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The bimodal and unimodal seasonal cycles of surface Chlorophyll-a (Chl-a)
concentration (SCC) are ubiquitous in the mid-latitude oceans. The nutrient and
light are regarded as two key factors affecting such seasonal differences. However,
our quantitative knowledge of distinguishing these two factors is still inadequate in
mid-latitude regions where they limit primary productivity simultaneously. It
hinders the full understanding of the underlying mechanisms of seasonal
blooms. In this study, the bimodal and unimodal variations of SCC in the
Kuroshio Extension (KE) region have been investigated, with a special focus on
the emergence latitudes of the secondary peak, i.e., the phytoplankton fall bloom.
Based on satellite observations, we have found that the SCC bloom emerges in
spring and fall in the northern region, and that spring (fall) bloom starts later (earlier)
as the latitude gets higher. In the southern part of KE, by contrast, the SCC tends to
peak in late winter or early spring with its bloom time delaying gradually with
increasing latitude. A regression model regarding the role of the nutrient and light
has been proposed to reconstruct the seasonal variations of the observed SCC,
and the relative contributions of the two factors have been assessed quantitatively.
It is shown that the regression model has reasonably captured the seasonal
variations of SCC in terms of the bimodal/unimodal feature as well as the time
of occurrence. Specifically, we have found the boundary between bimodality and
unimodality areas moves northward as KE flows eastward, which corresponds to
the equivalent contribution of the nutrient and light to the SCC variation and the
eastward-decreasing nutrient at the same latitude. Moreover, we have used the
model to explore the lag effect of light on regulating the seasonal cycle of SCC,
which is associated with the light-heating process, the resultant ocean vertical
stratification and the nutrient deficiency, the time interval between the growth rate
and SCC, as well as light attenuation within the mixed layer. In the context of global
warming, our study has provided insights into the switch pattern between
bimodality and unimodality of SCC in mid-latitude oceans.
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1 Introduction

The Northwest Pacific (NWP) is the most productive area
characterized by high primary productivity (PP) and active fishing
grounds with the highest fishery production in the world (Kim, 2010;
Yatsu and Ye, 2011), among which the Kuroshio Extension (KE) and its
adjacent regions are regarded as a “hotspot” of PP with significant carbon
sinks (Ogawa et al., 2006; Takahashi et al., 2009; Fassbender et al., 2017).
Meanwhile, it is one of the most dynamical regions full of varying oceanic
processes and air-sea interactions in multi-temporal and spatial scales
(Qiu, 2003; Taguchi et al., 2009; Xie et al., 2011; Jing et al., 2020; Joh et al,,
2021; Yang et al., 2021), which exerts an important effect on PP and the
process of carbon export (Takamura et al., 2010; Fassbender et al., 2017).
Chlorophyll-a (Chl-a), as an important indicator of phytoplankton
biomass, can reflect the production levels to a large extent (Antoine
et al, 1996). The temporal and spatial variability of surface Chl-a
concentration (SCC), therefore, acts as an important agent to estimate
and predict the carbon fixation and associated export process in this
special region.

The KE region spans from subtropical to subpolar gyres of the
NWP, leading to the pronounced variations in SCC from sub-
seasonal to seasonal scales as revealed by the decade-long
accumulation of satellite-oriented ocean color data. The SCC at
lower latitudes of the KE region generally only peaks in late winter
or early spring (i.e,, SCC unimodality, Yoo et al., 2008), which is
predominantly determined by nutrient availability. At higher
latitudes, the combined effect of the nutrient and light leads to the
spring and fall blooms of SCC (i.e., SCC bimodality, Kim et al., 2007;
Yoo et al., 2008; Matsumoto et al., 2014; Yu et al., 2019). The diagram
of seasonal change in the nutrient and light availability has been
schematically described to shape the unimodality/bimodality of SCC
(Lalli and Parsons, 2004), but our knowledge of their transition
latitudes and the quantitative role of the nutrient and light in this
specific region is fragmented. Moreover, although numerous studies
have explored the relationship between phytoplankton growth and
nutrient and/or light availability at species and community levels, it is
still difficult to extrapolate these theories and equations to large-scale
oceans, where various factors, e.g., the lag effect of light on sea water
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temperature and isopycnal heaving induced by upwellings, can affect
the large-scale responses of phytoplankton (Bindloss, 1976; Le
et al., 2022).

Apart from the unimodality/bimodality of SCC in the KE region,
the magnitudes and time of fall blooms at higher latitudes are of vital
ecological impact, mainly impacting fisheries (Zhang et al., 2000;
Friedland et al., 2009) and biogeochemical cycles (Honda and
Watanabe, 2010). For lack of knowledge on the quantitative
contributions of environmental factors, it is also difficult to explain
the emergence latitudes of the fall bloom, as well as the misalignment
with the transition zone Chl-a front defined as 0.2 mg/m> SCC
(Polovina et al,, 2001), as shown in Figure 1. With the ongoing
global warming, the seasonal cycles of SCC and PP in the KE region
may be inevitably influenced by the changing environmental
backgrounds, such as the shifting of the KE axis and the
strengthening of upper ocean stratification (Coma et al., 2009). In
this regard, it is necessary to figure out the combined effects of
nutrient and light in a quantitative way to better predict the future
responses of SCC and the carbon cycle to climate change.

To better understand the quantitative role of the nutrient and
light on the regulation of SCC and the future changes of SCC seasonal
cycles, we have used 16-year remote sensing data to map the spatial
pattern of the SCC seasonal cycle and identify the boundary between
bimodal and unimodal variations of SCC in the KE region. The
different roles of the nutrient and light in regulating the seasonal
variations of SCC have been qualitatively assessed using a
mathematically-oriented regression model. The mechanisms
accounting for the latitudinal-dependent emergence of SCC
seasonal blooms have also been explored. With this model, we
provided insights into the switch pattern between bimodality and
unimodality of SCC in mid-latitude oceans.

2 Data

In this study, SCC data were derived from merged multi-sensor
satellite remote sensing ocean color observations data in Copernicus
Marine Environment Monitoring Service (CMEMS). Level-4 monthly
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FIGURE 1
The standardized seasonal cycle of SCC in the KE region. The seasonal cycles of SCC, derived from the monthly averaged data from 2003 to 2018, are
plotted within a bin of 2x1°. Colored shadings represent the multi-year-averaged SCC, and the transition zone (i.e., 0.2 mg/m?® contour) is denoted as the
bold orange line. The unimodality and bimodality of SCC are indicated by red and blue lines, respectively, and the boundary of them as the bold purple line.

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2023.1027710
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sun et al.

averaged SCC data with 4 km spatial resolution between January 2003
and December 2018 in the KE region (25°N to 41°N, 136°E to 165°E)
were used to explore its spatial and temporal variations.

The variations of Nitrate (N) concentration and photosynthetically
available radiation (PAR) were used to determine the dominant factors
of the SCC seasonal cycle. Due to the limited observation data of
seawater N concentration, we employed the PISCES biogeochemical
model output of monthly N (mg/m?) in CMEMS Level-4 datasets with
0.25° spatial resolution, and we chose to utilize 0.5m-layer N extracted
from 75 levels to be consistent with other variables in depth. Daily and
monthly PAR (Einstein/m”day) data with 4 km resolution were
derived from the MODIS-Aqua satellite observations on the National
Aeronautics and Space Administration Ocean Color website by Ocean
Biology Processing Group (Frouin et al., 1989). Since this study mainly
aims to reveal the overall pattern of SCC in the KE region, we used a 1-
degree average of SCC data to minimize the mesoscale effect on
our result.

In addition, the daily SCC data with a high spatial resolution
(0.25%0.25°) derived from the CMEMS model were also used to
investigate the lead-lag relationship between SCC and N/PAR. Here,
temporal linear interpolation was utilized to fill in the missing values
of daily PAR data. The daily optimum interpolation SST (°C) data
with 0.25° spatial resolution were obtained from National Oceanic
and Atmospheric Administration (NOAA). All daily data spanned
from the first day of 2012 to the last day of 2013. Details of data
sources are shown in Table 1.

3 Results
3.1 Seasonal cycle of SCC

The bimodal/unimodal features of SCC at higher/lower latitudes
have been introduced, which are characterized by a coarse zonal
boundary at approximately 32°N (Figure 1). To better characterize the
month of peaks and valleys at different latitudes, as well as the
accurate emerging latitudes of SCC bimodality, we used high-
resolution SCC data in the subsequent analysis.

The primary and secondary peak (valley) months are defined as
the months when SCC reaches the highest (lowest) value in each
season. Generally, the magnitude of spring blooms is larger than fall
blooms in the region of SCC bimodality, so the peak occurring from
February (August) to July (January) is denoted as primary

TABLE 1 Description of data used in the study.

\VEELS Temporal resolution Spatial resolution
Monthly
SCC 4 km
Daily
Monthly
Surface N 0.25°
Daily
Monthly
Surface PAR 4 km
Daily
SST Daily 0.25°
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(secondary) peak. The single peak during a year, usually blooming
in early winter in the region of SCC unimodality, is only regarded as
the primary peak. The primary (secondary) valley, which usually
occurs from May (November) to October (April), can be identified
accordingly right after the previous peak.

The spatial pattern of peak/valley months of SCC in the KE region
is shown in Figure 2, from which we can easily identify the
geographical boundary between the bimodal and unimodal SCC
seasonal cycles. It should be noted that, in the KE region, the
occurrence of each peak is not synchronous, characterized by up to
five (three) months delay as the latitude gets higher (lower) for the
primary (secondary) peak. For the primary peak, SCC tends to peak
from February to May with the increasing latitudes gradually.
Concerning the secondary peak, it displayed an opposite pattern
that the occurrence time lags gradually as the latitude gets lower,
roughly in late fall and early winter. Unlike the peak, the month of
primary (secondary) valley is almost synchronous, occurring in
August/September (January). The potential controlling mechanisms
of these phenomena will be discussed later.

The above features are similar to the result of Obata et al. (1996),
who used Coastal Zone Color Scanner (CZCS) data and defined the
bloom time as the month when the pigment concentration doubled
compared to the previous month. Differently, in our study, we defined
blooms as the peak value point of SCC in each season to avoid
swelling caused by occasional processes like typhoons and eddies.
Regarding the meridional variation of bloom months, the previous
study has noted such a pattern but only analyzed the primary peak,
while the zonal difference of SCC peak months was not captured as
well (Siswanto et al., 2015). Here we have found that about half of the
KE region is characterized by bimodal SCC seasonality. A more
accurate characterization of the secondary peak has been formed
based on the latest satellite observations available and the northward
shifting feature of secondary peak months has been revealed as the
longitude increases.

3.2 Regression model

To better understand the above-mentioned features and
explicitly identify the role of decisive factors, we proposed a
simple regression model to reconstruct the seasonal cycle of SCC.
Here, only two key factors, N and PAR, were selected as the input,
and their seasonal cycles are shown in Figures 3A, B. It is worth

Temporal coverage Data type Source
2003-2018
Satellite-observation
2012-2013
CMEMS
2003-2018
Numerical-model
2012-2013
2003-2018
Satellite-observation NASA
2012-2013
2012-2013 Satellite-observation NOAA
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noting that the impact of temperature was ignored in this model, not

only because it is shown to be less important in regulating the

spatial-temporal variations of SCC compared with nutrients and
light based on the basin-scale model results (Wang et al., 2009), but
also the temperature-growth relationship could be overestimated by

laboratory experiments, as the dominate phytoplankton community

in natural conditions could adapt better to the ambient temperature

at large scales (Sherman et al, 2016). Also, there is a strong co-

variation between temperature and PAR/N through heating and
stratification. This co-variation makes the effects of temperature

inseparable, going against the fundamental principle of

independence in linear regression. The effects of PAR were

categorized as direct and indirect ones, which represent biological

and physical effects, respectively. In this model, we focused on the

direct effect of PAR that is independent of N.

(s =\
11 12 01 02 03 04 05 06 07 08 09 10 11 12
Month

@ -
S S
T

/

N
S
T

N
S

PAR in the Surface Layer
3 8
T

ol—m— v

01 02 03 04 05 06 07 08 09 10

11 12 01 02 03 04 05 06 07 08 09 10 11 12
Month

PAR in the Mixed Layer
3 & 8 & 8
T

2

TR TR TR TR S SO T
0

T T T T T T T T T

T T T
AN
N
A
N\
PR

1 T TR TR R T S

01 02 03 04 05 06 07 08 09 10

11 12 01 02 03 04 05 06 07 08 09 10 11 12
Month

20— T—T—TT T T T T T

-
o
=)

Mixed Layer Depth
g B

IS TR TR SR TR TR S S |

[N SN TN TN TR SR T TR SR S A S

01 02 03 04 05 06 07 08 09 10

11 12 01 02 03 04 05 06 07 08 09 10 11 12
Month

Seasonal cycle of (A) N, (B) PAR in the surface layer, (C) PAR in the mixed layer, and (D) Mixed Layer Depth.

04

41°N

37°N

33°N

129°N

ﬂ
U

25°N

41°N

37°N

33°N

29°N

25°N

41°N

37°N

33°N

29°N

25°N

41°N

37°N

33°N

29°N

25°N

Latitude

Latitude

Latitude

Latitude

frontiersin.org


https://doi.org/10.3389/fmars.2023.1027710
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sun et al.

A series of previous laboratory studies have formulated the
nutrient- and light-dependent functions of growth rate or
phytoplankton biomass to separate the effects of each single factor.
Classical models consider growth rate as an asymptotic function of N.
Specifically, the growth rate increases with N before gradually
reaching a saturation value (Monod, 1942; Droop, 1973; Morel,
1987). Phytoplankton biomass as a function of N can be calculated
by the definition of growth rate as a Logistic growth equation in Eq.
(1) (Tsoularis and Wallace, 2002):

K _1dB

H=%x"B Ba W

where u is the growth rate, B and K are biomass and the maximal
population size at carrying capacity, and ¢ is the time. Considering the
time duration dt stays unchanged and that the growth rate matches
well with the Michaelis-Menten equation (Figure 4A), the integration
in time is shown in Figure 4B. It is worth mentioning that N is a
limiting nutrient in most open oceans (Sambrotto et al., 1993), hence
the phytoplankton biomass exhibits an exponential relationship with
N. With regard to PAR-related biomass, a classical function can be
constructed based on the relationship that phytoplankton biomass
increases and then decreases along with the intensification of light
(Ryther and Menzel, 1959; Steele, 1962; Platt and Gallegos, 1980), as
shown in Figure 4C.

As is shown in Figures 4B, C, it is a reasonable and simple way to
describe the relationship between phytoplankton biomass (indicated
by SCC) and N/PAR with quadratic equations in the form of y = a(x-
b)z + c. Before we established the model, all variables were averaged

10.3389/fmars.2023.1027710

into a box of 1x1°, and then a base-10 logarithm was applied to SCC
and N. Each variable was finally normalized in a range of 0 and 1
(noted as N', PAR" and SCC). It should be noted that N'=0/PAR'=0
(N'=1/PAR'=1) is the lower (upper) bound of N/PAR. Here we
proposed two dependent functions, f(N) and g(PAR), which
represent the response of SCC to N and PAR, respectively. To
better reveal the relative importance of each factor, these two
functions are represented as follows ranging from 0 to 1 (Figure 5):

f(N)=N" ©)

¢(PAR) = -3.3(PAR’_; ~0.45)*+1 3)

The selection of specific coefficients in Eq. (2) was based on the
statistical relationship between SCC" and N’ by fitting all these data we
used in our model with the quadratic equation y = a(x-b)* + ¢, and that
of Eq. (3) was based on the statistical relationship between SCC" and
PAR'_; data with the same equation. In the function of g(PAR), it is more
effective to reproduce the seasonal cycle of SCC' as we use the PAR' one
month in advance (i.e., PAR' ;, Lag=1), which will be discussed later.

To further identify the role of N and PAR at different latitudes and
their relationship with the diverse seasonal cycles quantitatively, a
regression model was adopted to reconstruct the SCC annual cycle at
different latitudes, based on the two functions above:

SCC' =k, f(N) +k, 'g(PAR) + b (4)

where k;j, k,, and b are constants only dependent on latitudes, obtained
from curve fitting at designated latitudes ranging from 25°N to 41°N. k;,
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FIGURE 4

Schematic graph of (A) growth rate, (B) phytoplankton biomass as a function of N concentration according to Michaelis-Menten equation and (C) phytoplankton
biomass as a function of light intensity with Steele equation. The bold lines represent multi-year averaged range of N and PAR in x-axis.
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and k, represent the relative contribution of the nutrient and light to
SCC, respectively. b is to adjust the SCC’ seasonal cycle within an
acceptable range between 0 and 1. Comparing the normalized seasonal
cycle of observed SCC’ shown in Figure 6A, the regression model well
reproduces the general features of seasonal cycles at different latitudes in
both magnitude and phase with a high coefficient of determination R* =
0.96 (Figure 6B). In particular, the model reasonably captures the peak
and valley months, and the shift pattern of peaks as the latitude gets
higher, as well as the transition latitudes from unimodal to bimodal
seasonal cycles. If we use the concurrent monthly PAR' (Lag=0) as the
input, as shown in Figure 6C, the regression model fails to capture the
characteristic of the bimodal pattern at higher latitudes. More discussions
on this issue will be addressed in section 4.1.

3.3 The relative role of N and PAR

To investigate the relative role of N and PAR at different latitudes,
the relative values of coefficients k; and k, are shown in Figure 7,
representing the weight of N and PAR in contributing to the seasonal
cycles of SCC. As for N, it can be well identified that the relative
contribution of the nutrient, i.e., k;/(k;+k;), to the seasonal cycle of
SCC moderates from subtropical to mid-latitudes, and stabilizes
relatively north of 35°N. Whereas PAR follows an opposite pattern.
It should be emphasized that the crossing latitude of these two curves,
as shown in Figure 7, resides at approximately 31.6°N, where the
relative contributions of the nutrient and light are equally important.
The crossing latitude is close to the mean boundary between
unimodality and bimodality roughly at 32.1°N in Figure 2.

To further explain the emergence latitudes of bimodality and their
northward shifting pattern as the longitude gets higher, the regression
model was then applied to the seasonal cycles of SCC at different
longitudes. It is shown in Figure 8 that the general features of relative
contributions from N and PAR are similar at different longitudes.
However, the crossing latitude moves northward in a wavy manner,
which indicates the gradual dominance of N in forming the seasonal
cycle of SCC.

The rough coincidence of the crossing latitude from the model
and the emergence latitude of the fall bloom from observations
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implicates the hidden role of N and PAR in setting up bimodality of
the SCC seasonal cycle. To confirm this relation, we further calculated
the two boundaries and found a close relationship between them with
a correlation over 0.7 (Figure 9). Therefore, the emergence of the fall
bloom (i.e., secondary peak) can be explained as a critical state where
N and PAR contribute equally to the seasonal cycle of SCC in
this model.

4 Discussion

4.1 The lag effect of PAR in the
regression model

The seasonal cycle of SCC has been simulated by a variety of
models, either simple or complex, to study the controlling factors of
SCC variations. However, most of these models have involved
multiple factors but still have not well reproduced the magnitude
and the phase of fall blooms. Without considering the one-month lag
effect of PAR, we also met a similar problem as reported in previous
studies (Kim et al., 2007; Xiu and Chai, 2012), i.e., the seasonal cycle
of SCC is not properly simulated especially at higher latitudes (recall
Figure 6C), which illustrates that the phase difference between PAR
and SCC (termed as the lag effect of PAR on SCC) might be decisive in
simulating seasonal cycles across varying latitudes. The phase
difference has also been found to be several days long in the
nearshore regions (Trombetta et al., 2019; Moradi, 2020), but little
is known about the month-scale lag effect in open oceans.

To understand the reason for the inadequate representation of the
SCC seasonal cycle by using the regression model in Figure 6C, we
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adopted a lead-lag correlation regarding the PAR and SCC to explore
the lead-lag effects of physical and non-physical processes.
Considering that the nonlinear lag effects might exist in the
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FIGURE 8

Relative values of coefficients as a function of latitudes at (A) 143°E,
(B) 146°E, (C) 149°E, (D) 152°E, (E) 155°E, (F) 158°E, (G) 161°E and (H)
164°E. The bold lines indicate the relative values of coefficients
derived from multi-year averaged seasonal cycles at different
latitudes. The shading areas denote the standard deviations of
coefficients calculated from the seasonal cycle of each year at
different latitudes.
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The modelled crossing latitude and the observed boundary between
bimodality and unimodality at different longitudes.

transition regions from unimodal to bimodal seasonal cycles, the
northernmost (41°N) and southernmost (25°N) latitudes were
selected, which are characterized with the most obvious lag and
non-lag effects. The correlation between PAR and SCC involves
many processes, among which physical processes can be
understood as follows: PAR regulates SST via thermal heating, then
SST regulates surface N through vertical stratification, and finally N
regulates SCC. Suppose there are only physical processes, the integral
of the lag time in the above three physical processes should be
consistent with the lag time of total processes between PAR and SCC.

The actual consequences are as follows: At 25°N, the SCC varies
concurrently with PAR, ie. the lead-lag correlation is highest when
the lag is 0 day (Figure 10A). Considering the physical processes
mentioned above are synchronous as well (Figures 10C, E, G), PAR
exhibits no lag effect on SCC at lower latitudes. At 41°N, as shown in
Figure 10B, PAR is about 105 days ahead of SCC. In terms of physical
processes, however, PAR leads SCC only by 76 days, which is
regarded as a linear superposition of the following lag time among
the factors: (1) PAR leads SST by 58 days due to the required time of
energy transfer from sunlight to seawater, (2) SST leads N by 13 days
due to the mixing time for N entrainment, and (3) N leads SCC by 5
days due to phytoplankton growth (Figures 10D, F, H). These
timescales are consistent with those of the general heating process
lasting for about two months (Prescott and Collins, 1951) and the
phytoplankton response to nutrient supply of about a week (Shi et al.,
2012; Zhang et al,, 2019). The resultant 29-day difference between
total and physical processes implies that non-physical lag does exist,
and we consider it as a biological process. Earlier in section 3.2, we
mentioned that we focused on the biological effect of PAR which is
independent of N, and only acts on SCC in our regression model. We
further calculated the gradient of SCC (Figure 6D) which partly
represents the growth rate, and found the gradient was one month
ahead of SCC at higher latitudes. The response time of the growth rate
to PAR is generally at a second or hour scale (Reynolds, 1990), and
can be considered as a simultaneous process in our study. Therefore,
this one-month biological lag between the growth rate and SCC likely
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accounts for the phenomenon that the bimodal SCC seasonal cycle is
reproduced at higher latitudes only with PAR leading by one month.

4.2 The effect of light changes in the mixed
layer in the regression model

Mixed Layer Depth (MLD) is usually considered as a dynamic
process that impacts SCC by modulating the vertical distribution of
phytoplankton (Figure 3D). This mixture has the potential to
redistribute the Chl profile, resulting in subsurface Chl-driven
changes in SCC (Letelier et al, 2004; Xing et al, 2021). In this
condition, Chl and N are quasi-homogeneous in the MLD (Kara et al.,
2003; de Boyer Montégut et al., 2004). On the contrary, PAR has a
rapid attenuation in the mixed layer. Therefore, we applied the
USRGR model of Xing et al. (2022) to combine with the monthly
diffuse attenuation coefficient at 490nm (Kd490) from MODIS-Aqua
sensor and MLD data from BOA-Argo, to calculate the averaged PAR
in the MLD (PARg, Figure 3C), aiming at illustrating the effect of PAR
in the mixed layer in our model.

The result is shown in Figure 6E, a bimodal seasonal cycle of SCC
at higher latitudes can be reconstructed without a lag time, and thus it
could be another explanation for the lag effect of PAR. In addition, we
also analyzed the lead-lag correlation between PARg and SCC with
PARg calculated with daily numerical-model MLD data from
CMEMS, and found lag time between PARg and SCC in the total
process was almost synchronous with that in physical processes at
both lower and higher latitudes (Figure 11).

However, the model using PARg performs not as well as the
original model in winter and spring, partly because PARg is a function
of MLD, which makes PARg unable to be independent of N,
inconsistent with the fundamental principle of linear regression. In
winter and spring, PAR is decisive to SCC and MLD varies sharply,
leading to PARg being more related to N through MLD. Additionally,
although the SCC data we used in our study were derived from
merged multi-sensor satellite and monthly averaged, we cannot
uncover whether these snapshots can represent Chl in the MLD,
hence further studies are necessary to explore the relationship
between satellite-derived Chl and average Chl in the mixed layer.

4.3 The dominant role of N in determining
the emergence of fall bloom

Our study has found that N is the primary factor that affects the
emergence latitude of the fall bloom while PAR is suitable. At the
same latitude, PAR generally changes little at different longitudes,
while N decreases constantly moving forwards to the open ocean
(Figures 12A, B). According to the result of our model shown in
Figure 8, as it moves eastward, the relative role of N becomes stronger,
consequently that of PAR becomes weaker, leading to the northward
heading of the intersection of two lines. Another evidence is the
overlap between the emergence latitude and the contour of N
concentration of 107> mmol/m’ averaged during the fall season
(from October to December) in Figures 12A, B. Here we compared
the boundaries identified by averaged seasonal cycles of the first five
years (2003 to 2007) and the last five years (2014 to 2018), and found
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that the tendency of boundary coincides with that of 10" mmol/m’
N isoline, moving northward from 31.5°N to 32.4°N and 31.3°N to
32.2°N, respectively. The coincidence of position and tendency
between boundary and N suggests that the fall blooms are mainly
triggered by the transportation of nutrients from the deep layer to the
upper ocean when light is still suitable, consistent with the conclusion
of the previous study (Obata et al., 1996). This is different from spring
blooms triggered by light intensification when nutrients are still
available. In the east of the KE region, the circumstance is similar

Frontiers in Marine Science

to that in the lower latitude region: N dominates the seasonal cycle of
SCC when it is in short supply, therefore the phenomenon of
bimodality in the west and unimodality in the east exists at the
same latitude around the boundary, determining the southwest-
northeast direction of fall bloom latitudinal boundary.

Combing the light-controlled spring bloom result with our
nutrient-dominant fall bloom result, we can explain the
phenomenon in Figure 2 that primary (secondary) bloom starts later
(earlier) as the latitude gets higher. As shown in Figure 13, we used
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Lead-lag correlation result between (A), (B) PARg and SCC (C), (D) PARg and SST, black dash lines indicate the maximum correlation.

Hovmodller diagrams to describe the changes of representative PAR or
N isoline with latitude and month. In spring, the isoline PAR=39
Einstein/m”-day delays as latitude increases, leading to bloom time
varying from February to May in succession. On the contrary, in fall,
the N=10"" mmol/m® isoline advances as latitude increases, leading to
bloom time varying from December forward to October.

4.4 Prediction of the SCC change and its
potential effect

Under the context of global warming, we have reckoned the
tendency of SCC in the KE region on the basis of the conclusions
drawn above. It is generally supposed that global warming has an
uncertain effect on PAR that consists of both a boost from positive
feedback (Loisel et al., 2012) and an offset from opaque types of clouds
(Balaetal, 2011), while N in the upper ocean is almost certainly lower
due to the enhanced stratification (Behrenfeld et al., 2006; Polovina
et al., 2008; Thomas et al., 2017). Excluding the fluctuations of PAR,
we only concentrated on the probable consequences of decreased N in
the upper layer in the global warming scenario.

The first effect is the magnitude of SCC. The magnitude of SCC
would become lower in lack of N for the whole year. In the previous
study, it has been found that increasing SST would weaken the mixing
process, leading to an obvious decrease of N and SCC in the surface
layer (Watanabe et al., 2005). In section 4.1, we found that physical
responses are swifter at lower latitudes than at higher latitudes,
therefore, the decrease of SCC is exacerbated due to the rapid
response of a thin mixed layer here. As for the fall bloom, its
magnitude might not be decided by the spring bloom because the
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consumption in summer is also crucial (Mikaelyan et al., 2017).
Secondly, the emergence boundary of fall blooms would move
northward according to our results, considering that the general
decrease of nutrients has the potential to broaden nutrient-limited
regions, which has been substantiated by previous studies that the
area of least productivity has expanded by 0.9% per year from 1998 to
2018 (Meng et al., 2021), and up to 2.2% per year from 1998 to 2006 in
the oligotrophic gyre of North Pacific (Polovina et al., 2008). In our
study, we also found a northward movement of the boundary at a rate
of 8.3 km per year approximately in Figure 12C, with averaged SST
increasing from 20.9°C, 21.0°C to 21.2°C. The increasing SST
intensified stratification, depressed surface N, and led to a
northward movement of N isoline. Due to the dominant role of N
isoline in the emergence boundary of fall blooms, the boundary moves
northward correspondingly.

The change in the magnitude and the coverage of fall blooms have
the potential to influence air-sea carbon exchanges, according to the
seasonal distribution of averaged surface water-atmospheric partial
pressure difference (ApCO,) from 2003 to 2016. In general, the
seasonal cycle of ApCO, in the KE region is closely associated with
SST, MLD, and biological activities (Ishii et al., 2014). As shown in
Figure 14, phases and seasonal features of ApCO, are similar to those
of SCC with bimodality and unimodality at higher and lower
latitudes. This implies the key role of the biological effect in
regulating ApCO, in this region. Moreover, the carbon sink might
be less efficient due to not only the decrease of dissolved inorganic
carbon, but also the northward movement of the boundary and the
consequent contraction of fall carbon sinks under the context of
global warming. Meanwhile, substantial and high-resolution ApCO,
data is further needed to investigate the change of emergence latitude.
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(A) PAR and (B) N varying with latitudes and months. Color represents the values of PAR and N, the broken lines indicate isoline PAR=39 Einstein/m?-day
and N=10""2 mmol/m?, respectively.
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5 Summary

In this study, we have investigated the seasonal cycle of SCC at
different latitudes in the KE region and explored the impacts of two
fundamental factors, N and PAR, on the unimodal-to-bimodal
switching latitudes with both the remote sensing data and
numerical data. We have found that bimodal and unimodal peak
seasonal cycles exist at higher and lower latitudes respectively. It is
found that the month of primary bloom delays northward from
February to May but that of secondary bloom delays southward from
October to December, which can be explained by the isoline of PAR
and N respectively. SCC generally reaches the minimum in August in
the whole region and the second minimum in January in the region
with double peaks. To demonstrate the effect of the nutrient and light
on SCC, we reconstructed SCC with a mathematical model, which can
generally reveal the features of seasonal cycles at different latitudes.
The coefficient analysis of N and PAR in the model shows that N
dominates the seasonal cycle of SCC at lower latitudes while PAR
dominates that at higher latitudes. The comparable contribution of N
and PAR to SCC variations, which is represented as the boundary
between bimodality and unimodality, shows a northward moving
characteristic with increasing longitude (31.5°N-33.5°N
approximately). We categorized the impacts of PAR on SCC as
physical and biological processes, and the contribution of each
process differed regionally. Especially, there is about a 30-day lag
time induced by biological processes at higher latitudes but no
obvious lag time at lower latitudes. Apart from the light-induced
change in the extent of ocean stratification, light attenuation within
the mixed layer and the interval between growth rate and SCC peak
contribute to modulating the lag phase of reconstructed SCC. The
well-constructed model that elucidates the pattern of the SCC
seasonal cycle can help us better evaluate the changes of air-sea
carbon exchanges and associated carbon export in the KE region,
characterized by an important carbon sink, especially in the context of
intensified global warming.

N . . : .
VAR VAV
T T
FIGURE 14

The averaged seasonal cycle of standardized surface oceanic-
atmospheric partial pressure difference (blue and orange) and SCC
(green) from 2003 to 2016, orange (blue) color means ApCO,<0
(ApCO,>0) and ocean serves as a carbon source (sink).
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