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Abstract

The influence of El Nifio/Southern Oscillation (ENSO) on tropical cyclone (TC) activity in the western North
Pacific (WNP) is investigated using a high-resolution atmosphere-ocean Coupled General Circulation Model
(CGCM) developed by the National Reseach Institute for Earth Science and Disaster Prevention. The CGCM
simulation indicates the model TC activity associating with the ENSO as follows ; (1) the frequency of model
TC in the WNP during the ENSO cold phase is slightly higher than that during the ENSO warm phase, (2) the
genesis location of model TC shifts eastward during the ENSO warm phase, (3) model TC tends to migrate
westward during the ENSO warm phase and northward during the ENSO cold phase. These results are
intimately related to variations in atmospheric circulation and SST during the ENSO. Similar influences are
also confirmed in the relationship between actual TC activity and actual ENSO.
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1. Introduction

Tropical cyclones (TCs) lead to serious disasters
such as landslides, floods, efc., and cause extensive
damage to human life and the economy. For example,
Typhoon 9918 BART led to a storm surge in Shiranui
Town, Kumamoto Prefecture on September 24, 1999
and claimed many human lives.

Approximately 28 out of 80 TCs in the world are
generated over the western North Pacific (WNP) each
year (RSMC Tokyo-Typhoon Center, 1992). More-
over, we need to pay attention not only to the number
of TCs but also to their courses because it is necessary
to monitor their migration as a measure to prevent
disasters. TCs recurving to the northeast near the
Ryukyu Islands often hit Japan causing extensive
damage.

It is well known that TC genesis is related to six
conditions of the tropical atmosphere and ocean

(Gray, 1968 ; Henderson-Sellers et al., 1998 ; Lighthill
et al., 1994 ; Raper, 1993); (1) sea surface tempera-
tures (SSTs) exceeding 26 °C to depths of about 60 m,
(2) the Coriolis parameter, (3) large values of low-level
relative vorticity, (4) weak vertical shear of horizontal
winds, (5) conditional instability through deep atmo-
spheric layers, and (6) large values of relative humi-
dity in the lower and middle troposphere.

Since the SST in the WNP is 26 °C or more through-
out the year, it is possible for TCs in the WNP do
occasionally develop and intensify in the boreal winter
and the annual number is higher than in any other
basin. It is anticipated that warm SSTs enable many
TCs to occur.

Warm SSTs are necessary for TC genesis, but are
not a sufficient condition in isolation; large-scale
atmospheric circulation affects TC genesis. As in-
dicated by Gray (1975), few TCs form in the vicinity of
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the Hawaiian Islands due to the strong shear of
westerly winds. That is, the other factors are also
significant, or more important, than the warm SSTs
for TC genesis.

Both atmospheric and oceanic conditions exert a
considerable influence on TC genesis. If the SST
beneath the route of a TC is high, and the TC can
receive heat energy from the surface of the ocean
continuously, the TC will intensify. The trade winds
and the prevailing westerly winds play important
roles in the movment of a TC. The distribution of the
Ogasawara high during summer through fall is also
closely connected to the movement of TCs. TC
activity is a local phenomenon and is also directly
influenced by large-scale conditions.

El Nifio/Southern Oscillation (ENSO) is the most
prominent interannual phenomenon with anomalous
SST variance in the eastern equatorial Pacific and the
large-scale fluctuation of atmospheric pressure
between the eastern and western equatorial Pacific.
Many investigators have endeavored to reveal the
relationship between TC activity and ENSO. It has
been reported that TC activities in the western North
Atlantic (WNA) and in the western South Pacific
(WSP) tend to be below normal in El Nifio years
(Gray, 1984 ; Nicolls, 1984). This decreasing activity
in the Atlantic is explained by the fact that anomalous
westerly winds in the upper-troposphere over the
Caribbean and the equatorial Atlantic associated with
El Nifio can increase both vertical shear and upper
~level vorticity over the region, providing a less favo-
rable environment for TC genesis (Gray, 1984 ; Shapiro,
1987). Two contrasting opinions on the relationship
between TC activity in the WNP and ENSO exist.
One is that El Nifo is closely related to a decrease in
the annual number of TCs in the WNP (Aoki, 1985;
Chan, 1985 ; Li, 1988). The other is that no significant
correlation exists between the annual number of TCs
and ENSO (Ramage and Hori, 1981 ; Lander, 1994).

ENSO plays a major role in the interannual fluctua-
tion of the genesis location of TCs in the WNP.
Annual mean genesis location of TCs in the WNP
shifts eastward during El Nifio years (Chan, 1985;
Dong, 1988 ; Lander, 1994). This variability of TC
activity is explained in terms of the change in horizon-
tal and vertical circulations in the atmosphere during
an ENSO event (Chan, 1985; Lander, 1994).

The relationship between TC activity in the WNP
and ENSO has also been investigated using a general
circulation model, which is able to simulate the essen-
tial characteristics of both TC activity and the ENSO
phenomena. Wu and Lau (1992), using their low

-resolution general circulation model, explained the
low-frequency of TC formation simulated in the
WNP, WSP, and the WNA during El Nifio and a
seesaw effect on TC frequency between the WNP and
the central North Pacific associated with ENSO, from
the viewpoint of the changes in large-scale tropical
circulation.

To investigate the relationship between TC activity
in the WNP and ENSO therefore, we need to under-
stand both the atmospheric and oceanic circumstances
in both the warm and cold phases of ENSO, respec-
tively. It is difficult to isolate the impact of ENSO on
TC activity by using observational data alone (Wu
and Lau, 1992). At the same time, the effects of
changes in the general circulation of the atmosphere
on ocean circulation and its consequent effects, also
need to be considered. The understanding of these
effects needs to be investigated using a high-resolu-
tion atmosphere-ocean Coupled General Circulation
Model (CGCM).

The National Research Institute for Earth Science
and Disaster Prevention (NIED) has developed a high
resolution CGCM. Our CGCM is able to. reproduce
highly realistic TC and ENSO phenomena (Matsuura
et al., 1999). The purpose of this paper is to investi-
gate the relationship between TC activity in the WNP
and the ENSO phenomena using the results of CGCM
simulation and detailed observations.

The next section gives an outline of our CGCM and
describes the observational data used in this paper. In
section 3, the model-ENSO and model TC are defined
and their characteristics are shown in comparison to
data from actual observations. Specifically, the per-
formance of our CGCM is verified in Fig. 1, in which
the model SST anomalies are compared to the obser-
ved SST anomalies. The trends of TC activities are
examined in section 4, namely, frequency, the genesis
region, and the migration in ENSO warm and cold
phases, respectively. In section 5, the influences of
ENSO upon TC activity are discussed. The final
section is the conclusion of this paper.

2. Model description and observational data
sources

The atmospheric component of our CGCM is the
Global Spectral Model (GSM) 8911 developed by the
Japan Meteorological Agency (JMA) for operational
numerical weather prediction (JMA, 1993). The NIED
has also used this Atmospheric General Circulation
Model (AGCM) for studies of climate change by run-
ning it over long periods (Kawamura el al., 1995).
This AGCM has a 1.125°X1.125° horizontal resolution
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Fig. 1 Distributional patterns of SST during July to
October. Oceanic areas exceeding 26 °C are
shaded. The contour interval is 2°C. (a)
simulated SST of the 20-year period between
Year-10 and Year-29, (b) the GISST during
the period 1971-93.

(T106) and 21 levels in the vertical plane. Physics
packages include the convection scheme of Kuo (1974)
and Tiedtke (1985), radiation changes on a daily and
seasonal basis, cloud fractions using Saito and Baba
(1988), and the level 2 turbulent closure scheme by
Mellor and Yamada (1974) as the planetary boundary
layer process. The surface eddy fluxes of momentum,
sensible heat and latent heat are computed using the
bulk formulas of the stability dependence by Louis et
al. (1982). The effect of the gravity waves induced by
subgrid scale topography is parameterized according
to the scheme developed by Iwasaki ef al. (1989). The
Simple Biosphere scheme (SiB) developed by Sato ef
al. (1989) is used for land surface processes.

The Oceanic General Circulation Model (OGCM) of
our CGCM is the Modular Ocean Model (MOM2) of
the Geophysical Fluid Dynamics Laboratory (GFDL).
The horizontal resolution is 1.125° in longitude and
0.5625° in latitude. There are 37 levels in the vertical
plane, with 25 of those levels in the upper 400m. Richardson
number dependent diffusivity by Pacanowski and
Philander (1981) is used in the vertical mixing scheme.
There are no Sea Ice and River runoff processes in
this OGCM.

We began the CGCM run using daily atmospheric

conditions recorded on January 1, 1989, which were
obtained from the integration of the AGCM from
April 1, 1988 using the Meteorological Office Sea
Surface Temperature (MOHSST) of the U.K. Meteo-
rological Office (UKMO) as the boundary condition.
The OGCM was spun up for 10 years from the static
state using annual mean temperatures and salinity by
Levitus (1982) as the initial conditions. Under these
conditions, the AGCM and OGCM were coupled
through daily mean SST and atmospheric fluxes.
Flux correction was not used. We have integrated
the data for 29 years and have analyzed the simulated
results for the 20-year period from Year-10 to Year
-29.

We used each set of reanalysis data from the atmo-
sphere and ocean to evaluate the performance of our
CGCM and to discuss the relationship between the
actual TC activity in the WNP and ENSO. Observed
SST data were obtained from the UKMO Global Ice
and Sea Surface Temperature (GISST). Actual atmo-
spheric conditions were obtained from the National
Center Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis
data (Kalnay et «l., 1996). Statistical data of actual
TC activity in the WNP during the period 1971-93
(Table 1) was obtained from the Geophysical Review
published by the JMA (1971-1993).

3. Model ENSO and model TC
3.1 Model SST anomalies and model ENSO

TCs form and develop while receiving heat energy
and humidity from warm tropical oceans where the
values of SST exceed 26°C. The warm and cold
phases of ENSO, namely El Nifio and La Nifia, are
defined by the amplitude of mean SST anomalies in
the NINO3 (150°W-90°W, 5°S-5°N) of the eastern tro-
pical Pacific. It is, therefore, important to verify
simulated SST data before discussing the relationship
between the characteristics of model TC activity and
the model-ENSO in the results of the CGCM simula-
tion.

Fig. 1 shows the simulated and observed climato-
logical SSTs during the typhoon season from July to
October. The amplitude and spatial distribution of
simulated SSTs corresponds well to those of the
observed SSTs. The high resolution CGCM is able to
reproduce the seasonal cycle of the warm pool exceed-
ing 28 °C in the WNP, especially its meridianal extent
during summer through fall. Another improvement is
that the fine structures of intensive currents and
upwelling are accurately reproduced: namely, the
Kuroshio and the Gulf stream, and the upwelling east
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Table 1 Monthly and annual number of actual TCs in the WNP

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total JASO

1971 1 0 1 3 4 2 8 5 6 4 2 0 36 23
1972 1 0 0 O 1 3 6 5 5 5 3 2 31 21
1973 o o o o o0 o0 7 5 2 4 3 0 21 18
1974 1 0 1 1 1 4 4 5 5 4 4 2 32 18
1975 1 0 0 0 o0 0o 2 4 5 5 3 1 21 16
1976 1 1 0 2 2 2 4 4 5 1 1 2 25 14
1977 0 o 1 0 0 1 3 3 5 5 1 2 21 16
1978 1 0 0 1 0 3 4 8 5 4 4 0 30 21
1979 1 0 1 1 2 0 4 2 6 3 2 2 24 15
1980 0 0 o 1 4 1 4 2 6 4 1 1 24 16
1981 0 0 1 2 o0 3 4 8 4 2 3 2 29 18
1982 o 0 3 0 1 3 3 5 5 3 1 1 25 16
1983 o o0 0 o0 O 1 3 5 2 5 5 2 23 15
1984 o 0 o o o0 2 5 5 4 7 3 127 21
1985 2 0 0 0 1 3 1 8 5 4 1 2 27 18
1986 0 1 0 1 2 2 3 5 3 5 4 3 29 16
1987 1 0 O 1 0 2 4 4 6 2 2 1 23 16
1988 1 0 0 O 1 3 2 8 8 5 2 1 31 23
1989 1 0 0 1 2 2 7 5 6 4 3 1 32 22
1990 1 0 0 1 1 3 4 6 4 4 4 1 29 18
1991 0o o0 2 1 1 1 4 5 6 3 6 0 29 18
1992 1 1 0 0 0 2 4 8 5 7 3 0 31 24
1993 0 0 1 0 0 1 4 7 5 5 2 3 28 21
Ave 0.6 0.1 05 0.7 1.0 19 41 53 49 41 27 13 273 184

of Peru. In our CGCM, the equatorial cold tongue
tends to be too narrow and extend too far west ; this
phenomena has also been observed in other CGCMs
(Mechoso et al., 1995). The excessive westerly exten-
sion of the model cold tongue may be caused by overly
strong trade winds over the western tropical Pacific.
The maximum wind stress of the trade winds over the
equatorial Pacific was located at approximately 180°
in the simulation ; this position is farther west than
the actual position (~150°W). As the model trade
winds may cause cool SSTs through equatorial upwel-
ling in the east of the WNP and a discharge of latent
heat from the ocean, the model cold tongue is too
narrow and extends too far west. The other diffe-
rence is that the simulated SST in the eastern North
Pacific is higher than the observed SST. Warm SSTs
may also be a factor in the excessively narrow cold
tongue of the CGCM. There is room for improvement
of SSTs and wind profiles in the development of
CGCMs.

Fig. 2 shows the time series of 7-month running
mean of SST anomalies and the Southern Oscillation
Index (SOI) for both the model simulation and the
observation. Simulated and observed monthly SST
anomalies are averaged in the model NINO3 (150°W
-120°W, 4°S-4°N) and in the observed NINO3 for each
month, respectively. The SOI is obtained from the sea
-level pressure difference between Tahiti and Darwin.
In general, it is known that the SST anomalies in

NINO-3 correlate with negative anomalies of the SOI
in El Nifio and that they correlate with positive
anomalies of the SOI in La Nifias. In the observation,
the correlation value () between the SST anomaly
and SOI by 7-month running mean is strongly nega-
tive (»=—0.85) during the period 1971-93. In the
simulation using our CGCM, the correlation value is

also negative (» = —0.62).

The maximum and minimum values of simulated
SST anomalies are +1.28°C and —0.71°C, respec-
tively. The maximum value is nearly the same as the
observed value of El Nifio in 1987 (+1.35°C in Sep-
tember) and in 1991/1992 (+1.27°C in March 1992),
and the minimum value is virtually identical to the
observed value of the weak La Nifia in 1985 (—0.71°C
in April). The variance of simulated SST anomalies is
smaller than that of observed SST anomalies: the
standard deviation of the simulated SST is 0.38 °C
and that of the observed SST is 0.78 °C.

Based on the time series of the simulated SST
anomalies and the simulated SOI (Fig. 2a and Fig. 2b),
the definition of the model-ENSO is as follows:

1. During model-ENSOs, negative correlation
should be maintained between the simulated SST
anomalies and the simulated SOI,

2. During the model-ENSO warm phase, the values
of the simulated SST anomalies should exceed
the positive value of the standard deviation
(0=+0.38°C), and
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Fig. 2 Time series of (a) the simulated and (c) observed SST anomalies in NINO-3 and (b)
simulated and (d) observed SOI between Darwin and Tahiti. Closed star (%) shows the
ENSO warm phase and the clear star (v) shows the ENSO cold phase. *+ ¢ are standard

deviation of SST anomalies.

3. During the model-ENSO cold phase, the values of
the simulated SST anomalies should be below the
negative value of the standard deviation (o=
—0.38°C).

Both phenomena of the model and observed ENSO
are defined by these descriptions hereafter. The
model-ENSO warm phase appears in Years-11, 14, 15,
and 20/21, and does not appear after Year-22. The
model-ENSO cold phase appears in Years-10, 16, 19,
25, and 27.

3.2 Model TCs in the WNP

The output of the CGCM run reproduces model
depressions at surface level at low latitudes. We
investigated the behavior of the model depression (the
physical quantities of pressure, wind speed near the
center of the TC, and relative vorticity at 850 hPa) in
the CGCM and defined a model TC as follows; A
model TC is a Tropical Depression (TD) that has a
minimum surface pressure below 1008 hPa, a maxi-

! and maximum

mum wind speed exceeding 17m s~
relative vorticity exceeding 1.2X107* s at 850 hPa in
the WNP between 120°E and 180°. A representative
model TC has a vertical structure with (1) strong wind
speeds sometimes exceeding 35m s™' at 850 hPa, (2)
stronger wind speeds on the right of the TC track than
on the left, (3) wet air converging in the lower levels of

the atmosphere, rising in the center of the TC, and

diverging at 200 hPa, and (4) a warm core with a
temperature anomaly exceeding 8 °C ; this anomalous
temperature of the model TC is identical to that of an
actual TC (cf. Matsuura et «l., 1999). With regard to
the ocean response to the model TC, strong mixing
occurs from the surface to a depth of about 50m and
a divergent Ekman drift is induced in the upper layers
of the ocean by cyclonic wind stress, so that there is
an upwelling of the seasonal thermocline beneath the
center of the TC. The characteristic variation of the
upper layers of the ocean beneath the model TC is
similar to that beneath an actual hurricane or typhoon
(Price, 1981). However, the eye of the model TC is
unclear because the resolution of the atmospheric part
is too coarse to reproduce the eye structure, as pointed
out by Bengtsson ef al. (1995).
detailed structure of the eye, the horizontal resolution

To reproduce a

of the AGCM must be improved by approximately 10
~-50km.

The annual mean number of model TCs in the WNP
is 135 with a range of 6-26 (see Table 2). The
maximum monthly frequency appears in August for
both model and observed cases (Fig. 3). In December,
the monthly number of model TCs is somewhat higher
than that of actual TCs.
model TCs for each month in the typhoon season from
July to October is approximately half that of actual

The monthly number of
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Table 2 Monthly and annual number of model TCs in the WNP.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total JASO

Y10 0 1 0 0 0 0 1 6 5 4 2 7 26 16
Y11 0 2 0 4] 1 0 3 3 2 1 2 2 16 9
Y12 0 1 0 0 0 1 0 3 1 2 3 2 13 6
Y13 1 0 0 0 1 0 1 2 1 1 0 1 8 5
Y14 0 0 0 0 3 3 1 0 1 2 0 2 12 4
Y15 0 0 1 0 0 3 0 6 5 2 2 4 23 13
Y16 0 0 0 0 0 1 0 2 2 2 4 4 15 6
Y17 2 0 1 0 2 1 1 2 2 2 0 2 15 7
Y18 0 0 1 1 0 1 1 0 0 0 2 0 6 1
Y19 0 2 0 0 0 0 1 5 1 1 1 2 13 8
Y20 0 0 1 0 0 0 2 1 3 0 1 0 8 6
Y21 1 0 0 1 2 1 3 4 1 0 2 0 15 8
Y22 1] 0 0 0 1 0 3 2 2 2 4 1 15 9
Y23 0 0 2 0 1 0 1 1 2 2 0 0 9 6
Y24 0 0 0 1 1 0 0 2 2 2 0 2 10 6
Y25 0 0 0 0 0 0 1 6 3 2 2 2 16 12
Y26 1 1 1 0 1 0 5 2 1 2 1 2 17 10
Y27 1 0 0 0 0 1 1 4 2 0 1 1 11 7
Y28 0 0 0 1 0 1 2 2 2 3 4 1 16 9
Y29 0 0 0 2 1 0 1 1 1 0 0 Q 6 3
Ave 03 04 04 03 07 07 14 27 20 15 16 1.8 135 7.6
60 r
l.. -
50 | RN
40t s .
3 ' ‘
£
c

Jan Feb Mar Apr

May Jun

Ju Aug Sep Oct Nov Dec

Fig. 3 Monthly average number of model TCs averaged from Year-10 to Year-29 (solid line) and
that of actual TCs averaged from 1971 to 1993 (dashed line).

TCs.

In the pre-typhoon season from March to June,
model TCs are driven northwestward ; this route is
virtually identical to that observed (Fig. 4a and Fig.
4d). However, few model TCs migrate northwards.
In the typhoon season, the main route of model TCs
shifts towards the north (Fig. 4b). Although more
model TCs move northwards and recurve, a few
model TCs migrate polewards across 30°N and pass
along east-southeast Japan. In the post-typhoon
season from November to February, the track of
model TCs is similar to that of actual TCs (Fig. 4c and
Fig. 4f) . Most model TCs tend to migrate westwards,
although some model TCs recurve toward the north-

east.

In our simulation, few model TCs migrate polewa-
rds across the latitude line of 30°N. This tendency
may also be caused by the weaker intensity of model
TCs than that of actual TCs. The pressure at the
center of model TCs is not able to reach the minimum
pressure of actual TCs. While weaker model TCs are
migrating to the mid-latitudinal regions, they rapidly
decrease in intensity, because the TCs do not receive
heat energy from the ocean due to relatively cool
SSTs, for example. The reason for the weaker model
TCs may be due to the coarse horizontal resolution of
the atmospheric part in the CGCM.

The tendency for both model and actual TCs to
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Fig. 4 Tracks of model TCs in (a) the pre-typhoon season from March to June, (b) the typhoon
season form July to October, and (c) the post-typhoon season from November to February
during the period Year-10 to Year-29, and those of actual TCs in (d) the pre-typhoon
season, (e) the typhoon season, and (f) the post-typhoon season from 1981 to 1993. Solid
line : tracks of TCs, Dashed line : tracks of TDs that develop into TCs thereafter.

migrate westward is weakest in the typhoon season.
This is due to the wind system over the WNP and the
TC intensity ; in the typhoon season trade winds are
weaker than during the other two seasons and the
winds blow in a westerly direction in the lower levels
of the atmosphere over the Philippines. In the simula-
tion, however, these westerly monsoon winds do not
extend over the Philippines. Since the TC intensity is
strong in the typhoon season, the non-linear effect of
the TC is more intense. Therefore, the northward
migrational component caused by the non-linear
effect is more important (Chan and Williams, 1987).

4. TC activity in ENSO

The annual average number of model TCs in the
model-ENSO warm phase years is 14.5 and that in the
model-ENSO cold phase years is 16.2. The average
numbers of model TCs in the typhoon season are 7.8
for the model-ENSO warm phase years and 9.8 for the
model-ENSO cold phase years, respectivly (Table 3).
During the 23-year period 1971-93, the annual average
number of actual TCs in El Nifio years was 26.6 and
that in La Nifia years was 27.2. In the typhoon season,
the average numbers of actual TCs were 17.0 for El
Nifio years and 19.6 for La Nifia years, respectivly.
Both model and actual TC frequencies for ENSO
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Table 3 Monthly and annual mean numbers of model and actual TCs during ENSO.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total JASO

model-ENSO Warm Phase
(Years-14,15,20,21)
model-ENSO Cold Phase
(Years-10,16,19,25,27)

El Nifio
(1972,1976,1982,1987,1991) -6 0.2 10
La Nifia
(1971,1973,1975,1985,1988)

0.2 06 0.0 00 0.0
0.8 1.0

1.0 00 0.2 06 1.2

0.3 00 05 03 13 18 15 28 25 10 13 15 145 7.8

04 08 46 26 18 20 32 162 9.8
22 42 46 54 28 26 12 266 170

1.6 40 60 52 44 22 08 272 196

Observationrn
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Fig. 5 Tracks of model TCs during the typhoon season in (a) the model-ENSO warm phase and
(b) the model-ENSO cold phase, and those of actual TCs in (c) El Nifio years (1972, 1976,
1982, 1987) and (d) La Nifia years (1971, 1973, 1975, 1985, 1988). Solid line : tracks of TCs,

Dashed line : tracks of TDs.

warm phase years are slightly lower than those for
ENSO cold phase years.

Fig. 5 shows the trajectory of model and actual TCs
for the ENSO warm and cold phases. The majority of
TDs that develop into TCs thereafter (dashed lines)
and TCs (solid lines) move somewhere between the
west and the north. Some model TDs and one model
TC occured east of the date line during the model
-ENSO warm phases. The majority of the model TDs
and model TCs, excluding two TDs, occured over the
WNP during the ENSO cold phase. The mean longi-
tudes of the genesis locations of model TCs are 149.8°
E for the model-ENSO warm phases and 146.5°E for
the model-ENSO cold phases, respectively. The gene-
sis mean location of model TCs shifts eastwards
during the model-ENSO warm phases. This expand-
ing of the TC genesis area is also confirmed by

observations during El Nifio years.

In the comparison of TC tracks, model TCs prefer
to move polewards during the model-ENSO cold
phases rather than during the model-ENSO warm
phases. During the model-ENSO warm phases the
majority of the model TCs which move polewards
over the WNP on the eastern side of 140°E form and
develop mainly in September, and the model TCs in
July, August and October move towards the west and
west-northwest throughout their life spans. During
the model-ENSO cold phases, the model TCs usually
move towards the west-northwest or the northwest,
and some model TCs move northwestward or po-
lewards from August to October. The model TCs tend
to move westwards during the model-ENSO warm
phases and polewards during the model-ENSO cold
phases.
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In El Nifio years, many actual TCs move polewards
and frequently hit Japan (Fig. 5¢). In La Nifia years,
actual TCs turn eastwards and some hit Japan (Fig.
B5d). Additionally, there is a trend for the actual TCs
generated over the eastern region of the WNP during
the La Nifia years to move towards the north.

5. Discussion

In section 4, we have described TC activities (the
frequency, the genesis location, and the track) using
the results of CGCM simulation and observation du-
ring both ENSO warm and cold phases. TC genesis is
closely associated with global environmental condi-
tions. To discuss the relationship between the charac-
teristics of TC activity and ENSO, therefore, we need
to understand the variations of the oceanic and atmo-
spheric fields in the WNP during the ENSO events.

In general, the oceanic area to the east of the
Philippines is an area with high TC activity. Model
SSTs east of the Philippines during the model-ENSO
warm phase are slightly lower than those during the
model-ENSO cold phase (Fig. 6a). Although simula-
ted SSTs between 15°N and 30°N in the WNP during
model-ENSO warm phases are higher than during
model-ENSO cold phases, in the atmosphere, anticy-
clonic circulation prevails at 850 hPa (Fig. 7b) and the
geopotential height of 1000 hPa is high (Fig. 8a). That
is, this shows that the anticyclonic circulation and
anomalous anticyclone areas are not capable of
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Fig. 6 Composite differences in SST between the
ENSO warm and cold phases during the
typhoon season. (a) CGCM simulation and (b)
GISST. Shading depicts positive values. A
positive value is a higher SST during the
ENSO warm phase. The contour interval is

0.1 °C.

converging wet air in low-levels of the atmosphere
over oceanic areas. These oceanic and atmospheric
conditions in the simulation inhibit model TC forma-

SON T s W77/ T
a o g TN
1 e 72 //—“\\\‘\\\x\ e,
40N s i 2227 7l TN A NN
R A I w N\
s NS &.}:\

AR S

L ///4’»’ X
A —

A s L A

G 21 A AN

AN

Q P T ~ > i
100E 120E 140E 160E 180 160W 140W 120W

Fig. 7 Composite differences in simulated wind
vectors at (a) 500 hPa and (b) 850 hPa, and
precipitation between the model-ENSO warm
and cold phases during the typhoon season.
The contour interval for the difference of
precipitation is 1 mm day™'; shading depicts
positive values.
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Fig. 8 Composite differences in geopotential height
of 1000 hPa between the ENSO warm and cold
phases duirng the typhoon season. (a) CGCM
simulation and (b) the NCEP/NCAR
reanalysis data. Shading depicts positive val-
ues. Positive values are higher during the
ENSO warm phase. The contour intervals are
1 m for the simulation and 2 m for the NCEP/
NCAR reanalysis.
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tion and development over the western regions of the
WNP during the model-ENSO warm phase. In the
observation, the differences of SSTs were negative in
the western tropical Pacific (120°E-160°E, 0°~20°N in
Fig. 6b). In both CGCM simulation and observation,
the frequency of TCs in the western WNP is low
during the ENSO warm phase.

In the ENSO warm phase the genesis mean location
of TC shifts towards the east, and the eastern end of
the genesis area extends further eastward. This
eastward extension of the genesis area corresponds to
the easterly extension of anomalous positeve SST in
the equatorial Pacific, which is associated with anom-
alous westerly winds during the ENSO warm phase.

The increase of anomalous positive SST causes
Strong
anomalous equatorial westerly winds of 850 hPa
extend eastwards to 140°W in the simulation (Fig. 7b)
and 120°W in the observation (Fig. 9b) during the
ENSO warm phase. The eastern equatorial Pacific is
associated with an anomalous divergence of 200 hPa
(not shown). Simultaneously, the geopotential height
of 1000 hPa indicates an anomalous low over the

active convection over the oceanic areas.

eastern equatorial Pacific (Fig. 8). Over the eastern
equatorial Pacific, wet air converges at low levels in
the atmosphere, rises, and diverges in the upper
levels of the atmosphere during the ENSO warm
phase. The distribution of anomalous precipitation
correlates positively to that of the anomalous cyclo-
nes (Fig. 7b) and that of anomalous positive SST in
the simulation. The difference of precipitation is
positive in the eastern part of the WNP in the equato-
rial direction at 30°N and is negative in the western
part. This figure shows that the Walker circulation
shifts eastwards, and simultaneously supports the
tendency for TCs to form over the eastern part of the
WNP. During El Nifio, the area of anomalous positive
outgoing longwave radiation (OLR) over 10 W m™2
also covers southeastern Taiwan and the sea area
between 140°E to 160°E and 18N to 20°N (Fig. 9b).
This suggests that the convection is less active during
El Nifio compared to that during La Nifia. On the
other hand, the area between 150°E to 170°W along 10°
N indicates anomalous negative OLR. The convection
over the eastern WNP is more active during El Nifio
and TCs occur more easily under these conditions.
Gray (1979) pointed out that TC formation needs a
weak vertical shear. Fig. 10 shows that distribuions
of the zonal wind vertical shear between 850 hPa and
200 hPa during the typhoon season. During the model
~-ENSO warm phase, vertical shear of between 160°E
and 180" is extremely intense and the weak vertical
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Fig.9 Composite differences in observed wind
vectors at (a) 500 hPa and (b) 850 hPa, and
OLR between the the El Nifio years and the La
Nifia years during the typhoon season. The
data used is the NCEP/NCAR reanalysis data.
The contour interval for OLR anomalies is
5W m~?; shading depicts negative values.

shear region is located towards the equator at 10°N of
the central equatorial Pacific. During the model
-ENSO cold phase, the weak vertical shear region
shifts westward, although a part of the weak shear
region distributed towards the east at 180°, anomalous
negative SST and an anomalous anticyclone are not
necessary for TC formation there. In an actual case
the difference of distribution of the weak vertical
shear is shown more clearly than in the results of the
simulation ; the weak vertical shear region towards
the equator at 10°N extends towards the extreme east
during El Nifio (see Fig. 10). There are few actual
TCs in the southeast region of the WNP between 160°
E and 180°, towards the equator at 20°N during La
Nifia years (Fig. 5d). This lower frequency corre-
sponds to strong vertical shear in oceanic areas.
These oceanic and atmospheric conditions, which
represent anomalous positive SST and an anomalous
cyclone in the eastern equatorial Pacific and weak
vertical shear extending eastwards, cause the genesis
location of TCs to move eastwards during ENSO
warm phases.

Model TCs tend to move westward during the
model-ENSO warm phase and polewards during the
model-ENSO cold phase. At 500 hPa over the lo-
cation of 135°E and 25°N near Japan, anomalous
anticyclonic circulation appears in the model-ENSO
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Fig. 10 Distribuions of the zonal wind vertical shear between 850 hPa and 200 hPa during the
typhoon season in (a) the model-ENSO warm phase, (b) the model-ENSO cold phase, (c)
El Nifo years, and (d) La Nifia years.

warm phase (Fig. 7a). This anomalous anticyclonic
circulation prevents model TCs from moving polewar-
ds and induces model TCs to move westward during
the model-ENSO warm phase. Since this anomalous
circulation changes anticyclonic circulation into
cyclonic circulation during the model-ENSO cold
phase, model TCs are able to move polewards easily.
In the observation, anomalous anticyclonic circulation
exists over the location at approximately 155°E and
25°N southeast of Japan (Fig. 9a). During El Nifio, an
actual TC is able to move polewards passing off
Japan, because it is driven by southerly winds from
anomalous anticyclonic circulation. On the other
hand, during La Nifia years the anomalous circulation
is cyclonic, and anomalous southeasterly winds
develop over the region at 160°E-180" and 20°N-30°N.
The anomalous southeasterly wind induces poleward
movement over the region eastwards at 160°E. The
anomalous circulation, which influences the move-
ment of TC, exists over the region from 20°N to 50°N
off Japan. The difference in the trajectory of actual
TCs between El Nifio and La Nifia does not appear as
clearly as in that of model TCs, since the observed
anomalous circulation shifts further east than that in
the simulation. This difference in the position of the
anomalous circulation is due to the difference of the
response of the atmosphere in ENSO between simula-
tion and observation.

6. Conclusion

We have investigated the relationship between TC
activity in the WNP and ENSO using the 20-year
integrations by a high-resolution CGCM, and observa-

tional data during the period 1971-93. The CGCM
could simulate the phenomena of TC activity and
ENSO simultaneously. In this CGCM run, the follo-
wing results on the relationship between TC activity
and ENSO were obtained. The average number of
model TCs both annually and in the typhoon season
from July to October during the model-ENSO warm
phase was slightly less than that during the model
-ENSO cold phase. The genesis location of model
TCs extends towards the east during the model
-ENSO warm phase as does actual TC genesis. The
tendencies for decreases in the number and for the
genesis location of model TCs to extend towards the
east are also confirmed in the observational data
during El Nifio years. The behavior of model TC
activity is characterized by a tendency for westward
migration in the model-ENSO warm phase and po-
leward migration in the model-ENSO cold phase.
The anomalous anticyclonic circulation at 500 hPa
height exists in the WNP near Japan both in simula-
tion. The circulation influenes the migration of model
TCs. However, although the anomalous anticyclonic
circulation at 500 hPa height also exists southeast of
Japan in the observation, the difference in the trajec-
tory of actual TCs between El Nifio and La Nifia does
not appear as clearly as in that of the model TCs.
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