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Abstract

In the Arctic Ocean, coherent low salinity anomalies, known as lenses, and often observed at the surface and are thought to
result from the input of large amount of freshwater by sea ice melting and river runoff. In this study, we analyze 20 years of
a simulation performed with a high resolution ocean-sea ice regional model of the Arctic to perform a systematic detection
of these lenses and track their displacements in order to gain a better understanding of their life cycle. Lenses are primarily
formed during summer in response to sea ice melt, river discharge, or are associated with mesoscale eddies. They are then
able to survive for weeks to months, travelling long distance across the basin as their characteristic surface salinity anomalies
get eroded through vertical processes. After their formation, the lenses are associated with larger sea ice melting flux during
summer, and in winter sea ice formation is intensified on top of the lenses. Over the 20-year period, the number and size of the
lenses have increased over the Arctic Ocean, and the formation locations have shifted following the retreat of the sea ice edge
in regions such as Greenland, Barents, and Chukchi seas. Our results suggest that these localized, intermittent and coherent

lenses may be important for the large scale Arctic dynamics and the ocean-sea ice interaction.
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Key Points:

 Surface low salinity lenses are studied in the Arctic Ocean using a Lagrangian track-
ing algorithm applied to an ocean-sea ice model

+ Lenses are ubiquitous and primarily formed during summer due to sea ice melt,
river discharge and can survive for weeks to months

« The lenses are associated with larger sea ice melting flux during summer, and in
winter sea ice formation is intensified on top of them
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Abstract

In the Arctic Ocean, coherent low salinity anomalies, known as lenses, and often observed
at the surface and are thought to result from the input of large amount of freshwater by
sea ice melting and river runoff. In this study, we analyze 20 years of a simulation per-
formed with a high resolution ocean-sea ice regional model of the Arctic to perform a
systematic detection of these lenses and track their displacements in order to gain a bet-
ter understanding of their life cycle. Lenses are primarily formed during summer in re-
sponse to sea ice melt, river discharge, or are associated with mesoscale eddies. They are
then able to survive for weeks to months, travelling long distance across the basin as their
characteristic surface salinity anomalies get eroded through vertical processes. After their
formation, the lenses are associated with larger sea ice melting flux during summer, and
in winter sea ice formation is intensified on top of the lenses. Over the 20-year period,

the number and size of the lenses have increased over the Arctic Ocean, and the forma-
tion locations have shifted following the retreat of the sea ice edge in regions such as Green-
land, Barents, and Chukchi seas. Our results suggest that these localized, intermittent
and coherent lenses may be important for the large scale Arctic dynamics and the ocean-
sea ice interaction.

Plain Language Summary

In the cold Arctic Ocean, seawater salinity controls the ocean current and sea-ice
interactions. Observations of the salinity at the surface have revealed the presence of lo-
calized and intense anomalies, referred to as lenses. As salinity measurements are scarce
in the Arctic, we apply a detection and tracking algorithm to better understand the life
cycle and key properties of these lenses. We show that the lenses are generally born in
continental seas between April and September and die between August and April in the
deep Arctic basin or outside the Arctic. Their longevity depends on their properties, such
as their salinity and size, and the amount of sea ice found on top of them. The lenses
also play an important role for sea-ice interaction : during summer, they concentrate the
sea ice melting, while during winter, they favor the sea ice freezing above them. Over
the 20 years, the number and size of lenses have increased, suggested that lenses will be
more commonly found as the Arctic transitions to an seasonally ice-free state.

1 Introduction

Over the last decades, the rapid and large reduction of the Arctic sea ice cover is
one of the most striking signatures of climate change in the Arctic region (IPCC, 2021).
The Arctic warming amplifies the freshwater cycle, with increased precipitations and river
discharge into the ocean (Bintanja, 2018). Moreover, as the Arctic transitions towards
a seasonal ice cover, the melting season lengthens and the Marginal Ice Zone (MIZ) spreads
drastically (Haine & Martin, 2017).

These changes of the sea ice conditions and freshwater cycle are of particular im-
portance in the Arctic Ocean (and in the polar regions in general) as they affect the sur-
face ocean salinity, and in these regions, the salinity primarily controls the ocean strat-
ification and thus the ocean dynamics (Carmack, 2007). As such, gaining a better un-
derstanding of the spatial and temporal distribution of the Arctic surface salinity is of
utmost importance if we are to better comprehend the functioning of the Arctic Ocean
and better predict its future evolution.

During summer, sea ice melting releases a large amount of low-salinity water to the
ocean surface both under sea ice and in the free ice area (Steele & Ermold, 2015). The
presence of thin meltwater layers (typically a few meters depth) results in a large near-
surface salinity-dominated stratification (Dewey et al., 2017). These strongly stratified
layers have large impacts on the air-sea and ice-ocean interactions. For instance, it can
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act as a barrier between the atmosphere and the ocean surface, impeding the the mo-

mentum flux to the ocean, and the heat release from the mixed layer, thus resulting in
a significant amount of solar radiation and heat trapped below the meltwater layer or

the mixed layer (Smith et al., 2023). In addition, the persistence of melt lenses at the

surface could locally favor the refreezing of sea ice during the following winter (Crews

et al., 2022).

Despite their potential importance for the Arctic dynamics, there are only a few
localized events of melt and associated low SSS signature documented and studied in the
recent literature. Dewey et al. (2017) have examined the 1-D vertical dynamics of a low
salinity layer close to the sea ice in the Beaufort Gyre. Supply et al. (2022) have used
satellite L-Band observations of sea surface salinity (SSS) to document how sea ice melt
can result in localized strong salinity anomalies (up to 5 pss) that can survive over a few
weeks. In the Southern Ocean, fine scale and eddy dynamics associated with sea ice melt
have been observed from gliders (e.g. Biddle & Swart, 2020). Moreover, observed low
SSS anomalies are likely not solely the signature of intense sea ice melt; they can result
from river runoff over the Arctic shelves (Matsuoka et al., 2016; Tarasenko et al., 2021)

or they can be the SSS signature of surface eddies commonly observed in the Arctic (Cassianides

et al., 2021; Kozlov et al., 2019). Contrary to the heat fluxes, the freshwater fluxes are,
by nature, localized and intense, therefore they result in ubiquitous coherent and buoy-
ant low SSS signature at the surface of the ocean.

Although some large negative SSS anomalies are commonly observed in the Arc-
tic, we are still lacking a comprehensive picture of their importance at the scale of the
Arctic basin. This would require a description of their 3-D dynamics, including their re-
gional variability and coherence, their life cycle, their impact on sea ice melting/formation
and their importance for the variations of Arctic freshwater budget on a seasonal timescale.

In this context, the objective of this study is to provide a comprehensive descrip-
tion of the coherent low SSS anomaly in the Arctic, and their evolution over the past
3 decades. To that aim, we will analyze outputs from a simulation performed with a high-
resolution regional numerical model over 1979-2014 period, conducting a detection and
a Lagrangian tracking of coherent low SSS anomalies (hereafter referred as to 'lenses’)
to analyze their temporal and spatial evolution and their physical parameters.

The remainder of this paper is structured as follows. Section 2 briefly presents the
numerical model and simulation analyzed in this study, as well as the detection and track-
ing methods. In Section 3, we illustrate the life cycle of a typical single lens, before gen-
eralizing to all the lenses detected in the model outputs (Section 4). Section 5 provides
a discussion of the importance of the lenses for the Arctic dynamics. Conclusions are given
in Section 6.

2 Data and Methods
2.1 Numerical model and simulation

Our analysis uses a simulation performed with the high-resolution regional Arctic-
North Atlantic model configuration named CREG12 (Canadian REGional; Dupont et
al., 2015). It is based on the NEMO 3.6 (G. Madec and the NEMO System Team, 2016)
and LIM 3.5 (Rousset et al., 2015) numerical models for the ocean and sea ice compo-
nents, respectively. The configuration covers the Arctic Basin and part of the North At-
lantic (down to 27°N). It has a high vertical (75 levels) and horizontal (3—4km) resolu-
tion in the Arctic Ocean, meaning that baroclinic eddies are resolved everywhere in the
Arctic except on the shallow shelves (Regan et al., 2020; Meneghello et al., 2021).

Initial conditions are taken from the World Ocean Atlas 2009 climatology of tem-
perature and salinity. The initial sea ice thickness and concentration are taken from a



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

long global ORCA12 simulation performed by the Drakkar group (Treguier et al., 2014).
Along the lateral open boundaries, monthly mean conditions (comprising 3D velocities,
temperature and salinity, and sea ice thickness and concentration) taken from the same
ORCA12 simulation are applied. Regarding the atmospheric forcing, we use the latest
version of the Drakkar Forcing Set (DFS 5.2, which is an updated version of the forc-

ing set described in Brodeau et al., 2010). Inputs from the river and ice sheet runoffs are
taken from Hu et al. (2019) and include the large and increasing contribution from Green-
land Ice Sheet melt.

The simulation covers the period from 1979 to 2014 and is described in Talandier
and Lique (2021). An extended evaluation of the ocean and sea ice conditions in the Arc-
tic Basin can be found in Regan et al. (2020) and Barton et al. (2022). In the follow-
ing, we focus on the period starting in 1995 to allow for an initial spin-up of the ocean
and sea ice conditions. Our analysis is based on the 5-day average outputs.

2.2 Lens definition and detection method

Our method of lens detection is solely based on their associated signature in SSS.
First, we compute a climatological year by averaging the 5-day mean salinity fields for
every given date over the 20 years used for our analysis. The SSS anomaly is then es-
timated as a difference from this climatology. An example of the SSS anomaly map ob-
tained for February 4, 2008 is shown in Figure la. Second, we define a lens as a closed
contour of negative SSS anomaly stronger than a given threshold. Figure 1a shows that
the SSS anomaly exhibits some large spatial variations on that date, varying between
-3 and 3 pss depending on the region considered. To account for the large regional vari-
ability, we choose to use a spatially variable threshold for our detection, defined as the
value corresponding to the 5% quantile of the SSS distribution at each grid point over
the full period. The spatially averaged threshold is around -1.8 pss, but it can reach as
high as -4 pss close to the river mouths on the Arctic shelves and it is generally smaller
in the Nordic Seas (Figure 1b). We have performed some sensitivity analysis to the choice
of the threshold (by testing several quantile values between 1% and 25%), and found that
the choice made here was allowing us to better capture the seasonal variations of the lens
generation. Applying this method results in the detection of numerous lenses at each time
step, with varying sizes and persistence timescales. As we are primarily interested in the
long-lived coherent lenses, we further apply two criteria to eliminate the most intermit-
tent features from our detection: we only consider (i) lenses larger than 800 km? (cor-
responding roughly to 50 grid points), and (ii) lenses surviving for at least 15 days (i.e.

3 consecutive model outputs, based on the tracking algorithm described in the follow-
ing section). The smaller and most intermittent lenses are thus not considered in our anal-
ysis.

Once detected, we further assign the position of the center of the lens to the barycen-
ter of the closed contour (Figure 1a). The properties of a given lens correspond to the
average with the closed contour. To contrast the conditions within a lens and in its sur-
rounding region, we compare the averaged properties within the lens with the average
over the largest region where the lens is located. To that aim, we split up the Arctic Basin
into 5 main regions roughly based on bathymetry (mainly the 500m isobath) and geo-
graphical regions (Figure 1c). The full domain used in our analysis encompasses the 5
regions and the region shown in dark grey.

2.3 Lens tracking method

To gain a deeper insight into the life cycle of the detected lenses, we develop a track-
ing method based on the movement of the position of the lens barycenter between two
consecutive time steps. For a given lens detected at one time step, we thus search for a
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Figure 1. (a) SSS anomaly on February 4, 2008. The yellow contours delineate the detected
lenses on that date, with their barycenter indicated by a colored cross. (b) Map of the SSS
anomaly threshold used for the lens detection. (c) Map showing the 5 regions used in our analy-
sis. The region shown in grey corresponds to the larger domain considered in our analysis. The

white contours indicate the 500m and 2000m isobaths.



160 lens at the following time step with similar characteristics. Two conditions are applied

161 to connect two lenses detected at two consecutive time steps:

162  In the second time step, we search for the closest lens with a barycenter that is

163 within 80 grid points (which is roughly 320 km) of the initial barycenter. This dis-
164 tance primarily corresponds to the displacement and deformation of the lenses,

165 given their relatively slow displacement by a weak background flow (a few cm/s,

166 or roughly 10 km over 5 days).

167 » We further require a minimum overlap of 10% of the grid cells between the lens

168 detected at the two timesteps. This condition is useful to improve the tracking of
160 the smaller lenses that do not deform much over one time step.

170 In some instances, the lenses can merge or split between two time steps. We thus

7 introduce an additional categorization filter classifying lenses into three categories: merged
172 lenses, split lenses, and new lenses. Initially, all the lenses are labeled as 'new’. In or-

173 der to identify all the lenses resulting from a splitting event at a time step (t), we search
174 for the lenses born at that time step with a center located within the contour of a lens

175 detected at the time step (t-1). For the case with more than one lens center found within
w76 the contour, we have two options: (i) if the detected lenses at (t+1) cannot be connected
177 to the lens detected at (t) based on the above criteria, then the new lenses are labeled

178 as 'split’; (ii) if the properties of the lenses detected at (t+1) allow us to connect them

179 with the lens detected at (t), then the lens with the closest center at (t+1) is assigned

180 to be the same lens at the initial one at (t) while the other lens(es) is labeled as ’split’.
181 To detect the merging events, we reverse the process. At a time step (t), we search for

182 each lens if more than one lens center was found within the contour at the previous time
183 step. The lens is thus labeled as 'merged’ if that is the case.

184 3 Life cycle of a single lens crossing the Arctic Basin

185 We start by examining the case of one lens detected with our method and tracked
186 for nearly two years by our algorithm. The lens first appears on September 22, 1996 in
187 the Laptev Sea, where it is characterized by an SSS anomaly of up to -5.3 pss and a size
188 of 365000 km? (Figure 2a, d). On November 6, 1996, it experiences a split into two lenses,
189 after which we keep tracking the one with the center closest to the center at the previ-

190 ous time step. It is then advected within the transpolar drift and reaches the interior

101 of the Eurasian Basin by August, 3 1996, where it corresponds to a local SSS anomaly

192 larger than -2 pss (Figure 2a, d). Going forward in time, it reaches North of Greenland
103 where it is last seen on June 19, 1998 in the form of a small closed contour (11101 km?;
104 Figure 2¢). This means that, in total, the lens has traveled approximately 2000 km in

105 two years, corresponding to an average advection speed of 3-3.5 km per day, which is roughly
196 consistent with the ocean surface geostrophic velocities found in this region (Doglioni

107 et al., 2023).

198 We further examine the evolution of mean properties of the conditions within the
199 lens, that we compare with the conditions found in the largest region where the lens is
200 located. Note that, on December 21, 1996, the lens changes the region to which it be-
201 longs (going from the Siberian Seas to the Deep Basin, see Figure 1¢), inducing a dis-
202 continuity when examining the properties within and around the lens (Figure 2d-g). As
203 it forms in September 1996, the lens is covered by thick (~ 1.5m) and concentrated (~
204 90%) sea ice (Figure 2e). At the time of its formation, the surface freshwater flux from
205 sea ice melting and freezing is positive, indicating a period of freezing. This means that
206 the lens is not resulting from sea ice melt. Given the proximity to the mouth of the Lena
207 river and its large freshwater discharge (Feng et al., 2021), it is likely that the lens re-
208 sults from the river plume advected on the shelf.
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Throughout its two-year lifespan, as it is advected under sea ice, the freshwater flux
within the lens, as well as the sea ice thickness and concentration within the lens, fol-
low the large-scale seasonal cycle of the sea ice pack, with thicker and concentrated sea
ice in summer and sea ice formation in winter (Figure 2d and e). It is interesting to note
that there are no significant differences in sea ice-induced freshwater flux between the
regions around the lens and inside the lens (Figure 2d and e), nor in sea ice conditions
(except in summer 1997 when a concentration difference of 10% is visible). In contrast,
sea ice is consistently thinner within the lens than the mean condition found in the Deep
Basins (by about 30-80 cm).

We then look at the evolution of the temperature and salinity profiles, contrast-
ing again the average within the lens and in the surrounding regions (Figure 2f and g).
We also examine the evolution of the mixed layer depth (MLD), defined as the depth
with a density difference of 0.1 kg.m~2 from the surface density (Peralta-Ferriz & Woodgate,
2015). As expected from the definition of a lens, the salinity within the mixed layer is
fresher inside the lens, by up to 3 pss at beginning of its life. The fresher surface also
results in a stronger stratification over the surface layer, and thus a thinner mixed layer,
that is particularly pronounced as the lens evolves in the Deep Basins (by up to 40 m).
The stronger stratification inside the lens is also associated with a warm anomaly inten-
sified below the mixed layer, corresponding to the presence of a Near Surface Temper-
ature Maximum (NSTM; Jackson et al., 2010).

The lens experiences a negative sea ice-induced freshwater flux between May and
September 1997, corresponding to a local sea ice melt (Figure 2d). As a response, the
lens gets larger, reaching about 350000 km? (Figure 2b and d). During that period, the
MLD shoals to the surface, both in and around the lens, and the differences of salinity
and temperature between the interior of the lens and its surrounding decreases to less
than 2 pss and 0.1°C, respectively.

During the second year of the lens lifespan, the differences between the properties
within the lens and around it become progressively smaller, although the mixed layer
remains fresher inside the lens, and more heat is trapped below the mixed layer within
the lens (with a temperature difference between 0.1 and 0.3°C; Figure 2g).

4 Temporal and spatial distribution of the lens field
4.1 Statistical description

Over the 1995-2014 period, we detect and track a total of 8969 lenses. Figure 3 shows
the spatial distribution of the number of lens detected per box of 100 km x 100 km. Higher
densities are prevalent closer to the coasts and over the continental shelves, particularly
on the Siberian Shelves where it peaks at 80 lenses per 100x100 km?. Large densities
are also visible over the Greenland, Barents and Chukchi seas, while the density largely
decreases in the Deep basins, and is close to zero in the Canadian Basin and around the
North Pole.

We characterize the lens field by looking at the probability density functions (PDF)
of some key properties of the lenses at their birth (the first time step when a lens is de-
tected) as well as their overall age at death (Figure 4), for the different regions shown
on Figure 1c. Irrespective of the region we consider, the PDF of the size at birth peaks
at 800 km? (which is the smallest lens size captured by our detection method) and de-
creases rapidly when considering larger sizes, although one lens is as large as 4690000
km?. Similarly, most of the lenses survive for 15 days (which is again the minimum pos-
sible surviving period), although some lenses can survive over longer periods. Indeed,
10% of the lenses are tracked for more than 60 days, and 2.5% for more than 105 days.
We also examine the PDF of the mean salinity anomaly (compared to the detection thresh-
old) averaged in the lens contour at their birth (Figure 4c¢). Regardless of the region con-
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Figure 2. Maps of salinity anomalies on (a) September 22, 1996; (b) July 9, 1997; (¢) June
19, 1998. The purple contour shows the lens analyzed in Section 3, (d) Time series of the lens
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axis). (e) Time series of the sea ice concentration and thickness averaged within the lens (blue
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red dashed and dotted lines indicate the mixed layer depth within the lens and over the region
where the lens is detected, respectively. The first vertical grey dashed lines on panels d-g indicate
the time of splitting of the lens and the second one indicates a change of region (see Figure 1c for

the definition of the regions).
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sidered, the distribution peaks in the first few salinity bin (between -0.03 pss and -0.05
pss), which accounts for between 5 and 15% of the lenses depending on the region. The
distribution then gradually decreases toward larger anomalies, reaching approximately
1% for -0.5 pss. The only exception is the Siberian Seas, where the distribution peaks
at -0.11 pss and 5%. Interestingly, the PDF of the mean MLD within the lenses at their
birth (which corresponds roughly to the thickness of the lenses) exhibits some large dif-
ferences across the regions (Figure 4d). Over the Siberian Shelves, the lens MLDs range
between 0 and 10 m, and the distribution peaks between 2 and 3 m with a probability
at 20%. The Barents, Chukchi, and Beaufort seas show a similar peak toward the shal-
low MLD, albeit less pronounced. In contrast, the PDF of the lens MLD over the Deep
Basins and the Greenland Sea exhibit a very wide range of values, with no pronounced
peak of the distribution. These regional differences reflect the temporal and spatial vari-
ations of the MLD across the Arctic Basin, with very shallow mixed layer depth found
over the shelves in summer (Peralta-Ferriz & Woodgate, 2015; Supply et al., 2023).

It is interesting to note that we could not find a significant correlation between the
different quantities discussed above. Conceptually, one may have thought that larger lenses,
or lenses associated with a stronger salinity anomaly would tend to survive longer. This
does not appear to be the case, suggesting that the conditions encountered by the lenses
during their lifetime are more important than their initial properties to determine their
ability to survive.

4.2 Seasonal variability of the lens birth and properties

As discussed in the introduction, previous studies have suggested that most of the
low SSS lenses found at the surface of the Arctic Ocean are resulting from strong sea ice
melt (Supply et al., 2022; Smith et al., 2023). One could thus expect a strong season-
ality of the number of lens births, and possibly of the lens properties. To quantify such
a seasonality, we start by coloring the positions of the centers of the lenses by their month
of birth (Figure 5), considering separately the lenses categorized as new (4599 lenses),
split (2545 lenses) and merged (1825 lenses). At first sight, the maps reveal that, regard-
less of their category, lenses can be formed throughout the year and not only during the
sea ice melt season. Regions with the largest number of lens birth logically correspond
to regions with the highest density of lenses (Figure 3), suggesting that lenses are most
often remaining close to their birth location. These regions also correspond to regions
with the largest number of split and merging events, suggesting a certain degree of ran-
domness in the processes resulting in split and merging. Yet, a closer look also reveals
that, in the Deep Basins, there are more lenses originating from a split than new ones,
whereas in the Greenland Sea, there are nearly as many split lenses as new ones. This
increased number of split events in these two regions is interesting as these two regions
are also characterized by contrasted sea ice conditions (and hence contrasted momen-
tum and buoyancy surface fluxes), suggesting that split events are not directly determined
by the local sea ice conditions.

To further quantify the seasonality of the lens life cycle, we estimate the number
of lens births for the different regions (Figure 6a). The largest number of births occurs
in the Greenland Sea (more than 1600 births), followed by the Siberian Shelf and the
Barents Sea. Note that alleviating the effect of considering regions of various sizes (Fig-
ure 1c¢) does not modify the predominance of the Greenland Sea. Overall lenses form pref-
erentially on the shelves rather than in the interior of the Arctic Basin. Considering all
the regions, the overall picture is that the majority of births occur during spring and sum-
mer, particularly between June and August, which coincides with the sea ice melt sea-
son. Regions that are fully ice covered during winter (the Deep Basins, and the Beaufort-
Chukchi and Siberian shelves) exhibit a lower number of winter births.
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the salinity anomaly and the salinity threshold averaged within the lenses (bin size of 0.02 pss);
(d) MLD averaged within the lenses (bin size of 1 m). Note that here we only consider the new

lenses.
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Figure 5. Maps of the position of the barycenter at their birth of each lenses classified as (a)
new, (b) split and (c) merged. The colorbar indicates the month of birth.
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Figure 6. Number of birth and death (considering the three types of lenses) per month for
the different regions. Note that 375 lenses are advected outside of the 5 regions and are thus not

counted as 'dead’ in a given region.

We then examine the number of lens deaths per region, that we compare to the num-
ber of births in the same region (Figure 6). For a given region, a positive unbalance be-
tween the number of births compared to the deaths suggest that a number of lenses tend
to be advected outside the region. In all the regions but the Deep basins, the number
of births exceed the number of deaths by about 10%. In total over the full period, 375
lenses are lost in our count, meaning that they are advected outside of the 5 discussed
regions.

In the Barents, Greenland and Siberian seas, the seasonality of the deaths follow
closely the seasonality of the births, with again more deaths in Summer and Fall than
in Winter and Spring. In the Deep basins and the Beaufort/Chukchi seas, the season-
ality of the births and deaths differs. The number of deaths in these regions outweigh
the number of births during the freezing season (October to May), while the tendency
reverses during the melting season. This could be due to several factors: (i) a large num-
ber of lenses advected to these regions; (ii) river runoff in these regions is small, and thus
lenses there are mostly formed as a response to sea ice melt; and (iii) the presence of thicker
sea ice in these regions during winter may result in a larger ocean surface stress that may
enhance the dissipation (i.e. death) of the lenses.

To better explain the different life cycles of the lenses depending on their proper-
ties and the conditions found in the region where they are evolving, we now estimate the
mean seasonal cycle per region of the key properties of the lenses (size, age, salinity anomaly,
MLD, as well as the sea ice conditions found on top of the lenses and the differences com-
pared to the surrounding region (Figure 7).

Comparing the seasonal cycle in the different regions, the Deep Basins stand out
at first sight. There, on average, the lenses are consistently larger (up to 10°km?) and
older (up to 250 days) than in the other regions, despite a smaller salinity anomaly (around
0.5 pss below the local threshold). The largest lenses are found in summer (July-August),
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Figure 7. Monthly mean of (a) the lens sizes, (b) the lens ages, (c) the difference between the
SSS anomaly averaged within each lens and the local detection threshold, (d) the MLD averaged
within the lenses, (e) the sea ice thickness averaged within the lenses, (f) the freshwater flux asso-
ciated with the sea ice melting and freezing averaged within the lenses, (g) and (h) the differences
between the quantities shown in (e) and (f) and the average over the region where the lens is
detected. Here we consider all the timesteps and thus a given lens is counted at all the timesteps
it can be detected. Note that for b-d-e-f-g-h, we compute a weighted mean by considering the

various sizes of the lenses.
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which corresponds to the youngest lenses and the largest salinity anomaly. This suggests
that, in this region, large lenses associated with strong salinity anomalies are predom-
inantly formed in summer (Figure 6), and that the lenses tends to shrink and lose slowly
their SSS signature as they evolve in the region throughout the year.

The other regions we consider exhibit a more similar behavior amongst them, and
a somewhat weaker seasonality in size and age. In contrast, the mean salinity anomaly
compared to the detection threshold is stronger in summer everywhere (up to -1 pss),
when the lenses are predominantly formed. This suggests again that the salinity anomaly
tend to erode over time.

The MLD averaged within the lenses exhibits a seasonal cycle in all the regions (Fig-
ure 7), which follows roughly the seasonality documented in the different regions of the
background environment (Peralta-Ferriz & Woodgate, 2015). It is thus expected to find
deeper mixed layers in the Barents and Greenland seas, where deep convection occurs
during winter, and where the stratification is not solely driven by the salinity variations
(Barton et al., 2022; Almeida et al., 2023). In contrast, in the ice-covered regions, where
the salinity determines the density at first order, a negative salinity anomaly associated
with a lens at the surface may likely result in a strengthening of the surface stratifica-
tion and thus a shoaling of the mixed layer. This explains the very shallow mixed layer
found in the lenses in the Deep basins, and in the Beaufort/Chukchi and Siberian seas.

In the Beaufort, Chukchi and Barents seas, sea ice tends to be thinner in winter
and spring and thicker in summer and fall within the lens than in their surrounding (Fig-
ure 7e and g). The difference can reach up to 60 cm in the Beaufort/Chukchi seas in Oc-
tober, which represents a ~ 30% difference. We acknowledge, however, that these dif-
ferences may reflect both the specific behavior of the lenses and the spatial variations
of the sea ice thickness across the regions, as lenses are not evenly distributed in space
(Figures 3 and 6). The Barents and Greenland seas are largely ice free at least for part
of the year, but the thickness differences remain substantial throughout the year. More-
over, the thickness differences have the same order of magnitude as the mean sea ice thick-
ness within the lenses. This suggests that, in these regions, lenses could be important
for the advection of sea ice or for the sea ice formation and melting.

This later idea is reinforced when looking at the freshwater flux associated with sea
ice melting and freezing, averaged within the lens and in the surrounding regions (Fig-
ure 7f and h). The striking picture is that, in all the regions, the flux is strongly inten-
sified within the lenses, with a difference that can reach as high as 50%. Consistently,
there is both more melt and more freezing occurring within the lenses than in the sur-
rounding regions. This suggests that the presences of the lenses could be important for
the pan-Arctic evolution of the sea ice conditions. This is explored further in Section 5.

4.3 Interannual variability of the lens distribution

So far, we have examined the evolution of the lens field over a mean seasonal cy-

cle built over the period 1995-2014. Yet, this period was also characterized by strong changes

affecting both the ocean and sea ice conditions (Meier & Stroeve, 2022; Carmack et al.,
2016), that could also affect the properties of the lens field.

Figure 8 shows a map of the birth location of the new lenses, colored this time by
the year of their formation. The maps reveal that lenses are formed throughout the full
period. Some regional differences are however visible. In the Greenland Sea, there seems
to be more births on the western side of the basin in recent years, following roughly the
position of the sea ice edge, while there are more births in the 1990s and early 2000s on
the eastern side at along the Barents Sea Opening. This decreasing trend extends also
over the Barents Sea, and may be related to the strong sea ice loss in this region and the
shift from a S-ocean toward an a-ocean (Barton et al., 2020). In contrast, the number
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Figure 8. Maps of the position of the barycenter at their birth of all the 'new’ lenses classified

as (a) new, (b) split and (c) merged. The colorbar indicates the year of birth.

—16—



385 of births seems to increase over time in the Deep basins, and somewhat in the Beaufort/Chukchi
336 and Siberian seas. There, a significant increase in bottom melt was reported by Perovich
387 and Richter-Menge (2015) over the period, which may explain part of the trend.

Number of lenses
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Figure 9. (a) Count of the number of lenses, at each time step over the whole domain from
1995 to 2014. The orange line shows the 12-month running mean; (b) Surface covered by lenses

at each time step in percent of the surface of the full domain.

388 Stepping away from considering only the births of new lenses, we now produce a
389 time series of the number of lenses detected at each time step and of the corresponding
390 surface they occupy (Figure 9).

301 As expected, the two timeseries exhibit a strong seasonal cycle, with a minimum

30 in winter and spring when the lenses are only covering 2-3% of the Arctic surface. This
303 contrasts with a peak occurring at the end of the melting season both for the number

304 of lenses and the surface they cover (up to 20-25% of the Arctic surface some years).

305 Over the 21-year period, the number of lenses exhibits a small but significant in-

396 creasing trend of 1 lens per year. In addition to this trend, the two times series are af-

307 fected by a large interannual variability, that largely modulates the amplitude of the sea-
308 sonal cycle, that varies between 30 and 70 lenses and between 5% and 25% for the num-
300 ber of lenses and surface they cover, respectively. It is also interesting to note that the
400 interannual variations of the two time series are not correlated. For instance, the largest
s01 number of lenses (97 lenses) is found in summer 2004, but the surface covered by the lenses
a0 at that time is only around 12%. The largest surface covered by the lenses amounts to
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27% in summer 2007, which is also a summer characterized by a record low of the Arc-
tic sea ice extent (Giles et al., 2008). Yet, in contrast there is not marked extrema in 2012
(the year with the lowest extent ever recorded by satellite observations). This suggests
that the lens occurrence is not directly determined by the amount of sea ice melt in a
given year. This is discussed in more details in the following section.

5 Discussion

5.1 Processes important for the lens formation
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Figure 10. (a) Maps of the position of the barycenter at their birth of the new lenses clus-
tered by the sign of their associated surface freshwater flux resulting from the the sea ice pro-
cesses. (b) Surface Eddy Kinetic Energy (EKE) average over 1994-2014. Here the reference is

taken as the long term mean over the full period.

To gain some further insights on the mechanism at play for the formation of the
lenses, we first examine the connection between the surface forcing and the birth of the
lenses. To that aim, we cluster the new lenses by the sign of the freshwater flux asso-
ciated with sea ice averaged over them at their birth. A third category is added in our
clustering for the new lenses with a freshwater flux equal to zero. The three clusters ac-
counts for different parts of the total number of lenses (963, 2022 and 1614 lenses for the
category corresponding to a freezing, melting and zero freshwater flux, respectively), and
the clusters exhibit some clear spatial structures (Figure 10a). First, lenses with a zero
surface flux are generally found at lower latitudes, and in regions that are largely ice free
(e.g. the Labrador and Irminger seas, and the eastern side of the Nordic Seas). In ad-
dition, this type of lenses are also formed along the Arctic coastlines, albeit with a smaller
occurrence. Second, lenses from the two other clusters (associated with either a freez-
ing flux or a melting flux) can be found in all the regions of the Arctic, although a larger
number of lenses with a melting flux are found in the Barents and Nordic seas. Many
lenses are found very close to the coast, and in particular close to the river mouths. It
is interesting to note that these lenses are part of the three clusters, suggesting that they
are not solely formed through strong sea ice melt events. Rather, part of them are also
likely derived from river runoffs, and from the river plumes that gets advected offshore
keeping their low salinity signature (Matsuoka et al., 2016; Clark & Mannino, 2022). This
also suggests that SSS anomalies associated to the lenses can be generated by both an
intense sea ice melt, and less sea ice formation (resulting in a weak brine rejection and

thus a low SSS).
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Last, we note that there is a striking similarity between the regions associated with
high levels of Eddy Kinetic Energy (EKE) at the surface, and the regions with a higher
number of lens births (Figure 10b). This similarity is even stronger when considering the
lenses that are not associated with any sea ice melt or freezing, but also all along the East
Greenland Current. Without fully investigating the spatial collocations between eddies
and lenses, the EKE map suggests that part of the lenses could coincide with negative
SSS anomalies associated with the passage of eddies.

5.2 Lens contribution to the Arctic freshwater flux and budget

The clustering performed above reveals that 65% of the new lens birth are asso-
ciated with sea ice processes. Moreover, as they evolved through time, lenses are asso-
ciated with significant differences in sea ice thickness and surface freshwater flux com-
pared to the regions where they are found (Figure 7g,h). To gain some insights on the
contribution of all the lenses to the Arctic freshwater budget, we estimate the cumulated
freshwater flux due to sea ice melt and freezing occurring within the lenses, that we com-
pare to the total sea ice melt and freezing over the full domain (Figure 11). We choose
to show the melting and freezing independently as, during winter, both sea ice melt and
formation can happen depending on the location we consider. Overall, the amount of
freshwater due to sea ice formation within the lenses remain small compared to the to-
tal (5% at most). In contrast, a significant part of the total freshwater flux associated
with sea ice melt occurs with the lenses. The lens contribution reaches at least 20% ev-
ery summer and peaks as high as 50% during summers 2005 and 2007. This is much larger
than the surface covered by the lenses (Figure 9b) although the two numbers are not di-
rectly comparable as the total surface is computed for the full domain and not only for
the ice-covered region. Yet, Figure 11 suggests that a significant part of the ice melt oc-
curs in the form of lenses at the Arctic Ocean.
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Figure 11. Time series of the freshwater flux associated with the total sea ice freezing (green)
and melt (blue) compared to the same fluxes computed within the lenses (freezing in orange,

melt in red).

6 Summary and Conclusions

In the Arctic Basin, the ocean surface is affected by numerous types of forcing ca-
pable of strongly modulating the SSS, including sea ice melting and freezing as well as
large and localized river discharges. As a result, low SSS anomalies are generated. In the
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literature, these anomalies are often referred to as meltwater layers (Smith et al., 2023)
or meltwater lenses (Supply et al., 2022), as only the SSS anomalies resulting from in-
tense and localized sea ice melt were considered previously. Here, we expand these anal-
yses by considering any low salinity coherent anomaly found at the Arctic surface, re-
gardless of their origin.

Based on the analysis of simulation outputs from a high resolution Arctic ocean-
sea ice model, we have performed a systematic detection of these lenses and have tracked
their displacements in order to gain a better understanding of their life cycle. Over the
period 1994-2014, we are able to detect and track a total of 8969 lenses, that are found
largely along the high Arctic coastlines and in the Nordic, Irminger and Labrador seas.
Most of the lenses are formed in summer (June-August), although we detect some births
throughout the year, and they can survive for several months and be advected away from
the birth location with the background flow. This is consistent with the characteristics
of the lenses observed in summer during the MOSAIC expedition (Smith et al., 2023),
that were able to survive for weeks to months. In our simulation, lenses and their asso-
ciated salinity anomalies are confined to the shallow mixed layer which is often less than
5m deep. Lenses are associated with SSS anomalies of up to 3 pss compared to a mean
climatological year. This characteristics values of the lenses suggest that our model tend
to simulate weaker anomalies, that are less confined to the surface than the lenses ob-
served by Smith et al. (2023). This is likely resulting from the model vertical mixing scheme
(Blanke & Delecluse, 1993), that tends to diffuse over the mixed layer any surface anoma-
lies rather than maintaining strong gradient within the mixed layer. Yet, the model is
able to capture the formation of a near surface temperature maximum that tends to ap-
pear below the mixed layer and tend to trap a significant amount of heat and can sur-
vive for a several months and potentially modulate any future sea ice formation (Jackson
et al., 2010; Steele et al., 2011).

We further find some strong connections between the lenses and sea ice. First, 65%
of the lenses are generated by either some strong sea ice melt, or by less than usual sea
ice formation (that results in a negative SSS anomaly compared to the climatology). Sec-
ond, throughout their life cycle, lenses are on average associated by a local anomaly of
the sea ice thickness and they lenses consistently encounter both more freezing during
winter and more melting during summer compared to their surroundings. The local anoma-
lies are particularly noticeable in the Greenland and Barents seas, where the differences
of freezing freshwater flux on top of the lenses and average over a larger region can be
as high as half of the total fluxes, suggesting that sea ice formation occurs disproportion-
ately over the lenses in these areas.

Once formed, lenses can travel over long distances. More than half of the lenses de-
tected here experience a splitting event during their life time, and another 25% expe-
riences a merging with one or more other lens. The examination of a few cases suggests
that lenses and their associated SSS anomalies tend to be gradually eroded over time through
vertical mixing, similar to what was found by Dewey et al. (2017) in the seasonal ice zone
of the Beaufort Sea. Yet, future studies are required to fully quantify the importance of
the different processes contributing to the lens erosion.

Overall our results suggest that these lenses mediate a significant part of the fresh-
water flux in the Arctic Ocean. They may thus be important for the large scale Arctic
dynamics and the ocean-sea ice interplay. As the Arctic transitions toward a seasonally
ice-free ocean, the increase of the river runoff and the sea ice melt (Carmack et al., 2016)
as well as the possible intensification of the eddy activity (Li et al., 2024) will likely re-
sult in more frequent occurrences of these features in the future.
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510 7 Open Research

511 A full description of the simulation used in this study (CREG12.L75-REF08 Cana-
512 dian) as well as all the information required to produce the model output are available
513 in open access at https://doi.org/10.5281/zenodo.5789520. It includes the configuration
514 files, the links to boundary conditions, atmospheric forcing and initialization files.

515 The detection and tracking algorithms will be made available on a shared folder

516 upon publication of the paper.
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