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Abstract

Anthropogenic climate change will drive extensive mass loss across both the Antarctic (AIS) and Greenland Ice Sheets (GrIS),

with the potential for feedbacks on the global climate system, especially in polar regions. Historically, the high latitude North

Atlantic and Southern Ocean have been the most critical regions for global anthropogenic heat and carbon uptake, but our

understanding of how this uptake will be altered by future freshwater discharge is incomplete. Here, we assess each ice sheet’s

impact on the global ocean storage of anthropogenic heat and carbon for a high-emission scenario over the 21$ˆ{\textrm{st}}$
century using a coupled Earth system model. Notably, combined AIS and GrIS freshwater engenders distinct anthropogenic

heat and carbon storage anomalies as the two diagnostics respond disparately in the high latitude Southern Ocean and North

Atlantic. We explore the impact of contemporaneous mass loss from both ice sheets on anthropogenic heat and carbon storage

and quantify the linear and nonlinear contributions of each ice sheet. We find that GrIS mass loss exerts a primary control

on the 21$ˆ{st}$-century evolution of both global oceanic heat and carbon storage, with AIS impacts appearing after the

2080s. Non-linear impacts of simultaneous ice sheets’ discharge have a non-negligible contribution to the evolution of both

heat and carbon storage. Further, anthropogenic heat changes are realized more quickly in response to ice sheet discharge than

anthropogenic carbon. Our results highlight the need to incorporate both ice sheets actively in climate models in order to

accurately project future global climate.
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Key Points:8

• We disentangle the linear and nonlinear effects of Greenland and Antarctic Ice Sheet9

melt on ocean heat content and anthropogenic carbon10

• Future anthropogenic carbon storage and ocean heat content have disparate re-11

sponses to separate and combined ice sheet melt in polar regions12

• Greenland freshwater is more influential than Antarctic freshwater in driving fu-13

ture changes in anthropogenic carbon and ocean heat content14
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Abstract15

Anthropogenic climate change will drive extensive mass loss across both the Antarctic16

(AIS) and Greenland Ice Sheets (GrIS), with the potential for feedbacks on the global17

climate system, especially in polar regions. Historically, the high latitude North Atlantic18

and Southern Ocean have been the most critical regions for global anthropogenic heat19

and carbon uptake, but our understanding of how this uptake will be altered by future20

freshwater discharge is incomplete. Here, we assess each ice sheet’s impact on the global21

ocean storage of anthropogenic heat and carbon for a high-emission scenario over the 21st22

century using a coupled Earth system model. Notably, combined AIS and GrIS fresh-23

water engenders distinct anthropogenic heat and carbon storage anomalies as the two24

diagnostics respond disparately in the high latitude Southern Ocean and North Atlantic.25

We explore the impact of contemporaneous mass loss from both ice sheets on anthro-26

pogenic heat and carbon storage and quantify the linear and nonlinear contributions of27

each ice sheet. We find that GrIS mass loss exerts a primary control on the 21st-century28

evolution of both global oceanic heat and carbon storage, with AIS impacts appearing29

after the 2080s. Non-linear impacts of simultaneous ice sheets’ discharge have a non-negligible30

contribution to the evolution of both heat and carbon storage. Further, anthropogenic31

heat changes are realized more quickly in response to ice sheet discharge than anthro-32

pogenic carbon. Our results highlight the need to incorporate both ice sheets actively33

in climate models in order to accurately project future global climate.34

Plain Language Summary35

As the globe continues to warm in the next 100 years, the Antarctic and Green-36

land Ice sheets will continue to melt, adding freshwater to the surrounding ocean regions.37

This process is often poorly (if at all) represented in global climate models used to make38

projections about future climate change. Here, we simulate the climate response to melt-39

ing ice sheets in a global climate model by adding freshwater to the model ocean near40

the edges of ice sheets. We focus our analysis on the impact of this freshwater addition41

on the future evolution of heat and carbon in the ocean, because both heat and carbon42

have the potential to feed back on the climate system (less heat/carbon in the ocean means43

more heat/carbon in the atmosphere and a warmer climate). By the end of the century,44

we find that the ocean stores less heat and carbon because of the melting ice sheets. We45

also find that summing the effects from melt on Antarctica and Greenland separately46

is not equal to the effect of melting both ice sheets simultaneously. Finally, we show that47

ocean heat and carbon respond differently to the same amount of ice sheet melt.48

1 Introduction49

The global ocean has taken up roughly a third of all anthropogenic emissions of50

CO2 (CANTH) over the course of the industrial period (Khatiwala et al., 2013; Gruber51

et al., 2023; Friedlingstein et al., 2022; DeVries et al., 2023) and over 90% of the excess52

heat over the last 50 years (Bindoff et al., 2007), thereby buffering the effects of climate53

change. The storage of excess heat and carbon is heavily dependent upon the physical54

and chemical state of the upper ocean including temperature, salinity, stratification, and55

carbonate chemistry (Maier-Reimer & Hasselmann, 1987; Sarmiento et al., 1992; Gru-56

ber et al., 2023). Cooler, more saline surface waters destabilize the water column, pro-57

moting surface-to-depth transport of CANTH and excess heat and thereby facilitating more58

heat and carbon uptake at the surface (Terhaar et al., 2021). Over half of all anthropogenic59

carbon stored in the global ocean is found in the upper 400 m, with the Southern Ocean60

(SO) south of 35 ◦S alone accounting for over 40% of all CANTH uptake (Gruber et al.,61

2019). Similarly, the SO south of 44 ◦S dominates the global ocean uptake of heat (89%62

of global ocean heat uptake; Huguenin et al., 2022). The North Atlantic is also a crit-63

ical region for the uptake of excess heat and CANTH fluxes as the Atlantic Meridional64
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Overturning Circulation (AMOC) drives surface-to-depth transport off the southern coast65

of the GrIS (Gruber et al., 2002; Huguenin et al., 2022), but recent/projected trends in66

global heat uptake were shown to be dominated by the SO (Huguenin et al., 2022).67

With increased carbon emissions and subsequent anthropogenic warming, the global68

ocean CANTH inventory and the global excess ocean heat content (OHCANTH) are pro-69

jected to grow (Wanninkhof et al., 2013; Cheng et al., 2022; Terhaar et al., 2021; von Schuck-70

mann et al., 2023), thereby shaping the trajectory of global climate change for the com-71

ing century and beyond (J. P. Abraham et al., 2013; Bronselaer et al., 2020; J. Abraham72

et al., 2022). Physical oceanographic changes will manifest first in the high latitudes (Manabe73

& Stouffer, 1980; Bintanja & Oerlemans, 1995; Holland & Bitz, 2003; Crook et al., 2011;74

Goosse et al., 2018) – including critical regions for heat and carbon uptake such as the75

Southern Ocean and the North Atlantic (Gruber et al., 2002; Khatiwala et al., 2013; Fletcher76

et al., 2006; Frölicher et al., 2015; Terhaar et al., 2021; Huguenin et al., 2022; Müller et77

al., 2023). Based on the 6th Coupled Model Intercomparison Project (CMIP6) ensem-78

ble average under Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5), by the end of the79

21st century, the upper ocean is projected to take up an additional 25 ZJ (1 ZJ = 102180

J) of heat per year (Cheng et al., 2022) while anthropogenic carbon storage of the SO81

alone is projected to increase by ∼200 Pg C (1 Pg C = 1015g C) (Terhaar et al., 2021).82

At the same time, climate-driven strengthening of upper ocean stratification will weaken83

overturning and, consequentially, the ability of the ocean to transfer the excess heat and84

anthropogenic carbon to greater depths, thus reducing the global ocean’s ability to buffer85

climate-change effects (Swingedouw et al., 2007; Davila et al., 2022; Gruber et al., 2023).86

Investigating their projected anthropogenic-driven changes, Bronselaer et al. (2020) find87

a linear relationship between global anthropogenic heat and carbon changes over the 21st88

century in the models assessed in their study, but none of these models accounted for89

the expected increasing future freshwater discharge from ice sheets.90

One of the largest sources of projected oceanic change in the polar regions is melt-91

water from the Antarctic Ice Sheet (AIS) and the Greenland Ice Sheet (GrIS) which have92

been losing mass at rates of 107 Gt y−1 and 261 Gt y−1 (1 Gt = 1 Gigaton = 1012 kg),93

respectively, on average since 2002 (Velicogna et al., 2020). By 2100, the GrIS is expected94

to contribute 90 ± 50 cm to global mean sea level under Representative Concentration95

Pathway 8.5 (RCP8.5; Goelzer et al., 2020). The trend of the AIS contribution to global96

mean sea level is less well constrained, and end-of-century estimates range from -7.6 to97

30.0 cm under the RCP8.5 scenario (Seroussi et al., 2020). Recent work demonstrated98

that ice sheet mass loss has significant ocean impacts, including surface cooling with sub-99

surface warming, reduced deep convection and dense water formation, and, critically, strength-100

ened upper ocean density gradients (Menviel et al., 2015; Pauling et al., 2016; Park &101

Latif, 2019; Bronselaer et al., 2020; Sadai et al., 2020; Nissen et al., 2022; Li, England,102

et al., 2023; Gorte et al., 2023). Yet, most CMIP6 models do not have an ice sheet com-103

ponent or the capability for ice sheets to interact with the other model components (Nowicki104

et al., 2016; N. Swart et al., 2023). In lieu of active ice sheet modeling in global climate105

models (GCMs), there have been many efforts to account for ice sheet freshwater (FW)106

through FW sensitivity experiments – testing different magnitudes, timing, duration, and107

location of FW input (Bintanja et al., 2013; N. C. Swart & Fyfe, 2013; Pauling et al.,108

2016; Bronselaer et al., 2018; Park & Latif, 2019; Sadai et al., 2020; Purich & England,109

2023; N. Swart et al., 2023; Gorte et al., 2023). Acknowledging uncertainties arising from110

this one-way, ice sheet-to-ocean FW coupling approach, these studies have demonstrated111

robust changes to Southern Ocean physical properties (temperature, salinity, convection,112

etc.) when the ocean is subject to ice sheet FW input (Bintanja et al., 2013; N. C. Swart113

& Fyfe, 2013; Pauling et al., 2016; Bronselaer et al., 2018; Park & Latif, 2019; Sadai et114

al., 2020; Purich & England, 2023; Gorte et al., 2023).115

As global ocean heat content and anthropogenic carbon uptake and storage are pri-116

marily controlled by physical oceanographic processes in the high latitudes, projected117
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ice sheet FW fluxes could have profound effects on these climatically important prop-118

erties. Yet, their sensitivity to FW from individual and combined ice sheets remains un-119

derstudied. Li, Marshall, et al. (2023) investigated the impact of AIS and GrIS FW dis-120

charge – individually and combined – on polar air, ice, and ocean properties. Leverag-121

ing linear convolution theory, they find that exceeding a melt rate threshold of ∼5000122

Gt yr−1 engenders a nonlinear climate response in surface air temperature, sea ice ex-123

tent, AMOC, and Antarctic Bottom Water formation. Their study is one of the first to124

explore the (non)linearity in changes induced by ice sheet FW. As a result, we have lit-125

tle understanding of the potential nonlinearity of anthropogenic heat and carbon changes126

from ice sheet FW.127

Here, we use the Community Earth System Model version 2 (Danabasoglu et al.,128

2020) to quantify and diagnose the role of ice sheet FW discharge in the 21st-century129

evolution of global OHC and anthropogenic carbon under the high-emission scenario Shared130

Socioeconomic Pathway 5-8.5 (SSP5-8.5). Our model sensitivity simulations are config-131

ured to separately assess the role of AIS and GrIS discharge, as well as the impact of their132

simultaneous melt. As we will demonstrate, OHC and anthropogenic carbon respond dif-133

ferently to ice sheet discharge, and nonlinearity is pervasive in our results. Further, ma-134

chine learning-based analysis of our model output suggests that sea surface salinity (SSS)135

primarily drives changes in both quantities.136

2 Methods137

2.1 Model simulations with CESM2138

We perform four coupled climate simulations with the Community Earth System139

Model version 2 (CESM2; Danabasoglu et al., 2020), which differ in the representation140

of FW fluxes from the AIS and GrIS and will be described in more detail below: (1) a141

control simulation, (2) an AIS simulation, (3) a GrIS simulation, and (4) a combined AIS142

and GrIS simulation – hereafter referred to as the AGrIS simulation. The control and143

AIS simulations are identical to those used in Gorte et al. (2023). Each simulation is run144

with a ∼0.9×1.25◦ horizontal resolution under historical CMIP6 greenhouse gas forcing145

from 1970-2014 and under SSP5-8.5 greenhouse gas forcing from 2015-2100 (Meinshausen146

et al., 2020). The control simulation runs from 1970-2100 while the AIS, GrIS and AGrIS147

simulations branch off in 1992 and run until 2100.148

In the control simulation, we do not allow for FW fluxes from either ice sheet to149

increase; instead, both ice sheets’ FW contributions are held constant from 1970-2100.150

To achieve this, we override the default mechanism for mass preservation for the AIS in151

CESM2, i.e., the instantaneous transport of excess mass to the nearest coastal ocean grid152

cell as solid discharge when a 10 m of water equivalent mass threshold is exceeded. In-153

stead, we point the model to prescribed solid and liquid flux values. The prescribed AIS154

FW discharge is the same for each month of the year: 1332 Gt in solid discharge and 1443155

Gt in liquid discharge based on values reported by J. T. M. Lenaerts et al. (2015). Fur-156

thermore, we use findings reported in J. T. M. Lenaerts et al. (2015) to divide the AIS157

FW discharge across six ocean basins; each with its own ratio of solid-to-liquid fluxes158

(Figure 1). The FW flux values for the GrIS are derived from historical, active-Greenland159

CESM2 output which Noël et al. (2020) demonstrate yields realistic surface processes.160

In contrast to the AIS, the liquid FW discharge from the GrIS follows a strong seasonal161

cycle, peaking in July at 134 Gt and dropping to 0 Gt in the winter while the solid FW162

discharge is held constant over the annual cycle at 48 Gt. The GrIS FW discharge is also163

divided into six ocean basins based on Rignot et al. (2012). Annually, the combined solid164

and liquid discharge amounts to 2775 Gt y−1 from the AIS and 1088 Gt y−1 from the165

GrIS in total FW fluxes (Table S1). The fluxes are modeled as salinity fluxes and are166

applied to the coastal surface grid cells. The fluxes are area-weighted so that each grid167

cell contributes the same total FW flux.168
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In the AIS simulation, GrIS FW fluxes match those of the control simulation while169

the AIS produces increasing FW fluxes from 1992 to 2100. The AIS historical FW forc-170

ing is based on observational AIS mass balance data amalgamated by the Ice sheet Mass171

Balance Inter-comparison Exercise (IMBIE) team while the future FW forcing reflects172

recent results from ice sheet modeling (Rignot et al., 2019; DeConto et al., 2021). To pro-173

duce the historical FW forcing, we apply a linear fit to the IMBIE team’s AIS mass bal-174

ance data such that the total AIS FW flux increases from 2775 Gt y−1 in 1992 to ∼3160175

Gt y−1 by 2020 (Figure 1; Rignot et al., 2019). To generate the future AIS FW flux forc-176

ing, we follow results published by DeConto and Pollard (2016). Using a combination177

of GCMs and ice sheet models under RCP8.5 atmospheric conditions, DeConto and Pol-178

lard (2016) project a roughly constant contribution from the AIS to the global mean sea179

level through ∼2050 and a quasi-exponentially increasing contribution thereafter. Fol-180

lowing these projections, our total AIS FW forcing increases linearly from 2775 Gt y−1
181

to ∼3160 Gt y−1 from 1992 to 2020, remains at ∼3160 Gt y−1 from 2021 to 2050, and182

then increases nonlinearly from ∼3160 Gt y−1 to 9098 Gt y−1 from 2051 to 2100 (Fig-183

ure 1, Table S1). The IS-wide mass balance data from Rignot et al. (2019) indicate that184

much of the AIS mass loss is concentrated in the West Antarctic Ice Sheet (WAIS) re-185

gion along the coasts of the Amundsen and Bellingshausen Seas (AB Seas; 95 ◦W to 145186

◦W). Therefore, we distribute the area-weighted, excess AIS FW evenly across the coastal187

ocean grid cells in the AB Seas ocean basin; preserving the solid-to-liquid FW discharge188

ratio. The FW fluxes from the five remaining AIS ocean basins all remain constant for189

the duration of the simulation.190

In the GrIS simulation, AIS FW fluxes are held to the same constant value as in191

the control simulation while the GrIS FW fluxes increase. Although CESM2 has the ca-192

pacity to actively model the GrIS (Noël et al., 2020), we take the same approach here193

for overriding the default FW fluxes as in the AIS simulation to generate comparable194

output. For the entire 1992-2100 simulation period, GrIS FW fluxes for each basin fol-195

low exponential curves fit to the CESM2 GrIS FW output (ensemble member 1) gen-196

erated for CMIP6 (Danabasoglu et al., 2020). The GrIS-integrated, total FW discharge197

increases from 1088 Gt y−1 in 1992 to 2868 Gt y−1 in 2100 while the total solid-to-liquid198

ratio decreases from 52%-48% to 8%-92% (Figure 1). This drastic change in solid-to-liquid199

ratio accounts for the severely diminished solid ice fluxes as the GrIS ablation zone re-200

treats further inland, reducing the ice-ocean interface (J. T. Lenaerts et al., 2019). As201

mass loss is more ubiquitous throughout the ablation zone along the GrIS periphery, the202

FW fluxes are applied around the entire GrIS coast and have disparate rates of solid and203

liquid discharge change across basins (Figures S2-S3). As with the AIS, the FW is ap-204

plied to the coastal surface grid cells and area-weighted such that each grid cell is con-205

tributing equal amounts of total FW.206

Lastly, in the AGrIS simulation, we override both ice sheets’ default mass thresh-207

old, instead applying the increasing FW forcing, detailed above, for each IS simultane-208

ously. The response of the AIS, GrIS, and AGrIS simulations, then, is directly compa-209

rable.210

2.2 Quantifying Linear and Nonlinear Impacts from added Freshwater211

We quantify the relative strength of the linear and nonlinear response of a given212

scalar global climate diagnostic d to the single- and combined-IS FW input using the four213

simulations. For our analyses, we use OHCANTH and CANTH as diagnostics. For the three214

perturbation experiments X = AIS, GrIS, AGrIS, we define the anomaly diagnostic dX(t)215

as the difference between experiment X and the control at time t. We consider how the216

climate response depends on the cumulative FW discharge by time t integrated across217

an ice sheet, FWX(t), where X is either AIS or GrIS. We apply a 10-year moving mean218

to dX(t) to smooth over fast internal climate variability.219
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Figure 1. (A) Spatial distribution and temporal evolution of the total freshwater (FW) in

Gt y−1 flux for each Antarctic Ice Sheet (AIS) basin: the Indian Ocean (light green), the Pacific

Ocean (light blue), the Ross Sea (dark blue), the Amundsen and Bellingshausen (AB) Seas (red),

the Antarctic Peninsula (orange), and the Weddell Sea (dark green). The pie charts depict the

solid-to-liquid FW flux ratio as calving (filled) and basal melt (dashed) where the percentages

denote calving based on J. T. M. Lenaerts et al. (2015). Also displayed are the calving and basal

melt percentages for the integrated AIS (black). The values displayed are the initial (1992) and

final (2100) basin-integrated FW fluxes in Gt y−1. The time series show the temporal evolution

of the basin-integrated FW fluxes for the period (1970-2100) for the control (dashed) and AIS

(solid) simulations. (B) Same as panel (A) but for the Greenland Ice Sheet (GrIS) and GrIS

basins: South West (light green), South East (light blue), North East (dark blue), North (red),

North West (orange), and Central West (dark green). The solid-to-liquid FW flux ratios fluctuate

with time for each GrIS basin with the 1992 percentages shown to the upper right of the GrIS

map and 2100 to the lower right in black. For more information on the solid-to-liquid FW flux

ratio, see Figures S2-S3. (1 Gt = 1 Gigaton = 1012 kg.)
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The first step in the decomposition is to perform linear fits of the AIS and GrIS
experiments, resulting in linear coefficients ℓAIS and ℓGrIS. This defines the linear responses
AISlinear = ℓAIS FWAIS, GrISlinear = ℓGrIS FWGrIS. Then the total climate responses
in the single-IS forcing experiments are

dAIS(t) = AISlinear +AISnonlinear, (1)

dGrIS(t) = GrISlinear +GrISnonlinear. (2)

The combined-IS forcing experiment AGrIS has an additional response, IScombined, due
to the nonlinear interaction of FWAIS and FWGrIS

dAGrIS(t) = dAIS(t) + dGrIS(t) + IScombined. (3)

The single-IS nonlinear responses are obtained from the subtracting the total responses220

in the single-IS forcing simulations from the linear response. Then the combined-IS non-221

linear response is obtained from subtracting the total combined-IS response from the sum222

of the single-IS responses.223

We calculate the linear fits for each 20-year segment starting in 2000, and average224

them to get the final ℓAIS , ℓGrIS for each diagnostic. The ℓ coefficients vary by ∼10%225

depending on the length of segments (5-, 10-, 20-, and 25-year; not shown). We track226

the temporal evolution of each term to measure the relative response to linear and non-227

linear single-IS FW fluxes as well as to the nonlinear, combined-IS FW fluxes.228

2.3 Using Gaussian Process Regression to disentangle contributors to229

OHCANTH and CANTH anomalies230

Changes in OHCANTH and CANTH in response to added freshwater are caused by231

a complex interplay of changes in water-mass properties, sea ice and circulation. Here,232

we identify the different driving factors in the linear and nonlinear OHCANTH and CANTH233

responses testing a suite of 24 predictive models in MATLAB’s Regression Learner tool-234

box. We supply five input variables as predictors: AMOC, sea surface salinity (SSS), sea235

surface temperature (SST), Arctic sea ice extent (SIENH), and Antarctic sea ice extent236

(SIESH). With each predictor impacting surface-to-depth transfer, water-column strat-237

ification or air-sea fluxes, these five predictors represent quantities critical for anthro-238

pogenic heat and carbon storage (Bronselaer et al., 2020).239

Of all tested predictive models including Gaussian Process Regression (GPR) mod-240

els, linear regressions, random forest decision trees, and neural networks, the exponen-241

tial GPR model produced the lowest root-mean-square error (RMSE) between its pre-242

dicted output and the two CESM-simulated diagnostics of interest, i.e., OHCANTH and243

CANTH. GPR models do not directly yield information about the relative importance244

of each predictor. As such, we sequentially decompose our kernel function by withhold-245

ing one predictor at a time and recording the subsequent RMSE. The resulting RMSE246

values for each withheld predictor, then, indicate their relative importance; withhold-247

ing the most important predictor(s) generates the highest error between the predictive248

model and the CESM-simulated OHCANTH or CANTH.249

3 Results250

3.1 Model Validation251

Globally-integrated OHCANTH simulated by CESM2 is well aligned with observation-252

based estimates, but regional biases persist particularly in the high latitude and subpo-253

lar North Atlantic, subpolar South Atlantic, and eastern tropical Pacific. Interpolated254

insitu observations from the World Ocean Database estimate the global, upper 2000 m255

OHCANTH in 2020 to be 234 ZJ and 211 ZJ, respectively (Cheng et al., 2021). Compared256
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to 1981, CESM2 produces a 255 ZJ global anomaly in 2020 in the upper 2000 m. The257

slight overestimation in CESM2 could at least partially be explained by the absence of258

the warming hole in and around the Irminger Sea in the high latitude North Atlantic and259

the broad warming patterns in the subpolar North and South Atlantic basins in the model260

(Figure S5). Similarly, CESM2 overestimates the negative OHCANTH response in the east-261

ern tropical Pacific. Acknowledging these discrepancies, CESM2 produces global OHCANTH262

estimates in general good agreement with observation-based estimates (Cheng et al., 2021).263

As for OHCANTH, historical CESM2 CANTH is in generally good agreement with264

reconstructed observations. Sabine et al. (2004) estimate 106 ± 17 Pg C for global 1994265

CANTH, integrated over the entire water column. For the same year, CESM estimates266

85 Pg C of globally integrated anthropogenic carbon storage, 4 Pg C below the bottom267

of the range given by Sabine et al. (2004). Long et al. (2021) find that CESM2 repro-268

duces ∼75% of the observed CANTH, arguing that the discrepancy is the result of poor269

thermocline ventilation and the omission of pre-1850 CANTH in the model. The largest270

stores of historical CANTH occur in the North Atlantic where both observed and CESM2-271

simulated values range from ∼60 - 80 Pg C (compare Fig. 1 to Sabine et al., 2004).272

3.2 OHCANTH and CANTH anomalies in response to ice sheet Freshwa-273

ter Discharge274

By the year 2100, the global ocean stores less anthropogenic ocean heat and car-275

bon when both ice sheets melt, but the temporal evolution of the anomalies in response276

to freshwater from AIS or GrIS is distinct for the two diagnostics (Figure 2, Table S3).277

Freshwater discharge from the Antarctic Ice Sheet anomalously increases anthropogenic278

ocean heat content relative to the control simulation until the year 2095 while freshwa-279

ter discharge from the Greenland Ice Sheet already anomalously decreases ocean heat280

content after ∼2040 (compare blue and red lines in Figure 2A). In the control simula-281

tion, OHCANTH increases from ∼1450 ZJ in 1992 to ∼4500 ZJ in 2100 (Figure S6A). From282

1992 to 2010, anomalous OHCANTH responds similarly in the AIS and GrIS (Figure 2A).283

For this period, the AIS simulation stores an additional +19.7 ZJ of anomalous OHCANTH284

compared to +12.3 ZJ in the GrIS simulation (Table S3). The AIS anomaly grows to285

+25.1 ZJ during the 2030-2050 period and peaks in 2052 at 71.9 ZJ (blue line in Fig-286

ure 2A) which corresponds to +5.1% of the 1992 globally-averaged control OHCANTH.287

Averaged over the same 2030-2050 period, the GrIS anomaly decreases to +4.7 ZJ (red288

line). By the end of the simulation period from 2080-2100, the AIS anomaly is lower than289

at its peak but is still anomalously higher than the control simulation (+2.9 ZJ; Table290

S3). Comparatively, anomalous OHCANTH in the GrIS simulation declines substantially291

through the latter half of the 21st century, resulting in a -26.3 ZJ reduction of anoma-292

lous global OHCANTH over 2080-2100 (Table S3).293

In the simulation with simultaneous freshwater discharge from the Greenland and294

Antarctic ice sheets (AGrIS), the temporal evolution of OHCANTH anomalies tracks that295

of the Antarctic Ice Sheet in the early part of the century and of the Greenland Ice Sheet296

in the later part of the century (black line in Figure 2A). Averaged from 2030 to 2050,297

the global ocean stores 23.5 ZJ more heat in the AGrIS simulation than in the control298

simulation (1.6 ZJ less than the AIS simulation and 18.8 ZJ more than the GrIS sim-299

ulation). As with the AIS and GrIS simulations, anomalous OHCANTH trends negatively300

after 2050 in the AGrIS simulation (Figure 2A). The negative trend in the AGrIS sim-301

ulation drives a -42.6 ZJ loss in anomalous global OHCANTH over the last 20 years of302

the simulation (45.5 ZJ less than the AIS simulation and 17.3 ZJ less than the GrIS sim-303

ulation).304

Freshwater discharge from the Antarctic Ice Sheet rapidly reduces anthropogenic305

carbon storage in the global ocean until 2050, whereas freshwater discharge from the Green-306

land Ice Sheet produces rapid reductions in global anthropogenic carbon storage after307

–8–



manuscript submitted to Earth’s Future

Table 1. Global OHCANTH and CANTH anomalies averaged over each time period from each of

the simulations.

OHC†
ANTH C‡

ANTH

1992-2010 2030-2050 2080-2100 1992-2010 2030-2050 2080-2100

AIS +19.7 +25.1 +2.9 +0.05 –0.56 –0.93

GrIS +12.3 +4.7 –26.3 +0.19 –0.11 –1.90

AGrIS +10.7 +23.5 –42.6 +0.07 –0.47 –2.09
† ZJ
‡ Pg C

2040, dropping to anomalously negative values after 2070 (Figure 2B). For the 1992-2010308

period, the AIS and GrIS simulations accumulate 0.05 Pg C and 0.19 Pg C more CANTH,309

globally, than the control simulation, respectively (Table 1), which is small compared to310

the overall increase from 87 Pg C in 1992 to 516 Pg C in 2100 in the control simulation311

(Figure S6B). By the middle of the simulation (2030-2050), both the AIS and GrIS sim-312

ulations store anomalously less CANTH. During this period, the AIS simulation stores313

less CANTH than the GrIS simulation at -0.56 Pg C compared to -0.11 Pg C, respectively314

(Table 1). This dynamic flips by the end of the simulation as the GrIS simulation stores315

-1.90 Pg of anomalous global CANTH; 0.97 Pg C less than the -0.93 Pg C stored in the316

AIS simulation (Table 1). The differences between the 2030-2050 and 2080-2100 peri-317

ods are largely due to the changing AIS simulation response which, after peaking in mag-318

nitude in 2053 at -1.5 Pg C (-1.8% of the 1992 globally-averaged Control CANTH), sta-319

bilizes at around ∼-1.0 Pg C from 2050-2100 (Figure 2B).320

While initially resembling the response from Antarctic Ice Sheet FW, CANTH in321

the AGrIS simulation is more analogous to that of the GrIS simulation by the end of the322

simulation (Figure 2B). For both the 1992-2010 and 2030-2050 periods, the AGrIS sim-323

ulation response mirrors that of the AIS simulation more closely, engendering +0.07 Pg324

and -0.47 Pg CANTH anomalies, respectively (Table 1). Like the AIS simulation, the mag-325

nitude of the AGrIS CANTH anomaly decreases after peaking in the 2050s, but, unlike326

the AIS simulation, trends negatively after 2070, resulting in a final -2.09 Pg CANTH anomaly327

from 2080-2100 (Figure 2B). Ultimately, the AGrIS simulation stores 1.16 Pg less CANTH328

than the AIS simulation and 0.19 Pg less CANTH than the GrIS simulation from 2080329

to 2100 (Table 1).330

In addition to the distinct temporal evolution, spatial patterns differ for the up-331

take and storage of CANTH and OHCANTH. Historically, CANTH is largely stored in the332

North Atlantic while OHCANTH is prevalent throughout the Atlantic Ocean in both hemi-333

spheres as detailed in Section 3.1 (1970-1990; Figure 3A&B). The polar oceans store lit-334

tle OHCANTH, historically, averaging 13.8 GJ m−2 in the Arctic Ocean and 22.4 GJ m−2
335

in the Southern Ocean south of 35 ◦S. The strongest historical CANTH signal, 87 mol C336

m−2, is focused in the western North Atlantic Ocean, off the east coast of the US and337

Canada. The Norwegian Sea also stores particularly high historical CANTH (>70 mol C338

m−2) – in good agreement with observed CANTH (Section 3.1). The equatorial global339

ocean and entirety of the SO generally lack historical CANTH, averaging less than 15 mol340

C m−2 each.341

The responses of OHCANTH and CANTH to ice sheet melt are most disparate in the342

regions that are most critically important for uptake and storage. By the end of the cen-343

tury, AIS FW engenders a positive global OHCANTH anomaly but a negative global CANTH344

anomaly (Figure 3B&F). Spatially, this difference is most prevalent in the North Atlantic345

around the Irminger Sea where the most extreme anomalies exceed +4.1 GJ m−2 (OHCANTH)346
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Figure 2. (A) Temporal evolution of global anomalous OHCANTH (10-year running mean) in

the AIS (blue), GrIS (red), and AGrIS (black) simulations relative to the control simulation in

ZJ on the left y-axis and in % relative to the 1992 global control OHCANTH value on the right

y-axis. (B) Same as panel (A) for CANTH and in Pg C.

and -22.7 Pg C m−2 (CANTH). Similar positive (negative) OHCANTH (CANTH) anoma-347

lies manifest in the eastern Ross Sea in the Southern Ocean (Figure 3B&F). Interest-348

ingly, the opposite response develops in the Gulf Stream as a result of AIS FW wherein349

the region stores anomalously more CANTH (+36 Pg C m−2) but less OHCANTH (-3.1350

GJ m−2) in its extremes. Overall, OHCANTH and CANTH anomalies are inversely cor-351

related in the subpolar North Atlantic, circumpolar Southern Ocean, and Gulf Stream352

(Figure S8).353

GrIS FW causes negative global anomalies in OHCANTH and CANTH which are driven354

in large part by the signals in the North Atlantic, high latitude Arctic, the Atlantic sec-355

tor of the Southern Ocean, and the Norwegian Sea (Figure 3C&G). Unlike the AIS sim-356

ulation, GrIS FW induces negative OHCANTH responses in the subpolar North Atlantic357

(largest anomaly = -6.5 GJ m−2), Equatorial and South Atlantic (-2.5 GJ m−2), and358

Southern Ocean (-7.8 GJ m−2) and positive responses in Baffin Bay (+4.9 GJ m−2) and359

the Caribbean Sea (+3.4 GJ m−2). The regional CANTH responses to GrIS and AIS FW360

are more similar, particularly in the North Atlantic (-36.9 Pg C m−2) and Southern Ocean361

(-18.7 Pg C m−2). The Equatorial and South Atlantic, high latitude Arctic, and Gulf362

Stream regions stand out as developing notably incongruous CANTH anomalies between363

the GrIS and AIS simulations. The spatial differences between AIS FW- and GrIS FW-364

induced changes mean that globally, OHCANTH and CANTH are slightly better correlated365

in the GrIS simulation (RGrIS,global = 0.48, RAIS,global = 0.43), but the Irminger Sea and366
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Figure 3. (A) Historical (1970-1990) OHCANTH in the control simulation. (B) Anomalous

OHCANTH in the AIS simulation for the 2080-2100 period. (C) Same as panel (B) but for the

GrIS simulation. (D) Same as panels (B-C) but for the AGrIS simulation. (E-H) Same as for

panels (A-D) but for CANTH.

eastern Ross Sea still both stand out as regions where OHCANTH and CANTH anoma-367

lies are anti-correlated (Figure S8A-B).368

The spatial realization of OHCANTH and CANTH anomalies in the AGrIS simula-369

tion is more similar to that of the GrIS simulation than the AIS simulation. OHCANTH370

and CANTH anomalies from GrIS FW develop similarly throughout much of the globe371

in the AGrIS simulation. Notable exceptions between the anomalous OHCANTH and CANTH372

responses manifest in the Norwegian Sea and high-latitude Southern Ocean where the373

AGrIS simulation’s OHCANTH anomaly pattern is more AIS simulation-like. The CANTH374

spatial anomaly pattern in the AGrIS simulation is well correlated with that of the GrIS375

simulation, particularly throughout the Atlantic Ocean and high latitude Arctic. The376

AIS and AGrIS simulations produce disparate anomaly patterns in the high latitude Arc-377

tic and eastern Equatorial Atlantic (Figure S9A). The globally averaged correlation be-378

tween AIS and AGrIS OHCANTH is 0.47 compared to 0.55 between the GrIS and AGrIS379

simulations (Figure S9A-B). For CANTH, the globally averaged AIS-AGrIS and GrIS-AGrIS380

correlations are 0.61 and 0.46, respectively (Figure S9C-D).381

–11–



manuscript submitted to Earth’s Future

3.3 Contributions from linear, nonlinear, and combined ice sheet effects382

The temporal evolution of global OHCANTH anomalies relative to the control sim-383

ulation in response to the simultaneous freshwater discharge from the Antarctic and Green-384

land Ice Sheets is driven by a complex interplay of linear and nonlinear contributions from385

AIS and GrIS FW (Figure 4A). By the end of the century, the linear GrIS FW contri-386

bution is the largest contributor to the global OHCANTH (solid red line) but is offset by387

the linear AIS FW contribution (solid blue line) (Figure 4A). The largest ice-sheet FW388

contribution to anomalous OHCANTH at any point in the simulation period is that of389

the nonlinear AIS term (dashed blue line), which reaches a maximum strength of +36.1390

ZJ of anomalous OHCANTH in 2055 (Figure 4A). On average from 1992 to 2055, the GrIS391

linear term contributes +8.9 ZJ to anomalous OHCANTH compared to the AIS linear term392

which contributes +25.2 ZJ averaged over the same period. The linear ice-sheet FW con-393

tributions both decrease over the course of the simulation period, which, when combined394

with the combined ice sheet contribution (solid grey line), drive the trend in the over-395

all AGrIS simulation OHCANTH response (solid black line; d(t) in Equation 3). The lin-396

ear GrIS contribution begins to dominate over all other terms in 2074, driving an OHCANTH397

anomaly of -18.2 ZJ, over 2080-2100 (Figure 4A), a 67% contribution to the -42 ZJ of398

anomalous global OHCANTH stored in the AGrIS simulation over this period (Figure 4B).399

The nonlinear AIS response further promotes the negative OHCANTH storage anomaly,400

contributing -11.6 ZJ – which equates to +28% of the -42 ZJ global anomaly – from 2080-401

2100. Together, the linear GrIS FW and nonlinear AIS FW terms contribute 95% of the402

total, 2080-2100 OHCANTH. The other three terms in Equation 3, then, largely cancel403

out. The nonlinear GrIS FW contribution (+1.1 ZJ; -3%) and linear AIS contribution404

(+16.1, -39%) sum to an additional 17.2 ZJ taken up by the global ocean by the end of405

the 21st century (Figure 4B). This uptake is offset by the -19.5 ZJ OHCANTH storage406

anomaly induced by the combined ice sheet term.407

Similar to heat, global ocean anthropogenic carbon storage exhibits a non-linear408

response to the simultaneous freshwater discharge from the Antarctic and Greenland Ice409

Sheets (Figure 4C). Beginning in the 2020s, both linear terms begin to contribute neg-410

atively to the storage of anomalous global CANTH in the AGrIS simulation (solid colored411

lines) combined ice sheet term (solid grey line) contributes positively after 2040 (Fig-412

ure 4C). The two nonlinear terms (dashed colored lines) are fairly negligible through-413

out the simulation (Figure 4C). Averaged from 2080-2100, the global ocean in the AGrIS414

simulation stores 2 Pg C less than in the control simulation and is mostly driven by the415

linear GrIS FW effects (Figure 4D). As with OHCANTH, the linear GrIS term is the largest416

contributor to global CANTH in the AGrIS simulation at -1.6 Pg C (80%) over the 2080-417

2100 period (solid red bar in Figure 4D). The linear AIS FW response enhances that of418

GrIS FW, contributing -1.1 Pg C (52%) to the total CANTH storage anomaly (Figure 4D).419

While relatively important for OHCANTH storage, the nonlinear AIS FW effects are the420

least important for CANTH, contributing +0.1 (-7%) to the global anomaly (Figure 4D).421

Like the AIS nonlinear term, the GrIS nonlinear term is also fairly weak (-0.3 Pg C; 13%)422

compared to its linear counterpart by the end of the simulation (2080-2100; Figure 4D).423

While the global CANTH anomaly in the AGrIS simulation is dominated by the two lin-424

ear, single ice sheet terms (AISlinear and GrISlinear), their cumulative -2.7 Pg storage anomaly425

is dampened by the combined ice sheet effects (Figure 4D). The combined ice sheet FW426

fluxes result in a +0.8 Pg CANTH storage anomaly which constitutes a -38% contribu-427

tion to the global CANTH response (Figure 4D).428

3.3.1 Response Predictors429

The two most important variable in predicting ice sheet-driven changes are iden-430

tical for both OHCANTH and CANTH (Figure 5). When systematically removing one pre-431

dictor and rerunning the GPR model for each of the five predictor variables (AMOC,432

SSS, SST, SIENH, and SIESH), SSS produces the highest RMSE values for both OHCANTH433
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Figure 4. (A) Temporal evolution of each term in equation 3 using column-integrated

OHCANTH as the diagnostic. Solid and dashed lines show the linear and nonlinear contribu-

tions to the global OHCANTH and CANTH anomalies resulting from AIS (blue) and GrIS (red)

freshwater, respectively. Grey and black lines show the combined ice sheet effects and global,

column-integrated diagnostic response, respectively. (B) Contributions from each term in panel

(A) from 2080-2100. Solid and hatch filled bars show the linear and nonlinear contributions from

the AIS (blue) and GrIS (red). Percentages denote the relative contribution of each term to the

global OHCANTH anomaly averaged over the 2080-2100 period. The global OHCANTH anomaly in

ZJ from 2080-2100 is printed in black. (C-D) Same as panels (A-B) but for CANTH and in Pg C.

and CANTH for all four simulations, establishing SSS as the predominant predictor for434

the GPR model’s predictions. For OHCANTH, normalized RMSE values when withhold-435

ing SSS range from 0.025 to 0.026 across model experiments compared to 0.023 to 0.029436

for CANTH (Table S4). The next most important predictor is SST with normalized RMSE437

values averaging to 0.020 across simulations for both diagnostics. AMOC, SIENH, and438

SIESH, respectively, follow in importance for OHCANTH and are all more variable across439

simulations than either SSS or SST (Figure 5A, Table S4). For CANTH, SIENH and SIESH440

are the next two most important predictors with approximately equal normalized RMSE441

averages followed lastly by AMOC (Figure 5B, Table S4).442

3.4 Timing and depth-distribution of combined ice sheet effects443

Ice sheet-driven changes in global ocean heat content propagate more quickly from444

surface to depth than ice sheet-driven changes in anthropogenic carbon (Figure 6). Sur-445

face changes in the combined ice sheet effects on OHCANTH first become apparent at depth446

within the first 30 years of simulation time (Figure 6A). Considering OHCANTH in the447

upper ocean (surface - 700 m), the strength of the combined ice sheet term peaks in 2058448

at 74 ZJ. The magnitude of the combined ice sheet effects on middle (700 m - 2000 m)449

and lower (2000 m - bottom) ocean layers also reach maxima in the middle decades of450

the 21st century at +17 ZJ in 2050 (middle) and -30 ZJ in 2037 (lower; Figure 6A). In451

contrast, the combined ice sheet impacts are not realized until after 2070 for CANTH for452
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Figure 5. (A) Root Mean Square Error (RMSE) values between the Gaussian Predictor

Response (GPR) predicted OHCANTH and actual OHCANTH generated by withholding one pre-

dictor at a time for the Control (grey), AIS (blue), GrIS (pink), and AGrIS (black) simulations.
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Figure 6. (A) Temporal evolution of the IScombined term (see Equation 3) for OHCANTH for

the surface - 700 m depth (yellow), 700 m - 2000 m depth (orange), 2000 m - bottom (pink), and

integrated over the whole water column (grey). (B) Same as panel (A) but for CANTH.

all depth levels (Figure 6B). The magnitude of combined ice sheet effects on CANTH in453

the upper, middle, and lower ocean layers peak in 2097, 2100, and 2076 at 1.5 Pg C, -454

2.2 Pg C, and 1.0 Pg C, respectively. From 2080-2100, the largest OHCANTH anomalies455

from combined ice sheet effects manifest in the upper ocean layer (+54 ZJ) while largest456

CANTH anomalies manifest in the middle ocean layer (-1.1 Pg C). Furthermore, the lower457

ocean layer stores anomalously less OHCANTH (-17 ZJ) but more CANTH (+0.8 Pg C)458

than the control over the same 2080-2100 period. In both, however, the net impacts from459

integrating over the column are such that the combined ice sheet contributions are pos-460

itive by 2100 (Figure 6).461

4 Discussion and Conclusions462

We leverage a state-of-the-art GCM experiment with comparably applied AIS and463

GrIS FW forcings to directly contrast the OHCANTH and CANTH impacts generated by464

each ice sheet’s projected mass changes. We offer new perspective on quantifying the lin-465

ear and nonlinear contributions to OHCANTH and CANTH due to FW from each ice sheet466

separately and from both ice sheets combined. By the end of the 21st century, the com-467

bined effect of both ice sheets is an anomalous reduction in both OHCANTH and CANTH468

storage in the global ocean. The global OHCANTH anomaly in the combined ice sheet469

scenario generally follows the positive trend of the AIS simulation through the first half470

of the 21st century and the negative trend of the GrIS simulation through the second half.471

Freshwater discharge from each individual ice sheet induces a negative CANTH trend, and472
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the combined ice sheet response follows the positive trend response realized in the AIS473

simulation more closely through roughly 2050 and the GrIS simulation thereafter. The474

high-latitude North Atlantic and Southern Ocean – important regions for historical an-475

thropogenic heat and carbon storage and fluxes (Gruber et al., 2002, 2019; Bronselaer476

et al., 2020; Huguenin et al., 2022) – develop disparate anomalous OHCANTH and CANTH477

responses to ice sheet FW. Anomalies in both global OHCANTH and CANTH respond non-478

linearly to simultaneous ice sheet freshwater discharge though the linear response to GrIS479

FW dominates both signals. Despite distinct realizations, SSS is the preeminent driver480

of global, ice sheet-induced changes to both OHCANTH and CANTH. Manifesting disparately481

in both depth and time, global OHCANTH anomalies develop more quickly than global482

CANTH anomalies.483

Stemming from distinct historical storage, disparate OHCANTH and CANTH changes484

are further accentuated by their divergent responses to ice sheet FW. As a region of markedly485

high uptake for both OHCANTH and CANTH, contrasting responses in the high-latitude486

North Atlantic demonstrate that changes to one diagnostic do not necessarily directly487

correspond to changes in the other. Bronselaer et al. (2020) also explore the future re-488

lationship of OHCANTH and CANTH resulting from changing atmospheric conditions. In-489

stead of directly investigating changing FW fluxes from ice sheets, they analyze output490

from two comparable simulations: one that regulates ocean currents to that of the pre-491

industrial state and another that is allowed to evolve freely under transient, 1% y−1 in-492

crease in anthropogenic carbon (Bronselaer et al., 2020). In their study, they find a lin-493

ear relationship between the global ocean OHCANTH and CANTH uptake due to anthro-494

pogenic changes (Bronselaer et al., 2020). In contrast, our results explore the anoma-495

lous changes to these global inventories owing solely to differences stemming from increas-496

ing freshwater fluxes from the Antarctic and Greenland Ice Sheets.497

The reduced CANTH signal in the AGrIS simulation – driven by GrIS FW – indi-498

cates that the high latitude North Atlantic, and, thus, the global ocean, will do less to499

mitigate rising atmospheric carbon levels over the coming century. The global CANTH500

anomaly in the AGrIS simulation (-2.09 Pg C) represents a 2.5% change to the global501

CANTH inventory in the control simulation in 1992 (∼0.5% of the total inventory in 2100).502

Per Bindoff et al. (2007), the global ocean has absorbed a majority of OHCANTH in the503

past half century. Weakening the ocean’s ability to store additional CANTH will lead to504

elevated atmospheric CO2 concentrations by the end of the 21st century. The global ocean505

buffering capacity for increasing atmospheric temperatures is also diminished (-3%) as506

a result of combined ice sheet FW fluxes – particularly in the North Atlantic, a region507

that helps govern global OHCANTH trends (Gruber et al., 2002; Huguenin et al., 2022).508

In constellation, positive and negative global storage anomalies in the upper ocean (0509

m - 700 m) and middle ocean (700 m - 2000 m), respectively, indicate that less OHCANTH510

and CANTH are being transported to depth; instead accumulating in the surface layer.511

The relatively small difference in global CANTH storage indicates that the strength of the512

warming scenario is a significantly stronger driver of anthropogenic carbon in the ocean513

than ice sheet runoff. As such, it is plausible that these results would be exacerbated un-514

der stronger warming conditions and/or over a longer investigation period. Thus, as the515

surface ocean stores more OHCANTH and CANTH under this strong atmospheric warm-516

ing, it is less capable of taking up more (Maier-Reimer & Hasselmann, 1987; Gruber et517

al., 2023), indicating a further reduction in uptake efficacy for both parameters beyond518

2100.519

The effects of singular ice sheet freshwater discharge on anthropogenic ocean heat520

and carbon storage do not linearly combine to produce the effects of simultaneous ice521

sheet freshwater discharge. To project realistic FW-induced changes, simulating both522

ice sheets simultaneously is thus imperative. Linearly summing the globally averaged anoma-523

lies from the AIS and GrIS simulations leads to an underestimation of anomalous OHCANTH524

storage (30.0 ZJ) and an overestimation of CANTH storage (2.66 Pg C) when compared525
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to the AGrIS simulation. As modeling centers move toward incorporating active ice sheet526

components into their GCMs, first focusing on representing increasing GrIS FW fluxes527

is critical for estimating the projected the global and regional FW-induced changes to528

both OHCANTH and CANTH. However, AIS FW impacts are still robust enough to af-529

fect the global OHCANTH and CANTH inventories, the eventual inclusion of an active AIS530

is also imperative for getting an accurate assessment of these changes. Because these AIS531

FW impacts manifest later than those from GrIS FW, shorter simulations will indicate532

higher GrIS dependence in the evolution of global OHCANTH and CANTH. Li, Marshall,533

et al. (2023), who use linear convolution theory to disentangle linear and nonlinear re-534

sponses, find the AIS FW causes a stronger response in air temperature, sea ice extent535

and deep-water formation and that these responses only become nonlinear after exceed-536

ing a 5000 Gt y−1 melt rate threshold. Instead of a slow ramp up of FW discharge, Li,537

Marshall, et al. (2023) apply a step-wise increase of FW from 0 Gt y−1 to 500 Gt y−1,538

2000 Gt y−1, and 5000 Gt y−1 for each individual ice sheet as well as their combined ice539

sheet simulation. Unlike their experiment, we gradually increase spatially heterogeneous540

ice sheet FW fluxes and find that the GrIS rather than the AIS dominates anomalous541

changes through the 21st century. Moreover, we find that the ice sheets’ nonlinear im-542

pacts on OHCANTH and CANTH anomalies begin to manifest in the 2050s, well before543

FW fluxes from either ice sheet exceed 5000 Gt y−1. That said, due to the longer time-544

scale of the realization of AIS FW impacts, longer simulations will be necessary to fully545

quantify the cumulative AIS FW impacts as the AIS becomes an active component in546

GCMs.547

The major caveats of this work include the approach to projecting future FW fluxes548

and the application of those FW fluxes to the surrounding ocean grid cells. Our AIS FW549

forcings assume that past spatial patterns of mass loss and solid-to-liquid flux ratios will550

continue into the future. Our observational record of mass change for both ice sheets ex-551

tends back only ∼20 years, restricting our ability to assess both ice sheet-integrated and552

spatially resolved decadal and interdecadal trends. Supplementing these data with in-553

formation from ice sheet models indicates that past WAIS mass loss is projected to not554

only continue, but intensify in the future (Rignot et al., 2019). The future AIS-integrated555

FW forcing lacks important climate feedback as it subsumes output generated by a model556

without an active AIS component. Future GrIS FW fluxes are based on active Green-557

land CESM2 model output simulated under SSP5-8.5 atmospheric forcing. The AIS FW558

flux values are predicated upon the assumption of ice shelf mass balance which we made559

for two reasons: (1) the GRACE satellites do not measure mass changes of the ice shelves560

and (2) CESM2 currently lacks the ability to model floating ice shelves. The former rea-561

son means that we have little information to guide any ice shelf mass imbalances and the562

latter reason means that, even if we did have ice shelf mass imbalance estimates, we are563

not yet able to simulate them in CESM2. As a result, we assume the ice shelves are in564

mass balance and that mass changes to the grounded AIS are realized immediately as565

FW fluxes into the surrounding ocean. Finally, as these FW fluxes (modeled as salin-566

ity fluxes with no information on temperature or momentum) are distributed into the567

surrounding ocean, we apply them directly to the surface coastal grid cells. Realistically,568

calved ice distributes FW solely to the surface ocean but is spread further offshore as569

it is carried via ocean currents while basal melt is distributed horizontally across the un-570

derside of the ice shelves, at depths exceeding 1 km (Dinniman et al., 2016). Another571

limitation of this work is the use of a single ensemble member for each simulation mean-572

ing we lack the ability to fully assess the role of internal variability.573

Despite these limitations, our findings underscore the need for further exploration574

of ice sheet FW impacts on global anthropogenic heat and carbon storage. The AIS and575

GrIS engender distinct responses for global OHCANTH and global CANTH anomalies and576

their impacts cannot simply be linearly added to capture their combined effects. As the577

polar regions are uniquely important for heat and carbon uptake, actively modeling the578

–17–



manuscript submitted to Earth’s Future

ice sheets and incorporating feedbacks induced by their melt will impact projections of579

the ocean’s capacity to mitigate rising atmospheric carbon and heat.580

5 Open Research581

Data from the CONTROL simulation presented in this paper are publicly avail-582

able at Gorte et al. (2024e) (historical) and Gorte et al. (2024f) (2015-2100). Data from583

the AIS simulation presented in this paper are publicly available at Gorte et al. (2024c)584

(historical) and Gorte et al. (2024d) (2015-2100). Data from the GrIS simulation pre-585

sented in this paper are publicly available at Gorte et al. (2024g) (historical) and Gorte586

et al. (2024h) (2015-2100). Data from the AGrIS simulation presented in this paper are587

publicly available at Gorte et al. (2024a) (historical) and Gorte et al. (2024b) (2015-2100).588
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Frölicher, T. L., Sarmiento, J. L., Paynter, D. J., Dunne, J. P., Krasting, J. P., &690

Winton, M. (2015). Dominance of the southern ocean in anthropogenic car-691

bon and heat uptake in cmip5 models. Journal of Climate, 28 , 862-886. doi:692

10.1175/JCLI-D-14-00117.1693

Goelzer, H., Nowicki, S., Payne, A., Larour, E., Seroussi, H., Lipscomb, W. H., . . .694

van den Broeke, M. (2020). The future sea-level contribution of the greenland695

ice sheet: a multi-model ensemble study of ismip6. The Cryosphere, 14 , 3071-696

3096. Retrieved from https://tc.copernicus.org/articles/14/3071/2020/697

doi: 10.5194/tc-14-3071-2020698

Goosse, H., Kay, J. E., Armour, K. C., Bodas-Salcedo, A., Chepfer, H., Docquier,699

D., . . . Vancoppenolle, M. (2018). Quantifying climate feedbacks in polar700

regions. Nature Communications, 9 , 1919. Retrieved from https://doi.org/701

10.1038/s41467-018-04173-0 doi: 10.1038/s41467-018-04173-0702

Gorte, T., Lovenduski, N. S., Nissen, C., Lenaerts, J., & Weiss, J. (2024a, 1). Cesm2703

agris simulation output (1992-2014): The nonlinear and distinct responses of704

ocean heat content and anthropogenic carbon to ice sheet freshwater discharge705

in a warming climate. Zenodo. Retrieved from https://doi.org/10.5281/706

zenodo.10443828 doi: 10.5281/zenodo.10443828707

Gorte, T., Lovenduski, N. S., Nissen, C., Lenaerts, J., & Weiss, J. (2024b, 1). Cesm2708

agris simulation output (2015-2100): The nonlinear and distinct responses of709

ocean heat content and anthropogenic carbon to ice sheet freshwater discharge710

in a warming climate. Zenodo. Retrieved from https://doi.org/10.5281/711

zenodo.10447519 doi: 10.5281/zenodo.10447519712

Gorte, T., Lovenduski, N. S., Nissen, C., Lenaerts, J., & Weiss, J. (2024c, 1). Cesm2713

ais simulation output (1992-2014): The nonlinear and distinct responses of714

ocean heat content and anthropogenic carbon to ice sheet freshwater discharge715

in a warming climate. Zenodo. Retrieved from https://doi.org/10.5281/716

zenodo.10433209 doi: 10.5281/zenodo.10433209717

Gorte, T., Lovenduski, N. S., Nissen, C., Lenaerts, J., & Weiss, J. (2024d, 1). Cesm2718

ais simulation output (2015-2100): The nonlinear and distinct responses of719

ocean heat content and anthropogenic carbon to ice sheet freshwater discharge720

in a warming climate. Zenodo. Retrieved from https://doi.org/10.5281/721

zenodo.10433336 doi: 10.5281/zenodo.10433336722

Gorte, T., Lovenduski, N. S., Nissen, C., Lenaerts, J., & Weiss, J. (2024e, 1). Cesm2723

control simulation output (1970-2014): The nonlinear and distinct responses of724

ocean heat content and anthropogenic carbon to ice sheet freshwater discharge725

in a warming climate. Zenodo. Retrieved from https://doi.org/10.5281/726

zenodo.10419440 doi: 10.5281/zenodo.10419440727

Gorte, T., Lovenduski, N. S., Nissen, C., Lenaerts, J., & Weiss, J. (2024f, 1). Cesm2728

control simulation output (2015-2100): The nonlinear and distinct responses of729

ocean heat content and anthropogenic carbon to ice sheet freshwater discharge730

in a warming climate. Zenodo. Retrieved from https://doi.org/10.5281/731

zenodo.10429589 doi: 10.5281/zenodo.10429589732

Gorte, T., Lovenduski, N. S., Nissen, C., Lenaerts, J., & Weiss, J. (2024g, 1). Cesm2733

gris simulation output (1992-2014): The nonlinear and distinct responses of734

ocean heat content and anthropogenic carbon to ice sheet freshwater discharge735

in a warming climate. Zenodo. Retrieved from https://doi.org/10.5281/736

zenodo.10439532 doi: 10.5281/zenodo.10439532737

–20–



manuscript submitted to Earth’s Future

Gorte, T., Lovenduski, N. S., Nissen, C., Lenaerts, J., & Weiss, J. (2024h, 1). Cesm2738

gris simulation output (2015-2100): The nonlinear and distinct responses of739

ocean heat content and anthropogenic carbon to ice sheet freshwater discharge740

in a warming climate. Zenodo. Retrieved from https://doi.org/10.5281/741

zenodo.10433919 doi: 10.5281/zenodo.10433919742

Gorte, T., Lovenduski, N. S., Nissen, C., & Lenaerts, J. T. M. (2023, 6). Antarctic743

ice sheet freshwater discharge drives substantial southern ocean changes over744

the 21ˆst century. Retrieved from https://doi.org/10.22541%2Fessoar745

.168771427.74160260%2Fv1 doi: 10.22541/essoar.168771427.74160260/v1746

Gruber, N., Bakker, D. C. E., DeVries, T., Gregor, L., Hauck, J., Landschützer, P.,747

. . . Müller, J. D. (2023). Trends and variability in the ocean carbon sink.748

Nature Reviews Earth Environment , 4 , 119-134. Retrieved from https://749

doi.org/10.1038/s43017-022-00381-x doi: 10.1038/s43017-022-00381-x750

Gruber, N., Clement, D., Carter, B. R., Feely, R. A., van Heuven, S., Hoppema,751

M., . . . Wanninkhof, R. (2019). The oceanic sink for anthropogenic752

co¡sub¿2¡/sub¿ from 1994 to 2007. Science, 363 , 1193-1199. Retrieved753

from https://www.science.org/doi/abs/10.1126/science.aau5153 doi:754

10.1126/science.aau5153755

Gruber, N., Keeling, C. D., & Bates, N. R. (2002). Interannual variability in756

the north atlantic ocean carbon sink. Science, 298 , 2374-2378. Retrieved757

from https://www.science.org/doi/abs/10.1126/science.1077077 doi:758

10.1126/science.1077077759

Holland, M. M., & Bitz, C. M. (2003). Polar amplification of climate change in cou-760

pled models. Climate Dynamics, 21 , 221-232. Retrieved from https://doi761

.org/10.1007/s00382-003-0332-6 doi: 10.1007/s00382-003-0332-6762

Huguenin, M. F., Holmes, R. M., & England, M. H. (2022). Drivers and distri-763

bution of global ocean heat uptake over the last half century. Nature Commu-764

nications, 13 , 4921. Retrieved from https://doi.org/10.1038/s41467-022765

-32540-5 doi: 10.1038/s41467-022-32540-5766

Khatiwala, S., Tanhua, T., Fletcher, S. M., Gerber, M., Doney, S. C., Graven, H. D.,767

. . . Sabine, C. L. (2013). Global ocean storage of anthropogenic carbon.768

Biogeosciences, 10 , 2169-2191. doi: 10.5194/bg-10-2169-2013769

Lenaerts, J. T., Medley, B., van den Broeke, M. R., & Wouters, B. (2019). Observ-770

ing and modeling ice sheet surface mass balance. Reviews of Geophysics. doi:771

10.1029/2018RG000622772

Lenaerts, J. T. M., Bars, D. L., van Kampenhout, L., Vizcaino, M., Enderlin,773

E. M., & van den Broeke, M. R. (2015, 8). Representing greenland ice sheet774

freshwater fluxes in climate models. Geophysical Research Letters, 42 , 6373-775

6381. Retrieved from http://doi.wiley.com/10.1002/2015GL064738 doi:776

10.1002/2015GL064738777

Li, Q., England, M. H., Hogg, A. M., Rintoul, S. R., & Morrison, A. K. (2023, 3).778

Abyssal ocean overturning slowdown and warming driven by antarctic melt-779

water. Nature, 615 , 841-847. Retrieved from https://www.nature.com/780

articles/s41586-023-05762-w doi: 10.1038/s41586-023-05762-w781

Li, Q., Marshall, J., Rye, C. D., Romanou, A., Rind, D., & Kelley, M. (2023).782

Global climate impacts of greenland and antarctic meltwater: A comparative783

study. J. Climate, 36 (11), 3571–3590. doi: 10.1175/JCLI-D-22-0433.1784

Long, M. C., Stephens, B. B., McKain, K., Sweeney, C., Keeling, R. F., Kort,785

E. A., . . . Wofsy, S. C. (2021). Strong southern ocean carbon uptake ev-786

ident in airborne observations. Science, 374 , 1275-1280. Retrieved from787

https://www.science.org/doi/abs/10.1126/science.abi4355 doi:788

10.1126/science.abi4355789

Maier-Reimer, E., & Hasselmann, K. (1987). Transport and storage of co2 in the790

ocean ——an inorganic ocean-circulation carbon cycle model. Climate Dynam-791

ics, 2 , 63-90. Retrieved from https://doi.org/10.1007/BF01054491 doi: 10792

–21–



manuscript submitted to Earth’s Future

.1007/BF01054491793

Manabe, S., & Stouffer, R. J. (1980). Sensitivity of a global climate model794

to an increase of co2 concentration in the atmosphere. Journal of Geo-795

physical Research: Oceans, 85 , 5529-5554. Retrieved from https://796

agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JC085iC10p05529797

doi: https://doi.org/10.1029/JC085iC10p05529798

Meinshausen, M., Nicholls, Z. R. J., Lewis, J., Gidden, M. J., Vogel, E., Freund, M.,799

. . . Wang, R. H. J. (2020). The shared socio-economic pathway (ssp) green-800

house gas concentrations and their extensions to 2500. Geoscientific Model801

Development , 13 , 3571-3605. Retrieved from https://gmd.copernicus.org/802

articles/13/3571/2020/ doi: 10.5194/gmd-13-3571-2020803

Menviel, L., Spence, P., & England, M. H. (2015). Contribution of enhanced antarc-804

tic bottom water formation to antarctic warm events and millennial-scale805

atmospheric co2 increase. Earth and Planetary Science Letters, 413 , 37-50.806

Retrieved from https://www.sciencedirect.com/science/article/pii/807

S0012821X14008115 doi: https://doi.org/10.1016/j.epsl.2014.12.050808

Müller, J. D., Gruber, N., Carter, B., Feely, R., Ishii, M., Lange, N., . . . Zhu, D.809

(2023). Decadal trends in the oceanic storage of anthropogenic carbon from810

1994 to 2014. AGU Advances, 4 , e2023AV000875. Retrieved from https://811

agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2023AV000875812

(e2023AV000875 2023AV000875) doi: https://doi.org/10.1029/2023AV000875813

Nissen, C., Timmermann, R., Hoppema, M., Gürses, Ö., & Hauck, J. (2022).814

Abruptly attenuated carbon sequestration with Weddell Sea dense waters by815

2100. Nature Communications, 13 (1), 3402. doi: 10.1038/s41467-022-30671-3816

Nowicki, S. M. J., Payne, A., Larour, E., Seroussi, H., Goelzer, H., Lipscomb, W.,817

. . . Shepherd, A. (2016, 12). Ice sheet model intercomparison project (is-818

mip6) contribution to cmip6. Geoscientific Model Development , 9 , 4521-4545.819

Retrieved from https://www.geosci-model-dev.net/9/4521/2016/ doi:820

10.5194/gmd-9-4521-2016821
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