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Abstract

The element iron limitation is one of the crucial factors contributing to high nutrient low chlorophyll in the
Southern Ocean (SO). Mixed layer dynamics regulate the availability of iron to phytoplankton. In this paper, we
investigate the influence of surface iron supplementation triggered by the mixed layer depth (MLD) variation on
chlorophyll-a (Chl-a) concentration in the SO on seasonal and interannual timescales. This analysis is based on
the Biogeochemical Southern Ocean State Estimate for the period from 2013 to 2021. We provide a comprehensive
and systematic mapping of the regions within the SO, where Chl-a is affected by iron input related to MLD
deepening. The relationship between the MLD and the Chl-a varies with the latitude on the seasonal time scale.
Both the MLD and sea ice melting affect the distribution of Chl-a. On the interannual scale, iron supply due to
MLD deepening occurs primarily north of 60°S. Horizontal advection-induced entrainment enhances the surface
iron input during the austral summer, which favors Chl-a increase. In addition to the MLD, the melting of sea ice
and cooling of the sea surface can also alter iron input and subsequently affect Chl-a distribution in the austral
summer. During the austral winter, entrainment can boost iron stocks, stimulating a subsequent spring increase
of Chl-a in the SO. Furthermore, sea surface temperature declines during the austral winter, promoting an

increased iron supply and creating favorable conditions for the subsequent spring Chl-a increase in the SO.
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1 Introduction

The Southern Ocean (SO), the largest ocean in the world,
plays a vital role in global climate regulation through biological
pumps and solubility (Boyd and Ellwood, 2010; Marinov et al.,
2008; Martin et al., 1990a). This region is characterized by high
nutrient low chlorophyll (HNLC), which is mainly affected by the
element iron and light limitation (Boyd et al., 1999; Boyd, 2002;
Fauchereau et al., 2011; Martin et al., 1990b). Generally, mac-
ronutrients such as nitrate and phosphate do not affect phyto-
plankton growth in the SO. Despite the marked HNLC condi-
tions in the SO, phytoplankton blooms are observable during the
spring and summer seasons (Blain et al., 2007; Carranza and
Gille, 2015; Frants et al., 2013; Korb et al., 2008). Phytoplankton
blooms generally occur near ocean fronts, continental shelves,
marginal ice zones, major islands, and polynyas, which align with
identified iron sources (Arrigo and Van Dijken, 2003; Arrigo et al.,
2008; Blain et al., 2007; Geibert et al., 2010; Graham et al., 2015;
Park et al., 2010). In addition to dust deposition, river runoff, an-
oxic coastal sediments, and sea-ice melting, vertical iron trans-
port from subsurface waters to the surface also represents a signi-
ficant source of iron supply (Fauchereau et al., 2011; Tagliabue
et al.,, 2014). Given that the SO is unrestricted by light for at least

three months of the year (Venables and Moore, 2010), persistent
phytoplankton blooms may necessitate a continuous iron supply
from the subsurface to surface waters. Therefore, the physical
processes that trigger vertical transport in the ocean become very
important. On the other hand, chlorophyll-a (Chl-a) concentra-
tion is a widely used indicator for characterizing phytoplankton
biomass and is key to photosynthesis (Arrigo et al., 2008; Moline
et al., 2004). High concentrations of Chl-a typically signify a
greater abundance of phytoplankton and algae (Moore and Ab-
bott, 2000). Phytoplankton are the primary producers in marine
ecosystems, forming the basis of the food chain. The distribution
of predators is intricately linked to that of Chl-a. The distribution
of Chl-a can impact primary productivity and even affect the en-
tire ecosystem through the food chains and food webs (Pauly and
Christensen, 1995). Consequently, a comprehensive study of the
effects of iron input linked to mixed layer depth (MLD) vari-
ations on Chl-a is essential.

Previous studies have indicated that winter deep mixing or
entrainment, Ekman upwelling, and vertical diapycnal diffusion
are the primary physical processes involved in the vertical supply
of dissolved iron (De Baar et al., 1995; Moore et al., 2001).
Tagliabue et al. (2014) utilized observational data and dissolved
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iron profiles to examine the relative contributions of diapycnal
diffusion and deep winter mixing (entrainment) to dissolved iron
fluxes in the SO. Their findings indicate that deep winter mixing
supplies ten times more iron to the surface ocean annually than
diapycnal diffusion. The SO mixed layer (ML) thus plays a unique
and important role in regulating Chl-a via the modulation of the
vertical supply of dissolved iron, especially in winter (Mitchell
etal.,, 1991; Sallée et al., 2010). In addition, various physical pro-
cesses, including fronts, eddies, and lateral transport from shelf
regions, contribute to the supply of iron to the euphotic zone
(Hense et al., 2000; Moore et al., 2004; Taylor and Ferrari, 2011;
Tripathy et al., 2015). However, this study exclusively concen-
trates on the physical processes governing the vertical transport
of iron from the subsurface to the surface by ML dynamics.

The relationship between the MLD and the Chl-a is intricate
and nonlinear. For example, assuming the MLD is sufficiently
deep, its further deepening has almost no effect on the availabil-
ity of light. Conversely, if the MLD is shallow enough to be en-
tirely exposed to sunlight, a slight change can lead to significant
changes in phytoplankton biomass (Boyd et al., 2000; Sallée et al.,
2010). A positive correlation often exists between the MLD and
the Chl-a in well-lit, nutrient-limited extrapolar regions. It sug-
gests that entrainment caused by MLD deepening encourages
iron supply from the subsurface to the surface layer (Bowie et al.,
2015; McGillicuddy et al., 2015). However, at high latitudes, the
MLD and the Chl-a show a negative correlation, which indicates
that a high Chl-a level is simultaneously changing with the shal-
low MLD (Fauchereau et al., 2011). In high-latitude regions with
stringent light conditions (south of 40°S), iron is not a significant
factor in limiting Chl-a increase (Martin et al., 1990b; Tagliabue
et al., 2014). Phytoplankton growth within the ML is more sus-
ceptible to variations in light conditions. A deeper MLD results in
decreased light availability, thus limiting phytoplankton photo-
synthesis. When the MLD exceeds the critical depth, a fraction of
the phytoplankton contained within it is unable to undergo pho-
tosynthesis and fails to bloom (Mitchell et al., 1991; Sverdrup,
1953). Hence, a shallow MLD is crucial for preserving the in-
crease of Chl-a, which explains the negative correlation between
the two. In the broad open ocean, strong winds are associated
with elevated Chl-a levels, suggesting that MLD deepening
caused by wind-driven entrainment helps sustain elevated Chl-a.
The MLD deepening resulting from wind-driven entrainment
plays a dominant role on time scales of several days (Carranza
and Gille, 2015).

In general, seasonal iron stocks are mainly replenished from
below ferricline due to the deep MLD in the SO during winter.
However, the low mean light level in ML results in a correspond-
ingly low phytoplankton growth level south of the subtropical
front (Arrigo et al., 2008; Fauchereau et al., 2011). The MLD
gradually becomes shallower during the transition from winter to
spring, which alleviates light limitation. In addition, MLD shoal-
ing and stratification enhancement during seasonal transitions
retain iron on the surface. The processes of increasing light and
iron inputs at the sea surface both favor phytoplankton growth
(Boyd et al., 1999; Boyd, 2002; Li et al., 2021). Due to the continu-
ous depletion in spring, the iron stocks are almost depleted in the
subsequent summer and iron limitation occurs. As a result,
phytoplankton growth rates decline until all iron is depleted
(Boyd et al., 1999). On the interannual time scale, the deepening
of the MLD also plays a significant role in the spatial distribution
of Chl-a. Deep winter mixing contributes to phytoplankton
blooms in the subsequent growing season (spring), as a con-
sequence of the entrainment of iron into the euphotic zone

(Fauchereau et al., 2011; Tagliabue et al., 2014; Thomalla et al.,
2011).

In addition to iron inputs resulting from MLD variations, sea
ice formation and retreat can also affect iron availability and thus
alter phytoplankton growth. It is widely recognized that the melt-
ing of sea ice plays a pivotal role in replenishing iron in the SO.
The iron released by the melting of ice shelves, glaciers, and drift-
ing icebergs could potentially fertilize nearby waters. Addition-
ally, ice-free land areas may expand as sea ice retreats, poten-
tially contributing to enhanced flux of iron to sea ice via dust de-
position. Sea ice formation has a dual effect on phytoplankton
growth. Convection caused by brine rejection during sea ice
formation promotes iron input at the surface. However, extens-
ive sea ice formation inhibits the entrance of light to the sea sur-
face. According to related model studies, iron is found to be
stored in ice during the winter formation and subsequently trans-
ported through ice motion. It is then released and available to
phytoplankton during the summer melt (Lancelot et al., 2009).
The residence time of dissolved iron in the upper ocean varies
from several years to a decade. The sustainability of the subsur-
face iron pool is heavily reliant on continual replenishment from
atmospheric dust deposition (Moore et al., 2004). These findings
corroborate the potential significance of iron sources and trans-
port in the Southern Ocean in shaping the geographic develop-
ment of phytoplankton blooms and associated ecosystems.

The spatial distribution of Chl-a in the SO coincides with the
iron limitation regime and the iron input is primarily derived
from ML entrainment, which has been well documented (De
Baar et al., 1995; Boyd et al., 1999, 2000; Fauchereau et al., 2011;
Li et al., 2021; Tagliabue et al., 2014). However, the process of
phytoplankton growth is intricate and localized. It remains un-
clear whether all of the increased iron input from entrainment
can be used to increase Chl-a. Furthermore, the physical mech-
anisms that are responsible for entrainment are also uncertain.
The deepening of MLD may not necessarily entrain iron into the
euphotic layer. Therefore, this study aims to delineate a schemat-
ic for effective MLD deepening on different time scales (seasonal
and interannual) by examining the relationships among MLD,
Chl-a, and iron. The effective MLD deepening means that not
only does entrainment increase iron inputs, but all of these iron
inputs are devoted to the increase of Chl-a. Based on the preced-
ing discussion, the physical processes that induce effective en-
trainment are further investigated.

The remainder of this paper is organized as follows: Section 2
provides a brief description of the dataset and methods. Section 3
gives data validation, comparing the observational data with the
data in this paper to assess the availability of the data used in this
paper. Section 4 and Section 5 investigate the regions and mech-
anisms of effective MLD or entrainment on seasonal and interan-
nual timescales, respectively. Finally, the discussion and conclu-
sions are given in Section 6.

2 Dataset and methods

2.1 Dataset

This study utilizes monthly Biogeochemical Southern Ocean
State Estimate (B-SOSE) data. The data has a resolution of (1/6)°,
with 52 vertical layers, ranging from January 2013 to December
2021. The B-SOSE model incorporates light, iron, nutrients, and
gas models based on the SOSE, which is a coupled biogeochem-
ical-sea ice-ocean state estimation model for the SO (Galbraith
et al., 2010; Mazloff et al., 2010; Verdy and Mazloff, 2017). The B-
SOSE model includes sea-air fluxes of heat and carbon and nutri-
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ent cycling. There are eight biochemical tracers, which include
dissolved inorganic carbon (DIC), alkalinity (ALK), iron (Fe),
phosphate (PO,), nitrate (NO,), oxygen (O,), and dissolved or-
ganic matter (DON, DOP). Although the model incorporates a re-
latively small number of parameters, it encompasses key biogeo-
chemical processes that impact phytoplankton, including nutri-
ent uptake and remineralization, changes in alkalinity and oxy-
gen, and the cycling of iron and organic matter. Meanwhile, B-
SOSE assimilates all available observations, making Chl-a and
iron in this study more credible and closer to real observations.
The iron covers all possible natural sources. The variables used in
this study comprise temperature, salinity, Chl-a, sea ice concen-
tration (SIC), and dissolved inorganic iron concentration. The
temperature and salinity data are utilized to calculate the MLD.

The reliability of the MLD derived from B-SOSE is validated
using the World Ocean Database 2018 (WOD18) observational
dataset (Boyer et al., 2019). All available profiles from 2013 to
2018 are used, including high-resolution conductivity temperat-
ure depth (CTD), moored buoys mainly from the Equatorial buoy
arrays-TAO (MRB), Gliders (GLD), and Profiling floats (PFL). The
extensive coverage provided by the dataset enables us to obtain
monthly maps of the MLD at a 1° grid resolution. The monthly
Chl-a data is derived from the visible infrared imaging radiomet-
er suite (VIIRS) sensor (Schueler et al., 2002), which is a crucial
instrument onboard Suomi National Polar-orbiting Partnership
(Suomi NPP). The spatial resolution of the dataset is 9 km x 9 km,
spanning the period from January 2013 to December 2021. These
observational data are utilized to examine the reliability of Chl-a
derived from B-SOSE.

2.2 MLD estimation

The MLD is defined as the shallowest layer among the iso-
thermal, isopycnic, and isohaline layers, according to Helber
et al. (2012). This method accurately captures the MLD and en-
sures a uniform distribution of physical variables within this lay-
er. To facilitate effective comparison, the isothermal, isopycnic,
and isohaline layer depths are all obtained based on the temper-
ature difference of 0.2°C (AT, temperature threshold). The op-
timal threshold is 0.2°C, which is considered the most appropri-
ate estimation from individual profiles and has been used widely
in previous studies (Carton et al., 2008; Dong et al., 2008; De Boy-
er Montégut et al., 2004; Qiu et al., 2012; Shi et al. 2024; Ying et al.,
2019). The formulas of density threshold (Af) and salinity
threshold (AS) are as follows:

A8 = 0 (Tyo — AT, Syo, Po) — 0 (T10, S10, Po), )]
AS=0.0ln, n=12---, 2

A = 0 (Thg, S1o + AS, Py) — 0 (Tio, S10, Po), 3)
Afs = A6, “

where T and S), represent the potential temperature and salin-
ity at a reference depth of 10 m, respectively, P, refers to the pres-
sure at the surface of the ocean which is taken to be 0. AT is equal
to 0.2°C as mentioned above.

2.3 Entrainment rate of MLD
To examine the impact of MLD entrainment on Chl-a distri-
bution, the entrainment rate, w, is calculated. The equation caus-

ing the entrainment effect is presented as follows (Chu, 1993;
Chu and Garwood, 1991; Chu et al., 1990; Ma et al., 2021; Pang
etal., 2019):

0h oh
w— E+wb+V~Vh, E+wb+V-Vh>O, 5)
0, otherwise,

Oh
where 3 denotes the rate of MLD deepening, & is the MLD, w;

is the vertical velocity at the ML base, V is the horizontal velocity,
and V is the divergence operator, V- Vh indicates the horizont-
al advection of water in the ML.

3 B-SOSE data validation

Before examining the correlation between MLD and Chl-g, it
is essential to ascertain the robustness and reliability of the MLD
and Chl-a data derived from the B-SOSE. The validation of B-
SOSE MLD is executed using the observational data from WOD18.
The Chl-a from the VIIRS sensor is employed to validate the B-
SOSE Chl-a data. The climatological MLDs of B-SOSE and
WOD18 are shown in Fig. 1. Note that since the MLD in WOD18
is only available until 2018, the MLD from B-SOSE is only re-
tained until 2018 for valid comparison between the two datasets.
In general, although the magnitude of the B-SOSE MLD is smal-
ler than that of the WOD18 MLD, the B-SOSE MLD captures the
seasonal variation characteristics well. Both datasets show simil-
ar spatial distribution characteristics. Specifically, the MLD from
B-SOSE is the deepest in the austral winter (JJA), exceeding
200 m. The deep MLD region occurs mainly between 40°S and
60°S showing a zonal distribution. Compared to this deep MLD
band, the MLD north of 40°S is shallower, reaching a depth of
only 80 m (Fig. 1d). The deep MLD band during austral spring
(SON) still maintains a relatively deep level. However, the MLD
north of 40°S becomes shallower than that during the austral
winter, with a magnitude of 50 m (Fig. 1a). The shallowest MLD
can be observed in the austral summer (DJF), with the entire SO
exhibiting a depth shallower than 100 m (Fig. 1b), and the deep
MLD band almost disappears. During the subsequent autumn
(MAM), the deep MLD band reappears, but the MLD north of
40°S remains shallow (Fig. 1c). Furthermore, the MLD is consist-
ently less than 50 m in depth throughout the year in the vicinity
of Antarctica (Figs 1a-d). The MLD derived from WOD18 shows
similarity with B-SOSE MLD, except that the MLD is deeper north
of 40°S during the austral autumn. It is also observed that obser-
vational data are scarce in the vicinity of Antarctica.

Figure 2 shows the seasonal evolution of Chl-a concentration
derived from the B-SOSE and VIIRS. Generally, the two datasets
indicate similar spatial distribution of Chl-a. However, the B-
SOSE underestimates Chl-a. The distribution of B-SOSE Chl-a
shows significant seasonal variations. The austral spring and
summer are regarded as the growth seasons of phytoplankton in
the SO. High Chl-a level, with a value of 0.1 mg/m3, is observed in
the Antarctic, islands, and near the coast, particularly during the
austral summer (Figs 2a and b). In the austral autumn and winter,
Chl-a is reduced, especially in the austral winter. Chl-a in the
vicinity of Antarctica is below 0.03 mg/m? in the austral winter
(Figs 2c and d). Meanwhile, the Pacific sector exhibits a consist-
ently low Chl-a level throughout the year, but the Atlantic sector
is relatively high. For the Chl-a from satellite data, it is higher all
year round. The distribution features are identical to those of B-
SOSE, indicating a peak of Chl-a in the austral summer and a de-
cline in the austral winter (Figs 2f and h). Throughout the year,
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Fig. 1. Seasonal cycle of MLD from B-SOSE (a-d) and WOD18 (e-h). The values represent the climatological mean over the period
during 2013 to 2018. A region within the deep MLD band is randomly selected to test the credibility of B-SOSE (black box in Fig. 1). The
seasons are defined as spring including March, April, and May (MAM), summer including June, July, and August (JJA), autumn includ-
ing September, October, and November (SON) and winter including December, January, and February (DJF).
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Fig. 2. Seasonal cycle of Chl-a concentration from B-SOSE (a-d) and VIIRS (e-h) sensor. The values represent the climatological
mean over the period from 2013 to 2021. The black box in the subplot represents the same region as the black box in Fig. 1.

the Chl-a remains low (<0.1 mg/m3) in the Pacific sector, where-
as it remains relatively high (>0.3 mg/m3) in the Atlantic sector.

To ascertain the suitability of the MLD derived from B-SOSE
for an interannual timescale study, the area-averaged time series
of MLD anomaly from B-SOSE and WOD18 are presented in
Fig. 3. Aregion within the deep MLD band is randomly selected
to test the credibility of B-SOSE (black box in Fig. 1). The differ-
ence between the two datasets is mainly found in 2015, 2016, and
2018. However, the MLD of the two datasets are highly correlated
(r=10.77, p < 0.000 1). In addition, other areas within the deep
MLD band have also been investigated. The B-SOSE has shown a
good correlation with WOD18 data (not shown). This indicates
that the B-SOSE can effectively simulate the variation character-
istics of MLD on the interannual time scale.

Figure 4 shows the time series of the Chl-a anomaly derived
from the B-SOSE and the VIIRS sensor in the black box. Similarly
to the MLD, the Chl-a from the two datasets exhibits a disparity
in magnitude, yet a satisfactory correlation of 0.50 (p < 0.000 1) is
observed. The correlation of Chl-a derived from the two datasets
is also validated by other boxes in critical regions (deep MLD

band). The results demonstrate that the significant correlation is
robust across boxes. Additionally, due to the sea ice cover in the
austral winter, Chl-a from VIIRS is absent, and B-SOSE can com-
pensate for this deficiency. Despite differences in values, B-SOSE

Ll —WODI18—B-SOSE r=0.77*

MLD anomaly/m

-70 ! ! ! !

2013 2014 2015 2016 2018

Year

2017

Fig. 3. Time series of monthly MLD anomaly from B-SOSE and
WOD18. The values are calculated by the black box depicted in
Fig. 1. The asterisk (*) represents that the results are statistically
significant at the 95% confidence level.
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Fig. 4. Time series of monthly Chl-a anomaly derived from B-
SOSE and VIIRS sensor. The values are calculated by the black
box depicted in Fig. 2. The asterisk (*) represents that the results
are statistically significant at the 95% confidence level.

effectively captures the spatial characteristics of seasonal MLD
and Chl-a evolution (Figs 1 and 2). On the interannual scale, the
MLD derived from B-SOSE and WOD18, as well as the Chl-a de-
rived from B-SOSE and satellite, exhibit a high correlation in key
regions (Figs 3 and 4). This indicates that B-SOSE is reliable and
valid for seasonal and interannual scale analysis. Furthermore,
B-SOSE can alleviate the temporal and spatial limitations of ob-
servational data. It should be noted that the mean state may af-
fect the variability of the MLD and Chl-a, but here we assume
that it does not affect the results.

4 Relationship between MLD and Chl-a on the seasonal time
scale

The last section confirms the availability of B-SOSE data and
provides a preliminary understanding of the seasonal variation of
MLD and Chl-a. To further understand the climatological charac-
teristics of MLD and Chl-a, the statistics of the maximum value of
the two variables and the corresponding occurrence month are
shown in Fig. 5. One can see that the characteristics of the max-
imum MLD are very similar to austral winter MLD in both mag-
nitude and pattern (Figs 1d and 5a). The maximum MLD tends to
be concentrated in July-September (austral winter and spring). It
is notable that a ring exists near 60°S, where the MLD reaches
its maximum in May (austral autumn), preceding than other re-
gions of the SO (Figs 5b and c). This ring is located precisely on
the edge of the sea ice, which suggests that the presence of sea ice

Chl-a concentration/
(mg-m~)

obstructs the wind from stirring and mixing the upper layers. The
strong winter winds here thus do not form the deeper MLD. The
Chl-a reaches its peak during the austral summer south of 60°S
and the austral spring north of 60°S (Fig. 5f), consistent with pre-
vious results (Fauchereau et al., 2011; Thomalla et al., 2011). Fur-
thermore, the maximum Chl-a in the East Pacific sector is less
than 0.1 mg/m?3 (Fig. 5d). The maximum Chl-a in this area oc-
curs in July-September (Figs 5e and f, austral winter and spring).
The Chl-a loss rate is lower than the growth rate due to the dilu-
tion effect of the deepening MLD on herbivores, therefore the
Chl-a increases in the austral winter and spring (Behrenfeld
etal., 2013).

A comparison of the timing of MLD and Chl-a maxima in
Fig. 5 reveals that the Chl-a maximum typically occurs after the
MLD maximum, except in the East Pacific. This suggests that
MLD deepening may influence the distribution of Chl-a, and
such an effect could be instantaneous or lagged. To further in-
vestigate the impact of MLD deepening on the Chl-a level and the
response time of Chl-a to this effect, we calculate the instantan-
eous correlation between MLD and Chl-a. Additionally, we de-
termined the correlation coefficients of Chl-a lagging MLD for
1-6 months, respectively (not shown). The strongest positive and
negative correlation coefficients are identified for each grid, and
the lag time of Chl-a when the strongest correlation coefficient
appears is recorded. The results are presented in Fig. 6.

Figures 6a-c illustrate the highest positive correlation coeffi-
cient between the MLD and Chl-a under climatological condi-
tions, as well as the corresponding lag time. Although a signific-
ant positive correlation is present throughout the SO, the lag time
of Chl-a varies at different latitudes. Previous studies (Faucher-
eau et al.,, 2011; Tagliabue et al., 2014) have indicated that when
the MLD and Chl-a reach the strongest correlation, the lag time
of Chl-a can be classified as instantaneous correlation if it ranges
from 0 month to 2 months, one-season lag for 3 months to 4
months, and half-year lag for 5 months to 6 months as illustrated
in Fig. 6¢c. Consequently, the positive correlation between the
MLD and Chl-a can be divided into three broad zonal regions in
the SO as follows: (1) the instantaneously correlated region at low
latitudes (blue color in Fig. 6¢, hereafter referred to as Region P1);
(2) the mid-latitude region where Chl-a lags behind MLD by one
season (yellow color in Fig. 6¢, hereafter referred to as Region

Dec. .
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Aug. - winter =
Jun g %
TS autum 3
Apr.
Feb. summer
Dec .
sprin
Oct. pring
Aug. - winter =
= 2
Jun EO autum (}?
Apr.
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Fig. 5. Maximum values of MLD (a) and Chl-a (d) and the occurrence time of maximum MLD (b, c) and Chl-a (e, f) from B-SOSE. b
and e show the months when the maximum value occurs, ¢ and f show the seasons when the maximum value occurs. In ¢ and f, the
colored contours represent the edges of sea ice in four seasons: the black, cyan, blue, and pink contours represent austral spring, sum-

mer, autumn, and winter, respectively.
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Fig. 6. Strongest positive (a) and negative (d) correlation coefficients between the MLD and Chl-a and the time that Chl-a lags the
MLD when the strongest correlation coefficient occurs (b, ¢, e, f). Figures 6a and d are statistically significant, and the statistically in-
significant points have been removed. The colored contours represent the edges of sea ice in four seasons. The black, cyan, blue, and

pink contours represent austral spring, summer, autumn, and winter, respectively.

P2), mainly between 40°S and 60°S; and (3) the region in the high
latitudes where Chl-a lags behind MLD by half a year under sea
ice (red color in Fig. 6¢, hereafter referred to as Region P3). Simil-
arly, the SO can be classified into three regions based on the
negative correlation between the two and the time lag of Chl-a
(Figs 6d and 6e), as shown in Fig. 6f. The three regions are as fol-
lows: (1) the instantaneously correlated region at mid and high
latitudes (blue color in Fig. 6f, hereafter referred to as Region N1);
(2) the region where Chl-a lags behind the MLD by one season in
the East Pacific (yellow color in Fig. 6f, hereafter referred to as Re-
gion N2); and (3) the region where Chl-a lags behind the MLD by
half a year at low latitudes (red color in Fig. 6f, hereafter referred
to as Region N3). Nevertheless, further investigation is required
to ascertain whether the observed statistical relationship of the
six-month lag in Chl-a is physically significant. Regions P3 and
N3 are not discussed in this study.

The fundamental characteristics of the primary variables,
MLD, Chl-a, and iron, are examined in the four regions men-
tioned above. Figure 7 shows the monthly averages of these vari-
ables in each region. The error bars indicate the variability or un-
certainty in the data. As expected, three variables exhibit signific-
ant seasonal variation, with consistent changing trends observed
across the different regions. Region P2, situated within the deep
MLD band, consistently maintains the deepest MLD among the
four regions throughout the year. The Chl-a level exhibits minim-
al discrepancies across the four regions, while the highest con-
centration of dissolved iron is found in the vicinity of the Antarc-
tic (Region N1).

Therefore, we identify the areas with the most significant pos-
itive and negative correlations between MLD and Chl-a, as well
as the lag response time of Chl-a. The primary contribution of
MLD deepening is to facilitate the growth of phytoplankton by
entraining iron from the subsurface to the surface (Fauchereau
etal., 2011; Tagliabue et al., 2014). To further investigate the in-
fluence of MLD deepening on the Chl-a distribution in these re-
gions, the correlations among MLD, Chl-a, and iron are calcu-
lated for each season. Figure 8 presents the time series and cor-
relation coefficients of these three variables in Region P1 across
different seasons. The response of Chl-a to the MLD in Region P1
is instantaneous and occurs at lower latitudes (north of 40°S).
The magnitude of Chl-a is approximately 0.1 mg/m3 throughout

140 ———— —
| —P1—P2—NI1—N2

Chl-a concentration/

Iron concentration/

Feb. Apr. Jun.
Month

Fig. 7. Time series of MLD (a), Chl-a (b), and iron (c) in the se-
lected regions (P1, P2, N1, and N2). The error bars represent the
standard deviation.

the year, with a maximum level of 0.15 mg/m?® observed during
the austral spring (Fig. 8a). Meanwhile the peak of Chl-a occurs
in the austral spring, the entrainment of the MLD works in the
austral summer. The correlation coefficient between the MLD
and Chl-a is 0.79 (p = 0.01), and that between the MLD and iron is
0.66 (p = 0.05) (Fig. 8b). These results indicate that the deepening
of the MLD in the austral summer entrains iron from the subsur-
face to the surface, which promotes the growth of phytoplankton.
In addition, a statistically significant negative correlation between
the MLD and Chl-a emerges in the austral winter (r=-0.74, p =
0.02) (Fig. 8d). As the MLD is deeper than the euphotic layer in
the austral winter, the MLD deepening increases light limitation.
To further examine the physical processes responsible for the
vertical transport of iron during summer, the correlation coeffi-
cients of the terms of Eq. (5), MLD, and iron are calculated as
shown in Table 1. The correlation coefficient between the en-
trainment item and iron is 0.84 (p = 0.005), which provides evid-
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Fig. 8. Time series and connections of MLD, Chl, and iron in annual spring (a), summer (b), autumn (c), and winter (d) in Region P1.

The magnitudes are calculated by domain-averaged over Region P1.

Table 1. Correlation coefficients for each term in Eq. (5) and the
MLD and iron over Region P1 in summer

w % wy V-Vh
w - -0.07 0.26 0.40
MLD 0.29 -0.53 0.06 0.49
Fe 0.84* -0.16 0.24 0.39

Note: The asterisk (*) represents that the results are statistically
significant at the 95% confidence level. - denotes no data.

ence that the MLD deepening exerts an entrainment effect on
iron in summer.

In comparison to Region P1, Region P2 is situated at mid-lat-
itudes, and the influence of the MLD on Chl-a is delayed by one
season. This means that the entrainment of the MLD operates in
the following season. Theoretically, the MLD transports iron to
the surface during the austral winter (spring), and phytoplank-
ton utilizes the austral winter (spring) iron stocks to grow when
austral spring (summer) light intensifies (Arrigo et al., 2008;
Fauchereau et al., 2011). Therefore, we calculate the correlation
between MLD and iron with Chl-a in the subsequent season, and
the correlation between MLD and iron in the same duration as
shown in Fig. 9. Taking the austral winter MLD as an example, we
calculate the correlation coefficients between austral winter MLD
and iron with austral spring Chl-a, respectively. Additionally, we
calculate correlation coefficients between the austral winter MLD
and iron. The entrainment effect of MLD is strongest in spring
and winter (Figs 9a and d) with correlation coefficients of 0.95
(p=0.000 1) and 0.97 (p = 0.000 02), respectively. Although the
MLD and iron synergized well in the austral spring and winter,
they fail to promote Chl-a increase in the subsequent season. The
correlation coefficient between austral spring iron and summer
Chl-a is -0.10 (p = 0.82) and the coefficient between austral winter

iron and spring Chl-a is -0.30 (p = 0.42). Previous statistical res-
ults show that the response of Chl-a in Region P3 responds to the
MLD with a delay of around six months (Fig. 6¢). However, the
physical significance of this delay remains uncertain due to its ex-
tensive response time.

Region N1 is the region where MLD and Chl-a are instantan-
eously negatively correlated. Figure 10 shows the time series and
correlation coefficients of MLD, Chl-g, and iron in Region N1 for
various seasons. The largest Chl-a appears in the austral sum-
mer, with values ranging from 0.1 mg/m? to 0.2 mg/m? (Fig. 10b).
The other three seasons are lower than 0.12 mg/m3 (Figs 103, c,
and d). The MLD and Chl-a show a negative correlation throughout
the year. Specifically, the correlations for austral spring, summer,
autumn, and winter are -0.81 (p = 0.008), -0.24 (p = 0.54), -0.52
(p=0.15) and -0.93 (p = 0.000 3), respectively. In addition, negat-
ive correlations are observed between MLD and iron in all sea-
sons, which contradicts the theory that MLD deepening increases
iron input to the surface layer. The MLD is thus not the primary
factor driving the increase in Chl-a. Considering that Region N1
is covered by sea ice, the melting of this ice contributes to phyto-
plankton growth as it is an essential source of iron input (Arrigo
et al., 2008; Behera et al., 2020). Therefore correlations between
SIC, Chl-a, and iron are calculated in all seasons. In the austral
summer, the correlation coefficient between sea ice and iron is
0.86 (p = 0.003), and the coefficient between sea ice and Chl-a is
0.85 (p = 0.004). This indicates that an increase in sea ice melt
leads to a higher release of iron in the austral summer, which
promotes phytoplankton growth. The above analysis indicates
that in Region N1, sea ice has a greater impact on the change in
Chl-a compared to MLD during summer.

Region N2 is located in the eastern Pacific Ocean and is char-
acterized by a minimal negative correlation between MLD and
Chl-a. This occurs when the Chl-a lags behind the MLD by one
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Fig. 9. Time series and connections of MLD, Chl-a concentration, and iron in annual spring (a), summer (b), autumn (c), and winter
(d) in Region P2. The magnitudes are calculated by domain-averaged over Region P2.
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(d) in Region N1. The magnitudes are calculated by domain-averaged over Region N1.
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season. In the austral autumn, MLD and Chl-a exhibit a positive
correlation (Fig. 11c) due to the dilution effect of MLD deepen-
ing. This effect results in a reduction in the phytoplankton loss
rate to a level below the growth rate, which eventually results in
MLD deepening with an increase in Chl-a (Behrenfeld et al.,
2013). In addition, MLD and iron show a negative correlation (r =
-0.69, p = 0.04) during the austral winter (Fig. 11d). This indic-
ates that MLD entrainment does not supplement iron that stimu-
lates the growth of Chl-a. Region N2 is located near the west coast
of South America, which has been identified as a significant
source of iron (Fauchereau et al., 2011). Thus Chl-a distribution
in Region N2 is closely associated with near-shore iron sources.
No significant correlation is found between the MLD and Chl-a
during the other seasons.

In summary, on the seasonal time scale, the SO can be di-
vided into three positively correlated regions and three negat-
ively correlated regions according to the correlation between the
MLD and Chl-a. In the subtropical region north of 40°S (Region
P1), MLD and Chl-a show an instantaneous positive correlation
in the austral summer. The deepening of the MLD promotes Chl-a
increase by increasing iron input. For Region P2, where Chl-a
lags behind the MLD by one season, although the deepening of
the MLD in the austral spring and winter carry more iron to the
surface (strongly positively correlated), they do not seem to af-
fect the Chl-a increase in the subsequent season. In Region N1 at
mid and high latitudes, sea ice rather than the MLD plays a role
in the distribution of Chl-a during the austral summer. In addi-
tion, iron responsible for promoting the Chl-a increase in the
eastern Pacific Ocean is not derived from the MLD entrainment,
but from the nearshore iron source. The response time of Chl-a

to MLD in Regions P3 and N3 is too long and may not hold phys-
ical significance. It is worth noting that the correlation between
iron, MLD, and Chl-a in some areas is not statistically significant.
This implies that other physical processes contribute to phyto-
plankton growth through increased iron inputs. These processes
include vertical diapycnal diffusion, Ekman upwelling, meso-
scale eddies, and fronts (He et al., 2016; Tagliabue et al., 2014;
Taylor and Ferrari, 2011). The mechanisms in these regions with
insignificant correlations are also important and should be in-
vestigated in future studies.

5 Relationship between MLD and Chl-a on the interannual
timescale

Similar to the seasonal variation, the influence of the MLD on
Chl-a in the interannual variation could be instantaneous or
lagged. To identify the seasons in which the MLD affects Chl-a on
interannual variability, correlations between the MLD and Chl-a
anomalies are calculated separately for each season. A total of
four significant figures are selected from the original sixteen, as
illustrated in Fig. 12. Figures 12a and b show that the MLD and
Chl-a anomalies exhibit a negative correlation in the austral
winter and spring due to light limitation, which has been extens-
ively documented (Li et al., 2021). In addition, a positive correla-
tion can be observed between the austral summer MLD anomaly
and the summer Chl-a anomaly, as well as between the austral
winter MLD anomaly and the spring Chl-a anomaly. These find-
ings indicate that the deepening of the MLD promotes Chl-a de-
velopment, which will be further explored in this study (Figs 12c
and d).

The low Chl-a in the SO results from iron limitation, which
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Fig. 11. Time series and connections of MLD, Chl-a concentration, and iron in annual spring (a), summer (b), autumn (c), and winter
(d) in Region N2. The magnitudes are calculated by domain-averaged over Region N2.
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a. spring MLD anomaly & Chl-a concentration

b. winter MLD anomaly & Chl-a concentration

Correlation coefficient

Fig. 12. Correlation coefficients between MLD anomaly and Chl-a anomaly in the austral spring (a), summer (b), autumn (c), and
winter (d) MLD and spring Chl-a. The black, cyan, and pink contours represent the edges of sea ice in the austral spring, summer, and
winter, respectively. White regions represent correlations with p > 0.05.

has been well demonstrated (Boyd et al., 1999; Fauchereau et al.,
2011). Figure 13a shows the correlation coefficient between Chl-a
and iron anomalies during the austral summer. On the one hand,
the Chl-a and iron anomalies exhibit a strong positive correla-
tion south of 40°S, which is consistent with previous studies (Ar-
rigo et al., 2008; Boyd, 2002; Fauchereau et al., 2011). On the oth-
er hand, the MLD and Chl-a anomalies show a positive correla-
tion in the austral summer (Fig. 12c), indicating that a deeper
MLD favors Chl-a increase. However, this finding alone does not
confirm that the increase in Chl-a is directly resulting from the
increased iron input due to the entrainment effect of the MLD.
Therefore, the relationship between MLD and iron anomalies is

a. summer iron anomaly & Chl-a concentration
0°

further investigated, as shown in Fig. 13b. The results show a
strong positive correlation between the two variables, with a no-
ticeable occurrence within the 40°-60°S deep MLD zone. This
finding suggests that a deeper MLD promotes the input of iron to
the surface, ultimately affecting Chl-a increase.

By combining Figs 12c and 13b, we can identify the regions
where Chl-a distribution is influenced by the austral summer
MLD through the entrainment of iron. These regions are mainly
located in the deep MLD band, as shown in Fig. 14a. Notably, ex-
cept for the deep MLD band at mid-latitudes, Chl-a distribution
around Antarctica and at lower latitudes is not modulated by the
MLD. To find out the physical factors controlling Chl-a increase

b. summer iron anomaly & Chl-a concentration

(=}
Correlation coefficient

Fig. 13. Correlation coefficients between anomaly of iron and Chl-a (a), MLD (b) in the austral summer. White regions represent cor-

relations with p > 0.05.
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Fig. 14. A schematic summarizing the response of Chl-a anomaly to the physical variables in the austral summer. The regions in blue,
purple, and red indicate the areas where the influence of austral summer MLD, SST, and sea ice is significant, respectively.

in these remaining regions, the relationships of SST anomaly to
Chl-a and iron anomalies in the austral summer are calculated,
respectively. The results show that SST anomaly is strongly negat-
ively correlated to Chl-a and iron anomalies, suggesting that sea
surface cooling facilitates iron transport to the surface layer and
thus promotes Chl-a increase. Figure 14b shows the regions in
the SO that simultaneously satisfy the negative association of SST
anomaly to iron and Chl-a anomalies. Compared to Fig. 14a, the
regions where the SST works are larger than those where MLD
works. Since the MLD variation itself is accompanied by SST vari-
ation, an overlapping region appears. Changes in SST in other
places may be influenced by other physical processes such as up-
welling, which affect the distribution of Chl-a (Aguirre et al.,
2018). Similarly, the same approach is used to identify areas
where sea ice works, as shown in Fig. 14c. These areas represent
the positive association with SIC anomaly to iron and Chl-a an-
omalies. This indicates that sea ice melting in the austral sum-
mer encourages iron input and thus phytoplankton blooms.
Accordingly, in conjunction with Figs 14a-c, a schematic of
the physical processes governing the summer Chl-a distribution
on the interannual time scale can be obtained (Fig. 14d). One can
see that south of 60°S, the Chl-a distribution is dominated by sea
ice melting, while north of 60°S, SST and MLD are the main
factors. It is worth noting that the MLD and SST overlap in the
Pacific and Indian Oceans, and the overlapping regions coincide
with the deep MLD band (40°S-60°S). The MLD concurrently im-
pacts SST, and the combined effect of both factors controls the
distribution of Chl-a. To better examine the physical mechanism
in the MLD-dominated region, domain-averaged terms in Eq. (5)
and iron as well as their correlation coefficients are calculated
during annual summer (Fig. 15). Iron is strongly correlated with
the entrainment (r = 0.75, p = 0.02) and the horizontal advection

term (r = 0.70, p = 0.04). However, entrainment is not strongly
correlated with other terms. Furthermore, correlation coeffi-
cients between the MLD and Eq. (5) are also calculated. The MLD
shows a strong positive correlation with entrainment (r = 0.87, p =
0.02) and the horizontal advection term (r = 0.83, p = 0.006). This
suggests that horizontal advection-induced entrainment is a ma-
jor factor inducing iron input in summer on the interannual time
scale.

Previous studies have confirmed that the austral winter MLD
stimulates spring productivity, but only on the seasonal time
scale. As shown in Figs 12d and 16a, on the interannual time
scale, the austral winter MLD increases surface iron supply,
which affects the distribution of Chl-a in the subsequent season.
The positive correlation between the austral winter MLD and
iron anomalies also supports the concept that the entrainment of
the MLD deepening transports iron to the surface layer (Fig. 16b).
This finding is at odds with previous research that failed to ob-
serve an impact of austral winter MLD on spring productivity at
the interannual time scale (Li et al., 2021).

By combining Figs 12d and 16b, the area where the austral
winter MLD entrains iron and affects the austral subsequent
spring Chl-a distribution can be obtained, as shown in Fig. 17a.
The affected area is primarily located north of 60°S. During the
austral winter, the area south of 60°S is covered by ice, so the cor-
relations between winter SIC anomaly relative to austral winter
iron and spring Chl-a anomaly are calculated. The correlation
coefficient between the austral winter SIC and the iron anomaly
is not significantly related south of 60°S due to the patchy distri-
bution of the correlation coefficient. The austral winter SIC and
the spring Chl-a anomaly are negatively correlated only near the
Amundsen and the Cosmonaut seas. Combining the relationship
of SIC, Chl-g, and iron anomaly, the area where austral winter
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Fig. 15. Time series and connections of the three terms in Eq. (5) [ 0%/ 0t, the rate of MLD deepening; wy,, the vertical velocity at the
ML base; V. Vh, the horizontal advection (adv) of water in the ML] and iron anomalies in annual summer. The magnitudes are cal-
culated by domain-averaged over Fig. 14a, where the MLD works in the austral summer.

a. winter iron anomaly & spring Chl-a concentration

b. winter iron anomaly & MLD anomaly

Correlation coefficient

Fig. 16. Correlation coefficients of winter iron anomaly and spring Chl-a (a) and winter MLD (b). White regions represent correla-

tions with p > 0.05.

SIC controls Chl-a by affecting iron input can be obtained, as
shown in Fig. 17c. The contribution of SIC to the entire SO region
is minimal and negligible. Moreover, our analysis of the correla-
tion between winter SST and iron, as well as that between the
austral winter SST and spring Chl-a anomaly, reveals that the
austral winter SST anomaly is negatively correlated with austral
winter iron and spring Chl-a anomaly, respectively. This indic-
ates that winter sea surface cooling favors iron input and spring
Chl-a increases. The area where SST plays a role is shown in
Fig. 17b.

Based on Figs 17a-c, Fig. 17d depicts the regions where winter
MLD, SST, and SIC influence spring Chl-a distribution in the SO.

In contrast to the results in the austral summer (Fig. 14d), SIC
seems to have little effect near Antarctica. Furthermore, the ef-
fective domains of MLD and SST are also reduced, respectively.
Overlapping areas are observed only in the central Pacific. Since
this section mainly focuses on the influence of physical pro-
cesses related to the MLD on the iron input and subsequently the
Chl-a distribution, we select areas where the MLD has a notable
effect for further analysis (Fig. 17a). Figure 18 shows the time
series of each term in Eq. (5) and iron in annual winter. The en-
trainment term and MLD variation term exhibit a strong positive
correlation (r=0.96, p = 0.000 1), while the entrainment term is
not significantly correlated with the vertical velocity and hori-
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Fig. 17. A schematic summarizing the response of austral spring Chl-a anomaly to the physical variables in the austral winter. The re-
gions in blue, purple, and red indicate the areas where austral winter MLD, SST, and sea ice influence are significant, respectively.
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zontal advection term (Fig. 18a). In addition, iron is significantly
and positively correlated with the entrainment term (r=0.95, p =
0.000 1) and the MLD variation term (r = 0.92, p = 0.000 5), while
there is no significant relationship with the vertical velocity and
horizontal term. The MLD also shows a strong positive correla-
tion with the entrainment term (r = 0.94, p = 0.000 2) and the
MLD tendency (r = 0.98, p < 0.000 1). The above features suggest
that, on the interannual time scale, the entrainment caused by
MLD deepening during the austral winter promotes the surface
iron stock. Once the limitation of light in the subsequent spring is
alleviated, Chl-a then utilizes this iron stock. Vertical velocity and
horizontal advection effects on iron input can be almost negli-
gible.

6 Conclusions and discussion

Using B-SOSE data during 2013-2021, this study investigates
the impact of a deepening MLD on the seasonal and interannual
distribution of Chl-a in the SO. On the seasonal time scale, the re-
sponse time of Chl-a to the MLD varies with the latitude. In the
subtropical region north of 40°S, Chl-a has an instantaneous re-
sponse to the MLD, and the two variables show a positive correl-
ation (Fig. 19a, Region P1). The analysis of the correlations of
MLD, Chl-g, and iron in each season indicates that the deepen-
ing of the MLD in the austral summer brings more iron from the
subsurface to the surface, thereby promoting an increase in

a
P2

deep MLD
high Chl-a
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(one season)
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high Chl-a
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no delay

120°W

SICummer
high SIC
high Chl-a
concentration
MLD,yer
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SSTumner

cold SST
high Chl-a
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180°

Chl-a. However, in non-summer seasons, no obvious relation-
ship exists between the three. Between 40°S and 60°S, the MLD
has a strong positive correlation with Chl-a in the subsequent
season (Fig. 19a, Region P2). Further analysis of Region P2 re-
veals that although deepening of the MLD significantly contrib-
utes to iron replenishment during the austral spring and winter, it
does not promote Chl-a increase in the subsequent seasons. Ad-
ditionally, the summer and autumn MLD has no impact on iron
or subsequent seasons’ Chl-a. According to statistical analysis,
the impact of MLD on Chl-a is observed six months later in the high-
latitude region beneath sea ice cover (Region P3). However, the
six-month lagged response time of Chl-a may not be of physical
significance.

Similarly, in the negative correlation regime between the
MLD and Chl-g, the time when the MLD acts on Chl-a also varies
with the latitude. Under sea ice cover (Fig. 19b, Region N1), the
impact of the MLD on Chl-a is instantaneous. The analysis of dif-
ferent seasons in the Region N1 shows a negative correlation in
the austral spring and winter, indicating that MLD deepening
limits the availability of light for phytoplankton. the primary
factor influencing the distribution of Chl-a is the melting of sea
ice. The region where Chl-a lags behind the MLD by one season
is located in the East Pacific (Fig. 19b, Region N2). A year-long
analysis of relationships of the MLD, Chl-a, and iron shows that
during the austral autumn, the MLD deepens and dilutes the
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Fig. 19. A schematic summarizing the response of phytoplankton biomass to various primary physical variables in the SO on season-
al (a, b) and interannual (c, d) time scales. a. Positively correlated regions, regions in pink (P1) and red (P2) represent regions of deep
MLD with high Chl-a (positively correlated). b. Negatively correlated regions, regions in light blue (N1) and blue (N2) represent re-
gions of deep MLD with low Chl-a (negatively correlated). Regions P1 and N1 exhibit synchronous responses of Chl-a to the MLD,
while Regions P2 and N2 show a one-season lagged responses of Chl-a to the MLD. c. Synchronous influence regions, regions show-
ing positive anomalies in summer Chl-a are associated with negative anomalies in summer SST (purple), positive anomalies in sum-
mer MLD (blue), and positive anomalies in summer SIC (red). d. Delayed influence regions, regions showing positive anomalies in
spring Chl-a are associated with negative anomalies in winter SST (purple), positive anomalies in winter MLD (blue), and negative an-

omalies in winter SIC (red).
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herbivore population, causing a decrease in the Chl-a loss rate,
which is lower than the Chl-a splitting rate. Consequently, there
is an increase in Chl-a. The case of Region N3 in the subtropics is
similar to Region P3.

For the interannual variability, the regions where the MLD
impact on Chl-a are mainly concentrated between 40°S and 60°S
during the austral summer and winter (regions in blue of Figs 19¢
and d). The influence of the MLD on Chl-a is primarily reflected
in entrainment, whereby MLD deepening increases surface iron
input. In the austral summer, entrainment due to horizontal ad-
vection contributes to iron input between 40°-60°S (the region in
blue of Fig. 19¢). In the south of 60°S, sea ice melting is the main
factor of Chl-a distribution (the region in red of Fig. 19¢). In addi-
tion, changes in SST have an impact on Chl-a change (the region
in purple of Fig. 19¢). In addition to the synchronous influences
of summer MLD and other variables on Chl-a mentioned above,
there are also lagged impacts in specific regions, characterized by
the influence of the winter MLD on subsequent spring Chl-a.
During the austral winter, the MLD deepening increases iron
stock and promotes subsequent spring Chl-a increase in the SO
(the region in blue of Fig. 19d). It should be noted that the austral
winter sea ice in the austral region does not contribute to Chl-a
increase in the austral spring, as we can barely find areas where
the two are highly correlated (the region in red of Fig. 19d).
However, the winter SST is still a factor affecting spring Chl-a in
the SO, and possible mechanisms need further investigation (the
region in purple of Fig. 19d).

Although this study effectively reveals the regions and mech-
anisms for the SO MLD deepening to affect phytoplankton using
B-SOSE data, it is important to point out its limitations. Specific-
ally, this study fails to consider mesoscale and submesoscale dy-
namical processes. Moreover, the resolution of the B-SOSE data
is (1/6)°, which may not adequately capture some mesoscale and
submesoscale physical and biochemical processes. Previous
studies have indicated that these processes have a significant im-
pact on MLD variability and the iron input, and thus cannot be
ignored. These include mesoscale eddies and upwelling (He
etal., 2016; Medina-G6mez et al., 2019; Taylor and Ferrari, 2011).
Furthermore, the relatively brief 9-year temporal coverage of B-
SOSE data somewhat restricts the analysis on longer time scales.
In addition to the limitations in spatial and temporal resolution,
as products of model output, B-SOSE data is also constrained by
model assumptions, the lack of observational data, and internal
uncertainties within the model, such as model structure and
parameterization schemes. All of these factors may lead to limita-
tions in the data and may erroneously affect statistical results.
However, these limitations are not deemed critical, thus ensur-
ing the reliability and robustness of the primary conclusions
presented in this paper. Future studies should address these lim-
itations to strengthen the robustness of the conclusions.

This study is based on the assumption of HNLC (Arrigo et al.,
2008; Boyd et al., 1999; Boyd, 2002), thus the influence of nutri-
ents on the Chl-a distribution is not considered. However, the
spatiotemporal distribution characteristics of nutrients in the SO
may be scarce at certain times or regions, thus affecting phyto-
plankton growth. This study solely focuses on the impact of iron
sources on Chl-g, as iron proves crucial in the SO’s Chl-a devel-
opment. This study investigates iron inputs induced by MLD en-
trainment but does not consider the specific sources of iron. In
addition to winter deep mixing, iron input into the ocean can also
occur via vertical diapycnal diffusion and Ekman upwelling/
downwelling (De Baar et al., 1995; Moore et al., 2001; Tagliabue
etal.,, 2014). The iron input due to entrainment is approximately

ten times greater than the Ekman upwelling/downwelling, with
an average annual flux of 20 x 108 mol/(m?-a) for Fe. However,
the contribution of vertical diapycnal diffusion is minimal, with a
yearly average flux of -1 x 106 mol/(m?-a) for Fe (Tagliabue et al.,
2014). The iron flux in the B-SOSE model considers all potential
iron sources, such as atmospheric dust deposition, sea ice melt-
ing, river runoff, sediment removal, and remineralization (Gal-
braith et al., 2010; Verdy and Mazloff, 2017). River runoff and
sea/glacial ice melting are considered as local inputs (Behera
et al., 2020; Smith and Comiso, 2008). Iron inputs due to these
processes may also reach a maximum of 20 x 10% mol/(m?-a) for
Fe, which is equal to that from entrainment (Boyd et al., 2012).
Nevertheless, the maximum value is only observed in iron-re-
plete source areas, such as nearshore waters and regions adja-
cent to sea ice. These processes play a pivotal role in the local
supply of surface iron and are indispensable in local studies.
However, ML entrainment is important throughout the SO.
Therefore, further research on the influence of iron sources and
nutrients on the distribution of Chl-a in the SO is crucial, as it has
the potential to impact primary productivity and climate change.
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