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Abstract

We investigate the Chukchi and the Beaufort seas, where salty and warm Pacific Water flows in from the Bering Strait and
interacts with the sea ice, contributing to its summer melt. For the first time, thanks to in-situ measurements recorded by two
saildrones deployed during summer 2019 and refined sea ice filtering in satellite L-Band radiometric data, we demonstrate the
ability of satellite Sea Surface Salinity (SSS) observed by SMOS and SMAP to capture very fresh SSS induced by sea ice melt,
referred to as meltwater lenses (MWL). The largest MWL observed by the saildrones during this period occupied a large part of
the Chukchi shelf, with a SSS decrease reaching 5 pss, and persisted for up to one month. Over this MWL, measured currents
and wind speed illustrate the influence of induced low SSS pattern on the air-sea momentum transfer to the upper ocean by
restricting its vertical extent. Combined with satellite-based Sea Surface Temperature, satellite SSS provides a monitoring of
the different water masses encountered in the region during summer 2019. Using sea ice concentration and estimated Ekman
transport, we analyse the spatial variability of sea surface properties after the sea ice edge retreat over the Chukchi and the
Beaufort seas. The two MWL captured by both, the saildrones and the satellite measurements, result from different dynamics.
Over the Beaufort Sea, the MWL evolution follows the meridional sea ice retreat, whereas in the Chukchi Sea, a large persisting

MWL is generated by advection of a sea ice filament.
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Key points

(1) Saildrones and L-Band radiometers detect sea ice induced large SSS variability over the
Chukchi and the Beaufort Sea.

(2) Low SSS due to sea ice melting decreases the momentum transfer vertical extent and
inhibits it beyond 10 meters depth.

(3) Meltwater lenses may reach with a persistence time up to more than one month and

reach a SSS 5 pss fresher than surrounding waters.

Abstract

We investigate the Chukchi and the Beaufort seas, where salty and warm Pacific Water
flows in from the Bering Strait and interacts with the sea ice, contributing to its summer melt.
For the first time, thanks to in-situ measurements recorded by two saildrones deployed during
summer 2019 and to refined sea ice filtering in satellite L-Band radiometric data, we
demonstrate the ability of satellite Sea Surface Salinity (SSS) observed by SMOS and SMAP
to capture SSS freshening induced by sea ice melt, referred to as meltwater lenses (MWL).

The largest MWL observed by the saildrones during this period occupied a large part of
the Chukchi shelf, with a SSS freshening reaching -5 pss. it persisted for up to one month, to



this MWL, induced low SSS pattern which restricted the transfer of air-sea momentum to the
upper, as illustrated by measured wind speed and vertical profiles of currents.

Combined with satellite-based Sea Surface Temperature, satellite SSS provides a
monitoring of the different water masses encountered in the region during summer 2019. Using
sea ice concentration and estimated Ekman transport, we analyse the spatial variability of sea
surface properties after the sea ice edge retreat over the Chukchi and the Beaufort seas. The two
MWL captured by both, the saildrones and the satellite measurements, result from different
dynamics. Over the Beaufort Sea, the MWL evolution follows the meridional sea ice retreat,
whereas in the Chukchi Sea, a large persisting MWL is generated by advection of a sea ice

filament.

Plain language summary

The Arctic Ocean is an area of large variations in salinity. Salinity is a main driver of
ocean circulation as it determines (with seawater temperature) the seawater density. However,
very little is known about salinity variations there, due to the paucity of in situ measurements
near ice and in river plumes. Here, we show that novel satellite sea surface salinity captures the
evolution of meltwater lenses that were identified in-situ by autonomous vehicles.

Over the Chukchi and the Beaufort seas, the sea surface salinity exhibits large seasonal
changes, partly because of the sea ice melting. In this region, Pacific Water enters into the
Arctic Ocean, resulting in large gradients of salinity and temperature. During summer 2019,
two autonomous vehicles, named saildrones, measured the surface salinity and temperature
variability during the sea ice retreat (as well as other variables, such as current profiles). These
measurements allow us to monitor the ocean surface and to validate surface salinity and
temperature estimates from satellite measurements.

This study demonstrates that satellites can detect pools of fresh surface water in the
Arctic Ocean, increasing the field of application of satellites to understand changes in

conditions that determine the Arctic's role in climate change.
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1. Introduction
The Arctic Ocean salinity is largely influenced by river discharges and sea ice melting.

As in any cold environment, it largely determines the seawater density. Nevertheless, in-situ



measurements are very sparse near sea ice and in river plumes. Combined with in-situ
measurements, novel satellite Sea Surface Salinity (SSS) has the potential to contribute to a
better understanding of the evolution of the Arctic sea surface properties.

In the Arctic Ocean, Pacific Water (PW) is one of the primary low salinity sources. It
enters through the Bering Strait to the Chukchi Sea. Over the Chukchi Shelf, two distinct
Pacific-originated water masses are commonly observed: the relatively salty Bering Sea Water
(BSW; between 32 and 33 pss) and the relatively fresh Alaskan Coastal Water (ACW; between
31 and 32 pss; Coachman et al., 1975; Steele et al, 2004). ACW is mainly composed of Riverine
Water (RW), with a strong contribution from the Yukon River. ACW and the easternmost
branch of BSW are injected into the north of the Beaufort Gyre, while the westernmost branch
is advected northward and carries PW toward the Transpolar Drift (Timmermans et al., 2014).

Woodgate and Peralta-Ferriz (2021) report on an increase of the PW transport into the
Chukchi Sea since 1990, associated with an increase of the heat inflow. This trend is a part of
the “borealization” affecting the Arctic Ocean (Polyakov et al., 2020). These changes have
significant consequences on sea ice spatial and temporal variability (Danielson et al., 2020).

As PW brings heat to the Arctic during spring and summer, it contributes to the seasonal
sea ice melt. This source of warm water may take the form of a jet penetrating in the Arctic
Ocean up to the Beaufort Sea, passing by the Barrow Canyon (MacKinnon et al., 2021). During
the sea ice melt and retreat, the large amount of freshwater added to the sea surface may induce
a strong decrease in SSS following the sea ice edge retreat during summer. This freshening
could be correlated with the distance from the sea ice edge, as described in the Beaufort Sea by
Dewey et al (2017). These lenses strongly modify the surface density and thus influence ocean
dynamics. Induced strong stratification also influences ocean-sea-ice-atmosphere exchanges.
The stratification further impacts the Near Surface Temperature Maximum (NSTM) ability to
store summer heat during winter and then to influence sea ice melting the following summer
(Steele et al., 2011).

Nevertheless, due to their sporadic nature and the difficulty inherent to the sea surface
monitoring over the Arctic Ocean, these freshening events remain poorly documented. In this
context, autonomous vehicles provide valuable information. In summer 2019, saildrones were
deployed for the first time in the vicinity of sea ice in the Chukchi and Beaufort seas (Vazquez-
Cuervo et al., 2021). Saildrones provide key measurements of salinity and temperature close to
the ocean surface (at approximately 0.5 m depth). Their ability to measure wind speed (WS)

and ocean currents is key to study how the surface freshening induced by sea ice melt evolves



and can influence air-sea exchanges. In addition, satellite estimates, while less accurate than in-
situ measurements provided by saildrones, offer a unique synoptic view.

The objective of this study is to use the synergy between satellite and in-situ
measurement to document the ice melt induced freshening over the Chukchi and the Beaufort
seas.

The Soil Moisture and Ocean Salinity (SMOS; 2010-present, Kerr et al., 2010, Font et
al., 2010) and the Soil Moisture Active and Passive (SMAP; 2015-present, Piepmeier et al.,
2017) satellites both monitor SSS at a resolution close to 43 km with a repetitivity close to 1
day at very high latitude (Vinogradova et al., 2019; Reul et al., 2020). The low Sea Surface
Temperature (SST) characteristic of the Arctic Ocean results in a poor sensitivity of L-Band
radiometric measurements to SSS (Meissner et al., 2016). Despite this poor sensitivity, that is
somewhat compensated by the very large SSS contrasts in the Arctic (ranging from 35 pss for
the Atlantic water to 0 pss for river plumes; Carmack et al., 2016), satellite SSS data have been
used to characterize surface water masses in the Arctic Ocean (Olmedo et al., 2018; Tang et al.,
2018). With the use of complementary variables as SST, or Colored Dissolved Organic Matter
(CDOM), provided by satellites such as the Advanced Microwave Scanning Radiometer
(AMSR)-2, SSS may also allow for the monitoring of Arctic river plumes sea surface variability
at intra-seasonal scales (Matsuoka et al., 2016; Tarasenko et al., 2021). The long SMOS time
series enables investigating inter-annual variability (Supply et al., 2020a). Nevertheless,
numerous challenges remain regarding satellite derived SSS estimates in the Arctic Ocean. Due
to sparse in-situ measurements, corrections using in-situ derived SSS and an optimal
interpolation method, remains difficult (Kolodziejczyk et al., 2021). An additional limitation
comes from the sea ice heterogeneity and instrument resolution, limiting the measurements
closer than ~43 km from the ice edge, with difficulties in detecting and filtering small ice-
covered regions. Furthermore, sea ice presence in a satellite pixel has the potential to
significantly contaminate the retrieved satellite SSS. As an example, considering a brightness
temperature of sea ice twice the one of sea water, a coverage of 0.2% of the surface of the
considered pixel by sea ice would lead to a SSS underestimate of ~1pss. Hence, a first important
step in our paper is to assess the ability of L-Band radiometers to monitor from space freshening
induced by sea ice melt forming Meltwater Lenses (MWL). This is performed by comparing
SMOS and SMAP SSS with the measurements from two saildrones in the vicinity of sea ice.

We describe data and methods we followed in section 2. Vazquez-Cuervo et al. (2021)
demonstrated the good agreement between SMAP SSS and saildrones SSS, with a particularly

good monitoring of the Yukon River plume during summer 2019. Here, measurements carried



out from the same saildrone campaign close to the sea ice are used to assess the ability of both
SMOS and SMAP satellite data to monitor the SSS decrease induced by sea ice melt over the
Chukchi and the Beaufort Sea (Section 3). We then discuss the largest MWL crossed by the
saildrones, considering saildrones SSS and SST, as well as WS and currents measurements
(Section 4). Finally, we present the evolution of sea surface properties in the Chukchi and the
Beaufort seas using satellite measurements in Section 5. We discuss the results and conclude in

Section 6.

2. Data and methods
The present study is limited to a period from June to September 2019. Thus, in the
following, day number corresponds to the number of days since June 1, 2019.
a. In-situ measurements from saildrones
1. SSSand SST

Saildrones are wind-powered oceanographic autonomous devices travelling over long
distances (Mordy et al., 2017). During summer 2019, two Saildrones (Saildrones 1036 and
1037, hereafter S1036 and S1037) were deployed in the Arctic Ocean as part of the National
Oceanographic Partnership Program (NOPP) — Multi Sensor Improved SST (MISST) project.
Figure 1 illustrates their trajectory from June to September. Saildrones are equipped with two
Conductivity-Temperature-Depth (CTD) sensors: a SBE37 sensor at 60-cm depth and a RBR
sensor at 53-cm depth. Each sensor measures salinity averaged over a minute (with 12-second
duration of 1Hz-sampled measurements). A systematic bias of 0.17 pss is recorded between the
salinities measured by the SBE37 and the RBR. Due to an unexplained large decrease in salinity
on the SBE37 sensor, we choose to use the RBR salinity for comparisons with satellite SSS
estimates, similarly to Vazquez-Cuervo et al. (2021).

ii.  Currents

Additionally to salinity and temperature measurements, we also use current estimates
from both saildrones 300kHz Teledyne Workhorse Monitor WHM300 Acoustic Doppler
Current Profiler (ADCP).
The temporal resolution of the current estimates is 5 minutes with the shallowest level at 4.2m
and the deepest at 102.2m and with a 2-m vertical resolution. From the currents measured at

different depths, it is possible to derive the vertical shear between surface and deeper currents

Shear = |22 + (@2 (1)

as:



With u and v zonal and meridional components of ocean velocity.
iii.  Wind Speed
To study the effect of the wind on the ocean surface and to derive estimates of Ekman
transport, we use WS measurements derived from a Gill Anemometer mounted at the top of the
saildrone mast, at 5 m height and averaged over a minute. In previous studies, saildrone WS
measurements demonstrate a root mean square difference with in-situ measurements close to

0.6 m.s"! (Gentemann et al., 2020).

b. Satellite measurements
1. SSS

We use SSS weekly fields derived from SMOS and SMAP measurements. We build
weekly SMOS SSS fields from level 2 data as described below, and use weekly SMAP SSS
fields provided by JPL. Both products are daily oversampled. SMOS weekly SSS are derived
following a methodology inspired from Supply et al. (2020a) to minimize the error associated
with the sea ice presence and to affect as little as possible the SSS variability derived from the
satellite measurements.

SMOS SSS comes from a modified version of the CEC-LOCEAN L3 Arctic, distributed
by the Centre Aval de Traitement des Données SMOS (CATDS; Supply et al., 2020b). In this
new version, the SMOS level 2 SSS are from the ESA Climate Change Initiative (CCI) v3.2
reprocessing described in Perrot et al. (2021). In comparison with level 2 SSS used in Supply
et al. (2020a), SSS is computed with an updated dielectric constant parametrization (Boutin et
al., 2020), the SMOS vicarious calibration, the so-called Ocean Target Transformation, is
derived using Argo optimal interpolated SSS (Gaillard et al., 2016) instead of a climatology,
and SST and wind speed used as priors in the SSS retrieval are taken from European Centre for
Medium-Range Weather Forecasts (ECMWF) ERAS instead of ECMWF forecasted fields.
With respect to the methodology described in Supply et al. (2020a), we update the sea ice
filtering derived from the difference between SMOS retrieved pseudo dielectric constant (Acard
parameter) and the one expected from retrieved SSS and SST: instead of being applied only at
level 3, sea ice filtering is applied both at level 2 (swath product) and at level 3 (weekly
averaged product), which provides more consistent results when compared with the saildrones
data.

SMOS SSS are averaged over 9 days on a 25km Equal-Area Scalable Earth (EASE) 2.0

grid adapted to polar areas. These fields have an effective spatial resolution close to 50 km,



corresponding to the original resolution of SMOS SSS (no spatial interpolation is applied from
level 2 to level 3). SSS is derived with a correction of SST-induced bias using Remote Sensing
Systems (RSS) SST. Given the difficulty to find a reference to adjust absolute SSS values in
the Arctic Ocean, this product does not contain any Land Sea Contamination (LSC) correction;
nevertheless, in the averaging process, SMOS SSS is weighted by the Chi2 of the retrieval, and
we expect it to be degraded on SMOS dwell lines largely contaminated by LSC.

When compared with saildrones measurements, this SMOS SSS product better
performs than the BEC Arctic product v3.1 (Martinez et al, 2022): standard deviation of the
difference (STDD) is increased up to 8% with BEC product (comparisons are shown on
appendix a).

For SMAP, we use the Jet Propulsion Laboratory (JPL; Fore et al., 2019) version 4.3 8-
day averaged SSS provided on a 0.25° regular grid, with a spatial interpolation from level 2 to
level 3. In this product that uses a LSC correction, the effective spatial resolution of SSS is
close to 60 km. The use of JPL SMAP SSS instead of SMAP SSS v4 distributed by RSS is
motivated by a less restrictive ice mask in the polar regions. Between June 19th and July 23rd
2019, SMAP was in safe mode and did not provide SSS estimates.

SMOS and SMAP SSS are provided with uncertainties estimated by the SSS retrieval
algorithm.

An additional filtering (mainly removing sea ice contaminated pixels) is applied
considering SMOS and SMAP SSS retrieval uncertainties (see appendix b — only SSS estimates
with an uncertainty lower than 0.6 pss are considered in the following). SSS estimates from
both satellites are intercalibrated using saildrones measurements: mode of the distribution
between each satellite SSS and saildrone SSS allows to define constant correction applied to
SMOS and SMAP. 0.5 pss are added to SMOS SSS and 0.5 pss are subtracted to SMAP SSS.
After the filtering, SMOS and SMAP SSS are finally combined in one product: SMOS+SMAP
SSS, by averaging the values of the two satellites, without any weighting by the uncertainty.
Prior to this operation, SMAP is interpolated in the same 25 km EASE 2.0 grid as SMOS. These
two latter steps ensure an equivalent weight of the two satellite datasets in the average.
Nevertheless, there is an exception: when a pixel is not covered by a measurement from one
satellite (due for example to a different behaviour of the sea ice filtering), only the measurement
from the other satellite is taken into account. Thus, between June 19th and July 23%,
SMOS+SMAP SSS correspond to SMOS SSS. We also derive an error estimate for this
combined SSS product based on the uncertainties from SMOS and SMAP. This product is
available on the SEANOE website (Supply et al, 2022).



Appendix-c illustrates comparisons between saildrones salinity and SSS retrieved with
SMOS, SMAP or SMOS+SMAP combined products. SMOS SSS estimates are noisier than
SMAP SSS estimates (Appendix c; see also satellite minus saildrones differences in Appendix
b). Nevertheless, SMOS provides a better consistency than SMAP between satellite estimates
and in-situ measurements considering salinities lower than 28 pss on one side and higher than
28 pss one the other side. Mean of the difference (MoD) recorded between SMAP and saildrone
is 0.32 pss above 28 pss and 0.00 pss below. Difference of MoD is lower between SMOS and
saildrones: -0.15 pss above 28 pss and -0.10 pss below 28 pss. SMOS and SMAP instruments
and retrieval methodologies present differences (different geometry of acquisition, prior
information, etc.) inducing a different filtering of sea ice (some pixels are filtered with SMOS
and not with SMAP, and inversely). Combining both products allows us to reduce the noise,

increase the spatio-temporal coverage and retain the higher consistency of SMOS SSS.

ii. SST
We also make use of the SST product provided by RSS
(http://www.remss.com/measurements/sea-surface-temperature/oisst-description/), which
combines infrared and microwave data with an optimal interpolation . SST is provided at 9 km

resolution, and then linearly interpolated on the EASE grid with a 25 km resolution.

ii.  SIC

We use the Ocean and Sea Ice Satellite Application Facility (OSI-SAF) Sea Ice
Concentration (SIC) derived from AMSR-2 measurements, provided by the Danish and the
Norwegian Meteorological Institute. The AMSR-2 instrument is a dual-polarized and conically
scanning microwave radiometer with eight channels from 6.93 GHz to 89.00 GHz which can
be used to retrieve various geophysical parameters, such as rain rate, wind speed and SST. The
Hybrid Dynamic (OSHD) algorithm operated for OSI SAF SIC retrieval uses 18.70, 36.50 and
89.00 GHz bands with spatial resolution 22 km x 14 km and 5 km x 3 km. Close to the sea ice
edge, SIC estimates tend to be more uncertain in thin ice conditions or when floe sizes are not
resolved by microwave radiometers (Liu et al., 2016). This limits the use of microwave
radiometers to estimate SIC for filtering sea ice in L-band SSS retrieval, as L-band
measurements are more sensitive to thin ice than measurements at higher frequencies.

c. Reanalyses



To derive Ekman transport, we use ECMWF ERAS5 winds (zonal and meridional
components, Ugras and Veras) and ERAS air density (pgras) provided by Copernicus Climate
Change Service (C3S, Hersbach et al., 2020).

d. Methodology
i.  Collocations

Satellite, reanalysis estimates and, in-situ measurements are collocated within a one-
day temporal radius (considering the central day for the satellite weekly products). All in-situ
measurements present in a satellite/reanalysis pixel are averaged to correspond to one satellite
(or reanalysis) estimate, which results in a non-regular temporal time step for time series,
depending on the saildrone trajectory and product grid. After collocation, in-situ, reanalysis and
satellite time series are linearly interpolated onto a regular temporal grid with a one-hour time
step to investigate the consistency between the different sources of observations.

ii.  Ekman transport and depth

Sea surface density is derived from satellite SSS and SST. Using wind and air density
from ERAS5 (or wind from saildrones and air density from ERAS), wind stress (7) is estimated
as:

Ty = Cp-|Ugras|- Ugras- Peras (2)
Ty = Cp. |Veras|-Veras- Peras 3)

with Cp the surface drag coefficient calculated following Foreman and Emeis (2010), Cp =

(0.051 .WSggas— 0.14)2

_ 2 2 . . .
Wole o and WSgpas = v UZgas + Vi 45. Combining wind stress and Sea Surface

density we estimate the horizontal Ekman transport in ice-free regions as (Gill et al., 1982;

Tarasenko et al., 2021):

Tigom =55 (4)
Tu
Tvekm = _E (5)

f is the Coriolis parameter.

Using shear derived earlier from ADCP it is possible to estimate the depth scale of the
Ekman current spiral, the Ekman depth (Dekm). Following Lenn and Chereksin (2008), and
Schudlich and Price (1996), we use (1) to express Dekm:

2pK
Dekm = |7’_| (6)

With
7

P K= Shear (7)




7 is the magnitude of the wind stress and K the turbulent diffusivity. In this study, we compute

K using a linear fit between the shear and 7.

3. Validation of satellite SSS along the saildrone trajectories

Figure 1 illustrates the saildrones trajectories through the Bering Strait, the Chukchi
Sea, and the Beaufort Sea, following the sea ice retreat during summer 2019. The two saildrones
start very close to each other (at less than 5 km) but then take different paths in the Beaufort
Sea (thus, at the end of the entire time series considered in the study, the distance between two
saildrones exceeds 380 km). The two saildrones SSS and SST time series illustrate the very
high variability in this area, with SSS values varying between 25 pss and 32.5 pss and SST
values between -1°C and 10°C, over 3 months (figure 2 and figure 3a, b, ¢ and d).

Saildrone and satellite measurements are compared through the analysis of 6 specific
time periods corresponding to different situations, indicated on figure 1. In the following,
“period X-Y” refer to the time span separating event X and event Y. The two first events
correspond to two freshening events briefly detected by the saildrones in the vicinity of sea ice
(event 1 -2019/06/19 and event 2 - 2019/07/05). In the end of July, the focus is made on a large
Chukchi Sea MWL (event 3 - 2019/07/25), corresponding to the end of the crossing of a MWL
by the saildrones. In August, the proximity of saildrones with the sea ice edge in the Beaufort
Sea is analyzed (event 4 - 2019/08/08). Finally, the two saildrones follow different pathways
between the middle of August (event 5 - 2019/08/15) at the exit of the Beaufort Sea MWL and
early September (event 6 - 2019/09/05), when S1036 records high frequency variability.

In the Bering Strait, the saildrones cross relatively salty PW (figure 2a). During this
period (prior to the event 1), many satellite SSS are filtered (Figure 3a and b), consistently with
the close presence of sea ice and the coastline near the saildrones. Consequently, the satellite
weekly SSS retrieval uncertainties remain high (between 0.4 and 0.7), explaining the high
spread of the differences between the satellite and saildrone SSS. The absolute difference
between saildrones and SMOS+SMAP SSS is the largest observed, exceeding 2.5 pss (figure
3a and b). During the journey of the two saildrones northward, S1037 records a large decrease
in SSS and SST, from more than 30 pss to 26 pss and from 5°C to -1°C (event 1). The signature
of this event is much weaker on S1036 records and poorly captured by satellite SSS and SST
measurements (figure 3a and b). SIC map indicates the presence of thin ice filament of low

concentration (figure 4a). S1037 is closer to this filament and probably crosses a first MWL.



After this event, during period 1-2, both SSS and SST quickly increase and reach values
characteristic of PW. STDD during period 1-2 is the highest of the other periods. It reaches 0.92
pss between SMOS+SMAP SSS and S1036 (STDDsi036) and 1.01 pss between SMOS+SMAP
SSS and S1037 (STDDs1037).

Event 2 corresponds to another short event of SSS and SST decrease (figure 3a, b, ¢ and
d) close to the sea ice edge (figure 4b). This time, both saildrones measure these decreases,
although the freshening captured by S1037 (more than 2 pss) is larger than captured by S1036
(less than 1 pss). This event is not detected by satellite SSS, while satellite SST shows a
decrease, albeit with a weaker magnitude. WS (figure 3e and f) and surface currents (figure 3g
and h) are very low during this event (close to 0 m.s™") but they follow and precede larger WS
and surface currents (up to more than 10 m.s! for WS and more 0.4 m.s! for the zonal
component of the surface current) recorded by the saildrones.

During period 2-3, SSS and SST decrease for almost 10 days followed by an increase
over 10 days. Event 3 is recorded at the end of the crossing of the largest MWL observed by
the saildrones (figure 3a and b). Figure 4c illustrates well the surface occupied by the MWL
just crossed by the two saildrones. At the end of the period 2-3, SSS and SST increase is
associated with WS increase that exceeds 10 m.s™'. The amplitude of the MWL is captured very
well by satellite estimates of SSS and SST (figure 3a, b, ¢ and d). During this period,
SMOS+SMAP SSS STDD does not exceed 0.52 pss for STDDs1036 and 0.73 pss for STDDs1037.
This MWL is described in more detail in section 4.

Once they exit the MWL, the saildrones cross surface water with characteristics
corresponding to PW (early in period 2-3, SSS slightly above 30 pss). After the MWL, they
enter the Beaufort Sea, where they record an inversion of surface currents (figure 3g and h),
associated with the crossing of the Chukchi slope current.

Up to event 4, before that the saildrones reach the sea ice edge and head back south
(after 70 days), SST and SSS strongly decrease. The return to lower latitudes (period 4-5) is
then associated with an increase in SSS and SST. This evolution is well observed by satellite
SSS and SST (STDDsi036 = 0.60 pss and STDDs1037= 0.54 pss). Nevertheless, close to the sea
ice edge (and despite the sea ice filtering applied to the satellite product), the SMOS+SMAP
product somewhat underestimates SSS by up to 1.5 pss in the worst case (around day 70; figure
3aandb).

During period 5-6, the two saildrones head in different directions. S1036 heads straight
back southward to the Chukchi Sea, while S1037 travels to the West. During that period, SST

and SSS gradients are well reproduced by satellite measurements.



Finally, both saildrones are back in the Chukchi Sea at the end of period 5-6. In the
eastern part, S1036 crosses PW while, further north, S1037 is in an area with relatively low
SSS, presumably caused by sea ice melt (figure 3b and 4f). For S1036, event 6 is an illustration
of high frequency changes (in SSS and SST) which are recorded consistently with S1036 and
satellites.

Over the entire time series, the STDD of SMOS+SMAP SSS is 0.75 pss with the two
saildrones. The large variability observed during the saildrones journey and the relatively low
STDD results in a high correlation level between SMOS+SMAP SSS and S1036 (r=0.88) and
or S1037 (r=0.90).

4. A large persistent meltwater lens in the Chukchi sea

Between day 43 and 60, both saildrones monitor a large MWL (figure 3a and b). This
MWL is characterized by a large SSS decrease associated with a strong SST decrease (figure
5a), with low values persisting for more than two weeks. Saildrones SSS and SST thereby reach
26 pss and 2°C respectively (corresponding to a decrease of 5 pss and 6°C compared to the
values measured by the saildrone before entering the MWL). Figure 5a and ¢ show the large
variability in WS measured by S1036 between day 30 and day 70. Wind stress transfers
momentum to the sea surface, generating a vertical current shear (figure 5b). In the general case
(all SSS considered), correlation between WS and vertical shear reaches values close to 0.5 for
the shallowest level and decrease with depth (figure 5e). As expected, S1036 shows an increase
in vertical shear intensity when WS increases. Between days 37 and 47, and between days 57
and 70, WS is relatively low and no significant vertical shear is generated, in contrast to periods
between days 30 and 37 and between days 47 and 57. For periods with a significant vertical
shear, we compare each component of the shallowest S1036 current measurement to the
respective components of Ekman transport derived from WS measured by the same saildrone.
Figure 5¢ and d show that the variability of the currents is coherent with Ekman transport during
large wind speed events, at the beginning of the period (days 30 to 37) and at the end of the
period (day 47 to 57 when zonal transport is associated with large meridional WS). For WS
larger than 3 m.s™! (40% of the time between day 30 and 70), the correlation between surface
current velocity and Ekman transport magnitude reaches 0.43. However, there is an exception
for the zonal current during the period between day 52 and day 62 that is dominated by the

slope current between the Chukchi and the Beaufort Sea. Excluding this event, the correlation



between the surface current velocity and Ekman transport magnitude reaches 0.78 for WS
above 3 m.s! (28% of the time).

Moreover, between day 30 and day 70, the vertical shear shows a variable penetration
of momentum associated with wind stress (figure 5b). We choose to separate relatively high
and relatively low SSS by a 29 pss threshold. This threshold corresponds to the lowest SSS
value observed by saildrones before they cross MWL. When SSS is relatively high, wind events
are associated with a vertical extent of current shear due to momentum transfer from wind
stress. Correlation between T and vertical shear increase with depth with a maximum value
between 10 and 15 meters. Correlation decreases to 0 between 20 and 25 meters (figure Se).
The penetration of the wind effect is limited when S1036 crosses the MWL and low SSS areas
(under 29 pss). There, the wind-influenced layer is restrained to the first 10 meters. Correlation
between T and the vertical shear decreases with depth and reaches 0 roughly at 10 meters depth
(figure Se).

We used the scatterplot between 7 and the shear (figure 5f) and equation (7) to compute the
averaged K value in the two situations. As we considered layer under the influence of wind,
shear value corresponds to the averaged shear between the surface and the first depth reaching
a non-significative correlation between shear and 7, i.e. 8.2 m under 29 pss and 18.2 m above
29 pss (figure 5¢). We find a K value of 0.0065 m?.s! + 0.0002 m?.s™! under 29 pss and of
0.0244 m%s!' + 0.0043 m?s! above 29 pss respectively. We determine Dekm in the two
scenarios using equation (6). We find an average Ekman depth ranging from 9.7 m + 0.2 m
(under 29 pss) to 18.8 m + 1.6 m (above 29 pss). These results confirm that low SSS suppressed
the deepening of the Ekman layer.

5. Sea surface variability following sea ice retreat over the Chukchi and the Beaufort seas.

During their journey, both saildrones cross various water masses at the sea surface.
Figure 6 shows their signature in T/S diagrams, comparing in-situ and satellite observations.
Satellite estimates reproduce well the variability of surface water masses. Low SSS and low
SST meltwater (MW) associated with sea ice melt observed in the Beaufort Sea as well as in
the Chukchi Sea, relatively warm and fresh RW, and relatively cold and salty PW are clearly
distinguishable in the T/S diagrams, from both saildrones and satellite measurements.

As we have shown the ability of SMOS+SMAP SSS to realistically capture SSS
synoptic variability and to monitor different surface water masses, we make use of these

measurements to examine the spatial and temporal context leading to the appearance of MWL.



To do so, we focus on two Hovmoller diagrams of SSS, SST and Ekman transport (from
satellites, for SSS and SST, and ERAS reanalysis, for WS) along the two transects represented
on figure 1. The first Hovmoller diagram is representative of the surface conditions in the
Chukchi Sea (figure 7) and the second one of the Beaufort Sea (figure 8).

The main signal in SSS visible in the first transect across the Chukchi Sea corresponds
to the low SSS signal associated with the MWL visible between 72° and 75°N and between
days 40 and 70 (figure 7a). The period covered by the Hovmoller diagram starts in early June,
when the full transect is ice-covered. As sea ice retreats during June, satellite SSS
measurements reveal the presence of saline surface water along the transect, albeit close to the
sea ice edge where SSS and SST variability is larger and dominated by episodic low SSS event
or small MWL (figure 7a). For example, on day 22, one can see a colder and fresher sea surface
close to the sea ice edge for a short period of time, that follows a period centered on day 20
characterized by the presence of salty and warm water (figure 7a and b).

At the end of June and in early July, the Ekman transport is mainly oriented eastward
(figure 7c and d) and may potentially drive part of the sea ice retreat by advecting sea ice in the
same direction or by bringing warm water to the sea ice edge. As sea ice retreats, a large MWL
becomes visible. From day 40 onward (mid-July), the large MWL described in section 4 starts
to occupy the Chukchi Sea for a period longer than a month. The contrast of the surface
properties found within the MWL and in the surrounding region is also accentuated by the
increase in SSS north of it that occurs in August (day 61). Between the middle and the end of
August, an increase in Ekman transport toward the southwest (due to an increase of WS) is
associated with the disappearance of the MWL, followed afterwards by a decrease in SST (day
85).

Along the second transect in the Beaufort Sea (figure 8), the sea ice only retreats in July,
allowing a satellite SSS and SST monitoring that starts later than in the Chukchi Sea.
Nevertheless, this transect presents some similarities with transect 1. In July (around day 30),
one can also see low SSS close to the sea ice edge. By the middle of July, a few days after the
event that brought warm water under the influence of Ekman transport in the Chukchi Sea,
warm and salty water is also visible in the Beaufort Sea (albeit associated with smaller SSS/SST
increase). Similarly to the Chukchi Sea, this anomalous advection is followed by a large sea ice
retreat. Yet, in contrast to the Chukchi Sea, the northward retreat of sea ice results in the
appearance of water mass between 73° and 75°N with relatively high SSS and low SST. In
August (starting on day 61), SSS contrast across the transect is strongly enhanced, due to the

decrease of SSS north of 73°N and its decrease south of 73°N.



In September (starting on day 92), the surface water masses become warm and salty
south of 72°N, likely under the influence of the advection of PW from the Chukchi Sea,

although the Ekman transport does not exhibit any significant increase.

6. Discussion and conclusion

During summer 2019, two saildrones explored the Chukchi and the Beaufort seas,
allowing for the monitoring of the large SSS and SST variability found in this region. They
crossed persistent surface water masses as RW along the Alaskan coast, PW advected in the
Chukchi Sea, and the BG in the Beaufort Sea. Additionally, they also crossed regions with
short-lived low SSS areas, such as MWL. The different observed MWL are associated with
different freshening amplitudes (from a few tenth of pss to 5 pss) and are found at different
distances from the sea ice edge. Measurements from the two saildrones reveal a large variability
in SSS and SST in the vicinity of MWL with SSS values between 25 pss and 32.5 pss and SST
between -1°C and 10°C.

The largest MWL captured during the campaign is observed in July and August, far
away from the sea ice edge, and is associated with low SSS and SST (the decrease in SSS
reaches 5 pss and the decrease in SST reaches 6°C). Saildrone measurements of ocean currents
and wind further reveal that, in the presence of low SSS associated with the MWL, the increase
in vertical shear driven by an increase in WS remains trapped close to the surface (down to
10m). This is likely due to an increase in stratification in the MWL resulting from the SSS
decrease. This suggests that the presence of MWL and their associated stratification of surface
water properties, have the potential to modulate the ocean response to the winds, and the air-
sea momentum transfer.

To provide some broader spatial and temporal context to the local in-situ observations
gathered by the saildrones, we examine satellite observations of SSS and SST. Indeed, despite
the large uncertainties associated with satellite SSS estimates over the Arctic Ocean, it has been
shown to provide valuable information regarding the water masses evolution in ice free regions
(Tarasenko et al., 2021).

We found that SSS retrieved from the combination of SMOS and SMAP measurements
captures well the variability in SSS measured by the saildrones. Associated with RSS SST
estimates, we demonstrate that the satellite products provide consistent T/S diagrams
representing the different water masses found at the surface of the region considered, as well as

the strong decrease in SST and SSS captured by the saildrones.



Considering the temporal evolution of properties of the surface water masses following
the sea ice retreat, we found that the sea ice melt over the Chukchi Sea result in a largely spread
and long lasting MWL. Over the Beaufort Sea, the satellite measurements reveal the presence
of lower SSS than over the Chukchi Sea, due to the overlapping of MWL over the Beaufort
Gyre (SSS below 28 pss are not unusual in the Beaufort Sea, in contrast to the values measured
in the Chukchi Sea). Additionally, several MWL are captured, resulting in SSS decreases. In
line with the study of Dewey et al (2017), we found that the intensity of the freshening decreases
as the distance from the sea ice edge increases. We found that the MWL can be associated with
two different types of dynamics: over the Beaufort Sea, MWL evolution follows the meridional
sea ice retreat while in the Chukchi Sea, a large persisting MWL is generated by the advection
of a sea ice filament. However, regardless of the type of MWL, regions of low SSS induced by
sea ice melting occupied a significant part of the Beaufort and the Chukchi Sea during summer
2019.

Further investigations are needed to fully understand the role of mixing and advection
for the temporal evolution of the freshwater lenses, their occurrence and persistence, and
interactions with ocean dynamic and biogeochemistry. Nonetheless, the combined use of
satellites SSS and SST associated with atmospheric reanalysis, will be key to monitor the sea
surface characteristics during the melting period. The ability of L-Band radiometric SSS to
detect sea ice melt effects is particularly encouraging in the changing Arctic Ocean. Additional
improvements could also be done regarding the strategy used for sea ice pollution mitigation.
Here we voluntarily choose to remove all measurements suspected to be influenced by sea ice
to ensure a reduced uncertainty. Recent studies, however, suggest that SSS could be retrieved
in pixels partially covered by sea ice (Tang et al, 2021). Nevertheless, increasing proportion of
areas covered by seasonal sea ice, and thus free of ice during summer, enhances the satellite
ability to monitor Arctic surface water properties. The synergy between satellite and in-situ
measurements is also fundamental to understand the full dynamics of the MWL, and in
particular the influence of vertical processes for their evolution.

Overall, our study highlights the need for improvement in SSS retrievals from future
satellite missions. A mission such as the proposed SMOS-HR project (Rodriguez-Fernadndez et
al., 2019), that aims to estimate SSS with L-band interferometric radiometer measurements with
a 10 km resolution, would allow for a better identification of sea ice contaminated
measurements and detection of thin sea ice filaments or sea ice patches extracted by ocean
currents from these filaments. An improved resolution would also allow for a retrieval of SSS

closer to the sea ice edge and thus to capture more accurately MWL.
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Figure 1: Saildrones trajectory (colours corresponding to the day number) overlayed on

bathymetry. The numbers indicate the various stages described in the text. The positions of




the transects shown on figure 7 and figure 8 are indicated with dashed lines - background

colours indicate the bathymetry.
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Figure 2: Saildrones a) SSS measurements (background colours indicate the bathymetry) ; b)
SST measurements ; c) WS measurements (oriented arrow for direction, scaled with WS
magnitude); d) surface currents measurements (oriented arrow for direction, scaled with
currents magnitude) in the Bering Strait, Chukchi and Beaufort Sea from June to September

2019.
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Figure 3: a) S1036 SSS measurement time series (black) and SMOS+SMAP collocated SSS
in colour (colour for SSS uncertainty) ; b) S1037 SSS measurement time series (black) and
SMOS+SMAP collocated SSS in colour (colour for SSS uncertainty); c¢) S1036 SST
measurement time series (black) and RSS collocated SST (red) ; d) S1037 SST measurement
time series (black) and RSS collocated SST (red); ¢) S1036 WS measurement time series
(black) and ERAS5 collocated WS (red) ; f) S1037 WS measurement time series (black) and
ERAS collocated WS (red); g) S1036 surface currents measurements time series ; h) S1037
surface currents measurements time series. The blue numbers indicate the various stages
described in the text. See similar time series of SMOS and SMAP SSS considered

independently in appendix d.
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Figure 4: SMOS+SMAP SSS and OSI-SAF SIC A) for 2019/06/19 B) for 2019/07/05 C) for
2019/07/25 D) for 2019/08/08 E) for 2019/08/15 F) for 2019/09/05. Black bold line for




isobath 500m. Red dots indicate the saildrone positions on that day. See similar maps of
SMOS and SMAP SSS considered independently in appendix e and f. The blue numbers

indicate the various stages described in the text.
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Figure 5: S1036 measurements between day 30 and 70 (since 2019/06/01) of a) SSS (blue),
SST (red) and WS (grey); b) vertical shear between 0 and 30 m depth computed from
currents; ¢) zonal (black) and meridional (blue) wind component; d) zonal and meridional
component of surface current (black) and estimated Ekman transport (blue); e) correlation
between WS and shear as a function depth for all SSS (blue), low SSS (under 29 pss, black)
and high SSS (above 29 SSS, red) magenta line correspond to minimum significative
correlation value for the significance level a = 0.01 ; f) scatterplot between shear and T for
low SSS (under 29 pss, black) and high SSS (above 29 SSS, red), full lines correspond to

linear fit. STDDn corresponds to standard deviation of difference between modelized and

true values.
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Figure 6: T/S diagrams from (a) in-situ S1037 SST and SSS, (b) in-situ S1037 SST and
SMOS+SMAP SSS collocated with S1037 trajectory, and (c) RSS SST and SMOS+SMAP
SSS collocated with S1037 trajectory. On (a) the arrows show the saildrone trajectory. See

the text for the name of the different water masses indicated on the (c) diagram.
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Figure 7: Hovmoller diagrams along transect 1 in the Chukchi Sea (figure 1; between 70°N

and 76°N at 165°W): a) SMOS+SMAP SSS; b) RSS SST; c¢) zonal component of Ekman

transport; d) meridional component of Ekman transport.
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Figure 8: Hovmoller diagrams along transect 2 in the Beaufort Sea (figure 1; between 70°N

and 76°N at 150°W): a) SMOS+SMAP SSS; b) RSS SST; ¢) zonal component of Ekman




transport; d) meridional component of Ekman transport.




