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ABSTRACT

A low-resolution Geophysical Fluid Dynamics Laboratory (GFDL) general circulation model has been in-
tegrated for 15 years. In the course of this experiment, the observed month-to-month sea surface temperature
(SST) variations in the tropical Pacific Ocean were incorporated in the lower boundary condition. The output
from this model run was used to investigate the influence of El Nifio-Southern Oscillation (ENSO) events on
the variability of tropical-storm formation.

Criteria for detecting tropical cyclogenesis and tropical-storm formation were developed for the model. Tropical
storms appearing in the model atmosphere exhibit many typhoonlike characteristics: strong cyclonic vorticity
and convergence in the lower troposphere, strong anticyclonic vorticity and divergence near the tropopause,
and intense precipitation. It is demonstrated that, despite its coarse resolution, the model is capable of reproducing
the observed geographical distribution and seasonal variation of tropical-storm formation.

The relationship between simulated tropical-storm formation and ENSO was explored using correlation
statistics, composite fields for the warm and cold ;phases of ENSO, and individual case studies. Significant
correlations were found between eastern equatorial Pacific SST anomalies and tropical-storm formation over
the western North Pacific, western South Pacific, and western North Atlantic. In these areas, below-normal
frequency of tropical-storm formation was simulated in warm El Nifio years, whereas more tropical storms
occurred in La Nifia years. The correlation between tropical-storm formation and equatorial SST changes is
particularly high for fluctuations on time scales of less than 3-4 years. During the boreal summer months (June-
October), there exists a seesaw in the frequency of tropical-storm formation between western and central North
Pacific: while more tropical storms were generated over western North Pacific during La Niia years, less tropical
storms were detected over central North Pacific. The reverse situation prevails in El Nifio years. Over the Indian

Ocean, the relationship between storm formation and ENSO exhibits a seasonal dependence.

1. Introduction

During the last few decades, our knowledge of the
structure, formation, movement, and prediction of
tropical storms (abbreviated as TS hereafter) has ex-
panded considerably. The progress in the research re-
lated to TS has been facilitated by the availability of
satellite observations, as well as the dedication of nu-
merous diagnostic and modeling efforts to this probiem
(for example, see Chen and Ding 1979; Anthes 1982;
Wang and Fei 1987). It is now known that the for-
mation of TS requires not only warm sea surface tem-
perature (SST) and strong conditional instability in
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the lower troposphere but also favorable conditions in
the environmental flow. During El Nifio years, the dif-
ference in sea level pressure between the southeastern
tropical Pacific and western Pacific reaches a mini-
mum, and the tropical circulation undergoes dramatic
changes (Rasmusson and Carpenter 1982; Rasmusson
and Wallace 1983; Philander 1989). The dynamic and
thermodynamic variations associated with ENSO exert
a notable influence on TS activity. Reductions in TS
formation during El Nifio years over western North
Pacific, western South Pacific, and western North At-
lantic have been reported in a number of observational
studies (Pan 1982; Chan 1985, 1990; Dong 1988; Li
1988; Nicholls 1984; Gray 1984a). However, in view
of the multiple factors contributing to the formation
of TS, it is difficult to isolate the impact of ENSO-
related SST anomalies on TS activity by using obser-
vational data alone. Alternate approaches to this prob-
lem appear to be necessary.

The first attempt to simulate typhoon-type vortices
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by large-scale general circulation models (GCMs) was
made by Manabe et al. (1970) at the Geophysical Fluid
Dynamics Laboratory (GFDL). By using a global
moist model with a horizontal grid spacing of 417 km,
Manabe and his collaborators found good agreement
between the observed and simulated sites of TS for-
mation (see their Fig. 5.12). The capability of higher-
resolution models to predict TS formation as well as
to simulate the geographical and seasonal distributions
of storm activity has also been demonstrated by
Bengtsson et al. (1982). The ability of GFDL models
to simulate the formation of TS was further assessed
by the comprehensive study of Broccoli and Manabe
(1990). Using multiyear integrations of GCMs with
different resolutions, they found that the model-sim-
ulated TS resemble the corresponding observed systems
in their thermodynamic structure. Moreover, the geo-
graphical distribution of the annual frequency of TS
in their experiments is similar to the observed distri-
bution.

Concurrently, the advances in our understanding of -

ENSO (for example, see Bjerknes 1966, 1969; Rown-
tree 1972; Philander 1989) have motivated many nu-
merical experiments aimed at simulating this family
of phenomena (e.g., Blackmon et al. 1983; Shukla and
Wallace 1983; Palmer and Mansfield 1984; Wu and
Cubasch 1987). The time-varying nature of the tropical
Pacific SST forcing as well as the seasonality of the
model response were incorporated explicitly in a series
of GCM experiments reported by Lau (1985). The
model analyzed in the latter study has nine levels in
the vertical and uses a rhomboidal truncation at 15
wavenumbers. Variations in the tropical Pacific SST
between 30°N and 30°S were updated every day using
temporal interpolations from monthly observations for
the 1962-76 period. In other parts of the World Ocean,
climatological monthly mean SST data were used. By
using this experimental design, Lau was able to repro-
duce the temporal evolution of individual ENSO epi-
sodes occurring in the 15-yr period.

Since the GFDL model is capable of producing TS-
like features, and since the same model can simulate
the essential characteristics of ENSO events with the
incorporation of time-varying SST forcing in the lower
boundary condition, it would be feasible to investigate
the relationship between TS formation and ENSO by
analyzing the appropriate model output from the ex-
periments described by Lau (1985). Considering that
the tropical Pacific SST changes provide the only ex-
ternal forcing on interannual time scales in that inte-
gration, the model data should reveal any correlation
between TS formation and ENSO more clearly than
observational data. The objective of the present study
is to investigate the nature of such relationships in the
model atmosphere. Suitable criteria for detecting TS

formation are developed for the model in section 2. In.

section 3, the temporal and spatial characteristics of
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the simulated TS are examined. Composites of TS over
the Western North Pacific are computed, and the typ-
ical structure of the simulated storms is described. The
seasonal variation and geographical distribution of the
frequency of TS formation in the model atmosphere
are also documented. The relationships between ENSO
and the genesis of TS over different oceans are then
studied in section 4. Section 5 is devoted to the un-
derstanding of these relationships through the use of
seasonal or monthly composites of selected fields for
La Nifia and El Nifio events. Conclusions from this
study and discussions on further work relevant to this
subject are given in section 6.

2. Criteria for detecting tropical-storm formation

In the present model study, the daily output from
the experiment described by Lau (1985) was analyzed.
The meteorological fields examined include geopoten-
tial height at 200, 500, and 1000 mb, temperature and
horizontal wind at 200 and 950 mb, water vapor mixing
ratio at 950 mb, vertical velocity at 500 mb, and pre-
cipitation. The horizontal grid spacings of these model
data are 7.5° of longitude and 4.5° of latitude. The
following simple criteria have been used to identify
cyclone systems at grid points L in the latitude zone
between 40.5°S and 40.5°N:

e At 1000 mb, the geopotential height at L must be
at a minimum relative to the eight surrounding points;
the 950-mb circulation at L must be both cyclonic and
convergent; and the 500-mb vertical motion at L must
be directed upward.

e The thickness between 200 and 1000 mb over L
must be at a maximum relative to the four neighboring
points and must exceed (by 60 m) the corresponding
mean value of the grid points lying within 1500 km to
the west and east.

* The wind speed at 950 mb must exceed gale-force
strength (i.e., 17.2 m s™') at one or more of the nine
grid points in the proximity of L.

The systems satisfying these criteria will henceforth
be referred to as cyclones. Since emphasis is placed on
storm genesis, any cyclone that is located within a dis-
tance of 7.5° of longitude or 9° of latitude from a cy-
clone identified one day earlier will be regarded as the
same cyclone having migrated from its previous lo-
cation and will be excluded from this census.

The criteria listed above were applied on a day-to-
day basis to the model output. During the 15-yr inte-
gration, there are altogether 10 011 surface cyclones
detected in the domain under investigation. Figure la
shows the geographical distribution of total number of
cyclone formation at individual grid points. The lati-
tudinal distribution of the frequency of cyclone for-
mation is depicted in Fig. 1b. These results indicate
that a substantial portion of the detected cyclones are
located in extratropics, mainly in the winter season.
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FIG. 1. (a) Distribution of the frequency of model-simulated cyclone formation at each 4.5° latitude X 7.5° longitude
grid box. The values shown here correspond to the total number of occurrences of cyclone formation during the entire
15-yr integration. Annual frequency may hence be obtained by dividing these values by 15. Contour interval in 10.
The contours plotted correspond to values of 10, 20, 30, and 40. Stippling with progressively higher densities is used
to depict regions of frequent cyclone formation. Regions with.more than 50 occurrences are indicated by solid black.
(b) Latitudinal distribution of annual and seasonal cyclone frequencies summed over all longitudes. (c) Longitudinal
distribution of annual and seasonal cyclone frequencies between 13.5° and 31.5°N.
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Local maxima are also found near the equator and in
subtropical regions. In the northern subtropics between
13.5° and 31.5°N, the longitudinal distribution of the
frequency of cyclogenesis (Fig. 1¢) is characterized by
local maxima over western Africa, Saudi Arabia, Bay
of Bengal, western North Pacific (WNP), and western
North Atlantic (WNA) to the east coast of the United
States. The frequencies in these regions are particularly
high in summer.

Analysis of the seasonal variation of the simulated
disturbances shows that the cyclones over western Af-
rica, Saudi Arabia, and the Bay of Bengal mostly de-
velop in summer months, whereas the systems over
WNP and WNA occur every season. In order to dif-
ferentiate TS from other types of disturbances, com-
posite charts of the detected cyclone systems have been
constructed for different areas and different seasons by
the following procedure: the center of each of these
cyclones was assigned as the origin of a common co-
ordinate system, with the abscissa and ordinate cor-
responding to longitudinal and latitudinal displacement

from the cyclone center, respectively. The model data
within 30° of longitude (i.e., four grid points in the
zonal direction) and 31.5° of latitude (i.e., seven grid
points in the meridional direction) from each cyclone
center were translated to this common frame of ref-
erence. Composite plots were then obtained by aver-
aging the data over all cases in the common coordinate
system. Some of the composite results are presented
in Fig. 2.

At 38.25°N in January, the surface cyclone is typi-
cally associated with a cyclonic wave that is character-
ized by temperature perturbations lagging behind gec-
potential height perturbations (figures not shown) and
by strong westerlies at 200 mb (Fig. 2a). The composite
pattern of 200-mb wind for the WNP region in January
(Fig. 2b) resembles that pertaining to 38.25°N. These
systems should therefore be classified as baroclinic dis-
turbances. On the other hand, the composite for WNP
in July is very different from its wintertime counterpart
and bears many distinct TS characteristics, with a geo-
potential low at 500 mb, an anticyclone at 200 mb,
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FI1G. 2. Composites of velocity vectors at 200 mb [(a)-(e)] and at 950 mb [(f)] for cyclones identified in different
seasons and different areas (see text for details of composite procedure). Contours indicate wind speed at intervals of
5m s~ at 200 mb and 2 m s™! at 950 mb. Stippling indicates wind speeds less than 5 m s~ at 200 mb and 2 m s™*
at 950 mb. Panel (a) is for 38.25°N in January; Panel (b) is for WNP in January; Panel (c) is for western North Africa
in July; Panel (d) is for southern Saudi Arabia in July; Panel (e} is for the Bay of Bengal in July; and Panel (f) is for
the equatorial belt between 4.5°S and 4.5°N and for all seasons.

and very weak wind speed directly above the surface
low (refer to Fig. 3).

The July composites for western Africa, Saudi Ara-
bia, and the Bay of Bengal (Figs. 2c-2e) are all char-
acterized by strong 200-mb easterlies directly above
the surface-low center. Composites of water vapor
mixing ratio at 950 mb for western Africa and Saudi
Arabia (figures not shown) indicate very dry condi-
tions. These results suggest that the perturbations over
western Africa are cyclonic systems developing along
the north African dry baroclinic zone, as noted by
Carlson (1969) and Burpee (1974).

In the equatorial zone, the disturbances mainly occur
to the east of the “maritime continent” in the western
Pacific (Fig. 1a). The composite pattern of the 950-
mb wind field (Fig. 2f) shows that most of the equa-
torial perturbations do not resemble TS, since they are
characterized by surface easterlies on both the northern
and southern flanks of the disturbance center. This
rather unique flow pattern allows the equatorial systems
10 be distinguished from other disturbances.

It is evident from the composite patterns shown in
Fig. 2 that the cyclonic systems generated in the model
include not only TS, but also baroclinic cyclones, con-
tinental dry cyclones, and equatorial easterly pertur-
bations. On the basis of this evidence, the following
additional constraints were applied to each of the cy-
clones detected earlier so as to retain only those systems
with TS characteristics:

1) The 200-mb zonal wind above the cyclone center
L must not exceed 5 m s~} (westerly).

2) The 950-mb relative humidity at L must exceed
70%.

3) The 950-mb zonal wind component must not
be easterly at both the grid point located 4.5° to the
north and the point located 4.5° to the south of L.

Experimentation with different thresholds indicates
that the results are not sensitive to the particular cutoff
values chosen above. The impact of the additional
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constraints on the distribution of the frequency of cy-
clogenesis has been evaluated by comparing the pattern
in Fig. 1 with the corresponding patterns obtained by
incorporating the new constraints one at a time (not
shown). As expected, the first constraint serves to ex-
clude baroclinic perturbations. The second constraint
effectively removes tropical continental dry distur-
bances, particularly those located over western Africa
and Saudi Arabia. The third constraint removes those
equatorial easterly disturbances possessing the structure
noted in Fig. 2f. As will be demonstrated in the next
section, the application of these additional constraints
makes retention of only those typhoonlike systems
possible, resulting in a realistic seasonal and spatial
distribution of the frequency of TS formation.

The selection criteria developed in the present study
may be compared with those implemented in Broccoli
and Manabe (1990), who have analyzed various ver-
sions of essentially the same GCM. Both studies require
the surface pressure at the storm center to be at a min-
imum and the wind speed in the vicinity of the storm
to exceed gale-force strength. Broccoli and Manabe
(1990) excluded most of the baroclinic cyclones by
considering only grid points equatorward of ~30° lat-
itude, and by conducting the search only during a 6-
month hurricane season, which corresponds to the
warm half of the annual cycle. They have also elimi-
nated the continental dry cyclones from their census
by surveying only the oceanic grid points. The differ-
ences between the two detection procedures notwith-
standing, the gross spatial characteristics of the fre-
quency of TS occurrence as reported in both studies
are in fair agreement with the observations (see Broc-
coli and Manabe 1990, Table 1; and section 3 of this
paper).

3. Model climatology of TS formation

In order to ascertain that the criteria and constraints
developed in the preceding section are appropriate for
identifying circulation systems with TS characteristics,
the composite TS structure in the WNP area will be
examined in this section. The geographical and seasonal
variations of simulated TS formation will also be doc-
umented. The model results presented here will be
compared with observational data.

While assessing the realism of the model results pre-
sented here, the fact that the cyclones are generated by
a GCM with very low spatial resolution (i.e., rhom-
boidal truncation at only 15 wavenumbers) should be
kept in mind. It is anticipated that this model is not
capable of reproducing the fine details of the mesoscale
cyclone structure. Therefore, this study will concentrate
on those aspects of the tropical storms with spatial
scales longer than that resolvable by the model grid.
The prediction experiments performed by Krishna-
murti et al. (1989) offer ample evidence linking in-
creased model resolution with improved forecast skill
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of TS formation, movement, and structure. Hence, the
findings reported here need to be further validated by
analyzing model runs with higher resolution. It is,
however, noteworthy that the regional climatology of
TS occurrence in the 15-wavenumber model is not no-
tably different from that in a 30-wavenumber model
(see Broccoli and Manabe 1990).

a. Composite TS structure over WNP

Altogether, 128 storms were identified over WNP
(0°-45°N, 101.25°-168.75°E) in the summer months
of July, August, and September in the 15-yr model
integration. The composites of the horizontal wind
vector, relative vorticity, and divergence fields at 200
and 950 mb, and the geopotential height fields at 200
and 1000 mb are shown in Fig. 3. The same composite
procedure described in the previous section has been
used to construct these patterns. At the lower level there
is a distinct region of convergence surrounding the
storm center, with a radial extent of about 1000 km
(Fig. 3f), as well as a core region of cyclonic relative
vorticity surrounded by anticyclonic vorticity (Fig. 3d).
The horizontal circulation exhibits a notable degree of
asymmetry about the storm center, with southerlies in
the eastern sector being much stronger than the north-
erlies to the west (Fig. 3b). The polarities of the com-
posite vorticity and divergence fields at the upper level
are opposite to those at 950 mb. The 200-mb circu-
lation over the storm is characterized by anticyclonic
vorticity (Fig. 3¢), divergence (Fig. 3e), and wind vec-
tors spiraling out of the vortex center (Fig. 3a). A low
geopotential center appears at 1000 mb (Fig. 3h), with
gradients to the west being noticeably weaker than those
to the east and north. The asymmetric structure of the
low-level depression is similar to that observed in the
Northern Hemisphere (Shea and Gray 1973) and is
related to the ambient circulation in the western North
Pacific. In that region there exists a semipermanent
subtropical high pressure center to the northeast of the
site of storm formation, whereas a quasi-stationary
monsoon low system prevails to the west. This spatial
configuration of the mean-flow environment agrees
well with observations (Ding and Reiter 1981). The
average depth of the simulated TS in terms of D value
for the geopotential height field at 1000 mb (which is
defined as the difference between the height or pressure
value at the low center and the mean value at the two
grid points located at 1500 km to the east and west of
the center, see Frank 1977) is —70 m (or —9 mb),
about half of the corresponding observed amplitude as
reported by Frank. The low center becomes weaker
with increasing height: the D value at 500 mb is only
—24 m, or about —2 mb. At 200 mb (Fig. 3g), a high
geopotential center with a D value of +26 m appears.
In reality, the sign reversal in the geopotential height
field for a TS over WNP usually occurs above 200 mb
(Frank 1977). The present results suggest that the ver-
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FIG. 3. Composite patterns of the model data at 200 mb (upper panels), 950 mb [(b), (d), and (f)], and 1000 mb (h) for (a) and (b)

horizontal wind, contour interval in 5 m s™!, stippling indicates wind speed larger than 10 m s™*; (c) and (d) relative vorticity, contour
interval in 5 X 107s™*, dashed contours indicate negative vorticity; (e) and (f) divergence, contour interval in 2 X 107%s™!, dashed
contours indicate convergence; and (g) and (h) geopotential height, the contour values at 200 mb have been subtracted by a constant value

of 12 200 m, contour interval in 10 m.

tical extent of the simulated storm is shallower than
that observed. The lower level of the TS is also char-
acterized by high moisture content, strong upward
motion, and heavy precipitation with rates reaching
34 mm day~! (figures not shown). Numerical exper-
iments on typhoon formation with a fine-mesh model
by Kurihara and Tuleya (1981) show that maximum
rainfall rates of 48-72 mm day ! can be produced on
the first day of storm formation.

The amplitudes of the model patterns displayed in
Fig. 3 are generally lower than those documented by
Frank (1977) for observed cyclones, thus implying that
the present low-resolution model tends to underesti-
mate the storm intensity. However, it is also evident
from the composites that the TS generated in the pres-
ent model exhibit considerable qualitative similarities
to their observed counterparts.

b. Regional distribution of TS

Figure 4a shows the geographical distribution of the
frequency of TS formation at individual grid points
during the 15-yr model integration. The pattern in Fig.
4a bears some resemblance to the corresponding dis-
tribution in the real atmosphere (Fig. 4b), as presented
by Gray (1979). For both the observed and simulated

atmospheres, TS mainly develops over the oceans.
There are more TS generated in the Northern Hemi-
sphere than in the Southern Hemisphere. The Bay of
Bengal and the region east of the Philippines over the
western Pacific Ocean are the most favorable regions
for TS formation. The occurrence of TS formation near
the Brazilian coast in the model atmosphere does not
appear to be supported by the available observations.
Other sites of storm formation include WNA, western
South Pacific, and the southern Indian Ocean. No
storm occurs over the eastern South Pacific and eastern
Atlantic, where the circulation is dominated by sub-
tropical high pressure centers, with prevalent large-scale
subsidence.

Over the southern central Pacific, the area of en-
hanced TS formation in the model extends farther to
the east. This eastward shift is consistent with the cor-
responding displacement of the South Pacific conver-
gence zone (SPCZ) in the model from the observed
position (see Lau 19835, Fig. 3). The TS formation over
WNA in the model is less evident than that in the ob-
servations. This discrepancy may be related to the fact
that the simulated 200-mb trough in the Atlantic sector
is displaced too far west of its observed position (see
Lau 1985, Fig. 4b). Accordingly, the climatological
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FIG. 4. Geographical distribution of the formation of tropical storms in the (a) simulated and (b) observed atmospheres.
The model pattern depicts the total number of occurrence of storm formation during the entire 15-yr integration.
Values with the ranges of 2-7, 7-12, and 12-17 are depicted by light, medium, and dense stippling, respectively.
Regions with more than 17 occurrences are indicated by solid black. The observed pattern is reproduced from Gray
(1979) and depicts the locations of individual storm cases during a 20-yr period.

North Atlantic tropical anticyclone at 200 mb in the
model also shifts westward, thus inhibiting the for-
mation of storms in the central Atlantic.

The overall agreement in the geographical distri-
bution of TS between model and observation is en-
couraging. To further evaluate the model capability in
simulating the spatial dependence of storm formation,
the global ocean was divided into ten regions, that is,
northern and southern Indian Ocean (NIO, 33.75°-
101.25°E; SIO, 18.75°~123.75°E), WNP (101.25°-
168.75°E), western South Pacific (WSP, 123.75°E-
131.25°W), central North Pacific (CNP, 168.75°E-
138.75°W), eastern North and South Pacific (ENP,
138.75°W to the west coast of the United States; ESP,
131.25°-63.75°W), WNA (east coast of the United
States to 26.25°W), eastern North Atlantic (ENA,

26.25°-3.75°W), and South Atlantic (SAT, 63.75°W-
18.75°E). The latitudinal extent of these regions is from
the equator to 45°N and 45°S for the northern and
southern regions, respectively. The mean annual fre-
quency of TS formation in each ocean region was eval-
uated, and the results are compared to the correspond-
ing observations (Gray 1968) in Table 1. In view of
the systematically weaker TS intensities simulated in
this low-resolution model (see section 3a), it may not
be too meaningful to compare the actual number of
observed and modeled storms satisfying a similar set
of selection criteria. Instead, the frequency of TS for-
mation in a given region has been expressed as a frac-
tion (in percent) of the total number of TS occurring
throughout the globe. These relative frequencies have
been computed separately for the model and observed
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TaBLE 1. Simulated and observed mean annual frequency of tropical-storm formation in different regions.
The observations are from Gray (1968).
Area Modeled Observed
Ocean As defined by Gray Number Percentage Number Percentage

NIO Im+1v 8 11 8 13
WNP + CNP II 31 44 22 36
ENP 1 5 7 10 16
WNA VIII 3 4 7 11
ENA 1 1
SIO \ 8 11 6 10
WSP VI + VII 13 18 9 14
SAT 2 3 0 0

Total 71 99 62 100

atmospheres and are also shown in Table 1. The high
percentages of storm events over WNP and WSP and
the near absence of storms over SAT are reproduced
in the model statistics. The percentages of simulated
TS formation over WNP and WSP are somewhat too
high. The percentages over other oceans, especially over
ENP and WNA, are lower than the observations. It
should be pointed out that, due to inaccuracies in the
earlier part of the observational record, the number of
observed hurricane occurrences presented in Table 1
may be lower than reality (see Gray 1977; Anthes
1982). The inclusion of satellite observations indicates
that the annual number of hurricane occurrences is
approximately 80 (Frank 1987).

In Table 2, the percentage of the total TS occurring
in different latitude belts in the model is compared to
that in the real atmosphere (Gray 1968). In both the
model and observed atmospheres, most TS are gen-
erated in the subtropical latitude belt, with only about
one-eighth of all TS forming to the north of the Tropic
of Cancer.

¢. Seasonal variation of TS

In Fig. 5, the seasonal variations of the maximum
and minimum frequency of TS formation over WNP

TABLE 2. Fraction of tropical storms occurring in different latitude
belts. Storm formation in all months of the year has been considered.
The observations are from Gray (1968). The model results are based
on the ratios of the number of storms detected in various zones to
the total number (see data given in parentheses).

Modeled Observed
9°-18°N 9°-22.5°N 10°-20°N
and and and
9°-18°S 9°-22.5°S 1°-20°S
48% 64% 65%

(511/1063) (683/1063)
>22.5°N >22°N
14% 13%
(154/1063)

and CNP within the 15-yr integration period are shown
together with the corresponding observations (Chen
and Ding 1979). In the observed and model atmo-
spheres, both maximum and minimum frequencies
attain peak values in the summer months, whereas no
TS is detectable from November to May in some years.

The hemispheric averages of the simulated frequency
of TS formation for individual calendar months are
presented in Fig. 6a. Note that the time axis for the
Northern Hemisphere values is shifted with respect to
the Southern Hemisphere data by 6 months, so as to
align the two sets of statistics to the same phase of the
seasonal cycle. In both hemispheres, maximum TS
formation occurs in summer, and minimum TS for-
mation is simulated in late winter or early spring. This
gross feature is similar to the observations shown in
Fig. 6b. In the winter half year, the model produces
more TS than the real atmosphere. As a result, the
amplitude of seasonal variation in TS frequency in the
model is weaker than that inferred from the observa-
tions.
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FIG. 5. Seasonal variation of the highest (solid curve) and lowest
(dashed curve) frequency of storm formation over the western and
central North Pacific for individual calendar months in the 15-yr

simulation. The corresponding observed values are indicated by dotted
curves.
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FIG. 6. Seasonal variation of the mean frequency of tropical-storm
formation in individual calendar months, for the entire globe (solid
curve), Northern Hemisphere (dashed curve), and Southern Hemi-
sphere (dotted curve). The results are presented separately for the
(a) model and (b) observed atmospheres. Note the 6-month shift in
the time axes used for presenting the data in the two hemispheres.

4. Modulation of frequency of TS formation by
ENSO events

a. Definition of El Nifio and La Nifia

In order to delineate the impact of ENSO-related
variability on TS formation, the SST average over an
appropriate portion of the equatorial Pacific will be
used as an ENSO index. In Fig. 7, two time series of
monthly and regional mean SST anomaly are pre-
sented. The anomaly for each month is defined as the
deviation of the monthly mean from the 15-yr average
of the corresponding calendar month. The dashed
curve is based on area averages for the central equa-
torial Pacific (4.5°S-4.5°N, 176.25°E-138.75°W).
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SST anomaly °C

w

FI1G. 7. Variation of observed SST anomalies in the central equa-
torial Pacific (dashed curve) and in the eastern equatorial Pacific
(solid curve). Stippling denotes El Nifio episodes determined using
the SST data for the eastern equatorial Pacific.

The solid curve denotes the SST anomaly in the eastern
equatorial Pacific (9°S-0°, 138.75°-86.25°W). The
gross features of these two curves are rather similar,
with the exception of 1976, during which the warming
is confined to the vicinity of the Peru—-Ecuador coast.
In order to conform with other observational ENSO
studies (e.g., Angell 1981; Rassmuson and Carpenter
1982), the eastern equatorial Pacific SST anomaly is
used here to define the warm events. Altogether five
warm ENSO events, that is, 1963, 1965, 1968/69,
1972, and 1976 (shown by stippling in Fig. 7) can be
identified. For the cold La Niiia events, the SST anom-
alies in both the eastern and central equatorial Pacific
are considered. Four cold episodes, that is, 1964, 1967,
1970/71, and 1973-75, can be identified during the
15-yr period. In the following discussion, the SST
anomaly over the eastern equatorial Pacific will be used
as an index of ENSO.

b. Relationship between frequency of TS formation
and ENSO

The relationship between global frequency of TS
formation and ENSO will be assessed first. The model
frequency of TS formation in individual years is ob-

R(f)
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FIG. 8. Frequency response of the high-pass filter used in this study.
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FiG. 9. (a) Variation in the annual frequency of simulated tropical-storm formation over the globe (solid
curve) and observed August SST anomaly in the eastern equatorial Pacific (dashed curve). (b) As in (a),
but for high-pass—filtered storm frequency and SST indices.

tained by the census described in section 2 and cor-
related with the August values of the SST anomaly in
the eastern equatorial Pacific. The August SST anomaly
is chosen because this month corresponds to the de-
veloping phase of most El Nifio events in the 1962-76
period (Rasmusson and Carpenter 1982; Lau 1985).
Assuming that the data values for individual years are
mutually independent, the 95% and 99% significance
limits for the correlation coefficients are estimated to
be .51 and .64, respectively. Preliminary analyses show
that both high- and low-frequency variations exist in
TS frequency and in SST anomaly. Since this study’s
main emphasis is on the events with ENSO time scale,
the fluctuations with that time scale have been retained
by a high-pass filter. Following Holloway (1958), a
five-point Gaussian filter has been designed to differ-
entiate ENSO events occurring on time scales less than
approximately 5 years from the much more slowly
varying variations. The frequency response of this filter
is presented in Fig. 8. This filter has been applied to
the time series of both TS frequency and SST anomaly.

Figure 9 shows the time series of SST anomaly in
the eastern equatorial Pacific and the annual mean fre-
quency of TS formation for all oceans. The correlation
coefficients for the unfiltered (Fig. 9a) and filtered (Fig.
9b) cases are —.65 and —.67, respectively, and are both

above the 95% significance limit. The frequency of TS
formation is below normal in most warm events and
above normal in most cold events. This relationship is
more evident in the high-pass—filtered data shown in
Fig. 9b. Correlation analyses have also been performed

. for individual oceans and different seasons of the cal-
endar year. Some of the results obtained from the fil-
tered data are shown in Table 3. With the exception
of the values for ENP, ENA, SIO and NIO, and the
summertime value for WSP, the correlation coefficients
are mostly negative, that is, less (more) TS are gen-
erated in El Nifio (La Nifia) years. Within the period
of May-November, the negative correlations between
ENSO and TS formation over WNP, WSP, and WNA
are all above the 95% confidence level. Figures 10 and
11 present the variations of frequency of TS formation
in individual oceans in relation to the eastern equatorial
Pacific SST. The model results summarized here may
be compared with observational analyses for the fol-
lowing individual regions.

1) WNP (FIG. 10a) AND CNP (FIG. 10b)

The strongest negative correlation between TS for-
mation in the model and ENSO is found in WNP.
Except for the period between January and March, the

TABLE 3. Correlation coefficients between August SST anomaly in the eastern equatorial Pacific and frequency of tropical-storm formation
in different seasons and different oceans. The time series have been processed through a high-pass filter. Italics denotes values exceeding the

95% significance level.

Globe WNP WSP ENP WNA ENA SAT NIO SI1I0
December-April —-.04 —.88 21 27 23 .00 -.17 -.37 38
May-November -.61 -.70 -.62 21 —.69 .19 —.15 .57 .04
Annual -.67 -.78 -.11 .30 -.55 .19 —.20 .54 .23
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FIG. 10. Variation in the frequency of simulated tropical-storm formation in summer months over different
oceans (solid curves) and observed August SST anomaly in the eastern equatorial Pacific (dashed curves).
The storm frequency and SST indices have been processed through a high-pass filter. Panel (a) is for WNP
between June and October; Panel (b) is for CNP between June and October; Panel (c) is for WSP between
May and November; and Panel (d) is for WNA between May and November.

negative correlation coefficients for other seasons are
all above the 95% confidence level. Correlation analyses
have been performed for the summer period between
June and October in different longitudinal domains in
the region (Table 4). Negative correlations are obtained
in every longitudinal domain west of 168.75°E, with
the strongest negative correlation coefficient reaching
—.89 for the region between 146.25° and 168.75°E.
On the contrary, significant positive correlation is

found over the central North Pacific (168.75°E-
138.75°W). Therefore, a seesaw in TS formation be-
tween WNP and CNP occurs in the model in response
to ENSO: during El Nifio years, while WNP experi-
ences less TS formation, more TS are generated over
CNP. The reverse situation holds for La Nifia years.
Using observational data of the 1948-82 period,
Chan (1985) found that the spectra of both TS fre-
quency in the WNP and the Southern Oscillation index

TABLE 4. Correlation coefficients between August SST anomaly in the eastern equatorial Pacific and frequency of tropical-storm formation
during the summer months (June-October) in different longitudinal domains of the western and central North Pacific. The time series have
been processed through a high-pass filter. Italic and bold numbers denote values exceeding the 95% and 99% significance levels, respectively.

Longitude 101.25°-123.75°E 123.75°-146.25°E

123.75°-168.75°E

146.25°-168.75°E 168.75°E-138.75°W

Correlation

coefficient —.40 —.61

-.78 —.89 +.63
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peak in the 3-3.5-yr frequency band, and that the cross
spectrum of these two indices has significant coherence
on this time scale. Chan (1990) also found that the
number of TS is below normal in the western part of
WNP during El Nifio years. At the same time, more
TS tend to develop in the eastern part of that region.
Based on data for the 1900-79 period, Li (1988) re-
ported a significant correlation between ENSO and ty-
phoon occurrence in WNP. His results indicate that
the mean annual number of typhoon occurrence in
WNP (excluding South China Sea) increases from 21.4
for El Nifio years to 26.2 for La Nifia years. Dong
(1988) also found negative and positive correlations
between TS frequency and eastern Pacific SST anomaly
for the regions located west and east of 160°E, respec-
tively. These results are well represented in the model.
On the other hand, by only considering strong El Nifio
events in the 1955-79 period, Ramage and Hori (1981)
did not find any significant correlation between storm
frequency and ENSO. However, it is worth noting that
not all El Nifio and La Nifia events in this period were
considered in Ramage and Hori’s study. Hence, it is
difficult to reconcile their findings with the present re-
sults.

2) WSP (F1G. 10c)

A significant negative correlation coefficient (—.62)
between the model TS formation and ENSO in this
region is found only for the period between May and
November. Based on observational data for the 1950~
74 period, Nicholls (1979) reported a negative corre-
lation between the Darwin June—August sea level pres-
sure and the TS frequency over the “cyclone area”
(5°-35°S, 105°-165°E). On analyzing the data for
1913-37 and 1964-82, Nicholls (1984) found that the
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number of TS over this particular area exhibits negative
correlations with the eastern Pacific SST and Darwin
pressure from well before the start of the cyclone season
to well into the season (October to April). This rela-
tionship is particularly strong in the early part of the
cyclone season (October-December). The correlations
are much weaker during the middle and late cyclone
season ( December—April ). These observational results
are well represented by the model as well. It is evident
from Fig. 10c and Table 3 that the correlation coeffi-
cient in the southern winter and spring months 1s sig-
nificantly negative, whereas that in the southern sum-
mer months becomes weakly positive.

3) WNA (F1G. 10d)

The negative correlation between the variations of
the model TS frequency in the western North Atlantic
in summer months and the eastern equatorial Pacific
SST anomaly is significant and comparable to that in
WNP. In the real atmosphere, the relation between
hurricane occurrence over the Atlantic and ENSO
events seems 10 be more complicated (see Gray 1984a,
1984b; and Gray et al. 1987). However, the latter stud-
ies do show a negative correlation between TS fre-
quency and ENSO.

4) NIO aND SIO (FIG. 11)

From the unfiltered model results, no significant
correlation between TS formation and ENSO can be
identified in the Indian Ocean in any period of the
calendar year. This model finding is in agreement with
observational results (see Mandal 1989). However, the
filtered data show that the TS variations in the NIO
region may be correlated with the SST index. The cor-
relations exhibit a strong seasonal dependence (Table
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FIG. 11. Variation in the frequency of simulated tropical-storm formation over north Indian Ocean (solid
curves) and observed August SST anomaly in the eastern equatorial Pacific (dashed curves). The storm
frequency and SST indices have been processed through a high-pass filter. Panel (a) shows January—March,

and Panel (b) shows June-October.
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3). Weakly negative correlation (—.44) is found in the
winter months of January to March (Fig. 11a), whereas
significant positive correlation (+.65) is found in the
summer months of June-October (Fig. 11b), when
the monsoon trough migrates over the Bay of Bengal.

In the last decade, many efforts have contributed to
expanding our observational knowledge of the rela-
tionship between Indian monsoon rainfall and ENSO
events (e.g. Angell 1981). Strong negative correlations
between Indian monsoon rainfall and warm ENSO
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events have been reported, for example, by Shukla and
Paolino (1983), and Rasmusson and Carpenter
(1983). These authors also noted that the precipitation
anomaly over Sri Lanka and extreme southern India
is different from the anomaly in the interior of the
Indian subcontinent. For instance, above-normal pre-
cipitation in the former regions were observed during
the autumn of the warm episode. As most of the TS
in NIO occur in the Bay of Bengal (see Fig. 4), the
monsoon rainfall over much of the Indian subcontinent
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F1G. 12. Geographical distribution of the frequency of tropical-storm formation in the composite La Nifia
years (a) and El Nifio years (b), and the difference between the two composites (c). For ease of comparison
with Fig. 4, the values shown here are expressed in numbers of occurrences per 15 years. In panels (a) and
(b), values within the ranges of 2-7, 7-12, and 12-17 are depicted by light, medium, and dense stippling,
respectively. Regions with more than 17 occurrences are indicated by solid black. A nine-point space smoother
has been used to construct panel (c). For the latter panel, light and medium stippling denote values of 0 to
—2.5 and values less than —2.5, respectively; whereas values of 2.5-5 and values larger than 5 are indicated
by crosshatching and solid black, respectively. Positive values in (c) indicate more TS formation during La

Niiia years.
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might not be the direct result of such disturbances. In
fact, Ding and Reiter (1983) found that when the WNP
region experiences fewer typhoons, the rainfall over
continental India is well below normal, whereas the
monsoon rainfall over the Bay of Bengal itself is above
normal. In other words, there seems to exist a positive
relationship between monsoon rainfall over the Bay of
Bengal and ENSO. Assuming that a large fraction of
monsoon rainfall there is due to the development of
TS systems, the positive correlation between ENSO
and summertime TS formation over NIO, as found in
the model, may not be unreasonable. However, further
investigations of this relationship are evidently re-
quired.

5) OTHER OCEANS

The correlations between ENSO and TS formation
over the South Atlantic and eastern North Atlantic are
not significant. Over ESP, there is no TS formation
both in the model and in observations. Over ENP,
fewer TS are found in La Nifia years (figure not
shown). There seems to be a weak positive correlation
between TS formation over ENP and the SST index.
However, the correlation coefficients for different
months and for the whole year are all below the 95%
significance level.

To summarize the geographical dependence of the
relationship between TS formation and ENSO, the data
for TS formation in seven La Nifia and six El Nifio
years have been extracted separately from the model
record. The distributions of the mean frequency of TS
formation for the cold and warm years are shown in
Figs. 12a and 12b, respectively. For comparison with
Fig. 4, the values shown here are the corresponding
annual mean values at each grid point multiplied by
15. The difference between these two patterns is shown
in Fig. 12c. To suppress small-scale features, a nine-
gridpoint space smoother (Holloway 1958) has been
applied to the difference field in Fig. 12¢. The results
indicate that, although the spatial patterns of TS for-
mation for the warm and cold years are similar to each
other, the frequency of TS formation over different
oceans does change noticeably. For the whole globe,
the annual frequency of TS formation is reduced from
77 in La Nifia years to 65 in El Nifio years. The decrease
in frequency of TS formation in La Nifia years occurs
mainly over the Bay of Bengal and CNP and also over
SIO and ENP. The increase in TS formation during
La Nifia years is discernible over WNP, WSP, and
WNA. The variation of TS formation over WNP be-
tween the warm and cold episodes of ENSO is the
strongest both in magnitude and areal extent. The po-
larity of the change in frequency of TS formation over
WNP is opposite to that over CNP, thus confirming
the existence of the seesaw in TS formation between
WNP and CNP.

To further analyze the impact of ENSO on TS for-
mation in individual months, the seasonal variations
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of the composite frequency of storm formation for
warm and cold events are presented in Fig. 13. Results
are shown only for those maritime areas where the fre-
quency of TS formation in the period of May-Novem-
ber is significantly correlated with ENSO (Table 3).
Over WNP (Fig. 13a), more TS are generated in La
Nifia years than in El Nifio years in the periods of April
to September and December to February. Observa-
tional analyses (Li 1988) show that the strongest neg-
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FIG. 13. Seasonal variation of the composite frequency of storm
formation during individual calendar months in (a) WNP, (b) WSP,
and (¢) WNA. The composite values for warm El Nifio and cold La
Nifia years are depicted by the dashed and dotted curves, respectively.
The 15-yr mean frequency is depicted by the solid curves. Stippling
indicates those months in which the number of tropical storms in
La Nifia years is more than that in El Nifio years.
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ative correlations between the frequency of TS for-
mation and Pacific SST occur from July to November.
Over WSP (Fig. 13b), the largest differences between
the El Nifio and La Nifia years are found from Sep-
tember to December and also from April to June. The
former period is in the early part of the Australian cy-
clone season (October—April). This result is in agree-
ment with that inferred from the observations (Nicholls
1979).

5. ENSO composites of the large-scale flow

As discussed in section 1, TS are generated under
certain favorable conditions in the local SST field as
well as the ambient circulation pattern. In the present
paper, only the influence of the large-scale flow field
on TS formation will be investigated. The direct impact
of different types of SST distribution on the atmo-
spheric circulation and TS statistics will be considered
in future experiments (see discussion in section 6).
This section is devoted to a comparison of composite
circulation charts for warm and cold phases of ENSO.
The wind field has been decomposed into rotational
and divergent components by computing the stream-
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function and velocity potential, respectively. The re-
sults presented here are based on the boreal summer
months (July-September). Results for the annual
mean are very similar to the summer composites.
Figure 14 shows the difference between the La Nifia
and El Nifio composites of simulated streamfuncticn
and rotational wind at 950 and 200 mb. At 200 mb
(Fig. 14a), two anomalous large-scale cyclones are
found to straddle the equator over the central Pacific.
Anticyclonic vorticity prevails over the remaining
areas. Strong anomalous westerlies along the equator
are simulated between 150°E and 120°W, while the
rest of the equatorial zone is dominated by anomalous
easterlies. The 950-mb difference field (Fig. 14b) is
characterized by a spatial pattern similar to that for
the 200-mb level, except for a sign reversal. The pat-
terns shown here are reminiscent of the analytic so-
lution of Gill (1980) for the atmospheric response to
tropical heating symmetric about the equator. The
anomalous anticyclonic vorticity at 950 mb over the
central Pacific as well as the Bay of Bengal would tend
to inhibit storm development during La Nifia years.
On the other hand, the anomalous cyclonic vorticity
at 950 mb and anticyclonic vorticity at 200 mb over
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FIG. 14. Distribution of the difference between the La Nifia and El Nifio composites of simulated stream-
function and rotational wind vector at (a) 200 mb, contour interval for streamfunction: 5 X 10® m? s~! and
(b) 950 mb, contour interval: 2 X 10°m? s~!, for the July-September period. The scale for the wind vectors
is given at the bottom of each panel. Stippling indicates negative streamfunction.
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much of the remaining maritime area should favor
storm development during the cold events.

The difference charts of velocity potential and di-
vergence wind, as shown in Fig, 15, are also charac-
terized by a sign reversal between the lower and upper
levels. The eastern Pacific comes under the influence
of anomalous low-level divergence and upper-level
convergence during La Nifia. The anomalous low-level
convergence over the Caribbean Sea, WNP, WSP, and
the Indian subcontinent, together with anomalous di-
vergence at 200 mb over the same sites, are in favor
of local TS development during the cold events.

Considering the streamfunction and velocity poten-
tial composites together, it is seen that the WNP, WSP,
and Caribbean regions are associated with anomalous
convergence and cyclonic vorticity at the low level and
with divergence and anticyclonic vorticity at the upper
level during La Nifia. These regions coincide with sites
of above-normal frequency of TS formation during the
cold events. On the other hand, the Bay of Bengal is
associated with anomalous low-level anticyclonic vor-
ticity during the same period. Below-normal storm fre-
quency might then be expected during the cold events.

The seesaw of TS formation between WNP and CNP
found in the last section can also be interpreted in light
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of the composite streamfunction and velocity potential
patterns. In La Nifia years at 950 mb, while anomalous
cyclonic vorticity and convergence prevail in the WNP
region, CNP is dominated by anomalous anticyclone
vorticity and divergence. These circulation anomalies
tend to enhance TS formation in WNP and suppress
it in CNP.

Over the WNP region, an above-normal number of
simulated storms (28 per year) is generated in the La
Nifia year of 1974, whereas the least frequent simulated
storm development ( 18 per year) occurs in the El Nifio
year of 1972. In order to understand the difference in
large-scale flow between the summers of these two
years, the west-east cross section of the August mean
wind field along 11.25°N is shown in Fig. 16. This
latitude corresponds to the southern edge of the region
of maximum storm frequency over WNP (see Fig. 4a).
In 1974 (Fig. 16b), strong monsoon westerlies extend
eastward from the Indian Ocean to WNP. These west-
erlies meet with the strong easterly trades at 150°E,
and strong low-level convergence and rising motion
are simulated at this longitude. The enhanced cyclonic
vorticity and convergence associated with the deep-
ening of the east Asia monsoon trough in this La Nifia
year are therefore conducive to storm formation. In

JUL.— SEP. VELOCITY POTENTIAL (La Nifa —El Nmo)

FIG. 15. As in Fig. 14, but for velocity potential and divergent wind vector. Contour intervals for the

velocity potential are 1 X 10° m

2s'and 2 X 10° m? s~ for the 200- and 950-mb levels, respectively.
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FiG. 16. Longitude-pressure distribution of the circulation at 11.25°N in (a) August 1972 and (b) August
1974. For better visualization of the circulation pattern, the vertical component of the wind vector has been
multiplied by a factor of 2000 before plotting. The scale for the resultant wind vector thus obtained is given

at the lower left-hand corner of each panel.

the El Nifio year of 1972 (Fig. 16a), as the warm SST
anomaly migrates eastward, the strong rising center
over the western Pacific is also shifted toward the date-
line. At the same time, the monsoon westerlies over
south Asia are weakened and terminated at the Gulf
of Siam (105°E), thus resulting in a second rising cen-
ter there. In the WNP region west of 160°E, no ap-
parent low-level convergence or large-scale ascent is
discernible. This environment is not favorable for
storm development in the WNP region (Frank 1987).

Figure 17 shows the north-south cross sections of
the wind field for 1972 and 1974 along 142.5°E, which
corresponds to the longitude of maximum frequency
of storm formation. In the La Niiia year of 1974 (Fig.
17b), cross-equatorial southerlies prevail over the low
latitudes, resulting in rising motion over the entire 10°—
30°N zone. On the other hand, in the El Nifio year of
1972 (Fig. 17a), the cross-equatorial southerlies meet
with the northerlies at about 12°N in the lower tro-
posphere. However, the ascent associated with this
convergence is weak, and upper-layer sinking is sim-
ulated over the same region, so that the meridional

flow turns toward the equator near 700 mb, and the
strongest ascent in the upper troposphere occurs
at 0°-10°S.

The features revealed by the above case study are
also discernible from the composites shown in Figs. 14
and 15. During La Nifia years, intensified near-equa-
torial easterlies at 950 mb prevail over much of the
Pacific. At the same time, enhanced surface westerlies
occur in the equatorial zone extending from the western
Indian Ocean to the Indonesian archipelago. These
model results agree with those from observational
analyses performed by Angell (1981) and Rasmusson
and Carpenter (1982).

It is known from various observational studies that,
during El Nifio years, the warm waters of the western
tropical Pacific migrate eastward, leading to the shifting
of the heating center toward the date line (Lau and
Chan 1985, 1986; Sardeshmukh and Hoskins 1985).
The forced circulation in the equatorial zonal plane
associated with this heating center will also be displaced
eastward, resulting in the intensification of surface
easterlies over the Americas and of surface anticyclonic
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FIG. 17. Latitude-pressure distribution of the circulation at 142.5°E, in (a) August 1972 and (b) August
1974. For better visualization of the circulation pattern, the vertical component of the wind vector has been
multiplied by a factor of 750 before plotting. The scale for the resuitant wind vector thus obtained is given

at the lower left-hand corner of each panel.

vorticity over WNA. The upper-level outflow from the .
heating area also enhanced the equatorial upper west-
erlies in the central American region (Arkin 1982), so
that the 200-mb anticyclonic vorticity over WNA is
weakened. These developments in the observed am-
bient flow structure in the North Atlantic sector are
accompanied by a reduction in TS activity in this region
during El Nifio and are reproduced well in the model
(see Figs. 14-17). It seems that the interannual vari-
ation of TS activity in the WNA is mostly related to
the longitudinal displacement of the Walker circulation
during El Nifio and La Niiia events.

6. Conclusions and discussions

In spite of the coarse resolution of the GCM used
for this study, it is demonstrated that typhoonlike
events do occur in the course of the experiment. The
large-scale structure of the TS appearing in the model
atmosphere bears considerable resemblance to the ob-
served characteristics. The model disturbances exam-
ined here have a smaller vertical extent and generally
have lower intensities than the corresponding features
in the observed atmosphere or in simulations using
models with much finer meshes.
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The geographical distribution and seasonal variation
of TS formation simulated by the model are similar to
the corresponding observational results. The most fa-
vorable region for TS formation is the WNP region
east of the Philippines. Other sites of enhanced storm
activity are WSP, the eastern part of the Bay of Bengal,
WNA, and SIO. Most of the TS occur in the warm
half of the seasonal cycle.

Over the WNA, WNP, and WSP regions, more TS
are simulated in La Nifia years than in El Nifio years.
This relationship is particularly evident in the summer
months in WNP and WNA, and in spring and early
summer in WSP. These model results agree with ob-
servations. In the Indian Ocean, the correlation be-
tween TS activity and ENSO seems to be seasonally
dependent. In El Nifio years, above-normal storm ac-
tivity is simulated in summer, and below-normal ac-
tivity occurs in winter. The reverse situation applies to
La Niia years. The latter results remain to be substan-
tiated by more detailed investigations of observational
data.

In La Niiia years, the Walker circulation shifts west-
ward, resulting in stronger rising motion over the In-
donesian archipelago. At the same time, the monsoon
trough and the associated westerlies extending from
the Indian Ocean to the western Pacific are intensified.
The strengthened convergence and cyclonic vorticity
along the monsoon trough are accompanied by an en-
hancement of TS activity over WNP and WSP. In El
Nifio years, as the convective heating over the equa-
torial Pacific shifts eastward, above-normal low-level
convergence and upper-level divergence occur over the
eastern Pacific. In the South American sector, low-level
equatorial easterlies and high-level westerlies are sim-
ulated, resulting in the weakening of low-level cyclonic
vorticity and convergence, and upper-level anticyclonic
vorticity and divergence over the tropical WNA. The
frequency of TS formation in WNA during warm
events is accordingly lowered.

In connection with ENSO, there exists a seesaw in
TS formation frequency between WNP and CNP. This
can also be explained by the anomalous tropical cir-
culation. In La Niifia years, low-level equatorial east-
erlies over the central Pacific and equatorial westerlies
over the eastern Indian Ocean and the western Pacific
Ocean are intensified. Enhanced low-level convergence
and cyclonic vorticity occur over WNP, while a strong
anticyclone associated with divergence dominates
CNP. The polarity of the anomalous circulation at the
upper level is opposite to that at the lower level. There-
fore, during La Nifia years, more TS tend to develop
over WNP, whereas their appearance over CNP is sup-
pressed.

The present study reveals the existence of significant
correlations between TS formation over several mar-
itime areas and ENSO. These relationships are then
interpreted in terms of the changes in the large-scale
tropical circulation during warm and cold events.
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However, the mechanisms contributing to such cor-
relations require further study. Numerical experiments
by Keshavamurty ( 1982) have shown that the tropical
atmospheric response to equatorial SST anomalies is
sensitive to the location of the anomaly relative to the
ascending and descending branches of the Walker cir-
culation. The results from the latter experiments and
the evidence provided in the present study suggest that
the geographical location and spatial pattern of the im-
posed SST anomaly may have a significant impact on
the frequency of TS formation. To better understand
the mechanisms linking ENSO events to TS formation,
as well as the sensitivity of TS formation to various
spatial configurations of the SST anomalies, several
additional experiments incorporating different types of
SST anomaly patterns have recently been launched at
GFDL. Analysis of these new integrations will hope-
fully shed further insights on the role of perturbations
at various ocean sites in altering the variability of TS
occurrence.
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