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ABSTRACT

The authors investigate the influence of western North Pacific (WNP) tropical cyclones (TCs) on their
large-scale environment by lag regressing various large-scale climate variables [atmospheric temperature,
winds, relative vorticity, outgoing longwave radiation (OLR), column water vapor, and sea surface tem-
perature (SST)] on an index of TC activity [accumulated cyclone energy (ACE)] on a weekly time scale. At
all leads and lags out to several months, persistent, slowly evolving signals indicative of the El Nino—
Southern Oscillation (ENSO) phenomenon are seen in all the variables, reflecting the known seasonal
relationship of TCs in the WNP to ENSO. Superimposed on this are more rapidly evolving signals, at leads
and lags of one or two weeks, directly associated with the TCs themselves. These include anomalies of
positive low-level vorticity, negative OLR, and high column water vapor associated with anomalously
positive ACE, found in the region where TCs most commonly form and develop. In the same region, lagging
ACE by a week or two and so presumably reflecting the influence of TCs on the local environment, signals
are found that might be expected to negatively influence the environment for later cyclogenesis. These
signals include an SST reduction in the primary region of TC activity, and a reduction in column water vapor
and increase in OLR that may or may not be a result of the SST reduction.

On the same short time scale, an increase in equatorial SST near and east of the date line is seen,
presumably associated with equatorial surface westerly anomalies that are also found. This, combined with
the correlation between ACE and ENSO indices on the seasonal time scale, suggests the possibility that TCs
may play an active role in ENSO dynamics.

1. Introduction studied, starting at least as long ago as the 1960s and
1970s (e.g., Gray 1979). Relatively little is known about
the influence of tropical cyclones on the mean climate,
though some arguments suggest it could be large (e.g.,
Emanuel 2001).

Regarding the variability, we are particularly inter-
ested in the possibility that TCs may play an active role
in the dynamics of the El Nifio-Southern Oscillation
(ENSO). It is well known that surface westerlies on the
equator are an essential part of the development of El
Nifio events. It is also well known that particularly
strong westerly wind bursts are sometimes connected
with the occurrence of twin tropical cyclones, one on
each side of the equator (e.g., Keen 1982; Lander 1990;

In this study, we use simple statistical methods to
investigate the ways in which tropical cyclones in the
western North Pacific (WNP) influence their larger-
scale environment. Our goal is to increase our under-
standing of the roles of tropical cyclones (TCs) in de-
termining both the climatology and interannual vari-
ability of the ocean and atmosphere in the WNP region.

The influence of the large-scale environment on
tropical cyclone formation and intensity has been much
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Harrison and Giese 1991; Ferreira et al. 1996). Such
events are fairly rare, but several other studies have
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pointed out that, perhaps unsurprisingly, a single TC
can also generate significant equatorial westerlies (Har-
rison and Giese 1991; Kindle and Phoebus 1995). Gao
et al. (1988) argued specifically that TCs can initiate
ENSO events. Without quite supporting this claim, we
do present some evidence here that is consistent with
the hypothesis that TCs play an active role in ENSO
dynamics, by helping a warm event that is already tak-
ing place to persist or strengthen. This is discussed fur-
ther in section 4b.

Our approach in this study is to extract the statistical
signal of TCs by regressing large-scale climate variables
on a weekly index of total tropical cyclone activity, the
accumulated cyclone energy (ACE) in the WNP.
Changes occurring over the few weeks around lag zero
(the time of maximum ACE) are taken to represent the
signals of the TCs and their influence on the environ-
ment. This approach—make an index, regress various
fields on it—is a nonstandard approach to studying TCs
on this time scale, though it is a common approach to
studying other phenomena in the climate system. Typi-
cally TCs are viewed as highly episodic, isolated events,
better suited to case study or composite approaches. If
our goal is to understand the effects of TCs on the
broader climate system at the basin scale, though, it
seems to us appropriate to extract their signal using the
same methods as one would use for any other climate
variable, at least as a complement to other approaches.

In section 2 the data and methods are described. Sec-
tion 3 describes the results. Further discussion and in-
terpretation is given in section 4, and conclusions are in
section 5.

2. Data and methods

The index used to represent tropical cyclone activity
in this study is accumulated cyclone energy (Bell et al.
2000). ACE is defined as the sum of the squares of the
estimated 6-hourly maximum sustained surface wind
speeds (originally, in knots?; we use m”s~?) for all
tropical cyclones in the western North Pacific basin
having tropical storm intensity or greater, summed over
all 6-h periods in a given larger averaging period. Maxi-
mum wind speeds are obtained from the best track
dataset from the Joint Typhoon Warning Center
(JTWCQ) in the period 1950-2002 (JTWC 2004). Our
sample of storms includes all of those in the JTWC
dataset. Most of these occur between 100° and 180°E,
but a very small number (about 1% of the 6-hourly data
points) east of 180°E or west of 100°E are included, for
those storms that cross those boundaries into or out of
the western Pacific during their lifetimes. Figure 1
shows the climatological ACE per year per 2° X 2° box
computed from the whole dataset.
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F1G. 1. Mean ACE per year in the period 1950-2002 (in
10°> m~? s~?) per 2° latitude/longitude.

We average over one-week periods to produce a
weekly ACE time series. A weekly climatology of the
annual cycle is then defined by averaging all the years
over the whole record for each week and smoothing
with a three-week running mean. A monthly climatol-
ogy, which has essentially the same information as the
weekly one used here, is shown in Camargo and Sobel
(2004). The weekly climatology is subtracted from the
original ACE time series to create an anomalous ACE
time series. No smoothing is applied to the ACE time
series before subtracting the climatology from it, so the
anomalous ACE time series is unsmoothed.

ACE is not entirely ideal for our purposes. Since we
are interested in the effects of TCs on the environment,
an index for area-integrated storm intensity—that is,
including some measure of storm size as well as inten-
sity—would be preferable. However, a comprehensive
and reliable dataset for storm size is not, to our knowl-
edge, available.

To characterize the large-scale environment, we use
several standard datasets: weekly Reynolds SST, avail-
able from November 1981 (Reynolds et al. 2002), daily
National Oceanic and Atmospheric Administration
(NOAA) outgoing longwave radiation (OLR)—
averaged weekly, available continuously since 1979
(Liebmann and Smith 1996), and several meteorologi-
cal variables from the NCEP-NCAR 40-yr reanalysis
(Kalnay et al. 1996), available from 1950. Each regres-
sion is computed over the whole period during which
both datasets are available. To avoid any spurious in-
fluence from long-term trends, anomalies for all
datasets are calculated relative to the 1971-2000 clima-
tology, except for OLR, which is not possible, since that
record begins in 1979. For the purpose of regressing
OLR against ACE only, anomalies in ACE are recom-



3398

puted with respect to the 1979-2000 ACE climatology,
to be consistent with the OLR anomalies.

ACE has an integral time scale (the time integral of
the autocorrelation of ACE computed every 6 h) of less
than one week, so weekly samples can be considered
independent. When lag correlating with other variables,
the effective number of degrees of freedom for deter-
mining significance can be estimated using the formula
of Livezey and Chen (1983). When the two time series
have very different integral time scales, such as in the
case of SST, which has much longer memory than ACE,
the effective number of degrees of freedom given by
this formula reduces to that of the time series with the
shorter integral time scale. Thus we compute signifi-
cance in all results below using the sample size of the
ACE time series. In all plots, only results significant at
the 95% confidence level according to a two-sided test
are shown.

As a check on our significance estimates, we did an
additional test using one field, the SST. We performed
100 regressions of SST versus ACE using an ACE time
series in which the order of the years was reordered
randomly in time, but the order of the time series was
kept unchanged within each year. We then took the
results of the original regression (using the original
ACE, without reordering) to be significant at the 95%
level if the correlation coefficient at a given spatial
point exceeded that found in 95 of 100 randomly reor-
dered calculations at the same point. The significance
threshold thus obtained was slightly stricter than that
obtained from our original test, so that a small fraction
of the grid points shown as significant (in Fig. 5) were
not significant by the new test (not shown). However,
all the essential features discussed below remained sig-
nificant. Based on this test, we consider our standard
test to be adequate and use that in the figures below.

3. Results

In section 3a, we show lag regressions of various
quantities against ACE for each week from week —2 to
+2, where positive lag means that ACE leads the other
fields and lag 0 is the simultaneous correlation, and the
amplitudes shown represent those associated with an
ACE anomaly of +1 standard deviation. Signals found
during this period indicate the immediate effects of a
period of anomalous TC activity on the large-scale en-
vironment. In many of the fields, weaker, but still sta-
tistically significant signals are found at longer leads
and lags. These longer time scale signals are associated
mainly with ENSO, and to some extent the Madden—
Julian oscillation (MJO; Madden and Julian 1994), and
presumably do not, for the most part, represent direct
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consequences of the TCs themselves. They appear in
the regressions because ACE is correlated with both
ENSO and the MJO. This does not necessarily mean
that the TCs are entirely passive in producing these
signals, as it is possible that the TCs play active roles in
the dynamics of the MJO or ENSO. A sampling of
these long lead-lag signals is presented in section 3b.

a. Signals on the TC time scale

1) VORTICITY

Figure 2 shows lag regression of 850-hPa relative vor-
ticity on ACE. At week —2, we see an extended longi-
tudinal band of positive vorticity, with the maximum
values showing a slight NW-SE orientation. A weaker
band of negative vorticity (anticyclonic in the Northern
Hemisphere) exists to the south of the positive vorticity
band, centered more or less on the equator, and an-
other one exists to the north of the positive vorticity
band, forming a vaguely tripolar structure in latitude.
At week 0, the maximum positive values have become
larger and concentrated further to the NW with a maxi-
mum around 20°N, 130°E. The band of negative vor-
ticity has also intensified and, in its western portion,
shifted northward. By week +2, the amplitude of these
signals has reduced significantly, with the significant
positive vorticity almost gone from the region of its
maximum on week 0. Weaker remnants of the negative
vorticity remain around the Philippines, and positive
vorticity in a band centered around 10°N and extending
eastward from 150°E.

The dominant positive vorticity signal in this figure is
what could be expected from an average over a statis-
tical distribution of tropical cyclones forming and
propagating along their typical tracks in the WNP. The
absolute vorticity values are greatly reduced from what
would be found in a typical TC (even after accounting
for the great underresolution of the TC vortex in the
reanalysis) due to the fact that the ACE index sums
over many storms forming in different locations
throughout the basin. The negative vorticity band
might perhaps have been less straightforwardly ex-
pected. The vorticity dipole remaining at week +2,
straddling the equator, persists to much longer lags, and
is believed to be primarily an ENSO signal, discussed
further in section 3b.

2) OLR

Figure 3 shows OLR, in the same format as Fig. 2 for
the relative vorticity. Particularly at weeks —1 and O,
the primary features can be described to some extent by
simply repeating the description of the vorticity shown
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FIG. 2. Lag regression of weekly relative vorticity (s~') at 850
hPa on ACE, for weeks (a) =2, (b) —1, (¢) 0, (d) +1, and (e) +2,
where positive lag means ACE leads vorticity.

in the preceding figure, substituting a negative OLR
anomaly for a positive vorticity anomaly, and vice
versa. At week —2, a somewhat east—-west-oriented
low-OLR region is centered near the equator, and just
west of the date line. This anomaly moves northwest-
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FIG. 3. Lag regression of weekly OLR (W m 2) on ACE, for
weeks (a) =2, (b) =1, (c) 0, (d) +1, and (e) +2, where positive lag
means ACE leads OLR.

ward by week 0, again following a highly blurred ver-
sion of a typical TC track on weeks —1 and 0, and
dissipates by week +1. The maximum amplitude of the
negative OLR anomaly is reached on week —1, inter-
estingly different from the positive vorticity anomaly,
which maximized at week 0. The negative OLR
anomaly is accompanied by a positive OLR anomaly to
its southwest (SW) on weeks —1 and 0, which strength-
ens and moves northward on weeks +1 and +2. During
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weeks +1 and +2 the equatorial negative OLR near
the date line also re-establishes itself, with a longer,
narrow branch slightly north of the equator extending
from around 150°E eastward. Given the relatively rapid
time scale, it is possible that some of this eastern signal
could be due to the MJO or convectively coupled
Kelvin waves (Wheeler and Kiladis 1999).

3) ATMOSPHERIC TEMPERATURE

Figure 4 shows atmospheric temperature at the 500-
hPa pressure level. At week —2, we see a warm
anomaly centered well south of the equator and extend-
ing poleward and eastward along the equator, and a
very weak cold anomaly between Indonesia and the
Philippines. At week —1 this structure persists and in
addition another warm anomaly, elongated longitudi-
nally and oriented nearly east-west, develops in the
latitude range between the Philippines and Japan, ex-
tending from inland of the Asian coast to about 160°E.
At week 0 the latter anomaly, which we take to be the
signal of the typical TC itself, has moved northwest-
ward and intensified considerably. At week +1 this
warm anomaly moves northward and weakens, while a
cold anomaly develops to its south, roughly centered on
the equator but extending well into the Southern Hemi-
sphere. At week +2 the warm anomaly is nearly gone,
while a cold anomaly, centered around 20°N, now ex-
tends east-west from the western boundary of the do-
main shown to around 160°E, with a roughly mirror-
image cold anomaly south of the equator. Some aspects
of this picture are expected in that we expect warm
anomalies to accompany TCs. However, the strongest
warm anomalies in week 0 are centered to the north of
the strongest vorticity and OLR anomalies in the pre-
ceding two figures. The cold anomaly in week +2 might
perhaps also not have been straightforwardly expected,
although its northern lobe may perhaps be related to
the negative SST anomaly at this lag (shown below in
Fig. 5).

4) SST

Figure 5 shows the lag regression of SST on ACE.
The first feature that one notices in this figure is the
pattern characteristic of El Nifio in all five panels, with
an equatorial warm anomaly in the central and eastern
Pacific, and cold anomalies to the west. This tells us that
not only are ENSO and ACE correlated, but ENSO is
the single strongest influence on ACE; otherwise this
pattern would not be so strong. In addition to the pri-
mary El Nifio warm anomaly, warm anomalies spread
much farther north, with a local maximum extending
southwest-northeast from low latitudes near the date
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F1G. 4. Lag regression of weekly 500-hPa temperature (K) on
ACE, for weeks (a) —2, (b) —1, (¢) 0, (d) +1, and (e) +2, where
positive means ACE leads 500-hPa temperature.

line to the U.S. Pacific Northwest. Like the El Nifio
pattern, this anomaly persists for all five panels (and to
much longer leads and lags) and thus results from long
time scale correlation as opposed to the (composite)
effects of individual storms.

Looking at variations from lag —2 to +2, we see
signals that we do interpret as associated with indi-
vidual TCs. To bring these out, in Fig. 6 we show the
same fields as in Fig. 5, but with the average of the five
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Fi1G. 5. Lag regression of weekly SST (K) on ACE, for weeks (a)
=2, (b) =1, (c) 0, (d) +1, and (e) +2, where positive lag means
ACE leads SST.

weeks subtracted, so only changes over that period are
shown. As might have been expected, a local cooling
under the main region of TC activity in the western
North Pacific develops as the period proceeds. Its mag-
nitude is quite low, ~0.1°C at lag 0, compared to that
which would be found on small spatial scales immedi-
ately under an individual TC, which can be greater than
5°C (Lin et al. 2003). Again this is an average over
many small-scale events, each presumably having a
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FIG. 6. Time-varying part of the field shown in Fig. 5. That is, lag
regression of weekly SST (K) on ACE, for weeks —2 to +2 is
computed, and then the mean of the result over the five weeks is
subtracted from each frame.

much stronger signal but at different locations; it is also
possible that, given its small spatial scale, the cooling in
individual events might be underestimated in the Rey-
nolds dataset. Another time-dependent feature that is
evident in the figure is the warming on the equator near
and east of the date line. While the warm anomaly is
persistent throughout the period (and at much longer
and shorter lags), it intensifies considerably over the
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period shown. We presume that the warming is an
ocean-dynamical response to the surface westerly
anomalies associated with the TCs, shown below in
Fig. 7.

5) SURFACE ZONAL WIND

Figure 7 shows surface zonal wind. At lag —2, the
WNP contains a north-south dipole structure (consis-
tent with positive relative vorticity centered between
the two poles) that is elongated in the east-west direc-
tion. A weak positive anomaly is also located north of
the negative one, vaguely mirroring the tripolar struc-
ture found in the vorticity at this time (Fig. 1). At lags
—1 and 0, the main dipole strengthens and moves
northwestward, the northernmost westerly anomaly
dissipates, and a new easterly anomaly develops on the
equator over the Maritime Continent and Indian
Ocean. At lag +1 the northern easterly anomalies have
dissipated and the westerly anomalies have weakened
over and just east of the Philippines (where they were
strongest during the previous week), but have strength-
ened and now extend somewhat further east along the
equator. At week +2, the only significant anomalies
remaining are the equatorial westerly anomalies near
the date line, and the easterlies over the Maritime Con-
tinent and Indian Ocean. As will be shown in the fol-
lowing section, these anomalies at lag +2 are to a sig-
nificant degree a result of the long time scale correla-
tion between ACE and ENSO, and do not necessarily
reflect the influence of the storms responsible for the
anomalous ACE at lag 0.

As the reanalysis surface winds in the Tropics are
heavily dependent on the numerical model used for
data assimilation, and are thus subject to some doubt,
the lag regression in Fig. 7 was also computed using the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) operational analysis surface winds
(ECMWEF 2004). The results (not shown) were not sig-
nificantly different.

6) COLUMN WATER VAPOR

Figure 8 shows total column water vapor. At lag —2,
we have a moist anomaly roughly collocated with the
negative low OLR anomaly at the same time in Fig. 3,
and a dry anomaly over the Maritime Continent. This
pattern strengthens and shifts northwestward from lags
—1 to 0. From lags +1 to +2, the moist anomaly dissi-
pates, but the dry anomaly remains, and has shifted
slightly northeastward, now covering the Philippines
and overlapping significantly with the primary region of
TC genesis and development (which we can simply de-
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FIG. 7. Lag regression of weekly surface zonal wind (ms™')
on ACE, for weeks (a) =2, (b) —1, (c¢) 0, (d) +1, and
(e) +2, where positive lag means ACE leads surface zonal
wind.

fine as the location of the main positive 850-hPa vor-
ticity anomalies, negative OLR anomalies, and positive
column water vapor anomalies, at weeks —1 and 0 in
Figs. 2, 3, and 8). The dry anomaly over the Maritime
Continent at lag —2 is a result of the longer time scale
correlation of ACE and ENSO, but the one at lag +2 is
not completely so, also containing some short time
scale TC influence.
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FiG. 8. Lag regression of weekly total column water vapor (mm)
on ACE, for weeks (a) —2, (b) —1, (¢) 0, (d) +1, and (e) +2,
where positive lag means ACE leads column water vapor.

b. Signals at longer time scales

In the preceding section, we claimed that certain sig-
nals were related to the correlations between ENSO
and ACE on interannual time scales. These signals pre-
sumably reflect an influence of ENSO on ACE rather
than vice versa. We contrasted these to the short time
scale signals that were the focus of the previous section,
and which we took to reflect the immediate influence of
TCs on their environment. In this section, we illuminate
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FiG. 9. Lag regression of weekly equatorial (5.5°S-5.5°N aver-
age) SST (K) on ACE, from weeks —15 to +15, shown as a
function of longitude and time, where positive lag means ACE
leads SST.

the longer time scale signals by showing a couple of lag
regressions over a larger range of leads and lags.
Figures 9 and 10 show time-longitude Hovmoeller
plots of SST and surface zonal wind, averaged from
5.5°§-5.5°N, lag regressed on ACE from lags —15 to
+15 weeks. Both show increases over time. The zonal
wind increases most in a ~20° longitude band just west
of and at the date line, the SST in a broader longitude
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Fi1G. 10. Lag regression of weekly equatorial (5.5°S-5.5°N aver-
age) surface zonal wind (m s~') on ACE, from weeks —15 to +15,
shown as a function of longitude and time, where positive lag
means ACE leads zonal wind.
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band at and east of the date line. Temporally, both
fields show a slow component to the increase over a
long time period, but both also have relatively sharp
increases at certain times, the zonal wind just before
and at lag zero, the SST several weeks later. The zonal
wind also has an oscillatory component on an intrasea-
sonal time scale, particularly at negative through small
positive lags.

Our interpretation of these results is as follows. The
slow increasing trends in zonal wind and SST represent
the development of an ENSO event. The association of
ACE with these slow trends is probably a consequence
of the correlation of ACE with ENSO in the seasonal
mean (Camargo and Sobel 2005). The fact that much of
the increase occurs at positive lags likely results simply
from the fact that ENSO events tend to peak in north-
ern winter while TC activity in the western North Pa-
cific (and thus the ACE signal) peaks in northern sum-
mer and fall. On the other hand, the sharpness of the
increases near lag 0 for the zonal wind and around lag
+5 for the SST presumably indicates some direct influ-
ence exerted by the TCs on these fields. We might
speculate that the delay of the SST increase relative to
the zonal wind increase represents the time for the oce-
anic signal to be transmitted eastward, to a region of
smaller thermocline depth (and thus greater sensitivity
of SST to ocean dynamics) presumably by oceanic
Kelvin waves. The time lag of several weeks and the
displacement of several thousand kilometers eastward
of the SST warming relative to the surface westerly
anomalies are roughly consistent with the 2.3 ms™*
phase speed estimated for such waves by Hendon et al.
(1998).

The intraseasonal oscillatory component in the zonal
wind in Fig. 9 presumably results from the relationship
of ACE to the MJO. To examine this further, we used
the MJO index defined by Wheeler and Hendon
(2004), binned weekly to match our weekly ACE time
series. Their index RMM2 represents the state of the
MJO in the western Pacific. This index is correlated
weakly (0.14), but significantly (>95%) with ACE, as
might be expected given the known relationship be-
tween the MJO and tropical cyclones (e.g., Liebmann
et al. 1994). For comparison, the instantaneous corre-
lation between weekly anomalous ACE and the weekly
Nifo-3.4 index is 0.13, and the level of significance is
approximately the same as for the MJO-ACE correla-
tion. The maximum correlation between anomalous
ACE and Nifio-3.4 (at week +13, ACE leads Nifio-3.4
by 13 weeks) is 0.22. Much larger correlations between
ACE and Nifio-3.4 are obtained if the time series are
averaged over longer periods; for example, total ACE
per year and Nifio-3.4 averaged from July to October
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have a correlation of 0.70; see Camargo and Sobel
(2005) for more details.

4. Discussion

a. Effects of TC on future TC genesis

The SST reduction that is found to be induced by a
period of enhanced ACE is expected. The SST reduc-
tion under an individual cyclone has been studied for its
influence on later cyclones that cross its path (e.g.,
Brand 1971) or on the same one that itself induces the
cooling (e.g., Schade and Emanuel 1999; Emanuel
1999). Although the SST reduction is initially small in
spatial scale, over time adjustment mechanisms in the
ocean and atmosphere should spread it to larger scales.
This will reduce (by a smaller amount) the potential of
a larger region for the development of additional TCs.
Some of the other effects found above at lags +1 and
+2, in particular the drying and OLR increase found in
the main region of TC activity, may also indicate simi-
larly reduced genesis potential. These atmospheric ef-
fects may be induced by the SST reduction, or may be
induced in the atmosphere directly by the TCs.

In the western north Pacific, TCs often form in pairs
or even threes, with a typical spacing and dynamical
signature indicative of Rossby wave dispersion (David-
son and Hendon 1989; Carr and Elsberry 1995; Holland
1995; Briegel and Frank 1997; Ritchie and Holland
1999; Sobel and Bretherton 1999; Li et al. 2003). This
tends to indicate that one has positively influenced the
genesis of the next, a positive feedback. The present
results provide a contrast to this, since they seem to
indicate that TCs also influence their environment in
such a way as to negatively influence the genesis of
future storms. Quantifying the importance, absolute
and relative, of these effects is an open challenge.

b. The TC effects on ENSO

The suggestion of a connection of TCs to ENSO dy-
namics is perhaps the more provocative aspect of the
results shown above. From these statistical results alone
it is impossible to extract a definitive proof of this con-
nection, but we can sketch out the hypothesis that the
results suggest to us, and point out some of the ways in
which the data support this hypothesis, as well as some
of the weaknesses in the argument.

The hypothesis, in the strongest form we can make it,
is that TCs are active participants in ENSO dynamics.
In an El Nifio year, stronger and longer-lived TCs occur
during the northern summer and fall before the El Nifio
peak. These TCs then produce equatorial westerly
anomalies that help to strengthen the incipient El Nifio
event by amplifying the warming of the upper ocean in
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the eastern and central equatorial Pacific. This is essen-
tially the standard Bjerknes hypothesis (Bjerknes 1969)
except that TCs are postulated to participate actively in
the process, in addition to the other mechanisms by
which eastern and central Pacific equatorial warm SST
anomalies generate surface westerly anomalies (Walker
circulation, MJO, etc.). Related arguments have been
made recently, to the effect that ENSO may modulate
westerly wind bursts in such a way as to induce a posi-
tive feedback on itself, and that TCs may play some role
in this (Yu and Rienecker 1998; Yu et al. 2003; Eisen-
man et al. 2005).

The first part of this hypothesis, that TCs are stronger
and longer-lived in the seasons during which El Nifio
events develop, is reasonably well established, having
been documented in various ways by several previous
studies (e.g., Pudov and Petrichenko 1998, 2001; Wang
and Chan 2002; Chia and Ropelewski 2002; Chan and
Liu 2004; Camargo and Sobel 2005). Since the intrinsic
time scale of ENSO is much longer than that of a TC,
we must assume that the simultaneous correlation re-
sults from an influence of ENSO on TCs, rather than
the other way around. The mechanism of this influence,
in our view, is not conclusively established.

The second part of the hypothesis, that TCs influence
ENSO, is likely to be more controversial, though it has
been made before (Keen 1982; Gao et al. 1988). The
key questions are whether TCs really induce surface
equatorial westerlies (or at least westerly anomalies),
and if so, whether those westerlies have an effect that is
large and long-lasting enough to contribute materially
to ENSO.

Simple deformation radius arguments suggest that
we can expect TCs forming sufficiently near the equa-
tor to generate equatorial westerly anomalies, and to
project on atmospheric equatorial Kelvin waves. The
eastward propagation of the westerly anomalies shown
in Fig. 7 suggests that the latter occurs.

Similarly, it might be argued that any statistical rela-
tionship that exists between ACE and equatorial west-
erlies is coincidental, and that the more fundamental
relationship is between the MJO and ENSO (e.g., Lau
and Chan 1986, 1988; Moore and Kleeman 1999; Berg-
man et al. 2001), though there is no consensus on the
nature or degree of the influence of the MJO on ENSO
(Zhang et al. 2001). Equatorial westerlies are associ-
ated with the MJO, and these westerlies are generally
associated with cyclonic vorticity just poleward of the
equator, creating a more favorable environment for cy-
clogenesis there (e.g., Love 1985a,b; see also Lander
1990). The large-scale convergence associated with the
MJO westerlies could also lead to genesis via wave ac-
cumulation (e.g., Sobel and Maloney 2000). These fac-
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tors would lead to an association between equatorial
westerlies and TCs even if the cyclones were to have no
role in producing the westerlies (e.g., Love 1985a,b; see
also Lander 1990), but at the same time this does not
prove that the cyclones play no role in enhancing the
westerlies.

We cannot resolve this question here. We just point
out that the westerly anomaly signal shows up in re-
gressions on an index based on TCs alone (i.e., ACE),
and suggest that this result may indicate a role for TCs,
modulated by the MJO or otherwise. Some observa-
tional studies of westerly wind bursts have made a
strong association between those bursts and TCs (e.g.,
Harrison and Giese 1991; Kindle and Phoebus 1995),
while others have not mentioned them at all (e.g., Kila-
dis et al. 1994; Harrison and Vecchi 1997; McPhaden
2004), though some of the latter mention cyclonic
anomalies or similar, without indicating whether those
correspond to known TCs in the data record. Despite
this apparent lack of a consensus on the role of TCs, we
are not aware of much direct written debate on the
subject, with a few exceptions (e.g., Lander 1990).

5. Conclusions

We have computed lag regressions of a number of
large-scale climate variables with ACE, an index of TC
activity, in the western North Pacific. Several different
sorts of signals are evident in the results. We see long
time scale signals representing first and foremost the
influence of ENSO on ACE, and to a lesser degree the
influence of the MJO on ACE. On the time scale of a
few weeks, we see signals indicating the composite TC
itself, which appears as a diffuse, weak blob of high
vorticity, low OLR, high column water vapor, etc. On
this time scale we also see immediate effects of the TCs
on their environment.

The TCs induce an SST reduction in the primary
region of TC activity. They also induce cooling, drying,
and reduction of OLR in the atmosphere over a region
that partly overlaps with the primary region of TC ac-
tivity, but is centered somewhat to the south and west.
These atmospheric signals may be byproducts of the
SST cooling, or may be induced directly by the TCs via
the atmosphere. These effects (on both the atmosphere
and ocean) are of the right sign to represent negative
feedbacks on the environment for future cyclogenesis.

The TCs also induce equatorial surface westerly
anomalies near the date line, and an associated SST
increase in the central and eastern Pacific. These signals
are of the right sign to contribute to the enhancement
of a developing El Niflo. Since peak-season ACE tends
to be higher (stronger, longer-lived TCs) during the
years when an El Nifio is building, this suggests the
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possibility of a two-way positive feedback between
ENSO and TC activity.
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