
Processes that influence the mixed layer deepening during winter
in the North Pacific

Yune Jeung Kang,1 Yign Noh,1 and Sang‐Wook Yeh2

Received 23 September 2009; revised 14 July 2010; accepted 3 August 2010; published 2 December 2010.

[1] The contribution of various forcing sources to the mixed layer depth (MLD) growth
during winter in the North Pacific was investigated by analyzing the Simple Ocean Data
Assimilation and NCEP/NCAR reanalysis data during 1959–2004. It was found that
the MLD growth can be mainly estimated from the heat budget analysis in the mixed layer,
in which both the surface heat flux and the ocean heat transport are included. The
remaining difference is explained in terms of the effects of entrainment by wind stress and
the error in determining MLD due to a diffused thermocline. The contribution to the heat
budget from the ocean heat transport is positive in the Kuroshio region owing to
geostrophic advection and eddy diffusion, but in the outer ocean it is negative north of
27°N and positive south of it, influenced by Ekman advection. It was also found that the
transition to the stronger ocean heat transport and smaller MLD growth in the Kuroshio
Extension region occurs in 1985.

Citation: Kang, Y. J., Y. Noh, and S.‐W. Yeh (2010), Processes that influence the mixed layer deepening during winter in the
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1. Introduction

[2] The ocean mixed layer plays a critical role in the
climate system by controlling the exchange of heat and
momentum between the atmosphere and the ocean. One of
the most important features of the ocean mixed layer in
understanding the climate system is how deep the mixed
layer depth (MLD) grows in winter, responding to the sur-
face cooling.
[3] It influences the climate system by modifying the sea

surface temperature (SST) through the entrainment of colder
deeper water into the mixed layer [e.g., Qu, 2003; Qiu and
Kelly, 1993; Kako and Kubota, 2009]. Carton et al. [2008]
found that the years with deep winter‐spring MLD coincide
with the years in which winter‐spring SST is low. Tomita and
Nonaka [2006] found that the variance of SST anomaly
tends to be small where the mean MLD in March is deep in
most of the North Pacific. The winter MLD also determines
how deep heat and tracers entering through the sea surface
penetrate and provides the essential information to predict
biogeochemical process in the ocean including carbon cycle
[Fasham, 2003].
[4] On the other hand, the fluid leaving the late winter

mixed layer can be subducted as mode waters, such as the
Subtropical Mode Water formed from the Kuroshio Exten-
sion (KE) region [Masuzawa, 1969; Suga et al., 2004;
Hanawa and Tally, 2001; Qiu and Chen, 2006]. It can serve

as a sequestered heat reservoir that will reemerge through
vertical entrainment or lateral induction, modulating local or
remote winter SST. The winter MLD also affects the winter‐
to‐winter SST autocorrelation by preserving thermal
anomaly, which is created in winter, below the seasonal
thermocline in summer [Namias and Born, 1970; Alexander
and Deser, 1995]. Finally, the low‐frequency variability of
the winter MLD in the North Pacific is closely related to the
climate variation such as the Pacific decadal oscillation
(PDO) [Deser et al., 1996; Qiu and Chen, 2006; Dawe and
Thompson, 2007; Carton et al., 2008].
[5] Extensive works have contributed to estimate the

distribution of MLD in the global ocean with the seasonal
and interannual variation from various sources of observa-
tion data [Kara et al., 2003a; de Boyer Montégut et al., 2004;
Suga et al., 2004; Lorbacher et al., 2006; Oka et al., 2007;
Carton et al., 2008; Ohno et al., 2009], model data
[Oschlies, 2002; Kara et al., 2003b; Noh et al., 2002; Noh
and Lee, 2008], and reanalysis data [Tomita and Nonaka,
2006; Carton and Giese, 2008].
[6] Various forcing sources are expected to influence the

mixed layer deepening during winter in the North Pacific,
such as surface cooling, wind stress, and oceanic heat
transport by advection and diffusion. There were various
attempts to investigate how the mixed layer deepening is
affected by these forcing sources [Deser et al., 1996;
Alexander et al., 2000; Kara et al., 2000; Yasuda et al.,
2000; Tomita and Nonaka, 2006] and to estimate the heat
balance in the mixed layer, or in the upper ocean, which
helps us assess the relative importance of these forcing
sources in mixed layer dynamics [Qiu and Kelly, 1993;
Vivier et al., 2002; Qu, 2003; Doney et al., 2007; Kako and
Kubota, 2009].
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[7] Nevertheless, no systematic study has been done yet to
find the relation between the MLD growth during winter and
the heat balance in the upper ocean. Moreover, previous
works usually aimed to understand how sensitively the MLD
growth is affected by these forcing sources, or how closely it
is correlated with them. In this paper, we attempt to clarify
howmuch theMLDgrowth duringwinter in theNorth Pacific
is contributed by these forcing sources and to which extent it
can be estimated in terms of them. For this purpose, we
investigate the relation between the MLD growth in winter
and the heat balance in the upper ocean. Furthermore, it is
interesting to understand how its characteristics respond to
the interannual variation of climate. In this paper, we attempt
to clarify these questions by analyzing reanalysis data.

2. Data

[8] The following two data sets were used in this work: the
Simple Ocean Data Assimilation (SODA) data set for variables
in the upper ocean and the wind stress [Carton andGiese, 2008]
and the National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
data set for the surface heat and freshwater flux [Kalnay
et al., 1996]. Monthly mean data were used for both cases.
[9] The SODA system begins with a state forecast pro-

duced by an ocean general circulation model based on
Parallel Ocean Program numerics with an average 0.25° ×
0.4° resolution and 40 vertical levels [Smith et al., 1992].
Daily wind stress is provided by the European Centre for
Medium‐Range Weather Forecasts Re‐Analysis 40 from
1958 to 2001 and QuikSCAT/SeaWinds from 2001 to 2004.
The surface heat flux is estimated using bulk formulas, but it
is relatively unimportant in influencing the solution because
of the assimilation of SST. Assimilated data is made by the
optimal interpolation method using all available hydro-
graphic profile data as well as ocean station data, moored
temperature and salinity data, and satellite data. Averages of
model output are remapped to the 0.5° × 0.5° grid (720 ×
330 grid points). Spatial resolution of NCEP/NCAR
reanalysis data is T62 Gaussian grid with 192 × 94 grid
points. For the analysis, both data were remapped to the
resolution of 2° × 2° by multilinear interpolation to filter out
mesoscale variability.
[10] The domain of analysis was the latitudinal zone of

15°N–45°N in the North Pacific. We calculated the MLD by
the depth at which the temperature difference from the sea
surface reaches DT = 0.5°C, as in the work of Locarnini
et al. [2006]. For comparison, the MLD was also calculated
using the criterion of the density difference from the surface
asDs = 0.135 kgm−3. One can refer to the work of de Boyer
Montégut et al. [2004], Noh and Lee [2008], or Holte and
Talley [2009] for the sensitivity to various definitions of
MLD. Analysis was carried out over the period of 1959–2004.

3. Heat Budget Equations

[11] The heat budget of the winter mixed layer can be
represented asZ h2

0
T z; t2ð Þ � T z; t1ð Þ½ �dz ¼ 1

�cp

Z t2

t1

Q0 tð Þdt ð1Þ

when the ocean heat transport is neglected, where t1 and t2
represent the start and end of winter, h2 is the MLD at t = t2,
r and cp are the density and heat capacity of sea water, and
Q0 is the net surface heat flux into the ocean. Penetration of
solar radiation is also neglected because MLD is sufficiently
deep.
[12] However, the ocean heat transport plays an important

role in the heat budget of the mixed layer in certain regions,
as in the western boundary current region or in the equa-
torial ocean. In the presence of ocean heat transport, (1) is
modified to

Z h2

0
T z; t2ð Þ � T z; t1ð Þ½ �dz ¼ 1

�cp

Z t2

t1

Q0dt þ
Z h2

0

Z t2

t1

F dtdz

þ
Z t2

t1

G z ¼ h2ð Þ dt; ð2Þ

where F and G(z = h2) represent the contributions from the
horizontal heat flux convergence and the vertical heat flux
at z = h2, respectively. Here the horizontal flux F can be
decomposed into advection by the Ekman velocity uE and
the geostrophic velocity uG, and horizontal diffusion by
eddy diffusivity Ah as

F ¼ �r � uETð Þ � r � uGTð Þ þ r � AhrTð Þ: ð3Þ

The last term on the right‐hand side (RHS) of (2) is usually
negligible if MLD is sufficiently deep [Dawe and Thompson,
2007]. As suggested by Tomita et al. [2002], the horizontal
heat flux below the mixed layer must be also included here
as long as its depth is shallower than the winter MLD
because it is incorporated into the winter mixed layer ulti-
mately. In the following, we will refer to the term in the left‐
hand side of (2), representing the heat content variation, as
HCV, the first term in the RHS of (2), representing the
contribution from the surface heat flux, as SHF, and the
second and third terms combined, representing the contri-
bution from the ocean heat transport, as OHT. Using these
terms, (2) can be rewritten as HCV = SHF + OHT. It should
be mentioned, however, that to represent the real heat flux
and heat content variation, the terms must be multiplied by
rcp in (2).
[13] By combining SHF and OHT, we can define the total

heat flux into the column of the mixed layer as

Q0* ¼ Q0 þ �cp

Z h2

0
F dzþ G z ¼ h2ð Þ

� �
; ð4Þ

and rewrite (2) as

Z h2

0
T z; t2ð Þ � T z; t1ð Þ½ �dz ¼ 1

�cp

Z t2

t1

Q0* tð Þdt: ð5Þ

[14] In this paper, heat budget equations (1) and (2) (or (5))
are used in two different ways. One is to estimate the heat
balance in the upper ocean up to the depth z = h2. The other
is to predict h2 numerically by assuming nonpenetrative
convection, which assumes that MLD increases under
convection only until hydrostatic instability is removed
(Figure 1) [Turner, 1973; Qiu and Chen, 2006]. Uniform
temperature is also assumed within the mixed layer after
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convection in this case. Recently, large eddy simulation
(LES) confirms that the growth of MLD under convection
can be predicted by nonpenetrative convection, unless the
surface buoyancy flux is not too large [Noh and Nakada,
2010]. Nonpenetrative convection was also shown to
explain roughly 80%–90% of the observed growth of the
convective boundary layer [Stull, 1976; Boers et al., 1984].
[15] For the period of convection used in (2), we set t1 and

t2 as the mid‐October and mid‐February, respectively, and
accordingly h1 = hOCT and h2 = hFEB. We eliminated
September and March from the analysis in order to focus on
the period of active convective deepening. It was observed
that MLD mostly reaches its maximum before March in the
North Pacific [Oka et al., 2007].
[16] In this paper, we express the growth of MLD during

winter as dh (= hFEB − hOCT), where MLD is determined
from the SODA data by theDT criterion (or theDs criterion).
The growths of MLD during winter predicted from (1) and
(5) are expressed as dhc and dhc*, respectively. The differ-
ences between the predicted MLDs and the one evaluated
from the SODA data are expressed as Dh(= dhC − dh) and
Dh* (= dhC* − dh). Assuming nonpenetrative convection
and uniform temperature within the mixed layer,Dh becomes
zero if the MLD growth is determined exclusively by the
surface cooling and Dh* becomes zero if the total heat flux
into the mixed layer is counted. Since these various depth
scales are used repeatedly in this paper, we summarize them
in Table 1. The variables in this paper represent the one
averaged over the period 1959–2004, unless stated otherwise.
In order to avoid confusion, we put a tilde over a variable,
when it represents a value in an individual year. For example,
d~h means the growth of MLD during winter in a particular
year, and dh means its average over the whole period.
[17] There are several other processes unaccounted when

the MLD growth during winter is calculated by (5),
assuming nonpenetrative convection. First, salinity variation
can play an important role in determining seawater density
in certain regions, as in the subpolar gyre north of 40°N or

in the tropical warm pool. In this case, the inclusion of its
effect is necessary to determine the mixed layer deepening
during winter. Second, when the wind stress is present or the
surface cooling becomes stronger, the entrainment by eddies
penetrating into the layer of higher density below the ther-
mocline makes the mixed layer deepening larger than pre-
dicted from (1) (or (5)). Note that the contribution of wind
stress to the mixed layer deepening is usually included in
mixed layer models [e.g., Niiler and Kraus, 1977; Gaspar,
1988]. Finally, the vertical movement of the MLD itself
by Ekman pumping and Rossby wave propagation may be
important for the low‐frequency variability such as decadal
variability [Cummins and Lagerloef, 2002; Capotondi et al.,
2005], but it is usually neglected for the seasonal variation
[Alexander et al., 2000; Qiu and Kelly, 1993; Vivier et al.,
2002; Qu, 2003].

4. Results

4.1. Characteristics of the Mean Winter MLD

[18] Figure 2 shows the distribution of MLD in October
(hOCT) and February (hFEE) for the period of 1959–2004.
The MLD before winter convection hOCT is shallow and
rather uniform, although the MLD in the lower latitude
tends to be slightly deeper, reflecting the downwelling
associated with the negative wind stress curl within the
subtropical gyre. On the other hand, convection under the
surface cooling during winter generates much deeper MLD
hFEB. Largest MLD appears in the northwestern corner of
the domain including the Kuroshio. The similar distribution
of MLD (Figure 2) can be also found in many previous
works [Kara et al., 2003a; de Boyer Montégut et al., 2004;
Suga et al., 2004; Lorbacher et al., 2006; Locarnini et al.,
2006]. The corresponding distributions of hOCT and hFEB,
which are obtained from the WOA05 climatology by the
same criterion (DT = 0.5°C) [Locarnini et al., 2006] are
shown in Figure 3 for reference. One can notice general
agreement between two data, although hFEB from the SODA
data tends to be slightly deeper in the KE region and shal-
lower in the northern and eastern regions. Detailed evalua-
tion of the SODA data can be found in the work of Carton
and Giese [2008].
[19] Large MLD in the northwestern corner north of 40°N

in Figure 2b do not represent the realistic one, because MLD
is strongly influenced by salinity in this region [Kara et al.,
2000]. The effect of salinity on MLD is discussed in
section 4.4. The distribution of MLD growth during winter
dh (= hFEE − hOCT) shows the similar pattern to that of

Figure 1. A schematic view of nonpenetrative convection.
The shadowed area is equivalent to the magnitude of (1).

Table 1. List of Various Depth Scales Averaged Over 1959–
2004, Unless Stated Otherwisea

Depth Definition

hOCT (hFEB) MLD in Oct (Feb)
dh MLD growth evaluated from

temperature (or density)
profiles (= hFEE − hOCT)

dhC MLD growth predicted from (1)
dhC* MLD growth predicted from (5)
Dh dhC – dh
Dh* dhc* − dh

aA tilde is put over a variable when it represents a value in an individual
year.
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hFEB, but its latitudinal gradient is stronger (Figure 2c). Its
standard deviation tends to be also large in the region with
large dh (Figure 2d).
[20] On the other hand, the magnitude of SHF is the

largest along the Kuroshio, and the latitudinal gradient is
much weaker than in dh (Figure 4a). Dissimilarity in the
distributions of dh and SHF (Figures 2c and 4a) suggests
that dh is also affected by factors other than SHF. A scatter
diagram between dh and SHF shows the negative correla-
tion, but with large scattering (Figure 4b).

[21] Figure 5a shows the difference between dh and the
one predicted from (1) dhC, i.e., Dh (= dhC − dh). We can
also calculate OHT by HCV – SHF in (2) with h2 = hFEB,
using T(z, t) and Q0(t) from the SODA and NCEP/NCAR
reanalysis data, respectively (Figure 5b). Note that the
advection of heat in (3) can be calculated directly from the
velocity and temperature fields provided by the SODA data,
but the data for eddy diffusivity are not available.
[22] A remarkable resemblance is found between these

two distributions. Both Dh and OHT are positive south of

Figure 2. Distributions of (a) hOCT, (b) hFEB, (c) dh (= hFEB − hOCT), and (d) the standard deviation of
d~h.

Figure 3. Distributions from WOA05 climatology: (a) hOCT, (b) hFEB.

KANG ET AL.: WINTER MLD IN THE N. PACIFIC C12004C12004

4 of 14



27°N and in the Kuroshio region and negative north of 27°N
outside of the Kuroshio region. In this paper, the term the
Kuroshio region includes both the region of the Kuroshio
Current along the western boundary and the KE region. A
scatter diagram also confirms the strong correlation between
Dh andOHTwith the correlation coefficient 0.72 (Figure 5c).
The strong correlation between Dh and OHT suggested the
possibility that the MLD growth during winter is largely
determined by (5).

[23] Three components of OHT are shown in Figure 6;
that is, Ekman advection, geostrophic advection, and the
residual term. Here the contribution from Ekman advection
was calculated by

Z t2

t1

Z
0

h2

r � uETð Þdzdt ¼
Z t2

t1

UE � rTmdt; ð6Þ

where UE = t × k/(rf ), t is the surface wind stress, k is the
vertical unit vector, and Tm is the mean temperature within

Figure 4. (a) Surface heat flux (SHF), (b) a scatter diagram between dh (= hFEB − hOCT) and SHF over
the whole domain.

Figure 5. (a) Dh (= dhC − dh), (b) OHT, and (c) a scatter diagram between Dh and OHT over the whole
domain.
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the mixed layer [e.g., Tomita et al., 2002]. Geostrophic
advection was calculated by the total advection minus
Ekman advection, while the total advection was calculated
directly from the velocity and temperature fields of the
SODA data. The residual term represents mostly the con-
tribution from horizontal eddy diffusion. The contribution
from Ekman advection, which is dictated by the zonal wind
pattern, shows a clear zonal pattern; that is, negative north of
27°N and positive south of it. Geostrophic advection is
concentrated mainly in the Kuroshio region, although it
tends to be larger north of the Kuroshio path, which is
typically along 35°N, because of the larger meridional
temperature gradient there. It is also necessary to mention
that the location and strength of the Kuroshio from the
SODA data is largely consistent with observation data (not
shown) [Qu et al., 2001; Vivier et al., 2002; Qiu and Chen,
2006]. The residual term is also large in the Kuroshio
region, reflecting the strong eddy heat transport there [Jayne
and Marotzke, 2002; Qiu and Chen, 2005; Stammer, 1998].
The patterns of these contributions are consistent with pre-
vious heat budget analyses in the North Pacific [Qiu and
Kelly, 1993].
[24] Meridional gradient in the Ekman transport may

contribute to the corresponding meridional gradient of
Dh outside of the Kuroshio region (Figure 5a). On the other
hand, the warming by strong geostrophic advection and
eddy diffusion leads to the positive Dh in the Kuroshio
region (Figure 5a).

[25] The MLD growth dhC* can be calculated from (5), in
which both SHF and OHT contribute to Q0*. In this way dhC*
is equivalent to the MLD growth from nonpenetrative
convection when HCV (= SHF + OHT) calculated from the
SODA data is applied as a forcing source. The values of
∣Dh*∣/dh are now much smaller than those of ∣Dh∣/dh
(Figure 7), with the domain‐averaged values 0.26 and 0.47,
respectively. Nevertheless, Dh*/dh still shows the tendency
to be negative in the north and positive in the south, sug-
gesting the possibility of other factors to affect the growth of
MLD (mentioned in section 3).

4.2. Interannual Variability of the Winter MLD

[26] The previous section illustrates how the mean MLD
growth during winter is related to the forcing sources such
as surface cooling and ocean heat transport. As the next step,
we attempt to understand how its interannual variation is
related to these forcing sources.
[27] Negative correlation is found between the interannual

variation of d~h and SHF inmost regions, as expected, with the
domain‐averaged correlation coefficient −0.16 (Figure 8a).
The highest correlation is found in the northeastern region.
On the other hand, positive correlation is found between the
interannual variation of D~h and OHT. The correlation
coefficient is 0.20 by the domain average, but it shows
values larger than 0.4 in the south central part (Figure 8b).
However, correlation is low in the Kuroshio region, despite
the large contribution of OHT. It suggests that more com-

Figure 6. (a) Geostrophic advection, (b) Ekman advection, and (c) residual heat transport.
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plex 3‐D processes are involved in the mixed layer deep-
ening in this region other than convective deepening; for
example, the influence by mesoscale eddies. Low correla-
tion is also found in the eastern part near 120°W–140°W.
Finally, predominantly negative correlation is found between
the interannual variation of d~h and dSST (= SSTFEB −
SSTOCT), as in the work of Carton et al. [2008], although
positive correlation appears in many regions including the
Kuroshio region (Figure 8c). Most regions with correlation

coefficients above ±0.2 in Figure 8 have statistical signifi-
cance at 90% confidence level.
[28] To illustrate how d~h varies interannually, responding

to surface cooling and ocean heat transport, the time series
of these variables are plotted for two typical regions, as
marked in Figure 7a (Figure 9). In the region W (145°E–
170°E, 34°N–38°N), OHT contributes to increase the heat
content of the mixed layer by geostrophic advection and
eddy diffusion along the Kuroshio Current, as shown in

Figure 8. Correlation coefficient between the interannual variations: (a) d~h versus SHF, (b) D~h versus
ocean heat transport (OHT), and (c) d~h versus dSST.

Figure 7. (a)Dh/dh, dotted lines mark the regionW and E in which time series are carried out in Figure 9.
(b) Dh*/dh.
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Figure 6. In the region E (165°W–140°W, 34°N–38°N),
OHT is mainly due to Ekman advection and contributes to
decrease the heat content of the mixed layer. Table 2 pre-
sents the contribution of each term during winter averaged
over the region.
[29] In the region W, the warming by geostrophic

advection and eddy diffusion works against the strong sur-
face cooling (Figure 9a). As a result, dhC is deeper than dh,
as shown in Figure 9b (see also Figure 7a). In particular, it
shows that both surface cooling and OHT tend to be
stronger after 1985, which results in the increase of dhC and
Dh, but the decrease of dh. The transition in 1985 is dis-
cussed further in the next section.
[30] It is also found that the interannual variation of SHF

correlates negatively with that of OHT in the region W (r =
−0.36 with the 98% confidence level). It implies that the

surface heat flux is controlled by ocean dynamics here rather
than by atmospheric forcing. In other words, stronger sur-
face cooling in this case is induced by higher SST generated
by the stronger ocean heat transport along the Kuroshio
Current, whereas lower SST is induced by stronger surface
cooling in the other region. It is also related to the fact that

Figure 9. Times series; (a) heat content variation (HCV; black), SHF (blue), and OHT (red); (b) d~h (red)
and d~hC (black); (c) SST in the region W (145°E–170°E, 34°N–38°N); (d) HCV (black), SHF (blue), and
OHT (red); (e) d~h (red) and d~hC (black); (f) SST in the region E (165°W–140°W, 34°N–38°N).

Table 2. Contribution to Heat Budget in the Mixed Layer
Between October and February Averaged Over the Regiona

SHF OHT ADV_G ADV_E Residual

Region W −692.9 102.8 38.0 −111.8 176.6
Region E −214.8 −109.9 −22.4 −63.1 −24.3

aADV_G, geostrophic advection; ADV_E, Ekman advection. Units are
in °C m.
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the positive correlation appears between d~h and dSST in this
region, as shown in Figure 8c.
[31] On the other hand, in the region E, both SHF and

OHT contribute to decrease the heat content of the mixed
layer during winter (Figure 9d), as OHT is dominated by the
southward Ekman heat transport here (Table 2). As a result,
d~hC is always shallower than d~h, as shown in Figure 9e (see
also Figure 7a). Significant correlation is found between d~h
and SHF (r = −0.61 with the 99% confidence level), which
is also in agreement with the highest correlation in this
region (Figure 8a). It is attributed to the fact that both the
southward Ekman transport and surface cooling increase
with wind speed.

4.3. Transition in the Winter MLD Pattern

[32] It is well known that after the mid‐1970s climate shift
associated with PDO, the wind stress over the central North
Pacific becomes stronger, the SST in the central and
northern North Pacific becomes lower, and the SST in the
equatorial and eastern North Pacific becomes higher
[Mantua and Hare, 2002]. Figures 9d and 9f actually show
the tendency to the stronger southward Ekman transport and
the lower winter SST in 1975 in the region E, which is
located in the central Pacific.
[33] However, the transition to smaller dh and larger

Dh occurs in 1985 in the region W, located in the KE
region, as shown in Figure 9b. The tendency to larger OHT
after 1985 is also observed in Figure 9a. The corresponding

transition to the decreased winter MLD and the enhanced
horizontal heat transport in the KE region is reported by
Yasuda et al. [2000] and Kelly [2004]. The appearance of
lower SST during the 1980s, shown in Figure 9c, is also in
agreement with previous reports [Deser et al., 1996; Yasuda
et al., 2000; Seager et al., 2001]. Many studies suggested
that the transition in the KE region, including the enhanced
horizontal heat transport and the decreased SST, occurs
several years after the transition in the wind stress pattern
due to PDO in the mid‐1970s, via the oceanic adjustment
played by baroclinic Rossby waves propagating westward
from the central Pacific [Yasuda and Hanawa, 1997; Miller
et al., 1998; Deser et al., 1999; Seager et al., 2001].
[34] In order to investigate the transition in the char-

acteristics of the winter MLD further, we compared the
cases of 1960–1984 and 1985–2000. The present analysis
reveals that the smaller dh and stronger surface cooling
appear in the KE region after the transition (1985–2000;
Figures 10a and 10b). On the other hand, the SST decrease
mainly appears north of 35°N and in the central Pacific
(Figure 10c). Its pattern is similar to the SST change asso-
ciated with PDO, but the SST change in the western
boundary is larger than in the central Pacific contrary to the
transition during PDO [Deser et al., 1996]. Seager et al.
[2001] suggested that the SST decrease in the western
boundary is associated with a southward displacement of the
latitude of the confluence between the subpolar and sub-
tropical gyres. Dissimilarity between the pattern of the

Figure 10. Changes from the period 1960–1984 to 1985–2000; (a) dh (= hFEB − hOCT), (b) SHF,
(c) SST.

KANG ET AL.: WINTER MLD IN THE N. PACIFIC C12004C12004

9 of 14



changes of SHF and SST (Figures 10b and 10c) also indicates
that the SST change may be due to the change in the ocean
circulation rather than in the surface heat flux.
[35] It is interesting, however, to observe that the strong

negative SHF anomaly appears in the region of negative
SST change east of Japan along 40°N, in the work by
Seager et al. [2001], but it does not appear in the present
analysis. The average period after the transition is much
shorter in the work by Seager et al. [2001] (1967–1975
versus 1982–1990). It is expected that the strong negative
SHF anomaly, induced by the displacement of the polar

front after the transition, may decrease with time as a new
local balance is approached between the atmosphere and the
ocean.
[36] Figure 11a shows that Dh increases after 1985 in the

KE region, which is mainly due to the enhanced heat
transport by the Kurosho Current, as illustrated in Figures 9a
and 11b. Figure 12 shows the decomposition of the OHT
difference into three contributions: geostrophic advection,
Ekman advection, and the residual term, similar to Figure 6.
Enhanced geostrophic advection and eddy diffusion appear in
the Kuroshio region, which are due to the stronger Kuroshio

Figure 11. Changes from the period 1960–1984 to 1985–2000; (a) Dh (= dhC − dh), (b) OHT.

Figure 12. Changes from the period 1960–1984 to 1985–2000; (a) geostrophic advection, (b) Ekman
advection, and (c) residual heat transport.
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Current (Figures 12a and 12c). It is also found that the
stronger westerly wind stress along ∼40°N strengthens the
southward Ekman transport (Figure 12b). A similar pattern
of change in geostrophic and Ekman advection is also found
in the work by Seager et al. [2001, Figure 5].

4.4. Other Factors That Influence the Winter MLD

[37] Figure 7b shows that Dh* does not disappear, even if
both SHF and OHT are included in the heat budget of the
mixed layer. It also shows that Dh* tends to be negative in
the north and positive in the south. In this section, we
attempt to clarify the reason for this difference by examining
the effects of other factors that are not taken into account
when the MLD growth is calculated using (5).
[38] First, the effect of salinity was not included, and the

density was assumed to be determined solely by tempera-
ture. To check the effect of salinity, we repeated the process
with the inclusion of salinity effect on density. Here MLD
was evaluated based on the criterion of density difference
and the surface buoyancy flux, which includes the surface
freshwater flux as well as the surface heat flux, was used.
For the criterion for the density difference from the surface,

Ds = 0.135 kgm−3 was used, which provides the MLD
distribution comparable to Figure 2. Figure 13 shows the
distribution of dh based on the density difference criterion
and its standard deviation. The difference from those based
on the temperature criterion (shown in Figure 2c) is not
significant except north of 40°N, in which salinity variation
plays an important role [Kara et al., 2000]. Figure 14 shows
the reevaluated distributions of Dh/dh and Dh*/dh, corre-
sponding to Figure 7. The general pattern remains largely
invariant, indicating that the general pattern of Dh*/dh
shown in Figure 7 is not due to the effect of salinity.
[39] Second, the presence of wind stress generates

entrainment by eddies penetrating into the layer of higher
density below the thermocline, and it makes the mixed layer
deepening larger than predicted from (5). For example, in
the mixed layer model by Niiler and Kraus [1977] the
entrainment rate we is calculated by

weDb ¼ nB0 þ 2m0u
3
*=h; ð7Þ

when the contribution from velocity shear at the MLD is
neglected, where B0 is the negative surface buoyancy flux,

Figure 13. Distributions of (a) dh (= hFEB − hOCT) and (b) the standard deviation of d~h. (Here MLD was
evaluated based on the criterion of density difference (Ds = 0.135 kgm−3).) Surface buoyancy flux was
used at the surface for SHF instead of surface heat flux, and buoyancy content was used in the mixed layer
or OHT instead of heat content.

Figure 14. (a) Dh/dh, (b) Dh*/dh.
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Db is the buoyancy jump at MLD (z = h), and empirical
constants are given by m0 = 0.39 and n = 0.21 [Davis et al.,
1981]. With the neglect of the surface freshwater flux, B0 is
given by B0 = −(ag/rcp)Q0, where a is the thermal expan-
sion coefficient. To assess the contribution of wind stress,
we examined the distribution of

WS ¼ 2m0

n

1

�g

Z t2

t1

u3*
h
dt; ð8Þ

in which constant values are multiplied for the direct
comparison with SHF (Figure 4a) on the RHS of (7)
(Figure 15a). It shows that the values of WS are compara-
ble to SHF, albeit smaller in general, which is also in
agreement with Qiu and Kelly [1993].
[40] The distribution of WS (Figure 15a) shows the pat-

tern that is consistent with that of Dh*/dh (Figures 7b and
14b); that is, larger WS and negative Dh*/dh in the north
and the opposite in the south. Nonetheless, the tendency of
the increase of Dh* with WS is not found clearly in a scatter
diagram (Figure 15b). The correlation of interannual var-
iations of D~h* and WS is not so significant either,
although the weak tendency of negative correlation is
observed. This result implies that the MLD growth is rather
insensitive to the magnitude of wind stress, contrary to the

expectation from (7). It is also consistent with the recent
analysis of LES data that the contribution from wind stress
to the MLD growth during convection disappears with time
as a result of inertial oscillation in the extratropical ocean
[Noh et al., 2010]. Besides, it is expected that the entrain-
ment by penetrating eddies also occurs when convection is
strong [e.g., Noh and Nakada, 2010] and may also con-
tribute to the negative Dh* in the high latitude.
[41] Finally, Noh and Lee [2008] suggested that the

evaluation of MLD based on the critical temperature or
density difference from the sea surface can make MLD
shallower than the real MLD if the thermocline is diffused,
as is typical in climatological temperature profiles. The
diffusion of a thermocline produces stratification within the
mixed layer, and it causes the critical temperature difference
to be reached above the MLD, as illustrated by a typical
temperature profile shown in Figure 16. Its effect becomes
important in lower latitudes where the temperature differ-
ence across the MLD is large. Since dhC* was evaluated
based on the assumption of uniform temperature within the
mixed layer, it tends to be deeper than dh. Positive Dh* in
the southern part in Figures 7b and 14b can be attributed to
this effect. This implies that Dh*/dh is likely to be smaller
than shown in Figures 7b and 14b in the region south of
27°N. Higher correlation between D~h and OHT in this

Figure 15. (a) Distribution of WS, (b) a scatter diagram between Dh* and WS over the whole domain,
and (c) correlation coefficient between the interannual variations of D~h* versus WS. (For the correlation
we used the value of D~h* obtained from the analysis including the salinity effect shown previously for
higher accuracy.)
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region (shown in Figure 8b) also supports that dh can be
predicted by (5), or Dh* ≅ 0.

5. Summary

[42] From the analysis of the SODA and NCEP/NCAR
reanalysis data in the North Pacific (15°N–45°N) during
1959–2004, the present work showed that the MLD growth
during winter dh can be mainly predicted from the heat
budget analysis in the mixed layer, in which the ocean heat
transport is included as well as the surface cooling with the
domain‐averaged difference ∣Dh*∣/dh = 0.26. The remain-
ing difference is explained in terms of the effect of wind
stress, which causes the additional deepening by entrain-
ment, and of the error in determining MLD due to a diffused
thermocline. In the Kuroshio region, the ocean heat trans-
port is positive by geostrophic advection and eddy diffusion.
On the other hand, outside the Kuroshio region, the ocean
heat transport is generally negative north of 27°N and
positive south of it, which is in agreement with the pattern of
Ekman advection.
[43] The correlations of interannual variation of d~h with

various forcing sources reinforce the aforementioned fea-
tures of the MLD growth during winter. Furthermore, it was
found that the transition to the stronger ocean heat transport
and smaller MLD growth in the KE region occurs in 1985
with a time lag after the transition in the central Pacific
associated with PDO in 1975.
[44] This work reveals that the MLD growth during winter

is intimately related to ocean circulation as well as surface
cooling. It implies that the winter MLD must be understood
from the perspective of the global climate system, rather
than the local air‐sea interaction. Furthermore, since the
winter MLD itself influences the climate through SST, it is
important to understand how the winter MLD interacts with
climate variation, possibly using a climate model in the
future work.
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