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Abstract

The present study reveals the fact that the relationship between the spring (April–May) North Atlantic Oscillation
(NAO) and the following summer (June–September) tropical cyclone (TC) genesis frequency over the western
North Pacific (WNP) during the period of 1950–2018 was not stationary. It is shown that the relationship between
the two has experienced a pronounced interdecadal shift, being weak and insignificant before yet strong and
statistically  significant  after  the  early  1980s.  Next  we  compare  the  spring  NAO  associated  dynamic  and
thermodynamic conditions, sea surface temperature (SST) anomalies, and atmospheric circulation processes
between the two subperiods of 1954–1976 and 1996–2018, so as to illucidate the possible mechanism for this
interdecadal variation in the NAO-TC connection. During the latter epoch, when the spring NAO was positive,
enhanced low-level  vorticity,  reduced vertical  zonal  wind shear,  intensified vertical  velocity and increased
middle-level relative humidity were present over the WNP in the summer, which is conducive to the genesis of
WNP TCs. When the spring NAO is negative, the dynamic and thermodynamic factors are disadvantageous for the
summertime TC formation and development over the WNP. The results of further analysis indicate that the
persistence of North Atlantic tri-pole SST anomalies from spring to the subsequent summer induced by the spring
NAO plays a fundamental role in the linkage between the spring NAO and summer atmospheric circulation.
During the period of 1996–2018, a remarkable eastward propagating wave-train occurred across the northern
Eurasian continent, forced by the anomalous SST tri-pole in the North Atlantic. The East Asian jet flow became
greatly intensified, and the deep convection in the tropics was further enhanced via the changes of the local
Hadley circulation, corresponding to a positive spring NAO. During the former epoch, the spring NAO-induced
tri-pole SST anomalies in the North Atlantic were non-existent, and the related atmospheric circulation anomalies
were extremely weak, thereby leading to the linkage between spring NAO and WNP TC genesis frequency in the
following summer being insignificant.
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1  Introduction
The North Atlantic Oscillation (NAO) is the most dominant

atmospheric mode in the North Atlantic region, and can be
manifested by a sea level pressure (SLP) gradient between the
Azores High and Iceland Low (Wallace, 2000). Many studies have
documented the pronounced impacts of the NAO on the atmo-
spheric circulation and climate over East Asia. The wintertime
NAO exerts a significant influence on the East Asian winter mon-
soon (Wu and Huang, 1999), and may affect the precipitation of
the following East Asian summer monsoon (EASM) (Sung et al.,
2006) through the memory of the sea ice and sea surface temper-
ature (SST) (Ogi et al., 2003). Several works have also reported
the robust connection between the EASM and contemporaneous
NAO (Sun et al., 2008; Sun and Wang, 2012). Recently, research-
ers have examined the time-lag relationship between the spring-
time NAO (especially that in late spring) and EASM (Gu et al.,

2009a; Tian and Fan, 2012; Zuo et al., 2012), and have observed
that the maintenance of the tri-pole SST anomalies in the North
Atlantic associated with the spring NAO played a dominant role
in this connection (Wu et al., 2009; Wu et al., 2011; Chen et al.,
2019). Gu et al. (2009b) observed that the spring NAO-EASM rela-
tionship exhibited decadal variations which may be attributed to
the change of anomalous SST pattern over the North Atlantic re-
gion. In addition, Zuo et al. (2012) further emphasized the effect
of former winter NAO-SST anomalies tri-pole coupling mode on
the North Atlantic tri-pole SST anomalies in the spring.

The western North Pacific (WNP) is the region with the most
frequent tropical cyclone (TC) genesis in the entire world. Ap-
proximately one third of the total number of the world’s TCs oc-
cur in this basin (about 27 per year), which exerts disastrous im-
pacts on the life and economy of people living in this region. A
strong understanding of TC variability and its influencing factors  
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may help to improve the seasonal prediction of TC activity, and
thus is of great importance to society. Numerous works have ana-
lyzed the interannual variations of TC activity in the WNP region
(Chen and Tan, 2010; Zhan et al., 2011). Previous studies have re-
vealed that large-scale atmospheric circulation systems may be
linked to the variations of the summertime WNP TC activity, such
as the simultaneous Arctic Oscillation (AO) (Choi and Byun,
2010; Zhou and Zhang, 2018), Antarctic Oscillation (AAO) (Ho et
al., 2005; Wang and Fan, 2007), Asian-Pacific Oscillation (APO)
(Zhou et al., 2008), North Pacific Oscillation (NPO) (Wang et al.,
2007), and NAO (Zhou and Cui, 2014). Evidence has shown that
the preceding atmospheric teleconnection pattern may also serve
as the predictor of TC activity over the WNP in the summer, such
as the spring NPO (Chen et al., 2015), spring AO (Choi et al.,
2012) and NAO in June (Choi and Cha, 2016). However, in view of
the important role of the spring NAO in the East Asian summer
climate, whether or not the spring NAO can influence the TC
genesis frequency over the WNP in the following summer re-
mains poorly identified. Moreover, the aforementioned relation-
ships between the large-scale circulation patterns and WNP TC
activity are unstable, and have undergone significant inter-
decadal variations in the past several decades (Zhou and Cui,
2014; Cao et al., 2015). This raises another interesting question:
does an interdecadal change exist in the relation between the
spring NAO and subsequent summer TC activity?

The main objectives of the present study are to address the
above two issues, and to demonstrate the decadal variations in
the spring NAO-summer TC relationship, so as to provide a bet-
ter understanding of the changes in their interannual relation-
ship may provide important information for the seasonal predic-
tion of WNP TC activity. The remainder of this paper is organized
as follows: The datasets and analysis methods adopted in this
study are described in Section 2. Next, Section 3 presents the ob-
servational evidence for the interdecadal variations of the spring
NAO-summer TC relationship. In Section 4, some possible reas-
ons for the decadal changes are explored, based on the diagnosis
analysis of the spring NAO-associated SST anomalies and the re-
lated physical processes. Finally, a summary of the main results
of this study is given in Section 5.

2  Data and methods
In this study, the six-hourly TC best track dataset over the

WNP region was obtained from the China Meteorology Adminis-
tration (CMA), Tropical Cyclone Data Center. (http://tcdata.typhoon.
org.cn/en/zjljsjj_sm.html). The monthly mean NCEP/NCAR
Reanalysis products are available (including SLP, geopotential
height, zonal and meridional wind, vertical velocity and relative
humidity) at multiple vertical pressure levels from 1 000 to 10
hPa, residing on a 2.5°×2.5° horizontal resolution. The SST data
used here were taken from the HadISST dataset compiled by the
Hadley Centre in the United Kingdom. This dataset is a unique
combination of monthly globally complete fields of SST and sea
ice concentration with a 1° spatial resolution (Rayner et al., 2003).
This study employs the April–May mean NAO index from the Cli-
mate Prediction Center, National Oceanic and Atmospheric Ad-
ministration (CPC, NOAA) (https://www.cpc.ncep.noaa.gov/products/
precip/CWlink/pna/nao.shtml) as the spring NAO index. The
period for all variables spans from 1950 to present. Therefore, we
concentrate our analysis  on the WNP region (0°–40°N,
120°E–180°) during the summer (June–September) when the TC
season is active for the period of 1950–2018. The WNP TC genesis
is defined as the first record of the TC best track data when the
maximum wind speed reaches 18 m/s. The TC genesis frequency

index is defined as the total formation number of TCs during the
summer over the WNP basin. Correlation and regression analys-
is are adopted throughout this study, and statistical significance
is assessed using Student’s two-sided t-tests.

3  Interdecadal variations of spring NAO-summer TC genesis
frequency relationship

In this section, we provide evidence to demonstrate the fact
that the impacts of spring NAO on TC genesis frequency in the
subsequent summer over the WNP during the past several dec-
ades have not been stationary. Figure 1a shows the time series of
normalized spring NAO index and following summer WNP TC
genesis frequency index, both of which are characterized by sig-
nificant interannual fluctuations. The correlation coefficient
between these two indices for the entire period (1950–2018) is
0.29, which is statistically significant at the 95% confidence level
based on the two-sided Student’s t-test. It is noteworthy that the
relationship between these two indices appears to change during
the study period with more opposite-sign values during the 1950s
to late 1970s, yet with more same-sign values since the early
1980s to present. This suggests that the linkage between the
spring NAO and summer TC genesis frequency is unsteady, and
has exhibited interdecadal variations during the past several dec-
ades.

The interdecadal changes in this connection can be more
clearly seen in the sliding correlations between the NAO index
and TC genesis frequency index with a window of 23 years (23-
year) (Fig. 1b). The years displayed in Fig. 1b are labeled accord-
ing to the central year of the 23-year window. It is revealed that
since 1981 (1997) the correlation coefficients are positive and sig-
nificant above the 90% (95%) confidence level, based on the Stu-
dent’s two-sided t-tests after calculating the effective degree of
freedom, due to the reduced freedom degree (Cao et al., 2015).
On the contrary, during the years before 1980 the positive correl-
ations were much more greatly weakened, and before 1967 even
negative correlations were observed. The results here confirm
that the connection between the spring NAO and TC genesis fre-
quency in the following summer over the WNP has exhibited an
interdecadal shift around the early 1980s. The highest correla-
tion coefficient appears in 2007 (i.e., 0.61), representing the cent-
ral year of the 1996–2018 window. The lowest correlation coeffi-
cient occurs in 1965 (i.e., –0.07), corresponding to the window of
1954–1976 (Fig. 1b). As a result, we selected 1954–1976 and
1996–2018 as the two typical periods, with each period contain-
ing 23 years, and in the following sections of this paper we com-
pare the related atmospheric circulations between the two
epochs.

Earlier studies have shown that the TC genesis is controlled
by the large-scale circulation and thermodynamical conditions
(e.g.,Gray, 1968). Climatologically, the WNP monsoon trough ex-
tends along the southwestern periphery of the western Pacific
subtropical high (WPSH), and thus the variations of the mon-
soon trough are closely related to the movement of the WPSH.
Wu et al. (2012) pointed out that a strong WNP monsoon trough
is accompanied by dynamic and thermodynamic factors that are
favorable for the occurence and development of TCs, while a
weak monsoon is not. Therefore, we first compare the NAO-re-
lated summertime horizontal winds at 850 hPa and geopenten-
tial height at 500 hPa in both the former and latter epochs in Fig. 2.
We observed notable differences in both the lower and middle
troposphere between the two periods. During the period of
1996–2018, a low-level cyclonic circulation anomaly was located
in the tropical WNP region, whereas an anticyclonic circulation
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anomaly occupied the region east of Japan (Fig. 2b). This signi-
fies that when the spring NAO is positive, there is an anomalous
cyclone covering the tropics in the following summer, thus lead-
ing to an intensified WNP monsoon trough that is advantageous
for TC genesis (Wu et al., 2012). At 500 hPa, a similar pattern is
found with significant negative values appearing in the South
China Sea and east of the Philippines, while relatively weaker but
positive anomalies are observed to the northeast. This indicates
that the summertime WPSH tends to be much weaker and re-
treats northeastward, corresponding to a positive spring NAO
(Fig. 2d). Therefore, the enhanced WNP monsoon trough com-
bined with the weakened and northeastward shifting WPSH dur-
ing the positve NAO phase is in strong agreement with the in-
creasing total TC genesis number in the subsequent summer
during the period of 1996–2018. In contrast, when the spring
NAO is negative, the WNP monsoon trough becomes weaker
than normal and the WPSH is stronger and extends more south-
westward, both of which are disadvantageous for the summer
TCs formation during the period of 1996–2018. However, during
1954–1976, in comparison, the spring NAO-associated atmo-

spheric circulation anomalies at the lower-level and mid-level at-
mosphere in the following summer are fairly weak and insignific-
ant, thus suggesting that the spring NAO does not have a sub-
stantial influence on the WNP monsoon trough and WPSH in the
following summer (Figs 2a and c). Consequently, the NAO-WNP
TC connection is remarkably weakened in the period of 1954–
1976 compared to 1996–2018.

Many studies have documented that environmental factors,
such as low-level vorticity, middle-level relative humiduty, vertic-
al wind shear and so forth, exert significant impacts on the form-
ation of the TCs over the WNP region (Cao et al., 2015; Zhang et
al., 2018; Zhou et al., 2019). Therefore, we further compare the
differences of the dynamic and thermodynamic conditions
closely associated with TC genesis between the two subperiods.
Figure 3 shows the regressed distributions of the SLP, vertical ve-
locity at 500 hPa, vertical zonal wind shear (between 200 and 850
hPa) and relative humidity (700–500 hPa averaged) anomalies on
the spring NAO index in the two periods. Noticeable differences
can be observed between the two epochs. During the period of
1996–2018, nearly the entire WNP region was dominated by sig-
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Fig. 1.   NAO-TC genesis frequency relationship. a. Normalized time series of the spring (April−May mean) NAO index (black solid
line) and summer (June−September) western North Pacific (WNP) tropical cyclone (TC) genesis frequency index (grey dashed line)
for the period of 1950–2018. b. The 23-year sliding correlations (grey shadings) between the NAO index and TC genesis frequency
index. The horizontal solid and dashed lines in b respectively denote the 95% and 90% confidence levels.
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nificantly below-normal SLP and 500-hPa vertical velocity (Figs 3b
and d). Moreover, the vertical zonal wind shear between 200 and
850 hPa are evidently reduced south of 15ºN, whereas the middle
troposphere relative humidity was greatly enhanced during the
active TC seasons over the tropical WNP (Figs 3f and h). These
results imply that strengthened lower-level cyclonic vortivity, in-
tensified vertical motion, decreased vertical zonal wind shear
and increased relative humidity are present in a positive spring
NAO year, all of which correspond well with the growing number
of summer TC genesis over the WNP during the period of
1996–2018. Nevertheless, during 1954–1976, the anomalous SLP,
vertical motion, vertical wind shear and relative humidity over
the WNP are insignificant (Figs 3a, c, e and g), which is in accord-
ance with the poor linkage between the spring NAO and summer
TCs over the WNP region. As a result, the diagnosis of the large-
scale dynamic and thermodynamic factors over the WNP here
seems to support the fact that the springtime NAO may impose a
much stronger influence on WNP TC genesis frequency in the
following summer during 1996–2018 than 1954–1976.

4  Possible mechanism for change of the spring NAO-summer
TC genesis frequency relationship

In this section, we answer the question of why the spring
NAO-related large-scale atmospheric circulation anomalies over
the WNP in the following summer are different between the two
subperiods. In addition, we investigate the possible mechanism
responsible for the interdecadal change of the spring NAO-sum-
mer TC genesis relationship. Previous studies have shown that
the NAO-induced tri-pole SST anomalies over the North Atlantic
play a crucial role in the time-lag relationship between the
springtime NAO and following EASM (Wu et al., 2011; Zuo et al.,
2012). Accordingly, we plot the correlation patterns between the

spring NAO index and the contemporaneous ones, as well as
subsequent summer SST anomalies for the two epochs (Fig. 4).
During the period of 1996–2018, the spring NAO index is highly
correlated with the spring SST anomalies over most parts of the
North Atlantic Ocean with the apparently warming SST located in
the middle latitudes and cooling SST in the tropics and high latit-
udes, in association with a strong NAO event (Fig. 4b). Addition-
ally, the similar anomalous SST tri-pole pattern could be clearly
seen in the following summer with the warming areas slightly
smaller in size and the cooling areas significantly enlarged
(Fig. 4d). In contrast, during 1954–1976, the spring and summer
SST anomalies related to the spring NAO were almost insignific-
ant throughout the entire North Atlantic region (Figs 4a and c).
The analysis results suggest that there is no robust relationship
between the NAO and North Atlantic SST anomalies in the
former epoch, while the tri-pole SST anomalies pattern is firmly
established in the spring and may persist into the subsequent
summer in the latter epoch.

A previous study by Wu et al. (2011) revealed that the estab-
lishment and development of this tri-pole SST anomaly pattern
may be partially attributed to the variations of the atmospheric
circulation and latent heat flux over the North Atlantic. There-
fore, we examined the climatological circulation field and circu-
lation anomalies from the spring to summer under the impacts of
the spring NAO (Figs 5 and 6). During 1996–2018, the spring NAO
exerted a great impact on the simultaneous 850 hPa wind field.
Above-normal latent heat flux (LHF) anomalies cover the sub-
tropics and the region north of 40°N over the North Atlantic,
where anomalous winds are in the same direction as multi-year
mean winds in the lower troposphere. The below-normal LHF
anomalies are observed along the coast of North America in the
subtropics, which could be attributed to the advection of warm
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Fig. 2.   Regressions of the summer mean 850-hPa winds (vectors: m/s) (a, b) and 500-hPa geopotential height (contours: 1 gpm) (c, d)
on the spring NAO index in 1954–1976 (a, c) and 1996–2018 (b, d). The heavy and light shadings respectively indicate the regions at the
99% and 95% confidence levels.
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air from the south (Figs 5b, d and f). This indicates that, due to
wind-evaporation effects, the western subtropical North Atlantic
absorbs heat from the atmosphere while the ocean releases the
heat into the atmosphere on its poleward and equatorward side,
thereby resulting in the formation of a prominent tri-pole SST an-
omaly pattern during 1996–2018 (Fig. 4b), which closely corres-

ponds with the results of the previous study by Wu et al. (2011).
In the subsequent summer, the NAO-related 850-hPa wind an-
omalies tend to be greatly reduced. The resulted LHF signals are
remarkably weakened with the positive (negative) LHF anom-
alies appearing in the warmer (cooler) western subtropics (trop-
ics and higher latitudes) over the North Atlantic (Figs 6b, d and f).
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Fig. 3.   Regression distributions of the summer mean SLP (contours: 0.2 hPa) (a, b), 500-hPa vertical velocity (contours: 0.3×10–2 Pa/s)
(c, d) , vertical zonal wind shear between 200 hPa and 850 hPa (contours: 0.5 m/s) (e, f) and 700 hPa–500 hPa averaged relative
humidity (contours: 0.6%) (g, h) on the spring NAO index in 1954–1976 (left) and 1996–2018 (right). Zero contour lines are omitted,
and the dashed lines indicate negative values. The heavy and light shadings respectively denote the regions at the 99% and 95%
confidence levels.
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This LHF anomaly pattern suggests the forcing of the SST on the
atmosphere in the summer, and also favors the persistence of tri-
pole SST anomalies, since the anomaly values are weaker than
those in the spring.

However, compared with those in 1996–2018, both the
springtime and summertime atmospheric circulation and latent
heat flux anomalies become much weaker in the former period of
1954–1976 (Figs 5a, c, e; Figs 6a, c and e), which is in agreement
with the hardly significant SST patterns in Figs 4a and c. There-
fore, the diagnosis results of this study support the fact that the
formation and sustenance of the NAO-related tri-pole SST anom-
aly may be attributed to the change of the LHF over the North At-
lantic, thereby leading to a poor (robust) NAO-SST relationship
during 1954–1976 (1996–2018).

It is noteworthy that the climatological summertime lower
tropospheric wind field is characterized by an anticyclone in the

mid-latitudes over the North Atlantic and a cyclone in the sub-
tropical plateau area over Eurasian continent during both the
former and latter epochs (Figs 6a and b). In fact, in order to facil-
itate the further analysis of the atmosphere circulation influ-
enced by the ocean, we calculate the composite differences of the
summertime circulation throughout the troposphere between
the two subperiods. The results show that there are no evident
teleconnection patterns across the North Atlantic-Eurasian con-
tinent (figures not shown). Therefore, the different responses of
the circulation to the North Atlantic SST anomalies (Figs 7 and 8)
in the summer between the periods of 1954–1976 and 1996–2018
may not result from the change in the mean circulation. In order
to better understand large-scale circulation features coupled with
the North Atlantic SST anomalies, further examinations are per-
formed by calculating the summer 200 hPa westerly jet and geo-
potential height anomalies regressed on the summer tri-pole SST
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Fig. 4.     Correlation patterns between the spring NAO index and simultaneous (April–May mean) sea surface temperature (SST)
anomalies (a, b), subsequent summer (June–September mean) SST anomalies in (c, d) 1954–976 and 1996–2018 (b, d). The contour
interval is 0.2. Zero contour lines are omitted, and the dashed lines indicate negative values. The heavy and light shadings respectively
denote the regions at the 99% and 95% confidence levels.
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Fig. 5.   Multi-year mean spring (April–May) mean sea level pressure (SLP, shadings: 2 hPa) and 850-hPa wind field (vectors: m/s) (a,
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index (Fig. 7). The summertime North Atlantic tri-pole SST index
is defined as the normalized difference of the averaged SST in the
above-normal correlation box, minus the sum of the averaged
SST in the two below-normal correlation boxes on each side in
Fig. 4d. Therefore, Fig. 4d illustrates the positive phase of the tri-

pole SST index with warmer SST anomalies in the middle latit-
udes and cooler SST anomalies in both the lower and higher latit-
udes in the North Atlantic Ocean. In Fig. 7b, a remarkable zonal
propagating wave-train can be observed during 1996–2018,
which originates from the North Atlantic toward the North Pa-
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Fig. 6.   Multi-year mean summer (June-September) mean sea level pressure (SLP, shadings: 2 hPa) and 850-hPa wind field (vectors:
m/s) (a, b), regressed summer mean 850-hPa wind anomalies (vectors: m/s) on the spring NAO index (c, d) , correlation patterns
between the summer mean latent heat flux and the spring NAO index (contours: 0.2) (e, f) in 1954–1976 (a, c, e) and 1996–2018 (b, d, f).
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light shadings in Figs c–f respectively denote the regions at the 99% and 95% confidence levels.
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Fig. 7.   Anomalies of the summer mean zonal wind (shadings: 2 m/s) and geopotential height (contours: 5 gpm) at 200 hPa regressed
upon the summer North Atlantic tri-pole SST index for 1954–1976 (a) and 1996–2018 (b), respectively.
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Fig. 8.   Regression distributions of the summer mean vertical motion (shadings: 0.3×10–2 Pa/s) over WNP (120°E–180°) on the summer
North Atlantic tri-pole SST index in 1954–1976 (a) and 1996–2018 (b). The solid and dashed lines respectively indicate the positive and
negative anomalies above the 95% confidence level.
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cific along the northward flank of the westerly jet. The negative
anomalies cover the North Atlantic, Ural Mountain and Sea of Ja-
pan, whereas the positive anomalies are found in the Western
Europe and Lake Baikal regions. Moreover, the East Asian jet
stream seems to be strengthened above the region east of Japan,
which is a result of the anomalous westerlies along the south of
the cyclone centered in the Sea of Japan. During the period of
1954–1976, the above subpolar eastward-propagating telecon-
nection pattern over the northern Eurasian continent becomes
obscure, while the East Asian jet flow tends to be weakened com-
pared with that during 1996–2018 (Fig. 7a).

Next, we further investigate how the anomalous atmospheric
circulation over the extra-tropics in the WNP modulates the TC
activities, especially in terms of the anomalous convection in the
tropical region. Figure 8 shows the regression patterns of the ver-
tical motion anomalies over the WNP (120°E–180°) on the sum-
mer North Atlantic tri-pole SST index for the two subperiods.
During 1996–2018, the local Hadley circulation is characterized
by a distinct descending motion in the subtropics, while signific-
ant ascending motions are observed on its north and south sides,
with the most striking rising branch in the tropics south of 20°N
(Fig. 8b). These observations imply that the deep convection over
the WNP tropical region may be enhanced during the positive
phase of the tri-pole SST anomalies, which is conducive to the
genesis of TCs over the WNP. Conversely, during the period of
1954–1976, the summertime anomalous meridional circulation
over the WNP in relation to the tri-pole SST index becomes evid-
ently reduced. The descending branch in the extra-tropics in the
Northern Hemisphere is extremely weak, and hardly significant.
The ascending branch in the tropics is much weaker and con-
fined below 300 hPa, thereby breaking the linkage of the deep
convection over the WNP and the North Atlantic tri-pole SST pat-
tern (Fig. 8a).

The above analysis suggests that the spring NAO-induced tri-
pole SST anomalies pattern over the North Atlantic, persisting
from spring to the subsequent summer, may have a fundamental
effect in the connection between the spring NAO and summer
upper troposphere jet anomalies in the downstream over the East
Asian region. Previous studies have shown that the East Asian
westerly jet plays an important role as a link between the EASM
and the NAO (Tian and Fan, 2012; Zuo et al., 2012). The results of
the present study further emphasize the fact that the changes in
the local meridional circulation over the WNP may serve as a

bridge in linking the extra-tropical atmospheric signals to those
over the tropical areas. The East Asian jet flow is intensified
(weakened) resulting from an eastward-propagating wave-train
across the northern Eurasian continent forced by the North At-
lantic anomalous SST tri-pole when the NAO is positive (negat-
ive) during the latter epoch. In addition, the jet stream variations
further provide favorable (unfavorable) environmental factors for
TC genesis over the WNP, via the modulations of the local meri-
dional circulation. However, during the former epoch, the spring
NAO-summer TC relationship becomes insignificant, due to the
weak connection between the NAO and the SST anomalies over
the North Atlantic region (Fig. 9).

5  Conclusions
Previous studies have indicated that the summer/June NAO

had a significant influence on the simultaneous/July-August TC
activities over the WNP region (Zhou and Cui, 2014; Choi and
Cha, 2016). Regarding the change of the relationship between
EASM and the preceding spring NAO (Wu et al., 2011; Zuo et al.,
2012), this study presents evidence for an interdecadal change in
the connection between the spring (April–May mean) NAO and
the following summer (June–September) TC genesis frequency
over the WNP, based on the NCEP-NCAR reanalysis data. Due to
the fact that the NCEP-NCAR reanalysis may include some bi-
ases due to the changes in the amount of observational data as-
similated into the reanalysis system (Yang et al., 2002; Wu et al.,
2005), the ERA40 reanalysis is also used to re-examine the NAO-
TC relationship and draw a similar conclusion (Figures not
shown). The results included here demonstrate that the NAO-TC
relationship is weak and insignificant before the early 1980s, yet
strong and significant after the early 1980s.

Next, to explore this interdecadal variation of the spring NAO-
summer TC relationship, we compared the spring NAO-associ-
ated dynamic and thermodynamic conditions, SST anomalies
and physical processes between the two subperiods of 1954–1976
and 1996–2018. During the latter epoch, a pronounced cyclonic
anomaly appeared in the tropical WNP region, and the WPSH
tended to be much weaker in the summer when the spring NAO
was positive. The strengthened monsoon trough resulted in an
intensified low-level vorticity, decreased vertical wind shear, in-
creased vertical velocity, and enhanced mid-level relative humid-
ity, all of which were advantageous for TC formation and devel-
opment over the WNP region. On the contrary, when the spring

tri-pole SST wave train westerly jet 

WNP TCs

formation 

NAO

1954-1976

1996-2018

 

Fig. 9.   Physical sketch-map of the responses of the tri-pole SST anomalies to the spring NAO, and their impacts on the formation of
the TCs over the WNP region in the following summer during the period of 1954–1976 (dashed-line arrows) and 1996–2018 (shaded
arrows).
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NAO was negative, the monsoon trough was weakened with the
intensified WPSH extending southwestward, thereby leading to a
higher SLP, stronger vertical wind shear, weaker vertical motion,
and reduced relative humidity, which suppressed the TC genesis
frequency during the summer. During the former epoch, the
spring NAO-related large-scale environmental factors anomalies
were hardly significant in the summer over the WNP region,
thereby confirming the weak phase of the spring NAO-summer
TC relationship.

The atmospheric circulation responses in the WNP in the fol-
lowing summer can be attributed to the maintenance of the
North Atlantic tri-pole SST anomalies pattern induced by the
spring NAO. During the period of 1996–2018, the anomalous tri-
pole SST pattern was highly established, and may have persisted
into the following summer due to wind-evaporation effects. The
East Asian westerly jet at the upper troposphere was enhanced,
corresponding to a positive spring NAO via a tri-pole SST-associ-
ated teleconnection wave-train over the subpolar region from the
North Atlantic to the North Pacific. Through the variations of the
local Hadley circulation, the deep convection in the tropical WNP
was further strengthened, resulting in an increasing total TC gen-
esis number over the WNP. This can effectively explain the in-
phase linkage between the spring NAO and TC genesis fre-
quency over the WNP in the following summer during 1996–
2018. In comparison, during 1954–1976, the NAO-induced North
Atlantic SST anomalies tri-pole was inconspicuous, thereby res-
ulting in an insignificant influence of the spring NAO on the fol-
lowing summer circulation anomalies and TC genesis frequency
over the WNP basin.
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