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circulation model

Using outputs from an ecosystem model embedded in an eddy-resolving ocean general circulation model that can
realistically simulate decadal modulations of the Kuroshio Extension (KE) between stable and unstable states, decadal
variations of phytoplankton concentration in the upstream KE region are investigated. During stable states of the KE,
surface phytoplankton concentrations are anomalously suppressed to the south of the KE front, while those to the
north are anomalously enhanced. Although the surface phytoplankton concentration anomalies are prominent only
during winter to spring, significant subsurface anomalies centered around 60 m depth persist even in summer and
autumn. Anomalies persist throughout the year in phytoplankton biomass integrated over the upper 100 m despite
the strong surface anomalies during the spring bloom season. An analysis of nitrogen concentration anomalies sug-
gests that the vertical movement of the isopycnal surfaces, vertical mixing of nutrients, and meridional shifts in the KE
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1 Introduction

The Kuroshio Extension (KE) in the northwestern Pacific
undergoes large decadal variations and is known to shift
between stable and unstable states (Qiu and Chen 2005).
It has been shown that wind stress curl anomalies in the
central North Pacific that excite Rossby waves (Latif and
Barnett 1996; Qiu and Chen 2005; Taguchi et al. 2007;
Nonaka et al. 2006; Qiu et al. 2014) are the root cause of
this decadal variability. When these Rossby waves reach
the KE, they are trapped along the jet and lead to a sta-
ble state when downwelling Rossby waves impinge and
an unstable state when upwelling Rossby waves arrive
(Sasaki and Schneider 2011; Sasaki et al. 2013).
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To understand how such decadal variations in the
KE affect marine ecosystem, which are also known to
undergo large decadal variations (Noto and Yasuda 1999;
Chiba et al. 2013), it is necessary to understand decadal
variations in the lower trophic level marine ecosystem.
In this regard, Lin et al. (2014) investigated decadal vari-
ations in surface chlorophyll associated with decadal
modulations of the KE using satellite data. They revealed
that the surface chlorophyll south of 35°N becomes
anomalously low when the KE is in the stable state, while
it increases anomalously during the KE unstable state. In
some extreme years, anomalies can reach up to 35% com-
pared to the climatological value during the spring bloom
season. They suggested that anomalous vertical nutrient
supply induced by westward propagating Rossby waves
related to the North Pacific Gyre Oscillation (Di Lor-
enzo et al. 2008) and Pacific Decadal Oscillation (Man-
tua et al. 1997; Newman et al. 2016) contributes to the
decadal surface chlorophyll variations. Lin et al. (2020)
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later successfully reproduced the above decadal varia-
tions with their coupled physical-biological model and
conducted a mixed layer nitrogen budget analysis. It is
shown that the vertical advection mainly caused by nutri-
cline heaving plays an important role. However, their
analyses mostly focused on the impacts of the decadal
variations of the KE on the surface chlorophyll in the
annual mean and the spring bloom. Since chlorophyll a
(Chl-a) often retains its maximum in the subsurface layer
in this region (Fujiki et al. 2020; Yasunaka et al. 2022), it
will be illuminating to also examine subsurface variability
for more comprehensive understanding.

This paper is organized as follows. A brief description
of the model and datasets used in this study is provided
in the next section. In Sect. 3, simulated seasonal vari-
ations in phytoplankton are described first, which is a
prerequisite to understand decadal variations. Then, sim-
ulated surface and subsurface phytoplankton concentra-
tion anomalies during the KE stable state are presented
and their possible mechanisms are discussed. Conclu-
sions and discussions are given in the final section.

2 Methods

2.1 Model

We have used outputs from a simple nitrogen-based
NPZD (nitrogen, phytoplankton, zooplankton, and detri-
tus) pelagic model (Oschlies 2000) embedded in an eddy-
resolving ocean general circulation model called the
Ocean general circulation model For the Earth Simulator
(OFES2) (Masumoto et al. 2004; Sasaki et al. 2020; Sasai
et al. 2006, 2007a, 2007b, 2010, 2022) configured for the
North Pacific. The horizontal resolution is 0.1° x 0.1°, and
there are 105 levels in the vertical. The physical fields are
spun up with the monthly climatology of the JRA55-do
(Tsujino et al. 2018) for 50 years and are forced by the
3-hourly data of the JRA55-do from 1958 to 1979. The
last day of 1979 is used in initial physical conditions for
the coupled physical-biological model, and then, it is
forced from 1980 to 2019. In this study, we have used
40-year outputs of the coupled physical-biological model
from 1980 to 2019. For more details about this ecosystem
model embedded in the eddy-resolving model including
its more thorough validations in the North Pacific, read-
ers are referred to a paper by Sasai et al. (2022).

2.2 Data

To validate the model simulation, we use daily satel-
lite altimetry data for sea surface height (SSH), which
was downloaded from the Copernicus Climate Data
Store. It covers the period from 1993 to 2019, and its
horizontal resolution is 0.25°x 0.25°. Also, we use a
high-resolution data-assimilation product known as the
four-dimensional variational ocean re-analysis for the
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Western North Pacific over 30 years (FORA-WNP30)
(Usui et al. 2017). It is based on the Meteorological
Research Institute (MRI) Community Ocean Model ver-
sion 2.4 (Tsyjino et al. 2006), and the four-dimensional
variational analysis scheme version of the MRI Multi-
variate Ocean Variational Estimation system (Usui et al.
2015) is used. The horizontal resolution is 0.1° x 0.1°, and
we use the product from 1982 to 2015. Subsurface Chl-a
data are obtained from the World Ocean Database 2018
(WOD2018; Boyer et al. 2018) and the Global Ocean
Data Analysis Project version 2.2019 Release (GLO-
DAPv2.2019; Olsen et al. 2019). Monthly mean Chl-a
concentrations with a horizontal resolution of 1°x1°
are calculated at 10 different vertical levels in the upper
200 m (see Yasunaka et al. (2022) for more details). The
World Ocean Atlas 2018 (WOA2018; Garcia et al. 2018)
is used for nitrate concentration, while Mixed Layer data
set of Argo, Grid Point Value (MILA GPV; Hosoda et al.
2010) based on the Argo profiles is used for mixed layer
depth (MLD). The horizontal resolution is 1° x 1° for both
datasets. The data-derived euphotic layer is estimated
from the satellite-based photosynthetically available
radiation (PAR) and 1% light level depth from the Glob-
Colour project website (GlobColour_R2018; Frouin et al.
2003; Morel et al. 2007) (see Yasunaka et al. (2022) for
more details).

3 Results

The study area of this paper is schematically shown in
Fig. 1. The Kuroshio that flows along the southern coast
of Japan separates from the coast and flows into the inte-
rior ocean of the North Pacific as the KE. Horizontally,
nutrients are rich on the northern side of the KE and
poor on the southern side, while in the vertical direc-
tion, nutrient-rich water is found at depth, which may
be brought to the surface mixed layer by vertical mixing.
The shortwave radiation from the sun penetrates into the
ocean, and it is sufficient to support photosynthesis of
phytoplankton in the euphotic layer.

3.1 Seasonal variation

Prior to investigating decadal variations in phytoplank-
ton concentrations, it is necessary to understand its
seasonal characteristics (Tozuka et al. 2017). Figure 2a
shows the climatology of phytoplankton concentration
simulated in the upstream KE region averaged between
142°E and 153°E. As expected, the phytoplankton con-
centration is much higher to the north of the KE jet
throughout the year and reaches its maximum in the
spring bloom season in April. Although the maximum
is located at the surface from December to April, the
maximum appears in the subsurface centered around
60 m depth from June to October (Fig. 2a). This is
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Fig. 1 Schematic diagram of the study area showing three-dimensional structure of nitrogen concentration as well as the major circulation pattern
and relevant processes/layers. For nitrogen concentration (shading), nutricline (thick solid line), mixed layer depth (thick dashed line), and the base
of euphotic layer (thin solid line), the climatological mean of October from the OFES are used

because nitrogen is depleted after the spring bloom in
the surface mixed layer, defined by the depth at which
the potential density increases by 0.03 kg m™ from its
surface value, but sufficient nitrogen is found in the
subsurface even in summer and autumn (nutricline
defined by the depth of 1 mmol N m~2 isoline is deeper
than the mixed layer) and the euphotic layer (i.e., the
depth of the 1 W m~?2 irradiance; Pastor et al. 2013) is
deep enough. Such a subsurface maximum is seen in
the observed Chl-a concentration in summer/autumn,
although the maximum is located at shallower depths
to the north of the KE jet and a deeper level to the south
of the KE jet (Fig. 2b; Itoh et al. 2015; Yasunaka et al.
2022). Also, the vertical migration of the simulated
nutricline is in agreement with the observation (Fig. 2);
more specifically, the nutricline outcrops in February,
but it deepens from April to October and starts to out-
crop again to the north of the KE jet in December. Fur-
thermore, the euphotic layer depth in both the model
and observational estimates decreases with latitude
and reaches its seasonal maximum in summer with
stronger shortwave radiation, although the depth tends
to be deeper in the model, especially from December to
April. Since subsurface observations of Chl-a concen-
trations are still limited, Fig. 2b is noisier than Fig. 2a
and data are missing in some months. For this reason,
the observational subsurface Chl-a data is used only to
validate the simulated seasonal variations.

3.2 Decadal variations

To define the stable and unstable states of the KE, we
have first applied an empirical orthogonal function (EOF)
analysis to SSH anomalies in 140°E-170°E, 30°N-40°N fol-
lowing Sasaki et al. (2013). The first EOF mode success-
fully captures the well-known decadal modulations of the
KE between stable and unstable states; i.e., SSH anoma-
lies with opposite signs are found to the south and north
of the KE jet (Fig. 3a). This leading mode explains 14.8%
of the total variance. Based on the criterion of North
et al. (1982), it is significantly separated from the second
EOF mode, whose variance contribution is 7.4%. The spa-
tial distribution and variance contribution are consistent
with those obtained from the same analysis with the sat-
ellite observation (Fig. 3b) and FORA (Fig. 3¢).

We have then computed the annual mean value of the
first principal component (PC) (Fig. 3d). The PC obtained
from the model is well correlated with those from satel-
lite observations and FORA with their correlation coef-
ficients of 0.70 and 0.62, respectively. The relatively high
correlations not only suggest that the model has high
skill in simulating decadal variability in the KE, but also
indicate that decadal fluctuations in SSH over the KE
have a deterministic component with respect to atmos-
pheric forcing (Qiu et al. 2014). The first PC without
any temporal filter undergoes large decadal variations
with its value above 1 standard deviation in eight years
(1990, 2002, 2003, 2004, 2005, 2011, 2015, and 2018) and
below -1 standard deviations in eight years (1983, 1985,
1986, 1996, 1997, 1998, 2007, and 2008). These years are
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Fig. 2 Monthly climatology of phytoplankton concentration in the upstream Kuroshio Extension (KE) averaged between 142°E and 153°E for a
OFES2 and b observation. The thick solid lines represent nutricline, the thick dashed lines represent the base of the mixed layer, and the thin solid
lines represent the base of euphotic layer
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defined, respectively, as the stable and unstable states.
Since the unstable state is close to a mirror image of the
stable state in general, we focus on the stable state in this
study.

To investigate decadal variations in phytoplankton
concentrations and their controlling mechanisms, com-
posites of their surface anomalies during stable states
are constructed (Fig. 4). Throughout the year, negative
phytoplankton concentration anomalies are found to the
south of the KE jet, while positive anomalies are found

to the north, but these anomalies are more conspicuous
during winter and spring. The results are consistent with
those of Lin et al. (2014, 2020).

To examine whether such anomalies are also found in
the subsurface, composites of phytoplankton concentra-
tion anomalies along 145°E, where the strongest surface
negative anomalies are found to the south of KE in win-
ter, are prepared (Fig. 5). It is clear that significant phy-
toplankton concentration anomalies are not confined to
the surface, but extend down to around 100 m depth in
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Fig. 4 Composites of phytoplankton concentration anomalies at the surface during the stable states. The contour intervals are 0.02 mmol N m~3
Anomalies significant at the 95% confidence level by a two-tailed t test are shaded

winter to the south of the KE jet located around 36°N. It
is intriguing that significant phytoplankton concentra-
tion anomalies remain in the subsurface layer even in
August and October despite the disappearance of sig-
nificant anomalies near the surface during these months.
As a result, significant anomalies exist throughout the
year in the phytoplankton biomass integrated over the
upper 100 m even though the strong surface anomalies
are found during the spring bloom season (Fig. 6). Thus,
the decadal variations of the KE may have larger impacts
on marine ecosystems and carbon dioxide uptake than
previously thought, as the impacts are not limited to the
spring bloom season.

To understand the mechanism of this interesting
seasonal evolution of phytoplankton concentration
anomalies, we have constructed composites of nitrogen
concentration anomalies along 145°E. Figure 7a reveals
that significant negative concentration anomalies extend
to the surface south of the KE jet throughout the year.
This may explain why phytoplankton concentrations
decreased anomalously to the south of the KE jet during
stable states. Since the climatological mean nitrogen con-
centration is already too low to sustain the phytoplankton
activity near the surface in summer and autumn, nitro-
gen concentration anomalies do not lead to significant
phytoplankton concentration anomalies during these two
seasons.

To check the relative importance of anomalous vertical
movement of the isopycnal surfaces and vertical mixing
of nitrogen, composites of nitrogen concentration anom-
alies in a density coordinate are examined (Fig. 7b). If the
vertical process were important as suggested by Lin et al.
(2020) and nitrogen concentration anomalies were solely
due to vertical shifts in the nutricline, we would expect
significant anomalies to disappear in the density coordi-
nate. However, we find significant but weaker nitrogen
concentration anomalies throughout the year. This sug-
gests that adiabatic vertical movements make a substan-
tial contribution, but diapycnal mixing also plays a role in
the negative nitrogen and phytoplankton concentration
anomalies to the south of the KE jet. We note that phyto-
plankton concentration anomalies may also contribute to
nitrogen concentration anomalies through consumption,
but negative phytoplankton concentration anomalies are
expected to lead to less consumption of nitrogen and
cannot explain the negative anomalies in the nitrogen
concentration.

We suggest two possible mechanisms explaining how
vertical movements and mixing contribute to the nega-
tive nitrogen concentration anomalies to the south of
the KE jet during the KE stable state. First, positive
anomalies in the vertical gradient of nitrogen concen-
tration (i.e., negative nitrogen concentration anomalies
are smaller near the surface) (Fig. 7a) lead to a reduced
supply by the vertical movement and mixing. Second,



Tozuka et al. Progress in Earth and Planetary Science (2022) 9:70 Page 7 of 14

(a) Phytoplankton concentration anomalies (z-coordinate)

Jun.
v—\/} ) 75
: ¥ 8 l B L K
501 A/ 7| : ' 50 W\/vsz N
G N i, \/
< : : 4
§ 25 : f
3 100 100/\}\/5\/2\" r /

T~ {
——

\ ' 150 1
32N 33N 34N 35N 36N 37N 38N 39N 40N 32N 33N 34N 35N 3()N 37 32N 33N 34N 35N 36N 37N 38N 39N 40N

Oct. Dec.
/% I k |
50 1% 50 \
G 9
: 1l )
£ [\/
53
S 100 W r0od- 100 fifh ﬁgiyﬁ‘ @
150 150 - s SR /| 150 | A /
32N 33N 34N 35N 36N 37 N 38N 39N 40N 32N 33N 34N 35N 36N 37N 38N 39N 40N 3 N 35N 36N 37N 38N 39N 40N
] [
-0.05-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05 (mmol Nm™)
(b) Phytoplankton concentration anomalies (density coordinate)
” Feb. ” Apr. - : J un.
22 22 4 TR L 22 Sz
3\
g 23 23 23
@ N
o2 24 E=""a Nt
= : - <, PN :
2 55 b : 25 - 25 =P S
g 5 » i Y : W St
T TEN ZZi N N0
26 6 .4.35) 264 g 26 ......... ) S
B = : 3 : f
2 = Rl S < 27 97 : S
32N 33N 34N 35N 36N 37N 38N 39N 40N 32N 33N 34N 35N 36N 37N 38N 39N 40N 32N 33N 34N 35N 36N 37N 38N 39N 40N
- Aug. ” Oct. " : Deq.
- . fﬂf JMN 55 il ” 1
o T NN ) W
g 23 / ! _ 23 ' 23
Qo 4
= 2444 QC{ u}ﬁ 24 f“m 24 ROu
: =) br < 2 &8
2 25 3 /J j 25 \J 25 15 “_%6%30221
Lo
26 \) 26 261~ 5%
27 : ; 27 A, / . 274 ; Ih—l
32N 33N 34N 35N 36N 37N 38N 39N 40N 32N 33N 34N 35N 36N 3 39N 40N 32N 33N 34N 35N 36N 37N 38N 39N 40N

I I 3
-0.05-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05 (Mmol N m™)
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downwelling anomalies to the south of the KE jet also
lead to less upward transport of nitrogen-rich water from
the subsurface.

Furthermore, when the KE jet latitude coordinate is
used, the nitrogen concentration anomalies become
smaller in amplitude (Fig. 8). This suggests that at least
some portion of the negative nitrogen concentration
anomalies to the south of the KE jet may be explained by
the northward migration of the KE jet during the KE sta-
ble state.

Although we have focused on the effect of nutrient con-
centration anomalies, we note that other effects such as
MLD variations, light availability, and temperature vari-
ations may also influence phytoplankton concentrations.
However, it turns out that these effects act as a negative
feedback. First, MLD is known to undergo decadal vari-
ations associated with the KE state (Sugimoto and Kako
2016) and wintertime MLD anomalies may contribute
to nitrogen concentration anomalies because deepen-
ing of the mixed layer is associated with entrainment of
nutrient-rich subsurface water. However, their contri-
bution seems to not be dominant, as the MLD becomes
anomalously deep to the south of the KE jet during the
KE stable state (figure not shown), which should favor
positive nitrogen concentration anomalies. Also, because
of the negative phytoplankton concentration anomalies
to the south of the KE jet during stable states, penetrative

shortwave radiation anomalies are positive and short-
wave radiation can reach deeper (figure not shown). This
would favor an increase in phytoplankton concentrations
at depth, but the fact that phytoplankton concentration
anomalies are negative suggests that the penetrative
shortwave radiation anomalies act as a negative feed-
back, but their impact is smaller compared with the effect
of anomalous nutrient concentrations. Furthermore,
because of the anomalously deep thermocline, positive
temperature anomalies are found to the south of the KE
jet (figure not shown). Again, this favors enhanced con-
centrations of phytoplankton at depth and opposes the
negative phytoplankton concentration anomalies asso-
ciated with reduced nutrient concentration. For more
details on their effects, readers may also refer to a paper
by Sasai et al. (2022).

Finally, although our analyses have mostly focused on
the 145°E section, we present composites of nitrogen and
phytoplankton concentration anomalies in February and
August that compare cross sections at 142.5°E, 145°E,
147.5°E, and 150°E (Figs. 9 and 10). Negative nitrogen
concentration anomalies are found to the south of the KE
jet axis from 142.5°E to 150°E with the strongest anom-
alies at 145°E in both February and August (Fig. 9). In
February, strong negative phytoplankton concentration
anomalies extending from the surface to about 150 m
depth at 142.5°E are further strengthened at 145°E, but
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weaken gradually from 147.5°E to 150°E (Fig. 10). Since
the euphotic layer depth is about 80 m, negative phy-
toplankton concentration anomalies below this level
may be caused by intense wintertime mixing within the
mixed layer that extends to about 150 m. In August, the
peak negative phytoplankton concentration anoma-
lies found between 24.0 and 24.5 potential density sur-
faces strengthen from 142.5°E to 145°E, but disappear at
147.5°E and reappear at 150°E (Fig. 10). The disappear-
ance at 147.5°E suggests that the negative phytoplankton
concentration anomalies are not just advected zonally by
the KE.

4 Conclusions and discussions

In this study, we have investigated decadal variations of
phytoplankton concentrations in the upstream KE region
using outputs from a simple nitrogen-based NPZD
pelagic model embedded in an eddy-resolving ocean
general circulation model, which can represent the KE
jet and associated frontal structures. Observed seasonal
variability in the subsurface structure of Chl-a concentra-
tions and vertical migration of nutricline is also well sim-
ulated in the model. In agreement with past studies based

on satellite observations and model simulations (Lin et al.
2014, 2020), the surface phytoplankton concentrations
are anomalously suppressed to the south of the KE front,
while those to the north are anomalously enhanced dur-
ing winter and spring of the stable state of the KE. How-
ever, we have shown for the first time that significant
subsurface anomalies centered around 60 m depth persist
even in summer and autumn. Although the surface phy-
toplankton concentration anomalies are prominent only
during winter to spring, significant subsurface anoma-
lies centered around 60 m depth persist even in sum-
mer and autumn. As a result, significant anomalies exist
throughout the year in the phytoplankton biomass inte-
grated over the upper 100 m despite the strong surface
anomalies during the spring bloom season. A compari-
son of nitrogen concentration anomalies in two different
coordinate systems suggests that both anomalous vertical
movement and mixing contribute to decadal variations
in the nitrogen and phytoplankton concentrations. Also,
negative nitrogen concentration anomalies to the south
of the KE jet associated with stable states of the KE may
partially be explained by the northward migration of the
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KE jet, which results in a northward expansion of nutri-
ent poor waters from the subtropical gyre.

Although three possible mechanisms have been pro-
posed, it is difficult to quantify their relative contribu-
tions. For example, anomalies in vertical velocity and the
latitude of the KE jet axis are negatively correlated with
each other. Thus, if we were to quantify their respective
contributions with a multiple regression analysis, colline-
arity becomes an issue. In other words, a northward shift
in the KE jet not only leads to a northward extension of
nutrient poor waters from the subtropical gyre, but also
results in a northward extension of the subtropical gyre
associated with downwelling. Another reason is that we
do not have the vertical diffusion coefficient as a model
output and it is not possible to quantify vertical mixing of
nutrients. Conducting an online nitrogen budget analysis
(i.e., saving all terms in the nitrogen budget equation at
each time step and accumulating them, as was done by
Nakazato et al. (2021) for the heat budget equation) may
provide a solution.

The KE region is known for its enhanced turbulent
diapycnal mixing, and it is attributed to the strong con-
fluence of the Kuroshio and Oyashio currents, and an
ageostrophic secondary circulation (D’Asaro et al. 2011;
Nagai et al. 2012). The importance of diapycnal mixing
suggested by this study is in agreement with Kaneko et al.
(2013, 2021), who provided observational evidence that
vertical mixing plays an important role in nutrient supply
to the euphotic layer.

Although intrinsic variability greatly reduces poten-
tial predictability of the KE (Nonaka et al. 2016), west-
ward propagating Rossby waves have been suggested to
provide a source of memory for decadal prediction (Qiu
et al. 2014; Joh et al. 2022). The relatively high correla-
tions in simulated decadal SSH variations with satellite
observations and an ocean re-analysis product (Fig. 3)
suggest that decadal variations of phytoplankton concen-
tration in the KE that are closely related to the KE state
are potentially predictable.

The region south of the KE is also known as the for-
mation area of the North Pacific subtropical mode water
(Masuzawa 1969). Since it is circulated in the western
North Pacific (Suga and Hanawa 1995; Suga et al. 2008),
decadal variability of phytoplankton concentrations in
the KE may have profound impacts on the water proper-
ties in vast areas of the western North Pacific (e.g., Oka
et al. 2015, 2018) and the uptake of carbon dioxide. Oka
et al. (2015) showed some hint of decadal downstream
signatures in biogeochemical properties along isopycnal
surfaces that correspond to the subtropical mode water,
but denser observations and more sophisticated analy-
ses such as water mass transformation diagnostics (e.g.,
Iudicone et al. 2011) are required to more clearly detect

Page 12 of 14

such signatures. Thus, future studies examining the con-
sequence of the decadal variability revealed in this study
may further elucidate decadal variability not only in the
marine ecosystem in the North Pacific, but also in the
oceanic storage of anthropogenic carbon dioxide (Bates
et al. 2002).

Mesoscale eddy activity in the KE region is also known
to undergo decadal variations with enhanced eddy activ-
ity during unstable states and reduced activity during
stable states (Qiu and Chen, 2005). Cyclonic eddies to
the south of the KE detached from the KE jet have been
shown to play an important role in supplying nutrients
and enhancing near-surface productivity (Sasai et al
2010, 2019; Kouketsu et al. 2016; Uchiyama et al. 2017;
Honda et al. 2018; Lin et al. 2020). It will be illuminat-
ing to investigate how decadal variations in eddy activity
associated with the KE state contribute to those in phyto-
plankton concentrations in the KE region. A study in this
direction is underway.

Although the present results are mostly based on mod-
eling, this study suggests the importance of monitoring
subsurface phytoplankton variabilities in addition to sat-
ellite observations that can measure surface chlorophyll-
a concentration. This may be accomplished by expanded
deployment of Biogeochemical Argo floats (Bittig et al.
2019).
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