds to
the distinct distributions of dynamic factors that trigger TC
genesis over the WNP (Li and Zhou, 2012, 2013;Gong et al.,
2022). When the MJO is in phases 2 and 3, the center of deep
convection is to the west of the Maritime Continent (i.e., the
equatorial eastern Indian Ocean region), corresponding to
positive sea level pressure anomalies and suppressed con-
vection over the WNP. Such environmental conditions are
unfavorable for TC genesis. It is indicated that the frequency
of TC genesis decreases substantially with the MJO in phases
2 and 3 (Liuetal., 2021). When the MJO is in phases 5 and 6,
the center of deep convection moves to the WNP region.
Correspondingly, the sea level pressure decreases in the
western Pacific, the monsoon trough strengthens, and con-
vective activity and low-level convergence increase, forming
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large-scale dynamic environmental conditions suitable for
TC genesis and development. Consequently, the frequency
of TCs generated when the MJO is in phases 5 and 6 is more
than double that when the MJO is in phases 2 and 3 (Pan et
al., 2010).

Comparison of the MJO propagation activities in the
summers of 2018 and 2021 reveals that the MJO stagnated in
TC-favorable phases 5 and 6 for 55 days in summer 2018
(Figure 7a). This far exceeded the climatological value of
19.3 days, and it was the second longest period of stagnation
since 1979, surpassed only by that in 1984 (61 days). There
were 2 TCs generated during June 2—14 and 12 TCs gener-
ated between July 12 and August 18, when the MJO was in
phases 5 and 6. Statistically, the TCs generated when the
MJO was in phases 5 and 6 accounted for 77.8% of the total
number TCs generated in the summer, indicating that the
prolonged period of the MJO in phases 5 and 6 in summer
2018 contributed substantially to the observed TC activity.

In contrast, the MJO activity in summer 2021 was differ-
ent. The MJO was in phases 5 and 6 for only 12 days,
whereas it remained in TC-unfavorable phases 2 and 3 for as
long as 47 days (Figure 7b), i.e., much longer than the cli-
matological value of 26.6 days, making it the third longest
period of such stagnation since 1979, surpassed only by 1995
(55 days) and 1983 (49 days). Therefore, the lower frequency
of TC generation in summer 2021 was associated with the
prolonged stagnation of the MJO in phases 2 and 3, when
suppressed convection activity was dominant over the WNP.
The difference in MJO activity between these two summers
represents another external forcing factor responsible for the
notable differences in the frequency of TC generation.

5.4 Contributions of external forcing

The above analysis indicates that tropical Indian Ocean
SSTAs, the PMM, and prolonged stagnation of the MJO in
different phases all had substantial impact on the frequency
of TC genesis over the WNP in the summers of 2018 and
2021. To quantitatively assess the relative contributions of
the IOBM, PMM, and MJO in different phases to the fre-

i (a)

=2018 mClimatology

Frequency
[3%] W
S S
T T

—_
S
T

Phase

Figure 7
individual MJO phases. Units: days.

quency of TC genesis in the two years, the regression coef-
ficients for each of these influencing factors, which were first
normalized, were calculated using linear regression to re-
construct the anomalies of TC genesis frequency for 2018
and 2021 (Table 2; Liu et al., 2023). Results show that the
negative phase of the IOBM, positive phase of the PMM, and
prolonged stagnation of the MJO in phases 5 and 6 all con-
tributed positively to the higher frequency of TC genesis in
2018, with the greatest contribution from the MJO, followed
by that of the IOBM, and the smallest contribution from the
PMM. In 2021, the positive phase of the IOBM, negative
phase of the PMM, and prolonged stagnation of the MJO in
phases 2 and 3 collectively led to the lower frequency of TC
genesis, with the IOBM and MJO contributing equally and
the PMM contributing less. Hence, despite the similar La
Nifia background, the differences in the frequency of TC
genesis over the WNP between the summer of 2018 and
2021 were jointly influenced by tropical Indian Ocean
SSTAs, the PMM, and MJO activity anomalies, with the
contributions from the tropical Indian Ocean SSTAs and
MJO activity anomalies being more important than those
from the PMM.

6. Summary and discussion

Both 2018 and 2021 were years with La Nifia decay, but
there were notable differences in TC activity over the WNP
between the summers of these two years. In summer 2018,
18 TCs were generated, mainly over central and eastern parts
of the WNP, of which 8 made landfall on the coast of China,
both the frequency of genesis and the number of landfalling
TCs were statistically significantly higher than the climato-
logical values. In contrast, only 9 TCs were generated in
summer 2021, primarily concentrated in the western WNP
and the SCS regions, of which 4 made landfall on the coast of
China. Thus, the frequency of TC genesis and the number of
landfalling TCs were markedly lower in 2021 than in 2018.
This work investigated the large-scale environmental con-
ditions, tropical ocean thermal conditions, and low-fre-

40 (b)

=2021 mClimatology
30

20

Frequency

Phase

Frequencies of the MJO at phases 1-8 (red bars) in the summers of (a) 2018 and (b) 2021. Blue bars indicate the climatological frequencies for
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Table 2 Reconstruction of the frequency anomalies of WNP TC genesis
based on the normalized IOBM, PMM, and MJO indices”

Regression coef-

External forcing ficients 2018 2021
I0BM —2.89%* 2.98 —-1.88
PMM 1.14* 1.22 -0.4
MJOs; 1.98%* 3.65 0.29
MIJO,; —1.70%* —0.62 -1.86

a) * reaching the 0.05 significance level; ** reaching the 0.01 sig-
nificance level

quency oscillation activities during these two years to reveal
their possible impacts on the differences in TC activity over
the WNP under a similar background of La Nifia decay.

In 20172018, the tropical Indian Ocean SST showed the
typical response to a Pacific La Nifia event, turning to a cold
anomaly in winter that persisted into the summer of 2018.
Consequently, the WPSH shifted further northeastward in the
summer, the monsoon trough extended eastward to nearly
150°E, convection was active over most of the WNP TC
genesis region, with anomalous low-level convergence and
upper-level divergence, and weak vertical wind shear be-
tween the high and low troposphere, which represent con-
ditions conducive to TC genesis. This led to the notably
higher frequency of TC genesis in summer 2018.

In contrast, the SST evolution in the tropical Indian Ocean
during 2020-2021 did not exhibit the typical response to a La
Nifia event. After a temporary shift to a cold anomaly in
January 2021, it quickly turned to a positive anomaly in
March 2021 and it remained positive into the summer. The
persistent warming of the tropical Indian Ocean caused the
WPSH to be strong and extend further westward in the
summer, and the monsoon trough extended eastward to only
around 135°E. Convection was suppressed over most of the
TC genesis region, with weak low-level convergence and
large vertical wind shear. The region of strong upper-level
divergence was confined to the northeastern Philippines.
Consequently, the frequency of TC genesis was much lower
than normal, and the region of TC genesis was displaced
further northwestward.

Additionally, the PMM index remained in a positive phase
from winter 2017/2018 through to summer 2018, which
excited a low-level anomalous cyclone and an upper-level
anomalous anticyclone over the TC genesis region of the
WNP via the Gill-Rossby wave response. This led to wea-
kened vertical wind shear and enhanced low-level relative
vorticity, promoting TC genesis and development. However,
in 2021, the PMM index turned to a negative phase in Jan-
uary and it remained in that state through the summer,
forming an anomalous anticyclone in the lower troposphere
over the TC genesis region, reducing relative vorticity, and
weakening the monsoon trough, which represented condi-

tions unconducive to TC genesis over the WNP.

Evident differences in MJO activity also existed between
the summers of 2018 and 2021. In summer 2018, the MJO
stagnated in phases 5 and 6 for a prolonged period,
strengthening convection and convergence over the western
Pacific, creating favorable large-scale dynamic conditions
for TC genesis and development. In contrast, the MJO was
mostly in TC-unfavorable phases 2 and 3 during summer
2021, stagnating for 47 days. During this period, the center of
convection was confined to the western Maritime Continent,
while convection activities were suppressed over most of the
WNP region, which was unconducive to TC genesis.

Thus, despite the similar La Nifia background, notable
differences in tropical Indian Ocean SSTAs, the PMM, and
MIJO activity led to the observed differences in the frequency
of TC genesis over the WNP between the summers of 2018
and 2021. Quantitative assessments of the contributions of
these influencing factors indicated that tropical Indian Ocean
SSTA and MJO activity anomalies had greater impact than
the PMM. These findings provide a more reliable reference
for predicting TC activity over the WNP.

In addition to the impacts of ENSO, tropical Indian Ocean
SSTAs, the PMM, and MJO activity analyzed in this work,
other studies have suggested that the thermal state of the
Western Pacific Warm Pool (Chen and Huang, 2008), tro-
pical North Atlantic SSTA (Yu et al., 2016), spring SSTA to
the east of Australia (Zhou and Cui, 2010), and winter-spring
sea ice extent in the North Pacific (Fan, 2007) can also in-
fluence the genesis and development of TCs over the WNP.
Further comparative analyses of analog years and the use of
the Genesis Potential Index could be employed to quantita-
tively diagnose all the external forcing and corresponding
physical processes that affect TC genesis (Gong et al., 2022).
Moreover, the factors and physical mechanisms that affect
the path and landfalling of TCs are also worthy of further
research. These issues will be explored in our future work to
enhance the capability for prediction of WNP TC activity.
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