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Models and proxy data suggest multi-centennial nutrient reorganization and
biological productivity changes under sustained climate warming. These
changes have traditionally been attributed to processes in the Southern Ocean.

Here we instead show that transient overturning circulation adjustments,
associated with changes in the Atlantic Meridional Overturning Circulation
(AMOC), dominate the global nutrient reorganization on centennial time-

scales. Following an AMOC weakening, a typical feature of a warming climate, a
transient overturning circulation develops in the Indo-Pacific basins, char-
acterized by enhanced southward transport in the deep ocean. Coupled with
the vertical nutrient structure, these transient overturning changes produce a
net transport of nutrients from the Indo-Pacific into the Southern Ocean.
Meanwhile, isopycnal surfaces deepen and bring nutrient-depleted waters to
greater depths, causing nutrient concentrations to decline in much of the
global upper ocean. Given the close link between nutrients and carbon, our
findings suggest that transient overturning circulation changes across differ-

ent basins can critically affect the marine carbon cycle.

Due to rising atmospheric CO,, the ocean is experiencing changes in
physical, chemical, and biological environments with critical
impacts on ocean ecosystems'. Increases in surface stratification
due to global warming are projected to limit surface nutrient supply
and decrease biological productivity in low-to-mid latitudes during
the 21st century. A global decline in biological productivity is likely
to continue beyond the 21st century, but attributing this long-term
change to enhanced surface stratification alone is difficult, because
upper ocean changes occur on relatively short timescales*”. Instead,
long-term productivity changes are more likely caused by nutrient
redistribution between different ocean basins and/or different water
depths*®, with nutrient concentrations decreasing in much of the
upper Atlantic and Indo-Pacific basins but increasing in the Southern
Ocean. The associated mechanisms for this nutrient redistribution
remain debated.

A recent study attributes global nutrient redistribution on cen-
tennial timescales to nutrient trapping in the Southern Ocean’, hinging
on coupled changes in wind-driven deep water upwelling and biolo-
gical activity in the Southern Ocean. As the climate warms, Southern
Hemisphere westerly winds are predicted to shift poleward and
intensify”®, potentially increasing circumpolar upwelling of nutrient-
rich deep waters in the Southern Ocean. The resulting biological pro-
ductivity enhancement in the Southern Ocean, due to nutrient
increases and favorable warm growth conditions, would increase the
vertical export of organic matter that transfers nutrients from the
surface to the deep ocean, where sinking particles are remineralized.
This enhanced biological export reduces nutrient concentrations in
the northward subducting waters that sustain low-latitude biological
productivity today’. Together, these processes are thought to result in
nutrient trapping in the Southern Ocean’. Critically, if these Southern
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Fig. 1| Schematic showing tracer redistributions by transient ocean over-
turning changes. Color shadings show climatological distributions of dissolved
inorganic silicate (Si) from GLODAPv2* along a 30° W in the Atlantic and b 170° W
in the Pacific. Following a slowdown of the Atlantic overturning (black dashed line
with arrow in (a) shows the overturning anomaly), the Indo-Pacific develops an
opposite overturning circulation anomaly (black dashed line with arrow in (b)).
These transient overturning circulation changes redistribute Si between the

Southern Ocean and the northern basins, which increases Si in the Southern Ocean
(“+”) and reduces Si in the Indo-Pacific (“~”). Associated with these overturning
adjustments, isopycnal surfaces deepen (blue dashed arrows) and bring nutrient-
depleted surface waters to greater depths, decreasing nutrient concentrations in
the upper Atlantic and Indo-Pacific. The red dotted lines represent the boundary
between the Southern Ocean and the northern basins.

Ocean processes dominate the centennial global nutrient redistribu-
tion, the upper-ocean nutrient reduction would be most prominent in
the Southern Hemisphere, due to the northward subducting inter-
mediate and mode waters. However, this cannot fully explain the
nutrient structure changes simulated by earth system models?, where
nutrient concentrations decline more significantly in the Northern
Hemisphere. Thus, additional processes are required to explain
Southern Ocean nutrient trapping and global nutrient redistribution.

Investigation of nutrient cycling in the ocean is also important for
understanding past ocean and climate changes. Multi-centennial
nutrient reorganization occurred during the last deglaciation. Paleo-
climate records suggest enhanced diatom production around the
Antarctic Polar Front during Heinrich events'®", when the Atlantic
Meridional Overturning Circulation (AMOC) was believed to be sub-
stantially weakened'>”. The enhanced diatom production was inter-
preted as evidence for increased Southern Ocean upwelling of
nutrient-rich deep waters'“™", driven by an intensification and/or
southward shift of Southern Hemisphere westerly winds™'¢. However,
more recent theoretical and modeling studies suggest a much weaker
sensitivity of the Southern Ocean upwelling to westerly wind changes
due to compensation effects from transient and standing eddies” .
Thus, the dominant factors affecting the centennial global nutrient
redistribution warrant further investigation.

In this study, we highlight the role of transient overturning cir-
culation responses, involving interactions between the Atlantic and the
Indo-Pacific basins, in the global redistribution of nutrients and bio-
logical productivity reduction in a warming climate on centennial time
scales (Fig. 1). Following a weakening of the AMOC, a typical feature of
a warming climate?*, the Indo-Pacific ocean develops an overturning
circulation anomaly that opposes the Atlantic changes (black dashed
arrows in Fig. 1)*. This inter-ocean response is established via the
propagation of planetary waves, associated with a global adiabatic
deepening of density surfaces (blue dashed arrows in Fig. 1)*7. This
process is distinct from previous views of Indo-Pacific overturning
changes that involve the initiation/enhancement of deep and/or
intermediate water formation in the Pacific**’.

More specifically, changes in the AMOC modify the density
structure in the North Atlantic. The associated stratification changes
propagate into the South Atlantic and the Indo-Pacific, leading to
geostrophically-balanced, meridional volume transport anomalies that

have opposing signs between the Atlantic and Indo-Pacific basins
(dashed arrows in Fig. 1). This process affects the global distribution of
heat® and biogeochemical tracers, but has been underappreciated and
underexplored in previous studies. Coupled with the vertical structure
of nutrient concentrations, the transient overturning response in the
Indo-Pacific causes a global reorganization of nutrients between dif-
ferent ocean basins (green arrow in Fig. 1), affecting global biological
productivity in a warming climate.

Results

Nutrient and productivity changes in a warming climate

We use outputs from the Community Earth System Model 2 (CESM2; see
“CESM2 simulations” in “Methods”), as part of the Coupled Model
Intercomparison Project Phase 6. In response to atmospheric CO,
quadrupling (“4xC05"), the surface ocean stratification increases rapidly
over the first 100 years, due to surface warming, and then levels off
(Supplementary Fig. 1). This rapid stratification increase, which restricts
nutrient entrainment into the euphotic layer (“CESM2 simulations” in
“Methods”), suppresses diatom production and organic matter export
in the Atlantic and Indo-Pacific basins (Supplementary Figs. 2 and 3).

Primary production continues to decrease in much of the Indo-
Pacific and Atlantic basins over the next few centuries (Fig. 2a, b and
Supplementary Fig. 2). However, these long-term biogeochemical
responses can no longer be explained by surface stratification, which
only increases minimally after -~100 years. Instead, the multi-
centennial decline in biological production is related to a global
reorganization of nutrients (Fig. 2c-f and Supplementary Figs. 4 and 5).
Here we focus on the distribution of dissolved inorganic silicate (Si),
which is critical to diatom production and surface organic matter
export®. Si decreases in much of the subsurface Indo-Pacific basin,
with maximum reductions at around 1km water depth in the North
Pacific, and in the upper 1.5 km of the Atlantic, but Si increases in much
of the Southern Ocean and in the deep Atlantic, exhibiting a nutrient
redistribution between different ocean basins (Fig. 2).

This nutrient redistribution was previously attributed to wind-
driven circumpolar enhancement of deep water upwelling and
increases in biological production in the Southern Ocean’?, but this
mechanism cannot fully explain the structure of nutrient changes in
the Pacific Ocean. Specifically, if the global nutrient redistribution is
dominated by Southern Ocean processes, the enhanced biological
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Fig. 2 | Nutrients and primary production in CESM2. a Primary production in the
pre-industrial Control run (piControl), averaged over the last 50 years. b Primary
production changes after CO, quadrupling, averaged over years 150-200. ¢ Si
concentration along 170° W in the Pacific. d Si concentration changes (4Si) after
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CO, quadrupling, averaged over years 150-200. e Same as (c) but along 30° W in
the Atlantic. f Same as (d) but along 30° W in the Atlantic. The red dotted lines
represent the boundary between the Southern Ocean and the northern basins.
Source data are provided as a Source Data file.

production would lead to the largest nutrient reductions in the cores
of intermediate/mode waters in the Southern Hemisphere near 1km
water depth, inconsistent with the simulated substantial nutrient
reductions in the North Pacific (Fig. 2d). We note that a long-term
decline of biological productivity in the northern basins may reduce
subsurface nutrient levels in the North Pacific, but the associated
processes would primarily redistribute nutrients vertically along the
water column, not between ocean basins (Supplementary Fig. 5).

Transient overturning circulation adjustments and nutrient
redistribution

The global nutrient redistribution, occurring on centennial timescales,
is better explained by transient adjustments of the global ocean
overturning circulation. Following atmospheric CO, quadrupling, the
ocean's overturning circulation adjusts to changes in surface forcing.
A prominent feature is a slow-down of the AMOC (Fig. 3a and Sup-
plementary Fig. 6)*. At similar water depths where the AMOC weakens,
an overturning circulation anomaly with an opposing sign develops in
the Indo-Pacific (Fig. 3a, b), characterized by a northward transport
anomaly in the upper 1km and a southward transport anomaly at
greater depths (dashed arrow in Fig. 1b). During the overturning cir-
culation adjustments, the Indo-Pacific overturning response, Ayp, lar-
gely compensates for the AMOC weakening, Ay, at 30° S on
centennial timescales, i.e., AYp = -y, (Supplementary Fig. 6b). How-
ever, nutrient distributions differ between the Atlantic and Indo-
Pacific. Nutrients are more enriched in the deep Indo-Pacific and have
stronger vertical gradients over the upper 3 km due to weaker venti-
lation, as compared to the Atlantic (Figs. 1 and 2c, e). As such, when the
compensating overturning circulation changes in the Indo-Pacific and
the Atlantic basins are coupled with the different vertical nutrient
gradients, a net redistribution of nutrients into the Southern Ocean
occurs (see “Nutrient transport” in “Methods”).

To demonstrate the above mechanism, we quantify the Si trans-
port anomalies, A7, between the Southern Ocean and the northern
basins across 30° S in the model (see “Nutrient transport” in “Meth-
ods”). We find a southward Si transport anomaly, A7<0, into the
Southern Ocean (purple line in Fig. 3d), which is driven by circulation
changes (Supplementary Fig. 7) and dominates over changes in diffu-
sive nutrient transport (Supplementary Fig. 8). The southward Si

redistribution causes nutrient trapping in the Southern Ocean with the
Southern Ocean Si content increasing by 37% in 1,000 years (Supple-
mentary Fig. 8). A further decomposition of the Si transport into dif-
ferent basins shows that the Southern Ocean Si increase arises from
exchanges with the Indo-Pacific basin (red line in Fig. 3¢), and thus, is
not a circumpolar response as suggested in previous studies. The
associated southward Si transport anomaly is due to transient over-
turning circulation responses, linked to the concomitant AMOC
weakening, coupled to characteristic Si distributions with enriched Si
and stronger vertical gradient in the Indo-Pacific (orange line in
Fig. 3c). The Si transport is northward across 30° S in the Atlantic basin
(blue line in Fig. 3¢), largely due to the AMOC weakening (green line in
Fig. 3¢). Taken together, we show that transient overturning circula-
tion changes can substantially impact large-scale nutrient transport
and redistribution in the world oceans (Fig. 3).

We reach the same conclusion using previous model outputs?, i.e.,
the centennial nutrient redistribution between the Southern Ocean
and the northern basins in a warming climate is predominantly due to
transient overturning circulation adjustments between the Indo-
Pacific and the Atlantic (Supplementary Fig. 9). While the previously
proposed mechanism for Southern Ocean nutrient trapping may be
useful to explain intermediate depth nutrient changes, we continue to
find that overturning circulation changes and the associated isopycnal
deepening are necessary to account for most of the nutrient changes in
the subsurface Indo-Pacific and the upper Atlantic oceans (see
“Nutrient changes due to adiabatic isopycnal movements” in “Meth-
ods”; Supplementary Fig. 10). Specifically, isopycnal surfaces deepen
to balance the transient overturning adjustment® and bring nutrient-
depleted water to greater depths (blue arrows in Fig. 1), causing
nutrient concentrations to decline in much of the global upper ocean.

Roles of wind and buoyancy

The poleward shift and strengthening of Southern Hemisphere westerly
winds (Supplementary Fig. 11) has been thought to cause stronger
upwelling of nutrient-rich deep waters™** and also contribute to nutrient
increases in the Southern Ocean. However, in the CESM2 simulations,
the Southern Ocean overturning circulation changes only briefly pro-
duce a small southward Si transport anomaly during the first 100 years,
and then the sign reverses (pink line in Fig. 3d). Thus, the nutrient
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redistribution into the Southern Ocean is unlikely due to surface wind
induced circumpolar upwelling changes®. To explore the underlying
processes that affect the overturning circulation and nutrient redis-
tribution, we assess the respective roles of surface winds and buoyancy
changes, which have been extensively studied but heavily debated in the
literature.

We use an ocean-biogeochemical model, based on MITgcm, to
carry out a set of process-based numerical experiments, which allow us
to separate the respective roles of wind and buoyancy in affecting the
overturning circulation and nutrient redistribution (see “Ocean-
biogeochemical model setup” in “Methods”). Under surface wind and
buoyancy forcings from CESM2 4xCO,, our MITgcm runs largely
reproduce the global ocean nutrient reorganization in CESM2 (Sup-
plementary Fig. 12). Most of the global nutrient redistribution is attri-
butable to changes in surface buoyancy forcing, rather than surface
winds (Fig. 4 and Supplementary Fig. 13). The strengthening and
poleward shift of Southern Hemisphere westerly winds increases
Ekman pumping and surface nutrients only in regions close to Ant-
arctica (Fig. 4a-c). In the broader Antarctic Circumpolar Current
region, however, the southward shift of westerly winds weakens
Ekman pumping and shifts the nutrient-rich deep waters to greater
depths, leading to a decrease in surface nutrient concentrations
(Supplementary Fig. 14; see “Nutrient changes due to adiabatic iso-
pycnal movements” in “Methods”). Changes in surface buoyancy for-
cing, due to CO, quadrupling, cause a reduction in nutrient
concentrations in much of the global upper 2km (Fig. 4d-f) that
resembles nutrient changes in CESM2 4xCO, (Fig. 2d, f), along with the

southward nutrient redistribution driven by transient overturning
changes (Supplementary Fig. 13c). Despite nutrient increases in the
subsurface Southern Ocean, surface nutrient concentrations decline in
the Southern Ocean. This likely occurs because surface warming and
freshening increase surface stratification®* and reduce nutrient supply
into the surface mixed layer from the deep ocean.

The MITgcm results show that changes in Southern Hemisphere
westerly winds only marginally affect the global nutrient distribution.
Therefore, we conclude that changes in surface buoyancy cause tran-
sient adjustments of the global overturning circulation that redis-
tribute nutrients from the Indo-Pacific into the Southern Ocean.

Discussion

The deep Indo-Pacific contains a large amount of dissolved inorganic
nutrients and carbon. Yet, previous studies on the ocean’s role in cli-
mate transitions have largely focused on physical processes that con-
nect the overturning circulation between the Atlantic and the Southern
Ocean. The impact of Indo-Pacific overturning changes remains criti-
cally under-explored. A change in the strength and structure of the
AMOC is likely to be a key component of the climate’s response to
anthropogenic forcing. Transient adjustments of the overturning cir-
culation on centennial timescales associated with AMOC changes, as
shown recently, involve interactions primarily between the Atlantic
and the Indo-Pacific” and could affect distributions of biogeochemical
tracers, including nutrients and carbon. Here, we show that transient
Indo-Pacific overturning circulation changes, associated with AMOC
weakening, cause a southward nutrient redistribution from the Indo-
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ASi is calculated as the difference from the MITgcm control run, which is forced
with surface forcing taken from CESM2 piControl. For modeling details, see
“Ocean-biogeochemical model setup” in “Methods”. Source data are provided as a
Source Data file.

Pacific into the Southern Ocean in a warming climate and lead to
nutrient trapping in the Southern Ocean. This nutrient reorganization
contributes to a long-term decline of oceanic biological productivity in
the Indo-Pacific, as documented previously**~¢.

The transient overturning circulation adjustments also provide
mechanistic insights into past climate changes. For example, coral
temperature records show significant subsurface warming in the
eastern equatorial Pacific during Heinrich events and the Younger
Dryas during the last deglaciation”. The subsurface warming on multi-
centennial time scales is most likely due to isopycnal deepening in the
broad low-to-mid latitudes that balances the Indo-Pacific overturning
circulation anomalies associated with AMOC weakening®. The nutrient
redistribution by transient overturning changes might have also sup-
plied more Si to the Southern Ocean and contributed to increases in
diatom production close to the Antarctic Polar Front during Heinrich
events'>*, However, we note that diatom records during Heinrich
stadials represent mean climate variations under different background
climate conditions and on timescales (multi-centennial to millennial)
longer than those discussed in this study. Further studies are
required to understand processes controlling past ocean circulation,
nutrient reorganizations, and the time scales over which these
processes occur.

Nutrient cycling is intrinsically linked to the global ocean carbon
cycle and atmospheric CO, changes. Previous studies have heavily
relied on Southern Ocean processes (e.g., changes to westerly winds)
to explain changes in nutrient distribution and carbon cycle*****, Our
study suggests that processes in the North Atlantic, via transient
overturning circulation changes between the Atlantic and the Indo-
Pacific basins, play a critical role in regulating global nutrient dis-
tributions on centennial timescales. The global upper-ocean nutrient
decline (Fig. 2) due to transient overturning changes suggests a more
efficient biological carbon pump that may help increase oceanic CO,
uptake®. Dissolved inorganic carbon and Si have similar distributions
in the ocean. Thus, transient overturning circulation adjustments,
associated with AMOC changes, also inevitably redistribute carbon
between different ocean basins and trap more carbon in the deep
ocean as well as in the Southern Ocean (Supplementary Fig. 15),
increasing deep ocean carbon storage.

Methods

CESM2 simulations

CESM2 is a fully coupled earth system model, consisting of ocean,
atmosphere, land, sea ice, land ice, and wave components, which
exchange states and fluxes through a coupler*®. The ocean component

Nature Communications | (2024)15:7727


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52200-0

is Parallel Ocean Program version 2 and has a nominal horizontal
resolution of 1°. Ocean biogeochemistry in CESM2 is represented by
the Marine Biogeochemistry Library (MARBL), which represents mul-
tiple nutrient colimitations (N, P, Si, and Fe). MARBL includes fully
prognostic carbonate chemistry and simulates sinking particulate
organic matter implicitly. There are three explicit phytoplankton
functional groups (diatoms, diazotrophs, and pico/nano phyto-
plankton), one implicit group (calcifiers), and one zooplankton group.
The piControl run approximately simulates the observed structure of
nutrients in the upper 3 km (Fig. 2), but overestimates the abyssal
nutrients level due to the too-weak abyssal overturning circulation®.
The CESM2 CO, quadrupling (4xCO,) experiment is initialized from
piControl, but with the atmospheric CO, instantaneously quadrupled.
The 4xCO; run is continued for another 1,000 years. Unless otherwise
noted, we compare 4xCO, averaged over years 150-200 with
piControl.

During the first few decades, the reduced nutrient entrainment
into the surface due to stronger stratification leads to a slight increase
in nutrient concentrations below the surface mixed layer (Supple-
mentary Fig. 5). The surface nutrient depletion favors picophyto-
plankton, which are better adapted to the low-nutrient environment,
and their production increases due to the favorable warm growth
conditions during the first few decades (green lines in Supplementary
Fig. 2b, c¢). The picophytoplankton increase overwhelms the diatom
decrease in primary production in the short term but does not con-
tribute substantially to organic matter export to the subsurface ocean
(Supplementary Fig. 3).

Regional changes in primary production are not exclusively con-
trolled by nutrient concentrations (Supplementary Fig. 4). In low-to-
mid latitudes, where diatom growth is somewhat limited by Si avail-
ability, diatom production tends to decrease in regions where Si con-
centration declines. However, primary production and organic matter
export increase in the Southern Ocean (Supplementary Figs. 2 and 3),
a typical high-nutrient low-chlorophyll region*’, despite a decrease
in surface Si concentration. This likely occurs due to a reduction in
summer sea ice coverage close to Antarctica and surface warming in
lower latitudes*, which relieves light limitation.

Nutrient transport
We calculate the nutrient transport across 30° S, 7, as,

0 Xe
T= / / vN dxdz, )
Zpot /' Xw

where A is nutrient concentration, v represents residual velocity,
including the Eulerian-mean flow and eddies, x,, and x. denote the
western and eastern boundaries, respectively. Differences in nutrient
transport between piControl and 4xCO,, AT, can be driven by changes
in ocean circulation, ¢/, as well as changes in nutrient concentrations
due to other processes, \,

0 Xe
AT = / / (VN +0oN')dx dz, )
Zpot 7/ Xw

where N and vy represents nutrient concentration and velocity,
respectively, in piControl, and we neglected contributions due to v’
Our calculation suggests that circulation changes in 4xCO, relative to
piControl,

0 Xe
AT = / / UNdxdz,
Zpot /X

dominates the nutrient transport anomaly, A7 (Supplementary Fig. 7),
i.e., AT=AT".

The nutrient transport changes due to circulation differences,
AT, can be further decomposed into contributions due to changes in
ocean overturning circulation, AT¥, and horizontal circulation (e.g.,
gyres), ATC,

0 X, R 0 A/ 0 Xe .
A’T":/ / (V+0)Nodxdz= Atp%dz + / / UNodxdz,
v Zoot Xw 7 Zbot 0z 7 Zoot” Xw

ATY ATS

©)

where overline means zonal average between x,, and x,, hat means
deviations from zonal average, and Ay represents overturning circu-
lation differences between piControl and 4xCO,, defined as,

4

A(z)= / " vdxdz. )

Zbot

The nutrient exchange across 30° S, A7, occurs in both the
Atlantic, AT ,, and the Indo-Pacific sectors, T,

AT = AT, +Tp=AT4 +ATY.
Applying the decomposition in Eq. (3) for each basin, we have

AT=ATY+TY +ATS +ATS,

aT?

where the nutrient transport anomaly due to the compensating over-
turning transient between the Atlantic and Indo-Pacific basins,

0 A A/ 0 A/ A/
AT}”=/ <Awp%mzp,\%>dn/ Azpp<%f%>dz<0 (6)

where A, and \V, represent the zonal-mean nutrient concentration
calculated in the Atlantic and the Indo-Pacific basin, respectively,
in piControl. The Indo-Pacific overturning circulation anomaly
at 30° S, Ayp, is positive (Fig. 3b). The vertical nutrient gradient
is much stronger in the Indo-Pacific basin, a;,”j _ab\? <0, due to
the slower ventilation rate in the deep Pacific than in the deep
Atlantic**. As such, the compensating overturning circulation
transients drive a southward nutrient transport anomaly into the
Southern Ocean.

Nutrient changes due to adiabatic isopycnal movements

The Indo-Pacific overturning responses in Fig. 3b are largely balanced
by an adiabatic deepening of isopycnals. This process brings nutrient-
depleted water to greater depth (Fig. 1) and contributes to the nutrient
decrease in Fig. 2d. For conciseness, we consider a one-dimensional
case. For piControl,

N =Ny(2),2={y(b),b=By(2), (7)
and for 4xCO,,

N =Ny(2),2=0y(b), b=B,(2), 8)
where A = N(2) represents nutrient distribution as a function of depth,
z = {(b) denotes the depth of isopycnal of buoyancy b, and b = B(2) is
the vertical buoyancy distribution. As such, the nutrient changes

between piControl and 4xCO, due to adiabatic isopycnal movements
can be quantified as

AN 1(2)=Np ({o(B1(2)) — No(2), ©
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Changes in biological processes, horizontal advection, and diffusion
may also contribute to the nutrient changes and are represented as the
residual between the total nutrient changes, AN, and AN,

Ocean-biogeochemical model setup

We carry out a suite of ocean-biogeochemical simulations to compare
the role of wind and surface buoyancy forcing in global nutrient redis-
tribution. The ocean component is the Massachusetts Institute of
Technology General Circulation Model (MITgcm) with a nonlinear
equation of state®™. The model resolution is 1° in longitude and 0.5° in
latitude. The model domain is similar to CESM2 but without the Arctic to
avoid the singularity problem in the polar region. In the vertical, there are
30 layers ranging from 10 m at the top to 369 m at the bottom. Vertical
mixing is handled by the K-Profile parameterization*®. Unresolved eddies
are represented using the skew-flux form of the Gent-McWilliams
parameterization with a background diffusivity of 1,000 m*s™. Isopycnal
diffusion due to eddies is parameterized using the Redi scheme with a
diffusivity of 1,000 m?s™%. The model is forced with surface forcing taken
from CESM2. Temperature at the surface is restored to monthly sea
surface temperature with a relaxation timescale of 14 days'’ and a net
surface heat flux. Surface salinity is forced by monthly surface freshwater
flux, which includes precipitation, evaporation, ice melt, and river runoff.
A weak relaxation of the surface salinity to CESM2 piControl climatology
is also included to avoid possible bi-stability of the overturning circula-
tion due to the mixed boundary conditions*.

The biogeochemistry component is a modified version of Bio-
geochemistry with Light, Iron, Nutrients, and Gas (BLING)***° to include
the silicon cycle. The original BLING model includes an implicit physio-
logical model of growth co-limitation by light, temperature, phosphate,
and iron and an implicit ecological model of partitioning into reminer-
alized and dissolved pools. It solves for dissolved inorganic phosphate,
dissolved inorganic carbon, dissolved organic phosphate, alkalinity,
oxygen, and dissolved iron. The modifications to BLING include an
added phytoplankton group, diatoms, and silicon cycle, largely follow-
ing a more sophisticated biogeochemical model, TOPAZv2®'. We force
the biogeochemistry model with climatological monthly iron fluxes,
surface wind speed, and sea ice coverage from CESM2 piControl, which
are kept constant throughout the suite of different simulations.

A total of four experiments were carried out using the ocean-
biogeochemical model: “Control”, “Wind”, “Buoyancy”, and “4xCO,". In
“Control”, both surface wind and buoyancy forcing (surface heat flux,
surface temperature, surface freshwater flux, and surface salinity) are
taken from CESM2 piControl. “Control” is run for over 4,000 years to
achieve an approximately steady state. The other three experiments
were initialized from the end of “Control” and continued for 300 years.
In “Wind”, the surface wind is taken from CESM2 4xCO, (monthly cli-
matology over years 150-200) but surface buoyancy forcing is kept the
same as in “Control”. In “Buoyancy”, the surface wind is kept the same as
in “Control” but surface buoyancy forcing is taken from CESM2 4xCO,
(monthly climatology over years 150-200). In “4xCO,”, both surface
wind and buoyancy forcing are taken from CESM2 4xCO, (monthly cli-
matology over years 150-200). “Control” largely reproduces the struc-
ture of the nutrients in CESM2 (Supplementary Fig. 12). With surface
forcing from CESM2 4xCO,, “4xCO,” also approximately reproduces the
global nutrients reorganization (Supplementary Fig. 12). Comparison of
“Wind” and “Buoyancy” with “Control”, quantified as their differences
averaged over years 250-300 after perturbations, shows the impacts of
changes in surface wind and surface buoyancy forcing, respectively, on
the overturning responses and nutrients reorganization.

Data availability

The CESM2 model output was downloaded from the Earth System Grid
Federation node (https://esgf-node.lInl.gov/search/cmip6/). The cli-
matological Si data used in creating Fig. 1 were downloaded from
GLODAPV2 (https://glodap.info/). Source data for Figs. 2-4 are

provided in this paper. Model outputs from the MITgcm experiments
are made publicly available from the online open access repository,
Figshare, with https://doi.org/10.6084/m9.figshare.26787751. Source
data are provided in this paper.

Code availability
The code for reproducing the ocean-biogeochemical experiments in
this study is made publicly available from the online open-access

repository, Figshare, with https://doi.org/10.6084/m9.figshare.
26129629.
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