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Abstract

It has been suggested that the freshwater flux due to the recent melting of the Antarctic
ice-sheet/shelf will suppress ventilation in the Southern Ocean (SO). In this study, we performed
idealized earth-system simulations to examine the impacts of Antarctic meltwater on the biomass
of surface phytoplankton in the Antarctic Ocean. The enhanced stratification due to the meltwater
leads to a decrease in surface nitrate concentration, but an increase in the surface concentration of
dissolved iron. These changes are associated with the reduced upwelling of nitrate-rich deep water
and the trapped iron exported from terrestrial sediment. Because of the limited iron availability in

the SO, the trapped iron in surface water enhances the chlorophyll concentration in the open
ocean. However, in the marginal sea along the Antarctic coastline where the iron is relatively
sufficient, a nitrate reduction induces a chlorophyll decrease, indicating a regime shift from

iron-limited to nitrate-limited conditions.

1. Introduction

Recent observations have shown that the Antarctic
ice-sheet/shelf is losing mass, resulting in a freshwa-
ter discharge into the Southern Ocean (SO) (Paolo
et al 2015, Wouters et al 2015, Konrad et al 2018,
Shepherd et al 2018, Rignot et al 2019). Under per-
sistent greenhouse warming, freshwater released from
from Antarctica may accelerate further (Fogwill et al
2015, DeConto and Pollard 2016, Hansen et al 2016).
However, the effects of Antarctic meltwater have not
been included in future projections in the Coupled
Model Intercomparison Project Phase 5 (CMIP5) and
the standard suite of CMIP6 (Taylor et al 2012, Eyring
et al 2016). The ice-sheet had been mistakenly con-
sidered as a passive element of the climate system on
sub-millennial timescales, but recent rapid melting of
the ice-sheet (Rignot et al 2019) showed the ice-sheet
has been actively interacting with the other climate
systems on sub-centennial timescales (Nowicki et al

© 2022 The Author(s). Published by IOP Publishing Ltd

2016), emphasizing the need to investigate the impact
of the ice-sheet on the earth system.

Recent studies have suggested that an increase
in the meltwater flux can induce significant physical
changes, such as the expansion of the sea-ice and sub-
surface warming in the SO (Bintanja et al 2013, 2015,
Pauling ef al 2016, 2017, Bronselaer et al 2018, Park
and Latif 2019, Oh ef al 2020). These changes were
largely attributed to the suppressed deep convection
in the SO, since the low density of meltwater inhibits
the intrusion of warm circumpolar deep water into
the surface. Meltwater-induced ocean stabilization
also modulates various biogeochemical changes in the
SO (Bronselaer et al 2020); for example, anomalous
deoxygenation, acidification and nitrate decrease in
the surface-to-subsurface water and increase in the
deep water. The meltwater-driven reduced upwelling
induces the variations by maintaining older, oxygen-
poor, carbon-rich, and nitrate-poor water near the
surface. However, the changes in iron concentration,
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which generally is the most limiting nutrient for
phytoplankton growth in the SO (Boyd et al 2007,
Moore et al 2013, Laufkotter et al 2015) and resultant
biomass changes associated with Antarctic meltwater-
driven stratification, have not been addressed yet.
Several works based on both observations and earth
system models have only investigated the effects of the
iron contained in the Antarctic meltwater, which can
act to fertilize the SO (Death et al 2014, Laufkotter
etal 2018, Person et al 2019).

Meanwhile, SO biogeochemical changes are note-
worthy, considering the SO’s role as a sink for anthro-
pogenic CO, (Long et al 2021) and the role of the
northward transport of nutrients in controlling low-
latitude productivity (Sarmiento et al 2004, Laufkot-
ter and Gruber 2018). Future projections in net-
primary productivity in the SO exhibited consider-
able intermodel consistency in CMIP5 and CMIP6
under extreme warming scenarios (Bopp et al 2013,
Laufkotter et al 2015, Kwiatkowski et al 2020). The
decrease in the sea-ice cover in the SO in response
to greenhouse warming may increase light availability
for phytoplankton and therefore increase overall pro-
ductivity (Doney 2006, Bopp et al 2013, Cabré et al
2015, Kwiatkowski et al 2020). However, these pro-
jections did not include the effects of Antarctic melt-
water on marine nutrient cycling and resultant bio-
mass changes.

Here, we perform a series of earth system model
experiments to examine how the nutrients change
and how they affect the chlorophyll concentration in
the SO in response to Antarctic meltwater-induced
ocean stabilization. In particular, we focus on changes
in chlorophyll to investigate dynamical changes of
phytoplankton biomass with variations in the limit-
ing factors controlling biomass in the SO.

2. Data and methods

To examine the impacts of Antarctic meltwater for-
cing variations in SO chlorophyll, we performed
idealized ensemble experiments with the Geophysical
Fluid Dynamics Laboratory (GFDL) model CM2.1
(Delworth et al 2006) coupled with the marine eco-
system model Tracers of Phytoplankton with Allo-
metric Zooplankton version 2 (TOPAZv2) (Dunne
et al 2013). The version of GFDL-CM2.1-TOPAZv2
used here is the same as that used in (Lim et al 2018,
2019), and a detailed description of the model is avail-
able in the supplementary material.

Three different simulations were conducted. The
first is a long-term control simulation (CTRL) over
2000 years applying a fixed atmospheric CO, concen-
tration of 353 parts per million (ppm), corresponding
to the 1990 level. The CTRL experiment in the present
study was analyzed only for the last 1000 years to
avoid long-term drift. The other two experiments are
global warming simulations, with increasing atmo-
spheric CO, concentration atarate of 1% yr~! until it
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doubled (706 ppm) from years 1-70 in the model, and
held constant thereafter. The one (GW; global warm-
ing) simulation does not include Antarctic meltwater
forcing, but the second (GWMW; GW plus Antarc-
tic meltwater forcing) includes it. For each simula-
tion, eight ensemble members were performed over
100 years. The individual ensemble members start
from the different initial conditions taken from CTRL
every 100 years, with the same model and bound-
ary conditions. The meltwater forcing in GWMW was
introduced at the surface and assumed to be a result of
ice-sheet/shelf melting (figure S1(a) available online
at stacks.iop.org/ERL/17/024022/mmedia). The total
magnitude of the forcing is 0.2 Sv and constant
in time, corresponding to the year 2050 meltwater
estimates in historical and representative concentra-
tion pathways 8.5 scenario (DeConto and Pollard
2016). Most of the meltwater (64% of the total)
is concentrated around West Antarctica, similar to
recent observations of Antarctic glacial melting pat-
terns (Shepherd et al 2018, Rignot et al 2019).

There are three phytoplankton groups (small,
large and diazotrophs) in TOPAZv2. The zooplank-
ton effects are represented implicitly and the grazing
is based on (Dunne et al 2005). The nutrient limit-
ation is determined by the minimum value among
Fe, POy, and NO; + NH, limitation terms. The
TOPAZv2 considers only two iron sources: atmo-
spheric dust deposition based on a dust climatology
(Fan et al 2006) and marginal sediment flux, para-
metrized as a function of the organic matter supply
(Dunne et al 2013) (see supplementary for details).
Because there is no iron in the meltwater in the
present model experiments, the difference in the iron
concentration changes between the GW and GWMW
can be interpreted as a result of the meltwater-
induced ocean stabilization. Note that all analyses
were based on the December—February (DJF) period
because the chlorophyll change between GW and
GWMW was the largest in the DJF season in the SO
(figure S3). To test the statistical significance of the
ensemble mean difference and the regression coeftfi-
cients, the bootstrap method (details in the supple-
mentary) and student’s t-test were used, respectively.

3. Results

To examine the impact of Antarctic meltwater for-
cing, we first analyzed the ensemble mean differ-
ence of surface-layer (upper 30 m average) chloro-
phyll concentration between the GWMW and GW
experiments during the austral summer. As shown
in figures 1(a) and (b), there is an increase in the
surface chlorophyll concentrations in the regions
more than 200 km from the Antarctic coastline
in response to the meltwater forcing. Interestingly,
however, the chlorophyll concentration significantly
decreases in the marginal sea along the coastline. The
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surface (upper 30 m average) chlorophyll concentration

averaged over the DJF season during the entire simulation period. (b) Same as in panel (a) but shows the results with longitude
and distance from the continent. The rightmost red line is the percentage of the anomalies with respect to the climatology in
CTRL (DJF-mean). Cross-shaped dots indicate where the differences are insignificant at the 99% confidence level using the
bootstrap method. Time evolution of surface chlorophyll (CHL, green), dissolved iron (DFe, red), and nitrate (NOs3, blue)
concentration averaged over the (c) open and (d) coastal oceans (defined in figure S1(b)) and the AABW strength (black) in the
ensemble mean difference. Shading shows 99% uncertainty in the mean.

percentage of the changes in chlorophyll concentra-
tion, averaged across longitudes the same distance
from the continent relative to the value in CTRL sim-
ulation, is in the rightmost red line in figure 1(b).
Figures 1(c) and (d) show the time evolution of
the surface (upper 30 m average) chlorophyll (CHL),
dissolved iron (DFe), and nitrate (NO3) concentra-
tion anomalies averaged over the open and coastal
oceans. The coastal ocean is defined as regions up
to a 220 km line from the coastline and the open
ocean is defined as regions from the northern edge
of the coastal ocean to 60 °S (see figure S1(b)). The
CHL anomalies in the open ocean are positive over
the entire period (figure 1(c)). The positive anom-
alies in the open ocean gradually increase over the
first 40 years and remain constant for the rest of the
simulation. In the coastal ocean however, the CHL
anomalies decrease over the first 40 years and then
gradually recover (figure 1(d)). These evolutions of
CHL seem to be related to NO3 and DFe evolutions,
which are influenced by vertical oceanic mixing. As
a proxy for the vertical mixing in the SO, we adop-
ted the Antarctic bottom water (AABW) strength
(Zhang et al 2019). The AABW strength, black line in
figures 1(c) and (d), is defined as the absolute value
of the minimum in the global overturning stream
function south of 60°S (more commonly referred
to as the strength of the lower overturning cell). In
figures 1(c) and (d), the AABW strength in GWMW
declines as compared to that in the GW simula-
tion, indicating reduced deep convection in the SO
(figure S2). Changes in this proxy can largely explain

changes in NO; and DFe concentrations in both
regions with positive and negative correlation coeffi-
cients (AABW strength versus NOs and DFe; based
on interannual anomalies of the ensemble mean) as
follows: Tnitrate = 0.82** and ri;on = —0.40** (for the
open ocean) and yigrate = 0.61** and #iyon = —0.62**
(for the coastal ocean). The ** mark indicates that
the correlation coefficient is significant at the 99%
confidence level. This suggests that a decline in the
strength of deep convection leads to a reduction in
NOj availability, but an increase in DFe.

The NO; concentration decreases in both regions,
consistent with previous findings (Bronselaer et al
2020). However, the DFe concentration rather
increases in both regions for the same reduction of
oceanic deep convection. The increase in DFe cov-
aries with an increase in CHL in the open ocean
because of the iron limitation in the SO with a pos-
itive correlation coefficient (based on interannual
anomalies of the ensemble mean) of 0.73**. Accord-
ingly, there is little correlation with the NO3 con-
centration (r= —0.03). Conversely, the CHL con-
centration decreases in the coastal ocean despite the
DFe increase. It appears that the CHL anomaly rather
follows the NO3 change (r = 0.64**) but has a negat-
ive relationship with the DFe change (r = —0.55*%),
suggesting that DFe is not the limiting nutrient in
the coastal ocean. In the following two sections, we
will focus on two contrary responses to the Antarctic
meltwater forcing: (a) the NO; decrease and DFe
increase and (b) the CHL increase in the open ocean
and decrease in the coastal ocean.
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Figure 2. Regression coefficients of the (a) surface (upper 30 m average) NOj3 concentration and (b) the DFe concentration onto
the AABW strength. Values are calculated in the DJF-mean in all experiments. The ensemble mean difference (GWMW — GW) of
the (c) surface NOs3, (d) DFe, (e) vertical NOs3, and (f) DFe concentrations in the DJF-mean during the 21-40 simulation period.
The green contours in panels (e) and (f) indicate the DJF-mean climatology (CTRL) of NOs (1.0 zmol kg ™! interval) and DFe
(0.1 nmol kg~ interval) respectively. Panels (e) and (f) are averaged based on the same distance from the Antarctic coastline.
Cross-shaped dots indicate where the differences are insignificant at the 99% confidence level by using student’s t-test in panels

(a), (b) and the bootstrap method in panels (c)—(f).

3.1. Contrary responses in NO3 and DFe
concentrations

Figures 2(a) and (b) show the linear regression coef-
ficient of the surface NO; and DFe concentrations
against the AABW strength by using all three simu-
lations (CTRL, GW, and GWMW) data. The AABW
strength shows an overall positive and negative rela-
tionship with NO; and DFe respectively. The sur-
face NO; and DFe changes for the glacial meltwater

are highly consistent with these results, as shown
in figures 2(c) and (d). To check this further, we
investigated the vertical changes in NO3 and DFe for
the Antarctic meltwater forcing. Indeed, as shown in
figures 2(e) and (f), NO; decreases in the upper ocean
butincreases in the abyssal ocean while the DFe shows
the opposite response.

These contrary responses in the NO; and DFe in
the SO may depend on the differing sources, which
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determine the vertical distributions of the NO3 and
DFe. A decrease in the surface NOj can be attributed
to a weakened nutrient supply to the mixed layer due
to the meltwater-induced freshening, which inhib-
its the upwelling of nitrate-rich deep water to the
surface-to-subsurface water (Bronselaer et al 2020).
Also, the surface NOs decrease is partly due to the
enhanced uptake by the phytoplankton. Climatolo-
gical values of the NO5 and DFe concentrations in the
CTRL are presented via the contours in figures 2(e)
and (f). In the overall SO, the climatological NOs
concentration is relatively high in the deep ocean
and the open ocean. Note that TOPAZv2 includes
external atmospheric inputs and river nitrogen dis-
charged into the surface (Dunne et al 2013) (see sup-
plementary), so that the enhanced stability may also
play a role in enhancing the concentration of certain
sources of nitrogen in the surface ocean. But given
that NO; decreases, this cannot be the reason and
instead suggests that this decrease is mainly driven by
a decline in vertical supply from the nitrate-rich deep
water.

In contrast to NOj, the climatological DFe in
the CTRL is highly concentrated along the Antarc-
tic coastline, with a maximum value near a depth of
200 m. The DFe concentration gradually decreases
with depth in contrast to the NO3 concentration.
Marginal sediment sources discharged into the upper
ocean on the shelf are responsible for this spatial
and vertical distribution of the DFe. In response to
the weakened deep convection due to the meltwater-
induced freshening, the iron supply from the upper
ocean on the shelf to the deep ocean decreases. There-
fore, iron from marginal sediments is trapped in the
upper ocean, resulting in a DFe increase in the sur-
face (figures 2(d)—(f)). In addition, iron from the air
deposition goes through the same process, contribut-
ing to the surface DFe increase. To sum up, given the
same meltwater-induced stabilization, NO; and DFe
show contrasting responses between the coastal and
open ocean, depending on the depth of their main
sources.

3.2. Regime shift in the marginal sea along the
Antarctic coastline
To understand the contrasting responses of surface
CHL concentration between the coastal and open
ocean, figures 3(a) and (b) relate the distribution of
surface CHL and DFe anomalies relative to the long-
term mean in the CTRL. In the open ocean, the CHL
anomaly has a significant positive relationship with
the DFe anomaly in all experiments (figure 3(a)). This
suggests that the iron limitation on the CHL growth
is being maintained in the open ocean in both GW
and GWMW. However, in the GWMW simulation,
the positive relationship between DFe and CHL tends
to be weakened at high DFe levels.

In the coastal ocean, the CTRL and GW simula-
tions also show a positive linear relationship between
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the CHL and DFe concentrations, suggesting that the
CHL increases as DFe increases (figure 3(b)). Note
that the DFe concentration anomaly does not exceed
0.04 nmol kg~! in the CTRL and GW simulations. In
the GWMW simulation, however, the relationship is
quite different from that in the open ocean. For a DFe
concentration of 0.04—0.1 nmol kg_l, which is much
greater than the concentration in the open ocean, the
CHL anomalies are positive but much smaller than
those in the open ocean and a linear relationship is
not seen. This suggests that the DFe in this range does
not drive an additional increase in the CHL, indic-
ating that the iron limitation regime is no longer in
effect. Interestingly, when the DFe concentration is
greater than 0.1 nmol kg~!, the CHL responds neg-
atively to increases in the DFe. This nonlinear CHL
response cannot be well understood by only consid-
ering changes in DFe.

To understand this nonlinear CHL response to
DFe in the coastal ocean, we divided the results
into three subsets depending on the DFe concentra-
tion anomaly in figures 3(a) and (b) and computed
the regression coefficients of the CHL concentration
against DFe and NO; in each subset (figures 3(c)
and (d)). When the DFe concentration is relatively
small (the left two columns in figures 3(c) and (d)),
the DFe is strongly responsible for the growth of the
CHL in the overall SO, while the role of the NO;
is relatively weak. However, as the DFe concentra-
tion increases, as in the right column in figures 3(c)
and (d), the importance of the DFe becomes weak
and even shows a negative relationship in the coastal
ocean. Concurrently, the role of the NO; in CHL
increase becomes important in the coastal ocean. This
means that the surface CHL more depends on the
NOs than on the DFe in the coastal ocean at high
DFe levels, implying that the limiting nutrient for
CHL has shifted from the iron to the nitrate. From
these results, the decrease in deep convection results
in a decrease in the NO; concentrations, hence, the
CHL concentration decreases in the coastal ocean as
shown in figures 1(a) and (b). Note that the DFe
and NO; gradually recover in the coastal ocean as
the AABW strength recovers after the first 40 years
(figure 1(d)). At the same time, the CHL concentra-
tion also recovers, implying the limiting nutrient in
the coastal ocean slowly changes from nitrate to iron
again.

To further support this argument, figure 4 shows
the distribution of CHL concentration against the
DFe and NOs; concentrations by averaging the val-
ues at all grid points and in all months from all
ensembles and experiments in the open and coastal
oceans respectively. As shown in figures 4(a) and (b),
the CHL sharply increases as the DFe increases when
the ratio of DFe to NOj is relatively large (a strong
x-direction gradient, iron-limited regime). However,
if the ratio of DFe to NO; becomes relatively small,
nitrate plays an important role in the growth of
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Figure 3. Distributions of the DFe and surface CHL concentration anomalies (DJF-mean) in CTRL (grey), GW (light-red), and
GWMW (light-blue) relative to CTRL averaged over the (a) open and (b) coastal oceans (defined in figure S1(b)) in each
ensemble and year during the entire simulation. Thick dots indicate the average in every given (a) 0.006, (b) 0.02 (CTRL, GW)
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concentrations given for each DFe range. Values are calculated in the DJF-mean cases in all experiments. Dots indicate where the
responses are significant at the 99% confidence level by using the student’s t-test.

CHL (a strong y-direction gradient, nitrate-limited
regime).

In the open ocean, the mean positions of the
CTRL and GW are located in the iron limitation
regime where the x-direction gradient is strong. In
addition, in the GWMW, even though the mean pos-
ition moves slightly to the right and south (NO3
decrease and DFe increase), it is still in the iron-
limited regime, such that the CHL increases as the
DFe increases in the open ocean (figures 1(a) and
(b)). In the coastal ocean, the mean positions of
the CTRL and GW are located in the iron limit-
ation regime, while that of the GWMW is in the
nitrate-limited regime where the y-direction gradient
is strong. This is consistent with the negative response
of the CHL concentration as the NO3 concentration
decreases in the coastal ocean (figures 1(a) and (b)).

The differences in magnitude in the climatolo-
gical nutrients between the open and coastal oceans
are important for the regime shift. As shown in the
mean positions in figure 4, the higher NO3 and lower
DFe concentrations in the open ocean, compared to
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in the coastal ocean, are unfavorable to a regime
shift due to glacial meltwater in the open ocean.
That is, in the open ocean, a larger DFe increase and
NO; decrease (meltwater-induced nutrient changes)
are required to shift the area from an iron-limited
to a NO;-limited regime. Compared with the open
ocean, it is easier to shift the nutrient limitation
regime in the coastal ocean (a relatively smaller anom-
aly is required). Even the magnitude of the nutrient
changes in response to the meltwater forcing is much
smaller in the open ocean than in the coastal ocean.
This means that the nutrient changes in the open
ocean are not sufficient to shift the nutrient regime.
Therefore, Antarctic glacial meltwater can induce a
contrary CHL concentration response in the open
ocean and the coastal ocean.

4. Summary and discussion

Here, we examined the Antarctic glacial meltwater
impacts (ocean stabilization) on the nutrients and



I0OP Publishing

Environ. Res. Lett. 17 (2022) 024022

J-H Oh et al

a Open Ocean
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Figure 4. Surface CHL concentration responses to the surface DFe and NO3 concentrations in all experiments (CTRL, GW, and
GWMW), ensembles, months (DJF), and grid points in the (a) open and (b) coastal oceans during the entire simulation. At a
resolution of 1°, there are 3197 grid points for the open ocean and 883 grid points for the coastal ocean (defined in figure S1(b)),
corresponding to a total of 24 936 600 and 6887 400 cases respectively. Dots indicate the average in all ensembles, months,
time-steps, and grid points in each experiment (CTRL: black, GW: red, and GWMW: blue). The small dots in the right panels
indicate the time evolution in GW (red) and GWMW (blue) with an 11 year moving average.

CHL (mg/m®)

CHL (mg/m®)

subsequent CHL changes using a series of earth sys-
tem model simulations. Because there is no iron con-
tained in Antarctic meltwater in the model in the
present study, the change in iron is only due to ocean
stabilization. In response to the glacial meltwater for-
cing, a NO; decrease (increase) in the upper (deep)
ocean was shown in the present study, consistent
with previous findings (Bronselaer et al 2020). How-
ever, changes in the DFe had opposite responses to
the changes in the NOj;. The contrary responses in
the NO; and DFe to the meltwater forcing depended
on the depth of the main source being from the
upper or deep ocean. Accordingly, the surface CHL
increased in the open ocean as the DFe increased.
However, in the narrow coastal regions, the CHL

decreased in response to the meltwater forcing, which
was attributed to a dramatic regime shift in the coastal
regions from the iron-limited to the nitrate-limited
conditions.

Direct iron supply from Antarctic glacial melt-
water, a largely overlooked source in most marine
ecosystem models (Tagliabue et al 2016), has been
investigated in many recent studies (Death et al 2014,
Raiswell et al 2016, Laufkotter et al 2018, Person et al
2019). Antarctic glacial meltwater is introduced into
the upper ocean such that the resultant direct iron
input to the SO is concentrated on the upper ocean.
This glacial iron supply can contribute to iron trap-
ping in the upper ocean due to the meltwater-induced
enhanced stratification, via the same process as the
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marginal sediment and atmospheric dust iron sources
in this study. Considering the glacial iron sources,
the responses in this study would be amplified. For
example, it could induce more surface iron increase
and the expansion of nutrient regime shift region.

In this study, we mostly focused on the DJF sea-
son because the CHL response to the addition of
meltwater is strongest and it explains most of the
total CHL changes (figure S3). In addition, we paid
attention to the nutrient limitation because the light
limitation does not play a dominant role in most
SO during the summer season, due to enough light
and nutrients depleted by the spring phytoplankton
(Lim et al 2019). Indeed, there are negative rela-
tionships in DJF between incoming shortwave radi-
ation and surface CHL not only in the GW but also
in the GWMW (figures S4(a) and (b)), implying a
minor role of the light limitation compared with the
nutrient limitation in the meltwater-induced CHL
changes in this study. On the other hand, the rela-
tionships become positive around Antarctica in the
September-November (SON) season (austral spring)
(figures S4(c) and (d)), implying a dominant role of
the light limitation because of the sufficient nutri-
ents in the spring due to the small phytoplankton
biomass in the winter season (Lim et al 2019). The
CHL changes in the SON season are relatively weak
and showed a somewhat different spatial distribution
from the DJF case (figure S3), which might be associ-
ated with light limitation changes in response to the
meltwater-induced sea ice increase.

The present study concentrated on the CHL
responses, which can induce biogeophysical feedback
that affects radiant heating by the reduction of sur-
face albedo and shortwave penetration (Frouin 2002,
Park et al 2015, Lim et al 2019) and can be used
for global fish catch prediction (Friedland et al 2012,
Park et al 2019). In addition, the changes of vertic-
ally integrated CHL concentration (figure S5) in the
euphotic zone (top 100 m) as a proxy of primary pro-
ductivity, exhibit an overall increase around Antarc-
tica, indirectly showing the enhanced carbon uptake.
Indeed, the dissolved inorganic carbon concentration
decreases in the surface layer (figure S6), which pos-
sibly implies enhanced carbon uptake by the phyto-
plankton and consequent downward carbon export
increase, thus this leads to the increase in pH and oxy-
gen concentration in the surface (figure S6). How-
ever, the meltwater-induced stratification and res-
ultant surface cooling and subsurface warming also
can contribute to these pH and oxygen changes. For
example, the pH and oxygen concentration decrease
in the deep ocean because more organic carbon can
be remineralized due to the isolation of carbon-
rich deep water from the surface by the stratific-
ation. The surface cooling and subsurface warm-
ing lead to the increase and decrease of the oxygen
concentration in the surface layer and deep ocean

J-H Oh et al

by the solubility changes respectively. Therefore, a
comprehensive understanding of how the physical
and biogeochemical factors driven by the Antarctic
meltwater can interact with each other is necessary
for the meltwater-induced carbon uptake and export
changes. Moreover, each functional type of phyto-
plankton has a different degree of limitation strength
for each nutrient, so that the phytoplankton com-
munity composition can also change in the SO in
response to the Antarctic meltwater. However, a com-
prehensive analysis of the carbon uptake, export, and
phytoplankton community changes in the SO due to
the glacial meltwater was not addressed here in detail.
These points, which have importance to the global
carbon cycle are meaningful and should be addressed
in further study.

Our results were based on a single earth system
model study, so that they could be model depend-
ent. As demonstrated in (Tagliabue et al 2016),
TOPAZv2 overestimates DFe in the surface ocean
and underestimates it in the ocean interior, which
might be associated with the absence of hydrothermal
sources (Tagliabue et al 2010) and large marginal
sediment sources or an iron-binding ligand concen-
tration. Also, the surface NO3 concentration in the
coastal region around Antarctica is underestimated
in TOPAZv2 (Séférian et al 2020). These character-
istics of TOPAZv2 might result in sufficient DFe and
NOs deficit in the surface ocean by the meltwater for-
cing and consequent nutrient regime shift from the
iron-limited to nitrate-limited in the coastal region in
this study. There are severe uncertainties in the para-
meterizations of all aspects of the iron cycle, includ-
ing the magnitude and variability of the diverse iron
sources, solubility, and chemistry in the ocean (Boyd
et al 2012, Tagliabue et al 2016). Thus, whether the
present results are definitive is beyond the scope of a
single model study. Analyses from multi-model inter-
comparisons and advanced coupled climate-land ice
models with various nutrient sources are necessary to
test the robustness of our findings.
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