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ABSTRACT

An ocean general circulation model (OGCM) is used to demonstrate remote effects of tropical cyclone
wind (TCW) forcing in the tropical Pacific. The signature of TCW forcing is explicitly extracted using a
locally weighted quadratic least-squares regression (called as LOESS) method from six-hour satellite surface
wind data; the extracted TCW component can then be additionally taken into account or not in ocean
modeling, allowing isolation of its effects on the ocean in a clean and clear way. In this paper, seasonally
varying TCW fields in year 2008 are extracted from satellite data which are prescribed as a repeated
annual cycle over the western Pacific regions off the equator (poleward of 10◦N/S); two long-term OGCM
experiments are performed and compared, one with the TCW forcing part included additionally and the
other not. Large, persistent thermal perturbations (cooling in the mixed layer (ML) and warming in the
thermocline) are induced locally in the western tropical Pacific, which are seen to spread with the mean
ocean circulation pathways around the tropical basin. In particular, a remote ocean response emerges in
the eastern equatorial Pacific to the prescribed off-equatorial TCW forcing, characterized by a cooling in
the mixed layer and a warming in the thermocline. Heat budget analyses indicate that the vertical mixing
is a dominant process responsible for the SST cooling in the eastern equatorial Pacific. Further studies
are clearly needed to demonstrate the significance of these results in a coupled ocean-atmosphere modeling
context.
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1. Introduction

Tropical cyclones (TCs) exert strong wind forcing
to the ocean. Previously, local responses of the ocean
have been extensively investigated (e.g., Price, 1981;
Jacob et al., 2000; Ginis, 2002; Lin et al., 2003; Price
et al., 2008; Huang et al., 2009; Zedler, 2009; Vin-
cent et al., 2012). Recently, remote effects of TC-
induced wind forcing on large-scale ocean state and
low-frequency climate variability have been of an in-
creased interest as debates continue about the rela-
tionships between TC activity and global warming.

For example, it has been illustrated that small-scale
and short-lived TCs can be of climatic and global im-
portance, including their remote influences on heat
transport and thermal conditions (e.g., Emanuel, 1987,
2001; Henderson-Sellers et al., 1998; Webster et al.,
2005; Chen et al., 2006; Pasquero and Emanuel, 2008;
Korty et al., 2008; Hu and Meehl, 2009; Jansen and
Ferrari, 2009; Chen and Tam, 2010).

The tropical Pacific is the home to the El Niño-
Southern Oscillation (ENSO), the largest interannual
variability signal having significant effects on weather
and climate worldwide (e.g., Zhang et al., 2013), in-

∗Corresponding author: ZHANG Rong-Hua, rzhang@essic.umd.edu

© China National Committee for International Association of Meteorology and Atmospheric Sciences (IAMAS), Institute of Atmospheric
Physics (IAP) and Science Press and Springer-Verlag Berlin Heidelberg 2013



1508 TROPICAL CYCLONE WIND EFFECT ON THE PACIFIC OCEAN VOL. 30

cluding TCs. For example, as examined by numerous
studies, ENSO is one major factor impacting TC fre-
quency, genesis, intensity, and tracks over the tropical
Pacific on interannual time scales (e.g., Chan, 1985,
2000; Irwin and Davis, 1999; Chia and Ropelewski,
2002; Wang and Chan, 2002; Elsner and Liu, 2003; Ca-
margo and Sobel, 2005; Chen et al., 2006; Camargo et
al., 2007). The western Pacific is one of the most active
regions for TC genesis and intensification. Local per-
turbations induced by tropical cyclone wind (TCW)
forcing to the ocean can be large, including enhanced
mixing in the upper ocean and changes in the verti-
cal thermal structure. While conditions disturbed by
TCs in the atmosphere can be restored very quickly
(a couple of days) after TCs leave away, those in the
ocean can persist weeks and longer, characterized by
a cooling in the mixed layer (ML) and a warming be-
neath the ML and in the thermocline. These large,
persisted thermal perturbations tend to evolve slowly
around the ocean basin, potentially having effects on
remote areas where TCW forcing is not directly felt.
Additionally, the induced perturbations in remote re-
gions can trigger local processes that, in turn, may fur-
ther enhance the related presponses. Some evidence
has been presented for remote influences that TCW
forcing may exert on thermal conditions in the Pacific
(e.g., Sriver and Huber, 2007, 2010; Fedorov et al.,
2010; Sriver et al., 2010; Kim et al., 2011).

This work aims to explore the possible feedbacks of
TC-induced wind forcing onto large-scale ocean state
and low-frequency coupled ocean-atmosphere variabil-
ity in the tropical Pacific. While ENSO has been
demonstrated to modulate TC activities over the west-
ern tropical Pacific, the possible effects of TC activ-
ities on ENSO are poorly understood. Here we seek
any connection of thermal anomalies between the west-
ern tropical Pacific (where TCs are mostly active with
large thermal anomalies induced locally in the ocean)
and the eastern equatorial Pacific (where changes in
SSTs are critically important to ENSO). To this end,
an ocean general circulation model (OGCM) and satel-
lite wind data are utilized to illustrate remote effects
of TCW forcing over the western tropical Pacific on
oceanic conditions in the eastern equatorial region.
Some specific questions are going to be investigated.
To what extent can TCW forcing over the western
tropical Pacific remotely affect the ocean in the east?
What are the characteristics of the remote responses
of the ocean in the east to TCW forcing in the west?
What processes are involved in such remote effects?

The paper is organized as follows. Section 2 briefly
describes an OGCM, satellite data and the locally
weighted quadratic least-squares regression (LOESS)
method used to extract TCW forcing fields, and mod-

eling experiment design. Section 3 deals with TCW-
induced forcing effects on ocean simulations by com-
paring a reference TCW run and a no-TCW run, in-
cluding analyses of the mixed layer heat budget and of
potential processes responsible for the effects on SST.
In section 4, additional experiments are further per-
formed to illustrate the sensitivity to some parameters
representing TCW forcing intensity. A conclusion and
discussion are given in section 5.

2. Models and data

Figure 1 displays a modeling system used in this
work, consisting of a basin-scale OGCM of the tropical
Pacific and TC-induced wind (TCW) forcing compo-
nent which can be explicitly represented over the west-
ern tropical Pacific. In this ocean-only modeling con-
text, the total wind stress (τ) can be separated into its
climatological part (τclim) and TC-induced part (τTC).
In this section, we briefly describe these various com-
ponents and experiment designs.

Fig. 1. A schematic diagram showing a basin-scale ocean
model of the tropical Pacific, with TC-induced wind
forcing explicitly taken into account. The total wind
stress used to force the ocean is separated into its cli-
matological part (τclim) and TC part (τTC), written as:
τ = τclim + αTC×τTC. The former is prescribed from ob-
served long-term climatology; the latter can be explicitly
extracted from satellite data using the LOESS method.
The extracted τTW field is then added onto the prescribed
τclim field to force the OGCM. As such, the TC wind part
can be conveniently switched on or off in ocean modeling
to represent its forcing effects.
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2.1 An ocean general circulation model

The OGCM used in this work is the reduced grav-
ity, primitive equation, sigma-coordinate model devel-
oped by Gent and Cane (1989). The vertical struc-
ture of the ocean model consists of a mixed layer
(the first layer) and a number of layers below which
are specified according to a sigma-coordinate. The
mixed layer depth and the thickness of the last sigma
layer are calculated prognostically. Several related ef-
forts have been devoted to improving this ocean model
significantly. Chen et al. (1994) developed a hybrid
mixed layer model which is explicitly embedded into
the OGCM. Murtugudde et al. (1996) incorporated
an advective atmospheric mixed layer (AML) model
into the OGCM to estimate sea surface heat fluxes
and take into account a non-local effect on SST in-
duced by the atmospheric boundary layer. This heat
flux parameterization allows a realistic representation
of the feedbacks between mixed layer depths, SSTs,
and the surface heat fluxes (e.g., Seager et al., 1995).
Complete hydrology was added to the model that rep-
resents freshwater flux as a natural boundary condi-
tion (Murtugudde and Busalacchi, 1998). Addition-
ally, the effect of penetrative radiation on the upper
tropical ocean circulation was taken into account, with
attenuation depth (Hp) derived from satellite ocean
color data (Murtugudde et al., 2002). These process-
oriented studies have improved simulations of ocean
circulation and thermal structure significantly. More
recent efforts with this OGCM include the develop-
ments of a hybrid coupled ocean-atmosphere model
(HCM) for the tropical Pacific (Zhang et al., 2006);
the developed HCM has been used to understand trop-
ical instability waves-induced wind feedback, freshwa-
ter flux-induced feedback, and ocean biology-induced
feedback within the tropical Pacific climate system
(Zhang and Busalacchi, 2008, 2009; Zhang et al., 2009,
2012), respectively.

The OGCM domain covers the tropical Pacific
basin from 124◦E to 76◦W and from 25◦S to 25◦N,
having horizontal resolution of 1◦ (lon)×0.5◦ (lat),
and 31 layers in the vertical. Near the model south-
ern and northern boundaries (poleward of 20◦S/N),
sponge layers are imposed. The OGCM is initiated
from the WOA01 temperature and salinity fields (Lev-
itus et al., 2005), and is integrated for 20 years (the
spinup run) using prescribed monthly-mean climato-
logical atmospheric forcing fields, including the re-
analysis wind stress fields from the European Center
for Medium-Range Weather Forecasts (ECWMF) av-
eraged from 1985 to 1998 (e.g., Hackert et al., 2001),
solar radiation from the Earth Radiation Budget Ex-
periment (ERBE), cloudiness from the International
Satellite Cloud Climatology Project (ISCCP), and pre-

cipitation from Xie and Arkin (1995). The surface
heat flux for the OGCM is interactively calculated us-
ing the Seager et al. (1995) AML model; no relaxation
of SST to observations is taken in any OGCM simu-
lation performed in this study. Note that the OGCM
is forced by monthly-mean climatological atmospheric
fields prescribed on 2◦×2◦ spatial grids, which are in-
terpolated onto the ocean model grid and model time
steps. As such, TCW forcing component is completely
excluded in the prescribed climatological atmospheric
forcing fields, but can be explicitly added in ocean
simulations using satellite wind data and the LOESS
method described below.

2.2 Satellite observations and the LOESS
method used to extract TCW forcing field

Satellite data are used for our TCW-related anal-
yses and modeling studies. Wind data are from
the Cross-Calibrated, Multi-Platform (CCMP) satel-
lite scatterometer wind product (Atlas et al., 2011);
SST data are from the Tropical Rainfall Measuring
Mission (TRMM) microwave imager (TMI; Wentz et
al., 2000). The horizontal grid of these satellite data
has a resolution of 0.25◦×0.25◦ in space and six-hour
sampling in time.

High space-time resolution satellite winds from the
CCMP data include various forcing signals to the
ocean, which are of different origins, including the
Madden Julian Oscillations (MJOs), tropical instabil-
ity waves (TIWs), the westerly wind burst, and TCs
etc. If these raw wind data are directly used to force
an ocean model, various wind forcing signals with dif-
ferent physical origins are mixed up, leading to their
effects on the ocean that are lumped together and
difficult to isolate from each other. Here, we seek a
way by which TCW forcing fields can be explicitly ex-
tracted from spatially varying large-scale background
wind fields, which can then be additionally included
in ocean modeling to isolate its forcing effect on the
ocean.

To this end, a locally weighted quadratic least-
squares regression (LOESS) method is utilized (e.g.,
O’Neill et al., 2010). Specifically, a smoothed value
(A) of a field (A) at a grid point can be estimated by
fitting a regression surface to some subset data locally.
Then, a perturbation field is obtained as A′ = A−A.
As is shown in O’Neill et al. (2010), the resultant per-
turbation fields depend on the so-called half span pa-
rameters in the LOESS method [denoted as αx and αy

in the zonal (x) and meridional (y) directions], which
indicate how much of subset data is used to fit each
quadratic regression locally. The larger the values of
αx and αy, the smoother the A field, and the stronger
the perturbation fields (A′), respectively.
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Fig. 2. Wind stress fields from the satellite measurements: the origi-
nal daily fields on 10 May 2008 (a), and the TC-related perturbation
part extracted using the LOESS method with half-span smoothing pa-
rameters in the zonal (x) and meridional (y) directions: αx = 6◦ and
αy = 6◦ (b), and αx = 10◦ and αy = 10◦ (c), respectively. As shown,
the structure and amplitude of the derived TCW field are sensitive
to the values of αx and αy. For example, when taking αx = 6 and
αy = 6, the structure of TC wind forcing can be well represented, but
the amplitude is underestimated.

An example is illustrated in Fig. 2 for TC-induced
wind stress fields on 10 May 2008, which are extracted
using the LOESS method from original satellite data;
here a 2-D LOESS filter is applied to daily-mean wind
stress fields in the zonal and meridional directions.
It is seen that the amplitude and structure of the
resultant TC-related perturbation fields are sensitive
to the half-span parameters taken in the zonal and
meridional directions (i.e., αx and αy). When tak-
ing αx = 6◦ and αy = 6◦, the structure of the TCW
fields can be clearly depicted from spatially varying

background wind fields, but the amplitude and spatial
extent are underestimated. When taking αx = 10◦

and αy = 10◦, TCW fields can be represented reason-
ably well. Note that the use of the LOESS method is
intended to explicitly extract TCW forcing structure
from spatially varying background wind fields; then
the derived TCW pattern can be additionally com-
bined with other wind forcing components to drive
ocean models. As such, the TCW forcing component
can be conveniently switched on or off in ocean-only
modeling experiments (Fig. 1), allowing its effects to
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be represented and compared in a clean and clear way.

2.3 Experiment designs

Figure 3 illustrates the TC tracks observed in year
2008 over the Pacific basin (Chu et al., 2002). It is
seen that the western Pacific is one of the most active
regions for TC genesis and intensification. As TCs are
generated in the atmosphere, they induce quick and
large responses in the ocean. The induced thermal
perturbations tend to persist in the ocean for weeks
and longer, potentially exerting a remote influence on
the ocean basinwide. While local oceanic responses
to TC-induced wind forcing in the western tropical
Pacific are well simulated and understood (e.g., TC-
induced mixing effects on the upper ocean, which are
characterized by cooling in the mixed layer and warm-
ing in the thermocline), its remote effects on oceanic
thermal structure in the eastern equatorial Pacific have
not been convincingly demonstrated. To identify any
connection between TC activities over the western Pa-
cific and thermal responses in the eastern equatorial
Pacific, TCW forcing is taken into account only over
the western region as follows.

In an ocean-only modeling context, the total wind
stress (τ) fields used to force the OGCM is written
as (Fig. 1): τ = τclim + αTC×τTC, where τclim is a
prescribed climatological wind stress part, τTC is TC-
induced wind forcing part, and αTC is a scalar pa-
rameter introduced to represent the strength of TCW
forcing. As detailed above, the TCW forcing part is
explicitly extracted from six-hour satellite data using
the LOESS method with αx = 6◦ and αy = 6◦; the
derived τTC part is then added onto the τclim fields
to force the OGCM. In addition, the introduced αTC

parameter can be utilized to rescale the τTC intensity
(i.e., the τTC fields derived from the LOESS method
are multiplied by this parameter so that its intensity
can be matched to what is observed in nature).

As observed, TCs exhibit strong seasonal varia-
tions over the western Pacific, being mostly active in
May–September. To take into account TC-induced
seasonally modulating effects on ocean simulations,
six-hour varying τTC data during January–December
from one full year, arbitrarily chosen in year 2008, are
taken to form a temporal succession fields for a re-
peated annual cycle, which are interpolated to model
time step and combined with τclim to force the OGCM
(i.e., both τclim and τTC fields are prescribed as a re-
peated annual cycle in model time integration). Note
that when the τTC part is extracted from original satel-
lite wind data using the LOESS method, its annual
mean at each spatial grid (averaged over a full year
using six-hour varying τTC fields), τTC , can be non-
zero, which can induce a mean bias when it is used to
force an OGCM, potentially contaminating the effect
assessments associated with TCW forcing. To avoid
this problem, the annual-mean value, τTC, is removed
at each spatial grid and the resultant (τTC−τTC ) fields
are actually used in ocean modeling experiments.

In this paper, we examine remote effects of TCW
forcing over the western Pacific on thermal conditions
in the eastern equatorial region. The τTC forcing is
applied only to the western tropical North and South
Pacific regions (to the regions west of 170◦E, and pol
eward of 10◦N and 10◦S, respectively); outside these
τTC forcing regions, τTC is set to be zero. Figure 4 in-
dicates the structure and amplitude of τTC calculated
from year 2008 using six-hour varying data. Over the

Fig. 3. An example of TC genesis and tracks observed in year 2008 over the
Pacific basin. Active TC regions include the Northwestern (NW) tropical
Pacific, the Southwestern (SW) tropical Pacific, and the Northeastern (NE)
tropical Pacific. In the ocean modeling performed in this paper, 6-h varying
TCW fields of the year 2008 are explicitly extracted from satellite data and
are then prescribed over the western Pacific to represent its forcing effects on
the ocean.
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Fig. 4. The amplitude of the standard deviation of zonal
and meridional TC-induced wind stress components, cal-
culated from 6-hour varying perturbation fields in year
2008 which are extracted using the LOESS filtering
method with αx = 6 and αy = 6. The contour inter-
val is 0.03×10−5 N cm−2.

TC active regions in the western tropical Pacific, the
amplitude of the τTC part is about 10%–20% of that of
the prescribed annual-mean climatological wind stress.
In addition, the regions with large τTC amplitude cor-
respond well to the major TC tracks over the western
tropical Pacific as shown in Fig. 3.

Two experiments are performed using the OGCM
(Fig. 1), which is started from the same spinup run.
One is referred to a no-TCW run in which the τTC

part is not included (αTC = 0.0); another is referred
to a reference TCW run, in which the τTC part (tak-
ing αTC = 2.0 and αx/αy = 6◦ when using the LOESS
method to extract τTC) is explicitly incorporated into
a forced OGCM simulation, with other model settings
being kept exactly the same as in the no-TCW run.
The OGCM is integrated for 11 years for both runs
(arbitrarily denoted as being from year 1 to year 11),
in which an equilibrium ocean state is reached. Note
that in the TCW run, the six-hour varying annual cy-
cle derived in year 2008 is repeatedly applied to the
11-year OGCM simulations. In this way, seasonally
modulated effects of τTC on the ocean are taken into
account in the ocean modeling (e.g., TCs are mostly
active in May–September). In the following, the differ-
ences in monthly-mean outputs between the two runs
in the last year (year 11) are calculated to represent
long-term effects induced by the TCW forcing. Also

note that the τTC part is derived from year 2008, which
is arbitrarily chosen to represent a typical condition of
TC activity over the western Pacific. Further sensitiv-
ity experiments are also performed with varying values
of αTC, αx and αy to illustrate the relationships be-
tween the TCW forcing intensity and the correspond-
ing ocean responses.

3. Remote effects on thermal conditions in the
eastern equatorial Pacific

The prescribed TCW forcing over the western Pa-
cific induces large perturbations to the ocean locally,
characterized by a cooling in the mixed layer (ML),
and a warming beneath the ML and in the thermocline
(e.g., Figs. 5–6). These induced thermal perturbations
(the surface cooling and subsurface warming signals)
persist in the ocean for weeks and longer, which tend
to propagate away from the source forcing regions into
other remote areas where no TCW forcing is directly
imposed, acting to exert non-local influences on the
ocean conditions basinwide. In particular, thermal re-
sponses are remotely seen in the eastern equatorial Pa-
cific where the thermocline is shallow, and the oceanic
mixing and upwelling are strong. Some detailed anal-
yses are given in this section.

3.1 Annual mean fields and seasonal varia-
tions

Figures 5–8 illustrate the horizontal and vertical
distributions of some selected annual mean fields sim-
ulated from the no-TCW run and TCW run. When
the TCW forcing is imposed over the western Pacific,
a large-scale cooling pattern emerges in the eastern
equatorial Pacific. For example, relative to the no-
TCW run, a systematic cooling effect on SST in the
TCW run is evident over the eastern and central equa-
torial Pacific: negative SST differences between these
two runs can be as large as 0.3◦C (Fig. 5c). As shown
in Fig. 6 for the vertical structures of temperature dif-
ferences, the cooling is seen to extend down to the up-
per thermocline, accompanied with a warming in the
thermocline. Thus, the vertical temperature gradient
between the mixed layer and the thermocline in the
TCW run is reduced over the eastern equatorial Pa-
cific, which leads to changes in the vertical density dis-
tribution, acting to de-stabilize the stratification and
enhance the vertical mixing in the upper ocean.

Other oceanic fields also show systematic and co-
herent differences. For example, accompanied with the
negative SST difference, a positive heat flux is seen
from the atmosphere to the ocean at the sea surface
over the eastern equatorial Pacific (Fig. 7). Further
analyses indicate that the differences in the total heat
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Fig. 5. Annual-mean SST fields simulated in the no-TCW run (a) and reference
TCW run (b), and their differences (c; the reference TCW run minus no-TCW run),
respectively. The contour interval is 1◦C in (a) and (b), and 0.1◦C in (c).

flux are mostly attributed to the latent heat flux ef-
fect (figures not shown). The negative correlations be-
tween the TCW forcing-induced heat flux and SSTs in
the eastern equatorial Pacific indicate that the surface
heat flux response acts to have a damping effect on
SST; thus, the cooling in the upper ocean should be
attributed to ocean processes (see the analyses below).

While the differences in the sea surface heat flux
are negatively related with SSTs, those in the mixed
layer depth (MLD) are of the same sign with SSTs
(Fig. 8). As indicated in Fig. 8a, the mean structure
of the MLD is well simulated in the no-TCW run
compared with the corresponding observed fields (e.g.,
Monterey and Levitus, 1997). When TCW is explicitly

included over the western tropical Pacific, the depth
of the mixed layer is reduced in the eastern equatorial
Pacific (Fig. 8b), with its annual-mean differences be-
ing 2 meter at 110◦W on the equator. Note that the
mixed layer depth is treated as a prognostic field in
the OGCM, which is explicitly computed using a bulk
mixed model (Chen et al., 1994). This model configu-
ration allows for differentiation of even a few meters in
mixed layer depth between the TCW run and no-TCW
run, respectively.

Figures 9–10 further exhibit the seasonal cycles of
SST, MLD and heat flux along the equator. It is seen
that seasonal variations simulated in the no-TCW run
are well matched with the corresponding observations.
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Fig. 6. Zonal-vertical section along the equator (a) and
meridional-vertical section along 160◦E (b) of annual-
mean temperature differences between the reference
TCW run (αTC = 2.0) and no-TCW run (αTC = 0.0).
The contour interval is 0.1◦C.

For example, the seasonal cycles of the MLD (Fig. 10a)
are well depicted as compared with those observed
(e.g., Monterey and Levitus, 1997). When the ocean
is additionally imposed to the TCW forcing over the
west, SSTs exhibit a systematic and coherent modu-
lation to its seasonal cycles in the central and eastern
equatorial Pacific: a cooling response of SST (Fig. 9a)
is accompanied with a positive heat flux into the ocean
(Fig. 9b) and a shoaling of the mixed layer (Fig. 10b),
respectively. The peak values of the differences take
place at 110 ◦W on the equator in January–February,
being as large as −0.5◦C for SST, 10 W m−2 for heat
flux, and 10 meters for MLD. Although TC-induced
wind forcing is of small scale, the resultant monthly-
mean difference fields are of large scale, with one over-
whelming sign in most of the eastern equatorial Pacific.

Since there is no directly imposed TCW forcing over
the eastern equatorial domain, the differences in the
two runs are attributed to ocean processes respond-
ing to the TCW forcing prescribed over the western
tropical Pacific in a remote manner.

3.2 Oceanic processes contributing to the SST
budget in the east

To further understand oceanic processes by which
the negative SST differences between the two runs
are produced in the eastern equatorial Pacific, a heat
budget analysis is performed for the mixed layer. In
the Gent-Cane OGCM used here, the vertical en-
trainment/detrainment fields at the base of the ML
are calculated using a bulk ML model; the verti-
cal mixing, primarily associated with the entrain-
ment/detrainment, is estimated using a hybrid mixing
scheme (Chen et al., 1994). In addition, a background
vertical diffusion effect is explicitly taken into account,
but is small in magnitude. Note that as the mixed
layer depth is a prognostic variable in the OGCM, all
the SST budget terms are simultaneously modulated
by changing depth of the ML. In the model integra-
tion, all the SST budget terms are explicitly saved at
each timestep, which are then averaged to get their
daily and further their monthly mean fields for analy-
ses. In the following, the heat budget analyses are per-
formed using monthly mean climatological fields from
the model integration of the last year (i.e., the 11th
year).

Figures 11–12 display the seasonal variations of
the vertical mixing/advection and meridional advec-
tion along the equator in the no-TCW run; the ampli-
tude of the zonal advection is relatively small (figures
not shown). Similar to previous studies (e.g., Kessler
et al., 1998), the dominant terms contributing to the
SST budget in the eastern equatorial Pacific are verti-
cal mixing/advection at the base of the ML and merid-
ional advection. The former tends to have a cooling
effect on SST (Fig. 11a), and the latter acts to have a
warming one (Fig. 12a); their combined effects result
in a cooling that is balanced by the heat flux at the sea
surface (e.g., Fig. 7a). Seasonally, the vertical mixing
cooling is largest in winter seasons (Fig. 11a), while
the meridional advection warming is at maximum in
September–October (Fig. 12a).

The imposed TCW forcing over the western Pa-
cific is found to induce a modulation to the SST bud-
get in the eastern equatorial Pacific, as represented
in Figs. 11–12 for the seasonal differences between the
two runs, and in Fig. 13 for the horizontal distribu-
tions of annual-mean differences in some selected bud-
get terms. Besides the directly forced region in the
western Pacific, the eastern equatorial Pacific is a reg-
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Fig. 7. Annual-mean surface heat flux calculated in the no-TCW run (a), and the dif-
ferences (b) between the reference TCW run and no-TCW run. The contour interval
is 10 W m−2 in (a) and 2 W m−2 in (b).

Fig. 8. Annual-mean MLD simulated in the no-TCW run (a), and the differences (b)
between the reference TCW run and no-TCW run. The contour interval is 5 m in
(a) and 0.5 m in (b).
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Fig. 9. Differences in the seasonal cycle of SST (a) and of
surface heat flux (b) between the reference TCW run and
no-TCW run along the equator. The contour interval is
0.1◦C in (a) and 1 W m−2 in (b).

ion where the heat budget terms are modulated by
TCW in a systematic and coherent way. Further-
more, it is seen that the vertical mixing (Fig. 11b) and
meridional advection (Fig. 12b) are the two terms that
are dominantly affected by the TCW forcing. When
TCW forcing is taken into account in the TCW run,
the cooling effect from the vertical mixing tends to
be enhanced (Fig. 11b); the warming effect from the
meridional advection is mostly enhanced (Fig. 12b),
with their effects being compensated for by each other.
The combined effects (the enhanced cooling due to
the vertical mixing and increased warming due to the
meridional advection) result in a net cooling tendency,
which is largely balanced by a positive heat flux into
the ocean at the sea surface (e.g., Fig. 9b). As these
budget terms collectively give rise to a net cooling ef-
fect on SST (Fig. 13c), the resultant SST differences
between the TCW run and no-TCW run are negative
over the eastern equatorial Pacific, leading to a large-

Fig. 10. Seasonal variations of MLD along the equator
in the no-TCW run (a), and its differences (b) between
the reference TCW run and no-TCW run. The contour
interval is 5 m in (a) and 0.5 m in (b).

scale cooling pattern.
Thus, TCW forcing prescribed over the western

Pacific only tends to induce a coherent remote re-
sponse in the eastern equatorial Pacific, characterized
by a La Niña-like pattern: a cooling of SST (Fig. 9a)
is accompanied by a positive sea surface heat flux into
the ocean (Fig. 9b), and a shoaling of the mixed layer
(Fig. 10b) in most of the eastern equatorial region.
The budget analyses indicate that the vertical mix-
ing is a major contributor (Fig. 11b), while the surface
heat flux response acts to dampen the ocean process-
induced negative SST perturbation. The spatial scale
of the perturbed fields in the ocean is much larger than
that of the prescribed TCW forcing. While the pre-
scribed TCW forcing has zero annual-mean, the in-
duced annual-mean differences in SST, heat flux and
MLD are not zero both in the western and the eastern
equatorial Pacific, illustrating a rectified influence on
the large-scale ocean state exerted by small-scale and
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Fig. 11. Seasonal variations of the sum of vertical mix-
ing and advection along the equator in the no-TCW
run (a), and its differences (b) between the reference
TCW run and no-TCW run. The contour interval is
0.5◦C month−1 in (a) and 0.1◦C month−1 in (b).

high-frequency TCW forcing.

3.3 Processes involved in the remote effects

Figures 14–15 illustrate examples for model fields
simulated from the no-TCW run in July, a month
that corresponds to a time when TCs are mostly ac-
tive over the western tropical Pacific. As is well
known (e.g., McCreary and Lu, 1994; Gu and Phi-
lander, 1997; Rothstein et al., 1998; Zhang and
Liu, 1999), the tropical Pacific Ocean features com-
plicated circulation pathways connecting the extrat-
ropics to the tropics, including the subtropical cells
(STCs) and the low-latitude western-boundary cur-
rent pathways. For example, through the western-
boundary pathways and the interior North Equatorial
Countercurrent (NECC) pathways, off-equatorial wa-
ters in the western tropical Pacific converge onto the
equator in the central and eastern equatorial Pacific
(e.g., Zhang and Busalacchi, 1999; Zhang and Roth-
stein, 2000; Zhang et al., 1999, 2001). Evidently in

Fig. 14 and Fig. 15, the model simulations reveal flow
paths that make their connections between the sub-
tropical gyre and the equatorial region in the west-
ern Pacific through the low-latitude western bound-
ary currents in the northern (Fig. 15b) and south-
ern Pacific (Fig. 15c), respectively. In particular, the
western-boundary pathway in the northern Pacific is
well simulated in the OGCM, with a maximum south-
ward flow along 130◦E at 10◦N (Zhang et al., 1999). In
the southern Pacific, the western-boundary pathway is
more clearly seen at subsurface depth with a maximum
north flow at 155◦E (Rothstein et al., 1998). As a re-
sult, some subtropical waters flow southward through
the western boundary and directly enter into the equa-
torial region. Over the equator (Fig. 14b), waters in
the west transport eastward along the Equatorial Un-
dercurrent (EUC) pathway into the eastern equatorial
Pacific. Additionally, the thermocline shoals along the
equator from the west to the east (Fig. 14b), indicat-
ing that thermal conditions at subsurface depths in
the west can affect those at the sea surface in the east.

Fig. 12. The same as in Fig. 11 but for the meridional
advection term. The contour interval is 0.5◦C month−1

in (a) and 0.1◦C month−1 in (b).
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Fig. 13. Horizontal distributions of annual-mean difference fields between the refer-
ence TCW run and no-TCW run: the sum of vertical mixing and advection (a), the
sum of zonal advection and meridional advection (b), and the sum of all these oceanic
budget terms (c), respectively. The contour interval is 0.1◦C month−1.

Figure 15a further exhibits an indication of the
spreading process of thermal anomalies induced by
TCs in the west off the equator into the equatorial
region and further into the central-eastern equatorial
Pacific. The associated circulation pathways provide a
way for thermal anomalies to spread with the mean cir-
culation to the equator through the low-latitude west-
ern boundary, which is mostly clearly seen in summer
time (from July to August). As such, the gyre cir-
culation brings TC-perturbed waters onto the equator
in the western boundary regions and then to the east
along the equator, which acts to affect temperature
distribution in the eastern equatorial region.

Based on these analyses, Fig. 16 schematically il-

lustrates the processes involved in the remote effects
of TCW forcing imposed over the western tropical Pa-
cific on thermal conditions in the east. When season-
ally varying TCW forcing is prescribed as a repeated
annual cycle over the western Pacific off the equa-
tor, large thermal perturbations are induced locally
in the ocean, including a cooling in the upper ocean
and warming in the thermocline. As these local per-
turbations persist in the ocean for weeks and longer,
they tend to spread with the mean ocean circulation;
a pathway can be seen that connects the subtropical
gyre, goes through the western boundary currents and
extends directly into the equatorial regions and fur-
ther eastward along the equator. That is, the cooling
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Fig. 14. Fields simulated from the no-TCW run in July for (a) horizontal distri-
butions of dynamical height (contours) and mixed-layer currents (vectors), and (b)
zonal-depth section of temperature (the green line) and zonal currents (the black lines
with shading) along the equator. The contour interval is 0.1 m for dynamical height
in (a), with the current scale unit (the given arrow) being cm s−1; it is 10 cm s−1 for
the zonal current and 2◦C for temperature in (b).

signals in the ML and warming ones in the thermo-
cline in the western tropical Pacific off the equator
propagate away from the source regions and spread
equatorward through the western-boundary pathways
and interior pathways, then through the EUC path-
way into the eastern equatorial basin. This produces
thermal perturbations in the east that are also char-
acterized by cooling in the ML and warming in the
thermocline (e.g., Fig. 6). Furthermore, the locally in-
duced changes in ocean density fields in the east (more
dense in the ML but less so in the thermocline) act to
weaken the stratification in the vertical and thus de-
stabilize the upper ocean over the eastern equatorial

Pacific. These related ocean processes act to enhance
the vertical mixing in the upper ocean, leading to the
negative SST differences between the TCW run and
no-TCW run. As the ocean surface becomes cooling
in the TCW run, more heat flux comes into the ocean
through the air-sea interface, acting to dampen the
negative SST perturbations. In addition, the enhanced
vertical mixing tends to displace the thermocline up-
ward, leading to the MLD response that is character-
ized by a shoaling in the eastern equatorial Pacific.

In short, the well-defined mean water pathways
and related thermal structure over the tropical Pacific
provide a natural and straightforward way by which
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Fig. 15. Fields simulated from the OGCM in July for (a) horizontal distributions
of the temperature differences between the TCW and no-TCW runs (contours with
shading) and of mixed-layer currents in the no-TCW run (vectors), and for meridional-
depth sections of meridional velocity along 130◦E (b) and along 155◦E (c) in the
no-TCW run. The contour interval is 0.2◦C for the SST differences in (a), with the
current scale unit (the given arrow) being cm s−1; it is 5 cm s−1 in (b) and 4 cm s−1

in (c).

off-equatorial thermal perturbations induced by TCW
forcing in the west can spread equatorward through
the low-latitude western boundary currents in the
western Pacific, and eastward into the eastern Pacific
through the EUC pathways, acting to affect ocean con-
ditions remotely in the east. In particular, SST pertur-
bations induced by TCs off the equator (Fig. 15a) can
propagate all the way into the central-eastern equa-
torial regions. Note that this pathway perspective
was also utilized to explain the connections of ther-
mal anomalies off and on the equator in the tropical
Pacific during the onset of El Niño events on interan-
nual time scales (e.g., Zhang et al., 1999; Zhang and
Rothstein, 2000). In a recent study by Zhang and
Wang (2013), this pathway perspective was adopted

to explain decadal changes in temperature and salin-
ity fields observed in the western equatorial Pacific in
the late 1970s.

4. Sensitivity experiments

Further modeling experiments are performed with
different strength and the size of TCW forcing (as
represented by αTC, αx and αy). Results are quan-
titatively similar to those illustrated above. Figure
17 presents one example for the temperature differ-
ences in the OGCM simulations with αTC=1.0 and
αTC=0.0, which can be compared with the results in
Fig. 6. As seen, the smaller the values of αTC, the
weaker the remote oceanic responses in the eastern
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Fig. 16. A schematic diagram showing processes involved in the remote effects of
TC-induced wind forcing over the western tropical Pacific on SSTs in the eastern
equatorial Pacific. Water pathways in the tropical Pacific provide a mechanism by
which thermal perturbations off the equator in the west induced by TCW (i.e., the
surface cooling in the ML and subsurface warming beneath the ML in the thermo-
cline) can propagate around the basin, acting to induce thermal responses in the
eastern equatorial Pacific. See the main text for details.

equatorial Pacific. In contrast, it is expected that
the larger the values of αTC, the stronger the re-
mote oceanic responses in the eastern equatorial Pa-
cific. These results convincingly indicate that the
TCW forcing prescribed only over the western tropical
Pacific is exerting a remote influence on thermal con-
ditions to the east in a systematic and coherent way,
being characterized by a La Niña-like pattern (SST
cooling, positive heat flux into the ocean, and shal-
low ML, respectively). These results clearly indicate
that the high-frequency TCW forcing over the western
tropical Pacific can affect SSTs in the eastern equato-
rial Pacific, which is a critically important region to
ENSO.

5. Conclusion and discussion

The eastern equatorial Pacific Ocean is the region
where the thermocline is shallow, and upwelling and
vertical mixing are strongest in the upper ocean, in-
dicating that subsurface thermal perturbations can ef-
fectively affect the sea surface. Additionally, the ocean
circulation from the western tropical Pacific converges
on the equator in this region, providing source wa-

ters for the upwelling. These factors indicate that
SSTs in the eastern equatorial Pacific can be sensi-
tively affected by remote ocean processes from the
west. The western tropical Pacific is a region where
TCs are mostly active. Indeed, large perturbations of
SST and upper ocean thermal structure are induced
locally, which persist for weeks and longer in the re-
gion. As the induced perturbations tend to propagate
around the basin, they may potentially exert a remote
influence on SSTs in the eastern equatorial Pacific.
However, the extent to which TCW forcing over the
western Pacific can exert a remote influence on thermal
conditions in the eastern equatorial Pacific is poorly
understood.

In this work, an OGCM is used to examine the re-
mote effects of TC activities over the western tropical
Pacific on SSTs in the eastern equatorial Pacific. To
isolate TCW forcing effect, the LOESS method is first
adopted to explicitly extract TCW structure from six-
hour satellite data. It turns out that the LOESS ex-
traction technique can effectively depict TCW forcing
patterns (e.g., the structure), but its amplitude and
spatial extent can be underestimated. The extracted
TCW fields are then explicitly added onto monthly-
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Fig. 17. The same as in Fig. 6 but for a simulation with
αTC = 1.0.

mean climatological wind fields to force the OGCM
of the tropical Pacific; modeling experiments with
and without TCW forcing are performed and com-
pared with each other, allowing a demonstration of
its effects on the ocean in a clean and clear way.

When seasonally varying TCW forcing of year 2008
is explicitly imposed only over the western tropical
Pacific off the equator, large local effects are found
on the ocean, characterized by a cooling in the mixed
layer and a warming beneath the mixed layer. Fur-
ther, the TCW-induced cooling and warming signals
locally in the west tend to persist weeks and longer,
and to spread with the mean ocean circulation path-
ways. In particular, a remote oceanic response is seen
in the eastern equatorial Pacific, which is also char-
acterized by a cooling in the mixed layer, a warm-
ing in the thermocline, and a shoaling of the ML. In
addition, when the ocean surface is cooling over the
eastern equatorial Pacific in the TCW run, the TCW
forcing-induced effects act to increase the sea surface

heat flux from the atmosphere to the ocean. This in-
dicates that ocean processes are responsible for the
cooling effect on SST. Through the heat budget anal-
yses, it is demonstrated that the colder SSTs seen in
the eastern equatorial Pacific in the TCW run are at-
tributed to an enhanced cooling effect from the vertical
mixing, accompanied by warming effects from the sur-
face heat flux and meridional advection. As the τTC

part is set zero over the eastern equatorial Pacific, the
enhanced vertical mixing effect in the east must be
realized through a connection within the ocean.

A pathway perspective is given to attribute the
remote effects and explain the results. The tropical
Pacific Ocean exhibits complicated circulation struc-
ture and water pathways connecting the subtropics to
the tropics in the west. For example, through the
western-boundary pathways and interior pathways,
off-equatorial waters in the western tropical Pacific
converge on the equator in the central and eastern
equatorial Pacific. Also, the thermocline shoals from
the west to east along the equator. These mean circu-
lation pattern and thermal structure over the tropical
Pacific provide ways by which thermal perturbations
induced by TCs in the west (e.g., signals of the cool-
ing in the ML and the warming beneath the ML) can
propagate into the eastern equatorial Pacific. Indeed,
a remote effect is seen in the east which is also char-
acterized by cooling in the ML and warming beneath
the ML. Furthermore, additional ocean processes are
induced locally in the eastern equatorial Pacific. The
remotely induced changes in the thermal structure act
to modulate vertical density distribution in the east,
tending to de-stabilize the stratification and enhance
vertical mixing in the upper ocean. These ocean pro-
cesses induce further SST cooling in the eastern equa-
torial Pacific in the TCW run relative to the no-TCW
run.

These results are considered to be preliminary and
obvious limitations exist in these ocean-only modeling
efforts. For example, the ocean model used in this
paper has a rather coarse horizontal resolution with
limited meridional domain. Also, several factors can
affect the extent to which TCs exert a remote influ-
ence on thermal perturbations in model simulations,
including the way TCW forcing is represented. In
the modeling results presented in this paper, for in-
stance, the choices of some related parameters charac-
terizing the TCW forcing amplitude and spatial extent
(αTC, αx and αy) are rather subjective, and the effects
simulated in the ocean model are indeed sensitive to
these parameters. Although it is expected that the
results should be quantitatively the same, there is a
clear need to optimize these parameters (i.e., αTC, αx

and αy) to adequately represent TCW forcing fields.



NO. 6 ZHANG ET AL. 1523

Clearly, improved TCW forcing representations and
ocean modeling tool (e.g., increased horizontal resolu-
tion and meridional domain) are necessarily needed to
quantify the roles of TCW forcing in remotely modu-
lating thermal structure in the Pacific.

The results from this ocean modeling study could
be model-dependent. The Gent-Cane ocean model
used here is a layer OGCM, which has a quite differ-
ent formulation than, say, the National Oceanic and
Atmospheric Administration (NOAA)/Geophysical
Fluid Dynamics Laboratory Modular Ocean Model
(e.g., MOM 3; Pacanowski and Griffies, 1998), which
is a level OGCM. For example, in our model, the
ML depth and entrainment/detrainment at the base
of the ML are determined by a bulk ML model.
The vertical mixing, primarily associated with entrain-
ment/detrainment, is estimated from a hybrid mixing
scheme (Chen et al., 1994). Since the ML depth in our
model is prognostically determined at each time step,
all the SST budget terms are simultaneously modu-
lated by the changing depth of the ML. As a result,
variations of ML depth can have many ramifications
in the SST budget, particularly in controlling the ef-
ficiency of mixing and upwelling to cool the SST in
the ocean model (Kessler et al., 1998). A compara-
tive modeling study using these differently formulated
ocean models (e.g., Zhang et al., 2001) is clearly nec-
essary to fully understand the TCW-induced remote
effects on the mean ocean state in the eastern equato-
rial Pacific.

These ocean-only modeling activities present our
first step towards understanding possible feedback of
TCs onto ENSO in the tropical Pacific. Further anal-
yses and modeling efforts are underway with improved
ocean and coupled ocean-atmosphere models. For ex-
ample, as indicated in these preliminary modeling ex-
periments, large-scale SSTs in the eastern equatorial
Pacific can be modulated by TC-induced wind forc-
ing over the western Pacific. It can be further envi-
sioned that the large-scale SST changes induced by the
TCW forcing will feed back onto the climate system of
the tropical Pacific. That is, the resultant changes in
SST will induce a direct response in the atmosphere;
the decrease in SSTs in the eastern equatorial Pacific
will increase the east- -west temperature contrast along
the equator, potentially having effects on large-scale
ocean-atmosphere variability in the tropical Pacific as-
sociated with ENSO (e.g., Zhang et al., 2013). Also,
the induced cooling effect on SST can be a process that
makes contributions to observed asymmetry of the two
phases of ENSO, El Niño and La Niña. At this stage,
all these are speculations and need to be investigated
using a coupled ocean-atmosphere model in the near
future.
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