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Abstract The tropical cyclone genesis number (TCGN)
in July—October (JASO) over the western North Pacific
(WNP) exhibits a robust interannual variation. It shows a
longitudinally tri-pole pattern with a high in the eastern
WNP and South China Sea (SCS) and a low in the western
WNP, which explain 42.2 and 23.4 % of total TCGN vari-
ance in the eastern WNP and SCS, respectively. The high—
low-high pattern is similar to that derived from a TC gen-
esis potential index (GPI). To understand the cause of the
longitudinal distribution of the dominant interannual mode,
we examine the contributions of environmental parameters
associated with GPI. It is found that relative humidity and
relative vorticity are important factors responsible for TC
variability in the SCS, while vertical shear and relative
vorticity are crucial in determining TC activity in eastern
WNP. A simultaneous correlation analysis shows that the
WNP TCGN in JASO is significantly negatively corre-
lated (with a correlation coefficient of —0.5) with sea sur-
face temperature anomalies (SSTA) in the tropical North
Atlantic (TNA). The longitudinal distribution of TC gen-
esis frequency regressed onto TNA SSTA resembles that
regressed upon the WNP TCGN series. The spatial patterns
of regressed environmental variables onto the SSTA over
the TNA also resemble those onto TCGN in the WNP, that
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is, an increase of relative humidity in the SCS and a weak-
ening of vertical shear in the eastern WNP are all associ-
ated with cold SSTA in the TNA. Further analyses show
that the cold SSTA in the TNA induce a negative heating
in situ. In response to this negative heating, a low (upper)-
level anomalous aniti-cyclonic (cyclonic) flows appear over
the subtropical North Atlantic and eastern North Pacific,
and to east of the cold SSTA, anomalous low-level wester-
lies appear in the tropical Indian Ocean. Given pronounced
mean westerlies in northern Indian Ocean in boreal sum-
mer, the anomalous westerly flows increase local surface
wind speed and surface evaporation and cool the SST in
situ. Cold SSTA in northern Indian Ocean further suppress
local convection, inducing anomalous westerlies to its east,
leading to enhanced cyclonic vorticity and low surface
pressure over the WNP monsoon trough region. Idealized
numerical experiments further confirm this Indian Ocean
relaying effect, through which cold SSTA in the tropical
Atlantic exert a remote impact to circulation in the WNP.

Keywords Tropical North Atlantic SST - Tropical
cyclone genesis in the western North Pacific -
Teleconnection

1 Introduction

The western North Pacific (WNP) is the most frequent trop-
ical cyclone (TC) genesis region in the globe. The summer
mean circulation in the WNP has some unique features. For
example, the WNP is the region of the greatest warm pool
in boreal summer, with averaged sea surface temperature
(SST) >29 °C. The low-level circulation is characterized by
a confluent zone between the monsoon westerlies and the
trade easterlies. The low-level convergence zone overlaps
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with maximum cyclonic vorticity and deep convection,
forming the WNP monsoon trough under which many per-
turbations grow. The mean flow feature differs distinctively
from that in the North Atlantic (NA, Peng et al. 2012, Fu
et al. 2012), where there is no monsoon trough. In addi-
tion to the mean flow, perturbation types that trigger cyclo-
genesis are also different between the two basins. In NA
major perturbations are African easterly waves, whereas in
WNP precursor perturbations include TC energy dispersion
induced Rossby wave trains (Li and Fu 2006), northwest—
southeast oriented synoptic wave trains (Lau and Lau 1990,
Li 2006), and Pacific easterly waves (Fu et al. 2007).

In addition to a marked annual cycle, TC genesis num-
ber (TCGN) in the WNP basin experiences a strong inter-
annual variation (Wang and Chan 2002; Chen et al. 2006).
Many previous studies focused on the interannual variation
of TCGN in the WNP during TC peak season (July—Octo-
ber) in relation with ENSO. There is a general consensus
that ENSO affects the location of TC formation in the
WNP. However, the coefficient between total genesis num-
ber in the WNP and ENSO index is statistically insignifi-
cant (Chia and Ropelewski 2002; Lander 1993; Li 2012).
A significant correlation was only found when separating
El Nifio into developing and decaying phases in TC season
from May to October (Du et al. 2011; Li 2012). It has been
shown that during the El Nifio developing phase, TC gen-
esis location is shifted more to the southeastern quadrant
of the WNP basin (Chan 2000; Wang and Chan 2002; Chen
et al. 2006; Frank and Young 2007), even though total TC
number undergoes little change. A significant decrease of
TCGN occurred in the WNP during the El Nino decaying
summer (when the Nifio indices are about normal). The
marked reduction of TCGN during the El Nifio decaying
summer is primarily attributed to the weakening of the
WNP monsoon, which is caused by both the local air-sea
interaction (Wang and Li 2003) and remote SST forcing
from the tropical Indian Ocean (Wu et al. 2009, 2010; Du
et al. 2011).

Most of the previous studies focused on the role of the
sea surface temperature anomalies (SSTA) in the tropi-
cal Pacific (e.g., Wang and Chan 2002) and Indian Ocean
(Zhan et al. 2011), less attention is paid on the effect of the
Atlantic SST on the WNP TCs. On a longer timescale, it
has been shown that the Atlantic Multi-decadal Oscilla-
tion (AMO) (Kushnir 1994; Sutton and Hodson 2005) may
exert a remote forcing onto the tropical Pacific. This tele-
connection process is transmitted through either an atmos-
pheric bridge (Dong and Sutton 2007) or the global oceanic
wave adjustment (Timmermann et al. 2005). For example,
Timmermann et al. (2005, see their Fig. 1) suggested that
Kelvin waves triggered by a density perturbation in the
Atlantic may propagate around African Coast via the form
of coastal Kelvin waves and then propagate across the
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Fig.1 a Time series of TCGN in the WNP during JASO and b lon-
gitudinal distribution of regressed TCGN between 10°-25°N at each
2.5 longitude upon the total TCGN series shown in Fig. la. Regressed
coefficients (unit: TC) shown in Fig. 1b represent TCGN variation in
each longitude per standard deviation of the total TCGN

equatorial Indian Ocean and Maritime Continent/Australia
via the form of equatorial/coastal Kelvin waves. A few of
recent studies suggested some mechanisms about the influ-
ence of the Atlantic SSTA on El Nifio/La Nifia event. For
example, Wang et al. (2011) suggested that the response
to the SSTA in the North Atlantic is likely to be conveyed
through the Eurasian Continent via the East Atlantic (EA)/
West Russia (WR) teleconnection pattern. Ding et al.
(2012) and Ham et al. (2013) suggested that the posi-
tive tropical Atlantic SSTA might induce a La Nifia event
through induced tropical or subtropical wind anomalies
in the eastern Pacific. Rong et al. (2010) showed that the
SSTA in the tropical Atlantic can affect the WNP monsoon
through induced equatorial Kelvin waves that spread from
the source region into the tropical Indian Ocean and west-
ern Pacific. The atmospheric response to SSTA in tropical
North Atlantic (TNA) appears strongest in boreal summer
(Sutton and Hodson 2007).

The objective of this study is to reveal the role of the
Atlantic SSTA in causing the interannual variation of
TCGN in the WNP during the TC peak season (July—Octo-
ber). As we will demonstrate, maximum simultaneous cor-
relation between the TCGN in the WNP and SSTA occurs
in the TNA, not in the western Pacific or Indian Ocean.
Given such an observed feature, we further investigate
mechanisms through which the Atlantic SSTA affects the
WNP TCGN. For the dominant interannual mode of the
WNP TCGN, a particular focus is on its longitudinal dis-
tribution and the relative contribution of environmental
parameters to such a distribution. The remaining part of the
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paper is organized as follows. In Sect. 2 we introduce the
dataset and methodology used. Section 3 analyzes the lon-
gitudinal distribution of the dominant interannual mode of
WNP TCGN and the relative role of environmental param-
eters in determining the longitudinal distribution of the
dominant TCGN mode. The relationship between the inter-
annual variation of TCGN in the WNP and global SSTA is
presented in Sect. 4. In Sect. 5 we propose possible mecha-
nisms through which SST anomalies in the tropical Atlantic
affect the TC activity in the WNP. Finally, a summary and
discussion are given in Sect. 6.

2 Data and methodology
2.1 Observational data

Six-hourly TC best track data over the WNP (0°—40°N,
100°E~180°, including the western North Pacific and the
South China Sea) are obtained from the Joint Typhoon
Warning Center (JTWC, downloaded from http://www.
usno.navy.mil/NOOC/nmfc-ph/RSS/jtwc/best_tracks/).
The analyses will cover a 40-year period from 1970 to
2009, given that the base track data are much more reli-
able after 1970 when satellite observations became avail-
able (Zhao et al. 2014). To minimize the subjectivity in
identifying weak systems, only TCs that reach tropical
storm intensity (with maximum sustained 1-m winds
reaching 17.2 m s~!) or above are included in the anal-
yses. TC genesis frequency in the WNP shows a pro-
nounced annual cycle with a peak in August. The current
analyses will focus on the peak TC season from July to
October (JASO), in which about 70 % of the total TCs
occur.

Monthly mean SST data are from the Hadley Centre
interpolated SST dataset with 1° spatial resolution (Had-
ISST1; Rayner et al. 2003). All monthly mean atmospheric
data are derived from the National Centers for Environmen-
tal Prediction (NCEP)/National Center for Atmospheric
Research (NCAR) reanalysis (Kalnay et al. 1996), which
has a horizontal resolution of 2.5° longitudes by 2.5°
latitudes at 17 (8 for humidity) pressure levels. NOAA
monthly mean outgoing long-wave radiation (OLR) dur-
ing 1974-2009 is used to represent large-scale convective
heating in the tropics. The linear trends of TCGN and other
variables are removed prior to the analyses.

2.2 Methodology

The genesis potential index (GPI) developed by Ema-
nuel and Nolan (2004) has been widely used to estimate
the model TCGN based on large-scale dynamic and ther-
modynamic fields (e.g., Camargo et al. 2007, 2009). To

quantitatively assess the relative contributions of different
environmental parameters, we follow a partial derivative
method developed by Camargo et al. (2007) and Li et al.
(2013). The GPI may be written as.

GPI = Terml x Term2 x Term3 x Term4, (1)

where Terml = IlOSr/I3/2, Term2 = (H/50)3, Term3 =
(Vpot/70) 3, Term4 = (1 + 0.1Vshear) ™2, 1 is the absolute
vorticity at 850 hPa (in 107> s™!), H is the relative humid-
ity at 600 hPa in percent, V, is the TC maximum potential
intensity (in m s~') defined by Emanuel (1987, 1988),

Ts Cy
Vpor = {| = —~[CAPE* — CAPE],, 2)
To Cp

where T is the SST; T, is the outflow layer temperature; C,
is the exchange coefficient for enthalpy; C,, the drag coef-
ficient; here we take g—l") = 0.8. CAPE" is the convective
available potential energy of air saturated at SST and lifted
from sea level in reference to the environmental sounding,
and CAPE is that of boundary layer air. The subscript “m”
indicates the values evaluated near the radius of maximum
wind. V... is the magnitude of the vertical wind shear
between 850 and 200 hPa (in m s~ ).

Following Li et al. (2013), the relative contributions of
each individual term to the total GPI change may be written
as

SGPI = a16Term]l + axdTerm?2 + azdTerm3 + ogdTerméd
3)

where coefficients o, o,, o3 and ¢, may be approximately
determined based on the following method:

o1 = Term2 - Term3 - Term4
oy = Terml - Term3 - Term4
a3 = Terml - Term2 - Term4
oy = Terml - Term?2 - Term3

In the equation above, a bar denotes a time average for
JASO in 1970-2009. The term with 3 can be its anomaly or
regression value.

2.3 Model

The atmospheric general circulation model (GCM) used
in this study is the ECHAM4 (Roesch et al. 2001), which
employs a spectral dynamic core. We use a version with tri-
angular truncation at zonal wavenumber 42 (T42; equiva-
lent to 2.85° horizontal resolution) and 19 sigma levels in
the vertical.
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The ECHAM4 is forced with the observed monthly
climatology of SST and sea ice. A 20-year run with this
SST forcing is regarded as a control simulation. We con-
ducted two sets of sensitivity experiments. In the first
set, we specify the regressed SSTA patterns in the TNA
(0-30°N, 80°W-0°) and/or the tropical Indian Ocean
(TIO, 20°S-20°N, 40°-90°E). In the second set, an ideal-
ized (ellipse shape) SSTA pattern with the amplitude of the
SSTA magnified (twice as large as the regressed) is speci-
fied in the two basins. Each set includes three experiments:
SST anomalies are confined in TNA, TIO, and both TNA
and TIO, respectively.

3 Longitudinal distribution of the WNP dominant
interannual TCGN mode

Figure 1a shows the time series of TCGN in JASO over the
WNP from 1970 to 2009. It exhibits a marked interannual
variation. The average number is 17.8 TC year~!. During
the 40-year period, the TCGN in the WNP does not show
a significant long-term trend. In fact, the linear trend only
contributes 0.5 % to the total variance.

To examine the longitudinal distribution of the dominant
interannual mode of TCGN in the WNP, we calculated the
longitudinal pattern of TC genesis frequency in the band of
10°-25°N regressed against the time series shown in Fig. 1a,
and the regression coefficients (indicating the TCGN vari-
ation in each longitude per standard deviation of the total
TCGN) are shown in Fig. 1b. It is interesting to note that
there is a marked longitudinal variation, with two peaks in
110°-120°E and 140°-170°E and a low in 120°~140°E. This
implies that during a high TCGN year, majority of TC genesis
occurs over the South China Sea (SCS, 100°-120°E) and the
eastern WNP (EWNP, 140°E-180°) while there is much less
TC activity over the western WNP (WWNP, 120°-140°E).
The regressed regional TCGNs over the SCS and EWNP
explain 23.4 and 42.2 % of total TC variance at a 99 % con-
fidence level, respectively. The regressed TCGN over the
WWNP, on the other hand, explains only a very small portion
of total variance and is not statistically significant.

A natural question is what causes the longitudinal dis-
tribution of interannual TCGN variability in the WNP.
Changes in TC genesis frequency are closely related to
changes in the large-scale environmental variables such

EGPINTIOT2ETI BT4

SCS WWNP EWNP

Fig. 2 Regional GPI regressions onto total TCGN in the WNP and
the relative contributions to the GPI changes of four environmental
parameter terms, «; dTerm1 (denoted as T1), o, §Term2 (denoted as
12), a5y 8Term3 (denoted as 73) and o, §Term4 (denoted as 74) aver-
aged over SCS (100°-120°E, 10°-25°N), WWNP (120°-140°E, 10°-
25°N) and EWNP (140°-170°E, 10°-25°N)

as SST, relative humidity in the mid troposphere (e.g., at
600 hPa), relative vorticity in the lower troposphere (e.g.,
at 850 hPa), potential intensity and the magnitude of verti-
cal wind shear between 200 and 850 hPa. So far a few TC
genesis indices have been suggested based on above envi-
ronmental parameters (e.g., Gray 1968; Royer et al. 1998;
Emanuel and Nolan 2004). While these indices are in gen-
eral good in reproducing the annual cycle of TC number in
different basins (Menkes et al. 2012), they have less capa-
bility in capturing interannual TC variability. Among them,
the GPI of Emanuel and Nolan (2004) is used most widely.
Camargo et al. (2007) showed that this index did a good
job in reproducing TC variability linked to ENSO. Because
of that, in the current analysis we use this index. We calcu-
lated box-averaged GPIs against the time series of TCGN
over the WNP during JASO (shown in Fig. 1a) for the three
regions (SCS, WWNP and EWNP). They reflect the inter-
annual variation of regional GPI associated with the TCGN
over the WNP. As shown by red bars in Fig. 2, the GPIs
well capture the longitudinal distribution of the dominant
TCGN mode with positive GPI anomalies in EWNP and
SCS and negative GPI anomalies in WWNP.

The relative contributions of different terms to the GPI
changes were computed based on Eq. (3) and the results
are shown in Fig. 2. Note that the contributions of the four
terms to the GPI changes differ among three sub-regions.

Table 1 Area-averaged value

> Area 3GPI a,8Term1 a,8Term2 a;8Term3 a,8Term4
of 3GPI and four environmental
terms in three sub-regions, SCS,  gcg 0.12  0.14 (+116 %) 0.53 (+441 %) —0.25 (—208 %) 03
WWNP and EWNP, regressed (=250 %)
inst the TCGN ti i
ff?irz‘; lae 1me senes WWNP  —1.05  022(=21%) —0.98 (+93 %) —0.31 (+30 %) 0.02 (=2 %)
EWNP 072 0.45(+63 %) —0.82 (=114 %) 0.00 (0 %) 1.08 (150 %)

Number in bracket denotes the percentage contribution of each term to the GPI change at each sub-region
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Fig. 3 Horizontal distribution of a regressed relative vorticity (unit:
107 s~ and wind vector (unit: ms™!, only the values at the 95 %
confidence level or higher are shown) at 850 hPa, b relative humidity
at 600 hPa (unit: %), ¢ potential intensity (ms™") and d vertical wind

The first term «;67erm1 (which is associated with environ-
mental absolute vorticity at 850 hPa) is all positive across
all three areas, with the largest value in EWNP. The second
term «,67erm2 (which is associated with environmental
relative humidity) is positive in SCS but negative in other
two areas. The third term o;87erm3 (which is associated
with the environmental potential intensity) is negative in
SCS and WWNP and near zero in EWNP. The fourth term
a,8Term4 (which is related to the environmental vertical
shear effect) exhibits a large positive value in EWNP, a
negative one in SCS and near zero in WWNP.

Table 1 shows the quantitative assessment of the four
terms that contribute to the GPI changes over the three
sub-regions. In EWNP, the GPI increase (+0.72) is attrib-
uted to the net effect of environmental vertical wind shear
(contribution to GPI change: +1.08) and absolute vor-
ticity (contribution to GPI change: 0.45) that overwhelm
the environmental water vapor effect (contribution to GPI
change: —0.82). This result is consistent with Liu and
Chan (2013), who found that enhanced vertical wind shear
is responsible for decreased TC frequency in the eastern
part of the tropical WNP during a TC inactive period. Here
we provide a quantitative assessment, that is, even though
the vertical wind shear plays an important role, it alone is
not enough. The vertical shear needs to work together with
absolute vorticity to overcome the humidity effect.

shear (unit: ms™!) against the TCGN series shown in Fig. la. The
shading region is at 95 % confidence level or higher for contour. Rec-
tangles from left to right represent SCS, WWNP and EWNP regions

A large decrease of GPI (—1.05) occurs in WWNP. The
key process responsible for such a large negative value is
attributed to the decrease of the mid-level atmospheric rela-
tive humidity. This environmental factor plays a dominant
role in the region and it alone counts for 93 % of the total
decrease of GPI (Table 1). This is consistent with Camargo
et al. (2007), who found that diminished relative humidity
is responsible for decreased TC frequency in the western
part of the tropical WNP during El Nifio. The environmen-
tal absolute vorticity (+0.22) is approximately compen-
sated by the potential intensity effect (—0.31) in the region.
In contrast to EWNP, the vertical wind shear in WWNP has
little effect to the change of GPL

The increase of GPI (40.12) in SCS is primarily attrib-
uted to the effects of atmospheric relative humidity (contri-
bution to GPI change: 4-0.53) and absolute vorticity (con-
tribution to GPI change: 40.14), while both the potential
intensity (contribution to GPI change: —0.25) and vertical
wind shear (contribution to GPI change: —0.3) have an
opposite effect. The result indicates that the environmen-
tal relative humidity plays a dominant role in causing the
interannual variability of TC genesis frequency in SCS.

The diagnosis result above is consistent with the longitu-
dinal distribution of regressed individual fields as shown in
Fig. 3. In the band of 10°-25°N, cyclonic vorticity anoma-
lies dominate over all three WNP sub-regions. The relative
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Fig. 4 Spatial distribution of 60N
correlation coefficients between
TC genesis frequency in the
WNP and SSTA in 60°S—-60°N
during JASO. The shadings
indicate the correlation coef-
ficients significant at a 0.05 EQ
significance level, the square i
(80°-20°W, 5°-30°N) is a
selected region with significant
correlation, where SST aver-
aged indicate an index of tropi-
cal North Atlantic
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208 1

s Y
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humidity has a positive anomaly over SCS and in far east-
ern WNP and a negative anomaly in between. Only the
region near SCS exceeds 0.05 significant level. The poten-
tial intensity has overall negative values, implying that
this environmental factor tends to prevent cyclogenesis in
almost all WNP region. However, the influence of potential
intensity is weak, which is consistent with previous stud-
ies (Wang and Chan 2002; Camargo et al. 2007). Indeed,
the potential intensity reflects effects of SST and Wang
and Chan (2002) suggested that there is almost no relation-
ship between local SST and TC genesis over the WNP. The
vertical shear field shows a large negative center in EWNP
(which exceeds 0.05 significant level), indicating a marked
reduction of background vertical wind shear there.

To summarize, the overall contribution to the high—low—
high longitudinal distribution shown in Fig. 1b arises from
environmental relative humidity and vertical shear. A domi-
nant factor that contributes to a positive (negative) GPI in
SCS (WWNP) is the relative humidity, whereas a dominant
factor that contributes to a positive GPI in EWNP is the
vertical shear.

4 Relationship between anomalous TCGN
in the WNP and global SSTA

The El Nifio-South Oscillation (ENSO) is a major driver
of climate variability on interannual time scales, but the
simultaneous correlation between TCGN in the WNP and
ENSO indices is low (Li 2012). This motivates us to exam-
ine the simultaneous correlations between the TCGN in
JASO and the global SSTA to find out key regions where
the SSTA may be significantly correlated with TC genesis
frequency over the WNP.

Figure 4 shows the distribution of the simultaneous cor-
relation coefficient between the TCGN over the WNP and
the global SSTA in JASO (with a linear trend removed). It
is interesting to note that the largest region with significant
negative correlations that exceed a 95 % confidence level
appears in the TNA around 80°-20°W, 5°-30°N. A smaller
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Fig. 5 a Time series of normalized TNAI (solid line) and TCGN
in the WNP (dashed line), the dot lines are the value of 1 and —1,
respectively; b coherence spectrum between the TCGN and TNAI
time series. Dashed line in (b) denotes a 95 % confidence level

region with also a significant negative correlation appears
over the tropical Indian Ocean. A weak dipole correlation
pattern occurs in the tropical WNP.

To investigate the relationship between TC activity in
the WNP and TNA SST anomalies, we constructed a tropi-
cal North Atlantic Index (TNAI) by averaging SSTA over
5°-30°N, 80°-20°W during JASO and multiplying —1 to
the averaged SSTA. Adding a negative sign is to reflect the
negative correlation between TCGN and SSTA in TNA, so
that a positive value of TNAI corresponds to the increase of
TCGN in the WNP.

Figure 5a shows normalized TNAI and TCGN time
series. The correlation coefficient between the two time
series is 0.50, exceeding a 99 % confidence level. In the fol-
lowing we will conduct both the regressed and composite
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analyses. For the composite analysis, the high (low) cases
are defined when TNAI exceeds one (negative one) stand-
ard deviation. Twelve high TNAI years were selected in
total: 1974, 1982, 1984, 1986, 1991, 1992, 1993, 1994,
1996, 2000, 2002 and 2007. Twelve low TNAI years were
selected in total: 1970, 1976, 1979, 1980, 1981, 1987,
1995, 1997, 1998, 2003, 2004, and 2005. The averaged
TCGN during JASO in the high (low) TNAI years is 21.3
(15.8) over the WNP. The average difference, between the
high and low TNAI years is 5.5 TC year~! which is signifi-
cant at a 0.05 significant level, implying that a cold tropical
North Atlantic Ocean favors more frequent TC genesis over
the WNP.

A cross spectrum analysis shows that the dominant
coherence periodicity between the TCGN and TNAI
appears in the interannual band (Fig. 5b). The most sig-
nificant peak for both the indices appears at about 3 years,
which exceeds a 95 % confidence level. This timescale is
essentially of ENSO frequency, which may be related to
some 6-month delayed influence of ENSO as will be dis-
cussed in Sect. 6. The significant correlation and the coher-
ence spectrum peaks between the TCGN and TNAI give us
confidence to further investigate the effect of TNA SSTA
on the TC activity in the WNP.

We first examine the longitudinal distribution of
regressed TC frequency against the TNAI time series. The
corresponding longitudinal pattern (solid curve in Fig. 6,
regression coefficients represent the TCGN variation in
each longitude per standard deviation of the TNAI series)
in the band of 10°-25°N in general resembles that shown
in Fig. 1b except for a relatively large difference between
135°E and 145°E. The difference between solid and dashed
curves implies that other factors (e.g., land-sea thermal con-
trast, higher-frequency variability) besides the SSTA may
influence the longitudinal distribution of TCGN. We also
calculated the relative contributions of four environmental
parameter terms to the GPI changes regressed against the
TNALI time series. The overall result (not shown) is quite
similar to Fig. 2.

Next we examine the patterns of environmental vorti-
city, relative humidity, potential intensity and vertical shear
regressed against the TNAI series (Fig. 7). It is interesting
to note that in association with a high TNAI or cold SSTA
over the TNA, cyclonic vorticity anomalies appear over
most of the WNP cyclogenesis region. The relative humid-
ity field is dominated by a high—low—high pattern, with an
increase (decrease) of relative humidity in SCS and EWNP
(WWNP). The potential intensity has overall negative val-
ues in the WNP. As shown in next section, this feature is
consistent with the regressed SST pattern, which shows
dominant local negative SST anomalies in the region. In
most of the regions, the regressed potential intensity field
does not exceed a 95 % confidence level. The vertical shear
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Fig. 6 Longitudinal distribution of TC genesis frequency in the band
of 10°-25°N regressed against the TNAI series (solid line). Regressed
coefficients (unit: TC) represent TCGN variation in each longitude
per standard deviation of the TNAI For comparison, the longitudi-
nal distribution regressed against the TCGN series is also plotted here
(dashed line same as that shown in Fig. 1b)

field shows an east-west asymmetry, with reduced vertical
shear in EWNP (exceeding a 95 % confidence level). The
spatial patterns of the environmental variables regressed on
TNAI resemble those regressed on TCGN shown in Fig. 3.
A pattern correlation coefficient between relative vorticity
at 850 hPa, relative humidity at 600 hPa, potential intensity
and vertical shear in Figs. 3 and 7 are 0.65, 0.74, 0.77 and
0.77, respectively.

The analysis above suggests that the tropical Atlantic
SSTA may remotely affect the TC activity over the WNP
through the change of environmental vorticity, vertical
wind shear and relative humidity. In the next section we
will investigate possible processes through which the tropi-
cal Atlantic Ocean remotely affects circulation in the WNP.

5 Processes through which tropical Atlantic SSTA
affect TCs in the WNP

To examine specific processes through which the tropical
Atlantic SST anomalies influence western North Pacific TC
activity, we first conducted a regression analysis against the
TNALI time series. We made regressions of atmospheric and
oceanic variables against the TNAI series during JASO to
indentify the processes linking negative SSTA in the TNA
and the TCGN variation over the WNP. The regressed
results reflect atmospheric and oceanic responses to the
negative SSTA in the TNA.

Figure 8 shows the SST and OLR anomalous patterns
regressed upon the TNAI time series during JASO. As
expected, the TNA is characterized by large-scale negative
SSTA. It is interesting to note that there are significant neg-
ative SSTA in the North Indian Ocean (NIO). Accompanied
with the negative SSTA over the TNA and NIO, there are
suppressed convective activity with the large positive OLR
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Fig. 7 Same as Fig. 3 except for regression on the TNAI series during JASO

Fig. 8 Regressed SST (shad-
ing, unit: °C, only the values
at the 95 % confidence level
or higher are shown) and
OLR (contour, unit: Wm™?2) in
1974-2009 against the TNAI
during JASO
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anomalies. This indicates that in both the regions it is the
ocean that drives the atmosphere. Then a question arises as
what causes the cooling in northern Indian Ocean?

We hypothesize that the cooling in NIO is a result of
TNA SSTA forcing. The cooling associated with weaker
convection in TNA leads a low-level anticyclonic flow
(Fig. 9a) and an upper-level cyclonic flow (Fig. 9b) over the
subtropical North Atlantic and eastern Pacific. Meanwhile,
westerly wind anomalies to the east of TNA are generated
as a Gill-type Kelvin wave response to the anomalous neg-
ative heating (Gill 1980). Given pronounced mean wester-
lies in NIO in boreal summer, anomalous westerly flows in
response to the Atlantic cold SSTA may increase the local
surface wind speed and thus surface evaporation and verti-
cal ocean mixing, which cool the SST in situ. The connec-
tion between the tropical Atlantic and Indian Ocean is sup-
ported by coupled ocean—atmosphere model experiments
of Wang et al. (2009), who investigated the response of
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the Indian Ocean SSTA to the tropical Atlantic SSTA forc-
ing in JJAS and found that warm SSTA were induced in
the tropical Indian Ocean due to decreased evaporation in
response to warm SSTA forcing over the tropical Atlantic.

What is the effect of the NIO SSTA in connecting the
Atlantic SSTA and circulation anomalies in the WNP? The
cold SSTA in NIO may further suppress local convection,
inducing anomalous low-level westerly to its east. The
enhanced westerlies in the WNP monsoon trough region
can further strengthen the low-level cyclonic vorticity and
boundary-layer moisture convergence, leading to a stronger
monsoon. Through this Indian Ocean relaying effect, the
tropical Atlantic SSTA may exert a remote impact to the
mean monsoon circulation and thus TC activity in the
WNP.

One may wonder whether it is possible that TNA SSTA
can exert a remote forcing effect all the way to the western
Pacific without the help of the NIO SSTA. To address this
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Fig. 9 Regressed a 1000 hPa

wind (unit: ms™!) and surface
level pressures (contour, unit:
Pa) and b 200 hPa wind (unit:
ms~") and 500 hPa vertical
velocity (contour, unit: Pa s7h
against the TNAI during JASO.
The shading represents the
region of 95 % confidence

level or higher for the contour.
For wind vectors, only regions
higher than 90 % confidence

level are plotted

question, we conducted a series of numerical experiments
using ECHAM4 T42. In a control experiment, the GCM is
forced by climatologic annual cycle SST. In the first sen-
sitivity experiment, a negative SST anomaly derived from
the regression shown in Fig. 8 in the TNA was added to
the climatologic annual cycle SST field. The difference
between the sensitivity and control experiments shows
the atmospheric response to the specified cold SST anom-
aly. The numerical result showed that the westerly wind
response to the negative SSTA in the tropical Atlantic
Ocean cannot penetrate all the way into the tropical west-
ern Pacific. The most pronounced low-level wind response
is confined in the western Indian Ocean (Fig. 10a). This
indicates that TNA forcing alone is not sufficient to
directly influence the circulation in the WNP which are
shown in Fig. 9.

In the second sensitivity experiment, both the tropical
Atlantic and Indian Ocean SST anomalies are specified.
As expected, the cold SSTA in NIO suppress local convec-
tion. In response to the negative heating anomaly in the
NIO, pronounced low-level westerly anomalies appear over
the WNP monsoon trough region (Fig. 10b). The westerly
anomalies induce anomalous cyclonic shear and a posi-
tive relative vorticity anomaly to the north of the maximum
zonal wind anomaly (Fig. 10b), leading to an enhanced
Ekman pumping and boundary layer convergence in the
WNP (Wu et al. 2009, 2010). The enhanced low-level
cyclonic vorticity and enhanced boundary moisture con-
vergence further strengthen the WNP monsoon trough. The
enhanced monsoon cyclonic vorticity and the weakened
vertical shear favor TC genesis over eastern WNP. The
numerical model results support the Indian Ocean relaying
hypothesis.

R

2

In the third sensitive test, a negative SST anomaly
derived from the regression shown in Fig. 8 in the Indian
Ocean was added to the climatologic annual cycle SST
field. The numerical result shows that the Indian Ocean
cold SST excites a baroclinic Kelvin wave of the same sign
as the cold TNA SST does to the east of Indian Ocean in
the tropical Pacific, a Rossby wave of the opposite sign as
the cold TNA SST does in the west of the Indian Ocean
(Fig. 10c). Similar to the mechanism suggested by Xie
et al. (2009) and Wu et al. (2009), a negative heat source
in the tropical Indian Ocean induces a first-baroclinic mode
Kelvin wave response and thus low-level westerly anom-
alies to its east, leading to an anomalous cyclone in the
WNP.

Comparing Fig. 10 with Fig. 9a, we can find that both
the Indian Ocean and TNA cold SST lead a stronger and
larger cyclone anomaly than only one’s forcing over the
WNP, while the cold Indian Ocean triggers an easterly
anomaly to its west, which is opposite to the westerly
anomaly excited by the cold TNA, leaving little net wind
anomalies over the Africa as observed results shown in
Fig. 9a.

We also run additional three idealized SSTA experi-
ments with the specified SSTA amplitude being twice as
strong as the regressed one. The wind response patterns
(not shown) are in general similar to those in Fig. 10,
except the wind magnitude is larger. We calculated the GPI
field from the ECHAM4 simulations (shown in Fig. 10)
and found that a positive GPI anomaly appears over most of
the WNP regions when the negative SSTA is specified over
the TNA, NIO or both the TNA and NIO. Figure 11 shows
averaged GPI values over (10°-20°N, 110°-150°E) from
three sensitivity experiments. In response to the cold SSTA
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Fig. 10 Atmospheric responses (a)
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0.6 teleconnection, influence the TC genesis probability over
05l the WNP although it cannot directly support the argument
o4l that the cold SST over TNA causes the SST cooling over
' the NIO through the enhanced evaporation by surface wind.
031 We have shown in Sect. 3 that the overall contribu-
0.2} tion to the high-low-high longitudinal distribution shown
o1l in Fig. 1b arises from environmental relative humidity,
o relative vorticity and vertical shear. We have further dem-
TNA NIO TNA+NIO onstrated in Sect. 4 that the regressed spatial pattern of

Fig. 11 The area-averaged GPI over a domain (10°-20°N, 110°-
150°E) derived from the cases when a cold SSTA is specified over the
TNA, NIO, and both the TNA and NIO. The SSTA patterns are same
as those shown in Fig. 10

forcing in TNA or/and NIO, area-averaged GPI increases.
This implies the occurrence of more frequent TCs in the
WNP. The numerical model results are consistent with the
observational analysis. The output results of our numerical
atmospheric model support the conclusion that the surface
cooling or warming in the TNA may, through atmospheric
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environmental relative humidity, relative vorticity and
vertical shear on TNAI are consistent with that regressed
on TCGN. To understand how the relative humidity, rela-
tive vorticity and vertical wind shear fields respond to the
tropical Atlantic SSTA forcing, we examined the regression
patterns of relative vorticity, relative humidity (including
temperature and specific humidity), zonal wind and verti-
cal shear fields. It shows that the low level relative vorticity
increases over the WNP (Fig. 7a), the mid-level tempera-
ture decreases over the equatorial western Pacific and SCS
region. The variation of specific humidity is not significant
over the WNP (not shown). Our calculations show that the
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Table 2 Composite difference of specific humidity (SH) and tem-
perature (T) at 600 hPa during JASO between the high and low TNAI
years and the contribution to relative humidity (RH) change by SH
difference only and T difference only

SCS WWNP

SH T SH T

SH or T anomaly —0.01 gkg™! —0.33°C —0.17 gkg~! —0.16 °C

Contributionto  —0.15 0.73 —2.46 0.31

RH

SCS has a domain of 100°-120°E, 10°-25°N and WWNP has a
domain of 120°-140°E, 10°-25°N

relative humidity change is primarily affected by tempera-
ture anomaly in the SCS box, while it is mainly affected
by specific humidity anomaly over the WWNP box. Table 2
confirms that the temperature contribution to relative
humidity change is larger than the specific humidity contri-
bution over the SCS region (0.73 vs. —0.15), while the for-
mer is much smaller than the latter over the WWNP region
(0.31 vs. —2.46). The change of relative humidity in both
the regions is approximately caused by the linear combina-
tion of the temperature and specific humidity contributions.

The decrease of mid-level temperature in the SCS is
associated with the northerly wind anomaly on the west
flank of cyclonic flow response over the WNP to both the
TNA and 10 SSTA forcing (Figs. 9a, 10b). The decrease
of specific humidity in the WWNP, on the other hand, is
possibly caused by dry meridional advection near 140E
(Fig. 9a). The analysis result above suggests that the tropi-
cal Atlantic SSTA affects the anomalous TCGN in the SCS
and WWNP through the change of local relative vorticity,
temperature and specific humidity and thus relative humid-
ity field.

The anomalous 200-hPa wind field shows a pronounced
easterly wind anomaly (Fig. 9b), whereas the 850-hPa wind
field shows an opposite pattern, with dominant westerly
wind anomalies (similar to Fig. 9a) in the tropical WNP. As
demonstrated by the idealized numerical model simulations,
the anomalous zonal wind pattern is likely a result of atmos-
pheric responses to both the remote SSTA in the TNA and
Indian Ocean. It is interesting to note that the anomalous
winds in both the upper and lower troposphere are against
the climatologic winds in EWNP. This is why the vertical
shear speed decreases significantly in the EWNP (Fig. 7d).

6 Conclusion and discussion

In this study, we analyzed the interannual variation of
TCGN in JASO over the WNP and its relationship with
global SST anomalies for the period of 1970-2009. It is
found that the dominant TCGN mode has a remarkable

longitudinal distribution with a high—low-high pattern. The
increase of TC genesis frequency is primarily influenced by
the TC increase in the eastern WNP and SCS. They explain
42.2 and 23.4 % variance of the TCGN at a 99 % (F test)
confidence level, respectively. Given that the longitudinal
pattern of GPI resembles that of TCGN, we further iden-
tify the quantitative contributions of environmental vari-
ables that contribute to such a longitudinal distribution. It is
found that the contribution associated with environmental
vertical shear is critical for the GPI change in the eastern
WNP, while environmental relative humidity is important
for the positive and negative GPI anomalies in SCS and the
western WNP, respectively. The relative vorticity is impor-
tant for the positive GPI anomalies in both SCS and EWNP.

The TCGN in the WNP during JASO has a significantly
negative correlation with SSTA in the TNA, that is, TC
genesis frequency in the WNP increases when the Atlantic
SSTA are below normal, and vice versa. The TC number in
the colder SSTA years is 5 TC year™! more than that in the
warmer SSTA years. A TNA SST index (TNAI) was intro-
duced, and this index is significantly correlated to TCGN in
the WNP at a 99 % confidence level.

The longitudinal distribution of TC genesis frequency
regressed onto TNAI is similar to that regressed onto the
WNP TCGN series. The spatial patterns of regressed envi-
ronmental variables associated with TNAI resemble those
derived based on TCGN in the WNP, implying that the
variations of large-scale circulation patterns that affect lon-
gitudinal distribution of TC genesis frequency in the WNP
are closely related to the remote SSTA forcing over the
tropical Atlantic.

We put forth a northern Indian Ocean relaying mech-
anism through which the tropical Atlantic SSTA can
remotely influence the summer monsoon mean circulation
in the WNP. In response to a cold SST anomaly in the tropi-
cal Atlantic, convective activity is suppressed in situ. This
leads to a negative local diabatic heating anomaly. A Gill
type Rossby wave atmospheric response with pronounced
low (upper) -level easterly (westerly) anomalies appears to
the west of the negative SSTA. To the east of the Atlantic
cold SSTA, westerly wind anomalies are induced as a Gill
type Kelvin-wave response. Because the mean winds are
westerlies in boreal summer over NIO, the anomalous west-
erly could enhance surface evaporation/ocean vertical mix-
ing and lead to SST cooling in northern and equatorial IO.
The cold SSTA in NIO further induce anomalous westerlies
in the WNP, which enhance cyclonic vorticity and low pres-
sure in the WNP monsoon region. The enhanced monsoon
trough in the WNP favor more frequent TC genesis.

The 10 relaying effect is further supported by a lagged
correlation analysis between SSTA in the TNA and the NIO
(Fig. 12). It is found that there is a significant positive cor-
relation between the two, and maximum correlation appears
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Fig. 12 Cross correlations (1970-2009) between the TNAI during
JA and SSTA over the North Indian Ocean (averaged SST over 60°—
90°E, 0°-20°N). The dashed line indicates a 0.05 significant level

when the TNA SSTA leads the NIO SSTA by 1 month. This
indicates that the tropical Atlantic SSTA during JA exert
a strong impact on the NIO SSTA. The statistical analysis
result is consistent with the ECHAM4 model result that
westerly anomalies are induced over the NIO in response to
cold SSTA forcing in the TNA, while there is little response
in the TNA to cold SSTA forcing over the IO. If allowing
the atmosphere influencing the ocean, one would expect the
formation of negative SSTA over the NIO due to enhanced
surface evaporation. The so—induced SSTA and associated
mid-tropospheric cooling in the NIO may further promote
circulation change over the WNP. Through this IO relaying
effect, SSTA over the TNA in boreal summer exert a remote
impact on TC activity in the WNP.

The examination of the GPI parameters shows that low-
level westerly and upper-level easterly anomalies weaken the
background westerly shear and favor for more frequent TC
genesis over the EWNP, where the climatological trade wind
is pronounced. Increasing background relative humidity due to
the tropospheric cooling favors more frequent TC genesis over
the SCS region. The dry meridional advection, on the other
hand, might be responsible for the decrease of background
relative humidity and TC genesis frequency in the WWNP.

The proposed IO relaying mechanism in this study was
purely based on the diagnosis of observational data and
atmospheric model simulations. Although it is physically
plausible, such a hypothesis requires a further validation
with the use of a coupled atmosphere-ocean model. Such
a modeling study is currently on-going, and results will be
reported elsewhere. The observed longitudinal distribution
of GPI within the WNP cannot be reproduced by ideal-
ized numerical experiments. The purpose of the numerical
experiments in Sect. 4 is to understand how remote SSTA
in the TNA and NIO influences circulation anomalies in the
WNP. Such an impact must be of large scale, and thus it
is difficult to reveal the longitudinal variation of environ-
mental vorticity, humidity and vertical shear fields within
the WNP region. Another reason is that the model has a
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systematic bias in simulating the mean monsoon trough (in
both intensity and location) in the WNP. The effect of local
SST anomalies is also not included in the above sensitiv-
ity experiments. This is why the model is unable to assess
regional characteristics of the GPI parameters.

This paper just focuses on the simultaneous effects of
SSTA in the Atlantic. By calculating the lead-lag correla-
tion between the NINO3.4 index and TNAI in JA, we found
that there is a significant positive correlation between the
NINO3.4 index in the preceding winter and TNAI in the
concurrent summer. Thus, the cold SSTA in tropical Atlantic
might be a result of La Nina forcing in the eastern equato-
rial Pacific. The connection between the Atlantic and eastern
Pacific SSTA is supported by the spectrum analysis result
shown in Fig. 5b.

As shown in Fig. 4, the largest correlation appears over
the tropical Atlantic. The second largest correlation hap-
pens in tropical Indian Ocean, whereas correlation with
SSTA in the central equatorial Pacific is much weaker, and
not statistically significant. While previous studies (e.g.,
Zhan et al. 2011) emphasized the role of the tropical Indian
Ocean SST on TC genesis in the WNP, the current study
suggests that the Indian Ocean SSTA may arise from forc-
ing of SSTA in the tropical Atlantic. We test this hypothesis
from two aspects. Firstly from observational point of view,
we demonstrate that SST change in the northern Indian
Ocean in JASO is significantly correlated with SSTA in the
tropical Atlantic (Fig. 8), and that tropical SSTA leads the
Indian Ocean SSTA about one month (Fig. 12). Secondly,
from modeling point of view, we demonstrate that a cold
SSTA in the tropical Atlantic may induce anomalous west-
erly in NIO in boreal summer, which in turn can cool the
ocean surface through enhanced surface evaporation and
vertical ocean mixing (because the mean wind is westerly
in the region). In short, the relationship between TC gen-
esis over the WNP and SSTA in the tropical Pacific and
Indian Ocean has been studied previously, and the relation-
ship between WNP TC genesis and tropical Atlantic SSTA
is new and worth studying. A study on the relative contri-
bution of each basin to TCGN variability over the WNP is
currently on-going, and results will be reported elsewhere.
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