
1.  Introduction
The Arctic Ocean freshwater system is undergoing rapid change. Arctic sea ice is declining (Stroeve 
et al., 2007, 2012), the Greenland ice sheet is melting (e.g., Shepherd et al., 2020), permafrost is thawing 
(e.g., Biskaborn et al., 2019; Rowland et al., 2010), and river discharge (e.g., Peterson et al., 2002, 2006) 
and precipitation are increasing (e.g., Rawlins et  al.,  2010), all pointing to an acceleration of the Arctic 
freshwater cycle. As a result of these changes, liquid (oceanic) freshwater storage has increased over the 
past few decades while solid (sea ice) storage has decreased (Giles et  al.,  2012; Haine et  al.,  2015; Pro-
shutinsky et al., 2009; Rabe et al., 2011, 2014; Wang et al., 2018, 2019). With the exception of the liquid 
freshwater flux through Bering Strait (Woodgate, 2018; Woodgate et al., 2012), trends in the liquid and solid 
freshwater fluxes through the remaining Arctic gateways (Fram Strait, the Barents Sea Opening, and straits 
in the Canadian Arctic Archipelago) have not been detected (e.g., Beszczynska-Möller et al., 2011; Curry 
et al., 2011, 2014; de Steur et al., 2009, 2018; Haine et al., 2015), although we might expect to see such trends 
in the coming decades (Jahn & Laiho, 2020). These changes in Arctic freshwater have major implications 
for the Arctic, but they are also of global relevance (Prowse et al., 2015). The fluxes through Fram and Davis 
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Project Phase 6 (CMIP6) and assess their performance over the historical period (1980–2000) and in two 
future emissions scenarios, SSP1-2.6 and SSP5-8.5. Similar to CMIP5, substantial differences exist between 
the models' Arctic mean states and the magnitude of their 21st century storage and flux changes. In the 
historical simulation, most models disagree with observations over 1980–2000. In both future scenarios, 
the models show an increase in liquid freshwater storage and a reduction in solid storage and fluxes 
through the major Arctic gateways (Bering Strait, Fram Strait, Davis Strait, and the Barents Sea Opening) 
that is typically larger for SSP5-8.5 than SSP1-2.6. The liquid fluxes are driven by both volume and salinity 
changes, with models exhibiting a change in sign (relative to 1980–2000) of the freshwater flux through 
the Barents Sea Opening by mid-century, little change in the Bering Strait flux, and increased export from 
the remaining straits by the end of the 21st century. In the straits west of Greenland (Nares, Barrow, and 
Davis straits), the models disagree on the behavior of the liquid freshwater export in the early-to-mid 21st 
century due to differences in the magnitude and timing of a simulated decrease in the volume flux.

Plain Language Summary  The Arctic Ocean has changed dramatically due to melting sea 
ice and increasing river water input and rain- and snowfall. Keeping track of these sources of freshwater 
helps us understand how the Arctic Ocean is changing and how it will change in the future. In this study, 
we use several state-of-the-art climate models to understand these freshwater changes by calculating the 
amount of freshwater stored in, and transported in and out of, the Arctic Ocean. We first compare the 
models' freshwater values to observations and then determine how these values have changed at the end 
of the 21st century. We find that most models do not agree well with observations, and large differences 
in the size of the freshwater storage and transport also exist between them. Despite these differences, all 
models show that freshwater stored in and transported by sea ice decreases strongly by the end of the 21st 
century, while freshwater stored in the Arctic Ocean increases as well as freshwater transported out of the 
Arctic Ocean in most places. These changes indicate that by the end of this century the Arctic Ocean will 
be very different than it is today.
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straits and the Barents Sea Opening directly interact with the North Atlantic, potentially impacting North 
Atlantic Deep Water (NADW) formation and the Atlantic Meridional Overturning Circulation (AMOC) 
(Jahn & Holland, 2013; Sévellec et al., 2017; Thornalley et al., 2018; Yang et al., 2016). Great Salinity Anom-
alies (e.g., Belkin et al., 1998; Dickson et al., 1988) have occurred periodically in the North Atlantic due to 
Beaufort Gyre freshwater release, and liquid fluxes through the Fram Strait impact the North Atlantic (e.g., 
de Steur et al., 2009, 2018). In turn, North Atlantic variations also feed back onto the Arctic, leading to fur-
ther change. One notable example of this is the “Atlantification” (Polyakov et al., 2017) of the Barents Sea, 
which has been found to limit the extent of winter sea ice there (Barton et al., 2018).

Many modeling studies have attempted to elucidate the dynamics and impacts (both local and global) of 
changing Arctic freshwater storage and fluxes (e.g., Aksenov et  al.,  2010; Condron et  al.,  2009; Cornish 
et  al.,  2020; Häkkinen & Proshutinsky,  2004; Holland et  al.,  2006,  2007; Jahn & Holland,  2013; Jahn & 
Laiho, 2020; Jahn et al., 2010; Koenigk et al., 2007; Lique et al., 2016; McGeehan & Maslowski, 2012; Shu 
et al., 2018; Wang et al., 2016a, 2016b, 2019). Model intercomparison studies such as the Arctic Ocean Model 
Intercomparison Project (AOMIP; Proshutinsky et al., 2011), the Forum for Arctic Modeling and Observa-
tional Synthesis (FAMOS; Proshutinsky et al., 2016), the Coordinated Ocean-ice Reference Experiments 
(COREs; Griffies et al., 2009), and previous Coupled Model Intercomparison Projects (CMIP3 and CMIP5; 
Meehl et al., 2007; Taylor et al., 2012) have been critical for improving our understanding of the Arctic 
freshwater system and its future changes. Although simulation of the Arctic freshwater system improved 
in CMIP5 relative to CMIP3 (Shu et al., 2018), studies using both CMIP3 (Holland et al., 2007; Hu & My-
ers, 2014; Kattsov et al., 2007; Koenigk et al., 2007) and CMIP5 (Jahn & Laiho, 2020; Shu et al., 2018; Vavrus 
et al., 2012) models consistently project increased liquid storage and export and decreased solid storage 
and export over the 21st century, suggesting that the models can robustly simulate forced trends. However, 
intermodel differences remain large (Jahn et al., 2012; Shu et al., 2018; Wang et al., 2016a, 2016b), and in 
CMIP5 some models still did not have open gateways west of Greenland (Shu et al., 2018). With the next 
generation of models from the Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016) 
now available, whether or not these new models show improvements is an open question.

Here, we analyze 20th and 21st century Arctic Ocean solid and liquid freshwater storage and fluxes in a sub-
set of models from CMIP6. We assess the performance of their historical simulations compared to late 20th 
century observations and compare their 21st century projections in two future emissions scenarios (O'Neill 
et al., 2016) from ScenarioMIP, SSP1-2.6 (low emissions) and SSP5-8.5 (high emissions). We find that fresh-
water storage and fluxes still vary widely across models, and few are consistently close to observations. The 
former result holds for the future scenarios as well, although the models generally agree that solid storage 
and fluxes will decrease while liquid storage and fluxes will increase, in agreement with previous CMIP gen-
erations. As an improvement over CMIP5, all models analyzed here have two gateways west of Greenland, 
allowing for the first time a CMIP comparison of the fluxes through the Nares and Barrow straits.

2.  Methods
2.1.  Freshwater Storage, Column, and Flux Definitions

Solid (sea ice and snow) and liquid (ocean) freshwater storage are computed for the Arctic Ocean as defined 
by the boundaries of the Bering, Davis, and Fram Straits and the Barents Sea Opening (Figure 1h; dark red 
lines). Freshwater fluxes are computed through these straits as well as the Nares and Barrow straits in the 
Canadian Arctic Archipelago (Figure 1h; orange lines). As in previous observational and modeling studies 
(e.g., Aagaard & Carmack, 1989; Haine et al., 2015; Holland et al., 2007; Jahn et al., 2012; Serreze et al., 2006; 
Shu et al., 2018) freshwater storage and fluxes are defined relative to a reference salinity, Sref = 34.8. Liquid 
freshwater storage is defined as the volume of all water with a salinity fresher than Sref, where S is salinity, 
A is the horizontal area, and h is the depth of the Sref isohaline:


  ( ) ref

fw A h
ref

S S
V S dzdA

S� (1)
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Related to the liquid freshwater storage is the liquid freshwater column, defined as the thickness of the 
water column with salinity fresher than Sref, with h and S defined as in Equation 1:


 ( ) ref

fw h
ref

S S
h S dz

S� (2)

Liquid freshwater flux is defined as the rate at which freshwater is transported through a face perpendicular 
to the flow, where u is velocity, S is salinity, L is the length of the strait, and H is the full depth of the water 
column:
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Figure 1.  (a–g) Model ensemble mean historical sea ice thickness averaged over 1980–2000 (filled contours) and 
(h) map of Arctic gateways through which fluxes are computed (dark red and orange lines). Yellow, orange, and red 
contours in (a–g) denote 15% sea ice concentration for the historical simulation (yellow; 1980–2000 average), SSP1-2.6 
(orange; 2080–2100 average), and SSP5-8.5 (red; 2080–2100 average). P-E fluxes, river fluxes, and freshwater storage is 
computed in the domain bounded by the dark red lines in (h).
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
   
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The sign convention is such that positive Ffw(u, S) is a freshwater flux into the Arctic. Solid storage and 
fluxes are computed in the same fashion, except that Equations 1 and 3 are multiplied by a solid-to-liquid 
conversion factor of 




ice

fw
 or 



snow

fw
 where ρice, ρsnow, and ρfw are the densities of sea ice, snow, and pure fresh-

water, respectively, and h is the thickness of the sea ice or the snow on top of it.

Schauer and Losch (2019) have argued that salt and volume fluxes should be used instead of ocean fresh-
water fluxes relative to a reference salinity. Although there are valid reasons for choosing their approach, 
in particular the ability to understand what is driving variability in freshwater fluxes, we have chosen to 
use the former approach in order to directly compare the models with observations and previous modeling 
studies that use the same method to compute the freshwater storage and fluxes (e.g., Haine et al., 2015; 
Holland et al., 2006, 2007; Serreze et al., 2006). In order to understand the relative importance of velocity 
versus salinity changes in driving the behavior of the liquid freshwater fluxes, they are also decomposed. 
The impact of time-varying velocity (u′) and time-varying salinity (S′) on the freshwater flux is quantified 
using Equation 3, where ( , )fwF u S  is the contribution from the volume flux (associated with transport/ve-
locity change), ( , )fwF u S  is the contribution from the salinity flux, and u , S  are the 2000–2100 mean of the 
given variable in each grid cell. Volume fluxes are also directly computed from the model velocities and are 
defined as in Equation 3 but with the expression for salinity removed.

2.2.  CMIP6 Simulations and Models

Three CMIP6 experiments are analyzed here: the CMIP historical simulation (Eyring et  al.,  2016), and 
two future emissions scenarios from ScenarioMIP, SSP1-2.6 and SSP5-8.5 (Shared Socioeconomic Pathways; 
O'Neill et al., 2016). The historical simulation begins in 1850, ends at the end of 2014, and is forced with ob-
servations of emissions and concentrations of greenhouse gases, land use, solar radiation, and stratospheric 
aerosols, among others. The SSPs begin in 2015 and end in 2100. Of the four SSPs that are updates to the 
CMIP5 RCPs (Representative Concentration Pathways; Taylor et al., 2012), the two chosen here span the 
range of simulated radiative forcing at the end of the 21st century, allowing us to assess the range of possible 
future Arctic freshwater storage and fluxes. With a 2.6 W m−2 radiative forcing anomaly at the end of the 
21st century, SSP1-2.6 is the lowest warming projection, while SSP5-8.5 is the highest warming projection, 
with an 8.5 W m−2 radiative forcing anomaly at the end of the 21st century.

The following variables are used to calculate the solid and liquid Arctic freshwater storage and fluxes: sea 
ice thickness (sithick), sea ice snow thickness (sisnthick), sea ice concentration (siconc), sea ice zonal and 
meridional velocity (siu and siv, respectively), ocean salinity (so), and ocean zonal and meridional velocity 
(u and v, respectively). River fluxes (friver or vsfriver) and atmospheric precipitation (pr) minus evaporation 
(evspsbl) fluxes (hereafter, P-E) into the Arctic Ocean are also computed. To quantify the impact of internal 
variability on model differences and for robust comparisons with observations, only models with at least 
10 ensemble members available for the historical simulation are used, although fewer ensemble members 
are typically available for the SSPs. Although 10 ensemble members is on the lower end of what should be 
considered a robust sample size from a statistical perspective, this minimum sample size threshold ensures 
that any errors made as a result of assuming a normal distribution for each model remain small. A total of 
seven CMIP6 models met these criteria by May 2020 (the last date we checked for new models or model 
updates): CanESM5, CESM2, CNRM-CM6-1, IPSL-CM6A-LR, MIROC6, MPI-ESM1-2-LR, and UKESM1-0-
LL. All model versions used here are nominally 1° in their ice and ocean components, although for virtually 
all of them the latitude and/or longitude grid spacing is several tenths of a degree above or below this value. 
Ensemble members are the r*i1p1f1 variant except for CanESM5 (r*i1p2f1), CNRM-CM6-1 (r*i1p1f2), and 
UKESM1-0-LL (r*i1p1f2). The number of ensemble members used for each experiment, the datasets used, 
and other information, such as sea ice and snow densities for each model are summarized in Table 1. Model 
sea ice density, snow density, and sea ice salinity were compiled from ES-DOC (https://es-doc.org/cmip6/). 
If these values were unavailable, if no time-varying field was found in the model output on the Earth Sys-

ZANOWSKI ET AL.

10.1029/2020JC016930

4 of 21

https://es-doc.org/cmip6/


Journal of Geophysical Research: Oceans

tem Grid (https://esgf-node.llnl.gov/projects/cmip6/), or if it was unclear from the model documentation 
whether or not the time-varying field (such as sea ice salinity) was only internal to the particular model 
component (and thus did not impact freshwater), a sea ice salinity of 4, a sea ice density of 917 kg m−3, and 
a snow density of 330 kg m−3 were used, which are the values from CESM2. For all calculations, the density 
of pure freshwater (ρfw) is 1000 kg m−3.

Although the historical simulation begins in 1850, only 1980 onward is considered for our analysis, as it 
overlaps with observational freshwater budget compilations (Haine et al., 2015; Serreze et al., 2006). Month-
ly output is used to compute the freshwater storage and fluxes, but for visual clarity annual means are 
presented in all time series. For all other plots, 20-year means at the end of the 20th and 21st centuries are 
used—1980–2000 for the historical simulation and 2080–2100 for SSP1-2.6 and SSP5-8.5. Ensemble means 
are defined as the mean of the ensemble members for each model. The multimodel mean is the mean of 
the seven model ensemble means, not the mean of all the ensemble members across the models weighted 
equally, as this would weight models with more ensemble members more strongly. Because our main focus 
is on storage and flux changes, and not on a full budget analysis or the dynamical reasons behind the sim-
ulated changes, we only provide multimodel mean values of P-E and river fluxes across the experiments. 
Furthermore, no river flux output is available for MPI-ESM1-2-LR, so it is excluded from the multimodel 
mean, and only one ensemble member is available for MIROC6 for each experiment.

2.3.  Historical Simulation Comparison to Observations

Years 1980–2000 from the historical CMIP6 model simulations are compared to 1980–2000 flux observations 
from Haine et al. (2015) and Prinsenberg and Hamilton (2005), and salinities from the Polar Hydrographic 
Climatology 3.0 (PHC3.0, updated from Steele et al., 2001) are used to compute the observed freshwater 
column. No reliable, longer term observations for both solid and liquid fluxes exist for Nares Strait prior 
to 2000, so in this strait the historical simulation is compared to 2003–2009 values from Münchow (2016). 
Comparing model 1980–2000 Nares Strait fluxes to the 2003–2009 observations rather than model fluxes 
over 2000–2010 makes no difference to the results.

Model performance is determined by a graduated scale that bins models based on an observational er-
ror multiplier, n, that denotes the number of observed error widths away from the observed value that 
each model falls. Models with at least one ensemble member that falls within ±1× the observed error have 
n = 1 and are considered comparable to observations. Models with at least one ensemble member that falls 
within ±2× the observed error have n = 2, and so on. The larger the value of n, the poorer the model per-
forms compared to observations. Due to the single ensemble member threshold, only the first 10 ensemble 
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Model Sea ice/ocean components Historical
SSP1-

2.6
SSP5-

8.5
ρice 

(kg m−3)
ρsnow 

(kg m−3) Sice

Arctic 
volume 

(× 106 km3) Data sets

CanESM5 LIM2/canNEMO (NEMO3.4.1) 10 10 10 900 330 6 13.8 Swart et al. (2019a, 2019b, 2019c)

CESM2 CICE5.1.2/POP2 11 3 3 917 330 4 13.5 Danabasoglu (2019a, 2019b, 2019c)

CNRM-CM6-1 Gelato6.1/NEMO3.6 19 6 5 917a 330a 4a 13.6 Voldoire (2018, 2019a, 2019b)

IPSL-CM6A-LR LIM3/NEMO3.2 32 6 6 917a 330a 4a 13.5 Boucher et al. (2018, 2019a, 2019b)

MIROC6 COCO4.9 10 3 3 900 330 5 14.4 Tatebe and Watanabe 
(2018, 2019a, 2019b)

MPI-ESM1-2-
LR

MPI sea ice model/
MPIOM1.6.3

10 10 10 910 330 5 14.5 Wieners et al. 
(2019a, 2019b, 2019c)

UKESM1-0-LL GSI8 (CICE5.1.2)/GO6 
(NEMO)

13 5 5 917 330 4 13.8 Tang et al. (2019a, 2019b, 2019c)

aDenotes an assumed value used for computing the freshwater storage and fluxes because the true value was unavailable. Refer to Section 2.2 for further details.

Table 1 
Summary of the Models Used in This Study, Their Ice and Ocean Components, the Data Sets Used, the Number of Ensemble Members Used From Each 
Experiment (Historical, SSP1-2.6, and SSP5-8.5), the Sea Ice Density, Snow Density, and Sea Ice Salinity Used to Compute the Solid and Liquid Freshwater 
Storage and Fluxes, and the Total Volume of the Arctic Domain. The Density of Pure Freshwater (ρfw) Used for all Calculations is 1,000 kg m−3.

https://esgf-node.llnl.gov/projects/cmip6/


Journal of Geophysical Research: Oceans

members from each simulation are used so as not to provide an unfair advantage to models with more 
ensemble members, although the results are largely insensitive to this choice. For the Barrow Strait solid 
and liquid fluxes, the Barents Sea Opening and Davis Strait solid fluxes, and the solid and liquid storage, no 
observational error is available in Haine et al. (2015) and Prinsenberg and Hamilton (2005). In these cases, 
the mean of all existing observed errors as a percentage of their respective observed values is used in lieu of 
an observational error. This mean error percentage is 27.5%, and thus for each observation without an error, 
27.5% of the observed value is used as the error. The overall conclusions are insensitive to the choice of error, 
but different error choices do slightly change the n metric in some cases.

3.  Results
3.1.  Historical Freshwater Storage and Fluxes

Large model differences exist in both the solid and liquid freshwater storage over the historical (1980–2000) 
period. These differences are apparent in the spatial pattern of the freshwater storage, which is directly 
related to sea ice thickness (Figure 1) and the freshwater column (Figure 2), and in the pan-Arctic averages 
(Figure 3).

Sea ice thicknesses in CanESM5, MIROC6, and UKESM1-0-LL are higher over more of the Arctic basin 
compared to the four remaining models (Figure 1). Of the seven models analyzed, CNRM-CM6-1 has the 
thinnest ice in the Arctic basin and UKESM1-0-LL the thickest. The areal sea ice coverage also differs across 
the models, especially in the Barents Sea (Figure 1; yellow line showing the historical 15% sea ice concen-
tration contour). IPSL-CM6A-LR, MIROC6, and MPI-ESM1-2-LR have the lowest sea ice concentrations 
in this region toward Novaya Zemlya and the inner Barents Sea. As a result of the differences in sea ice 
thickness and areal coverage, historical ensemble mean solid freshwater storage values vary by a factor of 3, 
ranging from ∼0.91 × 104 km3 in CNRM-CM6-1 to ∼3.0 × 104 km3 in UKESM1-0-LL (Figure 3a). CanESM5 
and MIROC6 also exhibit high ensemble mean solid freshwater storage, consistent with their higher Arctic 
basin sea ice thicknesses (Figures 1a and 1e) as compared to most of the other models. These two models are 
also closest to the 1980–2000 observed value (Figure 3a; vertical dashed line). The multimodel mean solid 
freshwater storage is 1.6 × 104 km3, which is smaller than observations (Table 2).

The historical liquid freshwater storage also varies greatly between models, reflecting large differences in 
simulated Arctic salinities. The general spatial pattern is similar between most models and PHC3.0, with a 
maximum in the Beaufort Sea region (Figure 2), but large variations in model salinity are apparent in Baffin 
Bay, where CanESM5, CNRM-CM6-1, IPSL-CM6A-LR, and UKESM1-0-LL show freshwater columns of 
>25 m. These Baffin Bay values are larger than those from PHC3.0, which are ∼20 m. Integrated over the 
Arctic, intermodel salinity differences lead to variations of more than a factor of 2 in the simulated liquid 
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Figure 2.  (a–g) Model ensemble mean historical freshwater column (m) averaged over 1980–2000, and (h) freshwater 
column computed from observed salinities from the Polar Hydrographic Climatology 3.0 (PHC3.0, updated from Steele 
et al. [2001]).
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freshwater storage over the historical period (Figure 3b). The starkest contrast in the freshwater content is 
found between CanESM5 and the remaining six models (Figure 2). Maximum values of the freshwater col-
umn in CanESM5 are >35 m over much of the Arctic basin, while for the other models maximum values are 
∼10 m lower (Figure 2). As a result, CanESM5 has the largest liquid freshwater storage by far (Figure 3b), 
with ∼2.1 × 105 km3, while CNRM-CM6-1 has the smallest with ∼0.86 × 105 km3. The ensemble mean 
liquid freshwater storage values from CNRM-CM6-1 and UKESM1-0-LL are closest to observations (Fig-
ure 3b; vertical dashed line), and occur on the low end of the model spread. The multimodel mean liquid 
freshwater storage is 1.2 × 105 km3 (Table 2), which is higher than observations, mostly due to the very high 
freshwater storage in CanESM5.

The ensemble member spreads for each model are also different, and differences between the ensemble 
members of each model (intramodel spread) are typically smaller than the differences between models 
(intermodel spread) for both solid and liquid freshwater storage. This indicates that, at least for this subset 
of CMIP6 models, intermodel differences in freshwater storage are due more to model biases rather than 
internal variability. However, a portion of the differences in intramodel spreads is related to the number 
of ensemble members for each model (Table 1). Model Arctic Ocean volumes also vary, ranging between 
13.5 and 14.5 × 106 km3 (Table 1). This difference contributes to the liquid freshwater storage differences 
between models, but it does not account for all of them, as it does not explain a difference of more than a 
factor of 2. A liquid freshwater storage of 105 km3 for an Arctic Ocean volume of 13.5 × 106 km3 is equivalent 
to a freshwater storage of ∼1.07 × 105 km3, or a 7% freshwater increase, for an Arctic Ocean with a volume of 
14.5 × 106 km3. For a freshwater storage of 2 × 105 km3—much larger than that of most of the models used 
here—the percentage difference in freshwater storage due to volume variation doubles to 14%.

Similar to the solid and liquid freshwater storage, historical solid and liquid freshwater fluxes through the 
Arctic gateways also vary considerably between models (Figure 4), with very few consistently close to obser-
vations. For the solid fluxes (Figures 4a–4f) fewer than four models (typically 1–2) are close to observations 
for any given location. Little pattern or consistency exists between models over- or underestimating the 
solid fluxes in any of the straits except for Davis Strait and the Barents Sea Opening, where all or most of 
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Figure 3.  Box-and-whisker plots of (a) solid and (b) liquid freshwater storage (km3) during the historical period 
(1980–2000 average) for each model's ensemble members. Boxes delineate the interquartile range (IQR), the navy line 
inside each is the median, whiskers extend to 1.5× the IQR, and fliers (outliers) appear as dots. Vertical dashed lines are 
observed values over 1980–2000 from Haine et al. (2015). Blue shading denotes an estimated error that is 27.5% of the 
observed value (refer to Section 2.3 for further details) as no observed error is provided in Haine et al. (2015).
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the models overestimate the flux magnitude. For some of the smallest 
solid freshwater fluxes, in the Bering (Figure 4a), Nares (Figure 4b), and 
Barrow (Figure 4c) straits, a few models disagree on the sign of the solid 
fluxes, likely reflecting noise in an area where there is little sea ice flux. 
The spread in solid flux within the members of each model is often small-
er than the differences between models, although the Barents Sea solid 
flux, albeit small, is a counterexample (Figure 4e). For the liquid freshwa-
ter fluxes (Figures 4g–4l), the models are closer to observations. Models 
both over- and underestimate the liquid fluxes in any given strait except 
in Barrow Strait, where they all underestimate the magnitude of the flux. 
The only sign disagreement between models occurs for the liquid flux 
through the Barents Sea Opening (Figure  4k), where some ensemble 
members for CanESM5 and IPSL-CM6A-LR show a positive freshwater 
flux. Overall, there is closer intermodel agreement for the liquid fluxes 
than the solid fluxes, as shown by more overlap between the models' en-
semble member spreads (Figure 4). For this subset of CMIP6 models, the 
multimodel mean fluxes are also either overestimated or underestimated 
relative to observations (Table 2), except for the liquid fluxes in the Bering 
and Nares straits.

A summary of model performance compared to observations (Figure 5) 
indicates that based on our metric (Section 2.3) the models are better at 
simulating freshwater storage than they are at simulating freshwater flux-
es. For both the solid and liquid storage (Figure 5c), five of the seven mod-
els agree well with observations, although it is not the same five models 
for each component. The models are poorer at simulating the historical 
solid fluxes compared to the liquid fluxes, with three models or fewer 
agreeing with observations in any given strait for the former (Figure 5a). 
For the Davis Strait solid flux, only two models fall within 5× the obser-
vational error range. The liquid flux performance (Figure 5b) is better, 
with more models exhibiting a smaller error multiplier (Figure 5b; darker 
greens) in more of the straits, and only two instances of models falling 
outside 5× the observational error range. The Fram Strait liquid fluxes 
fall within 3× the observational error range for all models, and within 
2× the observational error range for six models. Overall, IPSL-CM6A-LR 
exhibits the best agreement with observations across the largest number 
of straits for the liquid fluxes and for solid and liquid storage.

3.2.  Future Freshwater Storage and Fluxes in SSP1-2.6 and SSP5-8.5

In both future emissions scenarios model freshwater storage at the end of the 21st century (2080–2100) is 
characterized by drastic declines in solid storage and increases in liquid freshwater storage (Figure 6, Ta-
ble 2). In all models, the reduction in solid storage is much larger for SSP5-8.5 than for SSP1-2.6 (Figure 6a) 
due to larger sea ice decline in the stronger forcing scenario (Figure 1; orange and red lines). The ice loss 
simulated under SSP5-8.5 is so large in some models that the central Arctic is ice-free in the annual mean by 
the end of the 21st century, with remaining sea ice confined to the margins of Eurasia and North America 
(e.g., CanESM5, IPSL-CM6A-LR, and UKESM1-0-LL; Figure 1, red lines; Figure S1). Liquid freshwater stor-
age (Figure 6b) increases are larger for SSP5-8.5 than SSP1-2.6 in all models except IPSL-CM6A-LR, where 
the liquid freshwater storage change is the same under both scenarios, despite differences in the simulated 
solid freshwater storage. Ice melt as well as increases in river and P-E fluxes (Table 2) drive most of the mul-
timodel mean increase in liquid storage in both future scenarios. Although trends in the multimodel mean 
solid and liquid storage are apparent in the historical simulation, SSP-driven differences in future storage do 
not become apparent until ∼2040 for solid storage and ∼2050 for liquid storage (Figures 6c and 6d). By the 
end of the 21st century, model max/min envelopes for the two scenarios no longer overlap for solid storage 
while for liquid storage the multimodel mean for SSP5-8.5 is still within the envelope of SSP1-2.6. This is 
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Historical SSP1-2.6 SSP5-8.5

External fluxes (km3 year−1)

River runoffa 3546 (3900 ± 390) 4084 5605

P-E 2100 (2000 ± 200) 2211 2494

Storage (km3)

Solid 16431 (17800) 5561 1275

Liquid 122733 (93000) 166768 195880

Solid fluxes (km3 year−1)

Bering Strait 77 (140 ± 40) 16 −1

Nares Strait −125 (−252 ± 63) −56 −21

Barrow Strait −30 (−76) −17 −5

Fram Strait −1739 (−2300 ± 340) −625 −96

Barents Sea Opening −184 (−40) −14 0

Davis Strait −515 (−160) −310 −93

Liquid fluxes (km3 year−1)

Bering Strait 2203 (2400 ± 300) 2203 2362

Nares Strait −1231 (−1356 ± 236) −1626 −2010

Barrow Strait −484 (−1510) −318 −696

Fram Strait −2111 (−2700 ± 530) −4566 −5595

Barents Sea Opening −350 (−90 ± 90) 708 1605

Davis Strait −2542 (−3200 ± 320) −2819 −4230
aThe multimodel mean river fluxes exclude MPI-ESM1-2-LR and only 
include one ensemble member for MIROC6.

Table 2 
Multimodel Mean, Time Mean P–E (Precipitation Minus Evaporation) 
Fluxes, River Runoff, and Solid and Liquid Freshwater Storage and Fluxes 
Averaged Over the Historical Simulation (1980–2000) and SSP1–2.6 
and SSP5–8.5 (2080–2100). Observations over 1980–2000 are noted 
parenthetically and are from Haine et al. (2015), Munchow (2016) (Nares 
Strait only, refer to Section 2.3 for further details), Prinsenberg and 
Hamilton (2005), and Serreze et al. (2006).
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Figure 4.  Ensemble spreads of (a–f) solid and (g–l) liquid freshwater fluxes (km3 yr−1) through (a, g) Bering Strait, (b, h) Nares Strait, (c, i) Barrow Strait, (d, j) 
Fram Strait, (e, k) the Barents Sea Opening, and (f, l) Davis Strait during the historical period (1980–2000 average) for each model. Vertical dashed lines denote 
observed values over the same period (except for Nares Strait) and gray shading the error from Haine et al. (2015) and Prinsenberg and Hamilton (2005). Nares 
Strait observations are from Münchow (2016) and cover 2003–2009. In locations where no observed error is provided in Haine et al. (2015) or Prinsenberg and 
Hamilton (2005), blue shading denotes an estimated error that is 27.5% of the observed value (refer to Section 2.3 for further details).

Figure 5.  Summary of model performance over the historical period (1980–2000 average) compared to observations for 
(a) solid fluxes, (b) liquid fluxes, and (c) storage. Models are binned based on their proximity to the observational error 
range, i.e., an error multiplier of 1 indicates that the model falls within the observational error bounds for at least one 
ensemble member, an error multiplier of 2 indicates that the model falls within 2 times the observational error bounds 
for at least one ensemble member, etc. Stippling further indicates that a model is within the observational error for a 
given location. For locations without an observational error estimate (x-axis names marked by an asterisk), an error of 
27.5% of the observed value is used. Refer to Section 2.3 for further details.
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primarily due to CanESM5, which has a much larger liquid freshwater storage compared to all other models 
and so leads to very wide model max/min envelopes in both scenarios.

Concomitant with the decline in solid freshwater storage, solid freshwater fluxes through the Arctic gate-
ways decline as well (Figures 7 and 8, Table 2). In all models solid freshwater flux declines are larger for 
SSP5-8.5 than for SSP1-2.6 in the Nares (Figure 7b), Fram (Figure 7d), and Davis straits (Figure 7f). In the 
Bering Strait (Figure 7a), Barrow Strait (Figure 7c), and the Barents Sea Opening (Figure 7e), solid fluxes 
in most models drop to nearly zero in both scenarios due to a sharp decrease or total disappearance of sea 
ice in these locations (Figures 1 and S1). In CanESM5 and UKESM1-0-LL, even the Fram Strait solid flux 
reaches near-zero levels by the end of the 21st century in SSP5-8.5 (Figure 7d), but other models retain a 
small solid flux there. Multimodel mean differences between the two scenarios for the Nares, Fram, and 
Davis solid fluxes are distinguishable beginning in ∼2050–2060 (Figures 8b, 8d, and 8e), but are largest at 
the end of the 21st century, where for Fram (Figure 8d) and Davis (Figure 8f) straits the max/min envelopes 
for the scenarios no longer overlap. Scenario differences in the remaining straits (Figures 8a, 8c, and 8e) are 
largely indistinguishable over the 21st century.

Liquid freshwater fluxes (Figures 9 and 10, Table 2) generally increase in magnitude over the 21st century in 
both SSP1-2.6 and SSP5-8.5. However, the magnitude of the liquid flux changes varies widely across models, 
and sometimes the multimodel mean reflects a cancellation of these large disparities rather than a robust 
behavior that is present in each model. Models agree best for the projected changes in Fram Strait and the 
Barents Sea Opening and differ the most in Bering Strait and the straits west of Greenland.

All models show an increase in the Fram Strait liquid freshwater flux that is stronger in SSP5-8.5 than 
SSP1-2.6 at the end of the 21st century, except in CESM2, where it is stronger in SSP1-2.6 (Figure 9d). The 
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Figure 6.  Model ensemble mean (a) solid and (b) liquid freshwater storage (km3) for the historical (1980–2000 average), SSP1-2.6 (2080–2100 average), and 
SSP5-8.5 (2080–2100 average) experiments and multimodel mean (the mean of the models' ensemble means) (c) solid and (d) liquid freshwater storage (km3) 
from 1980–2100 for SSP1-2.6 and SSP5-8.5. Error bars in (a) and (b) are ±1 standard deviation of each model's ensemble members. Shading in (c) and (d) spans 
the maximum and minimum value that any model ensemble mean reaches at a particular time.
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multimodel mean increase in freshwater export (Figure 10d) is strongest in the first half of the 21st century, 
after which it levels off, and is driven by an equal combination of freshening and an increase in the volume 
flux (Figure 11d).

In the Barents Sea Opening, the liquid freshwater fluxes reverse sign under both scenarios in the multimod-
el mean (Figure 10e and Table 2) and in nearly all models (Figures 9e and S7), except for MPI-ESM1-2-LR 
where it occurs under SSP5-8.5 only and CanESM5, where the historical liquid flux is indistinguishable 
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Figure 7.  Model ensemble mean solid freshwater flux (km3 yr−1) at (a) Bering Strait, (b) Nares Strait, (c) Barrow Strait, (d) Fram Strait, (e) the Barents Sea 
Opening, and (f) Davis Strait for the historical (1980–2000 average), SSP1-2.6 (2080–2100 average), and SSP5-8.5 (2080–2100 average) experiments. Error bars 
are ±1 standard deviation of each model's ensemble members.
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from zero. The sign reversal is due to a strong freshening that occurs 
throughout the 21st century, which is indicated by the positive trend 
in the salinity flux anomaly contribution (Figure 11e). The volume flux 
anomaly contribution remains fairly constant and small in comparison, 
and the absolute volume fluxes in each model (Figure S7) remain positive 
and generally increase over this period, further corroborating a salini-
ty-driven sign change.

In the Bering Strait, individual models show either small increases in 
fluxes (CanESM5, MPI-ESM1-2-LR, and UKESM1-0-LL), small decreases 
(CESM2 and MIROC6), or no change (CNRM-CM6-1 and IPSL-CM6A-
LR), but the multimodel mean liquid flux is fairly stable over 1980–2100 
(Figure 10a and Table 2). The stable multimodel mean is due to compen-
sating contributions from the volume and salinity fluxes in both scenar-
ios, with a freshening of the inflow that is counteracted by a decrease in 
the volume flux (Figure 11a). However, even though all models show the 
same general physical behavior as the multimodel mean, the magnitude 
of their volume and salinity anomalies vary, leading to liquid freshwater 
flux changes with different signs (Figures 9a and S3).

West of Greenland in the Nares (Figure 9b), Barrow (Figure 9c), and Da-
vis (Figure 9f) straits, liquid freshwater export mostly increases in both 
scenarios (Table 2) and in most models, although there is considerable 
model disagreement in Barrow Strait (Figure 9c). CNRM-CM6-1 deviates 
most strongly from this pattern of increasing export, with decreases in 
Nares and Davis straits and a flux sign reversal in Barrow Strait. In the 
multimodel mean, the increase in liquid freshwater export does not be-
gin until after mid-century (Figures 10b, 10c, and 10f), due to a decrease 
in the volume flux that opposes the freshening of the outflowing water 
(Figures 11b, 11c, and 11f). After mid-century the volume flux increas-
es again, and along with the continued freshening of these waters, leads 
to an increase in the multimodel mean freshwater exported from these 
straits. However, similar to the Bering Strait, the multimodel mean liquid 
freshwater flux change (Figures 10b, 10c, and 10f) is not robust across 
models and is instead the result of averaging over major intermodel dif-
ferences (Figures 9b, 9c, 9f, S4, S5, and S8). Despite these differences, all 
models show the same physical behavior: a decrease in the volume ex-
port over the early 21st century and an increase or stabilization thereafter 
(Figure 12), coupled with continuously decreasing salinity over the entire 
21st century (Figures S4, S5, and S8). Although the salinity change is cap-

tured by the multimodel mean (Figure 11), the timing and magnitude of the volume export varies strongly 
between models (Figure 12), and as a result the liquid freshwater export does as well (Figures S4, S5, and S8).

To summarize, the consistent results across models are that by the end of the 21st century in both emissions 
scenarios the magnitude of the solid fluxes decreases in all straits, solid freshwater storage decreases, and 
liquid freshwater storage increases (Figure 13, Table 2). The models show poorer agreement on the direc-
tion of the liquid flux changes (Figures 13b and 13e), where for example, in the Bering and Davis straits in 
SSP1-2.6 (Figure 13b), a similar number of models suggest an increase, decrease, or no change relative to 
the historical period (1980–2000). For SSP5-8.5 (Figure 13e) a larger number of models agree that the mag-
nitude of the liquid fluxes will increase in most of the straits, although in some straits (especially Bering, 
Barrow, Nares, and Davis) certain models still suggest no change in the fluxes or a decrease in magnitude. 
In the Barents Sea, six models indicate a change in sign of the flux (Figure 13e) and of these, five exhibit a 
magnitude increase as well. CanESM5 also exhibits a magnitude increase, but because its historical flux is 
indistinguishable from zero (Figure 9e), a sign change technically does not occur. All of the models show an 
increase in the magnitude of the liquid freshwater flux through Fram Strait in both scenarios (Figures 13b 
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Figure 8.  Multimodel mean (the mean of the models' ensemble means) 
solid freshwater flux (km3 yr−1) from 1980–2100 at (a) Bering Strait, 
(b) Nares Strait, (c) Barrow Strait, (d) Fram Strait, (e) the Barents Sea 
Opening, and (f) Davis Strait for SSP1-2.6 and SSP5-8.5. Shading spans the 
maximum and minimum value that any model ensemble mean reaches at 
a particular time.
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and 13e), making this the most robust projected liquid flux change. The same is true for the solid fluxes 
in the Fram and Davis straits and the Barents Sea Opening, where all models project decreases in both 
scenarios.

4.  Discussion
Simulated historical (1980–2000) Arctic freshwater storage and fluxes in seven CMIP6 models show consid-
erable disparities. For the solid and liquid storage (Figure 3), the solid fluxes (Figures 4a–4f), and to a lesser 
extent the liquid fluxes (Figures 4g–4l), intermodel differences are larger than the ensemble spreads of in-
dividual models, indicating that internal variability alone does not account for the differences in this subset 
of CMIP6 models. The models also do not show consistent agreement with observations over the historical 
period, with the exception of IPSL-CM6A-LR, which performs best (Figure 5). Most models underestimate 
the solid freshwater storage (Figure 3a), overestimate the liquid freshwater storage (Figure 3b), and show 
poorer agreement between the solid fluxes and observations compared to the liquid fluxes (Figures 4 and 5). 
The same is true in the multimodel mean (Table 2) which underestimates the solid storage; the Bering, 
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Figure 9.  Model ensemble mean liquid freshwater flux (km3 yr−1) at (a) Bering Strait, (b) Nares Strait, (c) Barrow 
Strait, (d) Fram Strait, (e) the Barents Sea Opening, and (f) Davis Strait for the historical (1980–2000 average), SSP1-2.6 
(2080–2100 average), and SSP5-8.5 (2080–2100 average) experiments. Error bars are ±1 standard deviation of each 
model's ensemble members.
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Nares, Barrow, and Fram Strait solid fluxes; and the Barrow, Fram, and 
Davis Strait fluxes, and overestimates the liquid storage; the Barents Sea 
Opening and Davis Strait solid fluxes; and the Barents Sea Opening liq-
uid flux. Despite the sparsity and incompleteness of observations in the 
Arctic gateways, observational uncertainty is not responsible for the disa-
greement between the models and observations, as the models are rarely 
consistently shifted in one direction for a given strait (and even if they 
are it could simply indicate that all the models are biased). Instead the 
simulated fluxes are characterized by large spreads between the models 
(Figure 4) that no single observational flux—biased or otherwise—could 
match, effectively precluding the possibility that observational errors can 
explain the disagreement. The overall lack of agreement with observa-
tions suggests that, much like previous model generations (e.g., Holland 
et al., 2007; Jahn et al., 2012; Shu et al., 2015; Wang et al., 2016a), this 
newest generation of models still has large mean state biases in sea ice 
volume and ocean salinity, with generally too little sea ice and too low 
salinities. However, with only seven models used in this study these mul-
timodel means may not be representative of CMIP6 as a whole, which 
comprises many more models.

Despite the historical freshwater storage and flux biases, future changes 
in these quantities (Figures 6–11 and 13, Table 2) show increased liquid 
freshwater storage and fluxes and decreased solid storage and fluxes over 
the 21st century, consistent with previous modeling studies (Holland 
et al., 2006, 2007; Jahn & Laiho, 2020; Koenigk et al., 2007; Shu et al., 2018; 
Vavrus et al., 2012). As in CMIP3 and CMIP5, the CMIP6 models used in 
this study also do not have interactive ice sheets and thus do not account 
for freshwater input from Greenland ice sheet melt (Nowicki et al., 2020). 
As a result future liquid freshwater storage and flux changes, especially 
in the straits adjacent to Greenland—Fram Strait, Nares Strait, and Davis 
Strait—are likely underestimated in all of these simulations and provide 
a lower bound on the changes we can expect to see. However, all CMIP6 
models analyzed here have two gateways west of Greenland, making the 
simulated fluxes more realistic, whereas only 8 of the 11 CMIP5 models 
analyzed by Shu et al. (2018) had one or two open gateways.

Combining the solid and liquid freshwater fluxes, we find that the to-
tal increase in freshwater export east of Greenland, in the Fram Strait, is 
larger than the total increase in freshwater export west of Greenland, in 
the Nares and Barrow straits (or the Davis Strait alone) in both SSP1-2.6 

and SSP5-8.5. In the Nares and Barrow straits, decreases in the multimodel mean solid freshwater fluxes 
(Figures 8b and 8c), which are already small, are eclipsed by increases in the liquid freshwater fluxes (Fig-
ures 10b and 10c), resulting in an increase in the total amount of freshwater exported from these locations. 
The total amount of freshwater exported from the Fram and Davis Straits (Figures 8d, 8f, 10d, and 10f) 
also increases, even though they are the two largest exporters of sea ice in the late 20th century and exhibit 
strong declines in sea ice export over the 21st century (Figures 7d, 7f, 8d, and 8f). The strong increases in 
the Fram and Davis liquid export (Figures 9d, 9f, 10d, and 10f) are consistent with the CMIP5-based results 
from Shu et al. (2018). In the Barents Sea, solid fluxes are small in magnitude and decline over the 21st cen-
tury (Figure 8e), while the net liquid freshwater flux shifts from weak export to strong import (Figure 10e) 
as in previous studies (Holland et al., 2006; Shu et al., 2018).

Models sometimes disagree on the direction of the liquid freshwater flux changes projected over the 21st 
century (e.g., in Bering Strait and the straits west of Greenland), but they agree much better on the general 
direction of the salinity and volume flux anomaly changes, but not necessarily on their magnitude (Fig-
ures 11 and 12). In Bering Strait, the liquid flux shows little change in its multimodel mean value over the 
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Figure 10.  Multimodel mean (the mean of the models' ensemble means) 
liquid freshwater flux (km3 yr−1) from 1980–2100 at (a) Bering Strait, 
(b) Nares Strait, (c) Barrow Strait, (d) Fram Strait, (e) the Barents Sea 
Opening, and (f) Davis Strait for SSP1-2.6 and SSP5-8.5. Shading spans the 
maximum and minimum value that any model ensemble mean reaches at 
a particular time.
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21st century (Figure 10a), in contrast to Shu et al. (2018) who show that 
in CMIP5 the multimodel mean Bering Strait liquid flux increases until 
the ∼2030s and then decreases over the rest of the 21st century in most 
future forcing scenarios. The CMIP6 multimodel mean Bering Strait liq-
uid flux remains stable throughout the 21st century due to a freshening 
of the inflowing waters that is compensated by a decrease in their vol-
ume flux, as was previously seen in CCSM3, a CMIP3 generation model 
(Holland et al., 2006). This pattern of anomalies is present in all models 
(Figure S3), but their relative magnitudes vary, leading to steady, increas-
ing, or decreasing 21st century liquid freshwater fluxes in this location. 
However, during the very late 20th and early 21st centuries (1990–2015) 
most models do show a small increase in the freshwater flux, consistent 
with the CMIP5 models (Shu et al., 2018) as well as observations (Wood-
gate, 2018), but most also show a decrease or no change in the volume flux 
over the same period, which has not been observed (Woodgate, 2018).

West of Greenland, in the Nares, Barrow, and Davis straits, freshening 
is compensated by a decrease in the volume flux during the first half of 
the 21st century, leading to stable multimodel mean fluxes over this pe-
riod. Beyond 2050, the multimodel mean freshwater export increases in 
these straits due to a combination of increasing volume fluxes and con-
tinued freshening. Increasing freshwater fluxes west of Greenland dur-
ing the 21st century have been documented in previous studies (Holland 
et al., 2006, 2007; Jahn & Holland, 2013; Vavrus et al., 2012). However, 
these studies do not exhibit the same pattern as the CMIP6 multimodel 
mean freshwater flux, although some individual models do agree with 
their findings (Figures S4, S5, S8; IPSL-CM6A-LR, MIROC6, MPI-ESM1-
2LR, UKESM1-0-LL), showing an increase in the freshwater export west 
of Greenland over most of the 21st century that levels off or slightly de-
creases after the 2070s (Jahn & Holland, 2013; Vavrus et al., 2012). Two 
models, CESM2 and CNRM-CM6-1, show a strong decline in the fresh-
water flux, which leads to the steady multimodel mean for the first half of 
the 21st century. The volume flux in the late 20th and early 21st century 
decreases in all models, but the magnitude and timing varies (Figure 12), 
starting between the 1980s and the late 2010s (depending on the model) 
and peaking between the 2020s and the 2060s before reversing or leve-
ling off. Furthermore, the magnitude of the decrease varies significant-
ly between models, with some even exhibiting a change in the direction 
of the volume flux through the Barrow, Nares, and/or Davis straits (e.g., 
IPSL-CM6A-LR and CNRM-CM6-1; Figure 12). However, in all models 
the volume flux reduces by more than 50%. The overall disagreement be-
tween the models in these straits indicates a larger projection uncertainty 
associated with the fluxes west of Greenland than found for any of the 
other Arctic gateways.

Even though such an early decline in the volume fluxes west of Greenland has not been reported previously, 
studies show that the late 21st century volume flux decline west of Greenland is driven by a reduction in 
the sea surface height gradient between the Labrador Sea and the Arctic Ocean (Houssais & Herbaut, 2011; 
Jahn & Holland, 2013; Jahn et al., 2010) via an increase in the Labrador Sea sea surface height. In turn, 
the Labrador Sea sea surface height is correlated with long-term AMOC variations (Saenko et al., 2017). 
Interestingly, a recent study of AMOC in CMIP6 models has found that many show a peak in AMOC in 
the 1980s, followed by a decline since then and over the 21st century, in contrast to CMIP5 models that 
showed a weak decline over the 20th century that accelerated in the 21st century (Weijer et al., 2020). Un-
derstanding what drives the volume flux reduction west of Greenland in the CMIP6 models, and whether 
or not the differences in both the AMOC and the volume flux anomalies between CMIP5 and CMIP6 are 

ZANOWSKI ET AL.

10.1029/2020JC016930

15 of 21

Figure 11.  Anomalous contribution of volume ( Su , purple) and salinity 
( uS , green) fluxes (km3 yr−1) to the liquid freshwater flux at (a) Bering 
Strait, (b) Nares Strait, (c) Barrow Strait, (d) Fram Strait, (e) the Barents 
Sea Opening, and (f) Davis Strait for SSP1-2.6 (darker colors) and SSP5-8.5 
(lighter colors). Flux anomalies are computed relative to the 2000–2100 
mean in each strait. Due to the difference in sign of the mean fluxes in 
each strait [positive for (a) and (e) and negative for (b), (c), (d), and (f)] the 
meaning of a positive or negative trend in the flux contributions changes 
depending on the strait. For example, a positive trend in the Bering Strait 
salinity contribution implies a freshening of the Bering Strait waters, while 
a negative trend in the Nares Strait salinity contribution implies the same 
for the Nares Strait waters. The strait invariant sign convention is that 
positive trends imply Arctic Ocean freshening.
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related is beyond the scope of this study. However, this is an important area of future work that may help 
address the prediction uncertainty in the 21st century evolution of the freshwater fluxes west of Greenland. 
In particular, an early-to-mid 21st century decrease in the freshwater flux west of Greenland in the CMIP6 
models contrasts with the projected early emergence of positive trends in the Nares and Davis Strait liquid 
freshwater fluxes (Jahn & Laiho, 2020).

5.  Conclusion
Using seven CMIP6 models, we compared 20th and 21st century Arctic freshwater storage and fluxes in the 
historical, and two future simulations, SSP1-2.6 and SSP5-8.5, to assess whether projections of these quan-
tities have changed compared to previous CMIP models. We found that few models agreed well with 1980–
2000 observations and that considerable intermodel differences existed across all simulations. By assessing 
models with 10 members or more, we showed that these differences cannot be explained by internal vari-
ability alone, as the spread from internal variability is consistently smaller than the intermodel spread. In 
agreement with studies using CMIP3 and CMIP5 models (e.g., Holland et al., 2006; Jahn & Holland, 2013; 
Jahn & Laiho, 2020; Shu et al., 2018), the seven models used here showed that late 21st century solid fresh-
water storage and export declines strongly due to Arctic sea ice loss, while liquid freshwater storage and 
export increases, albeit with large intermodel differences in the magnitude of these changes. Overall, this 
subset of CMIP6 models show a larger increase in the total freshwater export east of Greenland than west 
of Greenland in both SSP1-2.6 and SSP5-8.5.
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Figure 12.  Ensemble mean volume fluxes (×103 km3 yr−1) for each model from 1980–2100 at (a–g) Nares Strait, (h–n) Barrow Strait, and (o–u) Davis Strait.
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We also found that the models more consistently simulate salinity and volume flux anomalies compared to 
the oceanic freshwater fluxes that result from a combination of both. This corroborates the recent call by 
Schauer and Losch (2019) to analyze salinity and volume fluxes, as this provides more dynamical insight 
into the cause of the changes compared to freshwater fluxes. Model disagreement on the direction of the 
freshwater flux changes in Bering Strait and in the straits west of Greenland is ultimately determined by 
differences in the magnitude of the volume and salinity flux anomalies, but the models generally agree on 
the direction of their changes. When salinity and volume flux anomalies act in the same direction, or if one 
of them does not strongly contribute, we found the best intermodel agreement for projected changes in the 
liquid freshwater fluxes. Specifically, we showed that models agree best that the liquid freshwater export 
through Fram Strait will increase over the 21st century, and that volume and salinity flux changes contrib-
ute approximately equally to this increase. In the Barents Sea Opening, only salinity flux anomalies play a 
role, and all models agree that the reversal of the net liquid freshwater flux is due to these anomalies. In con-
trast, in the Bering Strait volume and salinity anomalies are of similar magnitude but oppose one another 
(the waters freshen but the volume flux decreases), with different magnitudes in different models that lead 
to projected small increases, small decreases, or steady Bering Strait liquid freshwater fluxes. The range of 
model disagreement is even larger west of Greenland, where models show stark differences in the projected 
changes in the liquid freshwater flux, particularly in the early 21st century, due to—yet again—opposing 
volume and salinity flux anomalies that have different magnitudes across models. While the models agree 
on a volume flux reduction in the early 21st century that reverses or stabilizes subsequently, they vary in the 
timing and magnitude of this change. Such an early 21st century decrease in the volume flux in the straits 
west of Greenland was not seen in CMIP5 and CMIP3 models (Holland et al., 2006; Shu et al., 2018), and 
it introduces new uncertainty into the projections of oceanic fluxes west of Greenland in this latest class of 

ZANOWSKI ET AL.

10.1029/2020JC016930

17 of 21

Figure 13.  Qualitative model (a, d) solid flux, (b, e) liquid flux, and (c, f) storage changes in magnitude (absolute 
values of quantities) at the end of the 21st century (2080–2100 average) relative to the historical period (1980–2000 
average) for (a–c) SSP1-2.6 and (d–f) SSP5-8.5. The threshold for change versus no change is set by the ±1 standard 
deviation error bars in Figures 6, 7, and 9. An overlap of the error bars in either future simulation compared to the 
historical simulation constitutes no change whereas no overlap constitutes a positive or negative change. Hatching 
indicates a sign change with the accompanying magnitude change given by the hatch color.
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models. Despite the model disagreement in the early-to-mid 21st century, by the end of the 21st century, the 
majority of models project an increase in the liquid freshwater export west of Greenland compared to the 
late 20th century due to a reversal of the volume flux anomaly and continued freshening.

Although broad agreement between the late 21st century changes among the models is encouraging, the 
persistence of large spreads in their historical storage and fluxes as well as in the magnitude of projected 
changes indicates that improvements in their Arctic Ocean simulations are still necessary. The persistence 
of these large intermodel disparities constitutes no fundamental improvement over CMIP5, although all 
models analyzed here now have two open gateways west of Greenland, allowing for a comparison of the 
Nares and Barrow Strait fluxes for the first time. Rectification of sea ice volume and ocean salinity biases, 
which (among other factors not considered in this study, such as the model resolution) directly influence 
model Arctic freshwater storage and fluxes, will likely improve intermodel agreement as well as agreement 
with observations. An important new issue found in the CMIP6 models is the disagreement among their 
late 20th to mid-21st century volume flux changes west of Greenland. Despite these issues, general projec-
tions of late 21st century Arctic freshwater storage and fluxes are robust across this subset of CMIP6 models 
and uphold the major results of previous CMIP generations.

Data Availability Statement
CMIP6 model output is available from the Earth System Grid Federation at https://esgf-node.llnl.gov/pro-
jects/cmip6/. Salinity data from the Polar Science Center Hydrographic Climatology 3.0 (PHC3.0) is avail-
able at http://psc.apl.washington.edu/nonwp_projects/PHC/Data3.html. Python was used for all analyses 
and for creating all figures. While this manuscript is under review, The timeseries of the Arctic Ocean 
freshwater terms calculated from the CMIP6 models is archived at the NSF Arctic Data Center (Zanowski 
and Jahn, 2021), and the code used to analyze the CMIP6 data is available on Zenodo (Zanowski 2021).
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