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Abstract. While several processes have been identified to explain the decrease in atmospheric CO2 during glaciations, a better
quantification of the contribution of each of these processes is needed. For example, enhanced aeolian iron input into the
ocean during glacial times has been suggested to drive a 5 to 28 ppm atmospheric COy decrease. Here, we constrain this
contribution by performing a set of sensitivity experiments with different aeolian iron input patterns and iron solubility factors
under boundary conditions corresponding to 70 thousand years before present (70 ka BP), a time period characterised by the
first observed peak in glacial dust flux. We show that the decrease in CO5 as a function of the-Southern Ocean iron input

follows an exponential decay relationship. This exponential decay response arises due to the saturation of the biological pump

efficiency and levels out at ~21 ppm in our simulations. Using-a-bestestimate-of We show that the changes in atmospheric CO
are more sensitive to the solubility of iron in the ocean, than the regional distribution of the iron fluxes. If surface water iron
solubility between-is considered constant through time, we find a CO5 draw-down of ~4 to ~8 ppm. However, there is evidence

that iron solubility was higher during glacial times. A best estimate of solubility changing from 1% during interglacials to 3
and-to 5% -under glacial conditions yields a ~9 to 11 ppm CO; decrease is-simulated-at 70 ka BP, while a plausible range

of CO4 draw-down between 4 to 16 ppm is obtained using the wider but possible range of 1 to 10%. This would account for
~12-50% of the reconstructed decrease in atmospheric CO2 (~32 ppm) between 71 and 64 ka BP. We further find that in our
simulations the decrease in atmospheric CO5 concentration is solely driven by iron fluxes south of the Antarctic polar front,

while iron fertilization elsewhere plays a negligible role.

1 Introduction

CO, draw-down during the last glacial period occurred in multiple steps before reaching a minimum level of ~190 ppm at the
Last Glacial Maximum (LGM, 21,000 years ago) (EPICA Community Members et al., 2004; Ahn and Brook, 2008; Liithi
et al., 2008; Bereiter et al., 2012, 2015). One of the last major drops in atmospheric CO» concentration occurred at the begin-
ning of Marine Isotope Stage (MIS) 4 (71-59 thousand years ago, ka BP hereafter) when CO; decreased from ~233+8 ppm
to ~201£4 between 71 ka and 64 ka (Figure 1b). This period also coincided with the minimum summer insolation at high

northern latitudes (~70 ka BP, Berger (1978)), which led to the most pronounced episode of ice sheet growth in the Northern
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Hemisphere (NH) over the glaciation (Bassinot et al., 1994; Petit et al., 1999; Grant et al., 2012). Even though NH ice sheet ex-
tent and volume during MIS4 and MIS3 are not well constrained, numerical modelling experiments and observational records
have shown that the extent of the Cordilleran and Scandinavian ice sheets was larger during MIS4 than during the LGM,

whereas the Laurentide and Greenland ice sheets were smaller (Lambeck et al., 2010; Kleman et al., 2013; Batchelor et al.
2019). As a result of the glaciation occurring during the early part of MIS4, it is suggested that the global sea level dropped to

about 80m below present day sea level (Waelbroeck et al., 2002; Grant et al., 2012; Batchelor et al., 2019; De Deckker et al.,
2019). Global sea surface temperatures (SSTs) also show a rapid declirie ®yn the early MIS4 transition and an overall

1.5 drop across MIS4, before rising again to pre-MIS4 levels around 59 ka BP (Kohfeld and Chase, 2017).

Several mechanisms have been put forward to explain the draw-down of atmosphgde@@ glaciations, including the

32 ppm drop in C@ during the MIS4 transition. These mechanisms include higher solubility efi@©older ocean waters
(Heinze etal., 1991; Kucera et al., 2005; Williams and Follows, 2011; Khatiwala et al., 2019); higher carbon sequestration asso-
ciated with a weaker Atlantic Meridional Overturning Circulation (AMOC) and thus lower ventilation rates during glacial peri-
ods (Sigman and Boyle, 2000; Toggweiler, 2008; Sigman et al., 2010; Watson et al., 2015; Jaccard et al., 2016; Yu et al., 2016;

Menviel et al., 2017; Kohfeld and Chase, 2017); and the expansion of sea ice cover leading to more strati ed Southern Ocean

(SO) waters and smaller air-sea gas exch@Rgecoi : -Stepher Keeli ; i RS i=lel ois et al., 19

However, it has been argued that sea ice expansion does not correlate well with the timingdra@a@own at 70 ka (Kohfeld
and Chase, 2017), and that the major drivers during this transition might in fact be due to a shallower AMOC (Piotrowski et al.,

2005; Thornalley et al., 2013; Yu et al., 2016), or a more ef cient biological pump due to enhanced iron input to the ocean

The ef ciency of the biological pump is partly dependent on the relative abundance of different marine phytoplankton
communities, which further depends on the availability of both macro and micro nutrients (Kvale et al., 2015a; Saini et al.,
2021). Martin (1990) suggested that the micro nutrient iron plays a crucial role as a limiting nutrient in phytoplankton growth,

leading to a decrease in atmospheric,GOncentration. Antarctic ice core records indeed show peaks in dust uxes that co-
incide with lower Antarctic temperatures and lower £i®vels (Figure 1) during MIS4 and MIS2 (27-19 ka) (Wolff et al.,
2006, 2010; Lambert et al., 2008, 2012; Martinez-Garcia et al., 2011, 2014; Lamy et al.,128%4)ereventhoughseme

zone(SAZ) of the Southern Ocean during the LGM (Kohfeld et al., 2005, 2013; Martinez-Garcia et al., 2@%d)s littie:



Figure 1. Time series of (a) Antarctic temperature anomalies from present €3yJouzel et al., 2007), (b) atmospheric £&ncentration
(ppm) (Bereiter et al., 2015), and (c) dust ux (mg/m2/yr) (Lambert et al., 2012) as recorded in EPICA DOME C ice core; (d) iron dust
accumulation rates (mgffyr) from ODP Site 177-1090 (Atlantic) (Martinez-Garcia et al., 2011), iron (%) records in the South Paci ¢ from
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Numerous modelling studies have explored the changes in Southern Ocean biogeochemistry due to enhanced aeolian irol

input either under pre-industrial (Pl) (Aumont and Bopp, 2006; Tagliabue et al., 2009a, 2014) or LGM conditions (Aumont
et al., 2003; Bopp et al., 2003; Oka et al., 2011; Lambert et al., 2015; Muglia et al., 2017; Khatiwala et al., 2019; Yamamoto
et al., 2019; Lambert et al., 2021; Saini et al., 2021), but not under MIS4 conditions. An exception is Menviel et al. (2012)
who simulated a 12 ppm CQ drop as a result of enhanced aeolian iron uxes into the Southern Ocean at 70 ka in a transient
simulation of the last glacial cycle.

In this study, we constrain the impact of enhanced aeolian iron input on atmosphericofi€entration during the MIS4
transition. We perform a set of sensitivity experiments with different aeolian iron ux masks and different iron solubilities
under 70 ka boundary conditions, using a model of intermediate complexity, which includes an ocean general circulation model
(OGCM) coupled to a recently developed complex ecosystem model (Kvale et al., 2021; Saini et al., 2021). The ecosystem
model used here includes calcifying and silicifying plankton and an iron cycle, which makes it well-suited for studging CO

uptake in the Southern Ocean.

2 Methods
2.1 Model description

This study uses the 2.9 version of the University of Victoria Earth System Climate Model (UVic ESCM), which consists of a
sea ice model (Semtner Jr, 1976; Hibler, 1979; Hunke and Dukowicz, 1997) coupled to the ocean general circulation model
MOM2 (Pacanowski, 1995), with 19 ocean depth layers and a spatial resolution dfy8168 . It also includes a dynamic
vegetation model (Meissner et al., 2003), a land surface scheme (Meissner et al., 2003), a 2-D atmospheric energy moisture
balance model integrated vertically (Fanning and Weaver, 1996) and a sediment model (Archer and Maier-Reimer, 1994;
Meissner et al., 2012). The model is forced with seasonally varying wind stress and wind elds (Kalnay et al., 1996) and
seasonal variations in solar insolation at the top of the atmosphere. Full physical and structural descriptions of the model can
be found in Weaver et al. (2001), Meissner et al. (2003), Eby et al. (2009), and Mengis et al. (2020).

The marine carbon cycle is represented by the newly developed Kiel Marine Biogeochemistry Model, version 3 (KMBM3)
(Kvale et al., 2021) which is based on the Nutrient Phytoplankton Detritus Zooplankton model of Schmittner et al. (2005) and

Keller et al. (2012)cmeed sl dnclocacanleinias foccealdnasnores ndeiliciidac (dioionasloalaan slonoiin
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Table 1. Aeolian iron uxes for each experiment.

Experiment Total iron wux into the ocean| Iron uxintothe Southern Ocean south
(Gmolyr 1) of 47 S (Gmolyr 1)

PI-control(pife1%) 3.47

6:66920.092
70ka-controlpife1%) 3.47

6:66920.092
lambfel% 9.072 0.461
lambfe3% 27.44 1.383
lambfe5% 45.73 2.305
lambfe7% 64.02 3.227
lambfel10% 91.46 4.610
lambfe20% 182.9 9.221
glacfel% 6.532 0.4425
glacfe3% 19.6 1.328
glacfe10% 65.32 4.425
glacfe20% 139.1 8.850
lambfe10%-30S 18.51 4.610
lambfe10%-40S 13.94 4.610
lambfe10%-50S 6.05 2.66
lambfe10%-60S 3.9 0.5
lambfe50%-47S 27.09 23.05
pife3% 10.41 0.27
pifes% 1735 0.46
pife7% 24.29 0.64
pife10% 347 092
pife20% 69.4 1.84

nutrients. The model also incorporates an iron cycle (Nickelsen et al., 2015), including hydrothermal sources. The ecosystem

model is described in detail in Kvale et al. (2021).



95

100

105

110

115

2.2 Experimental design

A pre-industrial control simulation (Pl-control) is integrated under Pl boundary conditions, including an atmosphgric CO
concentration of 283.86 ppm, and Pl iron (pife) and silica (pisi) uxes. The Pl aeolian dust uxes are based on the PI-BASE
dust ux simulation of Mahowald et al. (2006). To obtain iron and silica uxes, we multiply the dust ux with the percentage

simulation is set to 1%.

All the other experiments are run under 70 ka boundary conditions, including orbital parameters corresponding to the year
70 ka BP according to Berger (1978), and a continental ice sheet topography generated by an of ine ice-sheet simulation
performed with ICIES (Ice sheet model for Integrated Earth system Studies, Abe-Ouchi et al. (2013)). The global mean ocean
alkalinity was adjusted on the basis of sea level differences. For the control simulation (70ka-control), the model is run into
equilibrium with an atmospheric G&xoncentration of 222.5 ppm (Bereiter et al., 2015), after which the simulation is integrated

pisi uxes.

From this control simulation, we branch off a suite of sensitivity experiments with prognostic atmospheriasi@ two
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fertilization. Iron solubility varies depending on both provenance and speciation. For example, Baker et al. (2006) nd that
solubilities in samples of Saharan dust (median of 1.7%) are signi cantly lower than solubilities in aerosols from other source
regions feeding into the Atlantic ocean (median of 5.2%). Schroth et al. (2009) nd a signi cant difference in iron solubility
between arid soils (1%), glacial our (2-3%) and, of lesser importance to our study, oil combustion products (77-81%). In the
present day Southern Ocean, observations of iron solubilities vary between 0.2 and 48% (Ito et al., 2019), with the higher values
being hypothesized to be caused by pyrogenic iron. The majority of the observational data in the present day Southern Ocear
lies between 1 and 12% (Ito et al., 2019). Quantifying iron solubilities during past climates is even more challenging. Conway
et al. (2015) estimate iron solubility at the Last Glacial Maximum (LGM) based on dust particles in the EPICA Dome C and
Berkner Island ice cores. They nd that iron solubility was very variable during the LGM interval at Dome C (1-42%), with a
mean of 10% and a median of 6%. On the other hand, iron solubility at Berkner Island was 1-5% at the LGM, and in average
3% between 23 and 50 ka. The lower iron solubility at Berkner Island is thought to be due to the aerosol composition. Due to
its proximity to South America, the solubility found at Berkner island might better represent large-scale aeolian dust deposited
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Table 1.

We perform ve additional sensitivity experiments (Figure Al) to better quantify the contribution of the Southern Ocean to

betweerthefull experimentgndsolubility-only experiments. The integrated aeolian iron input for all experiments is listed in

the total CQ draw-down. In these experiments, the aeolian iron ux in the Southern Ocean follows the lambfe mask while the
155 Pl aeolian iron uxes are applied outside of the Southern Ocean. In four of these experiments (lambfe10%-30S, lambfe10%-

the lambfe mask with a solubility factor of 50% (Figure Alffisteads,
the Southern Ocean south of &7and provides an upper limit on the potential Sfdaw-down.

160 2.3 Carbon decomposition

To better understand the changes in ocean carbon, we decompose the simulated dissolved inorganic carbon (DIC) into its
three major components: respired organic carbagy(CDIC generated by dissolution of calcium carbonate4£s ,) and
preformed carbon (s ) as described below.
Cieg is calculated based on the remineralized phosphate in the ocgghdRd the carbon to phosphate stoichiometric ratio
165 (Rc=p =106):

Creg = Preg Rec=p (1)

ratio (Rr=02=1/160), Preg = AOU Rp-o2, Where AOU isestimated:alculatedas the difference between the saturated

oxygen concentratior>s,; ) and the dissolved oxygen concentration in the oc€sn);(AOU = Oyt Oo.
170 Ccaco , is calculated as:

Ccaco, =0:5( ALK + Rp=p Ptot ) (2

whereRy-p = 16. And nally, Cyer is calculated as the remainder:

Cpref = DIC Creg Ccaco, 3

To further assess the ef ciency of the biological pump, we calculate globét@and Follows, 2005), de ned as:

175 P = Preg =Pital (4)

where Ry is the total phosphate content in the ocean.



3 Results
3.1 Simulated ocean conditions at 70 ka BP

In this section, we describe the simulated physical and biological conditions at 70 ka BP, at the onset of MIS4 (Figure 3). In our
180 70ka-control simulation, the globally averaged ocean temperaturg.& C, about 0.6C lower than in Pl-control, but 0.€

higher than in a LGM simulation integrated with the same model (Saini et al., 2021). The globally averaged annual mean SST

is 17.1 C, 0.8 degrees lower than in the Pl-control and 1.1 degrees higher than in the LGM simulation. The strongest ocean

surface cooling (-1.4%C) at 70 ka BP with respect to our Pl-control is simulated north of\4lh the Atlantic and Paci ¢

185 0.4°C lower than in the Pl-contraln, respectively(Figure 3a). At 70 ka BP, the annual mean Southern Ocean sea ice edge is

situated at 55S in the South Atlantic and the South Indian Oceaf,degree further north than in the PI-control simulation,

while the change is insigni cant in the South Paci ¢ sector (sea ice edge6at S). The simulated AMOC strength in the

190 3c, d).

195 Paci c (Figure 3b) can be attributed to a greater diatom emetelithepheresoccolithophore abundance in that region (Fig-

200 strengthandlocationof deepocearconvectionwhichresultin an overall decrease in NPP and EP by 16% and 9%, respectively.

205 coccolithophores, which increase Bys6.5% between60-S-ane-65-Ssouthof the polar front, thus leading to a poleward

changes in these two plankton specieB,increasesy 1.3%in the SAZ anddecreaseby 14%in the AZ (Figure 3b). The

210 total Southern Ocean (south of &) EP and NPP decrease by 2% and 7.5%, respectively at Toiare3b})-



Figure 3. (a) Annual mean SST anomaliesq, shading) at 70 ka BP compared to Pl and 15% annual mean sea-ice concentration at Pl

(green line) and 70 ka BP (red line). The grey shading on land shows the extent of continental ice sheets at 70 ka BP (Abe-Ouchi et al.,

streamfunction (Sv) at (c) 70 ka BP and (d) PI.

3.2 Impact of changes in iron dust ux on atmospheric CQ

if we assumehatthe mean
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Figure 4. (a) Equilibrated atmospheric GQoncentration (ppm) as a function of the globally integrated aeolian iron ux into the ocean

of 21 ppm due to Southern Ocean iron fertilisation. (c) Globa&®a function of aeolian iron ux into the Southern Ocean south o547
and (d) Globally integrated carbon reservoirs (GtC) as a function of aeolian iron ux into the Southern Ocean south df/shadings

represent ocean carbon (blue), atmospheric carbon (red) and tértestrial carbon (green).
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220 the global overturning circulation, mean SST and sea-ice extent are similar in most of the sensitivity experiments described

below.
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Figure 5. Export production anomalies (gC ra yr 1) at 177.5m depth for (a) lambfe3% and (b) glacfe3% compared to 70ka-control
v and Rintoul (2009)

As the global and Southern Ocean iron input increase, the atmosphesic@@entration decreases, but not linearly, as
the ef ciency of the iron fertilisation weakens with the increasing iron availability (Figure 4a,b). The patterns of aeolian
iron deposition in the Southern Ocean are different for the two masks used here. Both reconstructions show an increase in
the South Atlantic sector compared to Pl uxes, but they differ over the Paci c and Indian sectors, including large regions

where dust deposition decreases compared to PI (Figure 2). It is therefore interesting that our experiments witkegimilar

pink star and black circle) display similar ef ciency in drawing down £@gardless of the dust mask used. The glacfe
mask is however slightly more ef cient in drawing down atmospheric,@8ieh-rightbe duete-the preseneat-. Theiron

The sensitivity experiments provide additional information on the role of the Southern Ocean in our simulations. We nd that
experiment lambfel0% is as ef cient in drawing down £&5 the experiments where iron uxes were only enhanced south of
30 S or40S (lambfel0%-30S, lambfe10%-40S) (Figure 4a,b)). This indicates that in our experiments iron fertilization in the
negligible role. On the other hand, a 14 ppm and 8.5 ppm @&2rease is simulated in lambfe10%-50S and lambfe10%-60S,
respectively, compared to 15.3 ppm in lambfel0Bbis-suggestshatin-our-modelthe-atmosphericcO,—coneentration

opposite sign (Table?3). While an increase in iron availability leads to an increase in NPP, diatom and coccolithophore
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where the surface nutrient concentrations are high (Figue.ASnhanced aeolian iron input leads to a more ef cient use of
nutrients in that region and results in a reduction in northward transport of nutrients north of the polar front (Figure A6) which
in turn leads to a decrease in EBrthof—47-Sin the SAZ.

When-tting—a-Therelationship between atmospheric £@nd the iron ux south of 47S-all-experimentdotlow-asimitar

CO ,=a(l b e ¢ (0@ (5)

where CO ; is the atmospheric CQanomaly in ppm compared to 70ka-control, SOfe denotes the total iron input into the

We also note that the GQdraw-down capacity levels out for high iron forcing. Both lambfe and glacfe masks with 20%
iron solubility lead to a 19 ppm CQ decrease. In our extreme experiment lambfe50%-47S, with an iron input southf 47
almost 2.5 times higher than in lambfe20% and glacfe20%, only an additional 2pprdr@a®-down is simulated (Figure 4b).

Our results therefore suggest that iron fertilization could have led to a maximynu€ease of 19-21 ppm at 70 ka.

The enhanced iron ux leads to an increase jgyHAn the Southern Ocean, which is subsequently transported northward at
depth by AABW. As a result, the globally averaged Bnd therefore the overall ef ciency of the soft tissue pump, increases
with Southern Ocean aeolian iron input (Figure 4c). As ocean circulation and ocean temperatures change only slightly in our

experiments, the relationship betweendnhd the resulting COdraw-down is almost linear (Figure A7) (Ito and Follows,

2005).However.be ofthenutrientreoraanizationn-theoceanthere inaSeoutherOeceandipoledrivesthereductio

the SAZ (FigureA9e andFigureA10c) dueto a southwardshift of hoth, coccolithophoregnddiatoms,anda decrease ithe

ratio (Figure A8a), saturateat high iron valuesdueta nitratelimitation north of 50 S.in thethe SouthernOcean. The global

14



Figure 6. Zonally integrated anomalies of (a) EP (gC hyr 1) at 177.5m, (b) NPP (gC ntyr 1), (c) Diatoms (gC m?) and (d) Coccol-
ithophores (gC m*'), compared to 70ka-control. Please note the multiplication factor allocated to each subpanel.

15
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The oceanic carbon reservoir in our sensitivity experiments increases between 20 and 130 GtC depending on the iron ux
scenario (Figure 4d, blue shade). The simulated decrease in atmosphegrieq®alent to 8-45 GtC (Figure 4d, red shade)
leads to a decrease iarrestrialphotosynthesiandsurface air temperatures, as well as regional changes in precipitation and

soil moisture which togetherresultin anoverall 8 to 45 G gecreasentere arvegetaton+ne-conseguenteau O

3.3 Impact of aeolian iron input on the distribution of oceanic carbon

As mentioned in the previous section, our sensitivity experiments do not show signi cant changes in the physical ocean con-
ditions. However, enhanced iron input signi cantly impacts marine ecosystems. To understand the resulting ocean carbon
changes, we start by describing changes in the simulated ecosystems for one of our sensitivity experiments, lambfe3%, com-

mask provides a better t with available glacial dust ux proxy records than the glacfe mask (Saini et al., 2021). Furthermore,
a solubility factor of 3% corresponds to a likely estimate of iron solubility at 70 ka (see Methods) and has also been used in
previously studies (Tagliabue et al., 2014; Lambert et al., 2015; Muglia et al., 2017; Yamamoto et al., 2019). All lambfe exper-
iments with different solubility factors show similar anomaly patterns, only the magnitude of the changes varies as a function
of solubility (Figure A11).

16
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A 9 ppm drop in atmospheric GQs simulated in experiment lambfe3% with a global increase in EP by 1.3%, and a
global decrease in NPP by 6.7% (Ta 8. Fi jaldi i [

thelambfe3% experiment leads tatd37% increase in dmtomsparﬂeaﬁﬁym%he%eu%hAﬂa%e(HgmeA%ﬁaada%gand
an88% increase in coccollthophorsea%heﬁélr?%m the AZ (Figure A4c,d). Jiheseeeesys{enehangeaead{ea%ﬂereaseﬂ

The overall Southern Ocean EP south of Sncreases by 9% in the lambfe3% experiment, the NPP changes be-
come insigni cant (Table??3), and the total biological pump ef ciency increases by 6.7% (Tabl®). In the North Pacic
(150 E:220 E;47 N:56 N), EP increases by 13%, while NPP increases by 7% due to a 82% increase in coccolithophores and
58% decrease in diatoms. Both NPP and EP decreaselB%o in the North Atlantic (60W:0 E;47 N:56 N) where we see
an overall decrease in coccolithophores by 22% and an increase in diatoms by 16%.

The increased carbon export from the surface into the deep ocean increases DIC at all depths so8thTfeddIC rich
bottom water is advected northward and leads to a stronger vertical DIC gradient in the ocean (Figure 7a and b). While DIC
increases by 25 mmol n? in the deep Southern Ocean (south of Spbelow 3000m), it does not increase uniformly across
sectors: it increases by 22 mmol fhin the deep Indo-Paci ¢ sector (below 3000m, Figure 7a), and by 29 mmdlimthe
deep Atlantic sector (below 3000m, Figure 7b). The positive DIC anomalies north 8f@@ associated with AABW and its
northward spread into the Atlantic and the Indo-Paci ¢ basins, therefore leading to a 10 md@I@ increase in the deep
Indo-Paci ¢ and a 15 mmol m? increase in the deep Atlantic sector.

In contrast, lower DIC is simulated north of 43 in the upper Paci ¢ ocean (above 2000m), and within the North Atlantic
Deep Water (NADW) and Antarctic Intermediate Water (AAIW) pathways in the Atlantic above 3000m. Simulated changes

remineralised carbon in the deep ocean (Flgure 8a,b). An increase in mixed layer alkalinity (Figure 7c and d) is simulated,
partially due to the decrease in coccolithophores betweeB8-5D N (Figure 6d and A4d). As a result of these changes in
surface CaC@formation and subsequent changes in the subduction and sinking of Gat@@eeper layers, reduced CagO
dissolution at depth leads to lower alkalinity in the North Paci ¢, while higher Ca@iSsolution in the Southern Ocean and

in the deep Atlantic leads to an alkalinity increase there (Figure 7c, d and Figure 8c, d).

To quantify the processes leading to changes in oceanic DIC, we decompose the changes in DIC into their remineralized,
carbonate and preformed contributions (see Methods). In our 70ka-control simulation, the remineralization process leads to
the generation of 131 mmol ni C¢q in the deep ( 3000m depth) Southern Ocean, which increases by 22.5 mmdlim
lambfe3% due to higher iron in ux. Changes in the carbonate pump contribute marginally to the deep Southern Ocean DIC
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Figure 7. Zonally averaged DIC anomalies (mmol i) over (a) the Indo-Paci ¢ and (b) Atlantic, and zonally averaged alkalinity anomalies

(mmol m 2) over (c) the Indo-Paci ¢ and (d) the Atlantic for lambfe3% compared to 70ka-control.

showing an increase of 3.16 mmol fCcaco ,, Whereas the preformed DIC contributiony(& ) decreases by 0.66 mmol
m 3, compared to 70ka-control. North of 3, Geg in lambfe3% increases by 14.7 mmol fin the deep Indo-Paci ¢ basin
while both Gaco , and Gyer decrease by 2 mmol nt and 2.6 mmol m?2 respectively (Figure 8a, c, €). The deep Atlantic
ocean shows an increase ipg by 16.3 mmol m 3 and in Geaco , by 2 mmol m 3 in lambfe3% experiment, while fer

350 decreases by 3.2 mmol i (Figure 8b, d, f).
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Figure 8. Zonally averaged (a, b) remineralized carbon (mmoPin (c, d) carbon due to calcite dissolution (mmol ® and (e, f) preformed
carbon (mmol m?) anomalies for lambfe3% compared to 70ka-control in the Indo-Paci ¢ (left panels) and the Atlantic (right panels). Please

note that the color scale is different for subpanels ¢ and d compared to other subpanels.
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4 Discussion

tr-etrsimutationsithe The colder climate at 70 ka BP leads to an overall decrease in NPP amgt&&Pnpared to Pin_our

EP might be due to a shorter growing season for diatoms and coccolithophores (Saini et al., 2021), associated with a larger

annual sea ice extent and lower SSTs at 70 ka BP. Both NPP and EP also decrease at low and mid latitudes.

that the subantarcticEP increaseduring MIS4 was due to_higher iron_uxes_into the Southern OcedsHewerlatitudes.

decreasem the SAZ, in contraswith mostpaleo-proxyrecordg(FigureA5b). However thereis evidencghatgreate

IR PN N 4 “ronux

result,thenutrientadvectioninto the SAZ is reducedthusleadingto anEP decreasén the SAZ. In addition,our simulatedE

al., 2016; Amsler et al., 2022) .
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paleo-proxy records covering a larger area in the Southern Ocean during MIS4 are needed to bettet/ugiamifictof iron

fertilization during the glaciatior-ere;wehadtorely-onestimateof-aeoliandustdepositiorduringMiS2-asdustdepeositio
mapsattheMiS4-onsetdonetexist
Our results suggest that enhanced iron input south of the Antarctic polar front, i.e. south &(Beng-et-al;2006:-Giglie-and-John:

Marinov et al. (2006), which suggests that changes in the ef ciency of the biological pump in the Antarctic zone play a domi-
nant role in CQ drawdown. However, our results differ from Lambert et al. (2021), who nd tha®% of the simulated CO

While they use the same LGM dust ux, their iron input in the ocean differs from our study. Lambert et al. (2021) assume 3.5
wt% iron fraction in the aeolian dust ux, whereas we use a global map of percentage distribution of iron in dust (see Methods).

While the two dust masks used here suggest an increase in aeolian iron deposition in the Atlantic sector of the Southern Oceat
during glacial times compared to PI, the iron input in glacfe is lower in the South Paci ¢ compared to pife, whereas lambfe

is higher in the Paci ¢ sector. Despite these differences in spatial pattémspeth-haveasimilaref-cieney-in-deereasing

solubility, thanon regionaldifferencesn aeolianiron_uxes in the SoutherrDcean.Theexperimentasingtheglacfemaskare

With no signi cant ocean circulation changes, changes in atmosphericat®a linear function of the overall ef ciency of
the biological pump (P, Figure A7). In agreement with earlier studies (Matsumoto et al., 2002; Tagliabue et al., 2014; Lambert
et al., 2015; Yamamoto et al., 2019), we nd thatthe ef ciency of the soft tissue pump increases south ofS§wvhile it
decreases in the lower latitudes due to reduced northward advection of surface nutrients. The increase in the vertical nutrient
gradient leads to the eventual saturation of the ocean carbon uptake capacity.

We simulate a maximum of 16-18% increasetiie-global P in our experiments, leading to a maximum drop of 19-21
ppm in CG. The timescale of thisotatCO, draw-down in our idealised simulations, i.e. without transient changes in dust
or transient changes in ice sheet volume, E000 years, which is consistent with the observed timescale gft@Dsitions
during MIS4 (Bereiter et al., 2015). If we de ne the plausible range of the large-scale average iron solubility in the ocean to
be 1 to 10% at 70 ka BP, the corresponding range of atmosphedad@W-down is 4 to 16 ppm. More likely, large-scale
solubility in the Southern Ocean at 70 ka ranged between 3 and 5%, which leads in our simulations WexIC® of 9 to 11
ppm (Figure 4b).
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masksteaetled to a decrease in COby 12-29 ppm in Lambert et al. (2021). A 12 ppm decrease at 70 ka was simulated in

a transient simulation performed with a model of intermediate complexityusing 1% solubility (Menviel et al., 2012).

pastiron-setubitity-in-the SeuthernOeeaiOur resultsare consistenbut in. the lower rangeof previousmodelling estimates.

Although our lowest estimate of a 4 ppm g&duction is in agreement with the studies mentioned above, the upper limit of

16 ppm is lower than some previous estimates (e.g. Yamamoto et al. (2019), Lambert et al. (2021)). This might be due to the
comparatively larger simulated decrease in EP north o84ahd in the equatorial Paci c in our study compared to previous

ones (Yamamoto et al., 2019).

Our estimate of a 16 ppm GQlecrease with 10% iron solubility corresponds to half of tf&2 ppm CQ drop estimated
for the MIS4 transition (Bereiter et al., 2015). This suggests that enhanced aeolian iron input at the MIS4 transition could have
played a signi cant role in the COdraw-down (Martinez-Garcia et al., 2014; Kohfeld and Chase, 2017), but other processes
must also have contributed to the €@ecline. For example, an AMOC weakening (Piotrowski et al., 2005; Wilson et al.,
2015; O'Neill et al., 2021) could have enhanced ocean strati cation, contributing 15-30 ppm to th@eCf@ase during MIS4
(Thornalley et al., 2013; Yu et al., 2016; Menviel et al., 2017). An increase in ocean strati cation at the MIS4 transition due to

changes in AABW properties (Adkins, 2013) could also have increased the deep ocean carbon content (Menviel et al., 2017),
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455 thus contributing to the atmospheric €@ecline. Finally, both changes in oceanic circulation and a more ef cient biological

460

465

pump could have enhanced sediment calcite dissolution, thus increasing ocean alkalinity and enhancingithe/<iown
(Boyle, 1988; Archer and Maier-Reimer, 1994; Yu et al., 2016; Kobayashi and Oka, 2018).

5 Conclusions

We use an Earth system model of intermediate complexity incorporating a newly developed ecosystem model to better constrair
the oceanic carbon uptake due to enhanced aeolian iron uxes at the MIS4 transition. Based on a series of 70 ka sensitivity
experiments forced with two different aeolian iron ux masks and different iron solubility factors, we nd that enhanced iron
input south of 47S could have led to a 4 to 16 ppm g@ecline at 70 ka BP, with a most likely range of 9 to 11 ppm. Our
results suggest that the ocean's capacity to take up carbon decreases with increasing iron input because enhanced nutrie
utilisation in the Antarctic zone is compensated by decreased nutrient availability at mid and low latitudes. Enhanced aeolian
iron input at the MIS4 transition could thus explain up to 50% of the observeddtap at that time.
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Figure Al. Aeolian iron dust ux ( mol m 2 yr ') for (a) pifepife1%, (b) lambfe10%-30S (iron ux equals lambfe10% south of $0
and pife-pife1% elsewhere), (c) lambfe10%-40S (same as lambfe10%-30S but 8),4@) lambfe10%-50S, (e) lambfe10%-60S, (f)
lambfe50%-47S (iron ux equals to lambfe50% south of 8Zandpife-pife1% elsewhere).
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coccolithophores abundance anomalies (gC jiin lambfe3% compared to 70ka-control.
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Figure AS5. (a).Surface nitrate concentrations (mmol M) for the 70ka-control experiment. The overlaid contours show the zero isoline
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Figure A6. lambfe3% to 70ka-contrdpife1%)anomalies of zonally averaged (top panels) total phosphate and (bottom panels) regenerated

phosphate concentration anomalies (mmolPmin-lambfeZomparedio-70ka-controlover (left) the Paci ¢, (center) Indian and (right)

Atlantic basins.
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