
1. Introduction
Significant increase of liquid freshwater content (FWC) in the Arctic Ocean has been observed since the 
mid-1990s (Giles et al., 2012; Haine et al., 2015; Proshutinsky et al., 2009, 2019; Rabe et al., 2014). This fresh-
ening trend can dramatically impact the biogeochemical processes in the Arctic Ocean (Kipp et al., 2018). 
A fresher halocline also renders a stronger barrier between the floating sea ice and the warm Atlantic Water 
at depth (Polyakov et al., 2018; Rudels et al., 1996). If exported to the Atlantic Ocean, the freshwater could 
significantly impact the large-scale ocean circulation and climate by suppressing deep water formation in 
the North Atlantic (Condron & Winsor, 2012).

Winds associated with different atmospheric circulation regimes can drive changes in the Arctic freshwater 
storage (Cornish et al., 2020; Johnson et al., 2018; Manucharyan et al., 2016; Wang, 2021). For example, an 
anticyclonic wind regime functions to increase Arctic FWC through Ekman convergence and the subse-
quent downwelling. The response of Arctic FWC to winds, however, can be partially counteracted by eddy 
fluxes (Davis et al., 2014; Manucharyan & Spall, 2016; Manucharyan et al., 2016; Meneghello et al., 2017), 
ice-ocean current feedback (Dewey et al., 2018; Meneghello et al., 2018; Wang, Marshall, et al., 2019; Zhong 
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et al., 2018), and their combined effect (Doddridge et al., 2019; Meneghello et al., 2020; Wang, Marshall, 
et al., 2019). Furthermore, sea ice is an important mediator of the FWC spatial distribution through its im-
pact on ocean surface stress (Wang, 2021; Wang, Wekerle, et al., 2019).

Freshwater sources for the Arctic Ocean including continental runoff discharge, the Bering Strait inflow, 
net precipitation minus evaporation, and sea ice meltwater, have been increasing over the past few decades 
(Carmack et al., 2016; Haine et al., 2015; Woodgate et al., 2018). These changes might be signals of climate 
change (Jahn & Laiho, 2020), and even stronger increase in Arctic freshwater sources in future warming 
climate is expected (Shu et al., 2018). With an increase in freshwater supplies, the Arctic FWC will increase 
even without changes in winds above the Arctic Ocean, although not all excess freshwater will be hold in 
the Arctic (Brown et al., 2019; Lambert et al., 2019; Nummelin et al., 2016; Weatherly & Walsh, 1996). While 
these studies documented the response of Arctic FWC to increased freshwater sources, it is still not known 
whether and to what extent the response is influenced by contemporary changes in the Arctic sea ice state 
in a warming world.

In this paper, we will test a hypothesis that the increase of Arctic liquid FWC in case of enhanced fresh-
water supplies can be significantly influenced by the Arctic sea ice state, that is, by sea ice decline induced 
by the climate change. We will investigate how the freshwater storage capability of the Arctic Ocean will 
develop in a changing climate. The method and model configuration will be described in Section 2, which 
is followed by the main results in Section 3. Discussions and conclusions will be given in Sections 4 and 5, 
respectively.

2. Methods
We employ the global Finite Element Sea ice-Ocean Model (FESOM v1.4, Wang et al., 2014) in this pa-
per. Both its ocean and sea ice components are based on unstructured triangular discretization (Danilov 
et al., 2004, 2015; Wang et al., 2008). The applied model setup has an intermediate horizontal resolution 
of 24 km north of about 45°N and a nominal resolution of 1° in most other parts of the global ocean. The 
eddy diffusivity is scaled with local resolution, and it has a maximum value of 100 m2/s in the Arctic Ocean 
as suggested in Wang et al. (2014). The mesh has 47 z-levels with vertical grid spacing of 10 m in the upper 
100 m ocean. This mesh has been used in several studies on Arctic freshwater (e.g., Wang et al., 2016; W. 
Zhang et al., 2020).

The river runoff data of Dai et al. (2009) are used in reference simulations (1x runoff). The river freshwater 
from each river mouth is distributed over 300 km distance from the river mouth to account for unresolved 
ocean processes in spreading the river water (Wang et al., 2014). The Arctic total river runoff averaged over 
the simulation period is 0.128 Sv. Arctic river runoff has been increasing in the past few decades (Ahmed 
et al., 2020) and is expected to increase further in the future (Nummelin et al., 2016; Shu et al., 2018). Thus 
another two sets of sensitivity simulations are carried out by doubling (2x runoff) and tripling (3x runoff) 
the runoff freshwater flux inside the Arctic Ocean (indicated by the red box in the last panel of Figure 1), 
respectively, for our purpose. Freshwater flux from precipitation minus evaporation is kept unchanged be-
tween different simulations.

We use different thermal forcings over the Arctic Ocean to carry out simulations representing different 
warming scenarios. The historical CORE-II atmospheric forcing fields (Large & Yeager, 2009) are employed 
to force FESOM all over the globe except the Arctic region. Over the Arctic Ocean, the CORE-II forcing is 
also used except for the fields related to thermal forcing (i.e., air temperature and downward shortwave and 
longwave radiation). Specifically, we create six sets of 1-year-long thermal forcing fields with a 6-hourly fre-
quency to represent six different climate states. Two forcing scenarios, Hist7089 and Hist0009, are acquired 
by averaging the CORE II data in the period of 1970–1989 and 2000–2009, respectively. “Hist” in the names 
stands for historical forcing. The other four scenarios, named SSP126, SSP245, SSP370, and SSP585, are ob-
tained by averaging the ScenaioMIP (O'Neill et al., 2016) output of AWI-CM (Semmler et al., 2020) over the 
last 10 years of the 21st century. They correspond to future emission scenarios of SSP1-2.6, SSP2-4.5, SSP3-
7.0, and SSP5-8.5, respectively (Figure 1a). Over the Arctic Ocean, the 1-year-long thermal forcing fields 
are applied repeatedly in each respective simulation. The simulated Arctic sea ice state changes in different 
runs depending on the Arctic thermal forcing applied (see Section 3, Results).
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Figure 1. (a) Annual mean surface air temperatures averaged over the Arctic Ocean in the six forcing scenarios. (b–g) Simulated September sea ice 
concentration under the six forcing scenarios. Sea ice concentration more than 5% is shown. The annual mean sea ice concentration is depicted in Figure S1. 
September sea ice fully vanishes in SSP585. In panel (g), the red box is where the Arctic thermal forcing is changed, the blue lines marks the section used in 
Figure 4 and the blue star is the left side of the section. The black and blue boxes denote the Amerasian Basin and the Eurasian Basin, respectively. The Beaufort 
Gyre region is shown in cyan. The gray contour lines indicate the 500-, 2,000-, and 3,000-m isobaths.
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All the simulations start from rest with the initial temperature and salinity fields provided by the annual cli-
matology of PHC3.0 (Steele et al., 2001) and are run for 62 years (1948–2009, one CORE-II forcing loop). In 
total, we have 18 simulations for three river runoff cases and six Arctic atmospheric thermal forcing states 
(climate scenarios). Results shown below are the mean of the last 10 years of the simulations. The vertically 
integrated liquid FWC is defined as

   
0

ref refFWC /
D

S S S dz 

where S is ocean salinity, Sref = 34.8 psu is the reference salinity, and D is the isohaline depth of S = Sref. 
Volumetric FWC is obtained by integrating the vertically integrated FWC laterally.

To better describe the impact of Arctic atmospheric thermal forcing on the response of Arctic liquid FWC 
to increasing freshwater supplies, we introduce a diagnostic called freshwater storage capability, which is 
explained in the following. In each climate scenario, the FWC increase due to doubling river runoff relative 
to the reference case with 1x runoff is given by

 2 ,scenario 2 ,scenario 1 ,scenarioΔFWC FWC FWCx x x 

where 1 ,scenarioFWC x  and 2 ,scenarioFWC x  stand for the FWC in the cases of 1x runoff and 2x runoff forcing, 
respectively, and scenario in the subscript indicates the employed thermal forcing (one from Hist7089, 
Hist0009, SSP126, SSP245, SSP370, and SSP585). This calculation is done for each climate scenario sepa-
rately. For example, in the SSP245 scenario, the FWC increase when runoff is doubled is calculated as

 2 ,SSP245 2 ,SSP245 1 ,SSP245ΔFWC FWC FWC .x x x 

Even with the same increase in river runoff, the changes in Arctic FWC might be different in different cli-
mate scenarios. In another word, the ability of the Arctic Ocean to store additional freshwater in response 
to increasing river runoff might be influenced by Arctic thermal forcing conditions. We are interested to 
know how this ability will change in different climate scenarios in comparison with the historical scenar-
io of Hist7089. Therefore, we further calculate the ratio between the FWC increase in a certain scenario 
 2 ,scenarioΔFWC x  and the FWC increase in the Hist7089 scenario ( 2 ,Hist7089ΔFWC x ):

2 , 2 ,scenario 2 ,Hist7089Capability ΔFWC / ΔFWCx scenario x x 

which is the freshwater storage capability in the considered scenario relative to the Hist7089 scenario. 
It is calculated for each scenario. If the freshwater storage capability is larger than one in a certain cli-
mate scenario, it indicates that the Arctic Ocean in this scenario is able to store more freshwater than in 
Hist7089 even when river discharge has the same increase. In the particular case for the Hist7089 scenario, 

2 ,Hist7089Capability x  = 1 simply because the denominator and numerator are the same in the fraction.

The same analysis is also done for the cases of tripling runoff. Besides calculating the FWC increase and 
freshwater storage capability for the whole Arctic Ocean, we also do the analysis for the Eurasian Basin (EB) 
and Amerasian Basin (AB) separately.

3. Results
As expected, the Arctic summer sea ice coverage is lower under warmer thermal forcings (Figure 1). The 
Arctic Ocean is already close to be sea ice free in summer when forced by the SSP370 scenario. Reduction 
in sea ice concentration and thickness with increasing climate warming occurs in all seasons, and the sim-
ulated annual mean fields in all scenarios are shown in Figures S1 and S2. We note that the Arctic sea ice 
adjusts to the annually repeated thermal forcing over the Arctic Ocean quickly within the first 10 model 
years and does not show significant trends afterward. As we are interested in the Arctic FWC at the end of 
the long simulations, the initial sea ice adjustment does not influence our study. Changes in the simulated 
sea ice state caused by increasing river runoff are negligible compared to the difference between scenario 
runs (not shown).
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The changing Arctic thermal forcing exerts important impact on the Arctic FWC: The Arctic FWC increases 
first and then decreases with the strengthening of atmospheric warming, and this happens in all the three 
cases of river runoff forcing (Figure 2a). The FWC in the AB also has a maximum at intermediate levels of 
climate warming (Figure 2b). In the EB, the FWC decreases with increasing warming, although the changes 
between the first two historical scenarios are relatively small (Figure 2c). It is interesting to note that while 
the EB FWC is much less than the AB FWC, its change due to atmospheric warming is as significant as that 
of the AB FWC. Increasing Arctic river runoff results in an increase in Arctic liquid FWC in both the AB 
and EB for all forcing scenarios.

Atmospheric thermal forcing can affect the FWC spatial distribution (Figure 3). As already revealed by the 
changes of FWC in Figures 2b and 2c, the amount of freshwater keeps decreasing in the EB with increasing 
atmospheric warming, while it increases first and then decreases in the AB. The latter decrease occurs be-
cause saltier Eurasian water advects to the AB as manifested by the extension of the negative FWC anomaly 
from the EB toward the Canada basin (Figure 3), which will be further explained below. A similar response 
of the Arctic FWC spatial distribution to climate scenarios is found in all the three cases of river runoff 
forcing (Figures S3 and S4).
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Figure 2. Liquid freshwater content (FWC) in (a) the whole Arctic Ocean, (b) the Amerasian Basin, and (c) the Eurasian Basin. Different colors present 
different cases of river runoff forcing (see text). (d–f) The FWC increment in the two high river runoff cases referenced to the historical river runoff case in 
different regions. (g–i) The freshwater storage capability, which is defined as the ratio between the FWC increment in different climate scenarios and that in the 
Hist7089 scenario.
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The response of the Arctic FWC spatial distribution to atmospheric warming can be explained by the impact 
of sea ice on ocean surface stress as suggested in previous studies (Wang, 2021; Wang, Wekerle, et al., 2019). 
Changes in sea ice coverage and internal stress, the latter of which is a function of sea ice concentration 
and thickness, can significantly influence the ocean surface stress (Martin et al., 2014; Wang, 2021; Wang, 
Wekerle, et al., 2019). With climate warming, Arctic sea ice declines in thickness and coverage (Figure 1, 
Figures S1 and S2), which leads to enhanced ocean surface stress (Figures 4a–4c and Figure S5). The chang-
es in ocean surface stress are considered “enhancement” because the stress anomalies are largely along the 
direction of the climatological ocean surface stress with two major features: anomalies directed from the 
Eurasian coast to north of the Greenland and anticyclonic anomalies in the Beaufort Gyre region. The cor-
responding Ekman transport anomalies are directed from the EB to the AB and a convergence toward the 
Beaufort Gyre (Figures 4d–4f and Figure S6). The strength of the surface stress and Ekman transport exhib-
its a monotonic change following sea ice reduction. That is, the stronger Arctic sea ice declines, the larger 
are the ocean surface stress and Ekman transport anomalies (Figures S5 and S6). Changes in atmospheric 
circulation regimes are able to change the upper ocean circulation and shift the front between Eurasian 
and Canadian waters (McPhee et al., 2009; Morison et al., 2012; Proshutinsky et al., 2009; Timmermans 
et al., 2011; Wang, 2021). In our study, the wind forcing remained unchanged among the simulations, so the 
stress and Ekman transport anomalies are mainly the result of the changes in sea ice.

The ocean salinity changes in response to the surface Ekman transport anomalies described above (Fig-
ures 4g–4i and Figure S7). On the one hand, surface freshwater is accumulated toward the Canada Basin; on 
the other hand, the EB becomes more saline when its freshwater in the upper ocean shifts to the AB, and it 
is increasingly filled by saline waters of Atlantic origin. In the AB, the freshening happens mainly in the up-
per 300 m. In the EB, the saline tendency of the upper ocean is associated with a clear uplift of the 34.8 psu 
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Figure 3. (a) Liquid freshwater content of the Hist7089 scenario and (b–f) the freshwater content anomalies of other scenarios referenced to Hist7089. Liquid 
freshwater increases in the Amerasian Basin and decreases in the Eurasian Basin when sea ice keeps declining from the coldest to the warmest scenario. With 
the progress of sea ice decline, the negative anomaly penetrates to the Amerasian Basin too. Only the runs with 1.0 runoff are shown. The results with 2x and 
3x river runoff are shown in the online supplementary Figures S3 and S4. The black curve indicates the Lomonosov Ridge, that is, the boundary of the two deep 
basins.
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isohaline. Due to limited amount of surface freshwater to supply from the EB to the AB, saline anomalies 
can even extend into the AB with enhanced sea ice decline (Figures 4g–4i and Figure S7). This explains why 
the liquid FWC in the AB increases first and then decreases when sea ice continues to decline (Figure 2b). 
The signal of persistent saline tendency in the EB also propagates to the AB at depth as a result of cyclonic 
ocean circulation, as manifested by the weakly positive salinity anomaly at depth in the AB with increasing 
atmospheric warming (Figures 4g–4i and Figure S7). This can also contribute to the AB FWC decrease in 
the strong warming scenarios, but the upward trend of AB FWC in the relatively weak warming scenarios 
is due to the upper ocean changes.

Comparing Hist7089 and Hist0009 in the historical river runoff case indicates that the total Arctic liquid 
FWC is not significantly impacted by the past sea ice decline (black curve in Figure 2a). However, sea ice 
decline does increase the accumulation of freshwater in the AB and reduce it in the EB (Figures 2b and 2c) 
through changing the ocean surface stress (Figure 4). The FWC over the continental shelf is also slightly 
reduced (not shown). The opposite changes largely compensate, resulting in a very small change in the 
total FWC between the two scenarios (Figure 2a). This is consistent with the finding by Wang, Wekerle, 
et al. (2019) who studied the impact of sea ice decline on Arctic FWC over the past few decades. Our sim-
ulations show that the Arctic total liquid FWC will keep decreasing if sea ice continues to shrink in future 
warming scenarios (black curve in Figure 2a). However, if river runoff is doubled or tripled, the total liquid 
FWC will increase until the SSP126 scenario and then drop in stronger warming scenarios (red and blue 
curves in Figure 2a). The delayed emergence of decreasing trends in Arctic total FWC in cases of higher 
runoff is because the enlarged freshwater supply delays the emergence of decreasing trends in the AB (Fig-
ure 2b) and reduces the decreasing trends in the EB as well (Figure 2c). However, a stronger river runoff 
can weaken, but cannot prevent, the salinification effect of the enhanced ocean surface stress associated 
with sea ice decline.

After understanding the dynamical processes through which sea ice decline influences the Arctic upper 
ocean salinity and liquid FWC, we can answer our main question: if the freshwater supply increases in the 
future warming climate, which is very likely to occur (Shu et al., 2018), will the response of the Arctic liquid 
FWC be influenced by the state of Arctic sea ice? To answer this question, we calculate the FWC increase 
(see Section 2, Methods) for all the scenarios (Figures 2d–2f). The FWC increases caused by stronger riv-
er runoff are different among different climate scenarios for both the Arctic basins and the whole Arctic 
Ocean. Interestingly, they have maxima in intermediate warming scenarios. The reason for this behavior is 
mentioned above: larger river runoff delays the emergence of the decreasing trend in FWC in the AB and re-
duces the decreasing trend in the EB until intermediate warming scenarios (Figures 2a–2c). As a result, the 
difference of FWC between cases of different river runoff forcing has (quasi) bell-shapes (Figures 2d–2f).

The freshwater storage capability (see the definition in Methods) is calculated for the whole Arctic Ocean 
and the two deep basins separately (Figures 2g–2i). It has bell-shapes with maxima of about 140% in the AB 
and 130%–140% in the EB. In both basins, the maxima in the case of stronger river runoff forcing are located 
at stronger warming scenarios. Integrated over the whole Arctic Ocean, the maximal freshwater storage ca-
pability is still as high as 120% with both river runoff forcings. This value is lower than those in both the AB 
and EB because the FWC increase over the continental shelf is large and does not differ much in different 
climate scenarios (that is, a larger denominator when calculating the ratio).

In summary, our above diagnostic of the freshwater storage capability reveals that future Arctic atmospher-
ic warming can significantly enhance the storage of freshwater under the forcing of increased freshwater 
supplies: by up to 40% in the Arctic main basins and by 20% for the whole Arctic Ocean. However, these 
maximal storage capabilities are not in the scenarios with the strongest atmospheric warming.
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Figure 4. The top row shows (a) the ocean surface stress, (d) the Ekman transport and (g) the vertical salinity transect of the Hist7089 simulation. Anomalies 
of (b and c) ocean surface stress, (e and f) Ekman transport, and (h–i) salinity in SSP245 and SSP585 referenced to Hist7089 are shown in the middle and the 
bottom rows, respectively. Arrow shows the direction and shading shows the amplitude. In the bottom of each column, the two color bars correspond to the 
value in the Hist7089 scenario (upper panel) and anomalies relative to Hist7089 (middle and bottom panels). The purple and blue lines in the right panels are 
the 30.5 and 34.8 psu isohalines of the corresponding experiment, respectively. The vertical black lines indicate the North Pole. The location of the section in 
the right panels is marked by the blue lines in Figure 1g. The red curve indicates the Lomonosov Ridge, that is, the boundary of the two deep basins. The three 
anomaly fields for all the studied climate scenarios are shown in the online supplementary Figures S5–S7.
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4. Discussions
As the largest freshwater reservoir in the Arctic Ocean, the BG is on average an Ekman downwelling region 
(Proshutinsky et al., 2009). Observation has shown a significant increase of more than 6,400 km3 in the BG 
FWC from 2003 to 2018 (Proshutinsky et al., 2019), which is attributed to the persistent anticyclonic atmos-
pheric wind regime accompanied by sea ice decline (Wang et al., 2018). In our simulations with historical 
river runoff, each run can reasonably reproduce the BG FWC peaking after 2000 (Figure  S8), although 
changes in sea ice can affect the ocean surface stress and thus the amount of freshwater accumulated there-
in. With the atmospheric warming, the BG freshwater storage capability will also increase by about 40% 
(Figure 5a). Within the studied warming scenarios, the curve of the freshwater storage capability for the BG 
does not have a bell-shape as for the AB and EB (Figures 2g–2i) because the BG is impacted by the Atlantic 
water later than other regions due to its geographic location. However, the impact has become obvious start-
ing from the SSP370 scenario as shown by the leveling-off of the curve (Figure 5a).

Availability of freshwater for accumulation is a key factor determining the BG FWC (Proshutinsky 
et al., 2019; Wang et al., 2018). Our findings further support this argument. The Ekman downwelling in the 
AB, including the BG region (Figure 5b), strengthens with sea ice decline. However, because the availability 
of freshwater decreases due to salinification originating from the EB (Figure 3), the FWC in the AB and 
BG does not increase monotonically as the tendency of Ekman downwelling suggests. Furthermore, the 
Ekman downwelling in the BG becomes weaker with increasing river runoff in all forcing scenarios. This 
is a nice evidence for the existence of ocean-ice current feedback on the ocean-ice stress and FWC (Dewey 
et al., 2018; Meneghello et al., 2018; Wang, Marshall, et al., 2019; Zhong et al., 2018). Larger river runoff 
increases the FWC, thus the ocean surface current, which then reduces the ocean surface stress and Ekman 
downwelling. The latter constrains the accumulation of freshwater. However, the availability of freshwater 
plays the leading role in determining the FWC tendency, as the FWC increases with the increase of river 
runoff and the negative feedback comes into play following the increase of the FWC.

The rising runoff can increase the amount of freshwater exiting the Arctic Ocean, leading to negative sur-
face salinity anomaly and thus suppressing deep-water formation in the Labrador and Nordic seas (see the 
mixed layer distribution in Figure S9). In future warming climate, however, deep convection might occur in 
the Arctic Ocean when the seasonal sea ice edge migrates northwards (Lique et al., 2018). We find that sea 
ice decline can lead to the salinification of the upper ocean, which is the strongest in the EB and may occur 
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Figure 5. (a) Freshwater storage capability and (b) the Ekman pumping velocity in the Beaufort Gyre.
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even when Arctic freshwater supply is enhanced. This effect of sea ice decline could be an important driver 
for weakening Arctic Ocean stratification and preconditioning deep convection.

Eddy transport counteracts the accumulation of freshwater by Ekman convergence (Manucharyan & 
Spall, 2016; Meneghello et al., 2017). The recent study by Spall (2020) indicates that the exchange between 
the two deep basins is not only influenced by main flows, but also by eddy fluxes. In this study, the model 
resolution is not eddy resolving and eddies are parameterized, as in most numerical studies on the dynamics 
of the Arctic freshwater (e.g., Cornish et al., 2020; Jahn & Laiho, 2020; Lique et al., 2018; Wang, Marshall, 
et al., 2019; J. Zhang et al., 2016). Parameterizations might cause uncertainty in the quantitative results. For 
example, if higher eddy diffusivity were chosen in our simulations, the sensitivity of FWC to sea ice changes 
might become weaker because freshwater release would be larger. Nevertheless, we believe our qualitative 
findings are plausible with respect to the dynamical processes investigated. It is expected that eddy-resolv-
ing models with kilometer resolution, which just start to emerge (Wang et al., 2020), will further improve 
our skills in understanding and predicting the Arctic Ocean dynamics in the future.

In the simulations, the enforced atmospheric warming not only causes sea ice decline but also warms the 
ocean through both increased atmospheric heat source and reduced sea ice coverage. Our analysis of dy-
namic linkages between ocean salinity changes and the anomalies of surface Ekman transport suggests 
that the changes in ocean surface stress associated with sea ice decline play a crucial role in determining the 
identified behavior of Arctic freshwater storage. Therefore, we argued that the nonmonotonic changes of 
Arctic FWC with increasing atmospheric warming in Figures 2a–2c are mainly due to sea ice decline. This 
argument is supported by the findings of detailed analysis of water masses in simulations with prescribed 
atmospheric warming in the previous study by Wang, Wekerle, et al. (2019). They have the same conclusion 
that changes in surface stress and Ekman transport associated with sea ice decline in a warming climate 
strongly influence the spatial distribution of different water masses and the FWC. Our analysis does not 
exclude possible impact of ocean circulation changes due to Arctic Ocean warming. Strictly speaking, the 
nonmonotonic changes of Arctic FWC are due to atmospheric warming prescribed. But sea ice decline is 
arguably the most important impact pathway through which atmospheric warming induces the nonmono-
tonic changes of Arctic FWC.

We found that freshwater transports through Arctic gateways can also be influenced by Arctic surface ther-
mal forcing. In our particular simulations, the freshwater inflow through the Bering Strait slightly increases 
with Arctic atmospheric warming monotonically, while the total Arctic freshwater export (sum over all 
Arctic gateways) increases first and then decreases with atmospheric warming (Figure S10). These changes 
cannot explain the nonmonotonic change of FWC with largest values in intermediate warming scenarios 
(Figures 2a and 2b). This further addresses that the changes in the occupation of Atlantic derived water in 
replacement of freshwater in the upper Arctic Ocean (Figures 4g–4i and Figure S7) plays an important role 
in determining changes in Arctic FWC. The dynamic responses of freshwater transports through different 
Arctic gateways to climate change need to be further investigated in future work.

5. Conclusions
Freshwater supplies to the Arctic Ocean are expected to increase in the future. Using dedicated numerical 
simulations, we proved our hypothesis that the freshwater storage in the Arctic Ocean in response to the 
increase in Arctic river runoff can be significantly influenced by Arctic atmospheric thermal forcing, in 
particular by sea ice decline. The freshwater storage capability, a measure of the ability to increase FWC in 
case freshwater supplies are enhanced, will increase first and then decrease in both Arctic deep basins when 
sea ice continues to decline in a warming world, even though ocean surface stress and Ekman transport 
increase monotonically. The maximum capability will occur with intermediate strength of sea ice decline. 
Our simulations show that the maximum freshwater storage capability in the Arctic deep basins, including 
Eurasian Basin (EB), Amerasian Basin (AB), and Beaufort Gyre, can increase by about 40% compared to the 
historical period (1970–1989).

Our study indicates that sea ice is an important controller of the Arctic freshwater storage capability and 
upper ocean salinity. Sea ice decline enhances ocean surface stress and Ekman transport. On the one hand, 
more freshwater is transported from the EB to the AB, tending to increase FWC in the AB. On the other 
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hand, high-salinity water of Atlantic origin fills up the EB and even further spreads toward the AB, resulting 
in a FWC decrease. As a result, with persistent sea ice decline, the FWC increases and then decreases in 
the AB, and tends to decrease in the EB. However, increasing river runoff modulates the counterbalance 
between the two competing processes. An increase in river runoff delays the emergence of the decreasing 
trend in FWC in the AB and reduces the decreasing trend in the EB until intermediate warming scenarios. 
Consequently, the difference of FWC between cases of different river runoff forcing first increases and then 
decreases with sea ice decline, leading to a bell shape in the freshwater storage capability. Predicting future 
changes in Arctic hydrography in the upper ocean and freshwater storage demands the impacts of sea ice 
decline and saline Atlantic Water to be adequately considered.

Our study further suggests that the upper ocean stratification, especially in the EB and central Arctic, can 
be significantly weakened by sea ice decline, which can precondition winter deep convection. The possibil-
ity and timing of the deep-convection occurrence depend on the competing effects of sea ice decline and 
increases in Arctic freshwater supplies. The experiment setup in our study, employing a forced ocean-ice 
model rather than a coupled climate model, enables us to reveal and quantify the effect of important dy-
namical processes while excluding complex climate feedbacks. In order to better understand and predict 
the role of Arctic Ocean in global climate, all the related processes, including what we investigated in this 
paper and possible climate feedbacks that we neglected, need to be faithfully simulated in climate models.
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