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ABSTRACT

An analysis of 35-yr (1965-99) data reveals vital impacts of strong (but not moderate) El Nifio and La Nifia
events on tropical storm (TS) activity over the western North Pacific (WNP). Although the total number of TSs
formed in the entire WNP does not vary significantly from year to year, during El Nifio summer and fall, the
frequency of TS formation increases remarkably in the southeast quadrant (0°~17°N, 140°E-180°) and decreases
in the northwest quadrant (17°-30°N, 120°-140°E). The July—September mean location of TS formation is 6°
latitude lower, while that in October—December is 18° longitude eastward in the strong warm versus strong cold
years. After the El Nifio (La Nifa), the early season (January-July) TS formation in the entire WNP is suppressed
(enhanced). In strong warm (cold) years, the mean TS life span is about 7 (4) days, and the mean number of
days of TS occurrence is 159 (84) days. During the fall of strong warm years, the number of TSs, which recurve
northward across 35°N, is 2.5 times more than during strong cold years. This implies that El Nifio substantially
enhances poleward transport of heat—moisture and impacts high latitudes through changing TS formation and
tracks.

The enhanced TS formation in the SE quadrant is attributed to the increase of the low-level shear vorticity
generated by El Nifio—induced equatorial westerlies, while the suppressed TS generation over the NW quadrant
is ascribed to upper-level convergence induced by the deepening of the east Asian trough and strengthening of
the WNP subtropical high, both resulting from EI Nifio forcing. The WNP TS activities in July-December are
noticeably predictable using preceding winter—spring Nifio-3.4 SST anomalies, while the TS formation in March—
July is exceedingly predictable using preceding October—December Nifio-3.4 SST anomalies. The physical basis
for the former is the phase lock of ENSO evolution to the annual cycle, while for the latter it is the persistence
of Philippine Sea wind anomalies that are excited by ENSO forcing but maintained by local atmosphere—ocean
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interaction.

1. Introduction

Since the mid-1980s, the interannual variations of
tropical cyclone (TC) activity over different ocean ba-
sins have received increasing attention (see the review
in Landsea 2000). Among these, most studies focus on
the effect of the El Nifio—Southern Oscillation (ENSO).
A rich background of literature can be found in the past
20 years on the ENSO influence on tropical cyclone
formation over the western North Pacific (WNP), avast
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region spanning from 120°E to the date line and from
the equator to 30°N. Although there is a general con-
sensus that El Nifio affects the location of the tropical
storm (TS) formation in the WNR the results are de-
scribed in a qualitative way and somewhat controversial
due to the differences in analysis procedures, datasets,
and definitions of El Nifio events used by different au-
thors. While Atkinson (1977), Chan (1985, 2000), Dong
(1988), Wu and Lau (1992), and others have noticed
that the TSs tend to form more eastward during the El
Nifio, they did not scrutinize seasonal differences. They
reached a common conclusion that the number of TS
formations over the WNP is less than normal during El
Nifio years. Lander (1993) challenged this conclusion
and pointed out that, in spite of the eastward displace-
ment of the genesis region of tropical cyclones during
El Nifio, the observed annual tropical cyclone totalsin
the WNP are virtually uncorrelated with ENSO indices.
This latter result corroborates with Ramage and Hori
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(1981) but contradicts with the prevailing notion in the
forecast community that El Nifio years are supposed to
have fewer tropical cyclonesin the WNP (e.g., Japanese
Meteorological Agency 1991). This calls for a revisit
of thisissue using the longest possible available dataset.
In addition, the issue is not whether El Nifio has an
impact on the TS formation location, but is how much
is the El Nifio’s impact quantitatively.

The analysis performed by Kang et al. (1995) and
Chen et al. (1998) added new findings. The EOF anal-
ysis of the genesis region performed by Kang et al.
(1995) shows a large-scale picture of the shift of the
genesis locations within the WNP domain. Chen et al.
(1998) noticed the difference in total tropical cyclone
activity between June-August (JJA) (mainly northward
shift of the TS formation during El Nifio) and Septem-
ber—November (SON, hereafter all ranges of months
will follow this abbreviation style) (eastward shift).
Their conclusion was based on a shorter dataset (16 yr)
and using a moderate Nifio-3 SST anomaly (0.5°C) as
acriterion for stratifying warm/cold events without con-
sidering the differences between the strong and weak
ENSO events. In addition, they used specific features
in the anomalous 850-hPa geopotential height field as
complementary criteria to define warm and cold years.
Such a procedure would blend the effects of the local
circulation and ENSO.

In the previous studies, attention was primarily paid
to the TC generation or TS formation, except for that
by Chan (1994) who identifies the regions of large var-
iability in TC tracks and attempted to forecast the TC
movement over these regions by using observed wind
anomaly patterns in the previous seasons. To date,
changes in the TS tracks, TS life spans, and the fre-
qguency of TS occurrence between the El Nifio and La
Nifia years have not been documented. In this study, we
aim at a methodical exploration of all these aspects of
the variability of TC activity and at quantification of the
location and frequency of TS formation (or tropical cy-
clone intensification).

A number of mechanisms have been proposed to ex-
plain how ENSO impacts TS formation over the WNRP,
including those through changing 1) the vertical shear
(Gray 1984), 2) the WNP SST (Li 1988), 3) the Walker
circulation, and 4) the WNP monsoon trough. Chan
(1985) suggested that during El Nifio years, an anom-
alous Walker circulation is set up with rising motion in
the central part of the equatorial Pacific and sinking
motion in the western part that tends to suppress con-
vection, and hence, tropical cyclone activity over the
WNRP In explaining the Geophysical Fluid Dynamics
Laboratory (GFDL) model results, Wu and Lau (1992)
considered that the sinking motion over the Indonesian
Archipelago weakens the WNP monsoon trough and
associated westerlies, which is accompanied by decreas-
ing TS activity over the WNP Lander (1994) and Chen
et al. (1998) attributed the eastward shift of the genesis
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area to an eastward extension of the monsoon trough
axisin the WNP.

The notion concerning El Nifio's impacts via a shift
in the Walker circulation is more relevant to explain the
late season (OND) eastward displacement of the TS
formation region, because in the late season TSs tend
to form close to the equator and so are the ENSO-
induced low-level circulation anomalies. Since the TS
ENSO relationship varies with season, the mechanisms
operating during the peak season (JAS) and early season
(AMJ) of the EI Nifio (LaNifia) years could be different
from that found in the late season. Further explanation
of ENSO effectson WNP TS activity should particularly
focus on how ENSO affects 1) the peak season and 2)
the early season TS activity. No explanation has been
attempted to the above questions except Chen et al.
(1998) who pointed out a close link between the inter-
annual variation of TC genesis frequencies and a sum-
mer teleconnection wave train in the WNP. They argued
that the interannual variation of the TC generation over
the WNPis caused by thetropical Pacific SST anomalies
through the formation of this anomalous wave train.

Various statistical schemes and predictors have been
proposed to forecast the WNP TS formation (e.g., Chan
et al. 1998). Yet, the physical basis for such a practice
has rarely been discussed. In the present paper, we ex-
plore what aspects of TS activity are more predictable
than othersin terms of the relationships with the Pacific
SST anomalies, and what are the physical basesfor such
predictabilities.

This paper is arranged into six sections. Section 2
describes the data and analysis strategy. Section 3 dis-
cusses to what extent and what properties of TS activity
relate to SST anomalies over the equatorial Pacific. Sec-
tion 4 elucidates how equatorial Pacific SST anomalies
affect WNP TS activity. Section 5 discussesthe physical
basis for predicting TS activity using precursors in the
anomalous SST field. The last section presents a sum-
mary.

2. Data and analysis procedure
a. Datasets

Best-track data of tropical cyclones (position and in-
tensity) for the period 1965-99 are obtained online at
the Joint Typhoon Warning Center Web site (www.
npmoc.navy.mil/jtwc.html). The starting time is chosen
to be 1965 when satellite monitoring of weather events
first became routine so that no tropical cyclone would
be missed. To minimize subjectivity in theidentification
of weak systems, only tropical cyclones that reached at
least TS intensity (maximum sustained winds =17 m
s~1) are included in the data sasmple. Choice of TS in-
tensity as a criterion for measuring TC intensification
is quite arbitrary. Nevertheless, such a measure is be-
lieved to be representative of the TC intensification,
meanwhile it may lessen the errors possibly arising from
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1) the gradual increase in quality and coverage of sat-
ellite imagery, 2) the refinement of the satellite analysis
technique (Dvorak 1975, 1984), and 3) the termination
of the aircraft reconnaissance in 1987.

The SST anomalies in the different Nifio regions are
extracted online at the Climate Prediction Center Web
site. Winds and vertical velocity fields used to under-
stand the variability in TS activities are from the Na-
tional Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR) re-
analyses (www.cdc.noaa.gov/cdc/reanalysis) (Kalnay et
al. 1996). Since the relationship between the TS activity
and Pacific SST depends on the location of SST anom-
alies (SSTAS), we tested three major indices: the Nifio-
3 (5°S-5°N, 90°-150°W), Nifio-3.4 (5°S-5°N, 120°—
170°W), and Nifio-4 (5°S-5°N, 150°W-160°E) SSTA.
It is found that the Nifio-3.4 SSTA is better correlated
with the overall TS activity. This is because the occur-
rence of organized convection depends on the total SST
and SST gradient rather than the SST anomaly itself
(Graham and Barnet 1987; Wang and Li 1993). The
central Pacific isaregion where SST gradients are larg-
est among the three Nifio regions, and the background
SST isalso higher than that in the eastern Pacific. Thus,
tropical convection is more sensitive to the SST vari-
ability in the Nifio-3.4 than in the Nifio-3 region. The
Nifio-3.4 SSTA is also better than the Nifio-4 SSTA
because in the Nifio-4 region, SST variability and the
background SST gradient are considerably weaker than
those in the Nifio-3.4 region. In this paper, we used
Nifio-3.4 SSTA to stratify El Nifio (La Nifia) strength.

b. Classification of warm (cold) seasons and El Nifio
(La Nina) years

Although tropical storms can occur throughout the
year, the frequency in February is an absolute minimum
and JFM is the least frequent TS season (Lander 1994).
Based on the seasonal distribution of TS formation, we
focus on three TS seasons: early season (AMJ), peak
season (JAS), and late season (OND).

The sign and amplitude of equatorial Pacific SSTA
during the same year varies with season. Figure 1 in-
dicates that the early season SSTAS, in many years,
differ considerably from the corresponding peak and late
seasons. During El Nifio developing years (e.g., 1965,
1968, 1972, 1976, 1982, 1986, and 1997), the early
season SST is often near normal, whereas in the late
season SST anomaly often reaches its peak. In the years
after the mature phase of El Nifio such asin 1970, 1983,
1992, 1995, and 1998, the SSTASs in the preseason are
positive but turn to negative in the late season. Thus, it
is not meaningful to classify preseason TS activity sim-
ply according to El Nifio or La Nifia years. Normally,
the peak and late season SST anomalies have the same
sign, but the amplitudes in the late season are consid-
erably larger.

In view of the seasonal dependence, we stratify sea-
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sonal mean SSTA into five categories: strong warm
(SSTA > 1 std dev, or 10), moderate warm (0.40 <
SSTA = 10), norma (—0.40 = SSTA = 0.4¢), mod-
erate cold (—1o = SSTA < —0.40), and strong cold
(SSTA < —10). Inclassification of El Nifio or La Nifia
years, one may use the peak season SSTA because the
stratification is the same if one uses the SSTA averaged
for the entire TS season from April to December. The
results of stratification are listed in Table 1.

Figure 2 displays the latitudinal and seasonal distri-
bution of the frequency of TS formation for the five-
category years. In the early season, tropical stormstend
to form more frequently in the strong warm years in
contrast to strong cold years. In the peak season, the
latitude of formation during the strong warm years is
considerably lower than that during the strong cold
years. In the late season, no obvious difference in the
formation latitude can be found, but the longitude of
TS formation differs considerably as will be presented
shortly. These results point to the necessity of perform-
ing analyses according to TS seasons. Also seen from
Fig. 2 is that the frequencies of TS formation during
the moderate warm and moderate cold years appear to
resemble that of the normal years. This suggests that
perhaps only when the Nifio-3.4 SSTA has considerable
amplitude (~10) is the impact of SSTA on the latitude
of TSformation evident. In thefollowing analysis, com-
posites will be primarily made for the strong warm and
cold categories.

3. Contemporaneous relationship between TS
activity and equatorial Pacific SSTAs

TS activity is measured by the following five param-
eters: 1) locations of TS formation (defined as the time
when an intensifying tropical cyclone first reaches trop-
ical stormintensity, i.e., maximum sustained winds =17
m s—1), which measures the degree of TC intensification;
2) number of TS formations; 3) TS life span defined by
the total length of time from the formation of TS to the
moment when its intensity drops below TS intensity; 4)
frequency of TS occurrence defined by the total number
of days of TS occurrence; and 5) tracks of TSs.

a. Locations of TS formation

Figures 3-5 display positions of the TS formation for
the strong warm and strong cold episodes during each
TS seasons. A common feature to al three seasons is
the prominent east—west shift between the warm and
cold years, confirming previous findings (Chan 1985;
Dong 1988; and many others). In the peak TS season,
in addition to the zonal difference, a pronounced north—
south difference is evident as noted by Chen et al.
(1998). To test for statistical significance, we divide the
tropical WNP (5°-30°N, 120°E-180°) into subregions
according to seasons. For the early and peak seasons,
140°E serves as a boundary between the east and west
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Fic. 1. Nifio-3.4 SSTA time series averaged for the early (AMJ), peak (JAS), and late (OND)
TS seasons.

(Figs. 3 and 4), while for the late season, 150°E is used
as the border (Fig. 5). Such adivision isin accord with
the fact that the mean formation longitude in the late
season is more eastward. Furthermore, for the peak sea-
son, 17°N is used to divide the WNP into northern and
southern regions, resulting in four subregions (Fig. 4).

Table 2 shows contingency tables for observed num-
bers of TS formation. The chi-square test indicates the
differences for the peak and late seasons are significant
at the 1% level (the null hypothesisbeing no relationship
between SSTA and TS formation numbers). During the
peak season, the formation numbers show remarkable
differences in the northwest (NW) and southeast (SE)
guadrants of the WNP. In the SE quadrant (5°-17°N,
140°E-180°), the five warm years have 31 TS forma-

tions while the six cold years have only 2 (Fig. 4). In
the NW quadrant (17°—30°N, 120°—140°E), the situation
reverses with 28 TSs forming during the cold years
while only 7 form during the warm years. In addition,
about 75% of the TSs formed north of 17°N during the
cold years, while 74% formed south of the 17°N during
the warm years (Table 2b). In the late season, no TS
formed east of 150°E in the cold years, whereas 60%
formed in the same region during the warm years (Table
2c; Fig. 5). Over the South China Sea, the number of
TS formations in the cold years (18) is 2.5 times that
in the warm years (7).

To quantify the change in location, we examine mean
locations of TS formation for each season (year), which
are presented in Fig. 6. Statistical significances for each

TaBLE 1. Stratification of five categories of seasons based on the std dev of the seasonal mean Nifio-3.4 SSTAs.

Preseason Peak season Late season Peak— ate season
AMJ JAS OND Jul-Dec

Strong warm 1982, 1983, 1987, 1992, 1965, 1972, 1982, 1987, 1965, 1972, 1982, 1987, 1965, 1972, 1982, 1987,
(>1 std dev) 1993, 1997 1997 1991, 1997 1997

Moderate warm 1965, 1966, 1969, 1972, 1969, 1986, 1991, 1994 1968, 1969, 1976, 1977, 1968, 1969, 1976, 1977,
(0.4 std dev, 1 1980, 1991 1986, 1994 1986, 1991, 1994
std dev)

Normal 1970, 1977, 1979, 1986, 1966, 1968, 1976, 1977, 1966, 1967, 1978, 1979, 1966, 1978, 1979, 1980,
(—0.4 std dev, 1990, 1994, 1995, 1998 1979, 1980, 1983, 1990, 1980, 1981, 1985, 1989, 1981, 1989, 1990, 1992,
0.4 std dev) 1992, 1993, 1996 1990, 1992, 1993, 1996 1993, 1996

Moderate cold 1967, 1968, 1973, 1976, 1967, 1971, 1974, 1978, 1971, 1974, 1983, 1984, 1967, 1971, 1974, 1983,
(1 std dev, —0.4 1978, 1981, 1984, 1996 1981, 1984, 1985, 1989, 1995 1984, 1985, 1995
std dev) 1995

Strong cold 1971, 1974, 1975, 1985, 1970, 1973, 1975, 1988, 1970, 1973, 1975, 1988, 1970, 1973, 1975, 1988,
(<—1 std dev) 1988, 1989, 1999 1998, 1999 1998, 1999 1998, 1999

Standard division

0.62

0.82

1.20

1.00
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Fic. 2. Frequency of TS formation as a function of lat and time (pentad) for (&) strong warm, (b) strong cold, (c) moderate
warm, (d) moderate cold, and (€) normal years. The definitions for five categories of SSTA are the same as that defined by
JAS SSTA as shown in Table 1. The unit for contours is 0.1 per pentad.

category mean were tested by atwo-samplet test (Wilks
1995). The null hypothesis is that the mean formation
latitude (or longitude) averaged for each anomal ous cat-
egory is the same as that of the normal year category.
The results (Table 3) show that for the peak and late
season (July-December) the moderate warm or mod-
erate cold years do not differ significantly from the nor-
mal years; only the strong warm and strong cold years
differ significantly from those of the normal years. This

conclusion is generally valid for the peak or late season
alone.

During the peak season, the mean formation locations
in the strong warm years are all south of 16°N, while
those in the cold years are all north of 20°N (Fig. 6a).
Their mean latitudes differ by 6°. During the late season,
the locations of TS formation between the strong warm
and cold years are well separated in the east—west di-
rection by about 18° longitude (Fig. 6b). For the entire



1648

Locations of TS formation and

JOURNAL OF CLIMATE

VoLuME 15

35N . ——

30N 1

25N
20N - -

15N 1

1oN{"

BN\ )N -

EQq

58

o

\ 2017

e

SST anomalies in Apr - Jun

100E 140E

35N

150E

170W 160W

30N+

25N+

53 14 v :
100E 110E 120E 130E 140E

150E

170W

160E 170E 180 160W

Fic. 3. Locations of initial TS formation and SST anomalies (contours with units of °C) in AMJ during the (a) strong
warm and (b) strong cold years (see Table 1). Straight solid lines indicate boundaries of subregions mentioned in the text.

peak and late season (July—December), the mean lo-
cation of TS formation in the strong warm years is 5°
latitude and 11° longitude southeast of that in the strong
cold years (Fig. 6¢c).

Because of the contribution from the extreme events,
the seasonal mean latitude of TS formation during the
peak season is highly correlated with the Nifio-3.4 SST
anomaly (correlation coefficient r = —0.80; Fig. 7a).
The mean longitude of TS formation during the late
season is also significantly correlated with the SSTA in
the Nifio-3.4 regions (r = 0.69).

b. Number of TS formations

The total number of TS formations averaged for the
seven strongest El Nifio years is 22.7 and for the seven

strongest La Nifiayearsis 20.1. Thus, even between the
strong El Nifio and La Nifia years, the yearly mean
number of TS formations is not significant. However,
the numbers of TS formations in the SE and NW quad-
rants are highly correlated with the Nifio-3.4 SSTA.
During the peak season, for instance, the linear corre-
lation coefficient between the Nifio-3.4 SSTA and the
number of TSformation in the SE quadrant reaches 0.82
(Fig. 7b), and that in the NW quadrant is —0.61.

c. Mean life span and frequency of TS occurrence

For each individual year, the mean life span is defined
by the average time intervals of existence of all TSs
that occurred in the peak and late (JASOND) season.
Comparing the seven warmest years (1972, 1982, 1986,
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Fic. 4. Asin Fig. 3 except for the peak (JAS) season.

1987, 1991, 1994, and 1997) and seven coldest years
(1970, 1973, 1974, 1975, 1988, 1998, and 1999) (based
on the July—-December mean SSTA in the Nifio-4 re-
gion),* the mean number of days of TS occurrence for
the warmest years (158.5 days) is nearly twice that for
the cold years (84.3 days). The mean life span is 7 days
for warm years versus 4.1 days for cold years. For all
the years in the data sample, the mean life span tends
to increase with increasing Nifio-3.4 SSTA (Fig. 7¢).
We found that the life span and the location of TS
formation are intimately related. Most long-lived (life
span exceeding 7 days) TSsform in the southeast quad-
rant of the WNP as shown by the heavy dots in Figs.
8a,b. The frequency of formation of the long-lived TSs
in the southeast quadrant during the strong warm years
is about 5 times that during the strong cold years. The

1 A similar result isobtained using the SSTA in the Nifio-3.4 region.

TSs formed in the southeast quadrant live longer be-
cause they tend to be more intense and to have alonger
traveling time (westward or northward) before encoun-
tering the continent or colder midlatitude water.

d. The tracks

Figure 8c shows the difference between the strong
warm and cold years in the SON mean frequency of TS
occurrence in each 2.5° lat X 2.5° lon box. The maxi-
mum differential frequency of occurrence is used to
infer the difference in their prevailing tracks. During
warm years, there is a significant increase in the north-
ward recurving TSs, which form in the SE quadrant of
the WNP and tend to recurve from northwestward to
northeastward around 28°N, 135°E. The total number
of TSsreaching north of 35°N is 28 in the strong warm
years while only 11 do so in the strong cold years. In
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addition, the frequency of a northwestward path toward
Taiwan is significantly higher than that during the strong
cold years.

4. Interpretation

The local SST anomalies were thought to be a factor
that influences the TS formation on interannual time-
scales(Li 1988). However, Figs. 3, 4, and 5 show clearly
that the locations of TS formation do not depend on the
signs of local SST anomalies. Thisis because deep con-
vection depends on the total SST with a critical value
of 28°C (Graham and Barnett 1987). During summer,
the SST fluctuation in the tropical WNP rarely reaches
a strength that brings down the total SST below 28°C.
This fact implies that atmospheric dynamics play a fun-
damental role in determining seasonal mean TS for-
mation.

Gray (1984) used vertical shear as an indicator for
prediction of the Atlantic hurricane genesis. Examina-
tion of the TS formation in the SE and NW quadrants
indicatesthat in the WNP the likelihood of TSformation
cannot be explained by changesin the sign or magnitude
of the ENSO-induced vertical shear (figure not shown).

To explain how SST anomaliesin the equatorial east-
ern-central Pacific affect TS activity in the WNP, chang-
es of the seasonal mean circulation at the lower (850
hPa), mid- (500 hPa), and upper (200 hPa) troposphere
are presented in Fig. 9. The anomalous circul ation com-
posed for the cold episodes are found to be nearly mirror
images of those composited for the warm counterparts.
To save space, only the differences between the strong
warm and cold composites are discussed and the results
are simply regarded aswarm composites with adoubling
amplitude. It should be mentioned that, although the
seasonal mean circulation anomalies include the non-
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TABLE 2. Contingency tables for the observed numbers of TS formation during warm and cold years in subregions of the WNR. Values
of chi-square for each season are given along with the corresponding degree of freedom and the threshold values of chi-square at the 1%

confidence level.
(a) Early season (AMJ)

120°-140°E 140°E-180° Total

Warm 8 8 16
Cold 21 5 26
Total 29 13 42
x> = 4.39 Degrees of freedom = 1 x> (5%) = 3.84
(b) Peak season (JAS)

NW quadrant NE quadrant SW quadrant SE quadrant

(north of 17°N (north of 17°N (south of 17°N (south of 17°N

120°-140°E) 140°E-180°) 120°-140°E) 140°E-180°) Total
Warm 7 10 17 31 65
Cold 28 15 12 2 57
Total 35 25 29 33 122
x? = 39.61 Degrees of freedom = 3 x? (1%) = 11.34

(c) Late season (OND)

100°-120°E 120°-150°E 150°E-180° Total
Warm 7 13 20 40
Cold 18 25 0 43
Total 25 38 20 83

x> = 28.55 Degrees of freedom = 2

¥2 (1%) = 9.21

linear rectification of the transient TS activity, the mod-
ification of the mean fields by the transients should not
be a dominant factor. This is because the spatial scales
and timescales of TSs are an order of magnitude smaller
than the large-scale mean circulation, and the influence
of tropical cyclones is by and large offset by the com-
plementary circulation anomalies surrounding the cy-
clones. For simplicity, the observed circulation anom-
alies are considered to result primarily from the steady
response of the circulation to the anomal ous ENSO forc-
ing.

Because the vertical motion-induced cooling in the
Tropicsis primarily balanced by diabatic heating on the
seasonal mean timescale, the ascending (descending)
motion is a meaningful indication for atmospheric heat
source (sink). Figure 9b shows that during the strong
warm years, the organized anomal ous ascending motion
concentrates in the SE quadrant of the WNP (defined
in Fig. 4), whereas anomalous descending motion is
found in the NW quadrant. The amplitudes of these
anomalies reach 40%—50% of the climatological means.

This dipole heat source pattern enhances TS formation
in the SE quadrant while it suppresses formation in the
NW quadrant during the warm years.

We argue that the anomalous heat source pattern in
the WNP results from the lower boundary forcing as-
sociated with equatorial SST anomalies. During the
warm years, the equatorial central and eastern Pacific
warming increases equatorial convective heating near
the date line and induces pronounced equatorial westerly
anomalies in the western Pacific. Large meridional
shears associated with the equatorial westerly anomalies
increase low-level vorticity in the SE quadrant. Since
the boundary layer Ekman convergence is proportional
to the 850-hParelative vorticity, the background vertical
motion is well correlated with the 850-hPa vorticity (r
= —0.80; Fig. 10a). The increase of the background
low-level vorticity would help spin up tropical cyclones
by increasing moisture convergence and by entraining
potential vorticity into tropical cyclones. As a result,
the SE quadrant favors for TC intensification. The high
correlation coefficient (r = 0.72 for 1965-99) between

TABLE 3. Mean deviations in the TS formation location (lon and lat) of strong warm, moderate warm, moderate cold, and strong cold
years. Positive (negative) values indicates eastward (westward) in lon and northward (southward) in lat. The bold letters indicate that the
difference is statistically significant at 5% confidence level by the two-sample t test.

JAS OND Jul-Dec
Mean deviation Lat Lon Lat Lon Lat Lon
Strong warm years —-25 5.8 -15 9.4 —-27 6.7
Moderate warm years -0.1 37 -0.7 0.9 -11 24
Moderate cold years 22 -0.2 0.5 —4.6 0.1 -11
Strong cold years 3.8 —-2.6 0.5 -85 24 —45
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FiG. 6. The averaged locations of TS formation during (a) JAS, (b) OND, and (c) Jul-Dec of
each year from 1965 to 1999. Heavy squares and solids denote strong warm and strong cold years,
respectively. The mean locations of TS formation for each of the five categories of SST anomalies
are marked by large-size symbols as shown in (c).

the background 850-hPa vorticity and the frequency of
TS formation in the SE quadrant (Fig. 10a) supports
this argument.

The El Nifio-induced central Pacific heating aso gen-
erates a pair of huge anomalous anticyclones in the up-
per levels that resides on each side of the equator due
to equatorial wave adjustment in the tropical atmosphere
(Fig. 9¢). Over east Asia, the upper-level troughs at 500
and 200hPa are deeper than normal during the El Nifio
fall (Figs. 9b and 9c). The deepening appears to result
from land surface cooling during the El Nifio summer
over northeast Asia (Wang and Zhang 2001, manuscript
submitted to J. Climate). Thus, the northwesterly behind
the east Asian trough and the anomalous southeasterly
behind the subtropical anticyclone generate strong up-
per-level convergence in the NW quadrant (Fig. 9c).
The latter appears to be a magjor cause of the observed
descending motion (Fig. 9b), which suppresses tropical

cyclone intensification in the NW quadrant. The 200-
hPa divergence is a reasonabl e indicator for the number
of TS formations in the peak season (r = 0.61; Fig.
10b). The deepening of the east Asian trough in the
midtroposphere also provides a favorable anomalous
steering flow for the TS recurvature around 135°E.

5. Physical basis for prediction of the WNP TS
activity

The simultaneous correlations shown in Fig. 7 can
be used for skillful seasonal forecasts provided that the
equatorial SST anomalies can be predicted in advance.
Here we propose simple empirical schemes for pre-
dicting Nifio-3.4 SSTA, hence the TS activity, and dis-
cuss the physical basis for such schemes.
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Fic. 7. (a) Correlation of the mean latitudes of the TS formation
in JAS with the Nifio-3.4 SSTA. In (b) asin (a) except for the number
of TS formations in the southeast quadrant of the WNP (5°-17°N,
140°-180°E). In (c) asin (a) except for the mean TS life span in the
entire WNP (0°=30°N, 120°-180°E) during Jul-Dec. The linear cor-
relation coefficients and regression lines are given in each panel.

a. Peak and late season (July—December) TS activity

The JAS SST anomalies may be predicted by simple
linear extrapolation:

" (a) Warm
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140E 170 180

T70E 180
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150€

Fic. 8. (8) SON TS tracks during the six strongest warm years
(1965, 1972, 1982, 1987, 1991, and 1997). The locations (tracks) of
the long-lived (life span exceeding 7 days) tropical storms formation
are marked by heavy solid dots (solid lines). Locations (tracks) of
other storms are denoted by open circle (dashed lines). (b) The same
asin (&) but for the six strongest cold years (1970, 1973, 1975, 1988,
1998, and 1999). (c) The difference in the total number of TS oc-
currence in each 2.5 lat X 2.5 lon grid during SON between the
strong warm and cold years. Shading indicates areas where the dif-
ference is statistically significant at the 1% confidence level by the
two-sample t test.

SSTA (JAS) = 2 SSTA (AMJ) — SSTA (JFM). (5.1)

The correlation coefficient between the predicted and
observed Nifio-3.4 SSTA is 0.88 for the 35-yr period
(1965-99), that is, about 78% of the total variance can
be captured using this simple formula. More generally,
one may use AMJ mean SSTA and the SST tendency,
DX = AMJ mean SST minus JFM mean SST, as two
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predictors to derive a multiregression equation for pre-
diction of the subsequent seasonal mean SSTA:

SSTA(JAS) = 0.91SSTA(AMJ) + 0.59DX,  (5.24)
SSTA(OND) = 0.86SSTA(AMJ) + 1.17DX,  (5.2b)
SSTA(Jul-Dec) = 1.05SSTA(AMJ) + 0.77DX.  (5.2¢)

The correlation coefficients between the predicted and
observed SST anomalies for JAS, OND, and July—De-
cember are, respectively, 0.91, 0.86, and 0.89.

The physical basis for such a reliable extrapolation
is simple. The El Nifio-Southern Oscillation (ENSO)
warming or cooling tends to peak toward the end of the
calendar year. Therefore, in the transition and devel-
opment phases of an ENSO cycle, which normally occur
from early spring to the end of the calendar year, alinear
extrapolation can well catch the tendency of the equa-
torial Pacific SSTA by taking advantage of the strong
phase-locking property of ENSO.

The phase-locking property of ENSO allows us to
predict TS activity in the peak and late TS seasons by
using the preceding spring and winter SSTAs. Such a
possibility is demonstrated by the significant correlation
coefficients between the predicted SSTA and various
indexes that depict tropical storm activities (Table 4).
One may further improve these predictions. For in-
stance, use of DJF and MAM SSTASs to predict SSTAs
in JAS and OND may provide alonger lead for climate
forecast.

b. January-July storm activity

Lander (1994) found that the number of early season
(March to mid-July) storms in the WNP is strongly re-
lated to the change of the Nifio-3 SSTA between Jan-
uary—April and May—August (r = 0.65 for 1970-1991).
This simultaneous correlation implies that during arap-
id development of El Nifio (La Nifia), more (less) storm
form in the early season (see Fig. 2). It is difficult to
use this simultaneous relationship for prediction, be-
cause it requires an accurate forecast of the rate of
change in Nifio-3 SST, which is more difficult than pre-
diction of Nifio-3 SSTA itself.

Different from Lander, we found that in the year after
a strong El Nifio (e.g., 1966, 1973, 1983, 1988, 1992,
and 1998), the January—July total number of TS for-
mation over the WNP islower than normal (6/6), where-
as after the strong La Nifa (e.g., 1971, 1974, 1976,
1989, and 1999), the January—July TS formation tends
to be above normal (4/5). Because the EI Nifio (LaNifia)
tends to mature toward the end of the calendar year
(Rasmusson and Carpenter 1982), by using the preced-
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Fic. 10. () Time series of JAS mean 850-hPa relative vorticity,
500-hPa vertical p velocity, and total numbers of TS formation in
the southeast quadrant of the WNP (5°-17°N, 140°E-180°) from 1965
to 1999. (b) Time series of JAS mean 200-hPa divergence, 500-hPa
vertical p velocity, and total number TS formation in the northwest
quadrant WNP (17°-30°N, 120°-140°E) from 1965 to 1999. The units
for vorticity, p velocity, and divergence are, respectively, 10-¢ s,
102Pas* and 2 X 106571,

ing OND mean Nifio-3.4 SSTA, one can predict the
early season TS formation number. Such a negative lag
correlation is shown in Fig. 11a. The prediction works
well after strong El Nifio and La Nifia events occur.
When the OND SST is warmer than 0.5°C (total 12 yr),
the TS formation number in the following January—Jul
are all below normal. For strong cold events (say the
OND SSTA < —1.0°C), the TS formation number in
the following January—July tends to be high (6/7).
What is the physical basis for such predictability?
Wang et al. (2000) recently found that before the peak
phase of El Nifio, a low-level anomalous anticyclone
establishes over the Philippine Sea. Conversely, after a
peak LaNifia, an anomal ous cyclone dominatesthe Phil-
ippine Sea. The anticyclonic (cyclonic) anomaly then
persists until the ensuing summer. Thus, during the
spring and summer after the peak warming, the anom-

—

Fic. 9. (a) Difference (strong warm minus strong cold years) in JAS mean 850-hPa winds (vector) and relative vorticity (contours). Units
for winds are m s~ and for vorticity 106 s7*. (b) Asin (a) except for 500-hPa winds (m s~*) and vertical pressure velocity (102 Past).

(c) Asiin (a) except for 200-hPa winds and divergence.
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TaBLE 4. Correlation coefficients of predicted Nifio-3.4 SST anomaly with a number of TS activity indices. For comparison, the
corresponding correlation coefficients with observed Nifio-3.4 SST anomaly are also given.

Observed Predicted
Tropical storm activity indexes Nifo-3.4 SSTA Nifio-3.4 SSTA
JAS TS formation number in the SE quadrant 0.82 0.76
JAS mean latitude of TS formation in WNP -0.80 -0.75
Jul-Dec mean longitude of TS formation in WNP 0.68 0.62
Jul-Dec mean life span of TS in WNP and SCS 0.78 0.70
Jul-Dec total number of TS occurrence in WNP 0.63 0.62

alous Philippine Sea anticyclone provides large-scale
subsidence. Results shown in Fig. 11b confirm thisfind-
ing. The 500-hPa vertical velocity anomalies over the
Philippine Sea (10°—20°N, 130°-150°E) averaged for the
period from January to July isindeed highly correlated
with the Nifio-3.4 SST anomaly in the previous OND.
Therefore, the TS formation in the same period must
be suppressed due to the large-scale background sub-
sidence.

We note that the chaotic atmosphere itself cannot
maintain the wind anomalies over the Philippine Sea.

(a) Number of TS formation (Jan—Jul) in the WNP
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Fic. 11. (a) Number of tropical storm formationsin the WNP (0°—
30°N, 120°E-180°) during Jan—Jul. (b) Jan—Jul mean 500-hPa vertical
pressure velocity averaged over (10°-20°N, 130°—150°E) as functions
of Nifio-3.4 SST anomalies in OND of the preceding year.

Although the establishment of the Philippine Sea anti-
cyclone results from the ENSO forcing, its maintenance
cannot be explained by the remote ENSO forcing, be-
cause by the ensuing summer, the positive Nifio-3.4
SSTA either disappears or turns to negative (in the case
of July 1998, for example). The maintenance mecha-
nism is attributed to a local positive feedback between
atmospheric Rossby waves and ocean mixed-layer ther-
modynamics (Wang et al. 2000), which is briefly stated
as follows. To the east of the anomalous Philippine Sea
anticyclone, the total wind speed increases in the pres-
ence of background northeasterly trades/monsoon, lead-
ing to negative SST anomalies due to enhanced evap-
oration and entrainment. The negative SST anomalies
reduce convective latent heat release, which generates
anomalous westward-propagating descending Rossby
waves. These Rossby waves would in turn reinforce the
low-level Philippine Seaanticyclone. Thispositivelocal
air—sea feedback would maintain both the anticyclone
and negative SST anomalies in the WNP.

6. Summary

Analyses of 35-yr (1965-99) tropical storm (TS) ac-
tivity over the western North Pacific (WNP) lead to a
number of new findings on the year-to-year variation of
the tropical storm activity.

The relationship between the WNP TS activity and
ENSO strongly depends on the intensity of ENSO ep-
isodes. Strong El Nifio or La Nifiaevents (Nifio-3.4 SST
anomaly exceeds 1 std dev) have significant impacts on
the WNP TS activity, but the moderate warm (cold)
events do not show definite significant impacts. Without
distinguishing the impacts between moderate and strong
events, one would overestimate the effects of moderate
events and underestimate the impacts of the strong
events. For this reason, we quantify, in general, only
the impacts of the strong El Nifio and La Nifia.

In contrast to the common practice in long-term ty-
phoon prediction (forecast of the total number of TC
formation in the entire WNP domain), we confirmed
that the total number of TS formation in the entire WNP
does not show significant ENSO influence. However,
we identify two subregions where largest variability oc-
curs in close association with strong ENSO events: the
SE (17°-30°N, 120°-140°E) and NW (17°-30°N, 120°-
140°E) quadrants. The longitudinal division between the
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SE and NW quadrants (140°E) differsfrom thelongitude
that was previously recognized for the eastward shift of
the formation longitude (160°E). Our results suggest that
one should not forecast the total number of TS for-
mations in the entire WNP domain, rather, they should
predict those in the SE and NW quadrants.

We found that the mean TS life span is about 7 (4)
days and the mean total number of TS occurrences is
159 (84) days in strong warm (cold) years. This con-
clusion allows us to estimate the total days (or fre-
guency) of occurrence of TS over the entire WNP do-
main. We also showed that the TS tracks differ sub-
stantially between the strong warm and cold years. Dur-
ing El Nifio fall, the number of TS that formed south
of 15°N and recurved northward across 35°N is2.5times
that during cold years. This fact implies that the me-
ridional exchange of heat and energy isgreatly enhanced
during the strong El Nifio years. Thisisacritical process
by which El Nifio conveys its impacts to high latitudes
and enhances interaction between the Tropics and ex-
tratropics in the east Asia=WNP,

During strong El Nifio (La Nifa) years, the TS for-
mation in the SE and NW quadrant exhibits a dipole
anomaly pattern with enhanced (suppressed) formation
in the SE (NW) quadrant. In consistence with the dipole
pattern, the JAS mean location of TS formation is 6°
latitude lower, while that in OND is 18° longitude east-
ward during strong El Nifio compared with strong La
Nifia.

Our explanation focused on two issues that were rare-
ly discussed in the literature. The first issue concerns
with the cause of SE-NW dipole pattern in the peak
season TS formation. We propose that the low-level
shear vorticity associated with equatorial westerlies is
a fundamental cause for the enhanced generation in the
SE quadrant, while the upper-level divergence induced
by the deepening of east Asian trough and strengthening
the WNP subtropical high, both resulting from El Nifio
forcing, suppresses TS generation over the NW quadrant
of the WNR. The second issue is concerned with the
cause of the variability of the January—July TS for-
mation. We pointed out that the delayed El Nifio impacts
to early season TS activity in the year following peak
El Nifio is due to the persistence of the Philippine Sea
anticyclone, which is set up during the mature phase of
El Nifio but maintained through the subsequent spring
and summer by the local positive feedback between the
Philippine Sea anticyclonic anomaly and the mixed-lay-
er ocean thermodynamics.

Because the peak warm and cold phases tend to occur
toward the end of the calendar year, during the year in
which an El Nifio or La Nifia develops, the Nifio-3.4
SSTA in the peak and late TS season can be predicted
by simple linear extrapolation using preceding winter
and spring SSTA. This forms a physical basis for sea-
sonal prediction of WNP TS activity one or two seasons
ahead. After the mature phase of El Nifio (La Nifa),
the Philippine Sea is dominated by an anticyclonic (cy-
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clonic) circulation anomalies, thus the TS activity is
suppressed (enhanced). This makes it possible to fore-
cast the early season TS activity using the Nifio-3.4
SSTA in the preceding late fall.

In the present study, we used TS formation to measure
the TC intensification, because the number of typhoon
formations is significantly less, while the determination
of the tropical depression formation isless accurate due
to the limitation of observations. However, we expect
that the physical processes that govern the TS formation
should be applicable to the interpretation of the vari-
ability in typhoon or tropical depression formation. But
additional analyses are needed to verify this assertion.
We are looking for the common features in the ENSO—
TSrelationship in the WNP. Decadal trendsor variations
in TS formation are not a primary concern. Since the
strong El Nifio years (1965, 1972, 1982, 1987, 1992,
and 1997) and La Nifia years (1970, 1973, 1975, 1988,
1998, and 1999) occur both before and after 1979, our
analysis would not be significantly affected by decadal
trend. However, the decadal changesin TS activity over
the WNP deserve further investigation.
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