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Abstract
The Beaufort Gyre reserves most of the freshwater in the Arctic Ocean. Observation shows that the freshwater content over 2016e2018 far
exceeds the level over the plateau period 2008e2012. Modeling the vertical temperature and salinity structure and their changes in the Beaufort
Gyre is a way to understand the process related to such step changes. We configured a pan-Arctic sea ice-ocean model with a southern boundary
at ~7�N in the Atlantic Ocean. The numerical simulation with sea surface salinity restoring, a latitude dependent horizontal diffusivity scaled by
the squared buoyancy frequency, and a weak vertical diffusivity of 5 � 10�7 m2 s�1 in the Arctic Ocean better reproduces the sea ice extent, the
Pacific summer halocline water, and the freshwater variations as observed. The sea surface salinity restoring mitigates the surface desalination in
the North Atlantic Ocean, therefore a weaker ocean stratification prevents the excessive warming in the intermediate Arctic Ocean. It is also
found that the weak vertical background diffusivity is the major factor in our model to preserve the vertical ocean structure in the Canada Basin
and also the step change of freshwater recently. In addition to resolving eddy activities in high resolution models, the success in our low
resolution model suggests that tuning the vertical diffusivity serves as another approach to simulate the increasing freshwater content in the
recent decade.
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1. Introduction

The Arctic Ocean is undergoing dramatic changes over
recent decades (e.g., Stroeve and Notz, 2015). A prominent
phenomenon documented by abundant studies and wide-
spread social media is the significant sea ice decline starting
from the early 21st century. The sea ice retreat not only in
extent but also in thickness (Tilling et al., 2015) drives more
socioeconomic activities in the Arctic, as an example, the
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number of voyages through the Northeast Passage has
increased from 75 in 2016 to 156 in 2019 in March, and from
345 to 447 in September according to the statistics from the
Nord University. Scientific researchers observe twice atmo-
spheric warming in the Arctic than in the mid-latitudes, which
is known as Arctic amplification (e.g., Serreze and Barry,
2011), accompanying with abundant accumulation of liquid
freshwater in the Arctic Ocean (e.g., Proshutinsky et al., 2009;
Rabe et al., 2014).

The Canada Basin is the largest freshwater reservoir in the
Arctic Ocean. Variations of freshwater content (FWC) are
modulated by the Beaufort High (Proshutinsky et al., 2009).
The prevailing high pressure system drives an anticyclonic
circulation in the Beaufort Gyre with freshwater accumulation
caused by strong Ekman pumping. Observations from the
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Fig. 1. The model domain and resolution (The orange line defines the section

along 150�W ranging from 70�N to 90�N).
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Beaufort Gyre Exploration Project maintained by the Woods
Hole Oceanographic Institution show a strong freshwater
increasing over the period 2003e2007 (https://www.whoi.edu/
website/beaufortgyre/data). In the following five years from
2008 to 2012, the FWC changes rather minor, but a sudden
drop occurred in 2013. Based on a model study, Wang et al.
(2018a) suggested that strong cyclonic winds in 2012, which
cause upward Ekman pumping to release the FWC remarkably
thereafter, induces the 2013 recorded low in recent years.
However, the freshwater starts its recharge very fast after 2013
and exceeds the 2003e2007 level in 2015.

The simulation of such strong interannual variability is a
challenge in the state-of-the-art models. The simulated FWC
variability tends to be weaker than the observed estimate. Hu
et al. (2019) found that FWC is not maintained after 2008 in
their ocean model with horizontal resolution of 12 km, while
the model with higher resolution (~4.5 km) reproduces real-
istic FWC variability. They concluded that eddy activities in
the Arctic in high resolution models contribute to the lateral
flux which helps to improve the simulated variability. Besides
the variability, systematic FWC errors are found widely
existing in current models, which mostly depend on how the
model reaches its equilibrium (Wang et al., 2016).

In order to simulate the recent FWC changes, we config-
ured a regional model for the Arctic Ocean. We first investi-
gated the optimization strategies to improve the model
performance in simulating both the Atlantic Water and the
FWC in the Canada Basin. As a freshwater input, sea surface
salinity restoring significantly relieves the salinity drift in the
models and improves the hydrography in the Amerasian Basin
(Wang et al., 2018b). Besides, the background vertical diffu-
sivity controls the stratification of the ocean column below the
mixed layer which is generally shallow in the Arctic Ocean,
and modulates the vertical oceanic structure (Zhang and
Steele, 2007). The diffusivity caused by eddy activities is
another impact factor demonstrated from a series of theoretical
and model studies (e.g., Spall, 2013; Manucharyan and Spall,
2016; Yang, 2006). The lateral diffusivity that mimics the eddy
transport due to insufficient eddy resolving, however, is nor-
mally set to zero in the coarse Arctic models. In this study, a
latitude and depth varied diffusivity is applied to represent this
effect. Motivated by the aforementioned studies, we imple-
mented these approaches in our model and studied their im-
pacts on the hydrographic simulation.

2. Model description and experiments
2.1. Model
The model is configured as a pan-Arctic, regional sea ice-
ocean model based on the Massachusetts Institute of Technol-
ogy general circulation model (MITgcm; Marshall et al., 1997).
The oceanic and sea ice dynamic equations are discretized on
the spherical grid, while the North Pole is shifted to the
geographical location (135�E, 45�N). Given the locally varied
spacing (Fig. 1), it guarantees a high resolution of ~10 km in the
Arctic regions while a relatively lower resolution in the lower-
mid latitudes to speed up the integration. Although the model
is not eddy resolving considering the small baroclinic Rossby
radius of deformation which usually is of order 10 km in the
Arctic Ocean, most of the Arctic straits and the channels of the
Canadian Archipelago are well resolved to achieve a better flux
simulation. The southernmost Atlantic boundary is located at
7�N. Compared to other configurations such as in Nguyen et al.
(2011) with a southern boundary at ~55�N, our model dramat-
ically reduces the contamination of the boundary condition on
the AtlanticWater simulation in the Arctic Ocean. In the Pacific
sector, the boundary is cutting across the Aleutian Islands as in
most of the regional Arctic models.

The vertical resolution is around 10 m in the first 12 levels
then varying slowly to 450 m thick to the depth. Bathymetry is
derived from the General Bathymetric Chart of the Oceans
(GEBCO) gridded data (https://www.gebco.net). The GEBCO
data are remapped onto the model mesh using the Climate
Data Operators (CDO) and then smoothed to remove
extremely large gradients to stabilize the integration.

Themodel solves the discretized equations with a time step of
900 s for both ocean and sea ice components. It uses an oceanic
state equation of Jackett and McDougall (1995). The vertical
eddy viscosity of momentum terms is set to 5.66� 10�4 m2 s�1.
A vector invariant formulation is used to solve the momentum
equations with viscous dissipation computed by the biharmonic
Smagorinsky scheme (Smagorinsky, 1963). Background vertical
and horizontal diffusivityof tracers is set to1.0� 10�5m2 s�1 and
12.96 m2 s‒1, respectively. For the tracers, a high-order mono-
tonicity-preserving advection scheme is employed (Daru and
Tenaud, 2004). The diapycnal mixing is parameterized with the
KPP scheme (Large et al., 1994). We used free slip boundary
conditions in lateral and no-slip conditions at the bottom.

The sea ice model is configured to use the viscous plastics
rheology (Hibler, 1979). The high non-linearity in sea ice
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Table 1

The list of experiments.

Experiment Background horizontal

Laplacian diffusivity

of tracers (m2 s�1)

Background vertical

Laplacian diffusivity

of tracers (m2 s�1)

Timescale of

sea

surface salinity

restoring (d)

CTRL 12.96 1.0 � 10�5 e

SSS 12.96 1.0 � 10�5 30.25

Kh_SSS Grid dependent

from 1500 to 12.96

1.0 � 10�5 30.25

Kh_Kz_SSS Grid dependent

from 1500 to 12.96

Grid dependent

from 1.0 � 10�5

to 5.0 � 10�7

30.25
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momentum equations are solved by the line successive
relaxation (LSR) solver (Zhang and Hibler, 1997). The sea ice
strength is parameterized by sea ice concentration and sea ice
thickness according to Hibler (1979), and the strength
parameter P* is set to 2.264 � 104 N m�2. In lateral, no-slip
conditions are used for sea ice. Surface flux exchanges be-
tween atmosphere and ocean/sea ice are calculated with the
bulk formula according to Large and Pond (1981). The sea ice
thermodynamics have one layer with zero heat capacity
(Semtner, 1976; Parkinson and Washington, 1979). Sea ice
thickness is divided into seven categories to mimic sea ice
growth in the ice thickness distribution (ITD) model (Hibler,
1984). Following Zhang et al. (1998), snow thickness is a
prognostic variable. Precipitation converts to snow when the
air temperatures are below the freezing point. At the surface
grid, a heat balance equation is solved to determine if addi-
tional heat can be conducted further down to the bottom. The
lead closing parameter during the freezing season is set to 0.6.

Initial ocean hydrography is taken from the Ocean Rean-
alysis System 5 (ORAS5; Zuo et al., 2019) from the European
Centre for Medium-Range Weather Forecasts (ECMWF). For
sea ice model, the sea ice concentration, sea ice thickness,
salinity of sea ice, and snow thickness are initialized by the
Pan-Arctic Ice-Ocean Modeling and Assimilation System
datasets (Zhang and Rothrock, 2003). Lateral boundary con-
ditions are constructed by monthly reanalysis data with the
product ID GLOBAL_REANALYSIS_PHY_001_030 from
the Copernicus Marine Environment Monitoring Service
(CMEMS; https://marine.copernicus.eu/).

The model is forced by 3-Hourly atmospheric states from
the Japanese 55-year Reanalysis (JRA-55; Kobayashi et al.,
2015), which are 10-m surface winds, 2-m temperature, total
precipitation, humidity, downward shortwave radiation and
downward longwave radiation. The horizontal resolution of
these fields is around 0.5625�. The monthly climatological
river runoff data are from the Arctic Runoff Database
(ARDB), which were also used in Nguyen et al. (2011).
2.2. Experiment design
To get realistic FWC simulation in the recent decade, we
considered the effects of horizontal diffusivity, vertical diffu-
sivity, and sea surface salinity restoring in the study. Global
ocean models commonly suffer salinity drift due to various
reasons, for example, unrealistic freshwater input caused by
inaccurate precipitation or river runoff and the numerical
walking-around like virtual salinity flux technique. Therefore,
we designed four experiments as in Table 1.

The CTRL experiment has a background horizontal Lap-
lacian diffusivity of 12.96 m2 s�1 for temperature and salinity
over the entire domain. Background vertical Laplacian diffu-
sivity of tracers are set to 1.0 � 10�5 m2 s�1 globally. No sea
surface salinity restoring is applied.

The SSS experiment takes the same values of the horizontal
and vertical diffusivity as CTRL, and further applies the sea
surface salinity restoring with a timescale of 30.25 d. The
monthly climatology of sea surface salinity from the Polar
science center Hydrographic Climatology (PHC; Steele et al.,
2001) at the University of Washington is used.

The difference of the set-up between the Kh_SSS experi-
ment and the SSS experiment is that Kh_SSS has a latitude
dependent background horizontal Laplacian diffusivity that
serves as the neutral diffusivity varying from 1500 m2 s‒1 in
the Atlantic Ocean to 12.96 m2 s�1 in the Arctic Ocean. The
diffusivity is then scaled by the squared buoyancy frequency in
each depth as that implemented in FESOM (Wang et al.,
2014).

The Kh_Kz_SSS experiment further changes the background
vertical diffusivity with also a grid dependent value varying from
1.0 � 10�5 to 5.0 � 10�7 m2 s�1. It is set high in the Atlantic
Ocean and low in the Arctic Ocean as inferred from Fig. 1. The
latitude dependent structure of diffusivity is motivated by the
theoretical study (Müller et al., 1986) and the numerical study
(Jochum, 2009) where a latitudinally varied diffusivity was
derived based on observational evidences. The sea surface
salinity restoring with a timescale of 30.25 d was also used.

All the experiments are driven by the same atmospheric
forcing, prescribed with the same boundary conditions, and
initialized by the same hydrography as described in Section 2.
The integration period is all starting from January 1993 to
December 2018. The output from 2007 to 2018 after 14 years
from the model beginning was used for the analysis.

3. Results
3.1. Sea ice extent
Fig. 2a shows the sea ice extent simulation of all the ex-
periments. The observed sea ice extent was calculated from
the sea ice concentration product with ID OSI-450 (Lavergne
et al., 2019) provided in the Ocean and Sea Ice Satellite
Application Facility (OSI SAF). All the simulated results
agree well with the observation. Specifically, the low sea ice
extent records like in 2012 and in 2007 are all reproduced by
the model. The annual variability is also consistent with the
observation. The model has more sea ice in the early

https://marine.copernicus.eu/


Fig. 2. Monthly mean sea ice extent from 2007 to 2018 (a), and (b) seasonal

cycle of the simulation differences against the OSI SAF observations.
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summertime. In general, the model shows the ability to
represent the critical aspects of observed recent Arctic sea ice
changes.

The misfits against the observation in Fig. 2b demonstrate
that the most pronounced sea ice extent error occurs in July.
The model tends to produce too much sea ice in the freezing
season starting from December. The errors decrease after July
until it changes its sign to negative in October. Such delayed
sea ice melting and growing processes may suggest that the
thermodynamic process onset is not well represented in the
current sea ice model.

The sea surface salinity restoring helps to mitigate the
simulated sea ice extent error as shown in Fig. 2b. The ex-
periments SSS, Kh_SSS, and Kh_Kz_SSS all have smaller
errors in all the months except in October. The improvements
are more remarkable in the wintertime from November to May
in the following year. It indicates that parts of sea ice extent
errors are caused by unrealistic sea surface salinity which,
however, substantially involves in the calculation of the
freezing point.

A weak vertical background diffusivity in the Arctic Ocean
improves the sea ice extent simulation. A further reduction of
error was observed in the experiment Kh_Kz_SSS compared
to that in the experiments SSS and Kh_SSS. As the effects of
the sea surface salinity restoring, it also mostly happens in the
wintertime. Little effects were observed in the summertime. It
indicates that the physical process attributed to the model bias
does not take place at the ice bottom but at the surface, for
example, by tuning the ice and snow albedos in the melting
season. It is worth to be noted that the current model does not
contain any melting pond process which is documented to be a
crucial precondition to the sea ice melting. Overall, the results
suggest that Kh_Kz_SSS provides a good basis for the simu-
lation of upper oceanic hydrography.
3.2. Summer Pacific halocline water
Pacific Summer Water originating from the Pacific Ocean
can be divided into two sources: Alaskan Coastal Water (ACW)
and summer Bering Sea Water (sBSW) based on their salinity
differences (Steele et al., 2004). ACW gains its property along
the Alaska coast with salinity between 31 and 32. sBSW over-
lying Pacific Winter Water (PWW) has a salinity range from 32
to 33. The layers between S ¼ 31 and S ¼ 33 is the so-called
‘summer Pacific halocline water’ (Steele et al., 2004). The iso-
halines of S¼ 31 and S¼ 33 therefore serve as proper proxies to
diagnose model performances in the upper ocean (Wang et al.,
2018b; Zhang et al., 2016).

In all experiments, the simulated S ¼ 31 isohalines change
slightly over 2007e2015 (Fig. 3). Then a rapid deepening is
observed since 2016, which may result from the lagged ocean
response to the episodic extrema of surface stress energy input
(Zhong et al., 2019). The seasonal variability is not prominent.
The observed isohaline of S ¼ 31 lies at the depth of 61.7 m
over 2007e2013. Both SSS and Kh_SSS overestimate the
depth, although they agree well with observations from 2008
to 2010. CTRL and Kh_Kz_SSS generally have a shallower
depth than observations.

For the isohaline S ¼ 33, all the simulations show minor
seasonal variability (Fig. 3). Kh_Kz_SSS simulates the iso-
haline S ¼ 33 well fit the observations apart from that in 2007.
The other experiments, however, are all biased deep. We found
a maximum model bias of more than 40 m in these experi-
ments. Their interannual variabilities show some similarities to
the observations but too strong.
3.3. Freshwater content
The FWC is defined as
R0

z

ðSref � SÞ=Srefdz’, where Sref ¼ 34:8

is the reference salinity, and z is the depth where salinity reaches
Sref . Recently, debates exist on the physical meaning of FWC
which, as defined, using an arbitrarily selected reference salinity
that may be totally useless as a benchmark for the assessment of
ocean states (Schauer and Losch, 2019). We still used this metric
considering the fact that the observations are still provided in
FWC.

As described in Section 1, after the rapid accumulation
from 2007 to 2008, the observed FWC shows a plateau from
2008 to 2012 although with a slightly increase (black line in
Fig. 4a). After the strong freshwater release in 2012/2013,
FWC rebounds to its previous level and exhibits a new plateau
in 2016e2018, which is approximately 1.5 m larger than that
over the previous plateau.

The experiments SSS and Kh_SSS are biased high (~2 m)
compared to the observation. They also reproduce a high FWC



Fig. 3. Depth of isohalines (S ¼ 31 and S ¼ 33) averaged in the central Beaufort Gyre region boxed by 74�e79�N, 135�‒150�W. (Details of the observations

(black) are described in Timmermans et al. 2014). Observation errors are shown by error-bars).
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during 2008e2012, but the even higher FWC over 2016e2018
in the observation is not well simulated. The CTRL experi-
ment shows higher FWC over the second plateau period but
does not form a plateau. Model bias about 1.5 m is also
observed in CTRL (Fig. 4b).

The experiment Kh_Kz_SSS (red line in Fig. 4a) has the
least deviation to the observation. It reproduces low FWC bias
over the first plateau period and the rapid increasing in 2015/
2016, thereafter, higher FWC is found over the second plateau
years as observed. The fast freshwater release in 2012/2013 and
the accumulation event in 2014 however are not well simulated.
The multi-year mean FWC shown in Fig. 4b also demonstrates
that Kh_Kz_SSS is biased low with an error of ~0.7 m.

FWC has strong seasonal variability (Fig. 4b), which is also
described in Hu et al. (2019). The FWC increases when sea ice
starts melting from May, and reaches its annual maximum in
October, then falls due to freezing. All the model simulations
exhibit the same interannual variability although with different
amplitudes, for example, the decline from 2014 to 2015. This
suggests that the same physical process in these simulations is
responsible for the model errors.

4. Discussion
4.1. The impact on the simulation of sea ice edge and
volume transport
Fig. 5 shows that the model well agrees with the sea ice
observation in the Pacific sector and the Labrador Sea. Large
discrepancies are found in the Greenland Sea where compli-
cated processes such as deep convection and eddy activity
often occur, which are both large error sources for current
models. As discussed in Section 3.1, employing sea surface
salinity restoring and a weak background vertical diffusivity
we found improved sea ice extent simulation. However, the
improvement is rather minor.

Sea ice in the Greenland Sea and the Barents Sea suggests
that sea surface salinity restoring helps mostly over the recir-
culation area south of Svalbard Island and northwest of the
Barents Sea. It also has positive effects in the southern Bering
Sea. Tuning the background vertical diffusivity does not make
too much difference in the North Atlantic sector and the Pacific
sector, but it can be found that experiment with both sea surface
salinity restoring and vertical diffusivity tuning simulates sea
ice edge closer to the observation. Therefore, in addition to the
effects of the thermodynamic processes on the sea ice compo-
nent, the discrepancy to represent realistic sea surface salinity in
the model is another large error source for the sea ice simula-
tion. The background vertical and horizontal diffusivity, how-
ever, has limited impacts.

Moreover, sea surface salinity restoring has dramatically
improved the hydrographic simulation in the North Atlantic.
Due to the model bias on sea ice simulation, freshwater output
from the Arctic Ocean desalinates the North Atlantic after
long-term integration in our model, although it could be a
different story in other models due to different model drift
direction. The desalination enhances the stratification of the
ocean column and further prevents the ocean heat release in
the Atlantic Ocean. Therefore, excessive warming of the
Atlantic Water is found in the Arctic Ocean in the CTRL
experiment (Figure not shown).

We also investigated the volume flux across the main
gateways such as the Fram Strait, Barents Sea Opening,
Bering Strait, and Davis Strait in the Arctic Ocean. Due to the
open boundary condition prescribed over south of the Bering
Sea, the volume flux for different experiments across the
Bering Strait is identical (~1.2 Sv). The restoring of sea sur-
face salinity significantly improves the volume flux from 0.7



Fig. 4. The simulated and observed FWC in JulyeOctober in the Beaufort Sea from 2007 to 2018 (a), and (b) annual cycle of FWC variations of the period over the

same region (The black dot gives the mean observed FWC in JulyeOctober. The vertical grey bar shows the observation error, while the horizontal error bar

indicates the observation as the mean value of that from July through October. The readers are referred to Proshutinsky et al. (2009) for details about the

observations).

Fig. 5. Sea ice concentration in March averaged over 2007e2018 (The cyan boxes in the left panel are zoomed respectively in the right column. Sea ice edge

defined as 0.15 sea ice concentration contour is shown for each experiment. OSI SAF sea ice edge is shown in white contour).
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Sv to 1.5 Sv across the Davis Strait, which corresponds well to
the observation range (1.6 Sve2.1 Sv). Minor differences of
the volume flux are found between the experiments with and
without enhanced background horizontal diffusivity. A weaker
vertical diffusivity in the Arctic Ocean modulates 10% at most
of the volume flux over the Barents Sea Opening and Fram
Strait. The variability of the volume flux over different gate-
ways changes even smaller.



Fig. 6. Hovm€oller diagram of mean temperature at the transect along the 150�W averaged over AugusteOctober for periods 2007e2013 and 2014e2018 (The

observations over the same periods are obtained from the World Ocean Database 2018 (https://www.nodc.noaa.gov/OC5/WOD/pr_wod.html). The section of

150�W is defined ranging from 70�N to 90�N with a width of 50 km (see Fig. 1). Contour lines of �0.5 �C are shown both in the simulations and observations).
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4.2. A weak background vertical diffusivity preserves the
vertical structure of PSW
Due to the presence of sea ice, the energy input into the
ocean is dissipated mostly at the ocean surface. Therefore, the
diffusivity is commonly reported as small in the central Arctic
Ocean. The vertical diffusivity estimated by mooring obser-
vations in the Beaufort Gyre ranges from 3 � 10�7 to
3 � 10�5 m2 s�1 between 150 m and 400 m but can reach
10�4 m2 s�1 when a strong process occurs (Lique et al., 2014).
For the upper ocean, results from Surface Heat Budget of the
Arctic Ocean (SHEBA) field program reveal that the diffu-
sivity in the Canada Basin is rather at the molecular level in
wintertime (Shaw and Stanton, 2014). In the model, with a
weak background vertical diffusivity, it is possible for us to
maintain a realistic vertical structure of PSW as shown in Figs.
6 and 7.

A temperature maximum of the upper 150 m in the Canada
Basin is the typical character of PSW (Steele et al., 2004). In
the observations, we found prominent PSW temperature
maxima both over 2007e2013 and 2014e2018 (Fig. 6). It is
Fig. 7. Hovm€oller diagram of mean salinity at the transect along the 150�W aver

servations over the same periods are obtained from the World Ocean Database 2018

50 km (see Fig. 1). Contour lines of 31 psu and 33 psu are highlighted in each pl
captured by all the experiments with sea surface salinity
restoring over 2007e2013. However, only the experiment
Kh_Kz_SSS with weak vertical diffusivity reproduces the
PSW temperature maxima over 2014e2018 (Fig. 6). The
ventilation of warm halocline near the continental shelf during
summertime in Kh_Kz_SSS also agrees well with the obser-
vations and current understanding (Timmermans et al., 2017).
The vertical distribution of temperature in CTRL experiment
is rather uniform. The upper ocean is sufficiently mixed in this
experiment where much warmer Pacific Winter Water is
observed than that in other experiments.

Moreover, the isohalines as shown in Fig. 7 in the experi-
ment Kh_Kz_SSS consistently correspond to the observations.
The distance between isohalines S ¼ 31 and S ¼ 33 is gradually
narrowing with latitude increasing, which coincides with the
observed oceanographic section towards the Lomonosov Ridge.
The isohaline of S ¼ 33 in other experiments is horizontally
flatter. This explains the good agreement of Kh_KZ_SSS in
simulating the isohaline S ¼ 33 depth in Fig. 3.

Compared to the experiment SSS, Kh_SSS does not change
the results a lot. It suggests that the background horizontal
aged over AugusteOctober for periods 2007e2013 and 2014e2018. The ob-

. The section of 150�W is defined ranging from 70�N to 90�N with a width of

ot.
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diffusivity in our model is not of the first order on the hy-
drographic simulation in the Canada Basin. Using a larger
horizontal diffusivity majorly improve the temperature simu-
lation in the North Atlantic Ocean (Figure not shown).

5. Conclusion

A new pan-Arctic sea ice-ocean model was configured
based on MITgcm. To obtain realistic simulations, we studied
the impact of sea surface salinity restoring, horizontal and
vertical background diffusivity on sea ice, and the upper ocean
simulation in the Canada Basin.

With sensitivity experiments, we found that applying the
sea surface salinity restoring gives rise to better sea ice edge
simulation and more realistic sea surface temperature in the
North Atlantic, although the latter is not explicitly discussed.
The tuning experiment further using latitude varied horizontal
background diffusivity changes the simulated results very
small. When applying a weak background vertical diffusivity
of 5.0 � 10�7 m2 s�1, the model reproduces slightly better sea
ice simulation and maintains the vertical hydrographic struc-
ture well fit to the observations in the Canada Basin. We found
that the sea ice variability is not remarkably changed by these
sensitivity experiments. However, the sea surface salinity
restoring has suppressed the ocean variabilities as expected,
where minor changes are observed on the variabilities of the
volume flux across the gateways in the Arctic Ocean. The
volume flux over the Davis Strait is subject to the surface
restoring, which is more sensitive than that over other
gateways.

Since the sea surface salinity restoring is also a source of
freshwater input, modeling the freshwater in the upper ocean
is more or less a tug-of-war between the vertical diffusivity
and the restoring strength. Note that sea surface salinity
restoring in current study is quite strong. The simulation could
be further improved by using a weaker restoring, for example,
60 days, as most models in the Coordinated Ocean-ice
Reference Experiments, phase II. Future work will focus on
the improvement of the sea ice simulation in the Greenland
Sea.
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