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ABSTRACT

An examination of model water masses in the North Pacific Ocean is performed in the Community
Climate System version 3 (CCSM3) and its ocean-only counterpart. While the surface properties of the
ocean are well represented in both simulations, biases in thermocline and intermediate-water masses exist
that point to errors in both ocean model physics and the atmospheric component of the coupled model. The
lack of North Pacific Intermediate Water (NPIW) in both simulations as well as the overexpression of a
too-fresh Antarctic Intermediate Water (AAIW) is indicative of ocean model deficiencies. These properties
reflect the difficulty of low-resolution ocean models to represent processes that control deep-water forma-
tion both in the Southern Ocean and in the Okhotsk Sea. In addition, as is typical of low-resolution ocean
models, errors in the position of the Kuroshio, the North Pacific subtropical gyre western boundary current
(WBC), impact the formation of the water masses that form the bulk of the thermocline as well as the
properties of the NPIW. Biases that arise only in the coupled simulation include too-salty surface water in
the subtropical North Pacific and too deep a thermocline, the source of which is the too-strong westerlies
at midlatitudes. Biases in the location of the intertropical convergence zone (ITCZ) and the southern Pacific
convergence zone (SPCZ) lead to the opposite hemispheric asymmetry in water mass structure when
compared to observations. The atmospheric component of the coupled model acts to compound most ocean
model biases.

1. Introduction

The climate modeling community is working to im-
prove model physics in all components of the coupled
system. Many of the remaining issues involve subgrid-
scale processes not resolved by model grids, including
processes that occur on shelves under sea ice, tidal mix-
ing in small passages, and the consequences of too-low
Reynolds number required by low resolution. Cur-
rently, ocean models in climate-scale simulations are
typically run at 1° resolution with increased resolution
in the tropics. The model solutions at midlatitudes con-
tinue to be limited by resolution (see, e.g., Weese and
Bryan 2006) where the models do not resolve the in-
ternal radius of deformation, and thus do not resolved
eddies that arise from baroclinic instability. Low reso-

lution also leads to a poor representation of the mean
flow field, with a primary example being the well-
known bias in the latitude of western boundary current
separation. In addition, some processes are simply miss-
ing from most models, such as tidal mixing or interac-
tion of dense water plumes with topography, which is
known to be important in the formation of certain wa-
ter masses in the world’s ocean. Initial condition and
boundary condition (including surface forcing) errors
can also result in errors in ocean model simulations.
Because the surface ocean directly interacts with the
atmosphere, previous studies have focused on identify-
ing biases in surface properties. For example, Large and
Danabasoglu (2006) found that the surface ocean tem-
perature and salinity in the Community Climate System
Model version 3 (CCSM3) are reasonably well repre-
sented except for in isolated regions where known er-
rors in ocean physics are expected to occur, such as in
regions with deep-water formation, under sea ice, and
in the highly nonlinear western boundary currents. The
relatively small differences in sea surface salinity be-
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tween the coupled model results and the observations
that occur over the large scale predominantly reflect
errors in the precipitation field. Large and Danabaso-
glu (2006) show that the surface salinity is too high in
the CCSM3 in the Pacific subtropical gyre and in the
eastern tropical Pacific. South of the equator, the sur-
face salinity is too low, reflecting the tendency for the
coupled model to produce a too-strong southern Pacific
convergence zone (SPCZ). In both cases, the surface
salinity anomaly is attributed to errors in the precipita-
tion field owing to biases in the larger-scale structure of
the tropical atmosphere. An overshoot of the separa-
tion point of the Kuroshio is also noted. Even small
errors in surface properties can propagate into the in-
terior of the ocean where they can accumulate and per-
sist especially where the ocean memory is long, such as
in deep and intermediate waters. In addition, errors
tend to be enhanced by coupling. Gent et al. (2006)
examined chlorofluorocarbon (CFC) and heat uptake
in CCSM3, the model results were once again in quali-
tative agreement with observations, with local problem-
atic spots. One of those spots is in the western Pacific
and Indian Ocean near Antarctica and along the path
of the Antarctic Circumpolar Current. Both an ocean-
only and a coupled simulation tend to show production
of too much deep water off of Antarctica in the Pacific
and Indian Ocean sectors. The penetration depths of
CFCs are otherwise well represented in the Pacific,
with some small quantitative deviations from the ob-
servations. For instance, the deepest CFCs in the sub-
tropical North Pacific show too deep of penetration in
the western North Pacific Kuroshio Extension region,
with maximum penetration depth in the subtropical
gyre further to the east than in the observations and less
confined spatially. This feature is again related to the
overshoot of the western boundary current. In the
Southern Ocean, however, the coupled simulation
shows improvement in representation of CFCs over an
ocean-only run between 40° and 60°S owing to stronger
winds in the coupled model that compensate for errors
in the ocean model physics (see Gent et al. 2006 and
discussion below). Because water mass distributions
have important implications for ocean heat and chemi-
cal tracer storage, in this paper we examine modeled
thermocline and intermediate-water mass structure in
the Pacific Ocean and identify the possible sources of
model biases. We chose this ocean because deep water
is not formed in the North Pacific. The upper-ocean
dynamics are governed primarily by wind-driven effects
and fit into existing theories. In addition, flow through-
out the thermocline and into the intermediate water
will be spun up in a century, whereas in the Atlantic,
the circulation would still be undergoing significant ad-

justment on these time scales. Finally, the extratropical
Pacific connects directly to the tropical Pacific, an im-
portant region for setting the state of the global climate.
As in any model evaluation, the metric by which a
model is measured determines whether the model is
considered a success. The two areas of the water col-
umn that we focus on here are the thermocline waters
in the subtropical gyre and the intermediate waters that
originate in the subarctic gyre in the North Pacific and
in the Southern Ocean. We first examine the subsurface
properties of the coupled model and compare them
against an ocean-only simulation and an ocean clima-
tology. Next, we examine atmospheric forcing, both
buoyancy flux and wind stress, and determine their re-
lationship to the subsurface properties. Because the
thermocline waters are formed primarily in regions
where there are local maxima in mixed layer depth
(MLD), we pay particular attention to the causes of
localized regions of maximum MLD. We end with a
discussion of the potential consequences of the biases in
the North Pacific for the CCSM3 modeled climate.

2. Models and data

CCSM3 is a well-documented state-of-the-art cou-
pled climate model (more information can be found
online at http://www.ccsm.ucar.edu; see the June 2006
issue of Journal of Climate for a complete analysis of
the model construction and performance). Here we
only give a brief introduction of the runs we analyzed.
The atmospheric component in the coupled model uses
a T85 spectral truncation (equivalent to 1.4° � 1.4° grid
spacing) and 26 vertical levels. The radiative forcing is
fixed at 1990 levels for anthropogenic greenhouse
gases, ozone, and aerosols. The ocean and sea ice mod-
els share the same horizontal grid, with approximately
1° longitudinal resolution and variable latitudinal reso-
lution that is finer near the equator (approximately
0.3°). The ocean component is described in detail in
Gent and Danabasoglu (2004). We use the Gent and
McWilliams (1990) parameterization, which mixes
along isopycnals with a Laplacian operator with diffu-
sion value of 600 m2 s�1 and uses an additional eddy
induced transport of tracers. The sea surface salinity
(SSS) is relaxed back to observations with a time scale
of 4 yr. There are 40 levels vertically in the ocean
model. The data used in this study is from years 300–
599 of the 1000-yr control simulations. All data were
saved as monthly averages during the run. We term this
run CPL.

To understand to what extent biases in the water
mass structure in the coupled model stem from internal
ocean model physics versus from surface forcing, we
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also examined simulations by the stand-alone ocean
component of CCSM3, the Parallel Ocean Program
model, driven by prescribed atmospheric forcing. The
forcing is based on the Common Ocean-ice Reference
Experiments (CORE; available online at http://data1.
gfdl.noaa.gov/nomads/forms/mom4/CORE.html), con-
structed as a repeated annual cycle. The atmospheric
forcing is applied via bulk aerodynamic formulas for
the turbulent fluxes using model sea surface tempera-
ture (SST), and virtual salt flux is used for forcing the
sea surface salinity. No extra surface restoring is used
for SST, while SSS has a restoring flux with time scale
of 91 days. The model is run for 120 yr, and we used the
last 10 yr of data in this analysis. We term this run
OCN. Where applicable, model-simulated upper-ocean
temperature and salinity as well as MLD are compared
against observational data in World Ocean Atlas 2001
(WOA01; Conkright et al. 2002). The MLD in WOA01

is defined based on a variable potential density crite-
rion corresponding to density change of 0.125 kg m�3.
We use the same criterion to define the modeled MLD
for consistency.

3. Model water mass structure

Salinity in the Pacific Ocean provides a useful tracer
for different water masses because of the strong halo-
cline in the subarctic gyre, and the fresh signature of
both intermediate waters in the basin. In the central
Pacific in WOA01 (Fig. 1a), the low-salinity water that
emanates from high latitudes at 400–600 m tracks the
AAIW (NPIW); (for a list of water mass acronyms see
Table 1) in the southern (northern) hemisphere, re-
spectively. The Southern Hemisphere subtropical ther-
mocline water (from the surface to roughly 400 m) is
saltier than its counterpart in the Northern Hemi-
sphere, and has a more direct connection to the tropical
thermocline. The characteristics of the observed water
masses can also be seen in both CPL and OCN. In both
models, the AAIW (designated by the large low-
salinity tongue reaching from the Southern Ocean into
the subtropics) dominates the section at intermediate
depths from the base of the thermocline to almost
1000-m depth (Fig. 1). At the same time, NPIW (des-
ignated by the 34.2 salinity contour) is absent outside of
the subarctic gyre (Fig. 1b). This bias is less pronounced
but still present in OCN (Fig. 1c), where the low-salin-
ity tongue of AAIW can be seen reaching almost to the
equator, while the NPIW does not appear south of
40°N as it does in the observations. In CPL, the sub-
tropical waters in the Northern Hemisphere, which are
significantly saltier than in the observations, are the
dominant source of water for the tropical thermocline.
OCN does a much better job of capturing the observed
north–south structure of the salinity in the thermocline,
although it is still slightly too fresh in the Southern
Hemisphere and too salty in the Northern Hemisphere.
It is important to keep in mind that there is restoration
to observed surface salinity in OCN that forces mod-
eled surface salinity to be close to observations. The
pathways of water masses described above can be ex-

FIG. 1. Vertical cross sections of annual mean salinity (units:
psu) averaged between 160° and 180°E from (a) WOA01, (b)
CPL, and (c) OCN. The white lines in all panels mark the 25.6 and
26.8 kg m�3 �� surfaces. Contour interval is 0.25.

TABLE 1. Acronyms for water masses in the Pacific Ocean.

Water mass Acronym

Antarctic Bottom Water AABW
Antarctic Intermediate Water AAIW
Eastern Subtropical Mode Water ESTMW
North Pacific Intermediate Water NPIW
Subtropical Mode Water STMW
Central Mode Water CMW
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amined by considering salinity distributions on density
surfaces (Fig. 2). Based on the structure of the salinity
in the vertical (Fig. 1), we pick the �� � 26.8 (25.6) kg
m�3 (potential density) surfaces to represent the inter-
mediate (thermocline) waters. On the 26.8 kg m�3 ��

surface, the subarctic gyre is significantly fresher than
the subtropical gyre in the observations (Fig. 2b). The
fresh tongue of the NPIW extends to nearly the equa-
tor. However, in CPL the NPIW is confined to the sub-
arctic North Pacific, and separated from the AAIW by
a salty pool of water (Fig. 2d). OCN also has NPIW
confined to the subarctic North Pacific, although there
is a remnant of freshwater that emanates from the
northeast Pacific (Fig. 2f). At the same time, water from
the Southern Hemisphere is too fresh (Fig. 2f). On the
shallower �� surface (25.6 kg m�3) (Figs. 2a,c,e), the
relatively fresh water in the subarctic gyres in both
hemispheres is seen. In observations, the Northern
Hemisphere water meets the saltier Southern Hemi-
sphere water just north of the equator in a well defined

salinity front (Fig. 2a). OCN captures that front in es-
sence; however, there are two tongues of freshwater
that underlie the subtropical and tropical thermocline
instead of the one broader tongue in the observations.
In contrast, in CPL while there is a fresh signal that
works its way along the eastern boundary and into the
tropics as in the observations (Fig. 2c), the entire sub-
tropical region is significantly saltier than in either ob-
servations or in OCN. As we show below, this occurs
because the subtropical gyre extends too deeply when
compared to the observations, and the source of this
error can be traced back at least partly to atmospheric
forcing. On both isopycnals, OCN shows distinct
tongues of freshwater that penetrate into the subtropics
from the eastern boundary; this is repeated in CPL on
25.6. The observations present a smoother picture, with
less of a distinctive advective signal. This suggests that
both models lack along-isopycnal mixing necessary for
mixing water masses on these isopycnals. This is con-
sistent with the results of Mecking et al. (2004), who

FIG. 2. Annual mean salinity distribution (units: psu) on �� � 25.6 kg m�3 (contour interval 0.25) from (a)
WOA01, (c) CPL, and (e) OCN; and �� � 6.8 kg m�3 (contour interval 0.2) (b) WOA01, (d) CPL, and (f) OCN.
White lines mark the local winter (March in the Northern Hemisphere and September in the Southern Hemi-
sphere) outcropping of the isopycnal.
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found that, in a diagnostic model of CFCs in the sub-
tropical North Pacific where currents are derived from
the observed density distribution, isopycnal mixing,
owing to mesoscale eddies, has to be included to accu-
rately represent the spreading of CFCs into the interior
of the subtropical gyre. They found that an along-iso-
pycnal diffusion coefficient with value of 2000 m2 s�1

was needed in the interior, and an even larger value of
5000 m2 s�1 was need in the Kuroshio Extension. This
contrasts with the much smaller value of 600 m2 s�1

used in ocean component of CCSM3. However, a
simple increase in this value would not improve model
performance, as that would act to degrade the repre-
sentation of the mean flow field as well.

4. Factors determining model water mass structure

Water mass structure in the world’s ocean is ulti-
mately determined by both internal ocean physics and
by surface forcing. In this section, we discuss these fac-
tors and their influences on MLD, which in turn regu-
lates vertical water mass structure.

a. The physics of water mass formation in previous
studies

Below the thermocline and above the deep-water
masses lie intermediate waters. NPIW is thought to
originate at least partly in the Okhotsk Sea, where
dense water is formed on the shallow shelf and then
tidal mixing through narrow passages modifies the wa-
ter that then mixes again in the mixed-water region of
the Kuroshio–Oyashio current system (Talley 1993,
1997; Yasuda et al. 1996). Clearly, these mixing pro-
cesses are beyond the ability of any low-resolution or
even high-resolution global ocean model; previous at-
tempts including tidal mixing on an ad hoc basis led to
improvements of the representation of NPIW (Ya-
manaka et al. 1998). Nakamura et al. (2006) were able
to successfully reproduce NPIW using an OGCM that
takes into account the tidal mixing in the passages be-
tween the Kuril Islands that separate the Okhotsk Sea
from the open North Pacific. While some experimenta-
tion has been done on the inclusion of tidal mixing in
coupled climate models (see, e.g., Montenegro et al.
2007), the resolution of the models is not adequate to
represent the effects of tidal mixing in the passages
described above. The detailed structure of the subarctic
water masses is complex with a subsurface temperature
minimum and an intermediate temperature maximum
(Ueno and Yasuda 2000), which global-scale ocean
models also do not reproduce. Kobayashi (1999, 2000)
show that if the Kuroshio is located too far north in a
model, too-light and too-fresh NPIW (which they term

false NPIW) is formed, appearing near the separation
of the Kuroshio from the coast and staying near the
surface.

It has long been known that AAIW is also difficult to
simulate correctly with too-fresh AABW, occurring in
models because of too-low salinity on the shelf (En-
gland 1992). Thus, AAIW depends not only on interior
ocean mixing processes but also, indirectly through the
AABW, on processes that occur in a small region, in
this case, the Weddell Sea and Ross Sea shelves. Doney
and Hecht (2002), in a lower-resolution simulation than
the one discussed here, show that the deep-water ven-
tilation in the Ross and Weddell Seas is too weak in
their model. As the deep-water masses traverse away
from the source regions, they warm and freshen faster
than in the observations, particularly near the source
regions. In addition, the influence of sea ice on the
surface properties in the source region was of concern.

In the thermocline, there are three distinct mode wa-
ters in the North Pacific, with two having counterparts
in the South Pacific: the CMW, which forms in the cen-
tral North Pacific north of the Kuroshio Extension
front with temperatures of 9°–13°C; the STMW, which
forms in the western North Pacific south of the front
and south and west of the CMW, with temperatures of
15°–18°C (Suga et al. 2004); and the ESTMW (Hautala
and Roemmich 1998), which forms in the eastern North
Pacific and has similar temperatures to the STMW but
forms further east of the STMW and is geographically
distinct. For these mode waters preconditioning plays a
large role; their formation coincides with localized
maximum MLD. STMW and CMW are not distinct in
low-resolution models because of the biases in the rep-
resentation of the Kuroshio Extension, both of which
are formed south of the front in models (Ladd and
Thompson 2001). ESTMW differs from the other two
in that it forms in a “stability gap” (Hautala and Roem-
mich 1998) that results from the proximity of the
temperature-stratified subtropical gyre and the salt-
stratified subarctic gyre (Ladd and Thompson 2000),
and its proper representation relies on the maintenance
of that stability gap. The subarctic region is particularly
sensitive to atmospheric forcing because of the pres-
ence of the salinity-controlled thermocline, which re-
sults from precipitation exceeding evaporation (Emile-
Geay et al. 2003).

b. Wind stress forcing and the Sverdrup relation

In the North Pacific, the circulation is primarily
driven by the wind through Sverdrup dynamics as there
is little overturning circulation associated with deep-
water formation. The too-strong surface westerlies in
CPL in midlatitudes have been noted by previous au-
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thors [Collins et al. (2006a, their Fig. 1) and Collins et
al. (2006b, their Fig. 11)]. Gent et al. (2006) point to the
excess westerlies in the Southern Hemisphere that lead
to a better representation of CFC penetration in the
South Atlantic in the CPL simulation than in the OCN
simulation. It appears that the penetration depth is im-
proved as well in the subtropical North Pacific; with the
too-large surface westerlies compensating for the lack
of along-isopycnal mixing in the models.

The Sverdrup relation predicts that the meridional
transport integrated from the surface to the base of the
thermocline is directly proportional to the curl in the
wind stress:

��
z��H

0

� dz � fWE, �1�

where � is the meridional gradient of the Coriolis pa-
rameter f ; 	 is the meridional velocity outside of the
boundary current; WE is the Ekman pumping, given by
WE � k̂ • � � �/f�; z is the vertical coordinate, with k̂
the vertical unit vector; � is the wind stress; � is the
density of seawater (given by 1025 kg m�3); and H is

the depth of the wind-driven layer. By integrating (1)
zonally from east to west, an estimate of the wind-
driven component of the circulation can be made. The
vertically integrated circulation carries about 50 Sv (1
Sv 
 106 m3 s�1) in the subtropical gyre in CPL (Fig. 3).
Using the wind stress from CPL, the Sverdrup transport
derived from (1) shows good agreement with the baro-
tropic transport streamfunction taken directly from
CPL outside of the western boundary current region in
the subtropics (Figs. 3a,c); the same agreement also
exists in OCN between its wind-derived Sverdrup trans-
port and barotropic streamfunction (Fig. 3d). How-
ever, when comparing the wind-derived Sverdrup
transport in OCN and CPL (Figs. 3a,b), it is apparent
that the too-large zonal wind stress leads to a significant
enhancement of the transport in the subtropical gyre
in the coupled simulation. A consequence of the er-
ror in the strength of the midlatitude wind stress is
that the thermocline is too deep. The theory developed
by Rhines and Young (1982) leads to an advective scal-
ing for the thermocline depth Da [Vallis 2006, Eq.
(14.130)]:

FIG. 3. Barotropic streamfunction as predicted from Sverdrup theory using wind forcing from (a) CPL and (b)
OCN models; (c) the barotropic streamfunction from the CPL model run (note the circulation closes in the western
boundary). (d) The barotropic streamfunction as a function of longitude at 30°N from CPL (dotted) and OCN
(dash–dotted) as well as the prediction from Sverdrup theory for CPL forcing (solid) and OCN forcing (dashed).
Units are Sverdrups, contour interval is 10.
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Da � �f 2WEL

��b �1�2

, �2�

where L is the width of the gyre and �b is the buoyancy
difference across the subtropical gyre in the latitudinal
direction, or, equivalently, the buoyancy difference
across the thermocline. This estimate assumes that the
diapycnal diffusion is small in the thermocline. In the
ocean model, the diapycnal diffusion in the upper
ocean is determined by the Large et al. (1994) K-profile
parameterization (KPP) scheme and is about 1 � 10�5

m2 s�1 and it is likely sufficiently inviscid for the scaling
to hold. The strength of the wind is about 25% larger in
CPL than in CORE, and according to the scaling in (2),
the thermocline depth would be about 10% deeper on
average. To determine the depth of the thermocline, we
found the location in the vertical where the stratifica-
tion is maximum outside of the mixed layer. Averaging
the thermocline depth from WOA01 between 25°–35°N
and 130°–170°E, we find an average thermocline depth
of 300 m, while in CPL (because of the overshoot of the
western boundary current we averaged over a slightly
different region) between 24°–40°N and 145°–180°E we
find an average thermocline depth of 340 m, in agree-
ment with the scaling argument. There are deviations
between the predicted Sverdrup transport from theory
and the barotropic transport at the both the western
and eastern ends of the section (Fig. 3d). Near the west-
ern boundary, the vorticity balance that leads to (1)
does not hold because viscous and nonlinear processes
begin to play an important role. In the eastern basin,
near 160°W, there is a significant deviation from the
Sverdrup balance in both CPL and OCN. It is interest-
ing to note that Hautala et al. (1994) saw the same
deviation in observations, that is, the meridional trans-
port calculated from a density section showed a devia-
tion from (1) at the same location and with similar lon-
gitudinal structure. This deviation is associated with the
formation region of the ESTMW and most likely is
owing to a significant contribution to meridional trans-
port from the thermohaline circulation associated with
this mode water production.

In addition, the strength of the wind-driven circula-
tion is directly reflected in the zonally averaged merid-
ional overturning circulation (MOC) in the Pacific
Ocean where the thermohaline circulation is small (Fig.
4). Consistent with the results shown by ocean tracer
fields (salinity in our case), the MOC shows a different
asymmetry about the equator between CPL and OCN.
The maximum value for the MOC north of the equator
is smaller than south of the equator in OCN, but the
opposite relationship holds in CPL. In addition, the
MOC is shallower in OCN by several hundred meters

north of the equator than in CPL. This results in more
water feeding the equatorial thermocline from the
Northern Hemisphere in CPL, which enhances the sur-
face-driven errors in the subsurface salinity distribution
at the equator.

c. Surface buoyancy forcing

One difficulty with determining the relative impor-
tance of surface forcing versus ocean circulation on wa-
ter mass structure is that surface forcing from observa-
tions is only known within large error bars. While er-
rors in modeled SST and SSS exist, since SSS cannot
feed back directly onto the atmosphere, getting SSS
correct is a particularly stringent test for a coupled
model. In most cases, ocean-only models, such as OCN,
are run using some level of SSS relaxation. This, com-
bined with the natural relaxation of SST through the
calculation of turbulent heat fluxes by bulk formulas,
results in reasonably well-represented SST and SSS in
OCN (Figs. 5c,d), although quantitative differences still
exist. Annual mean SSS biases in OCN are within 0.5
psu throughout most of the Pacific Ocean. The excep-
tions are the central subtropical gyre, which is too salty

FIG. 4. Meridional Eulerian overturning circulation in the Pa-
cific Ocean in the top 1100 m shown for (a) CPL and (b) OCN.
Units are Sverdrups; contour interval is 4.
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by over 0.5 psu, and the western boundary current re-
gion, which is too salty south of the Kuroshio Extension
and too fresh north of it. A fresh surface-intensified
water mass forms north of the front, which is akin to the
false NPIW discussed in Kobayashi (1999). This water
mass forms in response to fresh surface water leaving
the Okhotsk Sea, while deep water that is a component
of NPIW is not formed correctly on the Okhotsk Sea
shelf. In most of the subarctic gyre, the SSS remains too
fresh in OCN as this false NPIW permeates the surface
ocean. There is a region of too-salty surface water in the
northwest Pacific that is coincident with too-deep
mixed layers, which are discussed in the next section.
CPL shows a similar SSS bias (Fig. 5b), but with larger
magnitudes in the subtropics and smaller magnitudes in
the Kuroshio Extension region than in OCN. The
smaller magnitude of bias in CPL is likely owing to the
compensating effect of the too-salty subtropics water
that mixes into the modeled subarctic gyre near the
western boundary. In addition, there is a fresh bias
south of the equator in CPL owing to the double ITCZ
in CPL, which is discussed further below. SST biases in
CPL are much larger than those seen in OCN (Fig. 5 a),
with the cold tongue bias more pronounced. In OCN,
SST is only noticeably different from observations near

the separated western boundary current region. The
separated western boundary current appears to be the
source of most of the errors in CPL with the error
having larger spatial scale, with the SST too warm north
of the Kuroshio Extension, too cold within the Kuro-
shio Extension, and then again too warm south and east
of the Kuroshio Extension. The differences in sea sur-
face properties between CPL and OCN stem from dif-
ferences in surface forcing as well as possibly differ-
ences in advection caused by differences in ocean cur-
rents.

To examine the role of surface forcing, we compare
the surface forcing in CPL and OCN, recognizing that
the forcing in OCN is modified by both the model SSS
and SST. Compared to OCN forcing, CPL shows ex-
cessive precipitation south of the equator as a result of
its too-strong SPCZ (Fig. 6a; Large and Danabasoglu
2006) and a deficit of precipitation centered around
30°N and 30°S where surface evaporation is also too
strong due in part to the surface wind biases mentioned
earlier. The resulting differences in net surface fresh-
water flux are in general consistent with the SSS differ-
ences between the two runs (Figs. 5b,d). However, de-
spite the comparable net freshwater flux differences in
the northern and southern midlatitudes, the SSS differ-

FIG. 5. Differences between model and WOA01 annual mean SSS and SST. (a) CPL � WOA01 SST, (b)
CPL � WOA01 SSS, (c) OCN � WOA01 SST, and (d) OCN � WOA01 SSS. SST differences are in °C and SSS
differences are in psu. Contour interval is 0.5 for both SST and SSS.
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ence between the two models (Figs. 5b,d) appears much
stronger in the Northern Hemisphere than in the
Southern Hemisphere, suggesting a prominent role of
nonlocal effects. A measure of the combined effects of
errors in ocean circulation and surface freshwater forc-
ing is the relaxation component of the freshwater forc-
ing used in OCN. Its magnitude is less than 20% of the
imposed freshwater flux; however, its spatial pattern
reflects the errors in the surface salinity field (Fig. 6b).
In the subtropics it acts to reduce excess salinity in the
model. The too-fresh bias near 40°N is also compen-
sated at least partially by the relaxation.

While it is possible to attribute SSS biases in a
coupled model to either surface forcing or ocean ad-
vection, thermal damping of SST anomaly by surface
heat flux makes the relationship between SST, surface
heat flux, and ocean transport of heat less apparent.
OCN latent heat fluxes are similar to those predicted
from National Centers for Environmental Prediction
(NCEP) using observed SST (not shown), and within
the known errors of the observationally derived fluxes.
To understand the differences in SST in OCN and CPL,
it is important to compare the surface fluxes that force
the two model oceans to each other. It is important to
keep in mind that the turbulence surface fluxes that

force OCN are calculated using model SST and thus are
different from those calculated using observed SST.
The radiative fluxes in OCN however, reflect observa-
tions. The turbulent and shortwave flux differences
tend to compensate each other in the annual mean, but
there are differences in the total heat flux between
OCN and CPL (Fig. 6c). In the Northern Hemisphere,
the CPL ocean loses more heat to the atmosphere than
the OCN ocean, with a net cooling of up to 20 W m�2,
while in the Southern Hemisphere mid- to high-latitude
CPL consistently gains more heat than OCN. Despite
these surface flux differences between OCN and CPL,
in the NH the SST in CPL is consistently higher than
SST in OCN, indicating that such SST differences are
driven by ocean advection. The same is also true in the
SH. The tropical heat flux–SST relationship is more
complex and deserves further discussion. On the equa-
tor, in a zonally averaged sense, the two models have
the same SST, although both are colder than the ob-
servations. CPL shows anomalous heating at the equa-
tor relative to OCN (Fig. 6c), mostly owing to turbulent
heat flux differences associated with smaller trade
winds in CPL. In addition, the equatorial shortwave
radiation is smaller in CPL relative to CORE, possibly
because of errors in cloudiness in the atmospheric com-

FIG. 6. Annual mean buoyancy forcing from freshwater and heat fluxes averaged between 120°E and 110°W. (a)
CPL � OCN evaporation (dashed), precipitation (dashed–dotted), and total freshwater flux (solid) in mm day�1.
(b) The freshwater forcing for OCN with evaporation � precipitation (dotted–dashed) and relaxation (solid) in mm
day�1. (c) CPL � OCN for each component of the heat flux (W m�2) with turbulent heat flux (dotted), longwave
radiation (dashed), shortwave radiation (dashed–dotted) and total heat flux (solid), and (d) zonally averaged SST.
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ponent of the coupled model, which somewhat com-
pensates the local turbulent heat flux differences. Di-
rectly south of the equator at 5°–10°S, the SST warms
more in CPL than in OCN while the total surface heat
flux anomaly (CPL–OCN) is out of the ocean. This net
cooling effect is dominated by shortwave radiation,
which is likely related to the enhanced SPCZ–double
ITCZ in CPL.

d. Mixed layer depth

An important component of thermocline water
masses is mode waters that form in regions of local
maximum in MLD (Ladd and Thompson 2000). MLD
gradients via lateral induction are an important factor
for creating regions of maximum subduction (see, e.g.,
Qiu and Huang 1995). There are three regions of local
MLD maximum in the model North Pacific, one in the
subarctic gyre in the northwest Pacific, the next is in the
Kuroshio Extension, and the third is in the eastern sub-
tropical Pacific (Fig. 7). The last two regions have local
maximum in MLD in climatological observations as
well. The maximum in MLD occurs in late winter, and
is associated with weak stratification and/or large sur-
face heat loss from the ocean. The observed two MLD
maxima associated with CMW and STMW formation
(Fig. 7a) coalesce in the model into one large region in
the western basin around 30°–40°N (Figs. 7b,c). This
occurs in both CPL and OCN and is related to the bias
in the separation point of the western boundary current
(WBC). As was seen in Ladd and Thompson (2001), in
low-resolution models, both water masses form south
of the subtropical front, with the STMW precondition-
ing the formation of CMW. This results in an overex-
pression of CMW that becomes a major component of
the water masses in the model thermoclines. In the east-
ern subtropical North Pacific, once again the region of
local maximum in MLD is larger, and the maximum
MLD deeper, in the models than in the observations.
To determine the dominant causes for the modeled
MLD biases, we perform a series of sensitivity experi-
ments using the mixed layer model from the CPL and
OCN in a one-dimensional form using the KPP scheme.
We used forcing fields diagnosed (radiative flux and
latent and sensible heat flux, wind stress) from the
model (OCN or CPL) and/or observations to force the
one-dimensional model. Nine experiments were per-
formed for each patch of local MLD maximum using
OCN, CPL, and WOA01 for the initial conditions, and
OCN, CPL surface forcing fields, and surface forcing
based on the Comprehensive Ocean–Atmosphere Data
Set (COADS; daSilva et al. 1994), neglecting forcing
associated with ice-formation processes such as brine
rejection and freshwater flux owing to ice melt. For

consistency with observational analyses and the
monthly sampling intervals from the models, we calcu-
late the MLD using the criterion described earlier.
We begin the one-dimensional simulations in Septem-
ber when the water is the most stratified, and run the
model for a year using monthly forcing interpolated on
to the model time step. In all cases, the representation
of restratification in the spring is too abrupt relative to
the observations. This is typical of one-dimensional
models and reflects the limitations of both the monthly
forcing and that when the mixed layer is in the shoaling
phase; it immediately detrains such that the MLD is the
Monin–Obukhov depth where mechanical mixing by
stirring is balanced by the restratification effect of
heating. In the subarctic North Pacific, region A in Fig.
7 (Figs. 8a,d,g,j), we see that using CPL, WOA01, or
CPL initial conditions combined with either OCN or
COADS forcing fields gives very similar results. Using

FIG. 7. March MLD from (a) WOA01, (b) CPL, and (c) OCN.
MLD is based on the potential density criterion, namely, a density
change of 0.125 �� from the ocean surface. Contour interval is 50
m. Three boxes in the western subarctic gyre, the western sub-
tropical gyre, and the eastern subtropical gyre are marked as A
(52°–57°N, 164°–172°E), B (30°–40°N, 145°–160°E), and C (25°–
35°N, 148°–135°W), respectively.
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CPL forcing, however, we find that the one-dimen-
sional model consistently underestimates MLD. It is
particularly striking that the CPL forcing gives maxi-
mum MLDs in the one-dimensional model that are only
half of the MLDs in the full coupled simulation (Fig.
8a). As seen in Fig. 8 of Collins et al. (2006a), in CPL
annual mean sea ice exists outside of the Okhotsk Sea
and on the eastern side of the Kamchatka Peninsula,
whereas in observations the region is ice free. The sea
ice formation and subsequent brine rejection deepens
the MLD in CPL; however, brine rejection was ignored
in the forcing that we applied in the one-dimensional
model, leading to an underestimation of the MLD in
the one-dimensional model relative to the full model.
The deep mixed layers in this region in CPL may con-
tribute to the too-high salinity at the surface since, in
the subarctic gyre, there is a subsurface salinity maxi-

mum in the models that can be accessed by the surface
when the MLD is deep. In the Kuroshio Extension (re-
gion B in Fig. 7), the western boundary current in CPL
and OCN is located well to the north of where it is in
the observations. This results in MLDs that are too
deep in the Kuroshio Extension because the Kuroshio
in the models brings warm water too far north, and that
water is then cooled vigorously by the cool air coming
off Asia in winter. The MLD from the one-dimensional
model reproduces both CPL and OCN MLDs (Figs.
8b,e,h,k) and suggests that the MLD evolution in the
full model run (CPL and OCN) in this region is domi-
nated by one-dimensional physics. However, the ob-
served MLD is much shallower than the prediction
from all the one-dimensional simulations, irrespective
of the initial condition or forcing. This suggests that in
the real ocean, one-dimensional physics does not apply

FIG. 8. Shown is the MLD (m) as a function of time for one year beginning in September. Each figure column is the area-averaged
MLD for the three regions identified in Fig. 7. (a)–(c) The MLD from the observations (solid line), and the full model runs OCN (dotted
line) and CPL (dashed line). Results from the 1D KPP model with (d)–(f) Levitus initial conditions, (g)–(i) OCN initial conditions, and
(j)–(l) CPL initial conditions. For (d)–(l), the forcing used for the 1D model is observed (solid), OCN (dotted), and CPL (dashed).
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on the seasonal time scale for mixed layer depth pre-
diction. In particular, the time scale for advection in the
real ocean to restratify the water column is shorter than
a year, while in the models advection by the western
boundary current takes longer than a year to restratify
the water column. In this analysis we cannot distinguish
between lateral advection by the mean flow and lateral
mixing by the parameterized eddies (which is ultimately
an advective process).This highlights the impact of too-
weak currents on MLD evolution and water mass for-
mation.

In the eastern subtropical North Pacific (region C in
Fig. 7), CPL and OCN produce far larger MLDs than is
seen in the observations, with the initial stratification
making a profound difference in the maximum MLD
(Figs. 8c,f,i,l). The initial conditions determine the evo-
lution of the MLD much more than the forcing fields do
(notice the similarity of the three lines within each of
the plots in Figs. 8f,i,l). This argues that there are errors
in the stratification in the region in both CPL and OCN.
Ladd and Thompson (2000) showed that the local maxi-
mum in MLD in the region depends on the presence of
a buoyancy gap (described in Hautala and Roemmich
1998). The line demarking the zero in the wind stress
curl turns to the south along the eastern boundary (the
negative barotropic transport seen in Figs. 3a,b,c near
the eastern boundary between 20° and 40°N). The for-
mation region for ESTMW is located at the boundary
between the subtropical gyre in a region of weak strati-
fication where the temperature stratification of the sub-
tropical gyre meets the salinity stratification of the sub-
arctic gyre. This region of weak stratification is too
large in both CPL and OCN and results in a wide
spread region of locally deep MLDs. The weak strati-
fication in the eastern subtropical North Pacific in the
models occurs for a different reason than in the obser-
vations. Further examination of the observed region of
maximum MLD shows MLDs deeper than 100 m in a
north–south swath that is offshore of the region of the
Ekman suction off the coast of California (Fig. 7). In
contrast, the region of MLD deeper than 150 m in the
models occurs primarily to the south and west of the
region of maximum MLD in the observations. The
stratification is controlled by temperature there; there
is a region of weak stratification below the seasonal
thermocline. This water originated in the central Pacific
and is a remnant of the CMW. The connection between
the three different mode waters in the NP, the STMW,
the CMW, and the ESTMW is strong in the models,
with STMW preconditioning the CMW. The weak
stratification in the subtropical thermocline that is
formed in the Kuroshio Extension then makes a wide-
spread ESTMW possible. The pervasive influence of

the western boundary current location and properties
on the structure of the water masses in the entire sub-
tropical gyre is highlighted by these tightly linked mode
waters.

5. Discussion

The major water masses in the Pacific Ocean can be
identified using potential temperature–salinity relation-
ships (Fig. 9) and the model biases are clearly identi-
fied. At 40°N, at the surface the temperatures are rea-
sonable in both OCN and CPL, but the salinity is much
too low in OCN, with CPL modestly better (Fig. 9a). As
in Kobayashi (1999, 2000), this reflects the presence of
the surface false NPIW. The too-fresh and surface-
intensified NPIW is ameliorated in CPL by the too-
salty subtropical gyre. In the middle of the thermocline
at �� � 26.0 kg m�3, both OCN and WOA01 show a
salinity maximum owing to thermocline water that
originates in the subtropics; the salinity maximum oc-
curs at a denser level near �� � 26.8 kg m�3 in CPL,
which also originates in the subtropical gyre (see also
Fig. 1b), but penetrates deeper owing to the too-deep
thermocline in CPL. The bias owing to the lack of a
strong NPIW in OCN results in a weaker salinity mini-
mum at �� � 26.8 kg m�3 than in observations, while in
CPL there is no salinity minimum between �� � 26 and
27 kg m�3. Instead, in CPL, a salinity minimum appears
at a denser isopycnal, and reflects the pervasive influ-
ence of AAIW. In the deepest part of the water column
there is good agreement between observations, OCN,
and CPL, partially reflecting that the deep water in this
region is the oldest water mass in the world and the
water mass structure has probably not completely lost
its memory of the initial conditions in either model run.
Moving south into the subtropical gyre (at 20°N; Fig.
9b), both models are too salty over nearly the entire
water column, with once again OCN showing larger
errors at the surface than in CPL, although the region
of too-high SSS in CPL is much more pervasive than in
OCN (Figs. 5b,d); we note that the stratification does
show that it is salinity dominated in the upper ocean at
40°N (Fig. 9a) while it is temperature dominated at
20°N (Fig. 9b). Both models show a too-strong subsur-
face salinity maximum between �� � 24 and 25 kg m�3,
which is associated with the too-strong and too-salty
mode waters (a combination of STMW and CMW) and
a too weak (in OCN) or nonexistent (in CPL) subsur-
face salinity minimum associated with the NPIW. Once
again, the salinity minimum in CPL occurs on a denser
isopycnal than in the observations, which comes from
the arrival of too-fresh AAIW into this region. At the
equator (Fig. 9c), OCN does very well in the upper
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ocean, while CPL begins to deviate substantially from
the observations. The fresh signal just below the surface
in CPL reflects errors in the source regions, contributed
by the modeled double ITCZ. Below �� � 26.0 kg m�3

the too-fresh AAIW in both model runs maintains a
too-strong salinity minimum. At 20°S (Fig. 9d), CPL
deviates further from the observations as it is too fresh-
water throughout the entire water column, with OCN
showing similar but weaker biases and matching the
observations well near the surface. There is a subsur-
face salinity maximum in the subtropical water near
�� � 25 kg m�3, with the value of the salinity maximum
lower in CPL owing to the too-fresh surface source
waters. The too-fresh salinity minimum near �� � 27.0
kg m�3 associated with the AAIW in both models can
be seen. This feature is more pronounced at 40°S (Fig.
9e) as it is closer to the source region of the too-fresh
model AAIW.

6. Conclusions

While ocean GCMs and coupled climate models have
improved remarkably in recent years, longstanding
problems still exist in reproducing observed ocean cir-
culation and water mass properties. In addition, biases
in the atmospheric components of coupled models of-
ten reinforce biases in the model ocean. For the Pacific
Ocean, biases that result from the misrepresentation of
ocean physics come primarily from three regions. First,
the misrepresentation of small-scale physics associated
with intermediate- and deep-water formation lead to
water mass biases in the northwest Pacific as well as in
the Southern Ocean. The errors are more profound in
the Northern Hemisphere where the lack of NPIW con-
tributes to a too-salty subarctic gyre and a too-salty and
deep subtropical thermocline. The second problematic
region is in the western boundary currents in the North-
ern Hemisphere subtropical gyre, where the WBC in
non-eddy-resolving models separates from the coast
too far poleward by as much as 5° of latitude. This leads
to water mass biases throughout the subtropical North
Pacific. There is an overexpression of CMW or equiva-
lently an overexpression of a too-cold version of
STMW. This misrepresentation of the thermocline wa-
ter masses also contributes to the exclusion of NPIW
from the subtropics, and potentially to the overexpres-
sion of ESTMW, which is the third problematic region.
One consequence of the misrepresentation of the ex-
tratropical water masses is that there is an overexpres-
sion of North Pacific water as source water for the
tropical thermocline. In the Southern Hemisphere, the
fresh bias in AAIW that has been found in other mod-
eling studies also appears. On the other hand, some

FIG. 9. Annual mean potential temperature–salinity diagram at
the intersections of 180°E and (a) 40°N, (b) 20°N, (c) the equator,
(d) 20°S, and (e) 40°S. Data from OCN (dotted), CPL (solid), and
WOA01 (dashed) is shown.
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biases in the coupled simulation can be traced to and/or
enhanced by errors in components other than the ocean
of the coupled system. Main problems of this kind are
identified as follows: the first is the presence of ice in
the northwest subarctic gyre where deep mixed layers
form in CPL owing to brine rejection. We infer this
from the one-dimensional KPP simulations using forc-
ing fields from CPL, but without the inclusion of brine
rejection. The second more profound problem with the
model simulations related to atmospheric circulation is
the too-strong surface winds in the subtropics where the
thermocline responds by being far too deep. This,
coupled with the overshoot in the western boundary
current and the subsequent formation of an unrealisti-
cally large mode water mass, gives a much larger than
observed subsurface salinity maximum. These errors
reach into the tropics through the meridional overturn-
ing circulation, which is also strengthened by the strong
winds in the subtropics and results in too much North
Pacific water relative to South Pacific water in tropical
thermocline ventilation. Lastly, biases in the tropical
atmospheric circulation manifested as a too-strong
SPCZ clearly cause biases of surface properties in the
coupled simulation. While errors in water properties
and pathways are profound in the coupled simulation
and the source of the errors can be identified, it is more
difficult to determine the impact of such biases on the
model climate. Presumably tropical water mass biases
impact how ENSO is represented. Because the inter-
mediate waters are potentially a large sink of anthro-
pogenic carbon in both hemispheres, their representa-
tion will be an important component of predicting
ocean uptake of carbon dioxide in future climate simu-
lation, especially when models contain active ocean
biogeochemistry. Finally, the profound influence on the
structure of the subtropical gyre by the western bound-
ary current and its separation latitude, not only on the
structure of the thermocline and the NPIW but also for
the residence time of water masses in the subtropical
gyre, needs to be recognized. It is important to note
that the errors that we describe here are not exclusive
to the CCSM3. In the case of the Kuroshio separation,
thus far no parameterization has given satisfactory re-
sults for low-resolution models, and even high-resolu-
tion models do not completely accurately represent the
western boundary current when compared against sat-
ellite observations (Kelly et al. 2007). The impact of
small-scale mixing driven by tides near the Okhotsk Sea
on NPIW generation indicates that, even if the Kuro-
shio was well represented, problems would still remain.
Studies such as this one point out the problem spots
where focused modifications in the ocean component
of the couple model could lead to substantial modi-

fications. These modifications could include a represen-
tation of mixing in the passages in the Kuril Island
chain as well as better representation of dense water
formation near Antarctica. These problems continue to
challenge modelers as we work toward more realism in
reproducing current climate and predicting future
changes.
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