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The effects of ocean chlorophyll on the mode water subduction rate in the subtropical
mode water (STMW) and central mode water (CMW) in Pacific Ocean are investigated by
performing two ocean-only experiments, using two different solar radiation penetration
schemes, one with and one without chlorophyll effects. The biological impacts on mixed
layer depth (MLD), upper ocean temperature and density are analyzed. Results show
that the subduction rates of both STMW and CMW are increased with the effects of
ocean chlorophyll. The increase in the subduction rate is mainly caused by the increased
lateral induction term, which is related to larger MLD gradient in early spring in the
chlorophyll experiment.

Keywords: subduction rate, ocean model, biological effects, North Pacific Ocean, mode water

INTRODUCTION

The winter mixed layer depth (MLD) in the northwestern and central Pacific Ocean shows significant
seasonal variation. It reaches a maximum (approximately 200 m) in March (Figure 1A) along the
Kuroshio Extension region. Separating the deep mixed layer from the shallow one in the rest of the
subtropical gyre is a transition zone called the MLD front. At the cross point of the MLD front and
outcropping line, water is inducted from the deep mixed layer into the main thermocline by the
southeastward Sverdrup flow, forming a local potential vorticity (PV) minimum (Kubokawa, 1999;
Xie et al., 2000; Xie et al., 2010). These vertically homogeneous water masses are called mode water.
The subtropical mode water (STMW) was identified by Masuzawa (1969) and with vertical uniform
layer of 25.2-25.6 oy, It is formed just south of the Kuroshio and Kuroshio Extension between ~132°E
and near the dateline. Nakamura (1996) identified the central mode water (CMW) with uniform
layer of o4 26.0-26.5. CMW is formed north of the Kuroshio Extension. A composite analysis of
Argo data in 2003-2008 demonstrated that lighter (denser) CMW is formed at 33°-39°N (39°-43°N)
extending from ~142°E to 160°W (Oka et al., 2011).

The winter MLD in the mode water formation region is mainly caused by local surface cooling
(Iwamaru et al., 2010) and ocean dynamic associated with westward propagating Rossby waves from
the central North Pacific (Qiu and Chen, 2005), which could cause pycnocline depth anomalies,
modify the upper ocean stratification and wintertime mixed layer (Sugimoto and Hanawa, 2010;
Lin et al.,, 2020). Mode water memorizes wintertime ocean-atmosphere interactions and might
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FIGURE 1 | (A) March climatology of the mixed layer depth larger than

100 m (shaded) and the density at the surface (black solid line) for WOA13
along with the PV=2.0x10"m" 5" on 25.3 ¢, (Magenta dashed) and 26
o, (green dashed), bold solid black contour shows surface density at 25.3 o,
and 26 o, . (B) is the same as (A) but for LICOM except dashed contour for
PV=2.0x10""m"" s'" on 25 o, and 26 o, , and bold solid contour for surface
density at 25 o, and 26 o, . The lighter low PV layer (megenta dashed)
corresponds to the core layer of the STMW, while the denser layer (green
dashed) corresponds to the core layer of the CMW. (C) March climatology of
chlorophyll concentration in mg m=. The chlorophyll data is satellite-retrieved
from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) covering the
period from September 1997 to December 2007.

reemerge in the surface mixed layer in the subsequent winter
(Bingham, 1992; Qiu and Chen, 2006; Oka and Qiu, 2012) and is
believed to play an important role in climate variability (Hanawa
and Kamada, 2001).

In addition to dynamic and thermodynamic processes, some
biological processes, such as phytoplankton in the euphotic layer,
can also affect the upper mixed layer through their impacts on
the vertical distribution of solar radiation (Lewis et al., 1983; Lin
et al.,, 2007; Ma et al., 2014; Ma et al., 2021). The chlorophyll in
the ocean could trap more heat in the upper layer, and less solar
radiation could reach the subsurface. As a result, chlorophyll
could affect the vertical distribution of penetrative solar
radiation and modulate the upper ocean temperature and MLD.
Earlier studies have shown that the existence of phytoplankton
could result in surface warming, subsurface cooling, and
mixed layer shoaling (e.g., Lewis et al., 1983; Lewis et al., 1990;
Sathyendranath et al., 1991; Siegel et al., 1995). Other studies
found that ocean biological effects could lead to SST cooling in
the equatorial Pacific upwelling region (Nakamoto et al., 2001;
Anderson et al., 2007; Lin et al., 2007), the eastern tropical Indian
Ocean (Liu et al., 2012a; Ma et al., 2015) and the South China Sea
(Ma et al,, 2012). With the uneven distribution of chlorophyll in
the upwelling region, horizontal and vertical density gradients

could change, and lead to strengthened upwelling, decreased
sea surface temperature (SST) and shallower MLD. In addition,
the ocean chlorophyll also has a cooling effect in strong vertical
mixing regions like the north Arabian Sea (Ma et al., 2014) and
in mid-latitudes of the world’s oceans (Ma et al., 2021). In strong
mixing regions, biological impacts on MLD are weak as solar
penetration cannot affect such a deep depth. So, the biological
impacts on MLD are closely related to the local dynamics.

Most previous studies on the effects of ocean chlorophyll
have focused on the tropics, and little attention has been given
to the mid-latitudes. In fact, ocean biological effects should not
be neglected in the mid-latitudes. The chlorophyll concentration
(Chl) shows a band of high values (>0.3 mg m ) in the region
of 30°-40°N in the North Pacific during the spring bloom
(Figure 1C). Ma et al. (2021) found that SST cools (warms) and
MLD shoals with biological effects in the mid-latitudes of the
North Pacific Ocean during winter (spring). And the biological
impacts on MLD are not evenly distributed. According to Xie
et al. (2000), the winter MLD distribution is key to mode water
formation. Therefore, we further want to know whether and to
what extent ocean biological effects could impact the mode water
subduction rate in the north and central Pacific region.

In the present study, the effects of ocean chlorophyll on the
mode water subduction rate in the northwestern and central
Pacific region were investigated by comparing two numerical
experiments. The rest of the paper is organized as follows. In
Section 2, we describe the model and experiments used in the
study. In Section 3, we analyze the biological effects on the mode
water subduction rate and investigate the mechanism. In Section
4, we summarize these results.

MODEL AND EXPERIMENTS

Observational Data

The climatological ocean temperatures and salinities used for
density and PV are from World Ocean Atlas 2013 (WOA13)
(Locarnini et al., 2013; Zweng et al., 2013), with a resolution of
1° x 1°. Satellite-retrieved Chl data from the Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) (http://oceandata.sci.gsfc.nasa.
gov/SeaWiFS/Mapped/Monthly/9km/chlor/) are used in the
present study to analyze the ocean chlorophyll effect. The data
are monthly and cover the period from September 1997 to
December 2007.

Model Description

The model used in this study is the State Key Laboratory of
Numerical Modeling for Atmospheric Sciences and Geophysical
Fluid Dynamics (LASG)/Institute of Atmospheric Physics (IAP)
Climate System Ocean Model (LICOM), version 2 (Liu et al,,
2004a; Liu et al., 2004b; Liu et al., 2012b). The zonal resolution
of LICOM in the present study is 1°. The meridional resolution is
0.5° between 10°S and 10°N and then gradually decreases to 1° at
20° (N/S). The model has 30 levels in the vertical direction, with
15 uniform 10 m levels in the upper ocean and 15 nonuniform
levels below 150 m. The forcing of the ocean model comes
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from both the Corrected Inter-Annual Forcing (CIAF) and
the Corrected Normal Year Forcing (CNYF) of the Common
Ocean-ice Reference Experiments (CORE) dataset (Large and
Yeager, 2004).

A double exponential formula is employed to describe the
penetration of solar radiation in LICOM:

T =1/1,=Rxe " +(1-R)e*'" (1)

Where T, is called transmission function, I is downward
solar radiation penetrating to a certain depth z and I is the
downward solar radiation at sea surface. The first term on the
right side of Eq. (1) represents the rapid attenuation in the upper
5m due to absorption of the red end of the spectrum, and the
second term represents the attenuation of blue-green light below
10m (Paulson and Simpson, 1977). Jerlov (1968) classified the
seawater according to the seawater transparency, and type I is
considered to be clear water and with no biology. In LICOM, the
seawater was hypothesized to be type I. Following Jerlov (1968),
and R, L, and L, are set to 0.58, 0.35m and 23m, respectively. The
pure water experiment referred to as NOCHL.

In the sensitivity run, the scheme proposed by Ohlmann
(2003) is employed to represent the influence of Chl on solar
radiation penetration (hereafter referred to as CLIMCHL).
In CLIMCHL, all four parameters are functions of Chl (see
Equation 5 and 6 of Ohlmann, 2003). In the CLIMCHL run, the
23 m penetration depth approximately corresponds to a Chl of
0.057 mg.m>. The chlorophyll concentration in present study
region is more than 0.057 mg.m= and the penetration depth is
shallower than 23 m (figure not shown). Therefore, more solar
radiation will be absorbed by the upper layer in the CLIMCHL
run than in the NOCHL run and less solar radiation will
penetrate below. The chlorophyll data used in the CLIMCHL run
are the climatological SeaWiFS monthly mean. Both experiments
were run for 10 years (1998-2007). More details about the model
configuration can be found in Lin et al. (2007).

Model Evaluation
f o

PV is defined as Q = ___p. po is the reference water density

Py 0z
(1024 kg m*3), a_P is the verticwal gradient of potential density,

and fis the Cori@lzis parameter. The MLD is defined as the depth
at which the water density is 0.125 kg m™ denser than the sea
surfaces (Levitus, 1983). In observations, the MLD maxima at
approximately 200 m show two zonal bands at 40°N and 30°N
(Figure 1A), which are key regions for the formation of low PV
waters (Kubokawa, 1999). The simulated MLD does not fully
capture this feature, with one zonal maxima band in the north of
35°Nand with southern edge of MLD front slanting northeastward
(Figure 1B). The maximum MLD in the model is deeper than that
in the observations, with the maximum simulated MLD reaching
up to 250 m. The biases of the MLD are mainly caused by the
coarse horizontal resolution of this simulation.

Figure 2 shows the total volume of low PV water (less than
1.5x10° m?! s') over the northwestern and central Pacific

(135°E-155°W, 25°N-40°N) for the observations from the
WOA13 and the LICOM simulation. Low PV water is clustered
at 24.9-25.6 o, and 25.7-26.5 0, in WOA13. The lighter one is
related to subtropical mode water (STMW) and the denser one
is related to central mode water (CMW). In LICOM, the total
volume of the low PV water for each density class shows a single
peak in the CMW range and is clustered at 25.7-26.5 0. The
mode water properties of CMW in the model are almost matched
to the observation in both core layer density and total volume,
with a peak at 26 o, (Figure 2B). For STMW, low PV water in
WOA13 is concentrated in narrow density ranges with higher
magnitudes, with a peak at 25.3 o, (Figure 2A). In LICOM,
volume of low PV water in each density range is weaker and is
almost equally distributed in a broad density range (Figure 2B).

The weaker PV minimum volume of STMW in model could
also be seen in the horizontal distribution of PV minimum in
Figure 1. The region between the 25.3 o4 (25 04) contour and
magenta dashed contour shows the core layers of the STMW
formation region for observation (LICOM). According to
Kubokawa (1999) and Xie et al. (2000), an isopycnal PV
minimum forms where the outcrop line (surface density isoline)
intersects a MLD front. In observation, the MLD front is almost
zonal, which is almost parallel to the outcrop line especially in the
west of dateline (Figure 1A), so the PV minimum is in a broad
region but concentrated only in a narrow density range. In the
coarse resolution LICOM, the MLD front slants northeastward
from the southwestern region of the subtropical gyre, the outcrop
lines slant slightly southeastward (Figure 1B). As mode water
with minimum PV forms where the outcrop line intersects
the MLD front by lateral induction (Xie et al.,, 2000), the PV
minimum is limited to a narrow region but in a wide density
range (Figure 1B) and almost equally distributed (Figure 2B). So
the low PV tongue of the STMW is smaller in the LICOM than in
the observations. The meridional MLD gradient maximum west
of dateline in LICOM lies eastward compared to WOA13, so the
location of core layer PV minimum in STMW also lies eastward
in LICOM.

The northern band of the deep MLD extending to
approximately 160°W is related to the CMW, with a denser PV
minimum layer (Figure 1). The region between the 26 o4 contour
and green dashed contour shows the core layers of the CMW
formation region for both observation and LICOM. As the
MLD front east of date line in LICOM lies eastward compared to
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FIGURE 2 | Volume of low PV water (less than 1.5x10° m s) in March
for each density class in the northwestern and central Pacific (135°E-155°W,
25°N-40°N) for (A) WOA13 and (B) LICOM. The interval is 0.1 kg m-=. Depth
range is 0-300m.
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WOA13, the low PV region of CMW in the model extends much
farther eastward (Figure 1B).

The seasonal variation in the simulated MLD agrees well with
the observations, with the deepest MLD (more than 200 m) in
March and the shallowest MLD (less than 20 m) in summer,
except that the simulated MLD is deeper than the observed
MLD, especially in early spring (Figure 3A). The observed and
simulated SSTs also show similar seasonality, except the SST in
the model is warmer than that in the observations on average
(Figure 3B). The subsurface temperature shows warmer water
in the south and cooler water in the north (figure not shown),
which leads to lighter water in the south and denser water in the
north. As we focus on the difference between experiments, the
effects of these biases could be canceled out.

RESULTS AND DISCUSSION

Impacts of Ocean Chlorophyll on SST
and MLD
Chl in the 30°N-40°N shows strong seasonal variability. Chl
could reach to higher than 0.4 mg m? during spring bloom
(Figures 4A-C) and with a maximum in April (Figure 4B). The
SST differences between CLIMCHL and NOCHL are negative in
winter and turn to positive in late spring (Figures 4D-F), and
reaches a positive peak during June and July (>0.15°C, figure not
shown). The statistical significance of SST difference is evaluated
using a Students t-test. The negative/positive SST difference
indicates that chlorophyll could trap less/more solar radiation in
the mixed layer. The Chl variation leads to a SST difference of
approximately two months. This is because chlorophyll directly
affects solar radiation, which controls the temperature tendency,
not the temperature (according to the equation for the mixed
layer heat budget). Therefore, the temperature difference reaches
its peak when chlorophyll decreases.

Notably, the MLD differences are negative during the spring
(Figures 4G-I), with the largest differences in April (>20 m)
(Figure 4H). The negative MLD difference indicates that the

30

130E  155E 180 155W

FIGURE 3 | The seasonal variation in (A) MLD (m), (B) SST (°C) averaged
between 30°N and 40°N in the north Pacific. The shaded and black contours
are for WOA13, and the while contours are for LICOM.

existence of chlorophyll leads to a shallower MLD. This indicates
that the spring bloom in this region could obviously impacts the
MLD, and the MLD could be lifted more quickly during April with
the existence of chlorophyll. The large negative MLD difference
values lies around the MLD front in March (Figure 4G) and
almost the whole study region in April (Figure 4H). The more
quickly lifted MLD in the CLIMCHL run, which is caused by
the larger buoyancy frequency (figure not shown), has a potential
impact on the subduction rates in the spring season.

Impacts of Ocean Chlorophyll on
Subsurface Density and PV

In addition to the impacts on SST and MLD, chlorophyll can
also alter the subsurface temperature and density (Figure 5). At
165°E, the subsurface temperature at approximately 50-300 m for
the CLIMCHL run cools by approximately 0.1-0.3°C and further
leads to denser water in the subsurface (50 -300 m) in all three
months. This could decrease the vertical density gradient at this
depth. The temperature differences in the upper 50 m become
positive in April, which leads to lighter water. The situation is
similar for the section at 170°W but with larger temperature
and density differences between experiments. The statistical
significance of potential density difference is evaluated using a
t-test.

Due to the biological effect on the vertical distribution of solar
radiation, the change of vertical density gradient could impact
the PV. Mode waters with low PV (less than 2x10-1° m! s!) (Suga
and Hanawa, 1995; Nakamura, 1996; Qu et al., 2002) tend to
form where the winter MLD front intersects with the outcrop
line. Compared with the NOCHL run, the decrease of vertical
density gradient (50-300m) in CLIMCHL run leads to a lower
PV in the mode water formation region (gray shade in Figure 6).
PV decreases about 0.05x101° m! s in the STMW formation
region around 25°-30°N at 165°E (Figure 6A) and about 0.05
- 0.1x10° m™ s in the CMW formation region around 33°-
38°N at 170°W (Figure 6B). The statistical significance of PV
difference is evaluated using a t-test. Lower PV and more quickly
lifted MLD might make the mode water subduct beneath the
mixed layer more easily.

Impacts of Ocean Chlorophyll on
Subduction Rate

According to Qiu and Huang (1995) and Qu et al. (2002), the
annual subduction rate Sann can be obtained by integrating the
instant subduction rate over one year (T) from the end of the
first winter t1 to that of the second winter t2 in a Lagrangian
framework. The subduction rate is defined as

15
S, =ifs(t)dt )

t

17 1
— _Ft mbdt +?(hm (tl) _hm (tZ))

Thefirstterm on theright-hand siderepresents the contribution
from vertical pumping at the base of the mixed layer, where w,
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155E. 180

FIGURE 4 | Climatological mean of SeaWiFS chlorophyll concentration (mg m) for (A) March, (B) April and (C) May. Shaded in (D-F) are for SST differences
between CLIMCHL and NOCHL, and contours are for SST of NOCHL (°C). Shaded in (G-) are for MLD differences between CLIMCHL and NOCHL, and contours
are for MLD of NOCHL (M). SST and MLD differences are at 95% significant level.

_ March (165°E)

-150 0

Depth(m)

Depth(m)

. May (165°E)
e

FIGURE 5 | The potential density differences (shaded, CLIMCHL-NOCHL, kg
m-9), temperature difference (black contours at 0.05 °C intervals, CLIMCHL-
NOCHL) and MLD for NOCHL (blue line, m) and CLIMCHL (red line, m) at
165°E in (A) March, (B) April and (C) May. (D-F) are the same as (A-C)

but for 170°W. Only the potential density differences that are statistically
significant are shown (95% significant level).

stands for the vertical velocities at the base of the mixed layer,
t; and t, denote the first and second March, respectively, and T
is one year. The second term represents the contribution from
lateral induction due to the slope of the mixed layer base or the
MLD gradient, where h, is the MLD. In Lagrangian coordinates,
the lateral induction term can be estimated by the difference in
the mixed layer depth in the first and second March. In equation
2, the vertical velocities and mixed layer are both from model
output. Here, we trace water parcels with a time interval of 5 days
and obtain Lagrangian trajectories of the mode water.

The subduction rates due to vertical pumping, lateral induction
and the total NOCHL run in the northwestern and central Pacific
are shown in Figures 7A-C. The annual subduction rate due to
vertical pumping is less than 50 m yr! and shows little spatial
variation in the NOCHL run (Figure 7A). Lateral induction
shows a maximum between 30°N and 40°N, 145°E and 160°W,
with values exceeding 100 m yr! (Figure 7B). The maximum
center lies in a long narrow band around (29°-35°N, 140°E-180)
for STMW and a broad region (35-42°N, 180-160°W) for CMW

25N 30N 35N 40N 45N

Depth(m)

FIGURE 6 | The mean potential density (thin black contours at 0.5 o,
intervals, kg m?) and PV (gray shade< 2x10-°m' s°') for NOCHL at

(A) 165°E and (B) 170°W in March. Blue contours are PV differences
between two experiments (x10°© m-' s1, CLIMCHL-NOCHL), and thick
lines show MLD for NOCHL (black line, m) and CLIMCHL (red line, m) in
March, respectively. PV< 0.8x10° m'' s1 are shaded in white. Only the PV
differences that are statistically significant are shown (95% significant level).

(Figure 7B). The total subduction rate is dominated by the latter
and shows a similar pattern to lateral induction, with maximum
values exceeding 150 m yr! (Figure 7C). The maximum
subduction rate lies where the outcrop line intersects the MLD
front (Figure 1B).

The differences in annual subduction rates between the two
experiments are shown in Figures 7D-F. Compared with the
NOCHL run, the horizontal distribution of annual subduction
rates in CLIMCHL run is similar to the NOCHL run, just with
larger value in the center of the subduction region (Figure not
shown). The CLIMCHL run shows little difference (less than
5 m yr') from the NOCHL run in the vertical pumping term
(Figure 7D) but shows an evident increase in the lateral induction
term (5-15 m yr!) in the region between 30° and 40°N, 145°E
and 160°W (Figure 7E), slanting northeastward. The increase is
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FIGURE 7 | (A) vertical pumping, (B) lateral induction and (C) the total
subduction rate in NOCHL run in the north Pacific (m/year). (D-F) are
the same as (A-C) but for the differences between the two experiments
(CLIMCHL-NOCHL).

more than 10m/year in the center of the STMW (30°N-35°N,
150°E-180) and CMW (35°N-42°N, 180-160°W). As a result,
the total annual subduction rate increases about 5-10% in the
key subduction regions (Figure 7F).

To delineate the impacts of ocean chlorophyll on the
subduction rate, we computed the distribution with the
potential density by integrating it for each 0.1 kg m™ interval
of the density field at the base of the March mixed layer in the
northwestern and central Pacific (145°E-160°W, 29°-42°N). In
the NOCHL, subduction rate is around 1.0 Sv in density range
of 24.8-25.6 kg m* and the maximum subduction rate could
reach up to 1.4 Sv (Figure 8). The average subduction rate of the
CLIMCHL run is larger than that of the NOCHL run in almost
all density ranges. The largest differences occur in density range
of 26.0-26.4 kg m~ with an increase of about 5-10%.

We have known that the ocean biological effects mainly
impact lateral induction, which is associated with MLD

front strength. Lateral induction is determined by the MLD
difference between the first and second March on the water
parcel trajectory (second term on the right-hand side of Eq.
(2)). Therefore, either the deeper MLD in the first year or
the shallower MLD in the second year could increase lateral
induction. Besides, the larger horizontal movement of water
parcels could also lead to increase of lateral induction. To
investigate how ocean chlorophyll impacts lateral induction,
Lagrangian trajectories are compared for the two experiments
(Figure 9). Most water parcels between 30°N and 40°N move
eastward, and the water parcels in the south (approximately
30°N) move southeastward, with little difference between
the CLIMCHL and NOCHL runs, except in regions between
25°N and 35°N near the western boundary (Figure 9). Little
difference between trajectories shows that the lateral induction
differences between CLIMCHL and NOCHL runs are mainly
caused by strength of the MLD front differences, not by the
difference of the trajectories.

To check whether the lateral induction increase is related to
the stronger MLD front, the MLD differences between the two
experiments in the first and second years and their differences
are shown in Figure 10. In general, the MLD of CLIMCHL is
shallower compared with the NOCHL run due to the biological
effect, especially in the shallower MLD region. In the first
March, MLD differences between CLIMCHL and NOCHL are
negative in the study region, with less than 5 m differences in
the center of 30°N-40°N and more than 5 m differences around
the MLD front (Figure 10A). This indicates that the horizontal
MLD gradient of the CLIMCHL run is stronger than that of the
NOCHL run. As the water parcels move to the east and south,
the MLD is shallower, and the MLD differences between the two
experiments increase to more than 10 m in the second March
(Figure 10B). As a result, the lateral induction differences
between experiments show positive values in the region of
30°N-40°N (Figure 10C), with magnitude more than 10m/year
in the center of the STMW (30°N-35°N, 150°E-180) and CMW
(35°N-42°N, 180-160°W). That is, the much shallower MLD in
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the second year leads to an increase in lateral induction in the
CLIMCHL run, which is caused by biological effects.

CONCLUSIONS

In the present study, we investigated the effects of ocean
chlorophyll on the temperature and subduction rate of mode
water in the northwestern and central Pacific Ocean. Two ocean
model experiments with and without chlorophyll indicate that
biology-induced feedback could impact the temperature and
density in the northwestern and central Pacific Ocean. The Chl
reaches a maximum (>0.3 mg m -*) during spring and a minimum
during summer and autumn. During spring blooms, surface
water warms, and subsurface water cools with the existence of
chlorophyll. The changes in temperature could also impact the
vertical density gradient, which lead to alower PV at 50 m-250 m.

Biological effects also obviously impact the MLD. With the
effect of ocean chlorophyll, the MLD is shallower compared
with the NOCHL run, and the MLD lifts more quickly in April
in the CLIMCHL run. Analysis shows that biological effects
could increase the total annual subduction rate about 5-10%
in the northwestern and central Pacific Ocean. The subduction
rate increase is mainly caused by the increased lateral induction
term (5-15 m yr!'). The results show that the increase of lateral
induction is affected by the increased horizontal MLD gradient.
Ocean chlorophylls lead to a larger MLD gradient in the
CLIMCHL run than in the NOCHL run. In the first March, the
MLDs of the CLIMCHL and NOCHL runs have little difference
in the deep mixed layer region near Kuroshio Extension region.
As the water parcels move to the east and south, the much
shallower MLD in the second year leads to an increase in lateral
induction in the CLIMCHL run.

The present study focused on the effects of seasonal variations
in chlorophyll on the mode water subduction rate. On a decadal
scale, the chlorophyll trends in the north Pacific Ocean might also
play an important role in mode water formation and ultimately
impact climate variability. A study by Gregg and Rousseaux
(2019) showed total primary production increases decreases in
the North Pacific over the 1998 to 2015 time series. The increased
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FIGURE 10 | The MLD difference (m) between the two experiments
(CLIMCHL-NOCHL) in March of (A) the first year and (B) the second year.
(C) is the difference between (A) and (B) (A, B). The MLD differences in (A)
are at 95% significant level.

chlorophyll might lead to a shallower MLD in the MLD front zone
and increase the mode water subduction rate. How the variability in
primary production and MLD impacts the mode water subduction
rate and climate variability needs to be investigated in future studies.

This study is based on a coarse resolution ocean model not
including the effect of mesoscale eddy. According to previous
studies, mesoscale eddies also enhance the mode water subduction
rate, and the magnitude of lateral advection is comparable to
the mean flow (Xu et al., 2016; Wang et al., 2020). The biological
impacts on subduction rate might be underestimated in present
study. Ocean chlorophyll also affects mesoscale activities, such as
tropical instability waves (Tian et al.,, 2019); therefore, the biological
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effects in the eddy-resolving model need to be investigated.
As the ocean-only model are forced by the same wind forcing,
there is no atmospheric feedback, the biological effects might be
mitigated in the atmosphere-ocean coupled models. This needs
to be investigated in future.
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