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ABSTRACT

The Arctic Ocean is unique among the world’s oceans, characterized by its cold
temperatures, salinity-driven vertical structure, and shallow shelf seas. It has warmed
intensely since the 1980s at rates exceeding the global average. This Arctic Amplification
drives variability in sea ice and salinity, affecting local circulation and exchange with other
basins, leading to global changes in oceanic and atmospheric circulation and the biosphere.
This thesis explores changing dynamics in the Arctic Ocean, in particular connecting
modeled changes in liquid freshwater content (FWC) and its pathways with major ocean

circulation patterns, atmospheric drivers, and large-scale climatic changes.

This research combines satellite salinity and altimetry with ocean models and
reanalysis products to investigate Arctic Ocean dynamics in the Beaufort Gyre (BG)
specifically, and the Arctic Ocean in general. Models are heavily used in the Arctic Ocean
due to the scarcity of in-situ observations, but their results vary greatly. Therefore,
identifying areas of model consensus or divergence is crucial to using their output more
effectively. This work expands on the development in understanding of major circulation
and ocean models in the Arctic Ocean and improves our understanding of the changing
interactions between the ocean, ice, and atmosphere in the Arctic Ocean. This work could
be furthered by comparing exchange between the basins and continental shelf regions, as
well as export from the Arctic region, as changes in these are driven by similar forcings as

the BG.
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CHAPTER 1
INTRODUCTION
The Arctic Ocean is a dynamic ocean, connected to both the Atlantic and Pacific
Oceans via straits, as well as contributing to climate in the Northern hemisphere (Aagaard
et al., 1985; Bluhm et al., 2015). The vertical structure in the Arctic Ocean is also
dominated by salinity rather than temperature like most of the world’s oceans. Surface
flows are largely wind-driven and mediated by sea ice, while what is known of subsurface

flow is largely density driven and limited by bathymetry (Rudels & Carmack, 2022).

At the surface, cool and relatively fresh water enters from the Pacific via the Bering
Strait and circulates the Arctic Ocean anticyclonically in the Beaufort Gyre (BG) (Figure
1.1). Warmer, saltier water can also enter from the surface of the North Atlantic through
the Barents Sea Opening, where it flows cyclonically to the Russian Shelves or circulates
within the Eurasian Basin as a subsurface layer of Atlantic Water. Water exits from either
the Canadian Archipelago or the Fram Strait, after being transported across the basin by
the Transpolar Drift Stream (TPD). Locally, the cool, fresh surface of the Arctic Ocean is
important to ice formation, with the strong halocline comprising primarily modified Pacific
or Atlantic waters (Figure 1.2) shielding the sea-ice layer from the relatively warm Atlantic
Water. “Atlantification,” or increased Atlantic Water in the Eurasian Basin is a current
concern, as it has the potential to increase mixing and decrease ice formation by lessening

stratification (Polyakov et al., 2017).



Sources and sinks of salinity are important fields of study in the region, for local
ice formation and potential global climate impact. Sources of fresh water to the Arctic
include river runoff, ice melt, net precipitation, and Pacific inflow. The Mackenzie River
alone provides around 300 km? annually to the Arctic, and the Siberian rivers combined
proved close to 2000 km?® (Holmes et al., 2016). The relatively fresh Bering Strait inflow
has increased from ~0.7 Sv to ~1.2 Sv between 2001 and 2014, meaning there has been an
increase of 23003500 km? of freshwater (Woodgate, 2018). Further, these water masses
are unequally distributed across the Arctic Ocean. For example, the BG holds a large
percentage of the Arctic Ocean’s freshwater due to mean circulation patterns. The storage
and release of these fresh waters have global importance, as large amounts of freshwater
released from the Arctic have the potential to slow the Atlantic Meridional Overturning
Circulation (AMOC), raising water temperatures in the North Atlantic, and changing

weather patterns in Europe (Aagaard et al., 1985; Yang et al., 2016).

The BG is a predominantly anticyclonic upper ocean feature in the mean circulation
of the Arctic Ocean that functions as a freshwater reservoir. On average, the BG holds
~23,000 * 2000 km® of the Arctic’s roughly 100,000 km? of freshwater content (FWC)
(~25%) (Haine et al., 2015), and FWC increased in the BG by approximately 6400 km?®
from 2003 to 2018 (Proshutinsky et al., 2019). The Beaufort High drives the gyre, the mean
atmospheric high-pressure pattern in the region, which causes anticyclonic wind stress and
Ekman convergence of surface low-salinity water. This leads to a doming of sea surface
height (SSH) and a deepening of isopycnals in the center of the gyre. While the surface is
ice-covered, the freshwater accumulation is largely equilibrated by feedback among Ekman

forcing associated with the wind-driven spin-up of the ice and the upper ocean, and spin-



down by internal ice stress where friction slows the ice to reverse the direction of the ice-
ocean stress and cause Ekman divergence (Dewey et al., 2018). This process is sometimes
referred to as the ice-ocean governor (IOG) (Figure 1.3) (Doddridge et al., 2019).
Additionally, eddy diffusion dissipates energy in the gyre on timescales of years to decades
(Lique et al., 2015) and becomes the primary counter to Ekman-driven accumulation in the
absence of ice cover. Understanding the BG balance between wind stress, eddies, and the
I0G will become increasingly important as the sea-ice concentration and multi-year sea
ice continue to decrease, reducing the effect of the 10G and therefore the response time of
the BG equilibrium. Changes in freshwater inputs to the BG can also affect FWC; these
can include shifts in freshwater pathways that change the amount of Pacific Ocean inflow
taken up, or anomalously warm years leading to increased sea-ice melt (Kelly et al., 2019;

Wang et al., 2018).

The other major surface circulation feature in the Arctic Ocean is the TPD. The
TPD divides the Pacific- and Atlantic-influenced waters in the Arctic Ocean and is variable
in its strength and orientation due to atmospheric forcings. In contrast with the BG’s
freshwater storage, the TPD is important to the export of ice and freshwater from the Arctic
(Kwok et al., 2013; Kwok, 2009). When the Beaufort High is weak (strong) and the
Icelandic Low strong (weak), ice drifts cyclonically (anticyclonically) in the Eurasian
Basin (Kwok et al., 2013). Under more cyclonic conditions, flow is diverted towards the
Canadian Basin before exiting through the Fram Strait; whereas during the expanded
anticyclonic circulation, flow goes directly from the Laptev Sea to the Fram Strait. (Kwok

etal., 2013).



As changes to the mean circulation of the Arctic Ocean are often atmospherically
driven, there are several regularly used indices to quantify mean conditions. The most
common of these, the Arctic Oscillation (AQ), is the leading empirical orthogonal
function (EOF) of the Northern Hemisphere sea level pressure variation and is considered
a surface expression of the stratospheric polar vortex (Thompson & Wallace, 1998).
When the AO is in its positive phase, a low-pressure pattern over the east longitudes of
the Arctic Ocean drives cyclonic winds and changes in near surface circulation,
consistent with the cyclonic mode (Sokolov, 1962). The cyclonic mode features
strengthened cyclonic surface circulation on the Eurasian side of the Arctic Basin, which
diverts Eurasian runoff to the Canada Basin as described above, where it expands the
Beaufort Sea halocline and is partly responsible for strengthening the BG (Morison et al.,
2012). Related to this, the cyclonic mode includes an intensified BG along the Canadian
margin of the ocean, with potentially limited spatial extent. The cyclonic mode is forced
by the winter (NDJFMA) AO with a lag of one year and has become more prominent
since 1990 due to a positive shift of one standard deviation in the AO (Morison et al.,
2021). This shift has resulted in more cyclonic and divergent circulation and
consequently also increased sea-ice export during positive AO years (Kwok, 2009;

Morison et al., 2021).

The cyclonic mode offers a lens to consider a synergy between the eastern and
western sides of the Arctic Ocean that has been scantly explored previously. There have
been recent efforts to reconceptualize the mean surface circulation in the Arctic Ocean as
a two-gyre system instead of a balance of the BG and TPD, to better reconcile

observations with theory. This system defines a dipole with a cyclonic gyre focused over



the Eurasian Basin and Russian Shelves, and the anticyclonic gyre of the BG, as seen in
dynamic ocean topography (Figure 1.4). This two-gyre system better agrees with the
cyclonic mode’s lowered dynamic ocean topography and increased vorticity which has

been observed on the Russian side of the Arctic since 1990 (Morison et al., 2021).

The Arctic Ocean is also experiencing intense changes due to climate change. Sea-
ice concentration and extent across the Arctic Ocean have decreased (Onarheim et al.,
2018), as well as the percentage of multi-year ice (Regan et al., 2023). The Arctic is also
experiencing “Arctic Amplification,” where the region’s average warming over the past 40
years is four times stronger than the rest of the globe due to changes in ice-albedo feedback,
enhanced ocean heat transport, and other factors (Rantanen et al., 2022). Increasing storms
due to climate change also decrease the already precarious formation of sea ice (Graham
et al., 2019). Similarly, changing surface temperatures modify atmospheric pressure and
therefore winds and precipitation as well. Increased sea ice melt, for example, leads to more
tropospheric moisture, more precipitation over Eurasia, and finally increased upward-
propagating atmospheric Rossby waves, which are thought to influence the position of the
Polar Jet and are correlated to AO index (Mote & Kutney, 2012). The balance between ice,
ocean, and atmosphere in the Arctic region is therefore rapidly shifting, and better

understanding these changes could have global impacts.
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Figure 1.1. Map of the Arctic Ocean and its major surface and boundary currents.
Discharge values are given in the large blue circles as discharge received per shelf sea per
annum. Acronyms FSBW and BSBW are the Fram Strait and Barents Sea branch waters,
respectively, and EGC is the East Greenland Current. Dashed lines are used where the flow
is temporally variable or less information about current specifics is available (from Willcox
etal., 2023).
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Figure 1.3. Schematic of the three-way balance: wind stress (blue arrow) and the Ice-Ocean
Governor (orange double-headed arrow) contribute to Ekman pumping, and the residual
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squiggly gray arrows, respectively). (from Doddridge et al., 2019).



Figure 1.4. Mean Arctic Ocean dynamic ocean topography (2011-2016) from CryoSat-2
(from Fu et al., 2019).



CHAPTER 2

COMPARISON OF FRESHWATER CONTENT AND VARIABILITY IN
THE ARCTIC OCEAN USING OBSERVATIONS AND MODEL
SIMULATIONS?

! Hoffman, E. L., Bulusu S., Trott, C.B., and Hall, S.B. 2023, Remote Sensing 15(15):
3715. Reprinted here with permission of the publisher.
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ABSTRACT

Freshwater content (FWC), generally characterized in the Arctic Ocean by salinities
lower than 34.8 psu, has shifted in both quantity and distribution in recent decades in the
Arctic Ocean. This has been largely driven by changes in the volume and salinity of
freshwater sources and the direction and magnitude of major currents. In this study, we
analyze the variability in FWC and other physical oceanographic variables from 1993 to
2021 in the Arctic Ocean and Beaufort Gyre (BG) using in situ and remote sensing
observations and five ocean models and reanalysis products. Generally, ocean models and
reanalysis products underestimate FWC in the BG when compared with observations.
Modeled FWC and sea surface height (SSH) in the BG are well correlated during the time
period and are similar to correlations of the observational data of these variables. ORAS5
compares best to EN4 salinity over the entire study period, although GLORYS12 agrees
well pre-2007 and SODA post-2007. Outside the BG, consistency between modeled SSH,
FWC, and limited observations varies between models. These comparisons help identify
discrepancies in ocean model and reanalysis products while highlighting areas where future
improvements are necessary to further our understanding of Arctic FWC. As observations
are scarce in the Arctic, these products and their accuracy are important to studying this

dynamic and vulnerable ocean.

2.1 INTRODUCTION
The Arctic Ocean’s stratification and vertical density distribution are primarily
dependent on salinity due to the relatively homogenous low water temperatures and

consequently low thermal expansion coefficient. The surface and halocline layers in
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particular are salt stratified with fresher, less dense waters on top (Aagaard & Carmack,
1989). These freshened waters, often defined as water with salinity less than 34.8 psu in
the Arctic Ocean, play an important role in local circulation and preventing mixing. These
waters separate the sea surface from relatively warm, salty Atlantic Water below, therefore
influencing the sea-ice formation. The upper ocean also has a hand in linking the Arctic
Ocean to the global circulation, potentially slowing Atlantic meridional overturning
circulation if large volumes of freshened waters are released, and therefore potentially
having far-reaching effects on the global climate (Aagaard et al., 1985). Freshwater content
(FWC), corresponding to the vertical integration of the salinity deficit relative to a
reference salinity (here 34.8 psu), varies in the Arctic Ocean due to changes in both the
amount of freshwater available and the uneven distribution of it across the Arctic
(Proshutinsky et al., 2019). Freshwater inputs include river runoff, glacial and sea-ice melt,
Pacific water inflow, and net precipitation, while the distribution of these waters varies
with winds, currents, and mixing processes.

The Beaufort Gyre (BG) in the Canadian Basin is a predominantly anticyclonic
upper ocean feature in the mean circulation of the Arctic Ocean that includes an FWC
maximum. On average, the BG holds ~23,000 + 2000 km? of the Arctic’s 100,000 km? of
FWC (~25%) (Carmack et al., 2016; Haine et al., 2015), and FWC increased approximately
6400 km?® from 2003 to 2018 (Proshutinsky et al., 2019). The gyre is driven by the Beaufort
High, the mean atmospheric high-pressure pattern in the region, which causes anticyclonic
wind stress and the Ekman convergence of surface low salinity water. This leads to the
doming of the sea surface height (SSH) and deepening of the isopycnals in the center of

the gyre. While the surface is ice-covered, the freshwater accumulation is largely
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equilibrated by feedback among Ekman forcing associated with the wind-driven spin-up
of the ice and upper ocean, and spin-down by internal ice stress where friction slows the
ice enough to reverse the direction of the ice-ocean stress and cause Ekman divergence
(Dewey et al., 2018). This process was referred to as the ice-ocean governor (I0G)
(Doddridge et al., 2019). Additionally, eddy diffusion dissipates energy in the gyre on
timescales of years to decades (Lique et al., 2015) and becomes the primary counter to
Ekman-driven accumulation in the absence of ice cover. Changes in the BG FWC due to
the 10G can be as much as five times stronger than those due to eddy fluxes (Meneghello
etal., 2019), except in the presence of the continental slope where eddy dynamics dominate
(Manucharyan & Isachsen, 2019). Understanding the balance between wind stress, eddies,
and the 10G in the BG will become increasingly important as the sea-ice concentration and
multi-year sea ice continue to decrease, reducing the effect of the IOG and therefore the
response time of the BG equilibrium. FWC in the BG can also be affected by changes in
its freshwater inputs, such as shifts in freshwater pathways, changes in the amount of
Pacific Ocean inflow taken up, or anomalously warm years leading to increased sea-ice
melt (Kelly et al., 2019; Wang et al., 2018).

Variability in the BG FWC is also related to the Arctic Oscillation (AO). The AO
is the leading empirical orthogonal function (EOF) of the Northern Hemisphere surface
atmospheric pressure variation (Thompson & Wallace, 1998). When the AO is in a positive
phase, a low-pressure pattern over the east longitudes of the Arctic Ocean drives cyclonic
winds and changes in near surface circulation, consistent with the cyclonic mode (Sokolov,
1962). The cyclonic mode features strengthened cyclonic surface circulation on the

Eurasian side of the Arctic Basin, which diverts Eurasian runoff to the Canada Basin where
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it expands the Beaufort Sea halocline and is partly responsible for strengthening the BG
(Morison et al., 2012). Related to this, the cyclonic mode includes an intensified BG along
the Canadian margin of the ocean and a Transpolar Drift (TPD) that is rotated
counterclockwise and shifted towards North America. The cyclonic mode is related to the
winter (NDJFMA) AO with a 1-year lag and has become more prominent since 1990 due
to a positive shift of one standard deviation in the AO (Morison et al., 2021). The resulting
more cyclonic and divergent circulation has resulted in increased sea-ice export during
positive AO years (Kwok, 2009; Morison et al., 2021).

In spite of the importance of salinity and FWC to Arctic Ocean dynamics, making
in situ observations in the area remains a challenge, and remote sensing, ocean modeling,
and ocean reanalysis products are thus increasingly important to studying the region as they
can fill in spatial and temporal gaps in measurements. Ocean models and reanalyses have
been validated for parameters such as temperature, salinity, and sea-ice in the Arctic for a
variety of time scales and regions (Carton et al., 2019; Hall et al., 2022; Proshutinsky et
al., 2016; Wang et al., 2016), but there are still limitations in their abilities and usefulness.
Satellite salinity and altimetry have been used as mechanisms to estimate FWC remotely
(Armitage et al., 2016; Fournier et al., 2020; Giles et al., 2012; Morison et al., 2012),
although there are also limitations to those datasets. Satellite salinity retrievals are
restricted to ice-free regions and have large uncertainties in cold water, for example
(Fournier et al., 2019). Evaluating our simulations of SSS and SSH will therefore allow us
to assess FWC and its relationships to other parameters more accurately in the Arctic Ocean
and improve predictions. It should also be noted that access to in situ measurements in

areas such as the Russian shelf is very limited relative to measurements in west longitudes
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(Morison et al., 2022). This emphasizes the importance of model simulations for the region,
but to the extent they depend on climatology, wide variations among model results are
expected.

In this paper, we present a multi-product analysis comparing salinity and related
variables among in situ observations, satellite data, ocean model simulations, and
reanalysis products to explore our understanding of FWC, its changes, and related
variables. Focus is placed on the well-studied BG region, as well as on the change in long-
term trends of FWC pre- and post-2007 due to the AO. With this paper, we aim to evaluate
different ocean model products in the Arctic, especially when analyzing long-term trends.
Our study covers January 1993-December 2021 depending on the availability of the
products used. The products have varying spatial and temporal scales, as described in
Section 2, along with our methods. Section 3 outlines the research results which are then
discussed in Section 4. A conclusion is provided in Section 5.

2.2 DATA AND METHODS
2.2.1 Satellite Data

Three satellite salinity products were utilized in this work in conjunction with the
in situ, ocean model, and reanalysis data (Section 2.2). Soil Moisture and Ocean Salinity
(SMOS) SSS Version 3.1 in the Arctic (Martinez et al., 2022), provided by the Barcelona
Expert Center (BEC), has a spatial resolution of 25 km on an Equal Area Scalable Earth-
grid 2.0 and a temporal resolution of 3 days from 2011 to 2019. Soil Moisture Active
Passive (SMAP) version 5.0 Level 3 SSS was also used (Meissner, Wentz, & Manaster,
2019). SMAP salinity data are produced by Remote Sensing Systems and sponsored by the

National Aeronautics and Space Administration’s (NASA) Ocean Salinity Science Team

15



(Vazquez-Cuervo et al., 2021). This product provides data from the period 2015-2021 with
0.25° (~28 km) spatial resolution and an 8-day running mean applied for full spatial
coverage (Meissner, Wentz, Manaster, 2019). The final satellite salinity product used in
this study is the Multi-Mission Optimally Interpolated Sea Surface Salinity (OISSS) Level
4 version 1.0, produced by the International Pacific Research Center (IPRC) of the
University of Hawaii at Manoa (Melnichenko et al., 2021) in collaboration with the Remote
Sensing Systems (RSS), Santa Rosa, California. OISSS data are provided as weekly means
of three satellite missions (NASA’s Aquarius, NASA’s SMAP, and BEC’s SMOS)
optimally interpolated during the period 2011-2020 with a spatial resolution of 0.25° (~28
km) (IPRC/SOEST University of Hawaii Manoa, 2022). The SSS estimate is generated
using the same optimal interpolation designed for salinity processes in the Upper Ocean
Regional Study, but with an additional step to correct SSS retrievals for large-scale satellite
biases with respect to in situ measurements (Melnichenko et al., 2016).

Monthly Arctic Ocean dynamic ocean topography (DOT) from Armitage et al.
(2016) was analyzed during the period 2003-2014. This product was constructed by
Armitage et al. from Envisat and CryoSat-2 data, with SSH relative to the WGS84
ellipsoid. DOT was computed by subtracting the GOCO03s geoid from the SSH. The
GOCO03s geoid is a combined satellite-only geoid constructed from the Gravity Field and
Steady-State Ocean Circulation Explorer and Gravity Recovery and Climate Experiment
data, among others, but uses no altimetry data. The DOT dataset is on a 0.75° x 0.25°
longitude/latitude grid, covering latitudes below 81.5°N, and the resulting grid is then
smoothed with a Gaussian filter with a standard deviation of 100 km and a radius of three

standard deviations. It was found by Armitage et al. (2016) to agree well with both tide
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gauge and ITP data and has since been used in other analyses of the Arctic (Meneghello et
al., 2018; Regan et al., 2019).
2.2.2. In Situ Data

The Met Office Hadley Centre’s “EN” series analysis product, version 4.2.2 (EN4),
using Gouretski and Reseghetti (Gouretski & Reseghetti, 2010) XBT corrections and
Gouretski and Cheng (Gouretski & Cheng, 2020) MBT corrections, provides monthly
ocean salinity analyses which are produced using the optimal interpolation of data from
Argo floats, Global Temperature and Salinity Profile Program, and the World Ocean
Database’ 18 from 1900 to present (Good et al., 2013). EN4 also includes the Arctic
Synoptic Basin-wide Oceanography, which is a compilation of other profiles, including the
Beaufort Gyre Exploration Project, with the intention of improving data coverage in the
Arctic (Good et al., 2013) . The analyses are on a 1° horizontal resolution with 42 depth
levels starting at 5 m depth. It is a product commonly used in ocean reanalysis products,
including Ocean Reanalysis System 5 (ORAS5S) and the Global Ocean Reanalysis and
Simulations (GLORYS12), discussed below (Bertosio et al., 2022). There are potential
degradation issues in less sampled regions that could lead to inaccuracies in the EN4
product (Bertosio et al., 2022), though EN4 is commonly used as a reference to other ocean
products (Carton et al., 2019). EN4 provides a field of observation weights to inform users
how much a value has been determined by observations (closer to 1) versus background
fields (closer to 0). The mean weights on salinity values on the Russian Shelf indicate that
they are primarily background field-based, with values between 0.2 and 0.3, while the
average for the BG region is 0.5. The Nordic Seas, in contrast, have an average weight of

0.8.
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2.2.3. Arctic Oscillation Index

The monthly mean AO index from the National Oceanic and Atmospheric
Administration’s  Climate  Prediction Center was wused in this paper
(https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/monthly.ao.ind
ex.b50.current.ascii, accessed on 12 May 2022). The AO index is constructed by projecting
the 1000 mb height anomalies poleward of 20°N onto the leading mode of EOF analysis
of monthly mean 1000 mb height during the period of 1979-2000. To find the winter index
of each year, the November and December values of the previous year were averaged with
January through April values of the given year.
2.2.4 Ocean Model and Reanalysis Products

NASA’s Estimating the Circulation and Climate of the Ocean (ECCO) version 4
release 4 (v4r4) estimates monthly salinity, SSH, and sea-ice data for 1992-2017
(Fukumori, Wang, & Fenty, 2021). Version 4 is the first version of ECCO to include the
Arctic in its model and has been used in several studies of the region (Forget et al., 2015;
Fournier et al., 2020; Fukumori, Wang, & Fenty, 2021). The grid used in v4r4 is called the
Lat-Lon-Cap 90 (LLC90) grid to avoid the limitations of the regular cubed-sphere grid and
better include the Arctic (Fukumori, Wang, & Fenty, 2021), with the original horizontal
resolution varying spatially from 22 km in the polar regions to 110 km at midlatitudes. The
model has 50 depth levels starting at 5 m depth. ECCO is constrained by a variety of
profiles and gridded datasets and uses Fekete et al. (2002) as well as the seasonal
climatology of river runoff data (Forget et al., 2015). The ECCO estimate is one of few
products with data over a long duration in the Arctic and has been shown to be approaching

the observational accuracy at high latitudes and decadal time scales (Carton et al., 2019).
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Daily Nucleus for European Modelling of the Ocean version 3.1 (NEMOv3.1)
ocean modeling framework with the Louvain-la-Neuve Sea Ice Model (LIM2) salinity,
SSH, and sea-ice data from the period 2016-2021 is used. The atmospheric forcings are
from the European Centre for Medium-Range Weather Forecasts (ECMWF) Integrated
Forecast System, and forcings also include updated monthly climatological river discharge
from Dai et al., 2009 (Dai et al., 2009). The output has an original resolution of 0.083°
based on the tripolar ORCA grid with a horizontal resolution of 9 km at the equator, 7 km
at mid-latitudes, and 2 km toward polar regions. The model has 50 vertical levels starting
at 0.5 m (Madec, 2008). The NEMO framework is widely used in oceanographic modeling
and Acrctic studies (Bacon et al., 2015; Hu et al., 2019; Kelly et al., 2019).

Data from the Polar Science Center of University of Washington’s Applied Physics
Laboratory coupled ice-ocean model, Marginal Ice Zone Modeling and Assimilation
System (MIZMAS), were also used in this work (Zhang et al., 2010). MIZMAS combines
the Los Alamos National Laboratory’s Parallel Ocean Program model and a thickness and
enthalpy distribution sea-ice model, adapted from the Pan-Arctic Ice-Ocean Modeling and
Assimilation System (PIOMAS) (Zhang et al., 2016). The model’s forcings also includes
a monthly climatology of river runoff to the Arctic Ocean and Bering Sea. MIZMAS
produces the daily salinity, SSH, and sea-ice estimates from the period 2012-2017 on a
grid based on a generalized orthogonal curvilinear coordinate system centered on Alaska.
The MIZMAS data retrieved was limited to the region around the system’s center in the
Beaufort Sea due to the size of the dataset and our focus on the BG region. The model has

40 vertical layers starting at 0.5 m depth. This model was designed to address marginal ice
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zone processes (Zhang et al., 2013) with a unique emphasis on ice processes and is
therefore valuable for analyzing the FWC in the Arctic Ocean.

We use monthly salinity, SSH, and sea ice data from the European Centre for
Medium-Range Weather Forecasts’ (ECMWF) ORASS as well (Zuo et al., 2019). ORAS5
is an eddy-permitting ice-ocean ensemble reanalysis product which uses the NEMOv3.4
ocean model coupled to the LIM2 sea-ice model, and ERA-Interim atmospheric reanalysis
forcing from 1979-2014, and ECMWF Numerical Wave Prediction using revised CORE
bulk formulas after 2015 (Zuo et al., 2018). ORASS5 covers from 1979 to 2018 and is
originally on an ORCA 0.25° grid. The product has 75 vertical layers starting at 0.5 m
depth. ORASS is a product with nearly four decades of data available in the region and has
been shown to be approaching observational accuracy at decadal timescales and high
latitudes (Carton et al., 2019). ORAS5 was also recently used to study the Arctic FWC by
Hall et al. (Hall et al., 2022) and was demonstrated to be one of the better performing
models in the region.

Mercator Ocean International’s GLORYS12 is a global eddy-resolving reanalysis
product in the framework of Copernicus Marine Environment Monitoring Service
(CMEMS) (Jean-Michel et al., 2021). GLORYS12 also uses NEMO and LIM2 as its ocean
and ice model components, driven at the surface with ERA-Interim atmospheric reanalysis,
and satellite-based, large-scale corrections are applied to known flux biases. The product
has daily salinity, SSH, and sea-ice data from 1993-2019 at 0.083° original horizontal
resolution and 50 depth layers starting at 0.5 m depth. A variety of in situ and satellite data,
including altimetry, are assimilated using a reduced-order Kalman filter, but no satellite

salinity products are used (Verezemskaya et al., 2021). This version is an improvement on
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previous versions in several areas, including an update of Dai et al., (2009) runoff data with
freshwater fluxes from polar ice sheets, and a better representation of the variability in salt
content (Garric et al., 2017).

Also used was the University of Maryland’s Department of Computer,
Mathematical, and Natural Science’s eddy-resolving reanalysis product, Simple Ocean
Data Assimilation (SODA) version 3.12.2, based on the Modular Ocean Model, version 5
(MOMb5.1) (Carton et al., 2018). This version utilizes the ocean component of the
Geophysical Fluid Dynamics Laboratory-coupled model (GFDL CM2.5), including the
GFDL Sea Ice Simulator, and using Japanese 55-year flux corrected atmosphere reanalysis
(JRA-55DO0) forcing and COARE4 bulk formula. The JRA-55DO version was chosen as
several other products in this study use ECMWF atmospheric forcings. As the choice of
atmospheric reanalysis has strong effects, particularly on sea ice, we wanted to diversify
the products represented in this study. Salinity, SSH, and sea-ice data are available as
monthly averages from 1980 to 2017 and gridded onto a uniform 0.5° Mercator grid with
50 vertical levels starting at 5 m depth. SODA also uses the monthly climatological river
discharge data from Dai et al., (2009) among its forcings. SODA is a product with a long
duration of data in the Arctic and is approaching observational accuracy at high latitudes
and decadal time scales (Carton et al., 2019).

2.2.5 Methods

Sea surface salinity (SSS), SSH, and sea-ice data from all products except satellite
salinity were interpolated using a natural neighbor interpolation method onto a 25 km polar
stereographic grid for comparison. FWC was calculated on native grids and the resulting

2D values were also naturally interpolated onto the polar stereographic grid, as it saved
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more unique features between models. Salinity with depth was linearly interpolated, as
natural interpolation is not a 3D method. In observations of FWC calculated from Ice-
Tethered Profilers (ITPs) (Proshutinsky et al., 2019), an error resulting from extending the
salinity at the depth of the shallowest measurement (approximately 7 m) to the surface was
nonexistent in the winter due to the deeper mixed layer and only ~0.5 m in the summer
melt season. Similarly, the differences in FWC between the models with salinities starting
at 0.5 m versus 5 m should be negligible for our purposes. The salinity at the first depth
level of each product was also used as SSS. Mixed layer depths calculated from over 21,000
measurements found the average summer minimum mixed layer depth in much of the
Arctic, including the BG, to be ~8 m regardless of the ice cover (Peralta-Ferriz &
Woodgate, 2015). While there are some shallower mixed layer depths, extending the model
products’ salinities from 0.5 m or 5 m to the surface depending on the product should result
in minimal error in the open ocean. Sea-ice extent was defined using the commonly used
National Snow and Ice Data Center’s definition, where the ice covered area has a sea-ice
concentration greater than 15% (Matthews et al., 2020).

Liquid FWC quantifies the vertically integrated salinity anomaly from a reference
salinity (Sref), chosen here as 34.8 psu. The choice of reference salinity can affect
freshwater calculations, especially fluxes (Schauer & Losch, 2019; Tsubouchi et al., 2012),
and varies between studies. The salinity value of 34.8 psu was the climatological mean of
the Arctic Ocean in 1983 and has been used as Sref in several other studies for FWC
calculations (Aagaard et al., 1985; Haine et al., 2015). To make our results more

comparable to other studies, 34.8 psu is sufficient for our purposes. We calculated FWC
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(m) using the same method as Carmack et al. (2008), Fuentes-Franco and Koenigk (2019),

and Dewey et al. (2017), with the equation:

(D Sref—S(2)
Fwe = finit Sref

dz, 1)

where S(z) is the salinity (psu) at a depth of z. We integrated FWC from the initial depth
for each product (init) to the depth of the 34.8 psu isohaline (D). Integrating this value over
a horizontal area yields the total freshwater volume (FWV; km3). FWV calculated for the
BG (i.e., “BG box”, BG region) refers to the area from 70.5 to 80.5°N and 130 to 170°W,
similar to other studies of the gyre (Hall et al., 2022, 2023; Kelly et al., 2019; Proshutinsky
et al., 2009; Regan et al., 2019).

Time series trends were found from the slope of the lines fitted to the data.
Correlation was determined using Pearson’s linear correlation coefficient, with its
significance determined by p values less than 0.01.

2.3 RESULTS
2.3.1 Sea Surface Variability and Connection to Freshwater

SSS is compared to satellite SSS over September and April of 2017 to focus on
general differences in the Arctic Ocean, and the BG region (Figure 2.1 and Figure 2.2)
(Peralta-Ferriz & Woodgate, 2015). September (April) was chosen as it is the month of
minimum (maximum) sea-ice extent on average. This provides the maximum satellite data
for comparison in September, and large variability in SSS to compare to ice extent. The
two years 2016 and 2017 were the only two covered by every product compared, and as

2016 was a year of anomalously low ice, 2017 was chosen to compare the SSS and sea-ice

extent to contrast some capabilities of the models (Hall et al., 2021). ECCO is the only
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model simulation used here that assimilates satellite-derived salinity and uses the Aquarius
product (Fukumori, Wang, Fenty, et al., 2021).

In September 2017, the Canadian Basin tends to be fresher than 30 psu in products
other than NEMO (Figure 2.1). The salinity of Pacific inflow in the Chukchi Sea shown
here is generally between 31 and 33 psu, and the Atlantic side is typically more saline than
33 psu. The salinity and extent of the freshwater input from rivers on the Russian shelf
varies. Much of the data in the central Arctic Ocean basin are lost to sea-ice cover in
satellite products, and the resolution on EN4 is relatively coarse and unreliable due to there
being virtually no in situ observations available in this area, so the fine details seen in the
modeled salinity are difficult to compare to. For example, NEMO shows a tongue of high
salinity values along the shelf north of the Laptev Sea, which is not seen in the observations.
MIZMAS shows a very fresh signal in the southeast of the BG and is noticeably fresher
than any other product in the northern Canadian Basin. ECCO also overestimates salinity
on the Russian shelf compared to both satellites and other models, and its salinities in the
BG region are not representative of the maximum (32 psu) through the Bering Strait nor
the minimum (25 psu) near the BG center seen in observation-based products. NEMO and
GLORYS12 only show a low-salinity signal immediately at the mouth of the Mackenzie
River in the southeast of the BG box, and not the rest of the BG. ORAS5 and SODA show
the lowest salinity limited to the BG and a high salinity in the Bering Strait, more closely
agreeing with satellite observations and EN4.

Due to the greater ice cover, satellites are unable to represent most of the Arctic’s
salinity in April, which further limits the ability to validate the models (Figure 2.2). All

models and reanalyses show a much higher SSS, with Atlantic water reaching farther over
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the central basin. The BG region in April is saltier in all products as well, and particularly
in MIZMAS. The fresh Russian Shelf waters also extend less far, especially in EN4,
ORASS5, and SODA. In ECCO, the fresher water on the Russian Shelf nearly disappears in
April compared to September, but the values in the BG region are closer to EN4 than in
September. MIZMAS shows the saltiest Pacific Water inflow in April following the
Russian coast west, differing from its September values and matching EN4 more closely.
The differences between the April and September SSS values in our paper are also not
consistent across the models with shallower or deeper initial depths. SODA shows a very
similar SSS change to ORASS5, despite having a deeper initial depth, while ECCO changes
a similar amount to NEMO and GLORYS12, even though the salinity values are fresher.
In summary, many models show a 1-3 psu higher SSS in the BG than EN4, consistent with
Hall et al. (2022).

The sea-ice extent in September and April of 2017 is also compared between
models (Figure 2.1 and Figure 2.2). In September, NEMO, MIZMAS, ORAS5, and
GLORYS12 show very similar lines of sea-ice extent on the Pacific side of the Arctic,
which follow with the patterns of data availability in the satellite salinity products due to
sea-ice cover. ECCO shows a large tongue of melt toward the pole compared to the other
products while still covering much of the BG. SODA shows a uniquely high amount of ice
coverage in the BG. In ORAS5, SODA, and to a lesser extent MIZMAS, the low salinity
in the center of the gyre follows the sea ice line across the BG as it does in the observations
(Dewey et al., 2017). ECCO shows low salinity farther north past the ice edge. The ice
extent lines are consistent on the Atlantic side, and although the salinity gradient across the

edge differs between models, the ice edge generally straddles the line between the saltiest
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Atlantic waters and the fresher basin waters closely. This pattern on the Atlantic side of the
Arctic also occurs in April, while the Pacific side is completely covered in sea ice.

FWC can be used as a measure of salinity anomaly with depth, and it shows changes
in freshwater accumulation and release. FWC is calculated from all salinity products from
a Sref of 34.8 psu, as described in the methods (Section 2.2), and are averaged over 2017
for each salinity product (Figure 2.3). Again, 2017 is chosen as 2016 and 2017 are the years
of data availability for every product, but 2016 experienced anomalously low ice, and so
would potentially have anomalously low salinity. Therefore, 2017 gives a good snapshot
of recent salinity values across all products. As expected, FWC is high on the fresher,
Pacific side of the Arctic, and lower on the Atlantic side. EN4 shows a strong FWC
maximum in the BG region, as well as a secondary maximum to the west of the BG in the
Chukchi Borderland-Eastern Makarov Basin region. There are also small amounts of FWC
along the Russian shelf and in the Eurasian Basin. ECCO, shows 20 m of average FWC
compared to EN4's 23 m. NEMO has a similar maximum to EN4 (Proshutinsky et al.,
2019). MIZMAS has both a unique, Arctic-specific domain and a unique “L” shaped
pattern of FWC with a southern edge farther from the Alaskan coast than other products.
ORASS and SODA have maximums of 26 m, while GLORYS12’s maximum is only 21 m.
EN4 is included in ORASS's forcings, so the agreement is expected. SODA also shows a
uniquely high amount of FWC along the Russian Shelf, particularly near the Kolyma River
in the East Siberia Sea and the Lena River in the Laptev Sea. ECCO and SODA also show
large amounts of FWC on the Chukchi Borderland like EN4. GLORYS12 has the largest

amount of FWC in the Eurasian Basin.
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SSH changes are closely tied to salinity in the Arctic due to halosteric effects, and
this relationship is well studied (Armitage et al., 2016; Giles et al., 2012; Morison et al.,
2012). With the thermal component making a negligible contribution to steric SSH changes
in the BG, the high SSH in the mean of each product spatially matches the mean FWC on
the Pacific side of the Arctic very closely. The different model representations of this
relationship are further explored here by mapping the correlation between FWC and SSH
(Figure 2.4 and Figure 2.5). As EN4 is only a temperature and salinity product, the satellite
DOT product from Armitage et al. (2016) was used for comparison to EN4, although the
coverage does not extend beyond 81.5°N (Figure 2.4a). This correlation was run from 2003
to 2014, matching the temporal extent of the DOT dataset. The correlation between EN4
and the DOT is very strong (0.8-0.85) in the center of the Beaufort Gyre (Figure 2.4a).
However, the correlation is very low on the Russian Shelf. This is possibly due to the low
number of salinity observations in EN4 in the region, although since a similar low
correlation on the Russian Shelf is shown in several models, this may instead also be due
to ocean dynamics in the region (Figure 2.5).

In the models and reanalyses, the expected correlation is strongest in the BG, but
spatial patterns outside of the Canadian Basin vary. Many products have a high correlation
between FWC and SSH beyond the extent of the DOT dataset in the Makarov and Eurasian
Basins. As these correlations are based on each products’ respective data availabilities, the
exact length of time the correlation is tested for variance. As such, the correlations values
are representative of each product’s internal agreement, instead of a direct comparison
between products. ECCO’s maximum correlation is lower than the other products, but still

very high (0.9 compared to 0.95 in other products). ORAS5 and SODA (Figure 2.5g,k)
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have areas of lower correlation near the North Pole, while MIZMAS (Figure 2.5¢) has a
larger and more southern low correlation hole, continuing even into the northern BG. All
products have a lower correlation between FWC and SSH around the East Siberian Sea,
but ECCO, NEMO, ORASS5, and SODA show a tongue between the Laptev Sea and the
Makarov Basin. Overall, the better agreement on the correlation between the model and
observed SSH in the BG compared to other areas may reflect the greater number of in situ
observations supporting the models in the BG than elsewhere (Morison et al., 2022).

SSS is also related to the freshwater accumulation of the Arctic, as the freshwater
sources affecting the upper tens of meters of liquid FWC such as precipitation, runoff, and
ice melt also alter SSS. Because of this, SSS was examined as a proxy for FWC using
ECCO v4r3 by Fournier et al. (2020). The two variables were found to have a close inverse
relationship, especially on the Russian Shelf due to the riverine input. A strong negative
correlation (—0.95 to —0.8) on the Russian Shelf is also seen across all products in our work
(Figure 2.4 and Figure 2.5). Most products also show a negative correlation in the Chukchi
Sea where there is an input of relatively fresh Pacific water. GLORYS12, SODA, and to a
lesser degree ORASS also show a defined area of negative correlation in the Eurasian
Basin. EN4 (Figure 2.4b) has a shape of weak anticorrelation in the BG similar to the one
of correlation between FWC and SSH, likely as sea ice diverted to the center of the gyre
melts there. ECCO and SODA (Figure 2.5b,l) show a similar pattern, and MIZMAS and
ORASS (Figure 2.5f,h) to a weaker extent. All products also have areas of little to no SSS
correlation in the Canadian Basin, and especially on its edges. Fournier et al. (2020)
compared SSS to steric SSH, and noted a similar disagreement around the BG. They

posited that it was due to the BG’s sea level changes being dominated by Ekman pumping
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fluctuating the halocline depth, which would not show up in the SSS signal. FWC also
enters the BG at depth from deeper density contours shoaling in the Chukchi Sea and
incorporating relatively fresh Pacific Water into the BG (M. L. Timmermans et al., 2017;
M.-L. Timmermans et al., 2014), so FWC can vary even without changes in SSS. NEMO
(Figure 2.5d) is the least anticorrelated on the Pacific side of the Arctic. As NEMO is only
run from 2016 to 2021, and Pacific water inflow has been both increasing and freshening
from 1990 to 2019 (A. Woodgate & Peralta-Ferriz, 2021), it is possible that the changes in
FWC during the NEMO period were simply not represented by changes in SSS,
particularly to the west of the BG where these waters enter.
2.3.2. Comparison of Beaufort Gyre Properties

The product comparisons of FWC differ greatly outside the BG, so the next section
of analysis will focus on each product’s performance within the BG. Focus is given to
FWV, as well as the sea-ice variability between models to compare the causes of freshwater
accumulation. The FWC is integrated over the BG box in every month to obtain the FWV
of each salinity product, and each month is compared to the same month’s FWV from EN4
(Figure 2.6). The data are also broken by different time periods. The first period is before
July 2007, the second from July 2007 to December 2010, and the third after 2010. The
exact length of these periods varies by data availability for each product. These periods
were chosen to represent shifts in freshwater accumulation based on the AO Index and will
be discussed more in the next section (Section 2.3.3).

All the models, with the exception of ORASS5, underestimate BG FWV relative to
EN4 (Figure 2.6). Average deficits range from 2 to 4 x 103 km3, consistent with modelled

salinities being generally greater than EN4 climatology. Beyond the mean FWV
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deficiencies for each model, the correlation between the BG FWV of EN4 and other salinity
products also varies. For ECCO, the post-2010 time period is a broader cluster than the
pre-2007, although the correlation of 0.85 for the whole time period is significant. NEMO
changes very little over its limited time period, while the FWV values in EN4
comparatively increase in 2018 and 2019, so NEMO is essentially uncorrelated with EN4.
MIZMAS is slightly better in this regard, but behaves similarly, with a near horizontal
trend line and a correlation that is not significant. These two models are likely poorly
correlated due to the short amount of time being represented, as well as the limitations of
the box-sum method for FWV, which will be discussed further in Section 4. ORASS5’s
FWYV is the closest to that of EN4's of all products, with both a significant correlation of
0.90 and minimal FWV deficit. However, as mentioned previously, EN4 is included in its
forcings, so closer agreement is expected, and may not strictly be indicative of ORASS5's
inherent accuracy. ORAS5 has been compared to another in situ salinity measurement in
the BG by Hall et al. (2022), however, and was found to be in good agreement with it as
well. GLORYS12 is also highly correlated (0.88), although the FWV deficit is larger and
worsens with time. The pre-2007 points cluster around the 1:1 line more closely. The 2007—
2010 points are also well mixed with the post-2010 period’s, indicating that GLORYS12
did not show as much FWC accumulation in BG as EN4 during those two periods
compared to ECCO or SODA, where each period is more distinctly plotted. SODA also
has a high correlation of 0.82, but unlike GLORYS12, its performance improves with time.
The pre-2007 points are clustered farther from the 1:1 line than the post-2010.

Time series of BG FWV and sea-ice volume from each model are also used to

visualize these differences (Figure 2.7b,c). Again, with the possible exception of ORASS5,
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the modeled FWV results are less than those seen in EN4. SODA’s FWV values converge
towards those of EN4 and ORASS5 over time, while GLORYS12 varies more after 2007.
Strong seasonal variability is shown in ECCO and MIZMAS, with SODA and GLORYS12
showing smaller changes. ECCO, MIZMAS, and to a lesser extent NEMO consistently
underestimate BG FWV throughout the records, although NEMO and MIZMAS have an
FWC extending west or north beyond the BG box region, so the FWV shown here is an
inexact estimation of their total FWV.

The volume of BG sea ice in each model was also compared (Figure 2.7¢), and
generally decreases with time across all products. While these values are likely 10-15%
greater than the corresponding solid FWC due to sea-ice salinity, the values are close to
those found in the BG region’s sea ice FWC equivalent in Proshutinsky et al. (2019).
Furthermore, the seasonal variations in SIV are essentially the inverse of the seasonal
variations in liquid FWC. The seasonal peaks are consistent with observations, with the
minimum being in the summer, usually September, and the maximum being in April. This
inverse character of the seasonal cycles of liquid FWC and SIV is consistent with the
finding that, over the summer melt season, the freshening of the upper ocean in the BG
Seasonal Ice Zone could be accounted for by the loss in sea ice during the ice edge retreat
(Dewey et al., 2017). The residual SIV plus liquid FWC (Figure 2.7d) shows a smaller
seasonal signal than the constituent components, with the largest in MIZMAS and the
smallest in ECCO, with a maximum in winter to early spring consistent with winter spin
up of the BG (Carmack et al., 2008). The SIV values are fairly consistent across products
compared to FWV values, so the combined time series shows a similar spread across

products to the FWV alone.

31



2.3.3. Influence of 2007 AO Event

The AO can have a large influence on the dynamics of FWC in the Arctic Ocean,
as described in many previous works (Armitage et al., 2018; Morison et al., 2012). For our
comparison, we divided the range from 1993 to 2021 into three main periods visible in the
FWC data from EN4 that roughly align with changes in the AO: one period from 1993 to
July 2007, where the FWV in the BG was relatively stable, a second period from July 2007
to December 2010, where FWV rapidly increases in the summer following a winter of
positive AO and continues to slowly accumulate, and a third period where the increase
slows following a winter of strong negative AO and then several winters of positive AO.
To visualize this variability of BG characteristics with the changes in AO, the BG region’s
FWV, sea-ice volume, and their combined values for each product are compared to the
winter (November—April) AO index (Figure 2.7). The trend lines of each are broken on
these periods of interest to better visualize the variability.

Accordingly, EN4 shows a large increase in FWV over the summer and fall of 2007
after a period of gradual freshwater release (Figure 2.7b), peaking in January of 2008.
There is then a period of more gradual FWV accumulation before a slowing of the trend
approximately at the end of 2010. EN4 is also more variable post-2010, with larger
seasonal variability and more erratic interannual differences. The FWV post-2010 could
be forced in large part by the sea-ice extent, with 2012, 2016, and 2019 being years of
anomalously low sea extent (large sea-ice melt releasing FWC and little ice export), and
2013 and 2014 being years of anomalously high sea-ice extent compared to the 2010-2018
mean (Hall et al., 2021). This larger variability is not seen in the model and reanalysis

products, which show a more regular seasonal cycle. EN4 also shows two seasonal peaks
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of FWC, one in summer and one in the winter, while other products only show a summer
peak with a sharp increase and more gradual decrease.

ECCO, ORASS5, and SODA represent the 2007 jump followed by the 2007-2010
period of increasing the FWV well, although ECCO lacks the post-2010 slowdown.
GLORYS12 showed a small jump in 2007, while SODA underestimates FWYV before 2007
but accumulates much more FWV and follows EN4 closely post-2010. The sea-ice volume
also decreases more quickly following the 2007 positive AO event in ECCO, GLORYS12,
and SODA (Figure 2.7c), following the idea that a positive AO correlates with the
increased sea-ice export from the Arctic (Kwok, 2009; Morison et al., 2021).

This change between pre- and post-2007 FWC is also evident spatially. Excluding
MIZMAS and NEMO due to their shorter time periods, FWC pre- and post-2007 is mapped
in the Arctic Ocean (Figure 2.8). Since 2000, FWC and SSH increases in the BG have been
countered at least partially by decreases in the rest of the Arctic and particularly the Russian
Shelf (Hall et al., 2023; Regan et al., 2019; Solomon et al., 2021), according to the dipole
nature of the cyclonic mode of Arctic (Morison et al., 2021; Sokolov, 1962). This effect is
seen in models compared here, although the amount varies. In EN4, the area of freshwater
accumulation post-2007 clearly expands to the northwest, as well as increases in total
FWC, the maximum increasing from around 18 m to 24 m between the two periods. There
is also a slight decrease in FWC in the Eurasian Basin between the two time periods (Figure
8c2.). ECCO expands very little, and its change in FWC is similar, with the BG maximum
increasing from 12 to 18 m. GLORYS12 expands northward to the central Arctic Ocean.
ORAS5, GLORYS12, and SODA also show a decrease in FWC along the Russian shelf

consistent with the transition to the cyclonic mode due to the increased AO in 2007
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(Morison et al., 2012, 2021). ORASS5 expands westward, and ORASS5's shape resembles
EN4's shape and FWC values more closely. SODA pre-2007 was already an oblong shape
oriented towards the northwest. Post-2007 SODA’s FWC primarily shifts northward and
shows the greatest increases in maximum value from 15 m to 24 m. SODA also shows a
high FWC in the East Siberian Sea pre-2007 which increases slightly by about a meter
post-2007. There is also a small increase in FWC near the pole in SODA, similar in shape
to the central Arctic increase in GLORYS12.

As mentioned previously, the spatial extent of FWC is closely reflected in the
products’ SSH (Figure 2.9). The shape of the gyre visible in the DOT varies slightly
compared to EN4’s FWC, but ORASS, GLORYS12 and SODA show the near identical
shapes of the BG. ECCO shows a higher SSH over the whole Arctic than the other models
and reanalysis, especially compared to its relatively low FWC. The increase in SSH is also
larger, extending farther north, than the change in FWC (Figure 2.8f and Figure 2.9f). All
products both pre- and post-2007 show a high SSH along the eastern side of the Chukchi
Sea feeding into the BG as seen in the DOT. DOT along the Russian Shelf decreases after
2012, consistent with the ICESat observations of the response to the AO maximum of 2007
(Morison et al., 2012). This is matched by the change in Russian Shelf SSH in GLORYS12
and SODA. ECCO instead shows an increase in SSH on the Russian Shelf, and ORAS5
shows very little change except north of the Laptev Sea.

To investigate more of the fluctuations in FWC between periods, the mean salinity
at depth was also compared pre- and post-2007. As the time period for comparison varies
slightly between products, the intent is to primarily compare each model qualitatively to

EN4, and not directly with each other, as some differences in salinity are likely a product
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of differing periods of analysis. At 75°N, all products except ORAS5 show an
overestimation of salinity near the surface, although the general location of the halocline
and deepening of isohalines post-2007 is agreed upon (Figure 2.10). ECCO has relatively
flat isohalines, but the other products show the steepest halocline between 150 and 140°W.
The asymmetrical isohalines in the BG have been observed in other works before, with
steeper isohalines over continental slopes (Regan et al., 2019; Zhang et al., 2023). All
products also show large freshening post-2007. EN4 freshens by over 1 psu over nearly the
entire surface of the transect, and up to 50 m deep, as well as 0.5 psu at 200 m, near the
base of the cold halocline and centered over 155°W. ECCO has surface freshening focused
on the east side of the BG and obtains more saline at the surface over the Chukchi Plateau.
ORAS5 and GLORYS12 show freshening at 200 m, which is most similar to EN4.
GLORYS12 has less freshening at the surface, however, and instead shows the most
freshening around 60 m. SODA shows the largest area of salinity decrease, extending over
100 m deep on the east side of the gyre as one layer, instead of the divided surface and 200
m layers of the other products.

At 150°W, the products behave similarly (Figure 2.11). The freshest layer at the
surface of the BG varies in salinity between products but is generally centered near 75°N
in all products. The isohalines are again asymmetrical due to bathymetry and are therefore
steeper to the south. Surface freshening post-2007 in EN4 extends the deepest between
74°N and 76°N, and the freshening layer at 200 m shoals towards the north. ECCO shows
a similar surface freshening as EN4, although it again increases in salinity, here at the
southern edge of the BG. The freshening at 200 m in the center of the gyre is thicker than

EN4 and does not shoal to the north, matching the flatter isohalines. ORASS5's surface
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freshening extends deeper towards the south of the BG than EN4, and the 200 m layer is
centered farther north. GLORYS12 again has less freshening than other products, with the
greatest salinity decrease below the surface and focused on 74°N. SODA again shows the
greatest freshening between pre- and post-2007, with a change greater than 1 psu extending
past 100 m.
2.4 DISCUSSION

NEMO, ORAS5, and MIZMAS compare well to EN4 FWC in the Arctic. Within
the BG, ORASS consistently performs the best when compared to EN4, which was
expected (Carton et al., 2019; Hall et al., 2022), especially as EN4 is included in ORAS5's
forcings. SODA and GLORYS12's performances vary over time. EN4’s FWV from 2004
to 2018 varies from 17 x 103 to 25 x 103 km?, similarly to the values estimated from steric
SSH and ITPs in the BG (Proshutinsky et al., 2019). In ITP and mooring observations from
2003 to 2008, there were two seasonal maximums, one in June—July during the peak ice
melt, and another in November—January during the peak winds (Proshutinsky et al., 2009).
These two seasonal maximums are seen in EN4, but most of the models and reanalysis
show only one peak in October—December with a slower decrease over winter, or a much
weaker maximum in January—February. In FWC estimates from satellite data between
2004 and 2014, the maximum FWC was seen in December and the minimum in April
(Proshutinsky et al., 2019), which agrees better with the models.

There are, however, limitations to the method of BG FWV calculation used here
and in other studies, as it is simply a sum of the BG box region. While it makes values
comparable to other studies, it may be worth investigating a closed SSH contour definition

of the BG for more flexibility (Regan et al., 2019). The gyre expansion since the 1990s has
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led to freshwater accumulation farther north and west beyond the BG box in SSH and FWC
in many models and EN4, indicating that the definition may be less useful when measuring
the actual freshwater accumulation in the circulation feature of the gyre as its position
fluctuates.

As clearly seen in this comparison, the models do not resolve FWC equally, nor
some of the drivers of FWC. SSS in most products does not follow exactly with the spatial
ice extent in September, for example, although the seasonal peaks of the integrated FWV
do roughly align with the inverse of the seasonality of sea-ice volume as observed (Dewey
et al., 2017). This is further emphasized by the differences in correlation between FWC,
SSH, and SSS. With Ekman pumping, SSH increases at roughly the same time and place
as FWC within the BG. In other basins, while the changes in FWC and SSH agree spatially
in each model, they are only strongly positively correlated where they are both increasing,
and those locations differ between products. The timeline for freshwater release in the
Arctic is currently not well understood, but it does appear that FWC and SSH do not
decrease at the same time, unlike their accumulation. On the eastern Arctic side, the
products are even more inconsistent, as access to observations is limited, and observation
datasets used in models vary. NEMO, GLORYS12, and SODA use the same river runoff
dataset from Dai et al., (2009), but a higher Russian Shelf FWC is seen in SODA than in
other products, so the distribution of those waters within the models varies as well as the
data input. ECCO also has a relatively unique relationship between FWC and SSH, as it
tends to underestimate FWC and the doming of the BG compared to other products, while
its FWC and SSH correlation is the closest spatially to EN4. On the Atlantic side of the

Arctic, ECCO also has a much higher SSH than other products.
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There have been recent attempts to quantify the amount of freshwater accumulation
that the AO is directly responsible for (Wang & Danilov, 2022); however, as seen in the
mixed performances of the models and reanalysis products compared herein, our ability to
represent what is seen in EN4 varies, even in the BG. The responses of the gyre to AO can
be complicated, as increases in Ekman pumping, ice export, or changes in freshwater
pathways may all affect BG FWC. Although there is evidence of the stabilization of the
gyre in the last decade and an increase in DOT and FWC to the southeast of the Canadian
Basin (Lin et al., 2023; Zhang et al., 2016), this change is not seen in the comparison of
pre- and post-2007 FWC and SSH here. The increase in both terms is predominantly to the
north and west in all models. The expected decrease in SSH (Morison et al., 2021) and
FWC (Hall et al., 2023) on the Russian side of the Arctic Ocean is more widespread in
FWC than SSH (Figure 2.8 and Figure 2.9). Although the strength and spatial extent of this
dipole action varies between products, most products do show changes that are consistent
with the cyclonic mode when comparing pre- and post-2007 FWC and SSH. Positive AO
is linked to the BG being forced to the southeast of the Canadian Basin and extending
northward to the Makarov Basin, and negative AO to westward expansion (Bertosio et al.,
2022). In the long-term spatial mean, however, the period of accumulation post-2007
following a positive AO winter is balanced by the stabilization after 2011, such that the
mean shows expansion to both the west and north. While the long-term means of several
of the products compared here may be approaching observational accuracy (Carton et al.,
2019), work is clearly needed in their accuracy over time.

In the products’ salinity with depth, the steepness of the isohalines also varies in

the BG between products, likely in part due to differences in how the models represent
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eddy diffusivity (Kenigson et al., 2020). SODA also accumulates a larger amount of FWC
post-2007 compared to the other models. EN4, ORAS5, and GLORYS12 show a
freshening of the halocline layer of the BG to the northwest after 2007, which was noted
in another model (Zhang et al., 2023) and mooring observations (Zhong et al., 2019) due
to changes in the distribution of Pacific waters from a deepened halocline, which agrees
with the model results herein. The freshening in the middle of the halocline is also
consistent with the diverted Eurasian runoff of the cyclonic mode (Morison et al., 2012).
These changes in freshwater pathways to the BG are worth further exploration in modeled
FWC as secondary responses to the AO.

As EN4 is strictly an analysis product, its accuracy is limited by the number of
observations available, and the Arctic is chronically under sampled, especially in areas
such as the Russian Shelf, leading to the degradation of the quality in EN4 (Carton &
Chepurin, 2023; Morison et al., 2022). In the relatively well-studied BG, observations are
sporadic in both time and space, but models show a general agreement in long-term
changes. Agreement outside the BG is much less consistent, but regions such as the
Makarov Basin and Russian Shelf regions are important to the causes behind BG FWC
changes. Improvements made to models are hindered by this dearth of observations. This
problem may start to be alleviated as decreasing sea ice improves access to some of the
Arctic. This increases the amount of the Arctic Ocean visible to satellites, for example,
therefore increasing the accuracy of satellite products such as skin salinity and altimetry,

which is going to be vital to future research in the Arctic Ocean.
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2.5 CONCLUSIONS

The focus of this study was to compare both the FWC and drivers of freshwater,
primarily SSS, SSH, and sea ice, between several ocean models and reanalysis products
commonly used to analyze the Arctic Ocean. Most products represent previously defined
BG characteristics, such as freshwater accumulation since the 1990s and the extension of
the gyre to the northwest during that period, but the results of products outside the BG vary
significantly. As satellite altimetry and salinity are used to estimate FWC where in situ
observations are scarce, exploring our ability to predict relationships between these
variables is a necessary step in furthering the study of FWC in the Arctic.

Among the products compared, ORAS5 tended to be the most accurate at
replicating EN4 FWC, and, in more recent years, SODA as well, due to the uniquely large
salinity decrease at depth. ORASS also closely matches known ice dynamics in the BG,
showing fresh surface waters following the sea-ice retreat in 2017. SODA uniquely
represents river input on the Russian Shelf, which could be useful for questions of FWC
and salinity in the Arctic as a whole but underestimates the sea-ice volume compared to
other models, which could in part be due to this version’s different atmospheric reanalysis.
ECCO’s correlation between FWC and SSH most closely matched those of EN4 and
satellite DOT, likely related to the strong seasonal variability in FWV seen in the BG,
although it also underestimates the sea-ice volume. NEMO overestimates salinity to the
largest degree amongst the models compared here, and therefore underestimates FWC.
MIZMAS has the largest underestimation of BG FWV, likely due to its maximum
extending outside of the BG box. Long-term trends and products’ responses to observed

changes in the Arctic Ocean attributed to the AO highlight the variability in model
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performance; however, with little consistency across much of the study. ORASS5,
GLORYS12, and SODA showed potential to be useful tools for analyzing the AO and its
interannual effects, showing changes in the FWC and SSH over time that correspond with
the cyclonic mode of the Arctic Ocean. Some of the discrepancies in areas such as the
Russian Shelf are likely due to a lack of in situ observations and can hopefully be improved

with remote sensing observations moving forward.
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Table 2.1. Summary of descriptions for the model and reanalysis products used in this

study.
GLORYSI1
Product ECCO NEMO MIZMAS ORASS 2 SODA3
Version Version 4, Version 3.1 Version 1 Version 5 Version | Version 3.12
release 4 Level 4
Origin NASA ECMWF APL/PSC ECM\ZF CD " cMEMs UofMD
Horizontal 1-1/5°; LLC90 1/12° gridded : : , :
. i 1/5° gridded 1/4° gridded 1/12° gridded 1/2° gridded
Resolution grid (ORCA) g g g g
szgz}f]nfi Daily; Daily; Monthly; Daily; Monthly;
Temporal g anuary 2016— January 2012— January 1979— January 1993— January 1980—
. January 1992-
Resolution December December December December December December
2021 2017 2018 2019 2017
2017
Vertical 50;5m-5.9 50;0.5m-5.7 40;0.5m—4.3 75;0.5m-5.9 50;0.5m-5.7 50;5 m-5.4
Layers km km km km km km
. Altimeter data
Aquarius SSS .
constrained; CME.MS M parallel Ocean NEMOV3.4 + NEMOv3.4 Modular
situ . and ORCA12; Ocean Model
Argo floats, Program  LIM2 sea ice
temperature ] CMEMS SLA, v5.1 + Sea Ice
WOAO09 .. model + TED model; .
and salinity . AVHRR SST  Simulator,
CTDs, APB . sea ice model; HadISST2 .
Ocean and . vertical . data, CORA in WOD13 and
gliders, ITPs, polar profiling SST, OSTIA .
Ice Data . profiles, SIC, . situ database, ICOADS v5r2,
moorings, . floats, ITPs, SIC, EN4 in . .
SLA, satellite . Dai et al., Dai et al.,
Fekete et al., . autonomous  situ, AVISO . .
. SST, Dai et al., . 2009 river 2009 river
2002 river . glider data DT2014 SLA . .
. 2009 river o L discharge discharge
discharge . assimilated  assimilated . .
. discharge assimilated  assimilated
assimilated ..
assimilated
ERA-Interim
JRA-55DO
Atmospher ECMWE  (cEp cFsya, (1979-2014), atmospheric
. ECMWF  forecast, bulk > ECMWF . .
ic R . RE NCAR ERA-Interim reanalysis with
ERA-Interim €O reanalysis data NWP (2015- CORE4 bulk
Data formulas y 2018), WAVE
. formula
forcing
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SSS (psu)
24 26 28 30 32 34

Figure 2.1. Sea surface salinity (SSS; psu) averaged over September of 2017 in the Arctic
Ocean from (a) SMOS, (b) SMAP, (c) OISSS, (d) EN4, | ECCO, (f) NEMO, (g)
MIZMAS, (h) ORASS, (i) GLO-RYS12, and (j) SODA. The black box denotes the BG
region, the star is the north pole, and the dashed black line in (e—j) is the average sea-ice
extent from each model.
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Figure 2.2. Sea surface salinity (SSS; psu) averaged over April of 2017 in the Arctic
Ocean from (a) SMOS, (b) SMAP, (c) OISSS, (d) EN4, | ECCO, (f) NEMO, (g)
MIZMAS, (h) ORASS, (i) GLORYS12, and (j) SODA. The black box denotes the BG
region, the star is the north pole, and the dashed white line in (e—j) is the average sea-ice
extent from each model.
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Figure 2.3. Averaged FWC (m) of the Arctic Ocean in 2017 for (a) EN4, (b) ECCO, (c)
NEMO, (d) MIZMAS, (e) ORASS5, (f) GLORYS12, and (g) SODA. The Beaufort Gyre
region is denoted with a black box in (a). Contours are every 2 m.
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Figure 2.4. Correlation between (a) monthly EN4 FWC (m) and satellite DOT (m) and
(b) monthly EN4 FWC and SSS (psu). Correlations between FWC and DOT range from
0 to 1, and correlations between FWC and SSS range from —1 to 0. The BG is denoted by
a black box in (a). Significance (p value = 0.01) is indicated with black contour lines.
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Figure 2.5. Correlation between monthly FWC (m) and SSH (m) or SSS (psu) for (a,b)
ECCO, (c,d) NEMO, (e,f) MIZMAS, (g,h) ORASS, (i,j) GLORYS12, and (k,I) SODA.
The BG is denoted by a black box in (a). Significance (p value = 0.01) is indicated with

black contour lines.
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Figure 2.6. Scatter diagram of monthly FWV summed over the BG box region (103 km3)
of EN4 compared to (a) ECCO, (b) NEMO, (c) MIZMAS, (d) ORASS, (e)l GLORYS12,
and (f) SODA. Black lines represent an equivalent FWC (1:1 ratio). Grey lines are the
lines of best fit to the scattered data. Correlation coefficients and p—values for each
product comparison are also shown. Plotted points are broken into different time periods
by color and shape as shown in the legends.
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Figure 2.7. Timeseries of (a) the winter (NDJFMA) mean of the Arctic Oscillation index,
and the box sum of the BG region’s (b) liquid freshwater volume (LFWV; km3), (c) the
sea-ice volume (SIV; km3), and (d) the sum of the FWV and SIV, from 1993 to 2021, for
the respective products’ data availa-bilities. Trend lines are broken on July 2007 and
December 2010.
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Figure 2.8. Average FWC (m) of the Arctic Ocean before July 2007, after July 2007, and
the difference between the time periods for (a—c) EN4, (d—f) ECCO, (g—i) ORASS5, (j-I)
GLORYS12, and (m—0) SODA. The Beaufort Gyre is denoted with a black box in (a).
The zero contour is indicated with a black line in the difference panels.
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Figure 2.9. Average SSH (m) of the Arctic Ocean before July 2007, after July 2007, and
the difference between the time periods for (a—c) satellite DOT, (d—f) ECCO, (g-i)
ORASS5, (j-1) GLORYS12, and (m—0) SODA. The Beaufort Gyre is denoted by a black
box in (a). The satellite DOT differs in domain from the other products and has its own
color bar. The zero contour is indicated with a black line in the difference panels.
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Figure 2.10. Depth profiles of salinity at 75°N between 170°W and 130°W, averaged
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-160

-150

-140

-130

from 1993 to 2007 and from 2007 to the end of each product’s data availability, and the

difference between the two periods, for (a—c) EN4, (d-f) ECCO, (g-i) ORASS, (j—I)

GLORYS12, and (m-0) SODA.
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Figure 2.11. Depth profiles of salinity at 150°W between 70.5°N and 80.5°N, averaged
from 1993 to 2007 and from 2007 to the end of each product’s data availability, and the
difference between the two periods, for (a—c) EN4, (d-f) ECCO, (g-i) ORASS, (j—I)
GLORYS12, and (m-0) SODA.
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CHAPTER 3
CONCLUSIONS AND FUTURE WORK
Understanding FWC and its movement is vital to the physics of the Arctic Ocean,
as salinity drives the vertical structure of the water column, as well as the temperature of
surface ice formation. The export of FWC from the Arctic is also important globally, as it
has the potential to slow the ocean’s thermohaline circulation. Due to harsh conditions in
the Arctic Ocean, in-situ observations are challenging, so researchers rely on ocean model
and reanalysis products. As such, the work done in this thesis to identify the strengths and
weaknesses of commonly-used products as it relates to FWC is important to improving

future Arctic Ocean research.

Most products showed some measure of agreement on FWC values and their
changes within the BG, but more disagreement outside the region. SSH, SSS, and sea ice
were also studied as drivers of FWC, although the connection between these parameters
and FWC, again, saw little agreement between products. In general, ORAS5 was the best
product of those compared when it comes to magnitude and distribution of FWC compared
to EN4, although several other products showed unique and promising characteristics. In
particular, we observed changes in reanalysis products’ FWC and SSH that agreed with

those expected from the AO indices over the duration of this study.
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Morison et al. (2012) noted an increase in the geochemical signatures of Eurasian river
water found in the BG halocline after a large positive winter AO in 2006/2007, and attributed the
BG’s FWC increase observed at the same time to these river waters being deflected from the
Russian Shelves into the BG. This would agree with the decrease (increase) in SSH in the Russian
Shelf (BG) region observed in the dynamic ocean topography during the same time (Morison et
al., 2021). This change in Arctic FWC is seen in the ORASS reanalysis in 2007, as shown by Hall
et al. (2023). Hall et al., identified a step decrease in the Russian Shelf FWC at the same time as a
step increase in BG FWC in 2007, after the winter of 2007. The observed change in dynamic ocean
topography over the same time has been shown in the SSH of some ocean models (Chapter 2).
While these changes are temporally linked, the exact pathways of the exchange have not yet been
identified. There is potential for future work comparing the circulation of freshwater from different
models and reanalyses: to assess their ability to show this change in pathways of freshwater into
the BG, where and how long FWC is stored elsewhere in the Arctic, and if observed changes in

FWC can potentially also be attributed to other forcings based on our current modeling abilities.

Availability of observations to force model accuracy in the Russian Shelves is limited,
partially due to the physics of drifters diverging from cyclonic circulation. This is one reason for
the discrepancies between models on the eastern side of the Arctic. The shelves are short-term
reservoirs for large amounts of freshwater from rivers before they are exported to the Arctic basins
and beyond, however, so understanding the seasonal and interannual variability of cross-shelf
transport can help better understand freshwater circulation across the entire basin, as well as
improve our ability to model it. This could potentially be improved with increasing accuracy of

remote sensing products such as altimetry and SSS in the future.
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