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Abstract The North Equatorial Countercurrent (NECC) simulated by a coupled ocean‐atmosphere
model and its oceanic component have been investigated and compared against oceanographic
observations. Coupledmodel simulations using the Community Earth SystemModel version 2 are compared
against ocean‐ice simulations forced by the second phase of the Coordinated Ocean‐ice Reference
Experiments (CORE) data set. The modeled circulation biases behave differently to the west of and to the
east of 120°W: the CORE‐forced ocean model largely underestimates the NECC transport to the west and
the coupled model underestimates it to the east. Further analysis suggests that the surface wind stress and its
curl is the most important forcing term for correctly simulating the NECC in both models. West of
120°W, the NECC biases in the ocean model are attributed to the southward movement of the maximum
easterly trade winds in the Northern Hemisphere and the associated wind stress curl (WSC) pattern; east of
120°W, the NECC biases in the coupled model are attributed to the weak northward cross‐equatorial
winds and southwestward gap winds, which lead to a weak WSC gradient at the latitude of NECC. Further
analysis confirms that the WSC biases comes mainly from the zonal wind bias, which may in turn
relate to the protocol of CORE‐II of adjusting reanalysis winds toward satellite data, which include the
relative wind effect.

1. Introduction

The North Equatorial Countercurrent (NECC) is a major upper‐ocean zonal flow of the wind‐driven circula-
tion in the tropical Pacific, flowing eastward across the Pacific Ocean basin between 2°N and 10°N. Themain
body of NECC shifts poleward as it flows to the east; located near 5°N in the western Pacific and shifted to
7°N in the central Pacific (Donguy & Meyers, 1996; Johnson et al., 2002; Wyrtki & Kendall, 1967). The ver-
tical extent of the NECC also changes as it crosses the Pacific: shallower in the west and deeper in the east.
On average, the NECC transport is about 10–30 Sv eastward out of the warm pool region to the relatively
cold eastern Pacific. The maximum value of zonal velocity of the NECC can reach 0.4 m/s near 220°E
(Gouriou & Toole, 1993; Johnson et al., 2002; Wyrtki & Kendall, 1967). The NECC plays important roles
in the volume and heat budget of the warm pool (Clement et al., 2005; Meyers & Donguy, 1984; Picaut &
Delcroix, 1995) and in shaping the tropical Pacific climate (e.g., Masunaga & L'Ecuyer, 2011).

The classical Sverdrup dynamics and also nonlinear processes are involved in the NECC physics (Kessler
et al., 2003; Sverdrup, 1947; Yu et al., 2000). The eastward flow counter to the wind direction is mainly
due to the vorticity imposed by the wind stress curl (WSC). Kessler et al. (2003) also investigated the effects
of other terms, such as the advection and friction, on the NECC transport. In their study, although the advec-
tion and friction terms are small, their meridional derivatives are large enough to contribute to balancing the
vorticity input by WSC. The zonal transport due to the advection and friction can effectively reduce the
wind‐driven NECC transport, especially in the western equatorial Pacific.

It has been found that the NECC is not well simulated in many ocean models partly because of these com-
plex dynamics (e.g., Grima et al., 1999; Philander et al., 1987; Tseng et al., 2016; Wu et al., 2012). In the recent
second phase of the Coordinated Ocean‐ice Reference Experiments (CORE‐II), the NECC simulated in the
stand‐alone ocean models generally tend to be weak (Tseng et al., 2016, their Figure 19). The climatological
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mean zonal current speeds of the NECC from 15 different ocean models are all less than half of the observa-
tional estimate of 0.4 m/s (Johnson et al., 2002) at 220°E. Even the high‐resolution KIEL model shows simi-
lar weak velocity magnitude. Although Tseng et al. (2016) identified the systematic model biases from the
CORE‐II models and found that the systematic error may come mainly from the surface wind stress curl
in the tropic, they did not further investigate the fundamental causes.

The biases in the NECC are usually attributed to the surface wind forcing, both locally and at the equator
(Wu et al., 2012; Yu et al., 2000). Yu et al. (2000) pointed out that the strong surface wind at the equator
would lead to a shift in the NECC near the date line. Based on two ocean model simulations, Wu et al.
(2012) suggested that biases in satellite surface wind estimates associated with the southward shift of the
Intertropical Convergence Zone (ITCZ) would yield a weak NECC. Richards et al. (2009) also found modest
changes in the strength of the NECC associated with a change in the ocean diffusivity in a regional coupled
model and attributed it to a change in wind stress curl, via an indirect effect of changing the sea surface tem-
perature. Therefore, the surface winds fromCORE‐II data in the Tropical Pacific are likely the primary cause
of themodel biases. However, which part of the winds is responsible for the biases? Are there other processes
than the surface winds contributing to the weak biases in the NECC simulation? Those questions have not
been systemically investigated yet.

In stark contrast, several Community Earth SystemModel version 2 (CESM2) model simulations (regardless
of resolution) show more realistic NECC strengths than the results from simulations with the same ocean
component model (Parallel Ocean Program version 2, POP2) forced by wind stress derived from observa-
tions. Why is the NECC in the coupled model simulated better than that in the stand‐alone ocean model?
Can the wind stress distribution in the coupledmodel be amore accurate depiction of the real condition than
the analyses in CORE‐II? Here the results from the fully coupled model serve as a reference to the stand‐
alone ocean models, in particular, for the vorticity balance analysis.

The purpose of the present paper is to investigate the impacts of surface wind stresses and other terms on the
representation of the NECC in simulations with the POP2 ocean model, both forced with CORE‐II atmo-
spheric observations and coupled to an atmospheric model in CESM2. Our results should help us to under-
stand the dynamical processes involved in the model biases which can potentially help in future
development of methods for forcing stand‐alone ocean models.

2. Models, Experiments, and Observation Data

In the present study, the CESM2 framework developed at the National Center for Atmospheric Research
(NCAR) is used. The ocean component of CESM2 is the POP2, which has 60 vertical levels, monotonically
increasing from 10 m near the surface to 250 m in the deep ocean. POP2 uses a displaced North Pole grid
with a nominal 1° horizontal resolution. Near the equator, the meridional resolution is increased to 0.27°
(Danabasoglu et al., 2014). The sea ice component is sea ice model version 5 (CICE5). The atmospheric com-
ponent of CESM2 is the version 6.0 of the Community Atmosphere Model (CAM6) with a finite volume
nominal resolution of 1° (0.9° × 1.25°) and 30 vertical levels. The land model is the Community Land
Model version 5 (CLM5) for the CESM2. The details of CLM5 can be found in the official website of CESM2.

The interannual forcing data set (CORE‐IAF.v2) is used in the following experiments, developed by Large
and Yeager (2004, 2009) and based on surface atmospheric fields derived from National Centers for
Environmental Prediction (NCEP)/NCAR atmospheric reanalysis (Kistler et al., 2001) and radiation and
precipitation and runoff from other sources (Large & Yeager, 2009). The surface atmospheric fields are
adjusted with respect to available observations to reduce the biases and uncertainties in the reanalysis fields.
For winds, the time average of the QuikSCAT (QuikScat scatterometer) data set is used to correct the NCEP
wind speed and adjust the wind direction. The magnitude and angle of the wind vector were adjusted by a
multiplicative factor Rs(λ,ϕ) and a counterclockwise rotating factor δ(λ,ϕ), respectively, where λ and ϕ,
respectively, represent longitude and latitude. The main consideration is to match the mean wind speed
and mean wind direction from QuikSCAT everywhere (Large & Yeager, 2009).

Three experiments have been used in the present study: (i) a standard CORE‐II ocean‐ice experiment
(POP2 coupled to CICE5), which is forced by the CORE‐II interannual forcing data set (hereafter referred
to as the “POP” experiment); here, the POP was run for 60 years using CORE‐II interannual forcing data set

10.1029/2018MS001521Journal of Advances in Modeling Earth Systems

SUN ET AL. 532



(1948–2009) following 260 years of spin‐up and the solution during 1978–2007 are used for the analysis; (ii)
additionally an ocean ice simulation forced by the modified CORE‐II interannual forcing data set, without
correction to NCEP winds based on QuikSCAT (referred to as the “POP‐UNCO” experiment). The initial
conditions of these two POP experiments are the January (winter) climatology from World Ocean Atlas
2013 version 2. (iii) The third simulation is a preindustrial run of CESM2 (referred to as the “CESM” experi-
ment), which is set up for the estimated 1850 greenhouse gas concentrations. The CESM preindustrial con-
trol runs for 160 years and the last 30 years of data are used for the analysis. For each experiment, the
output includes monthly means of the model state and all terms in the momentum budget.

For the model comparison, we use a climatology based on the current velocity observed by acoustic Doppler
current profiler onmooring array service cruises from Johnson et al. (2002). The data contain 10 longitudinal
sections (143°E, 156°E, 165°E, 180°E, 170°W, 155°W, 140°W, 125°W, 110°W, and 95°W) with the depth dee-
per than 300 m during 1985–2000. The observation data were a key part of the World Ocean Circulation
Experiment and the Tropical Ocean Global Atmosphere Coupled Ocean‐Atmosphere Response
Experiment (Eldin et al., 1994), primarily during the 1990s, see more details in Johnson et al. (2002).

3. Method

In the present study the zonal volume transport in the tropical Pacific is diagnosed using the method of
Kessler et al. (2003). The time mean, vertically integrated momentum equations are as follows:

dU
dt

þ Ax−fV ¼ −Px þ τ x þ F x (1a)

dV
dt

þ Ay þ f U ¼ −Py þ τ y þ F y (1b)

Where
dV
!
dt

= (dUdt ,
dV
dt ), A

!¼ Ax ;Ayð Þ, (−f V, f U),∇P
!¼ Px ;Py

� �
, τ!¼ τ x ; τ yð Þ, and F

!¼ F x ;F yð Þ are the ten-
dency of the horizontal ocean current, advection, Coriolis, horizontal pressure gradient, surface wind stress,
and the friction terms, respectively.

In order to simplify the formulation, we use the method of Kessler et al. (2003) and treat the advection, fric-
tion, horizontal pressure gradient term, and the tendency of the horizontal ocean current as forcings, not
only the surface wind stress. Then we may define a new forcing term as the generalized stresses

τ* = τ+ τ′+ τ′′+ τ′ ′ ′+ τ′ ′ ′ ′, where τ′¼ −A
!
,τ′′ ¼ F

!
, τ′ ′ ′¼ −∇P

!
, τ′ ′ ′ ′¼ −

dV
!
dt

. Themomentum equations

can be rewritten as follows.

−f V ¼ τ*x (2a)

f U ¼ τ*y (2b)

Taking the curl of equations (2a) and (2b) and considering the vertically integrated mean continuity equa-
tion (Ux + Vy = ωbot − ωtop), we obtain the vorticity equation in a form similar to the classical Sverdrup bal-
ance, but with the surface wind stress replaced by τ* defined above.

βV ¼ curl τ*
� �

(3)

curl τ*
� � ¼ curl τ!� �þ curl −A

!� �
þ curl F

!� �
þ curl −∇P

!� �
þ curl −

dV
!
dt

 !
−fωbot (4)

Theoretically, the curl −∇P
!� �

and curl −
dV
!
dt

 !
should be zero and small for a long time average. However,

these two terms are not zero because of (i) the model numerics (no‐slip boundary conditions) at the eastern
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boundary of basins (Yeager, 2013) and (ii) the small interannual and decadal variability in the model,
respectively. Then, the zonal transport, U, can be computed by zonally integrating the continuity equation
from the eastern boundary and using (3).

U ¼ −
1
β
∫
x

EB curl τ
*

� �
ydx þ UEB (5)

Note that (5) ignores an additional term from taking the y derivative of β in (3), namely, the zonal integral of
1
β2
curl τ*

� � ∂β
∂y, but this term is O(10−3) comparing with the main term 1

β curl τ
*

� �
y. Here, UEB is the transport

at the eastern boundary (EB). Practically, to avoid the uncertainties of the value of UEB, the stream func-
tion form of (4) is used to compute U as Kessler et al. (2003). This leads to the following:

U ¼ −φy (6)

where φ ¼ 1
β ∫

x

x yð Þ curl τ
*

� �
dx is the stream function of vertically integrated volume transport. The values of φ

along the coast of the Americas are assigned to 0. Therefore, the zonal transport can be computed by (6) if the
surface wind stress, the advection, and other terms are known. The surface wind stress term, advection term,
friction term, and the horizontal pressure gradient term are accumulated each time step and saved as
monthly averages.

Based on the observation in Figure 1 (top row), the vertical extent of the NECC is above 200 m in the western
and central Pacific. In the eastern Pacific, the core of NECC can reach around 300 m. The current below
400 m is very weak. We chose 400 m as the integration depth, comparable with that used in Kessler et al.
(2003; 353 m). We also have examined the integration of the upper 200 m for comparison, and the results
were qualitatively similar.

Figure 1. Meridional‐vertical sections of annual mean zonal currents at (a) 180°E, (b) 220°E, and (c) 250°E for Johnson
et al. (2002) observation. (d–f) and (g–i) are the same as (a–c) but for the POP and CESM experiments, respectively.
The contour interval for all panels is 0.1 m/s. Eastward (westward) velocities are shown as solid (dashed) lines. The red
curves are 20 °C isotherms. Unit: m/s. POP = Parallel Ocean Program; CESM = Community Earth System Model.
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4. Results
4.1. Modeled Biases in Simulating the NECC

Figure 1 shows the vertical‐meridional sections of mean zonal current at three longitudes 180°E, 220°E, and
250°E, representing the western, central, and eastern equatorial Pacific, respectively. The observational cli-
matology of Johnson et al. (2002) is used to compare with the POP and CESM experiments. At the surface,
the eastward NECC is located between about 3°N and 10°N, just to the north of the South Equatorial
Currents. The speed of the NECC is about 0.2, 0.4 and 0.2 m/s at these longitudes in the Johnson data,
respectively. The eastward Equatorial Undercurrent (EUC) is below the surface along the equator. The cen-
ter of EUC is strengthening and tilting up from the west to east as expected. Themaximum velocity of EUC is
approximately 0.6m/s in the western Pacific and exceeds 1m/s in the eastern equatorial Pacific. In the obser-
vations, two subsurface eastward jets on either side of the EUC, the North Subsurface Countercurrent and
the South Subsurface Countercurrent (Wyrtki & Kilonsky, 1984), are seen in the western Pacific.

Compared against observation, the modeled NECC biases in the POP experiment are evidently with very
weak current strength (Figures 1d–1f), similar to most of the model results shown in Tseng et al. (2016).
The modeled NECC is weaker and closer to the equator at all longitudes. Almost no NECC core exists at
the surface at 180°E, and the subsurface eastward jets are merged with the EUC. At 220°E, the simulated
NECC is separated from the EUC but the main core still cannot be found near the surface. The core of the
current is located at about 6°N with the magnitude of approximately 0.1 m/s. The modeled current speed
is much weaker than the observed value of 0.4 m/s or larger. At 250°E, the NECC is evident at the surface
with a magnitude comparable with the observation (about 0.1 m/s). The mean model currents during the
period of the Johnson climatology data are almost identical with the model results of 30 years mean
(1978–2007), indicating that the comparison between the Johnson data and the 30‐year mean model results
are not significantly affected by the interannual variability of the NECC.

The biases in both magnitude and location of the NECC are remarkably reduced in the CESM experiment.
The simulated NECC is comparable with the observations in the central and eastern tropical Pacific (180°E
and 250°E). The major difference between the CESM experiment and the observations occurs in the central
Pacific, 220°E, particularly in the magnitude. Although the maximum velocity (between 0.1 and 0.2 m/s) of
the NECC for the CESM experiment is higher than that for the POP experiment, it is still weaker than the
observed 0.4 m/s.

To quantify the modeled NECC biases for these two simulations, the upper 400m vertically integrated zonal
currents and the differences (CESMminus POP) in the equatorial Pacific are shown in Figures 2a–2c, respec-
tively. This modeled zonal transport can be directly compared with the Sverdrup transport if the linear the-
ory holds. The simulated NECCs are very different between the POP and the CESM experiments. The
maximum transport of the NECC in the POP experiment is located mostly east of 150°Wwith the magnitude

about 20 m2/s, while the maximum transport of NECC in the CESM experiment is located in the western

Pacific with the magnitude of over 60 m2/s. To the west of 150°W, the eastward transport in the POP experi-
ment moves southward to 5°N and merges with the strong eastward transport along the equator, the verti-
cally integrated EUC. The shift of the NECC in the central equatorial Pacific is very similar to the results of
Yu et al. (2000), but the gap is located further east. Yu et al. (2000) attributed this bias to the strong zonal
wind at the equator.

The meridionally integrated eastward upper 400‐m transports between 3°N and 10°N of NECC are
further compared in Figure 2d for 10 observation sections from Johnson et al. (2002, black dots) and
the simulations (solid curves). Meridional sections constructed from contemporaneous conductivity‐tem-
perature‐depth and acoustic Doppler current profiler data taken across the Pacific, primarily during the
1990s, have been used in the construction of the Johnson climatology. The Johnson data set includes
missing values at certain depths and latitudes where insufficient data was gathered to make a climatol-
ogy, and there are only three longitudes (155°W, 140°W, and 125°W) with no missing values between
3°N and 10°N.

For better comparison between the Johnson climatology and the simulation results, we mask the model
output with the same missing value locations as the Johnson climatology. The NECC transports from the
masked model output are shown by the dashed lines in Figure 2d. The differences between the full and

10.1029/2018MS001521Journal of Advances in Modeling Earth Systems

SUN ET AL. 535



masked model analysis is small except for the section at 143°E, where the solid and dashed curves for
the CESM experiment differ significantly, about 29.4 Sv for fully sampling and 6.5 Sv with masking
based on the observations (135°E–150°E average). This suggests that insufficient sampling might lead
to the underestimation of NECC transport at this section, so we will not consider it further in the
present study.

Since Figure 2d suggests that the modeled biases to the west and east of 120°W behave differently, Table 1
further compares the observed volume transport to the west (17.4 Sv) and east (9.3 Sv) of 120°W, respectively,
with the model results. West of 120°W, the overall NECC transport of the POP experiment is 2.9 Sv, signifi-
cantly underestimating the observational value, while the transport in the CESM experiment is 21.7 Sv, an
overestimate compared with the observations. East of 120°W, the overall NECC transport of 6.3 Sv in the
CESM experiment is too weak but the NECC transport in the POP experiment (8.2 Sv) is much closer to
the observations.

The above analysis shows large biases exist in simulating the NECC in the POP experiment, while the
coupled CESM seems to produce much better agreement with the observed NECC in general. The biases
are not homogenous across the basin. The POP experiment underestimates the NECC transport over most
of the basin (west of 120°W), and CESM experiment underestimates it to the east of 120°W. In the next sec-
tion, we will further analyze the dynamical mechanism leading to such a difference.

4.2. Contributions to the Zonal Transport Biases of NECC

To understand the causes of these zonal transport biases of the NECC shown in the POP and CESM experi-
ments, we quantitatively diagnose the individual contributions resulting from the surface wind stress, the
advection, the friction, and other terms based on the vorticity balance, following the method of Kessler

et al. (2003; Figure 3). The sum of these four terms is exactly the total
zonal transport shown in Figures 2a and 2b. Here the “other terms”

are the sum of curl(−
dV
!
dt

), curl(−∇P
!
), and−fω400m, which are rela-

tively small compared with the three main terms. The upper 400m
integrated eastward zonal currents between 3° and 10°N from two
experiments are overlaid as contours in Figure 3. For both CORE‐II
forced and coupled experiments, the patterns and magnitudes look
similar between the wind stress term (Figures 3a and 3b) and the total
transport (Figures 2a and 2b), confirming the key role of the wind
stress on the NECC simulation. However, there are evident differ-
ences. The maximum zonal Sverdrup transport of the NECC due to

Figure 2. The upper 400m vertically integrated zonal currents (Units: m2/s) for (a) POP with CORE‐II forcing, and
(b) CESM coupled model in the equatorial Pacific. (c) The upper 400m vertically integrated zonal current difference
between the CESM and POP experiments. (d) The volume transports of the NECC (Unit: Sv), which are defined
as the meridionally integrated upper 400m eastward transport between 3° and 10°N, for POP forced with CORE‐II
(red solid), CESM (blue solid) and Johnson et al. (2002) observation (black dots). The transports of the NECCmasked by
the observational sampling are also computed for both POP (red dash) and CESM (blue dash), donated as POP‐J and
CESM‐J. CORE = Coordinated Ocean‐ice Reference Experiments; NECC = North Equatorial Countercurrent;
POP = Parallel Ocean Program; CESM = Community Earth System Model.

Table 1
The Zonal Averaged Volume Transport of NECC for Johnson et al. (2002)
Climatology, POP, and CESM Experiments

Total 150°E–270°E West 150°E–240°E East 240°E–270°E

Johnson 15.6 17.4 9.3
POP 4.2 (5.0) 2.9 (4.0) 8.2 (8.7)
CESM 17.8 (17.0) 21.7(20.0) 6.3 (6.9)

Note. The values in the parentheses are the transport of the North Equatorial
Countercurrent sampled on the observational array positions. Units: Sv
(106 m3/s). POP = Parallel Ocean Program; CESM = Community Earth
System Model.
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wind stress is larger than that of the total transport for both experiments,
40 Sv (wind) versus 20 Sv (total) for POP and 80 Sv (wind) versus 60 Sv
(total) for CESM. We also find that the eastward transport resulting from
the WSC exists in the western equatorial Pacific in the POP experiment
(Figure 3a), but the location is too far south and close to the equator.

To better quantify these terms, Figure 4 compares these four contributions
to the NECC transport with the total. Here a NECC “domain” is defined as
the locations between 3°N and 10°Nwhere the transport is eastward, which
is shown within the contour in Figure 3. The total transport of the NECC is
defined as the meridional‐vertical integral of the ocean current in the
NECC domain (i.e., the contribution at locations with westward current
is set to zero). The other four terms are integrated in space over the same
NECC domain, regardless of the sign of these terms within that domain.

The zonal NECC transports resulting from the four vorticity budget terms
are relatively large in the western Pacific and small in the eastern Pacific
in both experiments. To the east of 120°W, the zonal transport of the
NECC resulting from the wind stress dominates the total transport in both
experiments, 8.0 Sv for POP and 5.9 Sv for CESM. The transports resulting
from the advection and other terms are all smaller than that of the wind
stress (Table 2). These results suggest that the surface wind biases contri-
bute to the underestimation of NECC transport to the east of 120°W in the
CESM experiment.

Figure 3. The zonal transport due to (a) wind stress, (c) advection, (e) friction, and (g) other terms in the tropical Pacific
for POP. (b), (d), (f), and (h) are the same as (a), (c), (e) and (g), but for CESM. Unit: m2/s. The contours are the eastward
ocean current between 3° and 10°N for total transport which is shown in Figure 2a (for POP) and Figure 2b (for
CESM). The contour interval is 20 m2/s. The zero line is bolded. POP = Parallel Ocean Program; CESM = Community
Earth System Model.

Figure 4. The total volume transports of NECC (black) and the transport
due to wind stress (red), advection (blue), friction (brown), and other
terms (green) for (a) POP and (b) CESM. Unit: Sv (106 m3/s). NECC=North
Equatorial Countercurrent; POP = Parallel Ocean Program;
CESM = Community Earth System Model.
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To the west of 120°W, the transport decompositions are more complicated. In POP the wind term is small
and the magnitudes of friction and advection are comparable to the wind term (Figure 4), whereas the wind
term in CESM is much larger than all other terms, with friction being the next most important term. Overall,
it can be said that the weak transport of the NECC in the POP experiment comes mainly from the weak con-
tribution of surface wind (6.4 Sv, weaker than the 26.2 Sv in CESM), see Figure 4 and Table 2. The NECC
transport derived from the other terms is small in both models (Figure 4).

4.3. Differences in Wind Stresses and WSC

Section 4.2 suggests the key forcing role of the surface wind stress on simulating the NECC in both experi-
ments. From the perspective of the contribution to zonal transport contribution (Figure 4), it is possible that
the CORE‐II wind stress used to force POP is more accurate than the wind stress in the CESM coupled simu-
lation in the eastern equatorial Pacific (east of 120°W) and less accurate in the central western part (west to
120°W) of the basin. Therefore, we focus on the differences of the wind stress and the WSC between the two
simulations in this subsection. The eastern and central western tropical Pacific will be
discussed individually.

The mean zonal and meridional wind stresses are compared in Figure 5 for both experiments, and their dif-
ferences (CESM minus POP) are also presented (bottom panel). Compared with CESM, the POP experi-
ment's easterly trade winds are much stronger in the Northern Hemisphere west of 120°W, and the

Table 2
The Zonal Averaged Volume Transport of the NECC Due to Wind Stress, Advection, Friction, and Other Terms for the POP
and CESM Experiments

Total 150°E–270°E West 150°E–240°E East 240°E–270°E

POP CESM POP CESM POP CESM

Wind 6.8 21.1 6.4 26.2 8.0 5.9
Advection 0.2 2.3 −0.1 2.6 1.1 1.6
Friction −3.9 −5.5 −5.0 −7.0 −0.6 −1.0
Others 1.1 −0.1 1.6 0 −0.3 −0.2
Total 4.2 17.8 2.9 21.7 8.2 6.3

Note. The NECC transport is defined as the meridionally integrated eastward transport between 3°N and 10°N. Unit: Sv
(106 m3/s). NECC = North Equatorial Countercurrent; POP = Parallel Ocean Program; CESM = Community Earth
System Model.

Figure 5. Mean zonal wind stress for (a) POP, (c) CESM, and (e) the difference between CESM and POP (CESM‐POP).
Panels (b),(d), and (f) are the same as (a), (c), and (e), but for meridional wind stress. Unit: N/m2. POP = Parallel
Ocean Program; CESM = Community Earth System Model.
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maximum of westward zonal wind stress shifts equatorward in the Northern Hemisphere (Figures 5a and
5c). The largest differences with a magnitude larger than 0.04 N/m2 can be found between the dateline
and 120°W in the latitude band 5°–10°N (Figure 5e).

In contrast, the zonal wind stress east of 120°W becomes weaker in the CORE‐II forced experiment com-
pared to CESM with a magnitude of about 0.02 N/m2. There are some small structures along the coast of
the Central America in the CESM experiment around 10°N (Figure 5c), which are absent in the POP experi-
ment. This relates to the winds from the Atlantic to the Pacific through the three major gaps of the Central
American cordillera: at the isthmus of Tehuantepec, over Lake Nicaragua, and at Panama (Xie et al., 2005).

The meridional wind stresses are weaker in the CESM experiment than in the CORE‐II forced POP experi-
ment by up to 0.03 N/m2 in the region of northeasterlies around 10°N between the dateline and 100°W. Like
the zonal component, there are also differences in small structures along the eastern boundary. The wind
stress differences can help us to explain many differences in theWSC and their contribution on the transport
of the NECC. Figure 6 shows the climatological mean WSC, and the individual contributions resulting from
the zonal and meridional components in both experiments. It is clear to see the dominant role of zonal wind
stress on the WSC over the whole region, while the meridional wind stress is only important along the east-
ern and western boundaries. These results are reflected in the Sverdrup transports calculated by these indi-
vidual components (Figure 7).

We note the remarkably different patterns of positive WSC in the Northern Hemisphere between the POP
and CESM experiments (Figures 6a and 6b). The positive WSC band is quite zonal with the maximum mag-
nitude of 10−7 N/m3 in the POP experiment. A similar band can be found in the CESM but it extends from
southwest to northeast between 5°N and 15°N with slightly weaker magnitude. According to equation (5),
the meridional derivative of the WSC, curl(τ)y, is the dominant term for the zonal Sverdrup transport.
Therefore, the positive values of curl(τ)y follows the southern edge of the positive WSC belt in Figure 6,
which may contribute to the large zonal transport differences west of 120°W. The weaker NECC transport
in the POP experiment than in the CESM experiment closely relates to the southward shift of the maximum
easterly trade wind in the Northern Hemisphere.

In general, from (5), the part of the NECC zonal transport that results from the wind forcing will be strong
when the second meridional derivative of the zonal stress is large and positive, and it is zonally coherent. In
other words, the westward zonal stress must have a local minimum (i.e., a local maximum in the eastward

Figure 6. Mean (a) WSC, the WSC due to (c) the zonal (− ∂τx
∂y ), and (e) the meridional (∂τy∂x ) wind stresses for POP.

Panels (b), (d), and (f) are the same as (a), (c), and (e), but for CESM. Unit: 10−7 N/m3. WSC = wind stress curl;
POP = Parallel Ocean Program; CESM = Community Earth System Model.
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stress) that spreads over a long zonal extent. This situation is set up naturally in the ITCZ and is seen, for
example, in Figure 5c. However, if the minimum in westward stress occurs too close to the equator, as
found in the POP simulation (Figure 5a), the curl‐driven zonal transport is mixed up erroneously with the
equatorial currents. It will be shown below that the wind corrections applied in the construction of the
CORE are forcing increase to the westward wind stress in the NECC latitudes and forces the minimum
too close to the equator.

Due to the northeasterly gap winds crossing the Central America and southerly winds crossing the equator,
the biases east of 120°W are different from its western side. Figure 8 shows the mean wind stress vector (with
the corresponding WSC superimposed) and the associated Sverdrup transport in this region. Negative (posi-
tive) WSC is formed on the northside (southside) of the northeasterly jets. The offshore positive WSC over
5°–10°N results from the competition between the northeasterly winds through the middle passage over
Lake Nicaragua, and the southerly winds crossing the equator.

Comparing with the QuikSCAT product SCOW (the Scatterometer Climatology of Ocean Winds, Risien &
Chelton, 2008; Figure 8a), the gap winds are poorly resolved in the CORE‐II product, based on
NCEP/NCAR reanalysis winds (resolution: 2.5°) and the WSC formed on the two sides of the northeasterly

Figure 7. The zonal Sverdrup transport due to (a) zonal (− ∂τx
∂y) and (c) meridional (∂τy∂x) wind stresses for POP. Panels (b) and

(d) are same as (a) and (c), but for CESM. Unit: m2/s. POP = Parallel Ocean Program; CESM = Community Earth
System Model.

Figure 8. (a) The wind stress (vector), the WSC (shade), and (b) the associated zonal Sverdrup transport in the eastern
equatorial Pacific for SCOW. Panels (c) and (d are same as (a) and (b), but for the POP experiment. Panels (e) and
(f) are for the CESM experiment. The units are N/m2, 10−7 N/m3, and m2/s for the wind stress, wind stress curl, and the
Sverdrup transport, respectively. POP = Parallel Ocean Program; CESM = Community Earth System Model.

10.1029/2018MS001521Journal of Advances in Modeling Earth Systems

SUN ET AL. 540



jets is very different to SCOW: the strength of WSC is weak and the direc-
tion of positive WSC is zonal. The CESM coupled model has higher reso-
lution of these features than CORE‐II forcing data and has gap wind and
WSC pattern more similar to SCOW, but the magnitude is still weaker,
which may be attributed to the unrealistic topography of the Central
American cordillera. At the same time, the relatively weak cross‐
equatorial wind in CESM results in a small WSC gradient and thus the
weak NECC in this region. The difference of gap wind and WSC pattern
between the POP experiment and SCOW is bigger than between the
CESM experiment and SCOW. The stronger Sverdrup transport of the
POP experiment is a consequence of the steady westward accumulation
of curl(τ)y with longitude at around 7°N which is not physically realistic.

4.4. The Effects of Wind Correction in CORE‐II Data Set

All of our above analyses indicate that the biases of the NECC transport in
the POP experiment result primarily from the biases in the zonal winds of
the CORE‐II data set (Large & Yeager, 2004, 2009). Here the 6‐hourly 10m
winds from the NCAR/NCEP reanalysis version 1 have been corrected
based on the QuikSCAT satellite winds. QuikSCAT estimates the equiva-
lent 10m neutral wind (Chelton et al., 2001; Liu & Tang, 1996; Wentz &
Smith, 1999), and so a possible source of error is that in CORE the
NCEP/NCAR actual 10m winds are corrected toward QuikSCAT equiva-

lent neutral 10m winds. Equivalent neutral 10m winds (U
!

10n) are most
commonly defined as the winds that would have occurred for a given

stress if the air‐sea interface was neutrally stable (no buoyancy stratification at surface: e.g., no air‐sea poten-
tial temperature difference, and air humidity equal to saturated humidity at the sea surface temperature, see,
e.g. Liu & Tang, 1996). The rationale for providing equivalent neutral 10mwinds from satellite scatterometer
is as follows: the scatterometer measures backscatter from surface capillary waves which closely depend on
the surface stress; and equivalent neutral 10m winds have a direct, one‐to‐one relationship with surface
stress (Kelly et al., 2001; Liu & Tang, 1996).

In regions of an unstable air‐sea interface, including much of the global ocean, particularly in the Tropics
(e.g., Warm Pool) and western boundary currents in winter, the equivalent neutral 10m winds are stronger
than the actual winds, typically by a few tens of centimeters per second (Liu & Tang, 1996), but with stronger
effects at very low wind speeds. Thus, by adjusting the NCEP/NCAR reanalysis actual winds toward the
QuikSCAT neutral 10m wind product, the wind speed is spuriously increased in these unstable regions.
The corrected winds are treated as “actual winds” when forcing ocean models, and thus may be too strong
in these regions.

In addition, the surface stress is a function of the air‐sea motion difference, also known as relative wind

(U
!

10n−UO
�!

). In other words τ!¼ ρaCDN U10n
��!

−UO
�!��� ��� U10n

��!
−UO
�!� �

where ρa is the atmosphere density and

CDN is the neutral 10m drag coefficient. Hence, QuikSCAT measurements are affected by the difference
between wind and ocean current. Further, many ocean models, including POP in these experiments,
feed their surface current into the surface bulk flux calculations, and if the QuikSCAT data are used
to correct the NCEP/NCAR 10m winds used for forcing, the ocean surface current effect on surface
stress will be double counted.

Wu et al. (2012) argued that the surface wind biases from QuikSCAT yield weak NECC in their numerical
experiments. We found that the differences in the Northern Hemisphere between the uncorrected and cor-
rected surface wind of CORE‐II (Figures 9a and 9b, uncorrected minus corrected) have a similar pattern to
the differences between the CESM and the POP experiments (Figures 5e and 5f) west of 120°W.Many studies
have found that QuikSCAT wind measurement accuracy will be degraded by rain (Draper & Long, 2004;
Fore et al., 2014; Huddleston & Stiles, 2000; Portabella & Stoffelen, 2001; Stiles & Yueh, 2002; Weissman
et al., 2002, 2012). Thus, the QuikSCAT winds to which the reanalysis winds are corrected in CORE‐II
may poorly capture the true stress and WSC in the ITCZ region. As mentioned in the previous subsection,

Figure 9. The differences of (a) zonal and (b) meridional wind stress
between the uncorrected and corrected CORE‐II data (uncorrected minus
corrected). Unit: N/m2. SCOW = Scatterometer Climatology of Ocean
Winds; POP = Parallel Ocean Program; CESM = Community Earth System
Model; CORE = Coordinated Ocean‐ice Reference Experiments.
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when the CORE‐II correction is made, the zonal stress is artificially
increased in NECC latitudes (3°N–10°N), so that the minimum is shifted
further south toward the equator (Figure 5a) and finally leads the reduc-
tion of the NECC.

To further investigate the impact of correcting the NCEP/NCAR reanaly-
sis winds toward QuikSCAT, an additional numerical experiment (POP‐
UNCO) is analyzed, where wind correction has not been applied (see
section 2). Themeridional‐vertical sections of annual mean zonal currents
at 180°E, 220°E for the POP‐UNCO experiment are shown in Figures 10a
and 10b, respectively, together with upper 400m integrated zonal currents
in Figure 10c and the upper 400m integrated zonal currents difference
between the POP‐UNCO and POP experiments in Figure 10d.
Compared with the results of the POP experiment in Figures 1 and 2a,
the POP‐UNCO experiment has a stronger NECC in the western Pacific,
which is also shown in Figure 10d. The average NECC transport between
150°E and 240°E is 7.6 Sv for POP‐UNCO and 2.9 Sv for POP, respectively.
The transport difference in Figure 10d is qualitatively similar to, but
weaker than, that seen between CESM and POP, in Figure 2c. The differ-
ence in vorticity budget terms between POP‐UNCO and POP was also
found to be qualitatively similar to that between CESM and POP, with a
dominance of WSC in driving the transport difference (not shown). The
transports due to WSC in the western Pacific are 6.4 Sv for POP and
10.7 Sv for POP‐UNCO, which contribute about 90% of the increase in
the total transport. All the above results of the POP‐UNCO experiment
further suggest that the weak NECC in the CORE‐II forced POP experi-
ment derives from the correction to NCEP winds based on QuikSCAT.

It should be noted that in creating the recent JRA55‐do ocean‐forcing data set, based on JRA55 reanalysis,
Tsujino et al. (2018) took into account the difference between equivalent neutral 10m winds and actual
10m winds due to air‐sea stability (see Tsujino et al. for description of method). One of the consequences
of this was weaker Tropical zonal trade winds than in CORE, more consistent with other data sets
(Tsujino et al. 2018). However, preliminary experiments of POP forced with JRA55‐do (not shown) also
revealed weaker NECC than observed, and hence it may be inferred that the stability influence on the cor-
rection method on the NECC results is weak. In contrast the relative wind effect may be strong because of
the presence of strong currents in a weak wind region. These equatorial zonal currents exhibit large gradi-
ents in the meridional direction, and as the zonal transport (5) depends on the meridional gradient of the
curl of stress, which in turn is dominated by meridional gradient of the zonal component of stress, the sur-
face currents may have a big effect. Current and future work of the authors is on investigating the influence
of “relative wind” in sensitivity experiments in the CESM coupled and forced ocean model frameworks.

5. Summary

In the present study, the NECCs simulated by the CORE‐II forced POP and the coupled CESMmodels have
been investigated based on a modified Sverdrup balance approach proposed by Kessler et al. (2003).
Comparing with the observations from Johnson et al. (2002), we found different model biases at the
west/east of 120°W in simulating the NECC between the POP and CESM. The NECC transport is underes-
timated in POP west of 120°W, and it is underestimated in CESM east of 120°W.

Further analysis confirms that the surface wind stress and WSC is the most important forcing term for the
NECC simulation in both models. West of 120°W, the NECC biases in the POP can be attributed to the
southward movement of the maximum eastly trade winds in the north hemisphere, which mainly comes
from the correction of NCEP/NCAR data to QuikSCAT equivalent neutral 10m winds. Indeed, the stronger
NECC in POP‐UNCO shows that some element of the correction method is to blame. East of 120°, the NECC
biases in the CESM can be attributed to the weak cross‐equatorial southerly winds and northeasterly gap

Figure 10. (a) Meridional‐vertical sections of annual mean zonal currents at
(a) 180°E, (b) 220°E for the POP‐UNCO experiment. The contour interval for
all panels is 0.1 m/s. Eastward (westward) velocities are shown as solid
(dashed) lines. Unit: m/s. (c) the upper 400m integrated zonal currents
(Unit: m2/s) for the POP‐UNCO experiment. (d) The upper 400m integrated
zonal currents difference between the POP‐UNCO and POP experiments.
Unit: m2/s.POP = Parallel Ocean Program; UNCO = Uncorrected.
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winds. For POP, the strong eastward transports are due to a chance zonal alignment of the poorly resolved
WSC pattern.
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