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Abstract

The annual mean number of tropical cyclones in the Central North Pacific (CNP) is approximately
three. Although this number is low in comparison to other basins, the interannual variability of tropical
cyclones, which includes tropical storms and hurricanes, is high. For the period 1966—-1997, the annual
number ranges from 0 to 10 tropical cyclones.

There is a large and positive correlation between CNP tropical cyclone counts and El Nifio 3.4 region
SST anomalies with a 95% significance level. In the El Nifio Hurricane Season (ENHS), a greater num-
ber of cyclones formed in the CNP and more cyclones propagated into this area from the east. The mon-
soon trough, low level relative vorticity, and tropospheric vertical wind shear in the CNP undergo
pronounced changes during warm and cold phases of ENSO.

For instance, the 1000 hPa relative vorticity values within the CNP in an El Nifio autumn composite
are double the values in a corresponding La Nifia composite. The El Nifio autumn composite of tropo-
spheric vertical wind shear shows a two to three times reduction equatorward of 16°N—17°N when com-
pared to the La Nifia autumn composite. The increased values of the dynamic potential term in Gray’s
(1977) seasonal genesis parameter correspond well with the increased cyclone frequency in the CNP for
an ENHS composite. Furthermore, a majority of initial detection points of named storms is found within
a band of relatively large values of dynamic potential. This suggests that this term can be used to diag-
nose favorable areas for tropical cyclogenesis on a seasonal time scale.

1. Introduction shows the domain of the CNP, which extends
from the equator northward and from 140°W
to the dateline. From 1966 to 1997, there is an
annual average of approximately three tropical
cyclones (designated TCs hereafter), which in-
clude tropical storms and hurricanes. Although
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The interannual variability of tropical cyclo-
nes in the Central North Pacific (CNP hereaf-
ter) has not been well documented. Figure 1
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largely ignored as an area for TC activity even
though TCs in this region can pose a threat to
the Hawaiian Islands. For example, Hurricane
Iniki struck the island of Kauai in 1992, and
caused an estimated $2 to $3 billion of damage
to the island chain.

Numerous previous studies have been con-
ducted on the interannual variability of TCs
in other ocean basins. Most prior work has
correlated TC frequency in various basins to
regional, local parameters as well as global,
remote factors. Gray (1984) related Atlantic
seasonal hurricane frequency to El Nino and
the quasi-biennial oscillation of stratospheric
wind. Gray (1990), Landsea and Gray (1992),
and Landsea et al. (1992) investigated the
relationship between Western Sahel monsoon
rainfall and the occurrence of intense hurri-
canes in the Atlantic. Shapiro (1987), and Sha-
piro and Goldenberg (1998), related TC forma-
tion in the Atlantic to regional Atlantic tropical
circulation features and sea surface temper-
atures (SST).

Studies by Chan (1985, 2000), Lander (1994),
and Chen et al. (1998) attempted to find a rela-
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Orientation map. The Central North Pacific (CNP) and the Nino 3.4 region are delineated by

tionship between TC activity in the Western
North Pacific and the El Nino and La Nifia
phenomena. They noted that the TC genesis
region shifts eastward across 160°E in the
Western North Pacific in El Nifio years while
the genesis region is mostly confined to the
west of 160°E during La Nina. Basher and
Zheng (1995) performed a similar study inves-
tigating the spatial patterns of TCs in the
southwest Pacific in relation to the El Nifio—
Southern Oscillation (ENSO) and regional
SSTs. In the eastern North Pacific, Irwin and
Davis (1999) noted a statistically significant
westward shift in the mean location of TCs
during El Nifo years relative to La Nina years.
This result is consistent with Kimberlain (1999),
who analyzed tropical cyclone tracks over the
eastern and central North Pacific for the five
warmest and coldest ENSO events. Although
numerous studies have examined the inter-
annual variability of TCs in other basins, little
research has been done on the subject in the
CNP.

Sadler (1967) established that most TCs in
the Western North Pacific form in the monsoon
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trough marked by westerlies on its equator-
ward side and easterlies on its poleward side. A
circulation anomaly common to strong negative
phases of the Southern Oscillation Index (SOI)
is an eastward extension of the western Pacific
monsoon trough to the Central Pacific where
it becomes highly persistent and extends east-
ward with time (e.g., Sadler 1983). When the
monsoon trough extends farther eastward, it is
hypothesized to play a role in CNP TC genesis
(Chu and Wang 1997). Tropospheric vertical
wind shear is known as a major inhibiting
factor for TCs (Gray 1968, 1977). Gray (1977)
found that seasonal TC frequency is directly
related to six physical parameters and these
parameters can be classified into two groups:
dynamic and thermal potential terms.

Our focus lies on the dynamic potential term
and how the parameters in this term vary in
association with El Nifio and La Nifia phenom-
ena. The dynamic circulation parameters that
were investigated include the eastward exten-
sion of the monsoon trough, the low-level rela-
tive vorticity, and tropospheric vertical wind
shear fields. In addition, the effects of El Nifio
and La Nifia on TC frequency in the CNP were
quantified. Once a difference in TC tracks and
numbers was established between El Nifio and
La Nina hurricane seasons, the above dynamic
circulation parameters were analyzed. We ap-
plied the dynamic potential term from Gray’s
(1977) seasonal genesis parameter (SGP) to the
CNP in an attempt to isolate the dynamic vari-
ables responsible for TC occurrences, and to
determine the areas with the most potential for
TCs.

2. Data

Tropical storm (maximum sustained surface
wind speeds between 17.5 and 33 m s~1), and
hurricane (winds at least 33 m s~1) data, are
from the National Centers for Environmental
Prediction (NCEP)/Tropical Prediction Center’s
(TPC) Northeast and CNP best track data set.
Mayfield and Rappaport (1992) suggest that
reliable tropical cyclone statistics in the CNP
began in 1966, when satellite reconnaissance
was initiated in the region. Therefore, data
from 1966 to 1997 are used. The latitude, lon-
gitude, maximum one-minute sustained wind
speed, and minimum central surface pressure
(since 1988) are recorded in 6-hour intervals for
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all named storms in the best track data set
(Chu and Wang 1998).

Nifio 3.4 region SST and SOI data were ob-
tained from the NCEP/Climate Prediction Cen-
ter. The motivation for choosing the Nifio 3.4
region, which covers an area between 5°N—-5°S
and 170°W-120°W (Fig. 1), as an index was
Barnston et al. (1997). They determined that
ENSO is most reliably reflected in the equato-
rial SST from approximately 120°W westward
to near the date line. The Nino 3.4 region is
close to the Pacific warm pool, and the major
center of convection during ENSO (Trenberth
1997). Wind data at the 1000 hPa, 850 hPa,
and 200 hPa levels and relative vorticity data
at the 1000 hPa level are utilized from the
NCEP/National Center for Atmospheric Re-
search reanalysis project (Kalnay et al. 1996).

3. Background

3.1 Basic descriptions of tropical cyclones

The domain of the CNP coincides with the
area of responsibility for the Central Pacific
Hurricane Center, an entity of the U.S. Na-
tional Weather Service Forecast Office in Ho-
nolulu, Hawaii. Two types of TCs appear in this
region. TC counts include storms which form
within the domain of the CNP, as well as
storms which form in the Eastern North Pa-
cific, and propagate into the CNP. TC genesis is
defined as the point at which a TC first attains
a 17.5 m s~! maximum surface wind speed. TC
frequency includes the movement of a TC with
at least a 17.5 m s~! maximum surface wind
speed into the CNP.

Time series of the annual number of TCs in
the CNP are displayed in Fig. 2. For the years
1966-1997, the annual number ranges from 0
TCs (1969, 1975, 1977, 1979) to 10 TCs (1982).
There is an annual mean of 2.8 TCs.

3.2 Correlation between tropical cyclones and
ENSO

To determine if the CNP TC season is
influenced by ENSO, correlation coefficients
between various counts of TCs and different
time averages of both the Nino 3.4 region
SST anomalies, and the SOI were calculated.
Summer (June—August), autumn (September—
November), and hurricane season (June—
November) means of the Nifio 3.4 region SST
anomalies and the SOI were utilized. Two
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Fig. 2. Time series of annual tropical cyclone counts in the CNP for the years 1966—-1997.
Table 1. Pearson correlation coefficients between tropical cyclone counts in the Central North Pacific

and time averages of the Nino 3.4 SST and the SOL. *, **, *** denote 90%, 95%, and 99% signifi-
cance levels, respectively based on a Student’s ¢-test taking climatological persistence into account.
Summer, fall, and hurricane season means are June—August, September—November, and June—
November averages, respectively. TS + HU and HU denote the number of tropical storms and
hurricanes, and the number of hurricanes, respectively.

Nino 3.4 SST SOl
Summer Fall Hurricane | Summer Fall Hurricane
TS + HU 0.3428* 0.332* 0.3431* -0.5353*** | -0.4703*** | -0.5246***
HU 0.0752 0.1392 0.1148 -0.3618** -0.3398** -0.3668**

counts of TCs were correlated with the above
time averages: the total number of tropical
storms and hurricanes (TS -+ HU), and the
number of hurricanes (HU).

Pearson correlation coefficients for the differ-
ent counts of TCs and the time averages of both
the Nifio 3.4 region SST anomalies, and the
SOI are given in Table 1. Quenouille’s (1952)
method was used to account for the reduction of
effective numbers of degrees of freedom due to

persistence. The effective numbers of degrees of
freedom due to persistence (Neg) are estimated
using the approximation

N
Njp=———, (1)

5
1 + 2:1 2yixyiy
i=

where N is the original sample size of TC and
SST series, and y;, and y;, are the autocorrela-
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Fig. 3. Time series of hurricane season (June—November) average Nino 3.4 SST anomalies for the
years 1966—1997. W’s and C’s indicate El Nifio and La Nina batches, respectively. Anomalies are

in units of °C.

tion coefficients of TC (x) and SST (y) series at
lag i, respectively. Because interannual corre-
lations of TC exhibit rapid decay toward zero as
the lag i increases, only the first five lags are
considered. After temporal degrees of freedom
are adjusted, the correlations are evaluated for
various significance levels. The correlation co-
efficients between all TC counts, and Nifio 3.4
SST anomalies, are consistently positive, while
those between TC counts and the SOI are con-
sistently negative. Also note that the correla-
tion coefficients between the SOI and TC counts
are larger than their corresponding values
between the SST and TC series. The most
pronounced correlation is found between the
TS + HU and SOI (-0.5353), where this corre-
lation is significant at the 99% level based on
a Student’s ¢ distribution, when climatological
persistence is taken into account. This indi-
cates that El Nifio years tend to have more
TCs, and the significance of the correlation co-
efficients points out the existence of a general

and concurrent relationship between TC counts
in the CNP and ENSO.

3.3 Differences in tropical cyclones between
El Nirio and La Nifia years

Hurricane season (June—November) means
of the Nino 3.4 region SST anomalies were cal-
culated and utilized to define the El Nifio and
La Nifia Hurricane Season (hereafter referred
to as ENHS and LNHS, respectively), for the
period 1966—-1997. Figure 3 is a time series of
the hurricane season mean SST anomalies.
Those years with a departure of at least 0.75°C
are designated ENHSs, while the years with an
anomaly less than or equal to —0.75°C, are de-
fined as LNHSs. A 0.75°C threshold was chosen
so only strong warm and cold episodes would be
included in the analysis. According to this cri-
terion, the hurricane seasons in 1972, 1982,
1987, 1991, 1994, 1997 and 1970, 1973, 1975,
1988 are defined as ENHSs and LNHSs, re-
spectively (Table 2). Note that the summer and
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Table 2. Number of tropical cyclones and June—November averaged SST anomaly for El Nino (left)
and La Nina (right) batches. Bold-faced numbers are the respective mean numbers of tropical cy-

clones.
Year | SST(C) TC
1997 2.33 4
1987 1.77 4
1982 1.72 10
1972 1.55 5
1991 1.01 2
1994 0.75 8
5.5

autumn seasons chosen in the aforementioned
years preceded the peak phase of the warm or
cold ENSO cycles, which usually occur in boreal
winter.

Ten TCs occurred in 1982 and eight in 1994.
The annual totals of TCs in the years 1982 and
1994 represent the two highest totals in the
past 32 years. The average number of TCs in
the ENHS (5.5) triples that in the LNHS (1.75).
However, not all the ENHSs have more TC oc-
currences than the LNHSs, and 1991 is such an
example. There were 33 TC occurrences in the
CNP in six ENHSs. Out of these 33 TCs, 14 of
them (42%) formed in the CNP, and 19 of them
(58%) propagated into the basin from the east.
In contrast, only seven TCs occurred in four
LNHSs (Table 2), and three of them (43%) or-
iginated in the CNP. Thus, the CNP serves as
a unique hub for which the TC incidence is
not only modulated by storms from the eastern
Pacific, but also by changes in the dynamic
circulation within the CNP.

Figure 4 contrasts the TC tracks during El
Nifio and La Nifia composites. As expected,
there is a greater number of T'Cs which form in
the CNP as well as an increased number of TCs
which move into the basin from the east during
El Nifio composites. For both composites, most
TCs are concentrated between 10°N and 20°N.
There is also not a large difference in the north-
south migration of TC tracks in the CNP be-
tween El Nifo and La Nifia composites. Now
that a difference is evident in the numbers and
tracks of TCs in the CNP between two extreme
climatic events, dynamic circulation param-
eters which may account for these differences
will be discussed.

Year | SST(C)] TC
1988 | -1.6 3
1975 | -1.09 0
1973 | -1.06 2
1970 | -0.84 2
1.75

4. Variability of dynamic parameters

4.1 The eastward extension of the monsoon
trough

Streamline analyses, based on monthly mean
1000 hPa wind data, were utilized to identify
the mean location and farthest eastward extent
of the monsoon trough during the 32 year pe-
riod. The 1000 hPa wind data from the 1972,
1982, 1987, 1991, 1994, and 1997 seasons, and
the 1970, 1973, 1975, and 1988 seasons were
averaged to construct El Nino and La Nina au-
tumn composites, respectively. Figure 5 shows
a striking difference in the autumn mean low-
level circulation between these two extreme
composites. During the El Nifio autumn com-
posite, stronger southerly flow across the equa-
tor extends farther eastward in the Western
North Pacific (Fig. 5a). Upon crossing the equa-
tor, this southerly flow curves into westerlies,
partially due to the Coriolis effect. In the
autumn mean composites, the monsoon trough,
defined as the shear zone where the trade east-
erlies meet the equatorial westerlies, extends
over 40 degrees farther eastward in the El Nifo
autumn composite than in the La Nifia autumn
case (Fig. 5). Tropical disturbances are often
found in the trough where there is a weak cy-
clonic rotation. As the cyclonic vorticity in the
trough increases, these systems tend to inten-
sify into tropical storms or hurricanes.

Note that the monsoon trough is not identifi-
able in Fig. 5b, and the large-scale wind field is
basically featureless (i.e., zonal) in the La Nina
autumn composite. In addition, the trade-wind
trough axis extends more westward in the La
Nina autumn than the El Nifio autumn, as
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Heavy solid line in (a) denotes the axis of the monsoon trough. Heavy broken line denotes the axis
of the trade-wind trough. The CNP is bordered by thin solid lines.

shown in Fig. 5. Compared to the La Nina
autumn case, at 135°W, the trade-wind trough
axis also shifts slightly equatorward in the El
Nifio autumn composite. For both extremes,
the trade winds exhibit a belt of strong wind
speed (=7 m s~!) near 17°N, equatorward of
the subtropical high. Wind speed is relatively
weak along both the monsoon, and trade-wind
troughs.

To illustrate the interannual variability of
the displacement of the monsoon trough, Fig. 6
shows the easternmost location of the trough in
summer and autumn for each individual year.
The monsoon trough normally is displaced far-
ther eastward in autumn than in summer (Fig.
6). In the years 1972, 1982, 1994, and 1997, the
autumn mean location of the monsoon trough
extends into the CNP basin. The years listed
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Fig. 6. Time series of the farthest east-
ward extent of the monsoon trough for
the years 1966—-1997 for (a) summer
(June—August) and (b) autumn means.
W’s (C’s) denote the El Nifio summer or
autumn composite (La Nifia summer or
autumn).

above are all categorized as ENHS (Table 2).
Lander (1994), and Chen et al. (1998), also
found that during low SOI years, the mon-
soonal westerly winds penetrate farther to the
east than during most other years. The genesis
location for TCs in the Western North Pacific
shifts eastward. On the monthly mean time
scale, the displacement of the monsoon trough
is more dramatic, sometimes extended well
eastward past the composite seasonal mean lo-
cation. For instance, the trough in November
1982 extends as far east as 155°W to the south
of Hawaii (Sadler, personal communication).
This is a 25° longitudinal shift (>2750 km)
eastward from the autumn mean location in
the El Nifio composite (Fig. 5a). The inter-
annual time series of the farthest eastward ex-
tent of the monsoon trough (Fig. 6) indicates
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that during the El Nifio summer or autumn,
equatorial westerlies accompanied by the mon-
soon trough extend farther eastward.

4.2 Low-level relative vorticity

Figure 7 displays the time series of the July
through September mean 1000 hPa relative
vorticity averaged over the region from 10°N to
20°N, and from the dateline to 140°W. July,
August and September are the three most
active months in the hurricane season. A spa-
tial average of this domain was chosen because
it is the area with the most TC activity in the
CNP. The El Nifio seasonal mean, designated
by W, has a larger (more cyclonic) low level rel-
ative vorticity value than the La Nina seasonal
mean in general.

Figure 8 shows the influence of the monsoon
trough on the 1000 hPa relative vorticity field.
In the summer mean field, the 3 x 10 g1
contour extends nearly across the area from
160°E to 165°W in the El Nifio summer com-
posite, but is confined in the western Pacific in
the La Nifia summer composite. For the au-
tumn average, as demonstrated in Fig. 9, the
band of cyclonic (positive) relative vorticity in
the El Nifo autumn composite is two to three
times greater in the region from 160°E to
150°W to the south of Hawaii, when compared
to the La Nina autumn composite. This in-
crease in cyclonic vorticity is mainly attributed
to the eastward extension of the monsoon
trough during El Nino composites (Fig. 6).
Likely, it is this increase in the dynamical spin-
up that accounts mainly for more TCs formed
in the CNP. Zehr (1992) also noted that the
variation of the low-level vorticity associated
with the monsoon trough in the northwestern
Pacific plays a dominant role in TC activity on
the seasonal time scale.

In the region from 150°W to 130°W, the
mean El Nifio and La Nifia autumn composite
vorticity fields, are comparable in magnitude
with a contour value of 3 x 107¢ s~1 (Fig. 9).
The band of cyclonic relative vorticity in this
area is broader, and extends farther equator-
ward, in the El Nifio autumn when compared to
the La Nifia autumn. For example, at 140°W
the band of cyclonic relative vorticity extends
from 5°N to 17°N in the El Nifio autumn com-
posite, while in the La Nifia autumn, the area
extends from roughly 8°N to 16°N. Thus, the
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Fig. 7. Time series of July—September mean 1000 hPa relative vorticity averaged over (10°N—20°N,
180°-140°W) for the years 1966-1997. W’s (C’s) denote the El Nino (La Nifna) seasonal mean

composite. Units are 1076 g1,

3 x 107% 57! contour line spans a latitudinal
band 12 degrees wide in the El Nifio autumn,
in contrast to an eight-degree band in the La
Nifia autumn. The three-degree expansion in
the El Nifio autumn composite may be due to
the southward shift in the location of the trade-
wind trough, a feature also noted by Rasmus-
son and Carpenter (1982). Farther to the east,
away from the CNP (130°W-120°W) centered
near 12°N, vorticity values are actually greater
in the La Nifa autumn than in the El Nifo
autumn.

A peculiar feature in the 1000 hPa relative
vorticity fields, in both Figs. 8 and 9, is the local
maximum which occurs upstream of the Ha-
waiian Islands. This maximum is due to the
orographic blocking effect by the island of Ha-
wai’l. By chance, a grid point in the data set is
near this island. The blocking effect reduces the
wind speed dramatically at this lone grid point
with the flow to the north, and south of this
point much greater. This produces a dipole
feature with a positive local maximum to the
north of 18°N, and a negative local maximum
(not displayed) to the south of this point. Ac-
cording to Sadler et al. (1987), the surface wind

velocity decreases upwind of the Hawaiian Is-
lands. However, this observed decrease in the
surface winds does not produce an observed
vorticity dipole as great as that shown in Figs.
8 and 9. The grid space of the vorticity data,
and the fact that a grid point lies on the island
of Hawai’i, create an artificial increase in the
magnitude and spatial scale of the dipole fea-
ture near the island chain. This spurious fea-
ture is not an observed characteristic near the
Hawaiian Islands at the spatial scale displayed
in Figs. 8 and 9.

4.3 Tropospheric vertical wind shear

Tropospheric vertical wind shear (VWS) is
defined as the magnitude of the difference
between the zonal and meridional wind at
200 hPa and 850 hPa and is given by the equa-
tion

VWS = [(4200 hPa — U850 hPa)’
+ (V200 nPa — Uss0 hpa) ] 2. (2)

Figure 10 displays the summer and autumn
means of the VWS when the La Nifia sea-
sonal composite is subtracted from the El
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1000 hPa relative vorticity for (a) E1 Nifio summer mean composite and (b) La Nina summer
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Nifio seasonal composite. Negative (positive)
values denote that the vertical shear is weaker
(stronger) in the El Nifio seasonal composite. In
the region from the equator to about 15°N,
where most TCs in the CNP occur, the differ-
ence in VWS is especially apparent between the
two contrasting composites. In this area, values
range from 0 to —16 m s~ ! in summer, and
from 0 to —28 m s~! in autumn. When a TC
moves into an area of strong tropospheric VWS,

the low-level center loses its upper level outflow
channel, and usually dissipates quickly (Gray
1968). Strong VWS also disrupts the organiza-
tion of deep convection around the low-level
circulation center, which inhibits intensifica-
tion of the incipient disturbance. Because VWS
is smaller in El Nifio seasonal composites, TCs
entering the CNP from the eastern North Pa-
cific would encounter less shear and, therefore,
be able to maintain their intensity in such years.
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4.4 Dynamic potential term in Gray’s
seasonal genesis parameter

Gray’s (1977) seasonal genesis parameter
(SGP) can be divided into a dynamic potential,
and a thermal potential. The thermal poten-
tial consists of the ocean energy parameter, the
moist stability parameter, and the humidity
parameter, while the dynamic potential (DP)
includes the vorticity parameter, the Coriolis
parameter, and the vertical shear parameter.
The DP term is given by the following equation:

DP = (f)(& + 5)[1/(VWS + 3)], 3)

where f is the Coriolis parameter (units of s71),
¢, is 1000 hPa relative vorticity (1076 s~1), and
VWS is given in equation (2), and in units of
ms L

Gray (1977) found that the moist stability
parameter was sufficient for TC genesis in the
Pacific except for subtropical regions in winter.
The ocean energy parameter inhibits genesis
poleward of roughly 30°N in the North Pacific
in summer and fall, but otherwise is adequate
during those seasons. The thermodynamic pa-
rameters in the SGP are necessary, but not
sufficient, conditions for TC genesis (McBride
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E?soz 170E 180 170W

Fig. 10. Difference in tropospheric vertical wind shear when the La Nifia summer composite is sub-
tracted from the El Nifio summer composite (a) and when the La Nifia autumn composite is sub-
tracted from the El Nifio autumn composite (b). Units are m s~! and the contour interval is 4.
Positive and negative contours are given by solid and dashed lines, respectively. The domain of the

CNP is delineated by thin solid lines.

1981). Assuming the thermal conditions are
met during the hurricane season in the CNP,
analyzing DP attempts to determine the areas
in the domain with the most potential for TC
genesis. By incorporating the vertical shear
parameter, DP also attempts to quantify the
ability for a TC to maintain its intensity.
Under the above assumptions, the fluctua-
tion of DP would influence the number of TCs
in the CNP. Because more TCs occur in ENHSs
than in LNHSs (Table 2), greater values of DP
are expected in the ENHS composite than that

in the LNHS composite. Watterson et al. (1995)
found a significant correlation in the CNP be-
tween a GCM simulated SGP, and the observed
number of TCs.

Figure 11 contrasts July—September average
DP composites. In almost the entire CNP
(180°-145°W) in the latitude band from 6°N
to 15°N, DP values are two to three times
greater in the El Nifio seasonal composite than
in the La Nifia composite. In the EIl Nifo
seasonal composite, maximum DP values are
greater than 4 ([650 hPa] ! x 10711 m~1 s71),
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Fig. 11. July—September dynamic potential for (a) El Nifio seasonal mean and (b) La Nifia seasonal
mean composites. Units are (650 hPa)~! x 10~ m~! s~! and the contour interval is 2. Dots denote
initial detection points of named storms which either formed in the CNP or moved to the CNP from
east. Those storms which originated outside the easternmost boundary (120°W) are not included.

The CNP is delineated by thin solid lines.

while in the La Nina seasonal composite,
DP values are about 2 or less than 2
([650 hPa]™! x 107" m~! s7!) over the same
domain. Moreover, in the El Nino seasonal
composite, DP values are greater in the region
from 130°W to 120°W. The combined effect of
the increased low-level cyclonic vorticity and
the reduced VWS, as reflected in the DP, corre-
sponds well with the increased TC frequency
during the El Nifio seasonal composite. Figure
11 also shows the initial detection points of all
TCs when they reached at least tropical storm

strength. Because some TCs formed to the east
of the study domain (i.e., to the east of 120°W),
the total number of named storms shown here is
less than that in Table 2. Most detection points
lie within the band where DP values are rela-
tively high (>2 [650 hPa] ! x 107 1! m~! s71),
for both composites.

5. Summary and discussion

Investigations of the interannual variabil-
ity of the eastward extension of the monsoon
trough, the low level relative vorticity fields,
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the tropospheric vertical wind shear, and the
dynamic potential term in Gray’s (1977) SGP
revealed a strong relationship between these
dynamic parameters on the seasonal time scale,
and the interannual variability of TCs in the
CNP. The results of this research are summar-
ized below.

First, the effect of ENSO on TC frequency in
the CNP was quantified by calculating Pearson
correlation coefficients between the CNP TC
counts, and both the Nifo 3.4 SST anomalies
and the SOI. Correlation coefficients between
TC counts and SOI were significant to at least
the 95% level. TC seasons tend to be more
active when there are large, positive SST anom-
alies in the Nino 3.4 region or large, negative
SOI values.

Six El Nifio, and four La Nina hurricane sea-
sons (ENHSs and LNHSs, respectively), were
identified according to the Nifio 3.4 hurricane
season average SST anomalies to examine the
differences in the numbers and tracks of TCs.
The average number of TCs in ENHS is triple
that in LNHS. In terms of cyclones originating
in the CNP, fourteen TCs were found during six
ENHSs but only three during four LNHSs.
Moreover, 19 TCs propagated into the basin
from the east during six ENHSSs, in contrast to
only four during four LNHSs. Thus, a simple
average indicates that 3.2 TCs moved eastward
into the CNP in warm ENSO years in contrast
to only 1 TC in cold years. Likewise, on aver-
age, 2.3 TCs formed in the CNP in warm years,
versus 0.75 in cold years.

Three variables related to TC genesis and
maintenance were considered to account for
the differences in TC tracks and numbers in
the CNP between two extreme composites. The
variability of the eastward extension of the
monsoon trough, the low level relative vorticity
fields, and the vertical wind shear (VWS) all
play a role in the interannual variability of TCs
in the CNP. In the ENHS composite, when the
monsoon trough extends farther eastward and
often into the CNP, the presence of equatorial
westerlies, and the increased low level cyclonic
vorticity, creates a local environment more
favorable for TC genesis in this region. An
El Nifio summer or autumn composite of VWS
shows a two to three times reduction equator-
ward of 16°N—17°N when compared to the cor-
responding La Nifia composite. The median TC

J.D. CLARK and P.-S. CHU 417

days that were calculated for ENHS and LNHS
were close to the same for systems entering the
CNP. However, the genesis locations of TC in
the Eastern North Pacific shifted westward in
El Nifo years (Irwin and Davis 1999; Kimber-
lain 1999). Accordingly, TCs would tend to
propagate further west, and perhaps enter into
the CNP during ENHS simply because they
formed further west. This, together with the
fact that vertical wind shear is less in an El
Nifio seasonal composite, would explain why TCs
that form in the Eastern Pacific during ENHSs
are more likely to propagate into the CNP.

Applying the DP term from Gray’s (1977)
SGP to the CNP summarizes the integrated ef-
fects of low level relative vorticity, and VWS on
TC genesis and frequency on the seasonal time
scale. Most initial detection points of named
storms are confined within a band of relatively
high DP values. Therefore, the DP could be
used as a diagnostic tool to determine where
TC genesis is mostly likely to occur. The in-
creased TC occurrences during ENHSs in the
CNP are also reflected in the increased values
of the DP in the El Nifio composite. Overall,
these increased values are conducive to (a)
more TCs formed in the CNP, and (2) a ten-
dency for TC originated in the Eastern Pacific
to enter the CNP.
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