
Simulation and future projection of the mixed layer depth and
subduction process in the subtropical Southeast Pacific
Ruibin Xia1, 2, Yijun He1, 3*, Tingting Yang4, 5, 6, 7

1 School of Marine Sciences, Nanjing University of Information Science and Technology, Nanjing 210044, China
2 MNR Key Laboratory for Polar Science, Polar Research Institute of China, Shanghai 200136, China
3 Laboratory for Regional Oceanography and Numerical Modeling, Pilot National Laboratory for Marine Science and

Technology (Qingdao), Qingdao 266237, China
4 Key Laboratory of Meteorological Disaster, Ministry of Education, Nanjing 210044, China
5 Joint International Research Laboratory of Climate and Environment Change, Nanjing 210044, China
6 Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters, Nanjing 210044, China
7 Nanjing Joint Institute for Atmospheric Sciences, Nanjing 210008, China

Received 20 March 2021; accepted 15 June 2021

© Chinese Society for Oceanography and Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

The present climate simulation and future projection of the mixed layer depth (MLD) and subduction process in
the subtropical Southeast Pacific are investigated based on the geophysical fluid dynamics laboratory earth
system model (GFDL-ESM2M). The MLD deepens from May and reaches its maximum (>160 m) near (24°S,
104°W) in September in the historical simulation. The MLD spatial pattern in September is non-uniform in the
present climate, which shows three characteristics: (1) the deep MLD extends from the Southeast Pacific to the
West Pacific and leads to a “deep tongue” until  135°W; (2) the northern boundary of the MLD maximum is
smoothly near 18°S,  and MLD shallows sharply to the northeast;  (3) there is  a relatively shallow MLD zone
inserted into the MLD maximum eastern boundary near (26°S, 80°W) as a weak “shallow tongue”. The MLD non-
uniform spatial pattern generates three strong MLD fronts respectively in the three key regions, promoting the
subduction rate. After global warming, the variability of MLD spatial patterns is remarkably diverse, rather than
deepening consistently. In all the key regions, the MLD deepens in the south but shoals in the north, strengthing
the MLD front. As a result, the subduction rate enhances in these areas. This MLD antisymmetric variability is
mainly influenced by various factors, especially the potential-density horizontal advection non-uniform changes.
Notice that the freshwater flux change helps to deepen the MLD uniformly in the whole basin, so it hardly works
on the regional MLD variability. The study highlights that there are regional differences in the mechanisms of the
MLD change, and the MLD front change caused by MLD non-uniform variability is the crucial factor in the
subduction response to global warming.
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1  Introduction
The subtropical Pacific (SEP) has long been recognized as an

important region for climate studies because subsurface signals
propagate towards the tropics (Gu and Philander, 1997; Wang
and Luo, 2020). The subsurface temperature/salinity anomalies
in the SEP can be formed locally through subduction and injec-
tion processes, both depend on the mixed layer process (Willi-
ams, 1991; Qiu and Huang, 1995; Sato and Suga, 2009; Wang and
Luo, 2020). The ocean mixed layer depth (MLD) is one of the
most important quantities of the upper ocean as it defines the
quasi-homogeneous surface region of density that directly inter-
acts with the atmosphere (Kara et al., 2003). 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).
There is a region with local maximum MLD (>100 m) in the

SEP in austral winter, with a strong MLD front and the corres-
ponding subduction process on the north side, where the South
Pacific eastern subtropical mode water (SPESTMW) forms (Wong
and Johnson, 2003). The SPESTMW is significantly stronger than
the eastern North Pacific subtropical mode water (ESTMW) in
the present climate. The SPESTMW could potentially affect the El
Niño-Southern Oscillation (ENSO) cycle through the interior
communication window. Several mechanisms have been pro-
posed to explain mixed layer formation and variability in the SEP
(Wong and Johnson, 2003; Carton and Giese, 2008; Sato and
Suga, 2009). The temporal variability of the MLD is usually linked
to many processes occurring in the mixed layer or near the ocean  
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surface (the sea surface heat/freshwater flux and Ekman pump-
ing, etc.). Besides, some studies focused on the effect of ocean
advection. Xie et al. (2010) pointed out that ocean advection in-
fluences the SST change after global warming. The intensifica-
tion of the South Pacific subantarctic mode water (SAMW) is
mainly caused by a deepening of the MLD and a strengthening of
the advection in a warm climate (Liu and Wang, 2014). With the
model simulation results, it is proved that the ocean horizontal
temperature advection plays a critical role in the MLD non-uni-
form pattern in the subtropical Northeast Pacific (Xia et al.,
2018). With Argo observations, Liu and Lu (2016) summarized
the effects of ocean dynamics on the seasonal MLD variability in the SEP
in two aspects: (1) the combined effect of net surface heat flux and
meridional density advection by the subtropical gyre determines the
northern and southern boundaries of the deeply mixed layer re-
gion; (2) zonal density advection by the subtropical countercurrent
(STCC) dominates the western boundary of the MLD maximum
area, by carrying lighter water to strengthen the stratification and
generating a “shallow tongue” of MLD to block the westward ex-
tension of the deep mixed layer in the STCC region. Density/tem-
perature advection changes the ocean vertical density/temperat-
ure gradient, impacts the ocean stratification, and then contrib-
utes to the ocean mixing process. But more detailed analyses
about the mixed layer mechanisms in the SEP are still necessary,
especially for the impacts of ocean advection on a long-time scale.

The response of the MLD and subduction rate to global
warming is an interesting question, which would influence the
mode water change and the subsequent climatical effects in the
future. Coincidentally, the ESTMW and SPESTMW tend to de-
crease and increase in volume respectively, in sharp contrast
with each other, after the climate warms (Luo et al., 2009, 2011).
A comparison of the MLD spatial patterns from a series of nu-
merical ocean model experiments suggested that the reduction
of the ocean-to-atmosphere heat loss and the weakened Ekman
pumping rate resulting from a reduction of the basin-wide wind
stress may affect the MLD change (Luo et al., 2009). But in the
SEP, the intensified southeasterly trade wind, via generating a
stronger buoyancy flux from the ocean to the atmosphere, res-
ults in a deeper mixed layer in a warmer climate (Luo et al.,
2011). Our previous research pointed that the non-uniform MLD
change in the Northeast Pacific is dominated by the non-uni-
form ocean horizontal advection in the present climate (Xia et al.,
2018) or after global warming (Xia et al., 2021). The mechanisms
of the MLD climatology and response to global warming are re-
gionally independent in the Northeast Pacific, and the ocean sur-
face currents play an important role in the response of the MLD
to global warming (Xia et al., 2021). So how the ocean advection
impacts the MLD and subduction process in the SEP under the
present climate and after global warming? Does the regional di-
versity of the MLD climatology and response mechanisms exist in
the SEP? These questions will be discussed in this paper. We aim
to confirm the MLD and subduction climatology characteristics
and their response to global warming in the SEP, and then ana-
lyze the corresponding mechanisms. We hypothesize the MLD
climatology and its variability are also non-uniform, and the re-
gional independence of the dominant factors is important in the
SEP.

The rest of the paper is organized as follows. A brief descrip-
tion of the data and methods is introduced in Section 2. We ex-
amine the MLD characteristics and changes from the present cli-
mate to a warmer future climate and describe its influence on the
subduction process in Section 3. The mechanisms of the MLD
changes are discussed in Section 4. Finally, Section 5 presents the

conclusions and discussion.

2  Data and methods

2.1  Model and observational data
The present study primarily uses the output from the earth

system model (ESM2M) of the National Oceanic and Atmospher-
ic Administration (NOAA) Geophysical Fluid Dynamics Laborat-
ory (GFDL). ESM2M is a global coupled ocean-atmosphere-land-
ice model, as one of the Coupled Model Intercomparison Project
Phase 5 (CMIP5) models (Dunne et al., 2012; Taylor et al., 2012).
ESM2M with pressure-based vertical coordinates has been used
along the developmental path of GFDL’s Modular Ocean Model
Version 4.1. The model has a horizontal resolution of 1.0°×1.0°
and 50 vertical layers (31 layers in the upper 500 m). The zonal
resolution increases toward the equator and reaches (1/3)°
between 30°S and 30°N. In this model, we choose the historical
simulation and the representative concentration pathways (RCP)
8.5 scenarios. The historical simulation simulates the 20th-cen-
tury climate forced by observed atmospheric composition
changes (Taylor et al., 2012). While in the RCP8.5 scenarios, the
radiative forcing increases throughout the 21st century and ar-
rives at a level of approximately 8.5 W/m2 at the end of the cen-
tury respectively (Taylor et al., 2012). The present-day mean state
is taken from 1951 to 2000 in the historical simulation and the fu-
ture climatology is from 2051 to 2100 in the RCP8.5 scenarios.
Fifty-year averaged variables in those scenarios are calculated to
represent their mean state, and the differences between the his-
torical and RCP8.5 scenarios represent the changes in global
warming. The model output is freely available from the GFDL
website (http://www.gfdl.noaa.gov/earth-system-model/).

To examine the model data, the monthly climatology Argo
1°×1° gridded data, the Simple Ocean Data Assimilation (SODA)
(v2.2.4) 0.5°×0.5° data and the estimating the circulation and cli-
mate of the ocean, Phase 2 (ECCO2) 0.25°×0.25° data are also
used. These data are all from the Asia-Pacific Data Research Cen-
ter (APDRC, http://apdrc.soest.hawaii.edu/).

2.2  Methods
In this paper, the subduction rate is defined as follows (Willi-

ams, 1991):

Smean = − ⇀
um ·∇hm +we, (1)

− ⇀
um ·∇hm

we we = curlz(τ/f)/ρ

where  is the lateral induction, occurring at the cur-
rent across the front of the MLD. The Ekman pumping velocity

 can be defined as  (Pond and Pickard,
1983), where τ is the wind stress and f is the Coriolis parameter.

The freshwater flux is defined as evaporation minus precipita-
tion. While the net heat flux is defined as (Kraus, 1972):

Qnet = Qlat + Qsen + Qs + Ql, (2)

Qlat Qsen Qs Qlwhere , , ,  represent the latent heat flux, sensible heat
flux, shortwave radiation and longwave radiation, respectively.

Combined with the temperature and salinity advection effect,
the role of potential-density horizontal advection (PDHA) in the
upper ocean is investigated in this paper. PDHA is defined as:

PDHA = −−→u · ∇ρ = −
(
u
∂ρ

∂x
+ v

∂ρ

∂y

)
, (3)

  Xia Ruibin et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 12, P. 104–113 105

http://apdrc.soest.hawaii.edu/
http://apdrc.soest.hawaii.edu/
http://apdrc.soest.hawaii.edu/
http://apdrc.soest.hawaii.edu/


u v
ug vg

where ρ is the seawater potential density relative to the surface; u
and v are the zonal and meridional components of the ocean ho-
rizontal velocity, respectively. With this definition, negative (pos-
itive) PDHA means heavier (lighter) water replaces the local wa-
ter via horizontal advection (Liu and Lu, 2016). Notice that in
Argo data,  and  are represented by the geostrophic current ve-
locity  and , respectively, caused by the lack of velocity obser-
vational data.

−→u = −→ue +
−→ug

In the model result, total velocity could be analyzed easier.
We divide the total velocity into Ekman and geostrophic com-
ponents as . So the PDHA could be divided into Ek-

man and geostrophic components:

PDHA = PDHAe + PDHAg. (4)

−→ugThe geostrophic current  is calculated relative to 1 000 m.

3  MLD and subduction process under present simulation and
their future projection

3.1  MLD in the present climate and its influence on the subduc-
tion process
First, we examine the MLD mean state in the present climate,

using monthly mean Argo, SODA data, and GFDL-ESM2M mod-
eling data in the historical simulation (Figs 1 and 2). The MLD is
usually defined in many methods as follows.

(1) The depth at which the water density is 0.1 kg/m3 denser
than the sea surface (Luo et al., 2011; Xia et al., 2021).

(2) The depth at which the water density is 0.125 kg/m3 dens-
er than the sea surface (Wang and Luo, 2020).

(3) The depth at which the water potential temperature is

0.5°C higher than the sea surface (Sprintall and Tomczak, 1992).
We compare these definitions in GFDL-ESM2M (Figs 1d–f).

These patterns are similar to each other, and the MLD front al-
ways exists. According to the potential density profiles in this re-
gion (not shown), we choose definition (1): the depth at which
the water density is 0.1 kg/m3 denser than the sea surface to
define the MLD in this paper. The observational results are simil-
ar to those of previous observational studies (de Boyer Montégut
et al., 2004; Liu and Lu, 2016) and the modeling results are simil-
ar to those of previous modeling studies (Luo et al., 2011). The
model-simulated MLD spatial pattern (Fig. 1d) is also similar to
that from observational data (Figs 1a–c). The seasonal MLD is
deepened from May and reaches its maximum in September in
both the observation (Figs 2a–e) and model results (Figs 2g–k). A
local MLD maximum (>160 m) exists near (24°S, 104°W) in
September. Subsequently, MLD starts to shoal in October sharply
(Figs 2e–f or k–l) and reaches its minimum in austral summer.
This rapid shoaling of the MLD makes it possible for the water to
be subducted into the pycnocline by the advection from the
winter mixed layer and carried away by the subtropical gyre (Hu
et al., 2011). Besides, the shoaling of the MLD is more quickly in
the ESM2M (Fig. 2l) than that in Argo data (Fig. 2f). Thus the sub-
duction process seems stronger in the model. Another deeper
MLD region exists in the southwest of our chosen area, consist-
ent with the western subtropical mode water. Here we only dis-
cuss the SEP region in this paper and focus on the subduction
process related to the eastern mode water.

Especially, we notice there are three interesting characterist-
ics of the MLD spatial pattern in the present climate. (1) MLD
maximum region extends from the southeast Pacific to the West
Pacific until 135°W (while 145°W in SODA and 140°W in ECCO2)
zonally near 20°S. But an obviously “shallow tongue” of MLD ex-
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Fig. 1.   The September mean mixed layer depth (MLD, shading) based on Argo (a), SODA (b), ECCO2 (c), and GFDL-ESM2M (d–f,
with different MLD definition). The MLD in a–d is defined by  kg/m3, and the MLD in e and f are defined by  kg/m3

and  °C, respectively. The bold black contours (100 m MLD) represent the MLD front roughly.
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tends eastward and leads to a “deep tongue” of MLD to the north.
This indented structure is amplified in ESM2M (Fig. 1d), with a
stronger “shallow MLD tongue” extended southeastward and
connected to the MLD minimum core near (38°S, 100°W). (2) The
northern boundary of the MLD maximum is smoothly and al-
most zonally near 18°S, and MLD shallows sharply to the north-
east. (3) There is a relatively shallow MLD inserted into the MLD
maximum eastern boundary near (26°S, 80°W) as a weak “shal-
low tongue”, which is also more obvious in the model simulation.

The formation of “shallow tongue” seems to depend on the
horizontal potential advection by STCC, and the north boundary
of the MLD maximum is limited by the combined effect of net
surface heat flux and meridional density advection in the season-
al cycle (Liu and Lu, 2016). The north boundary of the MLD max-

imum is also affected by the upwelling along the continental
coast. While the weak “shallow tongue” in the eastern boundary
may be influenced by the heat flux, consistent with a local max-
imum ocean heat received. We checked the heat flux based on
ECCO2 data (not shown), while there is no local heat flux maxim-
um area like that in the ESM2M. As a result, the “shallow tongue”
of the MLD pattern is not shown from the ECCO2 data. Although
this local MLD and heat flux pattern in the ESM2M is not consist-
ent with observation, it could still explain the local MLD variabil-
ity with model inner mechanisms. We concern about how this
MLD non-uniform spatial pattern changes in a warmer climate
and how to impact the subduction process. We will describe the
MLD and subduction variabilities in Section 3.2, and discuss the
MLD climatology and changing mechanisms in Section 4.
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Fig. 2.   Monthly mean mixed layer depth (MLD, shading) in May (a, g), June (b, h), July (c, i), August (d, j), September (e, k), and
October (f, l) based on Argo (a–f), and GFDL-ESM2M (g–l). The bold black contours (100 m MLD) represent the MLD front roughly.
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Three MLD fronts generate in the SEP highly dependent on
the MLD non-uniform spatial pattern mentioned above. They are
located in three regions: (1) K1, the north side of the “deep MLD
tongue”; (2) K2, the northeast of the MLD maximum region; and
(3) K3, the south side of the weak “shallow tongue” near the east
boundary (as shown in Fig. 3c). In previous studies, we have con-
firmed that the MLD front is the key factor of the subduction rate,
and then influences the mode water formation in the northeast
Pacific (Xia et al., 2018, 2021). In this paper, we check the sub-
duction rate in this model and find a similar result. As shown in
Fig. 3a, the subduction rate is almost positive in the whole basin,
which indicates that water is subducted into the deep ocean
widely in the subtropical South Pacific in September. But we
could still confirm three maximum areas in the SEP and one
maximum area in the subtropical Southwest Pacific. All of the
subduction maximum regions are highly corresponding with the
MLD fronts (the density of the black contours could represent the
front intensity in Fig. 3). We still focus on the SEP region in this
paper and discuss the MLD front change after global warming next.

3.2  MLD variability in a warmer climate and its influence on sub-
duction change
RCP8.5 experiment has been used to represent an extremely

warmer climate in the future in this paper. MLD deepens obvi-
ously in most of the chosen regions in the RCP8.5 scenario, and
this phenomenon has been mentioned in previous research (Luo
et al., 2011). We have shown the spatially non-uniform MLD pat-

tern in the present climate above. While the MLD variability is
also spatially dependent after global warming in this model
(Fig. 3c). We will explore the detail in the next paragraph. As
MLD front intensity dominants the subduction process, we check
the subduction rate and the MLD front changes together.

Compared to the historical simulation, the subduction rate
increases in basin-scale but significantly in the three key regions
(marked as K1, K2 and K3 in Fig. 3c) after global warming. The
increasing subduction would accelerate the mixed layer water in-
trusion into the permanent thermocline under this warmer cli-
mate. All the key regions are corresponding with the MLD chan-
ging fronts. For example, MLD deepens to the south of Region K1
(solid lines in Fig. 3c, where the MLD is relatively deep in histor-
ical simulation) and shallows to the north of Region K1 (dashed
lines in Fig. 3c, where the MLD is quite shallow in historical sim-
ulation). As a result, the MLD front in Region K1 is strengthened
and moves southward in the RCP8.5 experiment. There are simil-
ar changes in the other two regions. These variabilities in three
key regions indicate that the MLD front is not only important un-
der the present climate, but also one dominant factor on the sub-
duction change after global warming. The process of how MLD
influences the subduction rate has been described in detail in our
previous studies (Xia et al., 2015, 2018).

In conclusion, the MLD is non-uniform in the present cli-
mate, while the MLD variation from historical simulation to
RCP8.5 scenario experiment is also non-uniform in the SEP. The
original shallow mixed layer shoals but the original deep MLD
becomes deeper in all key regions, enhancing the MLD front and
the subduction rate. It could better explain why more mode wa-
ter formed under a warmer climate (Luo et al., 2011). The above
change also impacts that the MLD front is generally more sensit-
ive than the local MLD to climate variability, not only in the sub-
tropical Northeast Pacific (Xia et al., 2018) but also in the SEP.

4  The mechanisms of the MLD change after global warming
In Section 3, we described the MLD climatology patterns in

the present climate and future warmer projection. MLD non-uni-
form variability in the future changes the MLD front location and
intensity, and then influences the subduction variability. Espe-
cially, the most visible changes locate in the three key regions,
which indicate the MLD and its front changes are locally and
non-uniform. Corresponding to the deepening of the mixed lay-
er, the major dominant factors will be discussed in this section,
including Ekman pumping caused by the wind stress, net heat
flux, freshwater flux, and the ocean advection.

4.1  Ekman pumping and buoyancy flux
As shown in Fig. 4a, the model could simulate the southeast

trade wind near the equator and a westerly jet in the middle latit-
udes in the subtropical South Pacific. There is positive (down-
wards) Ekman pumping in almost the whole basin, and larger ab-
solute values of positive Ekman pumping are located in the west
and east of the subtropical South Pacific (about 25°S) respect-
ively, generally consistent with the two MLD local maximum re-
gions (contours in Fig. 4, over 120 m in the west and 100 m in the
east). However, the Ekman pumping maximum core in the SEP
(25°S, 85°W) locates to the north of the MLD maximum core
(>140 m), which implies that the Ekman pumping could not fully
explain the MLD maximum formation. Considering the up-
welling near the west coast of South America (cold colors in
Fig. 4a), the Ekman pumping is the major factor determining the
northeastern boundary of the MLD maximum region (similar to
Huang, 2010). This result is also highly consistent with the obser-
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Fig. 3.     The mean mixed layer depth (MLD, contours, interval
20 m) and subduction rate (shading, positive means subduction)
in September in historical simulation (a) and RCP8.5 experiment
(b); and the differences of MLD (contours, interval: 20 m) and
subduction rate (shading) between two scenarios (RCP 8.5 minus
historical) (c). Magenta frames in c represent the three key re-
gions  where  subduction  increases  significantly  in  the  SEP,
marked as K1, K2 and K3, respectively. In c, positive subduction
rate means subduction increases.
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vation from Quick Scatterometer winds (Liu and Lu, 2016). After
global warming, the trade wind (north of 30°S) is increased
(Fig. 4c) and enhances the downward Ekman pumping to the
south of 19°S, except for the west of 150°W. This Ekman pumping
variability helps to deepen the MLD in almost the whole basin,
but not consistent with the actual non-uniform MLD change pat-
tern (contours in Fig. 4). For example, the MLD deepens in the
south of Region K1 but shoals in the north, but downward Ek-
man pumping increases in all of Region K1. However, the Ekman

pumping variability contributes to the MLD change in Region K2
well. This phenomenon indicates that the contribution of Ekman
pumping variability is regionally varying and only dominant in
Region K2 after global warming in this model (Table 1, red ar-
rows means positive effect for the corresponding MLD change).

Including the heat flux and freshwater flux, buoyancy flux is
also important for the MLD deepening in austral winter. We cal-
culate the net heat flux from the atmosphere to the ocean in Fig. 5.
The spatial pattern of heat flux in the RCP8.5 scenario (Fig. 5b) is
similar to that in the historical simulation (Fig. 5a). Here the neg-
ative values mean the ocean loses heat to the atmosphere and
contributes to deepening the MLD. Similar to heat flux, we show
the freshwater flux in Fig. 6. The positive values mean evapora-
tion larger than precipitation, increasing the vertical mixing pro-
cess and deepening the MLD. No matter in which experiment,
both heat flux and freshwater flux are quite significant for the
MLD deepening. However, if we check the difference (RCP8.5
minus historical), we were surprised to find that both heat flux
and freshwater flux changes are not consistent with the MLD
change. For example, negative values in the north of the region
K1 (Fig. 5c, north of 25°S, east of 130°W) represent ocean loses
more heat and contributes to deepening the MLD, while the
MLD decreases actually in this region. A similar result occurs in
the south of Region K1. Generally, the heat flux variability makes
positive contributions to the MLD change only in Region K3
(Fig. 5c). The freshwater flux is strengthened almost in the whole
basin, regardless of whether MLD is deepened or shallowed
(Fig. 6c).

In other words, Ekman pumping, heat flux and freshwater
flux are all important for the MLD spatial pattern in both historic-
al and RCP8.5 scenarios, but none of them could explain the
MLD non-uniform change clearly. So ocean advection will be
considered in the next part in detail.

4.2  Potential density horizontal advection
As shown in Section 4.1, both heat flux and freshwater flux af-

fect the vertical mixing process obviously in this region, we could
not only analyze the ocean heat variability, as we did in some
previous research (Xia et al., 2015, 2021). Combined with the
temperature and salinity advection effect, the role of potential-
density horizontal advection (PDHA) in the upper ocean is in-
vestigated in this section. PDHA has been defined in Section 2.2.

In the historical simulation, we find a large PDHA “positive
tongue” (about 23−28°S) extends far to the east, corresponding to
the MLD “shallow tongue” near Region K1 (Fig. 7a). The forma-
tion of PDHA “positive tongue” seems based on the geostro-
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Fig. 4.   The mean mixed layer depth (MLD, contours, interval 20
m), wind stress (vectors), and Ekman pumping (shading, down-
ward is positive, contribute to deepening the MLD) in September
in historical simulation (a) and RCP8.5 experiment (b); and the
differences of wind stress (vectors) and Ekman pumping (shad-
ing)  between  two  scenarios  (RCP  8.5  minus  historical)  (c).
Magenta frames in c represent the three key regions defined in
Fig. 3. In a and b, positive subduction rate means subduction,
and in c, postive Ekman pumping means the downward Ekman
pumping increases.

Table 1.   Qualitative comparison of the contributions of major factors to the MLD change after global warming

Variable
Region K1 Region K2 Region K3

North South North South North South

ΔMLD ↓ ↑ ↓ ↑ ↓ ↑
Δwe ↑ ↑ ↓ ↑ ↑ ↑
ΔQ ↓ ↑ ↓ ↓ ↑ ↓

Δ(E−P) ↑ ↑ ↑ ↑ ↑ ↑
ΔPDHA ↑ ↑ ↑ ↓ ↓ ↑
ΔPDHAg ↓ ↓ ↓ ↓ ↓ ↓
ΔPDHAe ↑ ↑ ↑ ↓ ↑ ↑

Δwe

ΔPDHAe ΔPDHAg

Δ

          Note: Regions K1, K2 and K3 are the three key regions defined in Fig. 3c. ΔMLD, , ΔQ, Δ(E−P), ΔPDHA represent the changes of mixed
layer depth, Ekman pumping (positive values help the MLD deepening), net heat flux from the atmosphere to the ocean (positive values help
the  MLD  shoaling),  freshwater  flux  (evaporation  minus  precipitation,  positive  helps  the  MLD  deepening)  and  upper—ocean
potential—density horizontal advection (positive helps the MLD shoaling) after global warming, respectively.  and  are the
two components of PDHA: Ekman advection and geostrophic advection change. ↑ means the factor increases after global warming, while ↓
means the factor decreases; the red color represents that factor provides a positive contribution to the regional MLD change.
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PDHAe PDHAg

PDHAg

PDHAg

PDHAe

PDHAg

PDHAe

phic advection by STCC (Fig. 8a), by transporting lighter water
in the upper layer and stabilizing the stratification (Liu and Lu, 2016).
The STCC blocks the westward extension of the deep mixed layer
a n d  f o r m s  t h e  M L D  “ s h a l l o w  t o n g u e ” ,  t h e n  c o m b i n e s
the westward advection to the north side and causes the oppos-
ite PDHA “negative tongue” (about 18°–23°S) to the north side.
These two PDHA “tongues” are highly consistent with the two MLD
“tongues”. Due to the lack of ocean velocity data, the previous re-
search could only explain the advection effect by geostrophic ve-
locity. To verify this, we compare the Ekman and geostrophic
components (  and ) next. It is easy to find a strong
eastward  in both Figs 8a and b, extending over 100°W
between 20°S and 30°S. While the strength and north-south range
of the  “positive tongue” is smaller to the west of 135°W
but larger to the east of 135°W than that of total PDHA, which im-
plies that the  component caused by wind stress provide a
similar contribution with  to the west of 135°W but an op-
posite contribution to the east of 135°W. The contribution of

 component could also be confirmed in Fig. 9a directly. In
other words, the MLD “shallow tongue” and “deep tongue” in
Region K1 are the combined effects of two PDHA components in
the present climate. The changes of both components may be the
sources for the amplified indented structure of MLD in this model.

In the present climate, the total PDHA also explains the north
boundary of MLD maximum near Region K2 well, as a strong
positive PDHA limits the MLD deepening (Fig. 7a). Comparing its
two components (Figs 8a and 9a), we find a strong positive

PDHAe PDHAg

PDHAe

 is consistent with the PDHA, while the  is negative
in Region K2. Considering other factors, we conclude that the

 and the Ekman pumping are most dominant for the MLD
pattern in Region K2, both affected by surface wind stress. But
the contribution of PDHA is not quite significant in Region K3,
where heat flux is more important.

The PDHA vertical structure is shown clearly in different re-
gions in Fig. 10. In the present climate, the shallow MLD (north of
18°S) is consistent with the high positive PDHA upper 50 meters
and a weak negative PDHA under the mixed layer (Fig. 10a and
Fig. 10c). This indicates that the Ekman component is dominant
in the north of 18°S. By contrast, a weak negative PDHA (vertical
integration) occurs near the MLD “deep tongue” (18°–23°S), con-
tributing to the deepening MLD. Notice that another positive
PDHA affects the MLD “shallow tongue” (23°–28°S), but deeper
than that north of 18°S.

After global warming, we find the variability of PDHA spatial
pattern is more non-uniform than the changes of Ekman pump-
ing and buoyancy flux. For example, the significantly increased
PDHA (north of 21°S, 150°−110°W) is highly consistent with the
local MLD shallowing in the north of Region K1 (Fig. 7c). On the
contrary, the PDHA is a little decreased on the south side, deep-
ening the MLD. In other words, the strengthened MLD front in
Region K1 is generally caused by the antisymmetric change of
PDHA on both sides of the front. The depth-latitude section of
the PDHA (Fig. 10b) also shows this consistency. The increased
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Fig. 5.   The mean mixed layer depth (MLD, contours, interval 20
m) and net heat flux from the atmosphere to ocean (shading) in
September in historical simulation (a) and RCP8.5 experiment
(b); and the differences of MLD and net heat flux (shading, unit:
W/m2)  between two scenarios  (RCP 8.5  minus historical)  (c).
Magenta frames in c represent the three regions defined in Fig. 3.
In a and b, positive net heat flux means ocean get heat and helps
to shallow the MLD, and in c positive difference of netheat flux
means ocean get more heat.
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Fig. 6.   The mean mixed layer depth (MLD, contours, interval 20
m) and E−P flux (evaporation minus precipitation) from the at-
mosphere to ocean (shading) in September in historical simula-
tion (a) and RCP8.5 experiment (b); and the differences of MLD
and E−P  flux (shading) between two scenarios (RCP 8.5 minus
historical) (c). Magenta frames in c represent the three regions
defined in Fig. 3. In a and b, positive E−P flux means the upper
ocean salinity increasing and helps to deepen the MLD, and in c,
positive difference of E−P flux means ocean becomes saltier.
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PDHAe

PDHAg

positive PDHA near (21°−15°S) concentrates on upper 50 meters,
which implies the increased PDHA is due to the strengthened

 (also seen in Fig. 9c). While the decreased PDHA south of
22°S seems to source from the  change. Besides, the in-
creased positive PDHA occurs a significant southward displace-
ment, leading to the southward MLD front.

PDHAe

PDHAg

Especially, we find the STCC increases to the west of 135°W
and provides lighter water, but decreases to the east of 135°W. As
a result, the source of decreased PDHA in the south of Region K1
i s  m o r e  c o m p l e x ,  r e s u l t i n g  f r o m   w e s t  o f  1 3 5 ° W
(Fig. 9c) but  east of 135°W (Fig. 8c). A similar analysis
shows that the PDHA change also works in Region K2, but not
significant in Region K3 (Figs 7c, 8c, 9c and 10d). We summarize
the PDHA change contributions with other factors in Table 1.

PDHAe

PDHAe

In summary, the PDHA, including the Ekman and geostroph-
ic components, is important for both the MLD climatology non-
uniform pattern and its non-uniform change after global warm-
ing. Comparing with Ekman pumping and buoyancy flux, we find
these factors are regionally dependent seriously. We summarize
the contributions of the above elements to the three key regions of
MLD change in Table 1. One important fact is that many factors
contribute to the MLD deepening in the south of the three key re-
gions, but only one or two factors making positive contributions
to the MLD shoaling in the north sides. In Region K1, the in-
creased  is dominant for the MLD shoaling in the north
side after global warming. The MLD shoaling in the north of Re-
gion K2 is mainly due to the changes of  and Ekman

pumping, which implies the wind stress is the most significant
factor. While net heat flux seems more important in Region K3,
leading to the weak MLD “shallow tongue” in the present climate
and the corresponding variability after global warming. Finally,
the southward MLD front seems mainly due to the significant
southward displacement of PDHA in all the key regions.

5  Conclusions and discussion
A qualitative investigation of the relative importance of Ekman

pumping, net surface heat flux, freshwater flux, and horizontal
density advection on the winter MLD in the subtropical South-
east Pacific was conducted in this study using the ESM2M in both
historical simulation and RCP8.5 scenario. Similar to previous re-
search, the seasonal MLD is deepened from May and reaches its
maximum in September in this model. A local MLD maximum
(>160 m) exists near (24°S, 104°W) in the historical simulation.
The MLD spatial pattern is non-uniform in the present climate,
with three significant characteristics: (1) MLD maximum region
extends from the Southeast Pacific to the West Pacific and forms
a “deep tongue” until 135°W, influenced by an obviously “shal-
low tongue” of MLD extending eastward; (2) the northern bound-
ary of the MLD maximum is smoothly and almost zonally near
18°S, and shallows sharply to the northeast; and (3) there is a rel-
atively shallow MLD inserted into the eastern boundary near
(26°S, 80°W) as a weak “shallow tongue”. Therefore, three MLD
fronts generate due to the MLD non-uniform spatial pattern, loc-
ated in the three key regions: (1) K1, the north side of the “deep
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Fig. 7.   The mean mixed layer depth (MLD, contours, interval 20
m), the vertical average velocity (vectors), and the PDHA (shad-
ing, vertical integration above 100 m, positive values help MLD
shoals) in September in historical simulation (a) and RCP8.5 ex-
periment (b); and the differences of MLD, the vertical average ve-
locity, and the PDHA (shading) between two scenarios (RCP 8.5
minus historical) (c). Magenta frames in c represent the three re-
gions defined in Fig. 3.
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Fig. 8.   The mean mixed layer depth (MLD, contours, interval 20
m), the vertical average geostrophic velocity (vectors) and the

 (shading, vertical integration above 100 m, positive val-
ues help MLD shoals) in September in historical simulation (a)
and RCP8.5 experiment (b); and the differences of MLD, the ver-
tical  average  geostrophic  velocity  and  the   (shading)
between two scenarios (RCP 8.5 minus historical) (c). Magenta
frames in c represent the three regions defined in Fig. 3.
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MLD tongue”; (2) K2, the northeast of the MLD maximum region;
and (3) K3, the south side of the weak “shallow tongue” near the
east boundary (Fig. 3c). The MLD fronts are highly correspond-
ing with the large effective subduction rate.

The RCP8.5 experiment has been used to represent an ex-
tremely warmer climate in the future in this paper. From the
RCP8.5 experiment, we find the MLD deepens or shallows spa-
tially dependent after global warming (Fig. 3c), instead of uni-
formly deepening in this region. The MLD change influences the
MLD front and then increases the subduction rate in the three
key regions, consistent with the MLD three characteristics men-
tioned above. This distribution indicates that the MLD front is
not only important under the present climate, but its change is
also the dominant factor in the subduction variability after global
warming. The MLD front seems generally more sensitive than the
local MLD to climate variability, not only in the subtropical
Northeast Pacific (Xia et al., 2018) but also in the subtropical
Northeast Pacific. The original shallow mixed layer shoals but the
original deep MLD becomes deeper in all the key regions, enhan-
cing the MLD front and the subduction rate.

PDHAe

Though similar MLD changes appear in these key regions,
their dominant mechanisms are quite regionally varying. Com-
paring PDHA with Ekman pumping and buoyancy flux, we find
the regional diversity of these factors are significant. As we sum-
marized in Section 4, the MLD antisymmetric changes mainly
source from the MLD shoaling in the north sides of the three re-
gions, with dominant factors:  change for Region K1,

PDHAe

PDHAg

 and Ekman pumping change for Region K2 and net heat
flux change for Region K3. Thus, the contributions of all the
factors are effective regionally and changing with the climate
variability. Notice that the freshwater flux helps to deepen the
MLD, but its distribution is more uniform in the whole basin, so it
hardly works on the regional varying MLD. Table 1 also indicates
that the PDHA, especially its Ekman component, is truly import-
ant for the MLD non-uniform variability after global warming.
Though  controls the formation of the MLD “shallow
tongue” (similar to Liu and Lu (2016)), its effects in three key re-
gions are almost negative. Finally, the southward movement of
the MLD front seems to be from the significant southward dis-
placement of PDHA in all the key regions.

The spatial and temporal distributions and variations of the
winter MLD control the MLD front, influencing the subduction
process and the mode water formation. Considered about the
important climate effects on the tropic region (Gu and Philander,
1997), a more accurate quantitative diagnostic on the MLD and
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Fig. 9.   The mean mixed layer depth (MLD, contours, interval 20
m), the vertical average Ekman horizontal velocity (vectors) and
the  (shading, vertical integration above 100 m, positive
values help MLD shoals) in September in historical simulation
(a) and RCP8.5 experiment (b); and the differences of MLD, the
vertical average Ekman horizontal velocity and the  (shad-
ing)  between  two  scenarios  (RCP  8.5  minus  historical)  (c).
Magenta frames in c represent the three regions defined in Fig. 3.
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Fig. 10.   Depth-latitude section of PDHA (shading) along 140°W
to 130°W (a, b) and along 87°W to 85°W (c, d). a and c. the present
climate, and b and d. The change after global warming (RCP8.5
minus historical). Superimposed are the MLD in historical (black
lines) and RCP8.5 (dashed lines). We check the PDHA in Region
K1 from a and b, and Regions K2 and K3 from c and d.

112 Xia Ruibin et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 12, P. 104–113  



subduction process is necessary for further work. For example,
the Liang-Kleeman information flow method (Liang, 2014) may
be one useful method for this multi-source forcing effects analys-
is (Jiang et al., 2019). Besides, we may also learn more about the
inter mechanisms through multi-model comparison (Xia et al.,
2018, 2021).

×

In recent years, more and more studies focus on the meso-
scale eddy effect on the subduction process and the mode water
formation. It is found that eddy activities contribute to the MLD
variation in various time scales (days to years), and then impact
the subduction process in many regions (Wen et al., 2020; Xu et
al., 2016, 2017). As the CMIP5 models are generally in 1° 1° resol-
ution, their output results could not resolve the eddy effect. With
the development of high-resolution models in CMIP6, exploring
the mesoscale eddies in decadal to multi-annual cycles in a
warmer or colder climate becomes realizable, which will be car-
ried out in our future research.
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