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Abstract.

The hydrography of the Arctic Ocean has experienced profound changes over the last two decades. The sea-ice extent
has declined more than 10% per decade, and its liquid freshwater content has increased mainly due to glaciers and sea ice
melting. Further, new satellite retrievals of sea surface salinity (SSS) in the Arctic might contribute to better characterizing
the freshwater changes in cold regions. Ocean salinity and freshwater content are intimately related such that an increase
(decrease) of one entails a decrease (increase) of the other. In this work, we evaluate the freshwater content in the Beaufort
Gyre using surface salinity measurements from the satellite radiometric mission Soil Moisture and Ocean Salinity
(SMOS) and TOPAZ4b reanalysis salinity at depth, estimating the freshwater content from 2011 to 2019 and validating
the results with in-situ measurements. The results highlight the underestimation of the freshwater content using reanalysis
data in the Beaufort Sea and a clear improvement in the freshwater content estimation when adding satellite sea surface salinity
measurements in the mixed layer. The improvements are significant, with up to a 70% reduction in bias in areas near the ice
melting. Our research demonstrates how remotely sensed salinity can assist us in better monitoring the changes in the Arctic
freshwater content and understanding key processes related to salinity variations that cause density differences with

potential to influence the global circulation system that regulates Earth’s Climate.

Copyright statement. TEXT

1 Introduction

The Arctic has experienced rapid changes in the last decades due to rising temperatures (Rantanen et al., 2022). Along with the
Arctic water cycle intensification, the sea ice cover is getting younger, thinner, and more mobile (Morison et al., 2012; Moore

et al., 2021). Retreating and decreasing sea ice cover, melting ice sheets and glaciers, and increasing Arctic river discharges



20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

have led to a freshening of the upper Arctic Ocean (Haine et al., 2015; Solomon et al., 2021). Changes in the Arctic hydrography
directly affect conditions on the rest of the planet through feedback mechanisms and interactions with the northern hemispheric
atmospheric circulation (Lenton et al., 2019). The retreating sea ice cover and an associated warmer and fresher upper ocean
have a direct effect on intensifying the stratification of the water column, with the potential to destabilize the thermohaline
circulation, which regulates the Earth’s Climate (Rahmstorf, 2002).

The freshwater is defined as the amount of zero-salinity water that is contained in a volume of water relative to a reference
salinity. Liquid freshwater content (FWC) is the depth integral of freshwater, expressed in length units. We chose the stan-
dard value used in the Arctic, 34.8, as salinity reference, to follow the one used in (Proshutinsky et al., 2009) as we will
compare our estimations with their gridded in-situ estimates. The FWC within the upper Arctic Ocean is maintained through
the contributions of various significant factors. These factors include river discharge, which accounts for approximately 40%
of the FWC (Timmermans and Toole, 2023). The substantial inflow of relatively fresh Pacific waters through the Bering Strait
constitutes another vital component, contributing around 30% to the FWC. Additionally, the balance between precipitation
and evaporation plays a crucial role, with a net effect of approximately 25% on the FWC (Serreze et al., 2006; Timmermans
and Marshall, 2020). These freshwater inflows play a vital role in maintaining the halocline stratification of the Arctic Ocean,
which serves as a protective barrier for the Arctic sea ice cover from the influence of the warmer, deeper Atlantic waters.

At the western side of the Arctic climate system lies the Beaufort Gyre (BG), a large swirling circulation cell in the Beaufort
Sea. The BG’s rotation is driven by anticyclonic (clockwise) wind stress caused by a high-pressure system in the lower atmo-
sphere. The gyre contains an enormous reservoir of freshwater from sea ice, northern rivers (mainly Mackenzie and Yukon),
and Pacific waters entering through the Bering Strait (Proshutinsky et al., 2015; Armitage et al., 2020). The shape and extension
of the BG’s is driven by weather patterns such as Arctic Oscillation (AO) and has a marked seasonal variability. Within the BG,
freshwater accumulates through Ekman convergence, ultimately making its exit from the Arctic through the Davis and Fram
Straits. Since 1997, high atmospheric pressure has triggered strong anticyclonic winds over the BG which led to an increase of
FWC by 40% in the last two decades (McPhee et al., 2009; Solomon et al., 2021). The variability of freshwater fluxes from the
Arctic has the potential of collapsing subpolar North Atlantic convection, resulting in rapid North Atlantic cooling (Holliday
et al., 2020) that would affect global climate via the thermohaline circulation (Rahmstorf, 2000; Zhang et al., 2021; Arthun
et al., 2023; Sgubin et al., 2017), as well as the ocean heat content and biogeochemical cycles (Li et al., 2009). The timing and
consequences of the eventual release of the accumulated freshwater from the BG into the North Atlantic remain unclear and
warrant further investigation.

Traditionally, the Arctic Ocean’s FWC has been estimated using in-situ hydrographic measurements. However, limited
spatiotemporal sampling and the coverage of in-situ measurements pose a significant challenge to monitoring the FWC. In the
last decades, satellite data such as altimetry (e.g. sea surface height from CryoSat-2) and gravimetry (e.g. bottom pressure from
GRACE), along with in-situ observations and model reanalysis outputs, have been used to compute FWC estimations (Morison
et al., 2012; Armitage et al., 2016; Solomon et al., 2021). The difference between sea surface height anomalies derived from
altimetry measurements and ocean bottom pressure anomalies obtained from GRACE primarily represents the integrated steric

sea level variations across the water column. However, salinity is still considered a better indicator for estimating Arctic
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freshwater (Fournier et al., 2019). In the Arctic Ocean with these cold ocean temperatures, the steric, or density, component
of sea level is primarily due to halosteric (salinity-induced) changes in the salinity of the upper ocean. Thereby, changes in
FWC are predominantly governed by alterations in salinity conditions, emphasizing the signi cant in uence of salinity-related
changes on the sea level dynamics in the Arctic Ocean (Raj et al., 2020). This implies that salinity is the most natural variable
for investigating FWC as it directly describes the increases or decreases of freshwater in the ocean (Kéhl and Serra, 2014; Tan(
etal., 2018).

Since 2010, the retrieval of Arctigea surface salinity(SSS) from microwave radiometric measurements obtained by satel-
lites such as SMOS (launched in 2009) (Reul et al., 2020), Aquarius (operational from 2011 to 2015) (Lagerloef, 2012), Soil
Moisture Active Passive (SMAP; launched in 2015) (Tang et al., 2017), and future Copernicus Imaging Microwave Radiometer
(CIMR) satellite (Tang et al., 2017), has revolutionized the monitoring of the global water cycle. The surface salinity obser-
vations allow us to improve the monitoring of the sea ice decline and river discharge impact and analyze the water in ux to
the Arctic Ocean (Kilic et al., 2018). The SMOS satellite provides daily full coverage in polar regions with an effective spatial
resolution of 50 km in the seasonally ice-free areas of the Arctic Ocean (Martinez et al., 2022). Due to low seawater temper-
atures of high latitudes, compared to lower latitudes, L-band brightness temperatures in polar oceans exhibit lower sensitivity
to changes in salinity. Consequently, inherent uncertainties are associated with retrieving SSS in the Arctic from these satellite
missions (Olmedo et al., 2018; Xie et al., 2019). However, signi cant advancements in retrieval algorithms have been made,
leading to the development of specially tailored Arctic products (Martinez et al., 2022) that have paved the way for integrating
SSS data into studies focused on the Arctic FWC (Fournier et al., 2019; Hall et al., 2021; Umbert et al., 2021; Hall et al., 2023).

In this work we evaluate the FWC in the BG, using a satellite-derived Arctic SMOS SSS product with salinity within the
water column from TOPAZ4b reanalysis. By exploiting the capabilities of SMOS and merging its SSS observations with
salinity from reanalysis models, we aim to enhance our understanding of the distribution and dynamics of FWC in the Beaufort
Gyre region.

2 Data and Methods
2.1 Satellite data

The data utilized for conducting this analysis is the BEC SMOS Arctic SSS level 3 product v3.1, available from January 2011
to December 2019 as described in Martinez et al. (2022). These salinity maps are generated on a daily basis, using a 9-da
running mean, in an EASE 2.0 grid of 25 km. Data closer to 100 km to the coast lacks information as these pixels are expected
to have low quality due to land-sea contamination. The product is freely distributed from the Barcelona Expert Center website
at http://bec.icm.csic.es/, with the corresponding DOI number https://doi.org/10.20350/digital CSIC/12620. Additionally, the
data is also accessible on the Digital CSIC server at https://digital.csic.es/handle/10261/219679.

The major advantage of this specially tailored product for the Arctic Ocean is the improvement of the effective spatial
resolution that permits better monitoring of the mesoscale structures larger than 50 km. This ner spatial resolution is one
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of the main advantages of this product, as evidenced by the spatial-spectral analysis performed in Martinez et al. (2022).
Therefore, this product is suitable for studying Arctic Ocean SSS processes and dynamics.

Daily sea ice concentration (SIC) estimates from the Sea Ice Climate Change Initiative (OSI-SAF) product OSI-430-b were
obtained from EUMETSAT Ocean and Sea Ice Satellite Application Facility, Darmstadt, Germany (2019) (http://www.0si-saf.
org/).

2.2 Reanalysis data

The TOPAZ system, developed at the Nansen Environmental and Remote Sensing Center (NERSC) and operated by the
Meteorological Institute of Norway, is an operational coupled ice-ocean data assimilation system speci cally designed for the
Arctic Ocean. This system utilizes the HYCOM-CICE model with a spatial resolution of 10 km across the entire Arctic region
and employs the Ensemble Kalman Filter (EnKF) technique with 100 dynamical members to assimilate all available ocean and
sea ice observations jointly (Xie et al., 2017).

We make use of the monthly outputs from the current version of TOPAZ system, TOPAZ4b reanalysis, spanning the years
2011-2019. Our focus is on the salinity variable, which is available at 40 vertical levels, ranging from surface (zero meters) to
bottom. The atmospheric forcing elds used in the TOPAZ4b are obtained from the ECMWF (European Centre for Medium-
Range Weather Forecasts). The HYCOM-CICE model is run on a daily basis, providing a 10-day forecast with an average of
10 ensemble members for the 3D physical ocean variables. Weekly data assimilation is performed to generate a 7-day analysi
using an ensemble average. It is important to note that this version TOPAZ4b incorporates the assimilation of the same SMOS
SSS product used in this study, as presented by Xie et al. (2828)ell as other variables such as sea surface temperature,

SIC, sea level anomaly, surface irradiance data, sea ice thickness, and in-situ salinity and temperature pro les.

The output products of the TOPAZ4b are interpolated onto a grid with a resolution of 12.5 km at the North Pole, equivalent
to 1/8 degree in mid-latitudes. The interpolation is performed on a polar stereographic projection. It has 40 hybrid vertical
layers (z-isopycnal) from the surface (0 m) to 4000 m depth with resolution varying from 1 m at the surface to 1500 m at the
deepest level. These products serve as both near real-time forecast and reanalysis products, contributing to the activities of th

Copernicus Marine Services Arctic Monitoring and Forecasting Center (Arctic MFC).
2.3 In-situ data

We utilize the FWC gridded data obtained from the Beaufort Gyre Exploration Project (Proshutinsky et al., 2009) to validate the
estimates that we present. They compute the FWC in the region, frol 6080 N and 130W to 170 W, where the water
depths exceed 300 m. The data collected from CTD (Conductivity-Temperature-Depth), XCTD (eXpendable Conductivity-
Temperature-Depth), and UCTD (Underway Conductivity-Temperature-Depth) pro les obtained between July and October
each year are used. They offer a yearly estimate based on those in-situ measurements from July to October.

The in-situ FWC estimations are derived from salinity pro les and are optimally interpolated onto a 50-kilometer square grid,
providing insights into the FWC variability within the region. These maps cover the period from 2003 to 2020. Additionally,
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uncertainties associated with each grid cell are determined using the optimal interpolation technique described in Proshutinsky
et al. (2009).

2.4 Freshwater content calculation

We have computed the FWC combining SMOS SSS and in-depth ocean salinity from the TOPAZ4b reanalysis in the Beaufort
Sea during the 2011-2019 period. We have computed the FWC using the classical relation (Haine et al., 2015; Proshutinsky
etal., 2019):

ZEref)
Sref S ( Z)

FWC =
Sref

z=0m

dz; Sier=34:8psu Q)

where S is the salinity at each gridpoinge; is the salinity reference, ara{S;e; ) is the depthz, where theS(z) = Sietis
achieved, or the ocean bottom.

The FWC computation used SMOS SSS measurements in the pixels where the satellite has coverage, excluding ice-covere:
ocean areas, from the ocean surface (the rst TOPAZ4b layer) down to the mixed layer depth (MLD). In other cases, FWC
computation used TOPAZ4b salinity. Toole et al. (2010) showed that the MLD in that are22isneters for the melting
season, with a seasonal variability oB meters based on the results from in-situ CTD and ice-tethered pro lers, therefore
representing the MLD of the bulk salinity. As TOPAZ4b has prede ned layers, we try three different TOPAZ4b layers as the
depth of the mixed layer: 16, 25, and 29 meters, to assess the uncertainty associated with using a constant value as the MLI
through the year and the area. This generates an uncertainty that has an impact on the FWC estimates because the MLD has

seasonal and inter-annual variability (Toole et al., 2010).

3 Results and Discussion

In our analysis, we exploited the data obtained from the SMOS microwave satellite. It is important to note that the coverage of
SSS data from microwave satellites is limited in the presence of sea ice (Figure 1). During periods of sea ice melting, a larger
area of the ice-free ocean becomes observable, enabling SMOS to detect SSS. These measurements provide valuable insigt
into the variability of the FWC of the region resulting from recent ice melting. Other processes associated with surface salinity
in the Arctic region that SMOS potentially can detect are precipitation, river runoff, and circulation patterns such as currents,

and eddies that transport water masses with different salinity characteristics.
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Figure 1. Mean SMOS SSS for September 2011 (a) and September 2016 (b). Mean uppermost salinity level of TOPAZ4b for September 2011
(c) and September 2016 (d). The average sea ice concentration contours for September 2011 and 2016 provided by OSISAF are overlayec
The study area of the Beaufort Gyre is in black dashed lines.

Figure 1 displays the monthly averaged surface salinity observed by SMOS during September 2011 and September 201€
(panels a and b, respectively). The surface salinity ( rst layer) from the TOPAZ4b reanalysis for the same period is shown
in panels ¢ and d. The satellite data exhibits lower salinity values than those resolved by the reanalysis. Note that even if
TOPAZA4b reanalysis assimilates SMOS SSS, the resulting surface salinity does not seem to reproduce the same SSS dynami
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as seen by SMOS. The reanalysis captures low salinities in the Mackenzie River plume, however, it missess the low salinities
in the center of the BG, which may have its origin from the melting of sea ice, and/or may be associated with fresh waters from
rivers such as the Ob Lena and the Yenisei in the Eurasian Basin, transported into this region (Proshutinsky et al., 2009; Hall
et al., 2023). As indicated by the contours of SIC overlayed in the gure, there are areas with SMOS salinity data but not free
of ice coverage. This is because the SMOS SSS data is a monthly average of daily products generated using a 9-day runnin
mean. Therefore, these areas represent regions where ice has recently retreated, leaving behind melt waters. The satellite dg

appears to capture the freshwater input resulting from ice retreat (De Andrés et al., 2023).

Figure 2. Temporal evolution of mean SMOS SSS, TOPAZ4b SSS (in the same pixels as SMOS), and OSISAF sea ice extension during
2011-2019 in the Beaufort Gyre.

The temporal evolution of the satellite and reanalysis surface salinity (Figure 2), further highlights high reanalysis salinities
in the region. The seasonal variability in the reanalysis salinities (green line) is very low, while SMOS SSS (blue line), captures
both fresh waters from the ice melting during early summer, and high salinities during the ice formation in fall. When the ice
coverage decreases during the spring and summer months, satellite salinity reveals a noticeably lower salinity than TOPAZ4b
(salinity values ranging from 1 to 4 less on average, depending on the period). Even if TOPAZ4b assimilates SMOS SSS
information, the surface salinity in the reanalysis is still far from the satellite observations, mainly due to the excessively low
weight assigned to SMOS measurements, and an excessive SSS relaxation process to the World Ocean Atlas (WOA18) SSS i

the assimilation scheme.
3.1 Freshwater content using salinity

In the Beaufort Sea region, we observed that the SSS obtained from SMOS data tends to be fresher compared to the sur
face salinity provided by the TOPAZ4b reanalysis model (Figure 2). This discrepancy in salinity motivates the necessity of
incorporating SMOS SSS up to the MLD to estimate FWC in this key region of the Arctic Ocean.



166 In order to use the same area as in-situ measurements (Section 2.3), we determine the FWC (Section 2.4), within the BG
167 region, de ned from 70N to 80 N and 130W to 170 W, in areas where water depths exceed 300 m. To calculate the FWC by

168 merging SMOS SSS and TOPAZ4b salinity, we combine the salinity data from the TOPAZ4b reanalysis at various depths with
169 the SMOS SSS values for the layers above the MLD. This methodology is detailed in Section 2. By integrating the remotely
170 sensed salinity, we aim to obtain a more accurate estimation of the FWC within the Arctic Ocean.
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Figure 3. (a,d) Mean freshwater content using only TOPAZ4b; (b,e) TOPAZ, and SMOS SSS on the rst 16 meters; (c,f) freshwater content
difference for September 2011 (top row) and September 2016 (bottom row). The freshwater content difference is computed as the freshwatel
content from TOPAZ4b salinity minus the freshwater content from TOPAZ4b adding SMOS up to 16 meters.

171 Figure 3 presents the FWC estimates in September 2011 and 2016, using only reanalysis salinity (a and d), and those by
172 introducing SMOS SSS up to the layer of 16 meters in TOPAZ4b (b and e). Similar results but with higher FWC are found when
173 SMOS SSSis added up to 25 or 29 meters (spatial map not shown, but results are found in Table 1 and Figure 4). Compared tc






