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Abstract

The present climate simulations of the mixed layer depth (MLD) and the subduction rate in the subtropical
Northeast Pacific are investigated based on nine of the CMIP5 models. Compared with the observation data,
spatial patterns of the MLD and the subduction rate are well simulated in these models. The spatial pattern of the
MLD is nonuniform, with a local maximum MLD (>140 m) region centered at (28°N, 135°W) in late winter. The
nonuniform MLD pattern causes a strong MLD front on the south of the MLD maximum region, controls the
lateral induction rate pattern, and then decides the nonuniform distribution of the subduction rate. Due to the
inter-regional difference of the MLD, we divide this area into two regions. The relatively uniform Ekman pumping
has little effect on the nonuniform subduction spatial pattern, though it is nearly equal to the lateral induction in
values. In the south region, the northward warm Ekman advection (-1.75x10-7 K/s) controls the ocean horizontal
temperature advection (-0.85x10-7 K/s), and prevents the deepening of the MLD. In the ensemble mean, the
contribution of the ocean advection to the MLD is about -29.0 m/month, offsetting the sea surface net heat flux
contribution (33.9 m/month). While in the north region, the southward cold advection deepens the MLD (21.4
m/month) as similar as the heat flux (30.4 m/month). In conclusion, the nonuniform MLD pattern is dominated
by the nonuniform ocean horizontal temperature advection. This new finding indicates that the upper ocean
current play an important role in the variability of the winter MLD and the subduction rate.
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1 Introduction

The ocean mixed layer is a striking and nearly universal fea-
ture of the open ocean, with nearly vertically uniform salinity,
temperature and density. The mixed layer links the atmosphere
to the deep ocean and plays a critical role in climate variability.
Atmospheric fluxes of momentum, heat and freshwater through
the ocean surface drive vertical mixing and provide the source of
almost all oceanic motions (de Boyer Montégut et al., 2004; Dong
et al., 2008). The ocean mixed layer is often defined as the layer
where the temperature, density or their vertical gradients smal-
ler than some values near the sea surface. So ocean mixed layer
depth (MLD) is one of the most important quantities of the up-
per ocean as it defines the quasi-homogeneous surface region of
density that directly interacts with the atmosphere (Kara et al.,
2003).

So far, there are many researches about the variability and dy-
namics of the MLD with different time scales in different oceans
(Levitus, 1982; Monterey and Levitus, 1997; Carton and Giese,
2008). The temporal variability of the MLD is usually linked to
many processes occurring in the mixed layer (surface forcing, lat-
eral advection, etc.). For example, seasonal variability of the MLD
in the Kuroshio Extension is controlled by sea surface heat flux

(Qiu and Kelly, 1993). According to the mixed layer temperature
equation, the sea surface heat flux, vertical pumping and ocean
advection all impact on the mixed layer temperature seasonal
variability in the three North Pacific subtropical mode water
formation regions, but the contribution of ocean advection is rel-
atively small (Pan et al., 2011). While the mixed layer temperat-
ure seasonal variability is not absolutely consistent with the MLD
variability, so it is necessary to explore the contributions of the
three factors to the MLD seasonal variability. The annual and
decadal variabilities of the MLD in the North Pacific is also con-
nect with the variabilities of wind and heat flux induced by the
Pacific Decadal Oscillation (Deser and Blackmon, 1995; Qiu and
Chen, 2006; Dawe and Thompson, 2007).

Until now, a few previous studies focus on the effect of the
ocean advection. Xie at al. (2010) pointed out that the ocean ad-
vection influences the SST change after global warming. The in-
tensification of the South Pacific subantarctic mode water
(SAMW) is mainly caused by a deepening of the MLD and a
strengthening of the advection in warm climate (Liu and Wu,
2012; Liu and Wang, 2014). Coincidentally, using a model simula-
tion result, it is proved that the ocean horizontal temperature ad-
vection plays a critical role in the response of the MLD to global

Foundation item: The National Natural Science Foundation of China under contract Nos 41606217, 41675064 and 41406214; the
Scientific Research Foundation for the Talent Start-Up of University of Information Science and Technology under contract No.
2015r043; the Open Fund of the Key Laboratory of Research on Marine Hazards Forecasting under contract No. LOMF1702; the China

Scholarship Council under contract No. 201708320046.
*Corresponding author, E-mail: xiarb@nuist.edu.cn



52 XIA Ruibin et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 3, P. 51-62

warming at the eastern subtropical Pacific mode water (ESTMW)
formation region (Xia et al., 2015). These researches remind us
that the ocean advection may be important for the MLD variabil-
ity in some oceans.

Ocean ventilation, including subduction and obduction pro-
cess, is a key component of global oceanic circulation. Subduc-
tion and obduction have been widely used as tools describing
kinematical and dynamical processes coupling the mixed layer
and the ocean interior. The spatial pattern and temporal vari-
ation of the MLD both play important roles in the subduction and
obduction process (Stommel, 1979; Woods, 1985; Marshall et al.,
1993). So that many products by the subduction process are in-
directly dominated by the MLD, such as the mode water. While
the effective subduction generally occurs in late winter or early
spring, when the MLD reaches its local maximum (Marshall et
al., 1993), we use the February-March mean to analyze the sub-
duction mechanism in this paper.

There are many studies about the subduction rate and mode
water formation mechanism. The MLD plays an important role in
the lateral induction, then influences the subduction rate. Gener-
ally, sea surface net heat flux or surface wind field are considered
as key factors on the MLD, and impact on the formation of the
subduction rate and mode water (Qu and Chen, 2009; Hu et al.,
2011; Xu et al., 2012). For example, both subantarctic mode wa-
ter (SAMW) and Antarctic Intermediate Water (AAIW) are in-
creased under intensified westerlies and increased heat loss, and
the lateral induction term change plays a dominant role due to
the deepening of the MLD (Liu et al., 2017). While the ocean ad-
vection may play an important role in the MLD change as men-
tioned above, how does the ocean advection contribute to the
subduction? In addition, these researches point out the import-
ance of the MLD front on the connection between MLD and sub-
duction. But how does the MLD change influence the MLD front?
These questions are not known clearly.

There are two MLD local maximum regions in subtropical
North Pacific. The previous studies usually care more about the
western region with relatively deeper MLD (Xu et al., 2012).
While the eastern MLD local maximum region, accompanying by
the subduction local maximum and formation of the ESTMW, is
also important. Only a few researches focused on the eastern re-
gion and pointed out the possible significance of the MLD front
on the subduction (Xie et al., 2000; Suga et al., 2004). Xia et al.
(2015) also showed the importance of the MLD front and hori-
zontal temperature advection change on the response of the sub-
duction and ESTMW to global warming, but that result was just
based on one single model. In this paper, we use nine of the
Coupled Model Intercomparison Project Phase 5 (CMIP5) mod-
els to exhibit the MLD spatial pattern in detail. The first basic sci-
entific question is: what are the characteristics and mechanisms
of the MLD climatology in the subtropical Northeast Pacific? We

Table 1. Nine models analyzed in this study from CMIP5

find a special nonuniform spatial pattern of the MLD in the sub-
tropical Northeast Pacific, which could induce a strong MLD
front. Both the Ekman pumping and Ekman advection caused by
the surface wind field make contributions to the MLD variability.
Especially, the north-south Ekman advection influences the up-
per ocean horizontal temperature advection and dominates the
nonuniform spatial pattern of the MLD. Connected with the sub-
duction porcess, we will discuss the second scientific question:
how does the MLD spatial distribution influence the subduction
in the subtropical Northeast Pacific Ocean? We propose that, the
spatial nonuniform distribution of the MLD forms the strong
MLD front, which should play an important role in the subduc-
tion process by the lateral induction. So the region where MLD
front exists would become the major source of the subduction
and mode water. The present study investigates this assertion.

The rest of the paper is organized as follows. A brief descrip-
tion of data and primary methods is introduced in Section 2. We
examine the MLD characteristics in the CMIP5 models com-
pared with the observation data in Section 3 and explore the
mechanisms in Section 4. The influence of the MLD on the sub-
duction process is investigated in Section 5. Finally, Section 6
presents the summary and conclusions.

2 Data and methods

2.1 Data

The present study primarily uses the output from nine global
coupled climate models (Table 1) as part of the CMIP5 (Dunne et
al., 2012; Taylor et al., 2012). We choose the historical simulation
to reflect the twentieth-century climate forced by observed atmo-
spheric composition changes (Taylor et al., 2012). The present-
day climatology is taken from 1951 to 2000 averaged. The spatial
resolution varies between models and within the same model for
atmospheric and oceanic variables. To facilitate comparison with
each model and observations, we interpolated them onto a 1°x1°
latitude-longitude grid. We investigate both the common fea-
tures (ensemble mean) and the inter-model difference among
models, focusing on the MLD variability and dynamics. The same
member run (R1ilpl) is chosen in all models. The model output
is freely available from the Program for Climate Model Diagnosis
and Intercomparison (PCMDI) at the Lawrence Livermore Na-
tional Laboratory (http://cmip-pcmdi.llnl.gov/cmip5/).

To examine the model data, the monthly climatology Argo
and NODC (Levitus) World Ocean Atlas 1994 data (Levitus and
Boyer 1994) are also used. These data are both 1°x1° gridded and
from the Asia-Pacific Data Research Center (APDRC, http://ap-
drc.soest.hawaii.edu/).

2.2 Methods
The temperature of the mixed layer and MLD variabilities is

Model Institution Country
a CCSM4 National Center for Atmospheric Research USA
b CNRM-CM5 Centre National de Recherches Meteorologiques Europe
c GFDL-ESM2G NOAA / Geophysical Fluid Dynamics Laboratory USA
d GFDL-ESM2M NOAA / Geophysical Fluid Dynamics Laboratory USA
e IPSL-CM5A-LR Institute Pierre-Simon Laplace France
f IPSL-CM5A-MR Institute Pierre-Simon Laplace France
g MIROC-ESM the University of Tokyo Japan
h MPI-ESM-LR Max Planck Institute for Meteorology Germany
i MRI-CGCM3 Meteorological Research Institute Japan
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calculated as (Qiu and Kelly, 1993; Qiu, 2002):

oT, R w (T, -T,
m — Qnel _um [D]Tm_ c( m ), (1)
ot pc,h, h,
M i, Oh, =A,0h, +a, )
ot
Qo =Qu. Q.. +Q.*Q.. 3)

In Eq. (1), the four terms represent the temperature tendency,
sea surface horizontal temperature flux forcing, ocean horizontal
temperature advection and vertical entrainment separately. Sim-
ilarly, the four terms in Eq. (2) represent the MLD tendency, MLD
advection, horizontal diffusion and vertical entrainment respect-
ively. T, means the mixed layer average temperature, h  is the
MLD, c, is the specific heat capacity of sea water, p; is the refer-
ence density, #,_ is the horizontal ocean velocity, o, is the vertic-
al entrainment velocity, T, is the temperature at the base of the
MLD, and A, is the horizontal diffusivity. The sea surface net heat
flux Q. is composed of the lateral heat flux Q,,,, sensible heat
flux Q,,,, short-wave radiation Q, and long-wave radiation Q,
(Kraus, 1972).

In this paper, we use Egs (1) and (2) to infer the following
equation:

net
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where h, and h, represent the contribution of the sea surface net
heat flux and ocean horizontal temperature advection on the
MLD change respectively, with unit m/month.

The subduction rate is defined as (Williams, 1991; Xie et al.,
2011; Xu et al., 2012):

S = U, Mh, +w,, O

mean

where -u_ Dk is the lateral induction, and w, is the Ekman
pumping velocity. The Ekman pumping velocity can be defined
as w, =curl_(7/f)/p, (Pond and Pickard, 1983), where 7 is the

wind stress, and fis the Coriolis parameter.
In addition, the ocean horizontal temperature advection
(HTA) could be resolved into two terms (Qiu, 2002):

HTA=ﬁDDT=ua—T+va—T=ﬁeDDT+ﬁg[IDT, ®)

ox 0y

where i, and i, are the Ekman velocity and geostrophic velo-

city. Here we use HTA, =u, 0T to represent for the Ekman ad-
vection, and HTA, =u, [T for the geostrophic advection.
The MLD horizontal gradient is calculated as:

oh, - oh, -
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here the unit of i, 4 is m/km.

3 The climatology characteristics of the subtropical Northeast
Pacific MLD

This section examines the reproducibility of the subtropical
Northeast Pacific MLD in CMIP5 models for present day climate.
We first examine the MLD climatology from the nine CMIP5
models historical simulation during 1951-2000 compared with
the observation data, then discuss the nonuniform spatial pat-
tern of the MLD and its influence on the MLD front. Thirdly, the
MLD seasonal variability is also examined. Finally we show the
inter-model variability.

3.1 The MLD climatology characteristics

In this paper, the MLD is defined as the depth at which the
water density is 0.1 kg/m? denser than the sea surface (Luo et al.,
2009). We have examined the temperature and salinity profiles to
confirm that the MLD definition is suitable in the subtropical
Northeast Pacific. The simulated MLD from different models and
that obtained from Argo and Levitus observation data are shown
in Fig. 1. The modeling results are similar to those of previous
modeling studies (Luo et al., 2009; Hu et al., 2011), and observa-
tion results are similar to those of previous observational studies
(Toyoda et al., 2004; Suga et al., 2004). Compared with the Levit-
us (Fig. 1k) and Argo (Fig. 11) data, all modeling results (Figs 1a-i)
could simulate the MLD spatial pattern accurately and similarly.
Thus the modeling ensemble mean result (Fig. 1j) is also similar
to the observation result, and is used to analyze the MLD pattern
as its representativeness. The MLD spatial pattern is nonnuiform,
with a maximum (>140 m) appearing at (28°N, 135°W) in late
winter. The MLD shoals slowly from the maximum region north-
ward, but quickly southward to about 40-60 m. This phenomen-
on forms a narrow transition zone called the MLD front (Xie et
al., 2000) on the south of the MLD maximum region (Fig. 1, black
points). In another word, the MLD has a inter-regional differ-
ence, which is much deeper (>140 m) in the north region and rel-
atively shallower (<60 m) in the south region. Thus we divide this
area into two regions, taking the MLD front as the boundary. The
two regions are called “north region” (23°-33°N, 145°-125°W, as
the MLD maximum region) and “south region” (12°-23°N,
145°-120°W, as the shallower MLD region on the south of the
MLD front) respectively. Dividing into two regions will be helpful
to explore the mechanism of the MLD spatial pattern in Section
4.1In a word, the spatial pattern of the MLD is nonuniform, caus-
ing a strong MLD front on the south of the MLD maximum re-
gion.

3.2 The MLD front

We investigated the position and intensity of the MLD front in
this region. When the MLD reaches deepest, the front will reach
the strongest. So the MLD front position is defined as the place
where the MLD horizontal gradient reaches maximum in late
winter (February-March), and the intensity is defined as the
maximum gradient. The MLD horizontal gradient is calculated
by Eq. (9) in Section 2. The MLD front positions are similar in all
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the models and observation (Fig. 1, black points). The MLD front
stretches banded near east-west direction, especially at (150°W to
120°W). The ensemble mean MLD front intensity maximum is
about 0.19 m/km (Fig. 2b). The inter-model difference of the
MLD front intensity is obvious, and the details will be discussed.

Sin., 2018, Vol. 37, No. 3, P. 51-62

We will demonstrate this distribution of the MLD front has signi-
ficant influence on the winter subduction process in Section 4.

3.3 The Seasonal cycle of the MLD
According to our research, the inter-model variability of the
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Fig. 1. The February-March mean MLD (shading, interval: 20 m) and the position of the MLD front (black points) from historical
simulation of the nine models (a-i) and ensemble mean result (j), compared with two observation results (k, 1).
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Fig. 2. The MLD maximum (a) and the intensity of the MLD front (b) mean during February-March in historical simulation of the
nine models and ensemble mean result. C,=0.922 6 means the correlation coefficient of the two plots.
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MLD seasonal cycle is not large. So we choose the ensemble
mean result to represent the seasonal cycle of the MLD (Fig. 3),
which is comparable to the observation (not shown). The MLD
deepens from October and reaches its maximum in February and
March in the modeling results; subsequently, it starts to shoal un-
til it reaches its minimum in summer and early autumn (July to
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September). This result is consitent with one single model simu-
lation result (e.g., Xia et al., 2015) and the observation results
(e.g., de Boyer Montégut et al., 2004). The rapid shoaling of the
MLD makes it possible for the water to be subducted into the
pycnocline by the advection and carried away by the subtropical
gyre (Hu et al.,, 2011; Xia et al., 2015).
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Fig. 3. The MLD (contours, interval: 20 m) seasonal variability in historical simulation of the CMIP5 ensemble mean.

3.4 The Inter-model difference

The inter-model difference of the MLD generally appears in
the maximum values and their positions in east-west direction.
The inter-model difference of MLD maximum is shown in Fig. 2a.
For example, the MLD maximum is more than 240 m in the
MIROC-ESM, but only about 110 m in the GFDL-ESM2G. In ad-
dition, the locations of the MLD maximum in CNRM-CM5,
MIROC-ESM and MPI-ESM-LR are similar to that in the observa-
tion (28°N, 140°W), but at (28°N, 135°W) in GFDL-ESM2G and
GFDL-ESM2M. As the MLD front positions are similar in all the
models, the inter-model difference appears in the intensity (Fig.
2b). It is easy to find the high correlation between the inter-mod-
el difference of the MLD front intensity and the inter-model dif-
ference of the MLD maximum (Fig. 2a), and the correlation coef-
ficient is over 0.92. For example, the maximum of the MLD (over
240 m) and MLD front intensity (over 0.30 m/km) appear in the
same model (MIROC-ESM). In conclusion, the inter-model vari-
ability of the nonuniform MLD spatial pattern causes the differ-
ence of the MLD front intensity among models, providing further
evidence for nonuniform MLD effect on MLD front.

4 Mechanisms of the nonuniform MLD spatial pattern

As Section 3 shows, the MLD spatial pattern is nonuniform in
both modeling simulation and observation data, and this
nonuniform pattern causes the formation of the strong banded
MLD front on the south of the MLD maximum region. So how
does this MLD nonuniform pattern occur in present climatology?
The MLD spatial pattern is controlled by the upper ocean strati-
fication. The deepening MLD is always consistent with the weak-

ening stratification. While upper ocean stratification is decided
by many factors, such as the surface wind field, sea surface net
heat flux and horizontal temperature advection in the upper
ocean. Because the salinity effect is relatively small in this region,
the evaporation minus precipitation flux is not considered in this
paper. In single CMIP5 model, such as GFDL-ESM2J, it has
been proved that the banded changing ocean horizontal temper-
ature advection would obviously influence the banded changing
of the MLD, as a response to global warming (Xia et al., 2015).
This section will explore the factors mentioned above and focus
on the contribution of the ocean horizontal temperature advec-
tion quantitatively, using modeling results. We will discuss the
common mechanisms with ensemble mean results firstly, and
then show the inter-model difference.

4.1 Ekman pumping

As shown in Fig. 4a, the spatial pattern of the Ekman pump-
ing caused by sea surface wind stress is generally similar to the
spatial pattern of the winter MLD, which indicates that the Ek-
man pumping decides the general pattern of the winter MLD.
The wind stress induces a downward Ekman pumping, and
causes the MLD deepening. However, the Ekman pumping max-
imum occurs to the south of the MLD maximum region. The Ek-
man pumping is uniform in its maximum region (Fig. 4a, shad-
ing, >1.5x10-% m/s), but the MLD shoals quickly from north to
south in the same region. This interesting phenomenon indic-
ates that the Ekman pumping is not the only mechanism on the
MLD spatial pattern. In addition, the inter-model difference of
the Ekman pumping is not so large actually (not shown), thus it
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would not be the main reason of the MLD inter-model difference.

4.2 The sea surface net heat flux and ocean horizontal temperat-

ure advection

As the Ekman pumping is not the only mechanism on the
MLD spatial pattern, we discuss the contributions of the sea sur-
face net heat flux and ocean horizontal temperature advection. In
this paper, the positive values of the sea surface net heat flux
mean that ocean losses heat, and are conductive to the deepen-
ing of the MLD. While the positive horizontal temperature advec-
tion in the upper ocean increases the vertical temperature differ-
ence, enhances the stratification, and finally shoals the MLD. Fig-

ures 4b and c show the contributions of the sea surface net heat
flux and ocean horizontal temperature advection. As mentioned
in Section 3, we analyze the contributions of the sea surface net
heat flux and ocean horizontal temperature advection in the
“north region” and “south region” separately. In the north region,
both the net heat flux and cold advection are helpful to deepen
the MLD, but not completely consistent with the MLD spatial
pattern. Compared with the Ekman pumping, it indicates that all
these three factors have positive contributions to the deepening
of the MLD, and they decide the MLD spatial pattern in the north
region together. In the south region, the significant warm advec-
tion plays a major role in limiting the deepening of the MLD (<60
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Fig. 5. The regional average h/cI (red bars), h; (blue bars) and h;, + h; (gray bars) (m/month) during February-March in historical

simulation of the nine models and ensemble mean result.
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m), though both downward Ekman pumping and positive net
heat flux are useful to deepen the MLD. As the contribution of the
net heat flux on increasing the MLD is larger in the south region
than that in the north region, and the Ekman pumping equally
contributes to the deepening of the MLD in the two regions, we
indicate the inter-regional difference of the MLD is mainly due to

the inter-regional difference of the horizontal temperature ad-
vection. As a result, the strong MLD front is induced and pro-
motes the subduction in late winter greatly.

To compare the contribution of sea surface net heat flux and
ocean horizontal temperature advection quantitatively, regional
average h:] and h; are calculated from Eqs (5) and (6), which rep-
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Fig. 6. Vertical-latitude section of the horizontal temperature advection (shading in K/s) and temperature (contours, interval: 2 K)
along 145° to 125°W mean during February-March in historical simulation of the nine models (a-i) and ensemble mean (j) result. The
thick solid line denotes the MLD in the historical simulation.
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resent the sea surface net heat flux and ocean horizontal temper-
ature advection effect on MLD change separately. In the north re-
gion, both h; and h; are benefit to deepen the MLD and the
inter-model difference is not very large (Fig. 5a). In ensemble
mean, h; (30.4 m/month) and hl (21.4 m/month) are compar-
able. In the south region, however, the sea surface net heat flux in
most models deepen the MLD, but ocean horizontal temperat-
ure advection in all models shoal the MLD. In ensemble mean,
h; (33.9 m/month) and h; (-29.0 m/month) are comparable in

values but have a different sign, so the sum (h;1 + h;) isjust4.9

m/month. This opposite effect causes the MLD in the south re-
gion shallower than that in the north region. The inter-model dif-
ference exists in both h:1 and h;, but they have the same sign in
most models. This quantitative result is consistent with the qual-
itative discussion mentioned above.

To analyze how the ocean horizontal temperature advection
influences the MLD spatial pattern, the vertical-latitude sections
of the temperature and temperature advection in models are
shown in Fig. 6. The ocean horizontal temperature advection
changes obviously from south to north. It is found that the cold
advection exists in the north region and the strong warm advec-
tion exists in the south region in each model, as mentioned
above. Further more, we find that the advection vertical maxim-
um appears near the sea surface, and the advection decreases
with the depth increasing. The vertical difference of the advec-
tion is benefit to weaken the ocean stratification in the north re-
gion, but increase it in the south region. This interesting phe-
nomenon indicates that the Ekman advection may contribute
more to the MLD than the geostrophic advection.

4.3 The ocean current influence on the ocean advection

Indicated from Fig. 4c and Fig. 6, the ocean current may be
important for the formation of the nonuniform advection pat-
tern, especially in the south region, so we focus on the ocean cur-
rent effect in the south region as follows. Generally, the upper
ocean current horizontal temperature advection HTA could be
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resolved into Ekman advection HTA,_ and geostrophic advection
HTA, from Eq. (8). Both two advections could be resolved into
east-west component U and north-south component V. As the
east-west components are so small and could be ignored, HTA,
and HTA, are both decided by the north-south components Vin
the south region (Fig. 7). While the northward warm V, (Fig. 7b,
dark gray bars, negative) is about twice of the southward cold Ve
(Fig. 7b, light gray bars, positive) in all the models, so the total ad-
vection HTA is a warm advection (Fig. 7b, black bars, negative).
In the ensemble mean, V, is -1.75x10-7 K/s, Vg is 0.8x10-7 K/s, so
Vis about -0.85x10-7 K/s. This phenomenon indicates that the
northward warm Ekman advection controls the upper ocean ho-
rizontal temperature advection and prevents the deepening of
the MLD in the south region. Besides, it is inferred that the north-
ward warm Ekman advection is dominated by the northwest Ek-
man horizontal velocity due to the northeast trade wind in this
area.

As mentioned above, the northward warm Ekman advection
controls the ocean horizontal temperature advection, and pre-
vents the deepening of the MLD in the south region. While the
southward cold advection deepens the MLD in the north region,
as similar as the Ekman pumping and sea surface net heat flux.
The nonuniform advection pattern controls the nonuniform
MLD spatial pattern, and then induces the strong MLD front in
this area. The northwest Ekman horizontal velocity due to the
local northeast trade wind may play a critical role in the north-
ward warm Ekman advection.

5 The influence of the MLD on the subduction

The MLD front plays an important role in the subduction pro-
cess (Xie et al., 2000; Tsujino and Yasuda, 2004; Xu et al., 2016).
As the effective subduction only occurs after the MLD reaches
maximum, we calculate the subduction rate during February-
March from Eq. (7). The lateral induction occurs at the current
across the front of the MLD and the Ekman pumping velocity is
determined by the sea surface wind curl (Xia et al., 2015). We
could find that the subduction rate spatial patterns are similar in
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Fig. 7. The regional average Ekman advection HTA, (dark gray bars), geostrophic advection HTA, (light gray bars) and the total
horizontal temperature advection HTA (black bars) in the south region upper 50 m during February-March in historical simulation of
the nine models and ensemble mean result. a. East-west component U,, Ug and U, and b. north-south component V, Vg and V.
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Fig. 8. The mean MLD (contours, interval: 20 m) and mean subduction rate (shading in m/s, downward is positive) during
February-March in historical simulation of the nine models (a-i) and ensemble mean (j) result.

different models (Fig. 8). In the ensemble mean, the subduction
maximum region forms a banded structure near east-west direc-
tion, with the maximum 4x10° m/s at (24°N, 140°W). Compare
Fig. 8 with Fig. 9, the nonuniform subduction rate spatial parttern
is almost dominated by the nonuniform lateral induction rate
distribution. The latter is highly consistent with the position and
intensity of the MLD front Vi, (Eq. (9)).

Figure 10 compares the relative contributions of the lateral in-
duction and Ekman pumping rate to the subduction maximum

from regional average (20°-28°N, 145°-120°W) in different mod-
els quantitatively. The Ekman pumping rate is close to the lateral
induction rate in most models, even larger in some models such
as CNRM-CM5 and GFDL-ESM2G. In the ensemble mean, the
contributions of Ekman pumping (1.6x10% m/s) and lateral in-
duction rate (1.3x10° m/s) to the subduction rate (2.9x10° m/s)
seem equal in the chosen region. Nevertheless, inter-model dif-
ference of the Ekman pumping rate is much smaller than that of
the lateral induction rate, which means that the inter-model dif-
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Fig. 9. The mean MLD (contours, interval: 20 m) and mean lateral induction rate (shading in m/s, downward is positive) during
February-March in historical simulation of the nine models (a-i) and ensemble mean (j) result.

ference of subduction is mainly caused by the inter-model differ-
ence of lateral induction.

6 Conclusions

In this paper, we have examined the climatology characterist-
ics of the MLD in the subtropical Northeast Pacific in present-day
climate, compared the MLD based on nine of the CMIP5 models
results and two observation data. It exists a local maximum MLD
region centered at (28°N, 135°W) in late winter, where the en-

semble mean maximum value can exceed 140 m in the modeling
results. The spatial pattern of the MLD is nonuniform, causing a
strong MLD front on the south of the maximum region, which is
similar to that in the observation. In other words, the MLD has a
inter-regional difference, which is much deeper (>140 m) in the
north region and relatively shallower (<60 m) in the south region.
There are obviously seasonal variations in the MLD spatial pat-
tern, and the MLD reaches its seasonal maximum in February-
March in modeling results.
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Fig. 10. The regional average (20°-28°N, 145°~120°W) lateral induction rate (red bars, unit: 10-6 m/s), Ekman pumping rate (blue bars,
unit: 10-% m/s) and subduction rate (gray bars, unit: 10-® m/s) during February-March in historical simulation of the nine models and

ensemble mean result.

The strong MLD front caused by nonuniform MLD controls
the lateral induction rate pattern, then decides the nonuniform
distribution of the subduction rate. The relatively uniform Ek-
man pumping has little effect on the nonuniform subduction
spatial parttern, though it is nearly equal to the lateral induction
in values. As the subduction process impacts on the formation of
ESTMW significantly, the nonuniform MLD spatial pattern occu-
pies an important position in this physical process.

This study focuses on the mechanisms of the nonuniform
MLD spatial pattern. It is demonstrated that the northward warm
Ekman advection controls the upper ocean horizontal temperat-
ure advection, especially in the south region. From the south re-
gion average in the ensemble mean, the northward warm Ekman
advection V, is -1.75x10-7 K/s, while the southward cold geo-
strophic advection V, is 0.8x1077 K/s, so the sum advection HTA
is carried northward (-0.85x10-7 K/s). The ocean advection pre-
vents the deepening of the MLD in the south region. The contri-
bution of the ocean advection to the MLD is about 29.0 m/month
in the ensemble mean, leading to offset the heat flux contribu-
tion (33.9 m/month). While in the north region, the southward
cold advection deepens the MLD (21.4 m/month) as similar as
the sea surface net flux (30.4 m/month). As the inter-regional dif-
ferences of the Ekman pumping and sea surface net flux in both
regions are relatively small, the nonuniform MLD spatial pattern
is mainly controlled by the nonuniform ocean horizontal temper-
ature advection, and then induces the strong MLD front in this
area. Finally, we inferred that the northwest Ekman horizontal
velocity is caused by the local northeast trade wind.
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