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Abstract

In the last decades, the Arctic climate has changed dramatically, with the
loss of multiyear sea ice one of the clearest consequences. These changes have
occurred on relatively rapid timescales, and both accurate short-term Arctic
prediction (e.g., 10 days to three months) and climate projection of future
Arctic scenarios present ongoing challenges. Here we describe a representa-
tion of the Arctic ocean and sea ice in a ultrahigh resolution simulation in
which the horizontal grid mesh reduces from 8 km at the equator to 2 km at
the poles (UH8to2) for the years 2017-2020. We find the simulation repro-
duces observed distributions of seasonal sea-ice thickness and concentration
realistically, although concentration is biased low in the spring and summer
and low biases in thickness are found in the central and eastern basins in
the fall. Volume, fresh water, and heat transports through key passages
are realistic, lying within observationally determined ranges. Climatological
comparisons reveal that the UH8to2 Atlantic Water is shallower, warmer,
and saltier than the World Ocean Atlas 2018 climatology for 2005-2017 in
the eastern basin. Our analysis suggests that these biases, combined with a
lack of stratification in the upper 100 m of the simulated ocean, contribute
to the winter biases in modeled sea ice thickness.
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1. Introduction

Arctic sea ice decline is one of the clearest effects of global warming, char-
acterized by a loss of both sea ice area and volume (Stroeve et al., 2012; Co-
hen et al., 2014; Perovich and Richter-Menge, 2015; Lindsay and Schweiger,
2015). Concurrently, the Arctic Ocean is changing in response to a chang-
ing climate. The reduction of sea ice cover has enhanced air-sea exchanges
of momentum, fresh water, and heat, and altered the albedo of the surface
Arctic, leading to increased warming due to solar radiation. The subsurface
Arctic Ocean waters are fed by inflowing waters from the Atlantic and Pa-
cific Oceans, which have also warmed in recent years (Woodgate et al., 2012;
Carmack et al., 2015; Timmermans et al., 2018). Additional changes in fresh
water and atmospheric circulation have led to increased freshwater storage
in the western Arctic (Proshutinsky et al., 2019). These changes in ocean
circulation have resulted in a warmer and saltier eastern Arctic (Polyakov
et al., 2017) and a more stratified western Arctic, with shallower winter mixed
layers (Peralta-Ferriz and Woodgate, 2015).

Arctic sea ice is associated with a very fresh mixed layer, which lies above
a strong halocline. This halocline stratification is maintained by surface
freshwater fluxes from net precipitation and river runoff, as well as rela-
tively low turbulent mixing rates over much of the basin, preserving a strong
vertical gradient. Sea ice itself has been hypothesized to contribute to the
maintenance of this strong gradient, as sea ice melt contributes to a fresh
ice-associated surface layer (Toole et al., 2010).

Beneath this fresh mixed layer lie saltier water masses originating in the
Atlantic and Pacific Oceans (Rudels et al., 2004; Timmermans et al., 2014).
Atlantic Water enters the Arctic via Fram Strait and the Barents Sea Open-
ing. This inflowing water subducts beneath the fresh surface layer to form the
Atlantic Water mass, separated from the surface mixed layer by a halocline
(Rudels et al., 2004). Pacific water enters the Arctic through Bering Strait,
and is modified in the shallow Chukchi Sea (Pickart et al., 2005; Woodgate
et al., 2012; Corlett and Pickart, 2017). This inflowing water is relatively
warm and fresh in the summer, and cold and saltier in the winter, so that it
forms two distinct, seasonally-ventilated water masses, the Pacific Summer
Water and Pacific Winter Water (Timmermans et al., 2014). These water
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masses are found above the saltier Atlantic Water throughout the western
Arctic.

Model representations of these water masses vary in accuracy. Intercom-
parisons of 15 global ocean-sea ice models show a large range of variability
in modeled temperature and freshwater content in the interior Arctic (Wang
et al., 2016a; Ilicak et al., 2016).Individual model representations of the tem-
perature at 400 m depth (approximately corresponding to the depth of At-
lantic Water) had differences of up to 4 ◦C. Higher resolution global and
regional models often have similar biases; using a regional model with 10 km
horizontal resolution, Hordoir et al. (2022) found a cool bias of about 1 ◦C
in the temperature of Atlantic Water, while using a global model with 4.5
km resolution (Wang et al., 2018) found a warm and shallow bias in Atlantic
Water.

Reproducing the strong halocline in the western Arctic is also a challenge
for ocean models. Rosenblum et al. (2021) found Community Earth System
Models 1 and 2 (CESM1 and CESM2) have a saltier surface salinity in the
western Arctic than observed in the years 2006-2012, consistent with other
studies showing reduced western Arctic upper ocean stratification in global
models (Wang et al., 2016a; Holloway and Proshutinsky, 2007). Even in
high-resolution models upper ocean stratification is frequently biased low;
in 9-10 km regional models Jin et al. (2018); Hordoir et al. (2022) both
found insufficient stratification in the upper ocean of the western Arctic,
although Jin et al. (2018) found that incorporating a parameterization for
brine rejection (Jin et al., 2012; Nguyen et al., 2009) improves the upper
ocean salinity structure. Global models often apply a restoring of sea-surface
salinity at high latitudes to address this drift; in some cases this correction is
sufficient to improve the upper ocean stratification (Wang et al., 2018; Uotila
et al., 2019).

The Pacific Summer Water temperature maximum is occasionally as-
sessed as part of model validation; where upper ocean temperatures in the
western Arctic are presented this maximum is frequently absent in both one
degree (Ilicak et al., 2016; Lavoie et al., 2022) and eddy-permitting (Wang
et al., 2018) models. Models generally vary in their representation of dynam-
ics that bring Pacific-origin water into the Arctic basins; Aksenov et al. (2016)
find large variability in both the fraction and distribution of Pacific-origin
water in six Arctic models, and in a regional model specialized to study west-
ern Arctic boundary currents, Leng et al. (2021) note that even the 4.5 km
model resolution underresolves important pathways for Pacific inflows, pos-
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sibly leading to biases in the simulated off-shelf transport. However, Zhang
et al. (2016) describe a regional model which successfully reproduces both
the Pacific Summer Water temperature maximum and associated halocline
stratification. This model assimilates both sea ice concentration and sea sur-
face temperature, and has 5 m grid cells in the upper 80 m of the ocean, with
horizontal resolution of 16-20 km in the Beaufort Gyre region. The model
grid is optimized to resolve the Chukchi, Beaufort, and Bering Seas, with 26
grid cells spanning the Bering Strait (Zhang et al., 2016).

Misrepresentations of the Atlantic and Pacific water masses may have
significant implications for model predictive capacity on seasonal, interan-
nual, and decadal timescales. Ice-ocean heat fluxes play an important role
in regulating the Arctic sea ice growth/melt cycle, with approximately half
of the net heat flux to sea ice coming from the ocean (Carmack et al., 2015).
Positive feedback cycles have been hypothesized to potentially contribute to
current and future Arctic climate change. These include a positive feedback
between the wind, ice, and ocean, in which

1. Sea ice decline leads to increased momentum transfer into the upper
ocean;

2. Increased upper ocean shear leads to increased ocean mixing;

3. Increased ocean mixing results in the entrainment of more subsurface
oceanic heat into the mixed layer, and

4. Increased mixed layer heat results in increased sea ice decline.

Recent observations suggest that this feedback may be leading to acceler-
ated sea ice decline in the eastern Arctic (Polyakov et al., 2020a,b). A second
hypothesized feedback loop is related to the effect of brine rejection during
sea ice formation, as follows:

1. Sea ice decline leads to increasingly large regions of summertime open
water;

2. In autumn, freeze-up occurs over an increased ocean area, resulting in
overall increased brine rejection;

3. Brine rejection leads to convection, deepening the ocean mixed layer;

4. Subsurface oceanic heat is entrained into the ocean mixed layer, melting
more ice (perhaps at a spatial shift due to horizontal advection of the
ice and ocean).

4



These two feedback loops both suggest that sea ice decline may be as-
sociated with deepening ocean mixed layers and increased entrainment of
heat from subsurface water masses. These positive feedbacks are inherently
unstable, so that small initial discrepancies in sea ice representation may
have large downstream impacts. Thus, accurate model representation of the
stratification and heat content of the upper Arctic ocean is important, both
to accurately capture the current state of the ice-ocean system and to inform
future projections.

In the current work, we use output from a new atmospheric reanalysis-
forced ultrahigh resolution (8 km at the equator reducing to 2 km at the
poles) global ocean-sea ice model along with observational data from au-
tonomous profiling drifters to investigate the potential influence of the upper
Arctic ocean on Arctic sea ice. Combining these two approaches allows us to
leverage the model’s capacity to resolve mesoscale processes, which occur at
length scales of less than 10 km in the Arctic ocean, along with concurrent
year-round observations from an environment that is logistically difficult to
sample due to sea ice, extreme weather conditions, and its distance from
deep water ports. These approaches are complementary, as while the au-
tonomous profilers provide high along-track resolution as they drift within
the Arctic Ocean, the data is limited to the profiler pathways. Observational
data is particularly limited in the Eurasian Basin, where the signal of warm-
ing Atlantic water is strongest and this water mass is closest to the surface.
Conversely, the ultrahigh resolution model provides a complete picture of
the modeled ocean circulation; however, like many other Arctic simulations
(Ilicak et al., 2016; Wang et al., 2016a, 2018; Jin et al., 2018; Hordoir et al.,
2022) it contains biases, including overly warm Atlantic Water and overly
weak near-surface stratification. Thus, our goals are two-fold: first, to un-
derstand biases in the representation of upper ocean stratification and heat
content in the Arctic region of this ultrahigh resolution global model, and
secondly, to examine the impact of these biases on ice-ocean heat fluxes.
While our results are inherently linked to characteristics of this particular
model, accurately modeling the temperature, salinity, and dynamics of the
upper Arctic Ocean is an ongoing challenge, and thus the relationships we
find between these biases and ice-ocean interaction can be used to inform
future modelling efforts and observational design.

The following sections are organized as follows. In Section 2 we dis-
cuss methods, including the model set-up, climatologies, and observational
datasets, as well as the calculation of all quantities considered in the fol-
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Figure 1: Square root of horizontal area (km) of grid cells in the Arctic region of the
UH8to2 POP model.

lowing analysis. In Section 3 we discuss the model realism relative to both
climatology and various observational datasets, focusing on the model rep-
resentation of Arctic gateway fluxes, circulation, sea ice, and hydrography.
In Section 4 we discuss the potential impacts of model biases on ice-ocean
heat fluxes. In Sections 5 and 6 we conclude with a summary of results and
discussion of their implications.
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2. Methods

2.1. UH8to2 Model

An ultrahigh resolution global coupled ocean/sea-ice simulation was con-
figured and run on a new tripolar global grid with north poles located in
Greenland and Siberia using the Parallel Ocean Program2 (POP2; Dukow-
icz and Smith (1994)) and CICE5 (Hunke et al., 2015). Its horizontal grid
decreases from 8 km at the equator to 2 km at the poles, hence it is des-
ignated ”UH8to2”. The first UH8to2 simulation, forced with Coordinated
Ocean-ice Reference Experiment-II corrected interannual forcing (CORE-II
CIAF; Large and Yeager (2009)), is currently being run for 1975 through
2009 when this forcing ends (McClean et al., 2022; Morrison et al., 2022). A
second run of this model was instigated specifically to simulate Arctic circu-
lation, water masses and sea ice coverage during the late 2010s; this is the
run used in the present study. This run was initialized from a mid-2010s data
assimilative ocean/sea ice state and was forced with Japanese 55-year Atmo-
spheric Reanalysis (JRA55-do, Tsujino et al. (2018)) for mid-2016 through
2020 (McClean et al., 2022).

The UH8to2 simulations were produced using the Department of Energy
(DOE)’s Energy Exascale Earth System Model “HiLAT” code (E3SMv0-
HiLAT, referred to hereafter as HiLAT, Hecht et al. (2019)); HiLAT was
derived from the CESM1 (Hurrell et al., 2013). HiLAT uses the Regional
Arctic System Model (RASM) coupling scheme (Roberts et al., 2015); mod-
ifications were made to Coupler 7 (CPL7) (Craig et al., 2012) to allow for
high-frequency inertial sea-ice oscillations. In this simulation the ocean, sea-
ice, and the “data” atmosphere are coupled every 20 minutes.

Over the Arctic Ocean, the horizontal grid has a resolution of 2-4 km (fig.
1). The positioning of the two north poles produces the highest horizontal
resolution in the adjacent shelf-seas and horizontal resolution of less than 3.5
km in the central Arctic. The model has 60 z-levels. The vertical spacing
varies from 10 m over the upper 160 m of the ocean to 250 m at depth;
the maximum model depth is 5500 m. Partial bottom cells are used to
enhance the smoothness of the bottom topography. The model bathymetry
is based on the General Bathymetric Chart of the Oceans 30 arc second grid
(GEBCO 2014, Weatherall et al. (2015)).

The JRA55-do forcing has a horizontal resolution of about 55 km (0.25
degrees) and provides data at three-hour intervals (Tsujino et al., 2018). The
fields extend through 2020 and include daily river runoff, as well as repre-
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sentations of ice sheet and ice-shelf discharge and melting around Greenland
(Bamber et al., 2018) and Antarctica (Depoorter et al., 2013). Adjustments
were made to the JRA55-do variables around the Arctic to improve the match
between the assimilative product and in situ observations (Tsujino et al.,
2018). Independent Arctic atmospheric measurements are scarce, and it is
beyond the scope of this study to validate the JRA55-do; however we note
that biases in JRA55-do, particularly in downward long wave radiation flux,
may result in biases in the UH8to2 upper ocean fields. As is standard practice
for forced ocean models (Yeager et al., 2012), weak (relaxation time scale of
4 years) sea surface salinity restoring to Polar Science Center Hydrographic
Climatology 3.0 (Steele et al., 2001) is added to the surface freshwater fluxes
to limit drift in the ocean.

In the UH8to2 simulations, CICE5 uses the elastic-anisotropic-plastic
(EAP) sea-ice rheology (Tsamados et al., 2013) and incremental-remapping
advection (Lipscomb and Hunke, 2004) to compute ice velocities and mushy-
layer thermodynamics (Turner et al., 2013) to obtain ice growth and melt
rates. The “level-ice” scheme (Hunke et al., 2013) produces melt ponds that
pool on sea ice that is not deformed. Thermal conductivity of sea ice is
represented using the “bubbly” brine model (Pringle et al., 2007), while the
transfer of solar radiation between snow and sea ice is modeled using the
Delta-Eddington multiple scattering parameterization (Briegleb and Light,
2007).

The UH8to2 simulation in this study was initialized using potential tem-
perature and salinity fields as well as sea ice concentration and thickness from
the Global Ocean Forecasting System 3.5 (GOFS 3.5, Metzger et al. (2020)).
GOFS 3.5 uses 1/25◦ HYCOM (Bleck, 2002; Chassignet et al., 2003) and
CICE5, and is branched from a multi-decadal spin-up based on earlier for-
ward and data assimilative HYCOM/CICE4 simulations (Chassignet et al.,
2009; Metzger et al., 2014). The POP model was initialized from rest on
07/01/2016 using smoothed instantaneous potential temperature and salin-
ity fields from GOFS 3.5 from 07/01/2017. The sea-ice initial state was
created by directly inserting the instantaneous GOFS 3.5 sea ice thickness
into a CICE5 background state (07/01/1994) taken from the CORE-II forced
UH8to2 simulation. In addition, sea ice concentration values from GOFS
3.5 on 7/01/2017 were inserted into the background sea ice concentration in
CICE5 (07/01/1994) for all grid cells in which the difference between the two
fields was greater than 1%. The choice of July 2017 rather than July 2016
fields was due to the poor representation of sea-ice from CICE4 in GOFS
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3.1, which was the only GOFS product available for July 2016 (GOFS 3.5
starts in January 2017). Both ocean and sea-ice were initialized from the
07/01/2017 GOFS 3.5 for consistency between the ocean and sea-ice. A 10-
day adjustment phase followed. First, model ice and ocean velocities were
allowed to develop over two days while the potential temperature and salinity
fields were restored to the GOFS fields with a tight four-hour timescale. The
model then ran freely for seven days, followed by a day over which the tight
(four hour) restoring of potential temperature and salinity fields was used
again to allow further adjustment of model ice and ocean velocities. The
simulation was then run forward from 07/11/2016 through 12/31/2020. We
treat the period from July-December 2016 as the spin up phase as a rapid de-
crease in global mean kinetic energy occurred during this period (not shown);
this decline leveled off in early 2017. Hence, here we analyze the period from
January 2017-December 2020.

Daily-averaged ocean state variables, surface fluxes, horizontal heat flux
covariance terms and standard sea-ice variables (e.g., thickness, concentra-
tion, drift, thermodynamic and dynamic terms) were archived for the entire
period of the simulation.

2.2. Satellite Data

Simulated sea ice extent and concentration are compared to a dataset
compiled from three satellite instruments: the Nimbus-7 Scanning Multi-
channel Microwave Radiometer (SSMR), the Defense Meteorological Satel-
lite Program’s Special Sensor Microwave/Imager (SSM/I), and the Special
Sensor Microwave Imager/Sounder (SSMIS) (Comiso, 2017). Simulated sea
ice thickness was compared to observations from CryoSat-2 (Kurtz, N. and
Harbeck, 2017). Monthly-averaged values of observed sea ice extent, concen-
tration, and thickness were used for these comparisons.

2.3. Climatology

The scarcity of data collected in the Arctic Ocean makes model valida-
tion a challenge. In our analysis we compare the model with the 1/4◦ World
Ocean Atlas 2018 (Boyer et al., 2018). This climatology incorporates Arc-
tic data from the National Centers for Environmental Information archives.
We used the version that depends only on data collected in the most recent
years (2005-2017) so that the climatology represents the modern Arctic to
the extent that is possible. Throughout the rest of the text, this climatology
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is referred to as “WOA18”. There are some discrepancies between this cli-
matology and observational data from the 2017-2020 period over which the
model was run; see fig. 2 and the next section for details.

Velocity observations are especially sparse in the Arctic, and climatologies
do not generally include representations of ocean velocity. Thus we compare
model velocities to the Arctic Subpolar gyre sTate Estimate (ASTE, Nguyen
et al. (2021)). The Arctic Subpolar gyre sTate Estimate is a dynamically-
constrained ocean-sea ice model-data synthesis with nominal 0.3◦ resolution,
and spans the time period 2002-2017. 2017 is the only year over which both
ASTE and the UH8to2 simulations are available, thus we limit the velocity
comparison to this year.

2.4. Ice-Tethered Profilers

Ice-Tethered Profilers (ITPs, Krishfield et al. (2008); Toole et al. (2010))
are autonomous drifters embedded in Arctic sea ice which measure tempera-
ture and salinity to 750 m depth. The instrument consists of a surface buoy
which lies above the sea ice, a rope made of wire which is suspended from
the surface buoy to the profiling depth, and a wire-crawling profiler that tra-
verses the suspended wire. The end of the wire carries a weight so that the
wire rope remains taut. Most ITPs initiate two profiles per day, during which
the profiler crawls along the wire at ∼0.25 m/s, so that each profile is com-
pleted in about an hour, although a subset of the ITPs that were deployed for
specific experiments initiate profiles more frequently. Twenty-five ITPs were
deployed during the four-year model run, primarily in the western Arctic
(Table 1). Where Level 3 (gridded to two decibars in the vertical and quality
controlled) data was available, we used this, while for more recent missions
in which only Level 2 processing was completed we interpolated data to the
same two decibar pressure grid and removed profiles with clearly unphys-
ical temperature or salinity values. Model ITP deployments and matched
profiles were constructed by sampling the daily model output at the nearest
grid point to the starting location of each ITP profile on the day the profile
began. A total of 38927 matched profiles were obtained in this manner.

We identified several differences between the ITP observations, the model
initial conditions, and the WOA18 climatology. The ITP observations have
warmer Pacific Summer Water than either WOA18 climatology (2c) or the
model initial conditions (2f). ITP Atlantic Water depth and temperature is
approximately the same as the WOA18 (2a and b), while the initial condi-
tion Atlantic Water temperature is slightly warmer and shallower than ITP
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observations in the eastern Arctic (2d and e). The model initial conditions
had Atlantic Water that was slightly warmer than climatology (2b and e).
The differences between the ITP data and WOA18 climatology may indi-
cate that the climatology deviates in some ways from the current state of
the Arctic Ocean, which is changing rapidly. It also is possible that some of
these differences are due to variability in the water masses that is suppressed
in climatological averaging, particularly in the case of the Pacific Summer
Water which is intermittently found throughout the basin.

2.5. Calculated quantities

2.5.1. Hydrographic characteristics

The Atlantic Water and Pacific Summer Water are the two primary reser-
voirs of subsurface heat in the Arctic Ocean. Characteristics of these water
masses are defined as follows. “Atlantic Water depth” was defined as the
depth of the shallowest 0 ◦C isotherms deeper than a cutoff, with salinity
greater than 34.8 (Rudels et al., 2004). In most of the Arctic Ocean we
use 50 m depth as this cutoff. In the western Arctic, warm Pacific Summer
Water is found at depths between 40-100 m ((Timmermans et al., 2014), see
below), so we apply a deeper cutoff of 125 m in observational data (UH8to2
Pacific Summer Water is cooler so these two choices produce identical results
for the UH8to2 Atlantic Water). “Atlantic Water temperature” is defined as
the maximum temperature between this depth and the deeper 0 ◦C isotherm
occurring beneath it. Pacific Summer Water is defined following Timmer-
mans et al. (2014) as the subsurface temperature maximum in the western
Arctic between 40-100 m depth.

The mixed layer depth (MLD) is identified from density profiles following
Peralta-Ferriz and Woodgate (2015), who used a density cutoff δσ referenced
to the surface density to define the mixed layer depth. In the model we
treat the density in the uppermost ocean bin (spanning 0-10 m depth) as the
“surface” density, and in ITP data we use the shallowest CTD measurement,
provided it is shallower than 10 m depth, following Cole and Stadler (2019).
Different Arctic mixed layer studies use different thresholds for the density
cutoff, including 0.03 kg m−3, 0.1 kg m−3, and 0.25 kg m−3 (Toole et al.,
2010; Peralta-Ferriz and Woodgate, 2015; Cole and Stadler, 2019). In the
UH8to2 model, we found that none of these thresholds produced a mixed
layer depth that followed the deepening of the layer of high stratification
seen during the winter (fig. 3). However, using a more generous threshold
of 0.5 kg m−3 for both the UH8to2 density and observed data resulted in a
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mixed layer depth that tracked the maximum stratification. This choice led
to only slight differences in mixed layer depths in observations relative to
using 0.25 kg m−3, and did not impact our qualitative conclusions (fig. 3).

2.5.2. Heat content and ice melt potential

Heat content in the upper 100 m of the ocean is calculated as:

HC =

∫ 0

100

ρcp(T − Tref )dz (1)

in which ρ is the density of seawater, taken as 1025 kg m−3, cp is the heat
capacity of seawater, 4000 J ◦C−1 kg−1, T is temperature in ◦C, and Tref is
the freezing temperature taken to be -1.9 ◦C. To provide physical intuition for
the relevance of upper ocean heat content, we convert heat content referenced
to the freezing temperature to the quantity of sea ice it could melt if applied
directly to sea ice at the freezing temperature, calculated as

IP =
HC

ρiceLH

(2)

in which ρice is the density of ice, taken as 900 kg m−3 and LH is the latent
heat of melting, taken as 3.3 × 105 J m−3. We refer to this quantity as the
“ice melt potential”.

3. Model realism

We begin by assessing the model representation of the Arctic ocean-sea
ice system, relative to historical observations, the WOA18 climatology, and
synoptic satellite and ITP observations.

3.1. Arctic gateway fluxes and circulation

Simulated volume, heat, and freshwater fluxes through major Arctic gate-
ways generally agree well with observational estimates (Table 2). Volume and
freshwater fluxes are given for Bering, Fram, Davis, Denmark Straits and for
the Barents Sea Opening. Heat fluxes are given for the Bering, Fram, and
Davis Strait, as well as for the Barents Sea Opening, where recent observa-
tional estimates are available. Model mean transports are within a standard
deviation of observational estimates and usually within reported error bounds
of observations where these error bounds are available, with the caveat that
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the observations generally date from earlier periods than the model run. At-
lantic Water biases within the basin (discussed in more detail in section 3.3)
motivated a more detailed comparison of Fram Strait temperature and ve-
locity with the Alfred Wagner Institute moorings that were deployed across
Fram Strait in 2017 and 2018. While there were minor differences between the
model and the mooring observations, both the temperature and dynamical
structure agreed well with observations (von Appen, 2019; von Appen et al.,
2019). The model’s northward velocity core was more zonally diffuse; high
resolution modeling studies suggest this may be an artifact in our model due
to insufficient horizontal resolution (Wekerle et al., 2017). Sections through
the other gateways suggested generally good agreement between the mod-
eled and observed current pathways and temperature/salinity structure (not
shown).

Modeled Arctic velocity fields (fig. 4) reproduce the major features of
Arctic circulation, including the cyclonic boundary circulation originating in
Fram Strait, the anticyclonic Beaufort Gyre, and the transpolar drift (Rudels
et al., 2004; Armitage et al., 2017; Nguyen et al., 2021). 2017 UH8to2 sur-
face velocities are in a similar range to velocity estimates from the 2017
ASTE (Nguyen et al., 2021), although velocities are somewhat larger and
show more eddy variation, likely due to the higher resolution of the UH8to2
model allowing more developed mesoscale dynamics. Modeled velocities in
the central Arctic were modest (a couple centimeters per second), except in

1(Woodgate, 2018)
2(Curry et al., 2014)
3(de Steur et al., 2018)
4(Schauer et al., 2004)
5(V̊age et al., 2013)
6(Smedsrud et al., 2013)
7(Woodgate, 2018)
8(Curry et al., 2014)
9Rabe et al. (2009)

10de Steur et al. (2018)
11(Münchow et al., 2006)
12(V̊age et al., 2013)
13(Segtnan et al., 2011)
14(Woodgate et al., 2012)
15(Schauer et al., 2004)
16(Curry et al., 2014)
17(Smedsrud et al., 2013)
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boundary currents at the basin’s margin and along the Chukchi slope (north
of Alaska), where they at times exceeded 10 cm/s.

3.2. Sea Ice

Sea ice mediates exchanges of heat, fresh water, and momentum be-
tween the atmosphere and ocean, and is itself impacted by both atmospheric
and oceanic forcing. Monthly total sea ice extent (fig. 5a and b), defined
as the sum of the area of the grid cells in which sea-ice concentration is
greater or equal to 15%, is compared between the UH8to2 simulation and
from a compilation of satellite observations, including the Scanning Multi-
channel Microwave Radiometer (SSMR), Special Sensor Microwave/Imager
(SSM/I), and Special Sensor Microwave Imager/Sounder (SSMIS), processed
using both bootstrap and NASA Team algorithms (Stroeve and Notz, 2018).
In December through February, UH8to2 total sea ice extent closely follows
observations, with the simulated and observed February maximum sea ice
extent agreeing well. In March through June, the UH8to2 values are slightly
larger than observed, while in August through October the simulated total
sea ice extent is significantly lower than observed values. The UH8to2 mean
September minimum is roughly 1.5 ×106 km2 or 1.8 ×106 km2 lower than
that obtained from the bootstrap or NASA Team algorithms, respectively.
Using the standard error from each of the bootstrap and NASA Team time
series to define the 95% significance level, the spring excess was only signifi-
cant in May and June of 2018 and 2020, while UH8to2 values lie outside of
the observational error bounds in August through October of all years.

Over 2017-2020, satellite observations found a negative trend in total sea
ice extent (fig. 5c). This trend was represented well by the UH8to2 model,
with the model trend lying between the two different estimates from the
NASA and bootstrap algorithms. Anomalies from the seasonal means were
also captured well by the model, with only small differences between the
modeled and observed anomalies.

Similarly, monthly-averaged sea ice concentration (fig. 6; over areas with
at least 15% concentration) shows good agreement with SSM/I observations
in April of 2020, however as the year progresses model ice is lost too quickly
relative to observations. By June 2020, the ice edge is realistic but concentra-
tions are about 10% lower in the Pacific sector and in parts of the Eurasian
basin south of 80◦ N. In September 2020, the UH8to2 ice edge has retreated
further than in satellite observations, and ice concentration over the modeled
ice cap is too low. In October 2020, UH8to2 concentrations are largely in
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agreement with observations but the ice edge is still somewhat less extensive
in the central Arctic than in observations. By November 2020, the ice extent
is very realistic but sea ice concentrations are biased low in the Eurasian
basin south of 80◦ N. These biases appear in all years, but are most dramatic
in 2020, which had the lowest summer sea ice extent of all four years in both
the model and observations.

Monthly sea-ice thickness from the UH8to2 model and CryoSat-2 show
simulated sea-ice thicknesses that are generally thinner than observed (fig. 7).
October 2019 through March 2020 are shown, as biases in thickness increased
during the four year model period, and this was the last full winter over
which the simulation was run. These differences are especially pronounced
in October through December. In these months, observed ice is thicker over
the entire ice cap by 0.5-2.0 m, except for a slim band north of Greenland
where the model is up to 0.5 m thicker. The largest discrepancies occur in
the central and eastern Arctic. In February through March 2020, simulated
sea-ice thicknesses are about 0.5-1.0 m thinner than the observations in the
central Arctic and Eurasian basins, whereas in the western Arctic and just to
the north of the Canadian Archipelago the model fields are about 0.25-0.5 m
thicker. Biases are at a minimum in January. The low thickness biases in the
model from October through December indicate a delay in the freeze cycle
relative to observations in the Eurasian Basin and central Arctic. CryoSat-2
thickness estimates agree with in situ observations with errors in the range of
0.5-10 cm, however, errors in radar retrieval can be as large as 40 cm (Giles
et al., 2007; Center for Polar Observation and Modelling Data Portal, 2022)

In summary, UH8to2 sea ice shows a realistic seasonal cycle and accu-
rately captures anomalies over the four year model run, however it tends
to be biased towards low extent and concentration in summer months and
low thickness in winter months. These biases occurs throughout the Arctic
with the exception of the region just north of Greenland and the Canadian
Archipelago, and are most dramatic in the central and eastern Arctic, where
winter thickness is particularly reduced.

3.3. Hydrography

Due to the Arctic Ocean’s salinity-dominated stratification, hydrographic
structure determines where oceanic heat is stored in the basin and how acces-
sible it is to the surface. In this section we examine the model representation
of the major reservoirs of subsurface Arctic heat, Atlantic Water and Pacific
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Summer Water, as well as the model’s representation of near-surface stratifi-
cation. These oceanic features play a key role in determining how subsurface
water masses influence ice-ocean processes. We contrast the model’s repre-
sentation of these water masses to the WOA18 climatology and synoptic ITP
profiles.

3.3.1. Arctic hydrographic structure

A vertical section through the Arctic Ocean, chosen to sample the major
Arctic water masses, was compared between the four-year averaged UH8to2
model and WOA18 climatology (fig. 8). Both the climatology and the model
output show a halocline-stratified Arctic Ocean, with consistent regional pat-
terns. The eastern Arctic is warmer and saltier, while the Beaufort gyre-
influenced western Arctic is cooler and fresher, with the transition between
basins occurring near the north pole at the Lomonosov ridge. Subsurface
Atlantic Water appears in both the UH8to2 model and WOA18 climatology,
and is shallower and warmer in the eastern Arctic than in the west.

Differences between the UH8to2 model and climatology become apparent
in this comparison as well. The UH8to2 Atlantic Water is warmer than in the
WOA18 climatology in both the western and eastern Arctic (fig. 8 a, b and
c). The UH8to2 model additionally lacks the subtle sub-surface temperature
maximum between 50-100 m depth in western Arctic. This temperature max-
imum is associated with Pacific Summer Water (Timmermans et al., 2014).
The strength of the halocline stratification also differs between the model and
climatology, with the UH8to2 model exhibiting a saltier surface and fresher
subsurface in the upper 100 m of the western Arctic, where Ekman conver-
gence associated with the Beaufort Gyre results in a concentration of surface
fresh water (fig. 8 d, e and f, Proshutinsky et al. (2019)). As salinity controls
stratification in this region, the effect is reduced stratification in the upper
ocean in the UH8to2 model relative to the WOA18 climatology. These differ-
ences, and their implications for heat storage and transport in the modeled
Arctic, will be explored further in the following sections.

During the years of the model run, 25 ITPs were deployed in the Arctic
Ocean, primarily in the western Arctic (Table 1), providing a basis for com-
paring the UH8to2 model with concurrent observations. We approach this
comparison in two ways: first, instantaneous ITP observations are compared
to mean model fields. For this comparison, we use the four-year mean for
modeled Atlantic Water depth, Atlantic Water temperature, the four-year
September mean for Pacific Summer Water temperature, and the four-year
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mean over January through March of the model mixed layer depths (fig. 10).
This method allows for us to understand the ITP observations in the con-
text of larger scale spatial patterns, with the disadvantage that we compare
instantaneous observations with mean model fields. As a second approach,
we compare observed ITP profiles with the daily average model characteris-
tics at the time and location the ITP profile was initiated. While this still
necessitates comparing a pointwise observation with a model value from a
finite-sized grid cell and over a daily average, the sampling strategy between
the observed and modeled ocean is much more similar. We consider “aver-
age profiles” over the eastern and western Arctic across both the modeled
and observed ITP deployments (fig. 11). We additionally note that multiple
factors may contribute to differences between observed and modeled profiles;
for instance, ice may be present at the location of an observed ITP profile
but absent in that model location, or vice versa. However, larger-scale hy-
drographic patterns are consistent across both methods of model-observation
comparison.

3.3.2. Atlantic Water

Considering the basin-wide signatures of Atlantic Water in the UH8to2
model compared to the WOA18 climatology (fig. 9), we find that Atlantic
water is shallower (fig. 9 a and d), warmer (fig. 9 b and e), and saltier than
in the climatology (fig. 9 c and f). Here 2020 annual averages are compared
to the climatology, as biases were largest in this year. These discrepancies
appear throughout the Arctic. Some of these differences may be attributable
to ongoing climate change; one of the signals of climate change is a warming
Arctic, and the increased heat and salinity contained in Atlantic water has
been previously documented (Polyakov et al., 2017, 2018). Observational
data used to create this climatology may not reflect the very recent condi-
tions of this model run as the WOA18 uses observations from 2005-2017. To
determine whether this is a true model bias or an accurate reflection of con-
tinuing climate change, we compare the UH8to2 model with available ITP
observations from the years over which the model was run.

The four-year averaged UH8to2 Atlantic Water is also shallow and warm
relative to the ITP observations (fig. 10a and b and fig. 11a and b). The
smallest biases are observed in the western Arctic. Here observations find
Atlantic Water around 300 m depth, while it is generally shallower in the
UH8to2 model, around 250 m. Temperature discrepancies between the model
and observations are approximately 0.5 ◦C. In the eastern Arctic, UH8to2
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Atlantic Water is shallower, 100-150 m beneath the surface, with observations
in the 150-200 m range. Mean temperature discrepancies between the model
and observations in the eastern Arctic are over 1 ◦C, and discrepancies of
2-3 ◦C are sometimes observed. This bias was apparent in the model initial
conditions but worsened over time, with the biggest discrepancies occurring
later in the model run (not shown). A full investigation into the source of
this bias is beyond the scope of this work.

3.3.3. Pacific Summer Water

In much of the literature, Pacific Summer Water is described as an in-
termittent temperature maximum of around -0.5 to 0 ◦C (Shimada et al.,
2001; Steele et al., 2004; Timmermans et al., 2014, 2018). In the WOA18
climatology this temperature maximum appears, but is quite subtle (fig. 8b).
However, in the synoptic ITP data from 2017-2020, maximum temperatures
from 40-100 m depth are frequently over 0 ◦ C (fig. 10c), significantly warmer
than the four-year model mean. Mean temperature profiles from the western
Arctic ITP profiles show a distinct peak in temperature around 65 m depth
(fig. 11a). In contrast, the model output lacks a significant Pacific Summer
Water temperature maximum, with maximum temperatures in this depth
range in the western Arctic of generally less than -1 ◦C. There is no subsur-
face temperature maximum in the mean western Arctic UH8to2 temperature
profile shallower than the depth range of the Atlantic Water.

3.3.4. Mixed layers

Arctic mixed layers are shallow in summer as ice melt increases near-
surface stratification, and deepen in winter due to storm-driven wind forcing
and brine rejection as the ice cover freezes (Peralta-Ferriz and Woodgate,
2015). As mixed layers deepen in winter, heat in the warm Pacific and At-
lantic water masses may be entrained into the surface layer. Winter mixed
layer depths in the model are generally deeper than ITP observations, partic-
ularly in the western Arctic (fig. 10d, Table 3), with discrepancies of 20-30
m. Histograms of winter mixed layer depth from observed and modeled
ITP profiles show clear separation between the modeled and observed winter
mixed layers in both the eastern and western Arctic (fig. 12a,b). The mean
observed winter mixed layer depth in the western Arctic is 46 m (standard
deviation 7 m), while the winter mean modeled mixed layer depth in the
western Arctic reaches 85 m (standard deviation 10 m). There is a similar
but slightly smaller discrepancy in the eastern Arctic, with an observed win-
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ter mixed layer mean of 43 m (standard deviation 9 m) and a modeled mean
of 77 m (standard deviation 5 m). During the summer, this discrepancy
vanishes, with modeled and observed means agreeing to within 10 m in both
the eastern and western Arctic.

To summarize, in examining both climatologies and simultaneous ITP
data, we find that the UH8to2 modeled water column has a realistic struc-
ture, with halocline stratification, a persistent Atlantic Water temperature
maximum, and is fresher and cooler in the western Arctic compared to east-
ern basin (fig. 8). Some biases in the UH8to2 simulation are observed, in
particular:

• Modeled UH8to2 Atlantic Water is warmer and shallower than in both
the WOA18 climatology and ITPs, particularly in the eastern Arctic.
(fig. 8, 9, 10, and 11).

• The model is largely lacking Pacific Summer Water, which appears as
a striking temperature maximum in ITP observations (fig. 8, 10, and
11).

• Model winter mixed layers are deeper than in observations, particularly
in the western Arctic. This discrepancy is associated with a generally
weaker salinity gradient, leading to lower upper ocean stratification
(fig. 8, 10 and 12).

In the next section we examine the implications of these biases for ice-ocean
interactions.

4. Ice-Ocean Interactions

The Arctic ocean plays a key role in mediating sea ice growth and melt,
with approximately half of sea ice melt driven by oceanic heat fluxes (Car-
mack et al., 2015). Additionally, the Arctic climate is potentially sensitive to
positive feedbacks between the ice and ocean. These feedbacks are all associ-
ated with oceanic heat fluxes which melt excessive sea ice, leading to further
consequences for the ice-ocean-atmosphere system. Thus, a key goal of this
work is to understand how the ocean model biases identified in hydrographic
structures impact ice-ocean heat fluxes. This effect is most noticeable in the
winter, when mixed layers deepen so that ocean interior properties can di-
rectly affect the surface. In the four-year monthly average, ice grows during
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the winter due to strong atmospheric cooling, and melts during the summer
as both the ocean and atmosphere provide heat to the ice (fig. 13; note
that in the upper panel curves stack). During the summer melting season,
melting is about equally partitioned between top and bottom melt (fig. 13a,
c, and e). However, even in the winter months there is a modest loss of
sea ice due to bottom melt. This effect is particularly strong in the eastern
Arctic (fig. 13a). Considering heat fluxes to the ice, we see the atmosphere
generally acts to cool the ice, with the exception of the months of June and
July, when the atmosphere provides a positive heat flux to the ice (fig. 13b,
d, and f). Conversely, the ocean is always a source of heat to the ice, with
peak ocean warming occurring in the summer, when thin or patchy ice al-
lows for insolation of the upper ocean, which can then transfer heat to the sea
ice. However, a smaller local maximum in the ocean warming occurs during
the winter months. Once again this effect is strongest in the eastern Arctic,
with ocean-ice heat fluxes exceeding 10 W m−2 in January and February
(fig. 13b). It is this winter oceanic heating of sea ice that is likely to be
most sensitive to discrepancies in the ocean interior. A warmer upper ocean,
combined with deeper winter mixed layers, leads to increased quantities of
oceanic heat available to the deepening winter mixed layer. Heat within the
mixed layer is then available to melt or reduce growth of winter sea ice, so
that oceanic biases may cause biases in model sea ice volume and extent, as
appear in comparisons between the UH8to2 ice representation and satellite
observations (fig. 5, 6, and 7).

The ice-ocean-atmosphere system is complex and includes mechanisms for
both positive and negative feedback, so that there are many possible causes
of these biases. However, the aim of this section is to examine the potential
impact of the wintertime oceanic processes that regulate sea ice growth and
melt in the model relative to observations in order to better understand the
climate implications of the oceanic biases discussed in Section 3.4. We begin
by considering representative ITP deployments in the eastern and western
Arctic over the winter season. These deployments demonstrate the seasonal
changes in upper ocean heat content, stratification, and mixed layer depth
in each basin.

4.1. Seasonal evolution of the upper ocean in ITP deployments

Example ITP deployments show two separate scenarios for how biases in
the UH8to2 fields influence representations of ice-ocean heat flux as mixed
layers deepen during winter in the eastern and western Arctic. A deployment
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in the eastern Arctic shows differences between the model and observed ITP
deployment (fig. 14). In both the observed and UH8to2 deployment, a sur-
face mixed layer near the freezing temperature deepens in October through
April (fig. 14b and c). In the observations, this cold mixed layer (red line) lies
above a cold halocline layer, with more stratified water beneath the mixed
layer still near the freezing temperature. This cold halocline layer extends
from the mixed layer to about 100 m depth, and separates the deepening
mixed layer from the heat contained in warm Atlantic Water fig. (14e). In
the UH8to2 deployment, the cold mixed layer is initially deeper than the
observed mixed layer, and reaches greater depths as the winter progresses
(fig. 14c and f). While there is some stratified cool water beneath the mixed
layer, this modeled cold halocline is very thin (fig. 14f). Additionally, the
UH8to2 Atlantic Water is warmer than observed (fig. 14c). These discrep-
ancies suggest that the cold halocline structure which serves as a barrier
to prevent entrainment of Atlantic-origin heat into the mixed layer is likely
less effective in the model, potentially allowing increased mixed-layer heat
entrainment.

In the western Arctic (fig. 15), mixed layer depths show a similar discrep-
ancy as in the eastern Arctic, with deeper UH8to2 mixed layers in October,
which proceed to deepen further in the winter (fig. 15b and c). However,
the water column structure in the western Arctic is different from the east.
In observations, the Pacific Summer Water temperature maximum is clearly
apparent at depths of 50-75 m (fig. 15b). In the UH8to2 deployment, much
less heat is found at these depths (fig. 15c). By April the UH8to2 mixed
layer reaches depths of 100 m, and is near the freezing temperature, sug-
gesting that any heat above 100 m was entrained into the deepening winter
mixed layer. The UH8to2 deployment additionally shows very low stratifica-
tion above this depth compared to the observations (fig. 15e and f). While
there is more heat above 100 m in the observed temperature section, which
could potentially be entrained into the mixed layer, the observed mixed layer
never deepens into the stratified Pacific Summer Water temperature maxi-
mum. Thus the ultimate effect on biases in modeled and observed heat flux
from the ocean to overlying ice in this section is less straightforward.

4.2. Upper ocean heat and freshwater content

Comparing ITP observations with synoptic model profiles in both the
eastern and western Arctic suggests that the patterns observed in individual
deployments are robust. Here we consider mean temperature and salinity
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profiles in the ocean shallower than 100 m, below which oceanic properties
show little seasonal variation, in October and March (fig. 16). These months
were chosen as representative of the start and end of the freezing period. A
caveat in the eastern Arctic is that while numerous profiles were collected
in each season, the spatial distribution of sampling was strongly biased, as
three ITPs were released in the central Arctic in the late summer and then
drifted toward Fram Strait over the following months, so that temporal dif-
ferences cannot be examined without also considering the influence of spatial
inhomogeneity. However, persistent patterns occur, as follows.

In the eastern Arctic, we find that the warmer and shallower UH8to2
Atlantic Water results in warmer October temperatures in the upper 100 m
relative to ITP observations (fig. 16a). The UH8to2 salinity has a weaker gra-
dient in the model relative to observations (fig. 16e). In March, the difference
between observed and modeled mean temperature profiles is much smaller,
as both have a mixed layer near the freezing temperature that extends to 80
m depth (fig. 16b). The discrepancy between UH8to2 and observed salinity
is smaller in March, with a saltier observed mixed layer (fig. 16f). In the
western Arctic, we find a more persistent temperature difference between the
UH8to2 model and ITP observations, as the Pacific Summer Water temper-
ature maximum centered around 60 m depth is seen in both October (fig.
16c) and March (fig. 16d) observations, but absent in the UH8to2 profiles
(fig. 16 c and d). This temperature maximum is associated with a persis-
tent halocline (fig. 16g and h), although the observed mixed layer is more
saline in March than in October. In observations, the cold winter mixed
layer in the Western Arctic only reaches about 40 m depth. Conversely, the
UH8to2 model lacks the Pacific Summer Water temperature maximum, and
has a much deeper winter mixed layer, which extends to approximately 80
m depth. Salinity gradients are weaker in the UH8to2 model than in ITP
observations; the model also lacks the Pacific halocline.

These differences lead to discrepancies in upper ocean heat content be-
tween the UH8to2 model and ITP observations (Table 4). These differences
are associated with the potential to melt significant amounts of sea ice (Ta-
ble 5, see methods). Considering the integrated heat content above 100 m
in the eastern Arctic, we find more upper ocean heat in the UH8to2 model
than in the observations, associated with a warmer and shallower Atlantic
Water temperature maximum. The UH8to2 heat content would be sufficient
to melt 62 cm of ice per m2 of surface area if it were brought entirely to the
ocean surface, while the observed heat content could melt only 33 cm of ice
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per m2. In both the UH8to2 and observed deployments, more heat is found
in October, when the cool mixed layer is shallower (∼30-40 m) compared to
March, when the mixed layer is around ∼80 m depth. However, the differ-
ence in heat content between October and the following March is bigger in
the UH8to2 mean relative to observations. In the model, the change in heat
content from October to March would be sufficient to melt 41 cm of ice per
m2, while the observed difference in heat content could only melt 18 cm of ice
per m2. This supports the hypothesis that the relatively warm and shallow
Atlantic layer in the model results in increased entrainment of oceanic heat
into the mixed layer, potentially weakening the winter sea ice in the eastern
Arctic.

In the western Arctic, ocean heat content in the upper 100 m is greater
in observed profiles than in the UH8to2 simulated counterparts, with the
difference being sufficient to melt 70 cm of sea ice per m2. However, the
seasonal evolution of the observed and modeled temperature profiles are very
different. In observations, the winter mixed layer stays above 40 m depth
in March, allowing the majority of heat associated with the Pacific Summer
Water temperature maximum to remain insulated from the ocean surface.
In contrast, the model mixed layer reaches nearly 80 m of depth in March.
Comparing the difference in heat content in the upper ocean in both the
models and observation from March to October, we find that the change
in heat content over this time period is approximately equal in both the
model and observations, with both temperature profiles losing enough heat
to melt 31 cm of ice per m2. Thus, while the upper ocean dynamics are very
different between the model and observations, the impact on ice ocean fluxes
is apparently identical. For reference, the average integrated UH8to2 bottom
melt rate from November through February is 3.4 cm in the western Arctic
and 25 cm in the east. Not all available heat melts ice, as some may be used
to warm ice to the freezing temperature, lost to the atmosphere, or advected
laterally.

In both the eastern and western Arctic, the UH8to2 mixed layer deep-
ens more than in the synoptic observations. To understand the mechanism
driving this deepening, we consider two potential factors: the net surface
freshwater flux and the ice-ocean stress (scaled here by the ice concentra-
tion). In both the eastern and western deployments, the net surface fresh-
water flux is mostly negative, reflecting the loss of surface fresh water to
sea ice formation. In other words, the upper ocean salinity increases due
to brine rejection. Brine rejection results in increased density of the surface
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mixed layer, potentially leading to convection that causes the mixed layer to
deepen. An additional process which may deepen the ocean mixed layer is
wind forcing. In the ice-covered ocean, storms result in inertial oscillations
within the sea ice (Brenner et al., 2021; Cole et al., 2018). The 20 minute
coupling of the ice, ocean, and atmospheric fields in the UH8to2 allows realis-
tic inertial oscillations to develop (Roberts et al., 2015). As the ocean mixed
layer responds to the stress induced by the sea ice, shear at the base of the
mixed layer increases. This shear can lead to instabilities, and ultimately
cause deepening of the mixed layer.

Generally speaking, the wintertime increase in the mixed layer depth is
weakly negatively correlated with the modeled net surface freshwater flux
and weakly positively correlated with the magnitude of modeled ice-ocean
stress (the ITP observations do not have flux measurements, so we rely solely
on the model for this analysis). Fig. 17a shows how these three terms vary
over the two example ITP deployments discussed in Section 4.1. There are
17 modeled ITP deployments in the western Arctic and four in the eastern
Arctic which have at least 20 profiles between October and March of the
following year. For each of these deployments we calculate the partial cor-
relation coefficient for the change in mixed layer depth with the net surface
freshwater flux (controlling for the effect of ice-ocean stress magnitude), as
well as the partial correlation between the change in mixed layer depth and
ice-ocean stress magnitude (controlling for the effect of net surface freshwater
flux; fig. 17b). All terms are smoothed over a 7-day interval. In the western
Arctic, the mean partial correlation coefficient between the change in mixed
layer depth and the surface freshwater flux is -0.12 (95% CI: -0.23 to -0.01
across all 17 deployments). The strength of the partial correlation between
the change in mixed layer depth and ice-ocean stress magnitude (controlling
for the effect of net surface freshwater flux) is comparable, with a mean value
of 0.1 (95% CI: 0.004 to 0.20). In the eastern Arctic, the lack of data makes
statistical analysis challenging, however the range of values suggests even
weaker correlations than those seen in the western Arctic. This regional dis-
crepancy may be the result of increased lateral inhomogeneity in the eastern
Arctic, so that some changes in mixed layer depth occur due to the sampling
pattern of the ITP rather than the local forcing. These results suggest that
both brine rejection and ice-ocean stress contribute to mixed layer deepen-
ing in both the eastern and western deployments, although neither process
accounts for the majority of the variability in mixed layer depth.
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5. Summary

The main goal of this work was to compare the UH8to2 Arctic ocean
and sea ice simulation with contemporaneous observations and climatology,
with an eye towards understanding the influence of model biases on ice-ocean
interactions. In this comparison, we found that the UH8to2 model provides
high-resolution quasi-realistic Arctic circulation, gateway fluxes, water mass
distribution, and sea ice, with

• major current pathways that agree with observations and high eddy
activity in the ice-free ocean

• gateway fluxes of volume, fresh water, and heat within a standard de-
viation of observations

• realistic seasonal cycle in sea-ice extent and thickness

• water mass distribution showing general vertical and spatial structure
in agreement with climatology.

While the overall assessment shows promise, several model biases exist.
These include

• sea ice extent and concentration biased low in the summer and fall,
particularly in the eastern Arctic

• sea ice thickness persistently biased low, with the largest biases occur-
ring in the eastern and central Arctic in the late fall

• Atlantic Water is shallow and warm relative to both climatology and
ITP observations

• Pacific Summer Water, which appears in climatology and more dra-
matically in ITP observations, is largely absent in the UH8to2 model.

• Model stratification is weaker than that of observations and climatol-
ogy.

We suggest that the model biases in sea ice extent, concentration, and
thickness are linked to the model biases in stratification and upper ocean heat
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content, with overly deep winter mixed layers related to weak model strat-
ification entraining heat from an overly warm and shallow Atlantic Water
mass, particularly in the eastern Arctic. These linked processes may acceler-
ate each other through positive feedbacks, including both the brine rejection
feedback and the ice-wind-ocean feedback mechanism.

6. Discussion

In reviewing the results of the present study, we consider three main
angles. First, we discuss the issue of climate feedbacks, their representation
in the UH8to2 model, and the climate impacts of model biases. Secondly, we
consider these results in the context of other Arctic modeling studies. Finally
we discuss areas for future research.

6.1. Climate feedbacks and impacts

In the UH8to2 model, a bias towards low sea ice conditions can be par-
tially explained with reference to ocean biases in the eastern Arctic. Both
the brine rejection feedback, in which excess ice melt leads to excess freeze up
in the late fall, resulting in too much brine rejection and thereby deepening
ocean mixed layers, and the wind-ice-ocean feedback, in which reduced sea
ice leads to increased momentum transfer into the upper ocean, leading to
excess ocean mixing, would lead to similar effects that are consistent with the
UH8to2 model. These effects include overly deep winter mixed layers and
overly weak upper ocean stratification. Both effects occur throughout the
UH8to2 Arctic. However, in the western Arctic, upper ocean biases in strat-
ification are not associated with significant discrepancies in the heat content
available to melt ice, due to offsetting errors between a deeper model winter
mixed layer and less model heat storage above 80 m depth. Thus in this
region, the full feedback loop doesn’t apply, since deeper model mixed layers
do not result in meaningfully-increased ocean-ice heat fluxes. Even though
upper ocean biases in temperature, salinity, and stratification exist in the
western Arctic, these biases are not a likely cause of the reduced model ice
observed in the western Arctic.

We find that both freshwater fluxes and ice-ocean stress are weakly corre-
lated with changes in winter mixed layer depths, suggesting that both brine
rejection and shear instability contribute to mixed layer deepening in the
model. Both a brine-rejection feedback and a wind-ice-ocean feedback thus
have the potential to be active in the UH8to2 simulation. However, overly
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deep mixed layers may also be caused by initial conditions with insufficient
stratification, or due to difficulty in representing Arctic stratification with
limited vertical levels. Arctic summer mixed layers are frequently less than
10 m deep (Peralta-Ferriz and Woodgate, 2015), so that realistic representa-
tion of both the deepening of mixed layers in the fall and early winter, and the
strong stratification at the base of these mixed layers, is very limited given
that the UH8to2 vertical grid has a minimum cell height of 10 m. These
potential sources of errors are additional explanations for the overly deep
UH8to2 winter mixed layers, and associated elevated vertical heat fluxes,
that do not invoke a feedback mechanism. Once the model is in a state with
relatively weak stratification, the barrier to deepening winter mixed layers
is reduced, so that forcing the model with appropriate surface fluxes will be
insufficient to create a realistic upper ocean seasonal stratification profile.
The advection and diffusion terms necessary to close a full mixed layer heat
budget (Delman et al., 2018) were not saved in this model run. Quantifying
the contribution of each heat budget term to the mixed layer evolution could
be a subject for future study.

Throughout this analysis, we have focused on the effect these mixed layer
biases have on ice-ocean heat exchanges. However, the overly deep winter
mixed layers have other implications as well. Observational studies indicate
warm Pacific Water enters the Beaufort Sea via Barrow Canyon, the Beaufort
Shelfbreak Jet, and the Chukchi Slope Current, and is transported by eddies
and intrusions into the basin (Corlett and Pickart, 2017; Boury et al., 2020;
Lin et al., 2021; Fine et al., 2018; MacKinnon et al., 2021; Fine et al., 2022).
The UH8to2 circulation has good representations of these boundary currents
(fig. 4), which carry warm water in the simulation (fig. 10c). This warm wa-
ter additionally appears as a passive tracer, showing the separation of eddies
from the Chukchi Slope Current (fig. 10c). UH8to2 sections through Barrow
Canyon and the Bering Strait also show realistic distributions of heat (not
shown). We therefore conclude that the pathways of warm Pacific inflowing
water are reasonably well-represented within the UH8to2 simulation. Thus
although the lack of a UH8to2 Pacific Summer Water temperature maximum
could be attributed to circulation processes not captured by the model, it
is far more likely that the deeper-than-observed winter mixed layer depths
in the model result in the loss of this Pacific-origin heat to the atmosphere
and sea ice at the ocean’s surface, preventing its accumulation over decadal
timescales (Timmermans et al., 2018). The lack of the Pacific subsurface
temperature maximum has implications for sound speed estimates, lateral
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temperature variability, and upper ocean heat content in the UH8to2 simu-
lation.

Insofar as the Arctic ocean is sensitive to ice-ocean feedbacks, there is the
risk that relatively small initial model biases will lead to increasingly large
discrepancies between model and observation, limiting predictive capacity.
This concern is of particular relevance given that many other biases can oc-
cur in the model throughout the year. Much attention has been given to the
ice-albedo effect, in which early ice melt leads to increased insolation through
the summer months, which warms the ocean’s surface, allowing for more ice
to melt. Additionally, late freeze-up in the fall leads to less snow accumula-
tion over the winter, which in turn allows for earlier ice melt (Derksen and
Brown, 2012), and early sea ice melt leads to increased ocean evaporation
(Boisvert et al., 2015). As well as leading to enhanced atmospheric water
vapor, evaporation decreases upper ocean stratification and could result in
deeper mixed layers. All of these feedbacks may operate simultaneously, so
that in the worst case scenario relatively small biases in winter mixed-layer
deepening processes can lead to a worse summer sea ice representation, which
then initiates other feedbacks in both the ocean and atmosphere that result
in increasing model biases (Cohen et al., 2014).

6.2. Comparisons with other studies

A number of other studies have focused on the fidelity of Arctic ice-ocean
models, or of fully-coupled models in the Arctic ocean. The model biases that
we see are within the range of other ice-ocean Arctic models (Ilicak et al.,
2016; Wang et al., 2016a; Hordoir et al., 2022; Wang et al., 2018). These
models have seen vast improvement over recent decades, with earlier models
unable to reproduce the halocline stratification observed in the Arctic to the
extent that depths from 50-200 m were almost linearly temperature stratified
in all 10 of the models used for a Model Intercomparison Project, which had
generally very different Arctic representations (Holloway and Proshutinsky,
2007). In the UH8to2 model we find insufficient halocline stratification in
the upper Arctic ocean, however this bias is greatly improved relative to the
earlier models, possibly due to changes in model ice-ocean Ekman transport
(Roberts et al., 2015). Similar biases are found in the fully coupled CESM1
and CESM2 (Rosenblum et al., 2021).

The UH8to2 model is run with ultrahigh resolution, which leads to im-
proved representation of boundary currents and eddies. However, this high
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lateral resolution does not appear to meaningfully improve upper-ocean strat-
ification, or the representation of winter deepening of mixed layers. This
is consistent with work by Chassignet et al. (2020), which found that while
higher model resolution improves representation of surface currents and inter-
nal variability, higher horizontal resolution does not always lead to improved
biases in temperature and salinity, which determine stratification. It is pos-
sible that even higher horizontal resolution is necessary to accurately model
the mixed-layer processes that restratify the upper ocean (summer mixed
layer depths of <10 m correspond to a mixed-layer Rossby number of <3
km, and even the ultrahigh resolution model does not resolve these scales).
However, there are simpler dynamics related to vertical mixing that may
also lead to this discrepancy. The vertical resolution of the model is coarse
relative to observed mixed layer depths, and the model uses the K-Profile
Parameterization (KPP) (Large et al., 1994) which is not optimized for the
Arctic where mixing rates are weaker than in the global ocean (Guthrie et al.,
2013). Zhang et al. (2016) find better representation of Pacific Summer Wa-
ter in a model with 5 m near-surface vertical resolution. It is possible that
increasing vertical resolution alone would result in some model improvement.

Discrepancies in model brine rejection relative to observations are dis-
cussed in depth by Nguyen et al. (2009), who suggest a parameterization to
account for the tendency of pockets of brine rejected by sea ice to quickly
subduct beneath the mixed layer in plumes, which result in much less mixing
than that induced by spreading the equivalent amount of salt over the full
surface of a model grid cell, which leads to full convection. Jin et al. (2018)
describe differences between a high-resolution regional Arctic model with and
without an implementation of such a brine rejection parameterization (Jin
et al., 2012; Nguyen et al., 2009) and mushy ice dynamics (Jin et al., 2012;
Nguyen et al., 2009). Including these parameterizations resulted in signif-
icant improvements in model temperature, salinity, and mixed layer depth
throughout the Arctic. Incorporating this type of parameterization would
likely reduce the tendency of the UH8to2 model to form overly deep winter
mixed layers.

6.3. Areas for future research

As the model biases we observe, particularly in representations of the
heat content, stratification, and depth of Atlantic Water and Pacific Summer
Water, are similar to those found in other forced ice-ocean models (Wang
et al., 2016b; Ilicak et al., 2016; Hordoir et al., 2022; Wang et al., 2018) and
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fully-coupled global models (Rosenblum et al., 2021), we suggest that our
qualitative conclusions likely apply to other Arctic modeling efforts. Sea ice
observations are plentiful relative to upper-ocean observations, as satellite
observing systems frequently sample the Arctic sea ice and provide high-
resolution estimates of sea ice concentration and thickness. Conversely, ocean
observations are sparse in the Arctic relative to the rest of the global ocean,
as sea ice cover limits both shipboard observing campaigns and the use of
autonomous observing systems like Argo. The result is that there is more sea
ice data available for model tuning or assimilation (e.g., Nguyen et al. (2021)).
Higher resolution models, such as the one described in this study, have the
potential to better represent inflowing water masses, boundary currents, and
the mean-eddy flow exchanges that regulate heat transport into the Arctic;
however, higher resolution models do not necessarily improve temperature or
salinity biases. A model that has an initially accurate sea ice field coupled
with an ocean with significant temperature and salinity biases is at risk of
errors in representing the ice-ocean processes that mediate ice growth and
melt cycles which compound over time, as seen in the positive feedbacks
discussed in this study. Alternatively, model biases may work out so that
the ice-ocean processes result in approximately accurate fluxes in spite of
discrepancies in the temperature and salinity in the model, as we found
in the western Arctic. Both of these scenarios can limit the utility of the
model for future climate projections. Positive ice-ocean feedbacks can lead to
errors on seasonal or interannual timescales, while the lack of Pacific Summer
Water seen in the model may lead to errors on longer interannual or decadal
timescales, if the model is unable to represent future vertical heat fluxes from
the warm interior water mass. Conversely, the simulated biases in this model
provide an opportunity to understand the physical mechanisms at work in the
model and can help in interpreting observations which are by necessity sparse
in space and time, and these biases do not preclude the model’s usefulness
for examining many other processes.

Multiple factors likely contribute to these model biases, and there are
many possible avenues to improve model representations of the Arctic up-
per ocean. Understanding the relative importance of the model limits of
vertical resolution and model mixing representations in representing the sea-
sonal cycle of upper ocean stratification and mixed layer deepening could
provide insight into possible modifications to existing models that would im-
prove the representation of these ice-ocean processes. Arctic model metrics
are frequently focused on parameters such as gateway fluxes, Atlantic wa-
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ter temperature and depth, and circulation characteristics (Holloway and
Proshutinsky, 2007; Wang et al., 2016a; Ilicak et al., 2016; Hordoir et al.,
2022); while these are all important, we suggest that summer and winter
mixed layer depths and characteristics of the Pacific Summer Water temper-
ature maximum provide essential insight into the drivers of ocean-ice heat
flux. Understanding the small-scale processes that regulate winter ocean-ice
heat fluxes is an area of ongoing research (Webster et al. (2022); Rabe et al.
(2022); Smith et al. (2022); von Albedyll et al. (2022), and many others),
and continuing to develop improved representations and parameterizations
of these processes so that models accurately simulate these important ex-
changes will help improve the accuracy of Arctic climate projections going
forward.

Acknowledgements

The study was funded by the Office of Naval Research grant N00014-19-
12674 (E. Chassignet and A. Wallcraft) and via a subcontract from FSU to
SIO (J. McClean, E.Fine, A. Craig and D. Ivanova), by the US DOE Office of
Science/BER grant DE-SC0020073 (J. McClean, E. Fine, and D. Ivanova),
and by BER Science Focus Area funding through the HiLAT project (E.
Hunke). The SSM/I satellite data was downloaded from https://polarwatch.noaa.gov/catalog/
and from ERRDAP. C. Zender (UCI) provided the NCO script to interpolate
the data to a regular grid. CryoSat2 data was made available by the Cen-
ter for Polar Observation & Modelling Data Portal/European Space Agency
(http://www.cpom.ucl.ac.uk/csopr/seaice.php). The WOA18 climatology is
provided by the National Oceanic and Atmospheric Administration National
Centers for Environmental Information (https://www.ncei.noaa.gov/access/world-
ocean-atlas-2018/). The ASTE dataset was downloaded from the National
Science Foundation Arctic Data Portal (https://arcticdata.io/catalog/portals/ASTE)
and processed using the associated Matlab toolbox. Fram Strait data is avail-
able from PANGAEA (https://doi.pangaea.de/10.1594/PANGAEA.904565).
Ice-Tethered Profiler data were collected and made available by the Ice-
Tethered Profiler Program based at the Woods Hole Oceanographic Institu-
tion (https://www.whoi.edu/itp). See also https://github.com/WHOI-ITP
for an ITP database tool available for both Matlab and Python that allows
users to search for ITP profiles in space and time. The model output de-
scribed in this analysis is available at https://doi.org/10.6075/J0XK8FQH.

We are grateful to Mat Maltrud (LANL) for his help in creating the POP

31



ultrahigh model setup, and to all the scientists and technicians involved in
the development, deployment, and processing necessary to collect satellite
and ITP observations, and in producing the ocean models and climatologies
used in this analysis. We are additionally grateful to Dmitry Dukhovskoy,
Liz Douglass, Bob Helber, Alexandra Bozec, Patrick Hogan, Xiaobiao Xu,
Sarah Gille, Theresa Morrison, Ian Eisenman, Frank Bryan, John Toole,
Wilken-Jon von Appen, Wieslaw Maslowski, Marion Alberty, Mary-Louise
Timmermans and Mike Steele for scientific support and insight.

References

Aksenov, Y., Karcher, M., Proshutinsky, A., Gerdes, R., de Cuevas, B., Gol-
ubeva, E., Kauker, F., Nguyen, A.T., Platov, G.A., Wadley, M., Watanabe,
E., Coward, A.C., Nurser, A.J.G., 2016. Arctic pathways of Pacific Water:
Arctic Ocean Model Intercomparison experiments. Journal of Geophysical
Research: Oceans 121, 27–59. doi:10.1002/2015JC011299.

von Albedyll, L., Hendricks, S., Grodofzig, R., Krumpen, T., Arndt, S.,
Belter, H.J., Birnbaum, G., Cheng, B., Hoppmann, M., Hutchings, J.,
Itkin, P., Lei, R., Nicolaus, M., Ricker, R., Rohde, J., Suhrhoff, M.,
Timofeeva, A., Watkins, D., Webster, M., Haas, C., 2022. Thermo-
dynamic and dynamic contributions to seasonal Arctic sea ice thick-
ness distributions from airborne observations. Elementa 10, 1–27.
doi:10.1525/elementa.2021.00074.

von Appen, W.J., 2019. Physical oceanography and current me-
ter data (including raw data) from FRAM moorings in the Fram
Strait, 2016-2018. URL: https://doi.org/10.1594/PANGAEA.904565,
doi:10.1594/PANGAEA.904565.
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signet, E., Coward, A.C., Curry, B., Danabasoglu, G., Danilov, S., Fer-
nandez, E., Fogli, P.G., Fujii, Y., Griffies, S.M., Iovino, D., Jahn, A.,
Jung, T., Large, W.G., Lee, C., Lique, C., Lu, J., Masina, S., George
Nurser, A.J., Roth, C., Salas y Mélia, D., Samuels, B.L., Spence, P.,
Tsujino, H., Valcke, S., Voldoire, A., Wang, X., Yeager, S.G., 2016. An
assessment of the Arctic Ocean in a suite of interannual CORE-II simula-
tions. Part III: Hydrography and fluxes. Ocean Modelling 100, 141–161.
doi:10.1016/j.ocemod.2016.02.004.

Jin, M., Deal, C., Maslowski, W., Matrai, P., Roberts, A., Osinski, R.,
Lee, Y.J., Frants, M., Elliott, S., Jeffery, N., Hunke, E., Wang, S.,
2018. Effects of Model Resolution and Ocean Mixing on Forced Ice-Ocean
Physical and Biogeochemical Simulations Using Global and Regional Sys-
tem Models. Journal of Geophysical Research: Oceans 123, 358–377.
doi:10.1002/2017JC013365.

Jin, M., Hutchings, J., Kawaguchi, Y., Kikuchi, T., 2012. Ocean mix-
ing with lead-dependent subgrid scale brine rejection parameterization
in a climate model. Journal of Ocean University of China 11, 473–480.
doi:10.1007/s11802-012-2094-4.

Krishfield, R., Toole, J., Proshutinsky, A., Timmermans, M.L., 2008. Auto-
mated ice-tethered profilers for seawater observations under pack ice in all
seasons. Journal of Atmospheric and Oceanic Technology 25, 2091–2105.
doi:10.1175/2008JTECHO587.1.

37



Kurtz, N. and Harbeck, J., 2017. CryoSat-2 Level-
4 Sea Ice Elevation, Freeboard, and Thickness, Version
1. URL: https://nsidc.org/data/RDEFT4/versions/1,
doi:10.5067/96JO0KIFDAS8.

Large, W.G., McWilliams, J.C., Doney, S.C., 1994. Oceanic vertical mixing:
A review and a model with a nonlocal boundary layer parameterization.
Reviews of Geophysics 32, 363–403. doi:10.1029/94RG01872.

Large, W.G., Yeager, S.G., 2009. The global climatology of an interan-
nually varying air - Sea flux data set. Climate Dynamics 33, 341–364.
doi:10.1007/s00382-008-0441-3.

Lavoie, J., Tremblay, B., Rosenblum, E., 2022. Pacific Waters Pathways and
Vertical Mixing in the CESM1-LE: Implication for Mixed Layer Depth
Evolution and Sea Ice Mass Balance in the Canada Basin. Journal of
Geophysical Research: Oceans 127, 1–18. doi:10.1029/2021jc017729.

Leng, H., Spall, M.A., Pickart, R.S., Lin, P., Bai, X., 2021. Origin
and Fate of the Chukchi Slope Current Using a Numerical Model and
In-Situ Data. Journal of Geophysical Research: Oceans 126, 1–19.
doi:10.1029/2021JC017291.

Lin, P., Pickart, R.S., V̊age, K., Li, J., 2021. Fate of Warm Pacific
Water in the Arctic Basin. Geophysical Research Letters 48, 1–12.
doi:10.1029/2021gl094693.

Lindsay, R., Schweiger, A., 2015. Arctic sea ice thickness loss determined
using subsurface, aircraft, and satellite observations. Cryosphere 9, 269–
283. doi:10.5194/tc-9-269-2015.

Lipscomb, W.H., Hunke, E.C., 2004. Modeling sea ice transport us-
ing incremental remapping. Monthly Weather Review 132, 1341–1354.
doi:10.1175/1520-0493(2004)132<1341:MSITUI>2.0.CO;2.

MacKinnon, J.A., Simmons, H.L., Hargrove, J., Thomson, J., Peacock, T.,
Alford, M.H., Barton, B.I., Boury, S., Brenner, S.D., Couto, N., Daniel-
son, S.L., Fine, E.C., Graber, H.C., Guthrie, J., Hopkins, J.E., Jayne,
S.R., Jeon, C., Klenz, T., Lee, C.M., Lenn, Y.D., Lucas, A.J., Lund,
B., Mahaffey, C., Norman, L., Rainville, L., Smith, M.M., Thomas, L.N.,

38



Torres-Valdés, S., Wood, K.R., 2021. A warm jet in a cold ocean. Nature
Communications 12, 1–12. doi:10.1038/s41467-021-22505-5.

McClean, J., Fine, E., Craig, A., Wallcraft, A., Chassignet, E., Maltrud, M.,
Ivanova, D., 2022. Recent Arctic Ocean changes in an ultra-high resolution
global ocean/sea-ice simulation. Abstract HL10-4706, presented at the
2022 Ocean Sciences Meeting, Online, 24 Feb-4 Mar. 2022.

Metzger, E.J., Hogan, P., Shriver, J.F., Thoppil, P.G., Douglass, E., Yu, Z.,
Allard, R.A., Rowley, C.D., Phelps, M.W., 2020. Validation Test Report
for the Global Ocean Forecast System 3 . 5 – 1 / 25º HYCOM / CICE
with Tides.

Metzger, E.J., Smedstad, O.M., Thoppil, P.G., Hurlburt, H.E., Cummings,
J.A., Wallcraft, A.J., Zamudio, L., Franklin, D.S., Posey, P.G., Phelps,
M.W., et al., 2014. US Navy operational global ocean and Arctic ice
prediction systems. Oceanography 27, 32–43.

Morrison, T., J.L., M., Gille, S., Maltrud, M., Ivanova, D., 2022. Assessing
the Impacts of the Vertical Distribution of Meltwater from the Greenland
Ice Sheet on Cross-shelf Exchange in Southern Greenland Using a Meso-
scale Eddy Resolving Ocean Model. Abstract HL08-7210, presented at the
2022 Ocean Sciences Meeting, Online, 24 Feb-4 Mar. 2022.

Münchow, A., Melling, H., Falkner, K.K., 2006. An observational estimate of
volume and freshwater flux leaving the Arctic Ocean through Nares Strait.
Journal of Physical Oceanography 36, 2025–2041. doi:10.1175/JPO2962.1.

Nguyen, A.T., Menemenlis, D., Kwok, R., 2009. Improved model-
ing of the arctic halocline with a subgrid-scale brine rejection pa-
rameterization. Journal of Geophysical Research: Oceans 114, 1–12.
doi:10.1029/2008JC005121.

Nguyen, A.T., Pillar, H., Ocaña, V., Bigdeli, A., Smith, T.A., Heimbach,
P., 2021. The Arctic Subpolar Gyre sTate Estimate: Description and
Assessment of a Data-Constrained, Dynamically Consistent Ocean-Sea Ice
Estimate for 2002–2017. Journal of Advances in Modeling Earth Systems
13, 1–49. doi:10.1029/2020MS002398.

Peralta-Ferriz, C., Woodgate, R.A., 2015. Seasonal and interannual vari-
ability of pan-Arctic surface mixed layer properties from 1979 to 2012

39



from hydrographic data, and the dominance of stratification for multi-
year mixed layer depth shoaling. Progress in Oceanography 134, 19–53.
doi:10.1016/j.pocean.2014.12.005.

Perovich, D.K., Richter-Menge, J.A., 2015. Regional variability in sea
ice melt in a changing Arctic. Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences 373.
doi:10.1098/rsta.2014.0165.

Pickart, R.S., Weingartner, T.J., Pratt, L.J., Zimmermann, S., Torres, D.J.,
2005. Flow of winter-transformed Pacific water into the Western Arctic.
Deep-Sea Research Part II: Topical Studies in Oceanography 52, 3175–
3198. doi:10.1016/j.dsr2.2005.10.009.

Polyakov, I.V., Pnyushkov, A.V., Alkire, M.B., Ashik, I.M., Baumann, T.M.,
Carmack, E.C., Goszczko, I., Guthrie, J., Ivanov, V.V., Kanzow, T., Kr-
ishfield, R., Kwok, R., Sundfjord, A., Morison, J., Rember, R., Yulin, A.,
2017. Greater role for Atlantic inflows on sea-ice loss in the Eurasian Basin
of the Arctic Ocean. Science 356, 285–291. doi:10.1126/science.aai8204.

Polyakov, I.V., Pnyushkov, A.V., Carmack, E.C., 2018. Stability of the
arctic halocline: A new indicator of arctic climate change. Environmental
Research Letters 13. doi:10.1088/1748-9326/aaec1e.

Polyakov, I.V., Rippeth, T.P., Fer, I., Alkire, M.B., Baumann, T.M., Car-
mack, E.C., Ingvaldsen, R., Ivanov, V.V., Janout, M., Lind, S., Padman,
L., Pnyushkov, A.V., Rember, R., 2020a. Weakening of cold halocline
layer exposes sea ice to oceanic heat in the eastern arctic ocean. Journal
of Climate 33, 8107–8123. doi:10.1175/JCLI-D-19-0976.1.

Polyakov, I.V., Rippeth, T.P., Fer, I., Baumann, T.M., Carmack, E.C.,
Ivanov, V.V., Janout, M., Padman, L., Pnyushkov, A.V., Rember,
R., 2020b. Intensification of Near-Surface Currents and Shear in
the Eastern Arctic Ocean. Geophysical Research Letters 47, 1–9.
doi:10.1029/2020GL089469.

Pringle, D.J., Eicken, H., Trodahl, H.J., Backstrom, L.G., 2007. Thermal
conductivity of landfast Antarctic and Arctic sea ice. Journal of Geophys-
ical Research: Oceans 112, 1–13. doi:10.1029/2006JC003641.

40



Proshutinsky, A., Krishfield, R., Toole, J.M., Timmermans, M.L.,
Williams, W., Zimmermann, S., Yamamoto-Kawai, M., Armitage, T.W.,
Dukhovskoy, D., Golubeva, E., Manucharyan, G.E., Platov, G., Watanabe,
E., Kikuchi, T., Nishino, S., Itoh, M., Kang, S.H., Cho, K.H., Tateyama,
K., Zhao, J., 2019. Analysis of the Beaufort Gyre Freshwater Content
in 2003–2018. Journal of Geophysical Research: Oceans 124, 9658–9689.
doi:10.1029/2019JC015281.
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A.J., Rabe, B., Roth, C., Salas y Mélia, D., Samuels, B.L., Spence, P.,
Tsujino, H., Valcke, S., Voldoire, A., Wang, X., Yeager, S.G., 2016b. An
assessment of the Arctic Ocean in a suite of interannual CORE-II simula-
tions. Part I: Sea ice and solid freshwater. Ocean Modelling 99, 110–132.
doi:10.1016/j.ocemod.2015.12.008.

44



Wang, Q., Wekerle, C., Danilov, S., Wang, X., Jung, T., 2018. A 4.5g
km resolution Arctic Ocean simulation with the global multi-resolution
model FESOM 1.4. Geoscientific Model Development 11, 1229–1255.
doi:10.5194/gmd-11-1229-2018.

Weatherall, P., Marks, K.M., Jakobsson, M., Schmitt, T., Tani, S., Arndt,
J.E., Rovere, M., Chayes, D., Ferrini, V., Wigley, R., 2015. A new digital
bathymetric model of the world’s oceans. Earth and Space Science 2,
331–345. doi:10.1002/2015EA000107.

Webster, M.A., Holland, M., Wright, N.C., Hendricks, S., Hutter, N., Itkin,
P., Light, B., Linhardt, F., Perovich, D.K., Raphael, I.A., Smith, M.M.,
Von Albedyll, L., Zhang, J., 2022. Spatiotemporal evolution of melt ponds
on Arctic sea ice: MOSAiC observations and model results. Elementa 10,
1–22. doi:10.1525/elementa.2021.000072.

Wekerle, C., Wang, Q., von Appen, W.J., Danilov, S., Schourup-
Kristensen, V., Jung, T., 2017. Eddy-Resolving Simulation of the At-
lantic Water Circulation in the Fram Strait With Focus on the Sea-
sonal Cycle. Journal of Geophysical Research: Oceans 122, 8385–8405.
doi:10.1002/2017JC012974.

Woodgate, R.A., 2018. Increases in the Pacific inflow to the Arctic from 1990
to 2015, and insights into seasonal trends and driving mechanisms from
year-round Bering Strait mooring data. Progress in Oceanography 160,
124–154. doi:10.1016/j.pocean.2017.12.007.

Woodgate, R.A., Weingartner, T.J., Lindsay, R., 2012. Observed increases
in Bering Strait oceanic fluxes from the Pacific to the Arctic from 2001 to
2011 and their impacts on the Arctic Ocean water column. Geophysical
Research Letters 39, 2–7. doi:10.1029/2012GL054092.

Yeager, S., Karspeck, A., Danabasoglu, G., Tribbia, J., Teng, H., 2012.
A decadal prediction case study: Late twentieth-century north Atlantic
Ocean heat content. Journal of Climate 25, 5173–5189. doi:10.1175/JCLI-
D-11-00595.1.

Zhang, J., Steele, M., Runciman, K., Dewey, S., Morison, J., Lee, C.,
Rainville, L., Cole, S., Krishfield, R., Timmermans, M.L., Toole, J., 2016.
The Beaufort Gyre intensification and stabilization: A model-observation

45



synthesis. Journal of Geophysical Research: Oceans 121, 7933–7952.
doi:10.1002/2016JC012196.

46



a)

b)

c)

d)

e)

f)

WOA ICs

AW
 D

ep
th

AW
 T

em
p

PS
W

 T
em

p

Figure 2: Comparisons between the WOA18 (2005-2017) climatology (a,b,c), UH8to2
initial conditions (d,e,f), and ITP profiles from 2017-2020 of (top) Atlantic Water Depth
(m), (middle) Atlantic Water Temperature (◦C), and (bottom) Pacific Summer Water
temperature (◦C)
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Table 1: ITP deployments that overlapped with the 2017-2020 model run. Dates are given
of the first and last overlapping profiles. The total number of profiles refers to the number
which overlapped with the model run.

ITP # First profile Last profile Region Data Status # profiles
93 1-Jan-2017 3-Jan-2017 Eastern Arctic Level 2 7
94 8-Oct-2019 19-Aug-2020 Eastern Arctic Level 3 481
95 12-Apr-2017 6-Jan-2018 Eastern Arctic Level 3 1075
97 1-Jan-2017 5-Oct-2017 Beaufort Sea Level 3 554
99 1-Jan-2017 21-Jan-2017 Beaufort Sea Level 3 40
100 19-Sep-2017 15-Dec-2017 Beaufort Sea Level 3 174
101 17-Sep-2017 26-Mar-2018 Beaufort Sea Level 3 380
102 11-Oct-2019 26-Mar-2018 Eastern Arctic Level 3 2142
103 3-Oct-2018 12-Oct-2019 Beaufort Sea Level 3 6621
104 6-Oct-2018 29-Aug-2019 Beaufort Sea Level 3 6223
105 8-Oct-2018 29-Aug-2019 Beaufort Sea Level 3 6062
107 19-Sep-2018 23-Sept-2019 Beaufort Sea Level 3 738
108 18-Sep-2017 8-Sept-2018 Beaufort Sea Level 3 1000
109 22-Sep-2018 15-Dec-2018 Beaufort Sea Level 3 167
110 21-Sep-2018 7-Aug-2019 Beaufort Sea Level 2 638
111 7-Oct-2019 5-Aug-2020 Eastern Arctic Level 3 604
112 24-Sep-2019 12-Nov-2019 Beaufort Sea Level 3 95
113 20-Sep-2019 30-Dec-2020 Beaufort Sea Level 2 5347
114 22-Sep-2019 30-Sept-2020 Beaufort Sea Level 2 4404
116 22-Aug-2019 2-Jan-2020 Central Arctic Level 2 528
117 21-Sep-2019 2-Jan-2020 Beaufort Sea Level 2 204
118 22-Sep-2019 2-Jan-2020 Beaufort Sea Level 2 202
119 20-Sep-2019 1-Jan-2020 Beaufort Sea Level 3 205
120 23-Sep-2020 30-Dec-2020 Beaufort Sea Level 2 391
121 21-Sep-2020 30-Dec-2020 Beaufort Sea Level 2 199
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Figure 3: Stratification (rad2 s−2) and mixed layer depths over two example ITP deploy-
ments as follows: a) ITP 111 (eastern Arctic), observed; b) ITP 111 (eastern Arctic),
modeled; c) ITP 114 (western Arctic), observed; and d) ITP 114 (western Arctic), mod-
eled. The three lines represent mixed layer depths calculated using a threshold difference
in δσ of 0.1 (green), 0.25 (white), and 0.5 (red) kg m−3. Throughout the rest of the study,
δσ = 0.5 kg m−3 is used to define the mixed layer depth, as this value agreed best with the
evolution of the deepening peak in N2 through the winter, especially in the model fields
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Table 2: Arctic gateway volume, freshwater, and heat transports. Standard deviations
over the model run of each quantity are given in parentheses.

Quantity Gateway UH8to2 Observations
Volume (Sv) Bering Strait 1.2 (1.1) 1.2 pm1 1

Davis Strait -2.1 (0.8) -1.6 pm 0.5 2

Fram Strait -1.6 (2.3) -2 pm 2.7 3

-2 to -5 4

Denmark Strait -5.2 (2.7) -3.4 5

Barents Sea Opening 2.4 (1.4) 2.3 6

Freshwater (mSv, ref 34.8 g/kg) Bering Strait 88.2 (90.1) 95 7

Davis Strait -132.4 (51.5) -93 pm 6 8

Fram Strait -101.45 (36.7) -80 pm 6 9 (ref 34.92)
-70 pm 24 10 (ref 34.9)

Denmark Strait -102.7 (52.2) -65 pm 11 11

-108 pm 24 12

Barents Sea Opening -8.5 (14.3) 6 13

Heat (TW, ref -1.9 ◦C) Bering Strait 17.2 (24.7) 13 14

Heat (TW, ref -0.1 ◦C) Fram Strait 39.5 (18.9) 28 pm 5 to 46 pm 5 15

Heat (TW, ref 0 ◦C) Davis Strait 13.6 (18.0) 20 pm 9 16

Heat (TW, ref 0 ◦C) Barents Sea Opening 70.6 (35.6) ∼70 17

Table 3: Mixed layer depths in the eastern and western Arctic, during winter and summer
months. Mixed layer depths are given in m, with standard deviations in parentheses.

Western Arctic Western Arctic Eastern Arctic Eastern Arctic
Winter Summer Winter Summer

Observed ITPs 46 (7) 28 (14) 43 (9) 27 (7)
Model ITPs 85 (10) 27 (9) 77 (5) 33 (10)

Table 4: Heat content in the upper 100 m of the eastern and western Arctic, mean values
for October and March. Heat content is given in units of 1 × 107 J m−2.

Eastern Eastern Eastern Western Western Western
October March Difference October March Difference

Observed ITPs 9.8 4.6 5.2 36 27 10
Model ITPs 18 6.1 12 14 5.1 8.9
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Figure 4: 2017 Arctic surface velocities (cm s−1) from a) the UH8to2 model and b) the
ASTE estimate (Nguyen et al., 2021). The ASTE estimate was interpolated onto a 0.3
degree grid in latitude and longitude for this comparison.

Table 5: Ice melt potential of the heat content of the upper 100 m of the eastern and
western Arctic, mean values for October and March. Ice melt potential is given in units
of cm m−2.

Eastern Eastern Eastern Western Western Western
October March Difference October March Difference

Observed ITPs 33 15 18 121 90 31
Model ITPs 62 21 41 48 17 31
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A.

B.

C.

Figure 5: a) Monthly total sea ice extent (TSIE, sum of the sea-ice area in which sea-
ice concentration is greater or equal to 15%, units of km2) from the UH8to2 simulation,
satellite observations using the NASA Team (NT) algorithm, and bootstrap algorithm
(BT); b) seasonal cycle of TSIE averaged over the 2017-2020 UH8to2 run; c) TSIE seasonal
anomaly and trend over 2017-2020.
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Figure 8: Cross-Arctic sections of a) four-year average UH8to2 temperature (◦C), b)
WOA18 (2005-2017) temperature (◦C), c) four-year average UH8to2 and WOA18 (2005-
2017) temperature difference (◦C), d) four-year average UH8to2 salinity (g kg−1), e)
WOA18 (2005-2017) salinity (g kg−1), and f) four-year average UH8to2 and WOA18
(2005-2017) salinity difference (g kg−1), with g) overhead view of the cross-Arctic section.
Panels a) through f) are oriented so that the western Arctic (north of Canada) is on the
left hand side of the panel.
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Figure 9: Atlantic layer characteristics in the UH8to2 (year 2020) and WOA18 (data
from 2005-2017). Top: depth (m), defined as the upper-most depth in the water column
below 50 m of the 0◦C isotherm for a) UH8to2 (2020) and d) WOA18. Middle: maximum
temperature (◦C) in the Atlantic layer located between the subsurface 0◦C isotherms where
salinities are greater than 34.8 for b) UH8to2 and e) WOA18. Bottom: salinity (g kg−1)
at the depth of the temperature maximum from c) UH8to2 and f) WOA18.
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Figure 10: Comparison of four-year averaged UH8to2 and ITP-observed a) Atlantic Water
depth (m) from 2017-2020, b) maximum Atlantic Water temperature (◦C) from 2017-2020,
c) Pacific Summer Water temperature (◦C) in the September mean from 2017-2020, and
d) winter (January, February, and March) mixed layer depths (m) from 2017-2020.
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Figure 11: Comparison of mean ITP-observed profiles (red and blue) and matched synoptic
model profiles (black) of a) temperature (◦C) in the western Arctic (latitudes between 0
and 180 ◦W), b) temperature (◦C) in the eastern Arctic (latitudes between 0 and 180
◦E), c) salinity (g kg−1) in the western Arctic (latitudes between 0 and 180 ◦W), and d)
salinity (g kg−1) in the eastern Arctic (latitudes between 0 and 180 ◦E). Shaded regions
represent a standard deviation around the mean. In total the ITP record includes 4218
profiles in the east and 35724 profiles in the west.
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Figure 12: Histograms of mixed layer depths (m) compared between ITP observed profiles
(blue) and synoptic model profiles (red) for a) winter (January, February, and March) in
the western Arctic, b) winter in the eastern Arctic, c) summer (July, August, September)
in the eastern Arctic, and d) summer in the eastern Arctic.
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Figure 13: UH8to2 four-year monthly average sea ice growth in m (a, c, e; curves stack
so that the shaded area represents the value of each term) and heat flux in W m−2 (b,
d, f) budgets for the eastern Arctic (a and b), Beaufort Gyre region (c and d) and pan-
Arctic Ocean (e and f). Signs for atmospheric and oceanic heat fluxes are chosen so that
a positive flux represents heating of the ice. Here the “Beaufort Gyre region” is defined as
all grid cells between longitudes of 180 and 120◦ W and north of 70◦ N; “eastern Arctic”
is grid cells between longitues of 0 and 160◦ E and north of 80◦ N; and the “pan-Arctic
Ocean” is all grid cells north of 80◦ N along with those grid cells east of 90◦ E and west
of 90◦ W which are north of 70◦ N.
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Figure 14: ITP #111 section in the eastern Arctic. a) Overhead map of ITP deployment,
b) observed temperature (◦C), c) modeled temperature (◦C) along ITP deployment, d)
model-observed temperature difference (◦C), e) observed buoyancy frequency (rad2 s−2), f)
modeled buoyancy frequency (rad2 s−2), g) model-observed buoyancy frequency difference
(rad2 s−2). The mixed layer depth is shown as a red line in panels b,c,e, and f.
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Figure 15: ITP #114 section in the western Arctic (as in fig. 14). a) Overhead map of ITP
deployment, b) observed temperature (◦C), c) modeled temperature along deployment
(◦C), d) model-observed temperature difference (◦C), e) observed buoyancy frequency
(rad2 s−2), f) modeled buoyancy frequency (rad2 s−2), g) model-observed buoyancy fre-
quency difference (rad2 s−2). The mixed layer depth is shown as a red line in panels b,c,e,
and f.
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Figure 16: a)-d) Mean temperature (◦C) profiles in the upper ocean, for the months of
October (a and c) and March (b and d) for the Eastern (a and b) and Western (c and d)
Arctic; e)-h) Mean salinity (g kg−1) profiles in the upper ocean, for the months of October
(e and g) and March (f and h) for the Eastern (e and f) and Western (g and h) Arctic.
Colored profiles represent ITP observations, while black profiles are averages from the
UH8to2 model. The shaded regions represent two standard deviations around the mean.
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A. B.

Figure 17: A. 7-day smoothed time series of the change in mixed layer depth (m; top),
net surface freshwater flux (kg m−2 s−1; middle), and ice-ocean stress magnitude (N m−2;
bottom) in the eastern (left) and western (right) example ITP deployments. All quantities
are for the synthetic UH8to2 ITP deployments. B. Partial correlations of the winter change
in mixed layer depth with net surface freshwater flux and ice-ocean stress magnitude for
each synthetic ITP deployment that had at least 20 profiles between October and March
of the following year. Partial correlations are calculated from the 7-day smoothed time
series.

64



Declaration of interests 
  
☐ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
  
☒ The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests: 
 

Detelina Ivanova reports a relationship with Climformatics Inc. that includes: board membership, 
employment, and equity or stocks. 

 

Conflict of Interest




