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ABSTRACT

By analyzing the climatologically averaged wind stress during 2000-2007, it is found that the easterly
wind stress in the northern tropical Pacific Ocean from Quick Scatterometer (QSCAT) data was stronger
than those from Tropical Atmosphere Ocean (TAO) data and from National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis I. As a result, the In-
tertropical Convergence Zone (ITCZ) in the Pacific Ocean is more southward in the QSCAT data than in
the NCEP/NCAR data. Relative to the NCEP wind, the southern shift of the ITCZ in the QSCAT data
led to negative anomaly of wind stress curl north of a latitude of 6°N. The negative anomaly results in
downward Ekman pumping in the central Pacific. The excessive local strong easterly wind also contributes
to the downward Ekman pumping. This downward Ekman pumping suppresses the thermocline ridge, re-
duces the meridional thermocline slope and weakens the North Equatorial Countercurrent (NECC). These
effects were confirmed by numerical experiments using two independent ocean general circulation models
(OGCMs). Furthermore, the excessive equatorial easterly wind stress was also found to contribute to the
weaker NECC in the OGCMs. A comparison between the simulations and observation data indicates that
the stronger zonal wind stress and its southern shift of QSCAT data in the ITCZ region yield the maximum
strength of the simulated NECC only 33% of the magnitude derived from observation data and even led to
a “missing” NECC in the western Pacific.
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Introduction

the meridional movement of the Intertropical Conver-

The North Equatorial Countercurrent (NECC) is
a major component of the wind-driven circulation in
the tropical Pacific. It is located at 5°N in the west-
ern Pacific and shifts northward to 7°N in the eastern
Pacific according to the work of Donguy and Meyers
(1996) and Johnson et al. (2002) and is closely tied to

*Corresponding author: LIN Pengfei, linpf@mail.iap.ac.cn

gence Zone (ITCZ). The NECC is an eastward current
against the prevailing trade winds, and its maximum
speed reaches 40 cm s~! near 140°W (Johnson et al.,
2002). Because the NECC occurs at the transition
regions between the equatorial gyre and the tropical
gyre, it plays an important role in the wind-driven cir-
culation in the tropical Pacific and its accurate simu-
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lation is consequential to many aspects of atmospheric
and oceanic modeling.

According to classical theory, the strength of the
meridional gradient of wind stress curl, namely curl, 7,
in the ITCZ controls the NECC transport (Sverdrup,
1947). An excessive zonal wind stress near the equa-
tor can also affect the NECC spatial pattern (Yu et
al., 2000). Yu and Moore (2000) found that the strong
zonal wind stress derived from the NASA Scatterom-
eter (NSCAT) data in the ITCZ produces an upward
Ekman pumping anomaly to the south and a down-
ward anomaly to the north. These effects reduce the
meridional slope of the thermocline and drive a weaker
NECC. These studies have shown that the correctness
of wind stress is one of the key factors in properly
simulating the NECC.

In a sequential mission for the NSCAT, the Quick
Scatterometer (QSCAT) has also provided oceanic sur-
face wind measurements with much greater spatial and
temporal coverage than any previous traditional ob-
servation method. QSCAT data can better describe
the finer structures of surface wind fields (Chelton et
al., 2004; Xie et al., 2001; Kessler et al., 2003). How-
ever, Kessler (2002) found that QSCAT drove a rela-
tively weak NECC near 120°W. The simulated NECC
in a high-resolution oceanic general circulation model
(OGCM), forced by QSCAT wind stress (Sasaki et
al., 2006), also showed weaker results than that forced
by the NCEP reanalysis. Moreover, a comparison of
the wind curl of Scatterometer Climatology of Ocean
Winds (SCOW, which is derived from QSCAT) with
that of the National Centers for Environmental Pre-
diction (NCEP), Risien and Chelton (2008) showed a
difference between alternating bands of negative and
positive wind curl south of the ITCZ in the eastern Pa-
cific. These bands may cause much weaker Sverdrup
transport in the central-western tropical Pacific in the
QSCAT than in the NCEP. According to these studies,
simulations of the NECC forced by wind stress from
satellites may have a relatively large bias in stand-
alone oceanic models.

Because of the incomparability of spatial and tem-
poral resolutions, QSCAT wind data has become a
popular product used to force the OGCMs, especially
high-resolution OGCMs. Therefore, the purpose of the
present study was to further identify the distinctive-
ness of QSCAT wind data in the tropical Pacific and
its effects on the NECC. We focused on whether QS-
CAT data can drive a reasonable NECC and the corre-
sponding reasons. This paper is organized as follows:
section 2 describes the datasets, OGCMs, and experi-
ments used in this study, and section 3 compares wind
stress datasets directly as well as the results from nu-
merical experiments. Sverdrup transport and Ekman
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pumping velocities are provided to clarify the relation-
ship of wind stress and the NECC. The effect of the
equatorial forcing on the simulated NECC is also in-
cluded. A brief summary and discussion are given in
the last section.

2. Data and methods

2.1 Data

The QSCAT-derived monthly mean wind prod-
uct used here on a global grid (0.5°%x0.5° resolu-
tion) was provided by CERSAT (the Center for
Satellite Exploitation and Research) at IFREMER
(French Research Institute for Exploitation of the
Sea) (IFREMER/CERSAT, 2002). Wind data from
the NCEP/NCAR (National Center for Atmospheric
Research) reanalysis 1 (NCEP), which has a spatial
resolution of 1.875°, were used for comparison (cf.,
Kalnay et al., 1996; Kistler et al., 2001). Although the
NCERP fields tend to have weaker stresses in the tropics
than other wind products in the climatologically mean
because of coarser resolution (Josey et al., 2002), the
NCEP is one of the products most frequently used to
force numerical OGCMs and these data overlap the
time series of QSCAT. Therefore, we evaluated the
annual mean QSCAT surface wind for 20002007 and
compared it to the NCEP data during the same period.
To assess the zonal wind stress near the equator and in
the ITCZ, the oceanic surface wind stress vectors from
the Tropical Atmosphere Ocean (TAO) project were
used. These data were downloaded from the website
http://www.pmel.noaa.gov/tao/oceansites/flux/main.
html.

2.2 Models and experimental design

To capture common features while avoiding model-
dependent conclusions, two OGCMs were employed in
this study. One model was the LASG/TAP (State Key
Laboratory of Numerical Modeling for Atmospheric
Sciences and Geophysical Fluid Dynamics/Institute of
Atmospheric Physics) Climate System Ocean Model
(LICOM), which is an eddy-permitting, quasi-global
model (75°S-65°N) with a uniform grid resolution of
0.5°. This model uses 30 vertical levels with 12 even
levels in the upper 300 m. The vertical mixing scheme
follows the Pacanowski and Philander (1981, hereafter
PP) scheme used in LICOM. The scheme can be writ-
ten as follows:

(1a)

(1b)
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where v is viscosity and k is the diffusivity coefficient,
vg is equal to 50 cm? s~!, the background viscosity vy,
is 1 cm s~1, and the diffusivity coefficient xy, is 0.1
cm? s~!. In addition, Ri is the bulk Richardson num-
ber; g is the gravity acceleration of seawater. Here p
is the potential density of seawater; and U and V are
the zonal and meridional velocities, respectively. More
details can be reviewed in Liu et al. (2004).

The other OGCM used in this study was the Mod-
ular Ocean Model version 4 (MOM4, Griffes et al.,
2005; Gnanadesikan et al., 2006), which was devel-
oped by the Geophysical Fluid Dynamics Laboratory
(GFDL). This global model has a zonal grid resolution
of 1°, with varying meridional resolution (extending
from 1/3° at the equator to 1° poleward of 30°). The
model uses 40 vertical levels with 20 even levels in the
upper 200 m. Vertical viscosity and diffusivity are cal-
culated using the K-profile parameterization (KPP)
scheme (Large et al., 1994).

Forced by two climatological wind datasets from
the QSCAT and the NCEP, both LICOM and MOM4
start with the same climatological temperature and
salinity obtained from the World Ocean Atlas (WOA,
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(SST) and sea surface salinity (SSS) were also re-
stored to the WOA observation. All experiments were
integrated for 50 years. In the simulation in trop-
ics, the 20-year integration almost reached balance.
Therefore, the 50-year integration is long enough
for the tropics. Results from the last 10 years of
the integration were used for analyses. The cur-
rent velocity from Johnson et al. (2002) and the
temperature from the WOA were used to evaluate
the model results. To distinguish the position of
ITCZ, we used the annual mean rate of rainfall, which
was provided by Tropical Rainfall Measuring Mis-
sion (TRMM, Senior Review Proposal retrieved from
http://trmm.gsfc.nasa.gov/trmm_rain/Events/ TRM-
MSenRev2007_pub.pdf).

We first compared the annual mean QSCAT wind
against the reanalysis dataset from the NCEP and
observation data from the TAO. Then the results of
the four experiments using the two different OGCMs
forced by QSCAT and NCEP wind stress datasets were
compared with the theoretical diagnosis and observa-
tion data.

3. Results

3.1 Wind stress and wind curl

The annual averaged wind stress derived from the
QSCAT data was significantly different from that de-

Antonov et al., 1998). The sea surface temperature rived from the NCEP data in the tropical Pacific (vec-
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Fig. 1. Annual mean wind stress (vectors, N m™?2
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) and wind stress curl (shaded in-

terval: 0.1x1077 N m~®) for (a) the QSCAT data, (b) the NCEP data and (c) the
difference between the QSCAT and NCEP data (QSCAT-NCEP). The zonal mean of
zonal wind stress between 150°E and 120°W (black straight lines) and its difference

are shown on the right panels.
(contours interval: 4 mm d™').

The red contour is annual mean TRMM rain rate
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Fig. 2. Annual mean zonal wind stress for (a) the TAO data, (b) the QSCAT data,
and (c) the NCEP data. The shaded interval is 0.02 N m™2.

tors shown in Figs.la and b). The northeast and
southeast wind stresses were stronger in the QSCAT
data than in the NCEP data in the northern and
southern Pacific, respectively, as revealed by their dif-
ferences (vectors shown in Fig. 1c). The strong north-
east and southeast wind stress is mainly due to their
strong zonal components. According to Fig.1, the
easterly wind stress in the QSCAT data was stronger
than that in the NCEP data, especially in the region
between 0°-10°N and 150°E-120°W. Figure 2 presents
the annual mean zonal wind stress derived from TAO,

QSCAT, and NCEP datasets. Significant quantitative
differences can be seen in the equatorial Pacific. The
easterly for QSCAT exceeds 0.06 N m~?2 in the cen-
tral equatorial Pacific, while it is approximately 0.03
N m~2 for TAO. However, the easterly for the NCEP
data is closer than that for the TAO data than that for
the QSCAT data in this region. In the eastern equa-
torial Pacific Ocean, the westerly for QSCAT is also
stronger than both TAO and NCEP.

The northeasterly and southeasterly trade wind
belts converge in the ITCZ where the rainfall rate is
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high. Here we used the TRMM rain rate; the highest
rain rate represents the center of the ITCZ (red lines
in Fig.1). In the center of the ITCZ, the magnitude
of wind stress should be the minimum. The easterly
wind stress minimum in the NCEP data matches the
highest rain rate. At the same time, the latitude of the
easterly minimum in the QSCAT data is more south-
ward than the position of highest rain rate and that
in the NCEP data (Figs. la and b), which is also dis-
played in its zonal averaged profile (Fig.1 plots) and
zonal wind stress (Fig. 2). This indicates a southward
shift of the ITCZ in the QSCAT data. Due to this
shift, the maximal easterly difference (approximately
—0.04 N m~?) is located between 5°N and 7°N; i.e., in
the ITCZ region (Fig. 1c).

We compared the QSCAT data with the TAO data
to identify the magnitudes of zonal wind stress. The
two latitude belts are plotted in Fig.3. The near-
equatorial easterly wind stress of the NCEP data and
the QSCAT data are stronger than those of the TAO
data (Fig.3a). The deviation of a 0.02 N m~2 of the
TAOQO data from the QSCAT data is larger than that for
the NCEP data. Meanwhile, in the ITCZ region, the
strength of easterly wind stress of the QSCAT data
is twice that of the TAO data and the NCEP data
(Fig. 3b). Moreover, the deviation from the TAO data
for the QSCAT data is the largest in the central Pa-
cific, both in the near-equatorial and the ITCZ regions.

The magnitude difference of the easterly associated
with the ITCZ southward shifting results in the change
of meridional gradient of wind stress. Furthermore, it
affects the wind stress curl pattern because the merid-
ional gradient is the dominant term for wind stress curl

(a) Eq (2°S-2°N)
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in the tropical Pacific. Generally, the positive curl lies
at ITCZ, while the negative curl is located north of
ITCZ and eastern equatorial Pacific Ocean in the two
wind products (Fig. 1, shaded area). However, north
of the equator, the position of zero wind curl in the
QSCAT shifts southward. The difference of the ITCZ
location between the QSCAT and the NCEP results in
a cross-basin band of the negative and positive anoma-
lies of wind curl on both sides of about 6°N (i.e., in
the ITCZ): negative north and positive south (shaded,
Fig. 1¢), respectively.

Wind-driven currents dominate in the tropical Pa-
cific. Therefore, the differences of wind stress curl
affect the simulated currents and temperature in the
tropical Pacific. The results are presented in the fol-
lowing sections.

3.2 Simulation results

To evaluate the effect of the southern shift of the
ITCZ on the magnitude of the equatorial currents and
the structure of temperatures associated with currents
in the tropical Pacific, four numerical experiments
were conducted using two different OGCMs, LICOM
and MOM4, forced by the climatological wind stress of
the QSCAT data and the NCEP data (using the same
period: 2000-2007). The black contours in Figs.4a
and b show the simulated zonal currents along 140°W
in LICOM forced by surface wind from the QSCAT
data and the NECP data, respectively. The most sig-
nificant differences in the zonal current between the
two experiments occur north of 6°N. Both the NECC
and north equatorial current (NEC) are weak when
forced by the QSCAT data. The magnitude of the

(b) 6°N-8°N
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(a) averaged from 2°S

to 2°N and in the ITCZ region and (b) averaged from 6°N to 8°N. The Tropical Atmo-
sphere Ocean (TAO) wind stress was calculated according to surface wind downloaded from
http://www.pmel.noaa.gov/tao/oceansites/flux/main.html.
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Fig. 4. The latitude—vertical distribution of simulated zonal currents (black contours, positive is
eastward, contour interval: 10 cm s™') and oceanic temperature (shaded interval: 1°C) along
140°W. The contour interval is 10 cm s~ . Panels (a) and (b) are for LICOM forced by the QSCAT
data and the NCEP data, respectively. Panels (c) and (d) are the same as panels (a) and (b), but
for MOM. The red curves are annual mean 20°C isotherm from the WOA.

NEC in the QSCAT run is approximately half that
of the NCEP run. The NECC in the QSCAT run is
located slightly toward the equator. The NECC max-
imum is nearly 10 cm s~! in the QSCAT run, while it
is as much as 30 cm s~ in the NCEP run.

Another difference can be found in the simulated
thermocline, which is represented by a 20°C isotherm
in this study (shaded in Figs.4a and b). It is evi-
dent that the ridge of the thermocline around 10°N
is much deeper in the QSCAT run than in the NCEP
run. The deep thermocline ridge in the QSCAT run
reduces meridional thermocline gradient on the both
sides, which is associated with the weak surface zonal
current. The experiments conducted by MOM4 show

similar simulated differences forced by two wind data
in the Northern Hemisphere, especially with regard to
the weak velocity of the NECC and its related struc-
ture of thermocline ridge in the QSCAT run (Figs. 4c
and d). These results further confirm the simulation
results of LICOM.

To inspect the differences of the NECC and NEC
forced by two different winds, we compared the simu-
lated barotropic stream functions (shaded in Figs. 5a
and b). The surface wind from the QSCAT data forces
a weak southern shift of anti-clockwise circulation
north of the equator. This results in a large positive
anomaly between 6°N and 14°N and a large negative
anomaly between 0°N and 6°N (Fig.5c). The band
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Fig. 5. The stream function of Sverdrup transport (contour interval: 10 Sv, 1
Sv=10° m® s7') calculated by Sverdrup theory and barotropic stream function
(shaded interval: 10 Sv) for (a) the QSCAT run, (b) the NCEP run and (c)
the difference between the QSCAT and NCEP runs (QSCAT-NCEP).

of large positive (negative) anomaly of the barotropic
stream function in the Northern Hemisphere is co-
located with the band of negative (positive) anomaly
of wind stress curl (Fig. 1c).

3.3 Comparison with the observation

The significant surface-wind difference between the
QSCAT data and the NCEP data in the northern trop-
ical Pacific was identified by both direct comparison
with annual mean wind stress and the results from nu-
merical experiments forced by the two datasets. How-
ever, we were not able to determine which simula-
tion forced by two kinds of wind datasets more closely

matched the observation data. To answer this ques-
tion, we first compared the simulated thermocline with
the observation data WOA. Here the 20°C isothermal
depth is as a measure of thermocline. In Fig. 4, the red
curves are the 20°C isothermal along 140°W from the
WOA. In either LICOM or MOM4, the thermocline
ridges in the Northern Hemisphere forced by surface
wind stress from the NCEP are much closer to the ob-
servation compared with those forced by the QSCAT
wind. The ridges shift northward and become weak
in the experiments forced by the QSCAT data. The
northern shift of the ridges is explained in the following
section.
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Fig. 6. The maximum zonal velocities (cm s™') between
3°N and 10°N within the upper 80 m for the work of
Johnson et al. (2002, black dots), MOM forced by the
NCEP data (grey dash), MOM forced by QSCAT data
(grey solid), LICOM forced by the NCEP data (black
dash) and LICOM forced by QSCAT data (black solid).

Second, the simulated NECCs were compared with
observations with the work of Johnson et al. (2002).
Figure 6 shows the maximal zonal currents between
3°N and 10°N for four numerical experiments (Fig. 6,
curves) and the work of Johnson et al. (Fig.6, dots).
Because latitudes of the NECC vary with longitude,
we used the maximum of the zonal currents between
certain latitudes instead of the meridional averaged
value. In the observation data (Johnson et al., 2002),
the maximum values of zonal velocity between 3°N
and 10°N at specified longitudes are nearly all larger
than 20 cm s~!. The NECC in the NCEP is within
the observed range, while the NECC in the QSCAT
is weaker than observation data from Johnson et al.
(2002), especially in the western-central Pacific. It ap-
pears nearly absent in the central Pacific and even
a “missing” flow in the western Pacific. The com-
parisons between the simulation and observation in-
dicate that the simulated NECC and NEC driven by
the NCEP are more realistic than those driven by the
QSCAT in the central Pacific.

3.4 Sverdrup transport and Ekman pumping
velocity

According to the classical Sverdrup theory, in the
Northern Hemisphere the positive wind stress curl
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drives a northward transport and the negative wind
stress curl drives a southward transport. For the QS-
CAT run, due to southern shift of ITCZ, the negative
and positive anomalies of wind stress curl north and
south of 6°N. Therefore, the anomalous convergence of
the meridional transport produces downwelling, sup-
pressing the thermocline ridge around 6°N. This re-
sults in weak NECs and NECCs in the QSCAT runs.
Sverdrup transports are also computed for the QSCAT
and NCEP data (contours in Figs.5a and b). The
pattern of Sverdrup transport matches that of sim-
ulated barotropic stream function. This comparison
further indicates that the difference between the sim-
ulated currents (NECC and NEC) is primarily caused
by the difference of surface wind stress curl.

The magnitude of difference between the simulated
currents (NECC and NEC) can be explained by the
difference of the Sverdrup transport. However, the de-
tailed position of the current and thermocline could
not be seen clearly. The following section presents
the Ekman pumping velocity, through which the wind
stress curl impacts the ocean directly. These effects
explain how the wind stress produces the currents and
thermocline locally.

Generally, the Ekman pumping velocity due to
wind stress is defined as

wg = curl, (pr) ) (2)

where 7 is the wind stress, p is the density of seawa-
ter (take here as 1025 kg m~3) and f is the Coriolis
parameter. A positive value means upwelling, and a
negative value means downwelling. Figure 7 presents
the Ekman pumping velocity based on the two differ-
ent wind datasets and their difference. Negative Ek-
man pumping velocities dominate in the central Pa-
cific between 5°N to 10°N for the QSCAT (Fig. 7a),
which suppresses the uplift of the thermocline and re-
duces the meridional thermocline slope and the NECC
magnitude. Positive Ekman pumping is limited east
of 130°W. However, for the NCEP (Fig.7b), there is
a positive Ekman pumping velocity from the west-
ern to eastern Pacific between 5°N to 10°N. On both
meridional sides of the positive velocity, negative ve-
locities dominate. The positive and negative veloc-
ity induces upwelling and downwelling, respectively.
Thus, on both meridional sides of the positive veloc-
ity, the meridional thermocline slopes increase, which
strengthens the NECC and NEC in the central Pa-
cific forced by the NCEP wind stress. As illustrated
by the difference in Ekman pumping velocity (Fig. 7c),
there are negative anomalies between 5°N to 10°N in
the central Pacific. They suppress the uplift of ther-
mocline locally and reduce the meridional thermocline
slope on both meridional sides of negative anomalies,
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Fig. 7. Ekman pumping velocity (shaded interval: 0.1x107° m s™!)
for (a) the QSCAT, (b) the NCEP, and (c) the difference between the
QSCAT and NCEP (QSCAT-NCEP). Ekman pumping velocity is not

plotted south of 2°N because it is singular near the equator.

which gives rise to weak NECC and NEC for the QS-
CAT run in the central Pacific.

In the eastern Pacific, the positive Ekman pump-
ing velocity for the QSCAT occur around 10°N and
shifts southward to 6°N from 130°W to 85°W, which
induces the uplift of thermocline and leads to a strong
NECC. Thus, the simulated NECC in the eastern Pa-
cific (east of 130°W) is well captured by the QSCAT
forcing compared to observation data from Johnson et
al. (2002) (Fig.6).

Furthermore, the Ekman pumping velocity in the
previous equation can be decomposed into two terms:

o (3) (o 5)+ (2) ()

where ( is the meridional derivative of the Coriolis

parameter. The first term from the right-hand side
(RHS) of Eq. (3) is related to the wind stress curl. The
second term of the RHS is proportional to zonal wind
stress 7% and 1/ 2, which become relatively important
near the equator. Because the easterly wind blows
consistently in the central Pacific, the second term al-
ways leads to downward Ekman pumping. Thus, the
upward Ekman pumping is only due to the first term
from the RHS of Eq. (3). Figure 8 presents Ekman
pumping velocities according to the two terms from the
RHS of Eq. (3). The large positive velocity (Fig. 8a)
for the QSCAT is located south of the ITCZ, which
is more southward than for the NCEP (Fig. 8b) in the
central Pacific and is close to the equator. The posi-
tion difference is mainly due to the southward shift of
large positive wind stress curl for the QSCAT (Fig. 1),
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Fig. 8. Ekman pumping velocity related to wi
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QSCAT, (e) the NCEP, (f) the differences between the QSCAT and NCEP (QSCAT-NCEP).

which can result in negative velocity anomalies in the
ITCZ relative to the NCEP (Fig. 8c). In addition, the
magnitude of the positive center value exceeds that of
the NCEP at the equator.

Because the easterly wind stress of the QSCAT
run is stronger than that of the NCEP (Fig.1) in
the tropical Pacific, the magnitude of negative veloc-
ity due to the second term in the RHS of Eq. (3)
for the QSCAT (Fig.8d) is larger than in the NCEP
(Fig.8e). Although the difference in easterly wind
stress is largest around 6°N, the difference in velocity
(Fig. 8f) is largest near 2°N due to a small f. Compar-
ing the difference of Ekman pumping velocity (Fig. 7c)
with the differences (Figs.8c and e) due to each term
from the RHS of Eq. (3), both terms contribute to the
negative Ekman pumping anomalies in the ITCZ be-

tween 6°N and 10°N in the central Pacific. However,
south of 6°N, only the first term of the RHS of Eq.
(3) contributes the positive Ekman pumping anomaly.
Thus, the differences of both easterly wind stress and
wind stress curl affect the negative Ekman pumping
velocity anomalies in the ITCZ.

Along 140°W, positive velocities are located be-
tween 5°N and 10°N for the NCEP. This induces up-
ward pumping and uplift of the thermocline around
10°N (Fig.4a), which increases the meridional ther-
mocline slope between 5°N and 10°N and strengthens
the NECC. For the QSCAT, although the velocity is
negative at 140°W in the ITCZ, the small positive ve-
locity is around 130°W and the large positive value
is east of 130°W north of 12°N. The effect is the up-
lifting of the thermocline east of 130°W. The vertical
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Fig. 9. Same as Fig. 4 except for (a) Exp80 and (b) Exp50, respectively. The experiments are based

on LICOM.

temperature anomalies may be transported to 140°W
by a westward Rossby wave forced by wind stress curl
in this latitude and induce a weak uplift of the thermo-
cline at 140°W. This produces a weak NECC. Thus,
for the QSCAT run, the thermocline ridge shifts more
northward than in the NCEP run.

3.5 Effect of equatorial wind stress on NECC

The analyses in the previous section focused on
the effects of the local wind stress and its curl on the
simulated NECC. The southward shift of the ITCZ in
the QSCAT run reduces the thermocline slope in the
ITCZ region and reduces the magnitude of the NECC.
The equatorial zonal stress is stronger for the QSCAT
run than for the NCEP run (Fig.1c). The numerical
experiments of previous studies have shown that the
near-equatorial zonal wind stress can affect the spatial
structure continuity of NECC near the dateline (Yu
et al., 2000). To check the effect of equatorial zonal
wind stress on the NECC, we designed the following
two extra experiments using LICOM. The zonal wind
stress between 20°S and 20°N for the QSCAT were
reduced to 80% (Exp80) and 50% (Exp50) of the av-
eraged zonal wind stress near the equator (from 2°S
to 2°N), respectively. Both experiments were run for a
simulation time of 20 years. The initial values of these
two experiments were the same as those for the origi-
nal four experiments. The last 5 years of the integra-
tion were used for analysis. Although the zonal wind
stress in these two runs were reduced, the meridional
gradient of the wind stress curl (curl,7) remained un-
changed in the ITCZ because altered zonal wind stress
did not change the meridional gradient between 20°S
and 20°N. These results provide insight into the effect
of zonal wind stress near the equator on the NECC.

Although the modified zonal wind stress changed the
(curl,7) around 20°S/N, the simulated results within
the latitude of 15°N were not affected.

The modified near-equatorial zonal wind stress is
shown in Fig.3a (red dotted and dashed lines). The
equatorial easterly wind stress is closer to the TAO and
the NCEP when the value is reduced by 20% in Exp80.
In the ITCZ region, both modified zonal wind stress
remain stronger than in the TAO and NCEP. The sim-
ulation results forced by changed zonal wind stress are
presented in Fig.9. Compared with the QSCAT run,
the simulated NECC strengthens only slightly along
140°W in the Exp80 run (Fig. 9a) but strengthens sub-
stantially in the Exp50 run (Fig.9b). The positions
of the maximal NECC magnitude in the Exp80 and
Expb0 runs remain located at 6°N and do not change
relative to the original QSCAT run. This result may
be related to the southern shift of wind stress curl
for the QSCAT. The temperature ridge around 6°N
is uplifted in the Exp50 run relative to the QSCAT
run. This increases the meridional thermocline slope
and strengthens the NECC. Compared with observa-
tion data from Johnson et al. (2002), after reducing the
near-equatorial zonal wind stress, the maximal magni-
tude of the NECC in the Exp50 run is strengthened.
These experiments show that the magnitude of near-
equatorial zonal wind stress can impact not only the
spatial structure of the NECC (Yu et al., 2000) but
also the NECC strength.

4. Discussion and conclusion

The results of this study show that the easterly
wind stress for the QSCAT data in the northern trop-
ical Pacific Ocean is stronger than those of the TAO
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data and the NCEP data. The ITCZ in the QSCAT
data shifts southward in the central Pacific. Compared
with the NCEP, the southern shift of the ITCZ in the
QSCAT data leads to a band of negative and positive
wind stress curl anomalies on both sides surrounding
6°N (i.e., in the ITCZ): negative north and positive
south. The negative anomaly results in anomalous
downward Ekman pumping in the central Pacific. The
excessively local strong easterly wind stress around the
ITCZ region also contributes to the downward anoma-
lies. Both suppress the thermocline ridge there and re-
duce the meridional thermocline slope and magnitude
of the NECC in the central Pacific. East of 130°W in
the eastern Pacific, the upward Ekman pumping for
the QSCAT can uplift the thermocline ridge, which is
associated with a reasonable stronger NECC. These
effects were confirmed by numerical experiments us-
ing two different OGCMs. Furthermore, the excessive
easterly wind stress near the equator reduces the mag-
nitude of the NECC by sensitive experiments. The
comparison between the simulations and observation
data from the WOA and the work of Johnson et al.
(2002) indicates that the pattern of wind stress and
its curl for the QSCAT run in the ITCZ region yields
the weak simulated NECC and the deep thermocline.
This bias of QSCAT data impacts the simulated equa-
torial gyre and the tropical gyre in the Pacific.

Yu and Moore (2000) found stronger easterly wind
stress derived from the NSCAT data in the latitude
band of the ITCZ. The excessively easterly was as-
sociated with distorted Ekman pumping across the
ITCZ band, which reduced the thermocline slope in
the ITCZ region and subsequently reduced the mag-
nitude of the NECC. According to our analyses, the
weak NECC forced by the QSCAT data is related to
small upward Ekman pumping in the ITCZ region,
which in fact is mainly due to the southern shift of the
ITCZ. The shift causes a large positive Ekman pump-
ing velocity to locate south of the ITCZ rather than
north of the center of the ITCZ. Moreover, an excessive
local easterly produces an excessive downward pump-
ing. Thus, the total Ekman pumping is downward
north of the center of the ITCZ. This effect suppresses
the uplift of the thermocline and reduces the magni-
tude of the NECC. Meanwhile, the small magnitude
of the simulated NECC can also be forced by an ex-
cessive easterly wind stress near the equator for the
QSCAT data.

In this study, we limited our focus to the NECC in
the tropical Pacific. In fact, the wind stress and its curl
also impact other currents in the tropical Pacific, such
as the southern equatorial current (SEC), the equato-
rial undercurrent (EUC), and the northern equatorial
current (NEC). Using two OGCMs with different hori-
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zontal resolutions and physical parameter schemes, the
differences of simulated NEC, NECC, SEC, and EUC
between the NCEP runs and QSCAT runs were sim-
ilar in LICOM and MOM4. For instance, the simu-
lated south branch of the SEC was better captured
when forced by QSCAT wind than when forced by the
NCEP both in the LICOM and MOM4. This is simi-
lar to that of Sasaki et al. (2006), and it implies that
the simulated oceanic currents in the tropical Pacific
that are forced with different wind fields are mainly
traceable to the difference in wind stress. Although
there were simulated differences between both models
forced by the same wind stress, such as the position
and magnitude of the EUC, these effects were outside
the scope of this study and they should be studied fur-
ther. In this study, we primarily focused on the effect
of wind stress and its curl on the NECC. In addition,
only the dynamical part of wind stress was analyzed,
and the thermal part (which impacts heat flux by al-
tering wind speed) will be analyzed in our future work.

The distinctiveness of QSCAT surface wind stress
and its effect on NECC have been identified. In our
next study, we will discuss the causes of the error in the
QSCAT surface wind. As we know, the QSCAT sur-
face wind vector is retrieved from the radar backscat-
ter signal by an empirical model function. However,
it is contaminated by heavy rain. Consequently, there
are missing values or large uncertainties in heavy rain
regions such as the ITCZ region (Milliff et al., 2004).
Yu and Moore (2000) also pointed out that in the QS-
CAT predecessor, the NSCAT, bias was due to the rain
rate. However, additional discussion about the causes
of the error in the QSCAT surface wind is beyond the
scope of this study.

Notably, in this study we chose only the NCEP
wind data for comparison with QSCAT data because
ERA40 does not cover the entire period of QSCAT
(2000-2007) and because NCEP2 is considered to be
similar to NCEP1 in the tropical Pacific (Ebisuzaki
et al., 1998; Risien and Chelton, 2008). In future re-
search, we will systematically compare QSCAT with
other reanalysis products, such as MERRA (Modern-
Era Retrospective Analysis for Research and Appli-
cations) and NCEP CFSR (Climate Forecast System
Reanalysis).
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