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Meltwater layer dynamics in a central Arctic lead:
Effects of lead width, re-freezing, and mixing

during late summer

Daiki Nomura®23*, Yusuke Kawaguchi®, Alison L. Webb>®, Yuhong Li /,

Manuel Dall'osto®, Katrin Schmidt®, Elise S. Droste'®"", Emelia J. Chamberlain'?,
Nikolai Kolabutin'3, Egor Shimanchuk'3, Mario Hoppmann'”,

Michael R. Gallagher'*"°, Hanno Meyer'®, Moein Mellat'®, Dorothea Bauch'’-'8,
Carolina Gabarré'®, Madison M. Smith?%2, Jun Inoue??, Ellen Damm™"-1¢,

and Bruno Delille?3

Leads play an important role in the exchange of heat, gases, vapour, and particles between seawater and
the atmosphere in ice-covered polar oceans. In summer, these processes can be modified significantly by
the formation of a meltwater layer at the surface, yet we know little about the dynamics of meltwater
layer formation and persistence. During the drift campaign of the Multidisciplinary drifting Observatory
for the Study of Arctic Climate (MOSAIC), we examined how variation in lead width, re-freezing, and
mixing events affected the vertical structure of lead waters during late summer in the central Arctic. At
the beginning of the 4-week survey period, a meltwater layer occupied the surface 0.8 m of the lead, and
temperature and salinity showed strong vertical gradients. Stable oxygen isotopes indicate that the
meltwater consisted mainly of sea ice meltwater rather than snow meltwater. During the first half of
the survey period (before freezing), the meltwater layer thickness decreased rapidly as lead width
increased and stretched the layer horizontally. During the latter half of the survey period (after
freezing of the lead surface), stratification weakened and the meltwater layer became thinner before
disappearing completely due to surface ice formation and mixing processes. Removal of meltwater during
surface ice formation explained about 43% of the reduction in thickness of the meltwater layer. The
remaining approximate 57% could be explained by mixing within the water column initiated by disturbance
of the lower boundary of the meltwater layer through wind-induced ice floe drift. These results indicate
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that rapid, dynamic changes to lead water structure can have potentially significant effects on the
exchange of physical and biogeochemical components throughout the atmosphere-lead-underlying

seawater system.
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1. Introduction

Sea ice in the Arctic Ocean has decreased in extent, and
multi-year ice is being replaced by first-year ice (e.g., Stroeve
etal, 2012; Meier et al., 2014; Lindsay and Schweiger, 2015;
Kwok, 2018). Changes in sea ice conditions due to thinner,
less extensive, and younger sea ice in the Arctic Ocean have
had pronounced effects on ice dynamics (e.g., ice deforma-
tion and ice drifting speed; Rampal et al., 2011; Spreen et
al., 2011). Crack formation and the development of leads in
sea ice are strongly related aspects of ice dynamics (Rampal
et al., 2011; Spreen et al., 2011, Itkin et al.,, 2017).

Sea ice lead formation affects the physical, chemical, and
biological processes that take place at the interface
between the ocean and atmosphere by allowing direct
exchange between the two, unrestricted by sea ice (Maykut,
1978; Zemmelink et al., 2005; Petrich et al., 2007; Steiner
et al., 2013; Loose et al., 2014; Assmy et al., 2017; Fransson
et al,, 2017; Nomura et al., 2018: Olason et al., 2021; Silya-
kova et al., 2022). Lead width can vary from a few meters to
many kilometers (e.g., Wilchinsky et al., 2015). In winter-
time, heat and moisture are supplied from the warm sur-
face waters of a lead into the cold atmosphere, and new ice
forms at the lead surface (Morison et al., 1992; Morison and
McPhee, 1998). In addition, gases such as carbon dioxide
and methane are actively exchanged between the lead sur-
face and the atmosphere (Steiner et al., 2003; Fransson et
al,, 2017; Silyakova et al., 2022). In summertime, meltwater
is supplied to the ocean (Eicken, 1994; Richter-Menge et al.,
2001; Eicken et al., 2002; Smith et al., 2022), where it
occupies the surface of leads during the melt season (Nan-
sen, 1902; Perovich and Maykut, 1990; Richter-Menge et al.,
2001; Zemmelink et al., 2005; Golovin and Ivanov, 2015;
Nomura et al., 2018), and this less dense low-salinity water
is kept at the surface. Meltwater in a lead is also derived
from snow meltwater on sea ice that flows into the lead
from the sea ice surface and bottom of sea ice (Golovin and
Ivanov, 2015; Nomura et al., 2018; Smith et al., 2022).
Therefore, during the melting season, leads accumulate
meltwater supplied from both above and below the sea ice.

The presence of meltwater creates a strongly stratified
environment within leads (Richter-Menge et al., 2001,
Golovin and Ivanov, 2015; Nomura et al., 2018) and can
form a persistent layer at the surface that may prevent the
exchange of heat and gas between seawater and the atmo-
sphere. For a while after formation, leads can act as
“windows” for the exchange of heat, gases, vapour and
particles (aerosols) to the atmosphere (e.g., Willis et al.,
2018; Baccarini et al., 2020; Beck et al., 2021). However,
during the melting season, this meltwater layer may
reduce atmospheric exchange, because strong stratifica-
tion restricts water exchange and the shallow meltwater

layer equilibrates with the atmosphere, resulting in a small
gradient for heat and gas flux between the lead surface
and atmosphere. Despite this potential reduction in atmo-
spheric exchange, high concentrations of dimethyl sulfide
in the top surface of the meltwater layer (within 0.25 m)
under these stratified conditions were observed in Wed-
dell Sea leads (Zemmelink et al., 2005). This observation
suggests that stable conditions within a lead and sunlight
on the open lead surface enhance biological productivity
(Nomura et al., 2018).

Such shallow stratification may weaken as a result of,
e.g., tidal mixing (Nomura et al., 2008), wind mixing (Inoue
and Kikuchi, 2006), or ice movement during a high wind
event (Richter-Menge et al., 2001). Golovin and Ivanov
(2015) showed that lead water dynamics changed across
seasonal transitions. As the water at the surface of a lead
cools, the water density in the lead increases. In addition, as
the surface water freezes, brine is rejected, and this process
promotes vertical mixing (Morison and McPhee, 1998).

Understanding processes that contribute to the col-
lapse of stratification in the lead, which are intricately
related and difficult to examine separately, requires
detailed observations. However, field surveys of leads are
challenging, especially in autumn, when the ice extent
and thickness are at their minimum and the leads are
beginning to freeze. During a typical voyage, observations
are carried out at one station for several days, and then the
ship moves on. As a result, there are few long-term obser-
vations of phenomena such as open water (Richter-Menge
et al., 2001) or refrozen leads (Kauko et al., 2017). In
addition, surveys during late autumn in an environment
where the amount of sea ice has decreased in recent years
can be carried out only in the central Arctic.

During the Multidisciplinary drifting Observatory for
the Study of Arctic Climate (MOSAIC) expedition, year-
round observations were conducted in the central Arctic
Ocean from 2019 to 2020 (e.g., Nicolaus et al., 2022; Rabe
et al., 2022; Shupe et al., 2022). We had the opportunity to
carry out intensive fixed-point observations of the physical
components of lead water over a 4-week survey, from the
end of the melting period to the beginning of the freezing
period. In this study, we investigated in detail the water
structure in a lead. We conducted fixed-point observations
to investigate the physio-chemical dynamics of the melt-
water layer in the lead, and used stable oxygen isotopes to
infer the origin of the meltwater. By observing changes in
the meltwater layer caused by the opening and closing of
the lead, we evaluated the effect of external factors on the
thickness of the meltwater layer. We also investigated
changes in the water structure within the lead as freezing
progressed and evaluated the meltwater balance between
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the lead water and the under-ice water. Finally, we exam-
ined the vertical mixing by disturbance of the lower bound-
ary of the meltwater layer by wind-induced ice floe drift.
The results of these surveys contribute to an understanding
of changes in the composition of gases in leads, gas
exchange with the atmosphere, and the biogeochemistry
of lead water (Parmentier et al., 2013), which will be
addressed in future studies.

2. Materials and methods

2.1. Lead formation

Sea ice lead surveys were carried out during MOSAIC Leg 5
(August 21 to September 20, 2020) in the multi-year pack
ice region of the central Arctic Ocean (Figure 1). During
Leg 4, R/V Polarstern drifted to the ice edge in the Fram
Strait. Thereafter, R/V Polarstern was relocated to the Cen-
tral Arctic to study the onset and early freezing phase of
the sea ice. On August 22, a crack about 0.5 m wide and
300 m long formed off the stern of R/V Polarstern and
extended in the starboard direction (Figure 1). Water sam-
pling was undertaken from the sea ice alongside the lead
(Stations 3 and 8; Figure 1; Table 1). On August 24, the
crack expanded, forming a lead with a width of approxi-
mately 50 m. During the 4-week survey period, the lead
width varied dramatically (see Section 3.4 for details) and
was monitored during the survey period by visual obser-
vations from Stations 3 and 8 for each observation day.
Aerial photographs were taken by a drone with scale on
August 25 and 29, which were used to calibrate subse-
quent visual determinations of lead width.

2.2. Hydrographic observations and water sampling
within the lead
Vertical profiles of temperature and salinity in the lead
water were obtained with a RINKO Profiler (model
ASTD103, JFE Advantech, Japan) at Stations 3 and 8 on
a daily basis for the initial 2 weeks of the survey, and on
a weekly basis during the second half of the survey period
(Figure 1; Table 1; Nomura et al., 2022). The accuracy of
temperature and salinity is £0.01°C and +0.01, respectively.
When the surface was frozen, a 0.15 m x 0.15 m hole was
cut with a hand saw 0.5 m away from the thick ice (1.6 m) at
the edge of the lead, and ice thickness was measured before
a RINKO profiler was lowered into the lead water. The
RINKO profiler was lowered on a rope by hand to a depth
of about 5 m very slowly and carefully so as not to disturb
the structure of the meltwater layer. The down-cast data
were used because the structure of the meltwater layer was
disturbed when the RINKO Profiler was recovered (up-cast).
To obtain discrete water samples from the lead, the verti-
cal structure and depth of the meltwater layer were checked
from the same hole used for the RINKO Profiler by attaching
a conductivity sensor (Cond 315i, WTW GmbH, Germany) to
a2 m length ruler and inserting the ruler into the lead water
until the salinity measured by Cond 315i increased at the
meltwater—seawater interface (Table 1). Water was pumped
up with a peristaltic pump (Masterflex E/S Portable Sampler,
Masterflex, USA) through a 2 m long PTFE tube (L/S Pump
Tubing, Masterflex, USA) at depths 0f 0.1 m,0.7 m,and 1.0 m
on August 29 (Station 3) and at depths of 0.1 m, 0.3 m, and
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1.0 m on September 15 (Station 8). Salinity was measured at
each depth by attaching a conductivity sensor (Cond 315i,
WTW GmbH, Germany). The tube intake was likewise
attached to the bottom of the ruler. Water samples to mea-
sure stable oxygen isotopes (8'®0) were collected in 50-mL
glass screw-cap narrow-neck vials (VWR international LLC,
Germany). Discrete water sampling took place after vertical
profiles of temperature and salinity were obtained using the
RINKO Profiler (Table 1).

2.3. Lead ice and underway water sampling

Ice in the lead was collected at Station 8 on September 15. A
025 m x 0.25 m x 0.13 m thick ice block was cut with
a hand saw and placed into a zip-lock bag. Ice temperature
at the surface was measured with a needle-type temperature
sensor (Testo 110 NTC, Brandt Instruments, Inc., USA). Ice
samples were immediately placed in a cooler box along with
ice packs to keep their temperature low and minimize brine
drainage. Onboard R/V Polarstern, ice samples were trans-
ferred into ice melting bags (Smart bags PA, AAK 5 L, GL
Sciences Inc., Japan) and melted in the dark at 4°C. After the
ice melted, the meltwater was placed in a 30-mL glass
screw-cap vial for later §'0 measurement and into a 100-
mL polypropylene bottle (I-Boy, AS ONE Corporation, Japan)
for later salinity measurement. These samples were stored at
4°C in the dark until analysis.

Seawater samples (from a depth of about 10 m) were
collected via the underway water sampling system of the
R/V Polarstern during Leg 5 (Table 1). Samples were
placed into 250-mL glass vials (Duran Co. Ltd, Germany)
for later §'®0 and salinity measurements.

2.4. Sample analysis

Salinity (practical salinity scale, dimensionless) of collected
samples was determined with the same conductivity sen-
sor used on sea ice (Cond 315i, WTW GmbH, Germany).
Oxygen isotope analyses were carried out with a mass
spectrometer (DELTA-S Finnigan MAT, USA) at the ISOLAB
Facility at AWI Potsdam employing the equilibration
method (details in Meyer et al., 2000; Meyer et al.,
2022).Values of 880 in per mil (%o) were calculated using
the 80/'°0 ratio of Vienna standard mean ocean water
(V-SMOW) as the standard. The standard deviation of §'20,
calculated from 6 subsamples of the reference water (5'®0
= —0.07%o0) was <0.05%o.

2.5. Definition of meltwater layer thickness

In this study, the meltwater layer thickness in each profile
was defined by the depth of the actual maximum of the
density gradient (>0.1 kg m~3 cm™").

2.6. Fractions of snow and sea ice meltwaters and
under-ice seawater in the lead water

To clarify the origin of the meltwater within the lead, the
fractions of snow meltwater, sea ice meltwater, and sea-
water were estimated with the following equations
(@stlund and Hut, 1984) for the discrete water samples
obtained on August 29 and September 15:

Rnow +R1+Rw =1 (1)
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Sea Ice Extent, 17 Aug 2020

MOSAIC
Leg.5
position

National Snow and Ice Data Center, University of Colorado Boulder

near-real-time data

M median ice edge 1981-2010

A0
S. Graupner

Figure 1. Location of this lead study on the MOSAIC Leg 5 ice floe. (a) Sea ice extent over the Arctic Ocean (National
Snow and Ice Data Center, University of Colorado, Boulder) on August 17 and the position of the MOSAIC Leg 5 ice floe. (b)
Drift trajectory during MOSAIC Leg 5. (c) Map of the sampling location on the MOSAIC Leg 5 ice floe, showing the Polarstern,
the lead, and Stations 3 and 8. This image was obtained on August 25, 2020, by a drone (operated by S. Graupner).

refer to snow meltwater, sea ice meltwater, seawater, and
Fsnow Ssnow + Fai Ssi + Fow S = Sobs (2) " measured values of the observed water, respectively. The

Foow Aow + Fi Ay + Foy Ay = Ao (3) fractions obtained with Equations 1-3 are expressed as
percentages. The end-member values for snow, sea ice, and

where F, S, and A represent the fraction, salinity, and 8'®0,  seawater are shown in Table 2. For end-member values of
respectively. The subscripts “snow,” “si,” “sw,” and “obs” snow and sea ice, we used the values obtained during Leg
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Table 1. Sampling date, time, station, and activity

Date (in Time
2020) (UTC) Station Activity
Aug 21 12:06 R/V Polarstern ~ Underway water
sampling
Aug 22 05:45 R/V Polarstern  Underway water
sampling
Aug 22 15:54 R/V Polarstern  Underway water
sampling
Aug 23 11:59 Station 3 Tst Rinko CTD cast
Aug 23 12:04 Station 8 Rinko CTD cast
Aug 23 12:37 Station 3 2nd  Rinko CTD cast
Aug 23 20:12 R/V Polarstern  Underway water
sampling
Aug 24 13:12 Station 3 Rinko CTD cast
Aug 24 13:37 Station 8 Rinko CTD cast
Aug 24 18:58 R/V Polarstern  Underway water
sampling
Aug 25 09:45 Station 8 Rinko CTD cast
Aug 25 12:47 Station 3 Rinko CTD cast
Aug 26 17:14 R/V Polarstern  Underway water
sampling
Aug 27 08:46 Station 3 Rinko CTD cast
Aug 28 10:44 Station 3 Rinko CTD cast
Aug 29 06:13 Station 3 Rinko CTD cast
Aug 29 06:33 Station 3 Water sampling
Aug 30 09:23 Station 3 Rinko CTD cast
Sep 1 09:43 Station 3 Rinko CTD cast
Sep 3 08:20 Station 3 Rinko CTD cast
Sep 4 11:07 Station 3 Rinko CTD cast
Sep 8 08:46 Station 3 Rinko CTD cast
Sep 10 05:36 R/V Polarstern ~ Underway water
sampling
Sep 11 19:25 R/V Polarstern  Underway water
sampling
Sep 12 02:52 R/V Polarstern ~ Underway water
sampling
Sep 13 09:00 Station 8 Rinko CTD cast
Sep 15 02:25 R/V Polarstern  Underway water
sampling
Sep 15 09:10 Station 8 Lead ice sampling
Sep 15 09:19 Station 8 Rinko CTD cast
Sep 15 09:30 Station 8 Water sampling
Sep 17 06:13 Station 8 Rinko CTD cast
Sep 20 13:52 R/V Polarstern  Underway water

sampling
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4 (Lange et al., n.d.) which might have contributed to the
observed meltwater layers. Leg 5 samples for snow and sea
ice were already affected by melting, suggesting that they
were not appropriate to use as end-member values. For
the end-member value of seawater, we used the highest
salinity seawater measured during Leg 5 (32.6 at 10 m
depth on August 22, a salinity that was higher than that
of the end-member of seawater for Leg 4). At the end of
August, an abrupt freshening occurred when the ice floe
moved across a surface frontal structure and entered a new
region (see Section 4.4 for details). Therefore, we used
high-salinity and low-salinity end-member values for dis-
crete water samples obtained on August 29 and Septem-
ber 15, respectively (Table 2). The mean difference of the
fraction within the changing of the standard deviations of
the salinity and 8'®0 measurements for each end-member
value was 1.9%.

3. Results

3.1. Temporal variations of air temperature, wind
speed, and ice drift speed

Figure 2a shows the temporal variations in air tempera-
ture, as reported by Schmithiisen et al. (2021). During the
first half of the survey period (end of August), air temper-
ature remained steady around 0°C, whereas in the first days
of September (second half of the survey period), air tem-
perature steadily decreased to below —10°C as the system
approached the autumn freeze up (Shupe et al., 2022).
Wind speeds exceeding 12 m s~ ! were observed during two
storm events: one around September 7 and the other
around September 13 and 14 (Figure 2b). A sudden air
temperature increase was observed around September 13
and 14 during the second storm (Figure 2a). The ice drift
speed varied between 0 and 36 km d~' with highest drift
speeds during the storm events (Figure 2c).

3.2. Temporal variations of lead width, meltwater
layer thickness, and ice thickness in the lead

Figure 2d shows the temporal variations in lead width. At
the start of the survey on August 23, there was a crack 0.5
m wide, which opened to a 50 m wide lead before dawn on
August 24. Subsequently, the lead width narrowed gradu-
ally through the first half of the survey period down to 5 m,
then remained stable after September 1 (Figure 2d).

The meltwater layer thickness varied between 0 and 0.8
m (Figure 2e). At the beginning of the survey period
(August 23), the meltwater layer was 0.8 m thick, but the
thickness dropped to 0 m on August 24 (Station 3) before
increasing again to 0.6 m on August 28. In the second half
of the survey period, the meltwater layer thickness
decreased from 0.4 m on September 3 to 0 m on Septem-
ber 17.

At the beginning of the survey period, there was a com-
bination of open water and very thin ice (0.02-0.03 m) at
the lead surface (Figure 2f). However, after the beginning
of September and the onset of freeze up, ice thickness in
the lead increased with time, eventually becoming 0.2 m
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thick on September 17. In this study, we defined the lead thickness was confirmed (* = 0.89, p < 0.001; Figure 2f).

freeze-up date based on the regression line fitted to the For this regression line, September 1 was the date when

data after September 6, where a clear increase of lead ice the intercept was zero. Therefore, in this study, “before
freezing” refers to the time period until August 31, and
“after freezing” refers to the period after that date (Sep-

Table 2. End-member values (mean + standard devi-  tember 1 onwards).

ation) for snow, sea ice, and seawater

End-Member salinity 3180 (%) 3.3. Vertical profiles of salinity, temperature, and
density within the lead
Snow? 0 —191+98 Figure 3 shows temporal variations in the vertical profiles
Sea ice? 24403 039 + 047 of salinity, temperature, and density in the lead obtained
b with the RINKO Profiler. Salinity in the water column
Seawater 326 -1.25

down to 5 m depth ranged from 0.6 (0.01 m depth on
Seawater* 297 —-3.18 August 23 at Station 3) to 31.6 (4.8 m depth on August
23 at Station 3) (Figure 3a and b). At the beginning of
the survey period (August 23), low-salinity (near zero)
water occupied the top 0.8 m. The temperature of this
water was higher than 0°C, and its density was low
‘From 10 m depth on September 15. (around 1000 kg m™?; Figure 3c—e). Most of the time,
this low-salinity, low-density, and high-temperature

?From Lange et al. (n.d.). The n value is 67 for snow and 21 for
sea ice.

PFrom 10 m depth on August 22.
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5 -3 £ 40 - o)
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Figure 2. Temporal variation in meteorological and ice conditions. Temporal variations of (a) air temperature; (b)
wind speed, with the two storms of the study period indicated; (c) ice drift speed; (d) lead width, with the opening and
narrowing dates indicated; (e) meltwater layer thickness, and (f) ice thickness in the lead, with the onset of freezing
indicated. Data for air temperature, wind speed, and position to calculate the ice drift speed are from Schmithiisen et
al. (2021). For (a) and (b), data were obtained at 3-hour intervals from the mast of R/V Polarstern at 25 m height. For
(c), drift speed was calculated based on the drift distance every 3 hours based on the position of R/V Polarstern (Rex,
2021). The dashed line in (f) is a regression line fitted to the data after September 6 to define the onset date of
freezing (September 1).
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Figure 3.Temporal variations in the vertical profiles of physical oceanographic parameters. Temporal variations
in the vertical profiles of (a, b) salinity, (c, d) temperature, and (e, f) density in the lead obtained by the RINKO Profiler.
Enlarged views of the upper meter of the vertical profiles for (b), (d), and (f) are shown in (a), (c), and (e), respectively.

water layer was present, but the layer became generally
thinner and colder as the survey period progressed. By
the end of the period (e.g., September 15 and 17), pro-
files became vertically uniform (Figure 3).

3.4. Vertical profiles of §'°0 and fractions of snow,
sea ice meltwater, and under-ice seawater in the
lead
Figure 4a shows the depth profiles of §'®0 and salinity
based on discrete water sampling. Similarly to the RINKO
Profiler data (Figure 3a and b), salinity at the lead surface
(0.1 m) was low (3.2) and increased with depth. At depths
of 0.7 m and 1 m in the lead, salinity was about 30.0. In
contrast, 8'®0 was relatively constant (—2.7 + 0.2%o) at all
depths (Figure 4a). The fractions of each component
(snow, sea ice meltwater, and seawater) of the lead water
changed with depth (Figure 4b). At the surface, 83% of
the lead water was composed of sea ice meltwater and
about 13% was snow meltwater, whereas at depths of 0.7
m and 1.0 m, the lead water consisted mostly of seawater
(>91%).

In the lead (Station 8) on September 15, the value of
each parameter became vertically uniform: salinity was
29.1-29.2 and 8'®0 was —3.2%o (Figure 4a). In addition,

the lead water consisted mostly of seawater (>98%;
Figure 4b).

3.5. Temporal variations of salinity and §'0 of
seawater

Figure 5 shows the temporal variations in the upper
water column of salinity at 3 m and 10 m depths (Figure
5a) and 8'®0 at 10 m depth (Figure 5b). The salinity at
both 3 m and 10 m decreased by more than 3, from 32.6
on August 22 (10 m depth) to 29.3 on September 17 (3 m
depth). The 8'®0 at 10 m depth also decreased from
—1.25%0 on August 21 to —3.18%o0 on September 15.

3.6. Temperature, salinity, and §'0 of lead ice
Temperature (ice surface), salinity (bulk), and 8'®0 for the
lead ice (0.2 m thick) collected on September 15 at Station
8 was —2.3°C, 4.3, and —1.25%o, respectively.

4, Discussion

4.1. Characteristics of the meltwater layer in the
lead

Numerous studies in both the Arctic and Southern Ocean
sea ice regions have observed the presence of a meltwater
layer in leads (Nansen, 1902; Perovitch and Maykut, 1990;
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Figure 4. Vertical profiles for salinity, 5’20, and fractions of snow, sea ice, and seawater. (a) Changes in §'®0
(red) and salinity (blue) with depth based on discrete water samples collected at Station 3 on August 29 (circles and
thin lines) and Station 8 on September 15 (triangles and dashed lines). Salinity profiles obtained by the RINKO Profiler
are indicated for August 29 (thick blue line) and September 15 (dotted blue line). (b) Changes in the fractions of snow
(Fsnow), sea ice meltwater (Fg;), and seawater (F,) with depth in the lead for each sampling date.

Richter-Menge et al., 2001; Zemmelink et al., 2005; Golo-
vin and Ivanov, 2015; Nomura et al., 2018), ranging in
thickness from a few centimeters to a few meters. For
example, Richter-Menge et al. (2001) observed a 1.2 m
thick meltwater layer in a lead surrounded by 1.5—2.0
m thick ice in the middle of July 1998 at the drifting ice
station (the Seattle site) in the Beaufort Sea during the
Surface Heat Budget of the Arctic Ocean (SHEBA) experi-
ment. The salinity in the meltwater layer was 0.7—0.9, and
its temperature ranged from 0.9°C to 1.5°C (Richter-
Menge et al., 2001). However, the winds soon increased,
and the thickness of the meltwater layer decreased to 1.0
m. At the end of July 1998, the meltwater layer was only
0.4 m thick, and by the beginning of August, it had dis-
appeared. The disappearance of the layer coincided with
an increase in the ice drift speed around the site, as well as
with an increase in their differential motion (Richter-
Menge et al., 2001).

Golovin and Ivanov (2015) studied detailed seasonal
changes of a meltwater layer with a thickness of about 2
m (maximum) in a lead at the Russian SP-31 drifting ice
station in the Beaufort Sea from the end of May to the
middle of September 1990. They observed five seasonal
stages of lead water dynamics: (1) transition from winter
to summer conditions (May 26 to June 17); (2) intensive
snow melting and the beginning of sea ice melting (June
17-26); (3) intensive sea ice melting (June 26 to July 22);

(4) weak sea ice melting (July 22 to August 16); and (5)
steady ice formation in the lead and transition to winter
conditions (August 16 to September 18). The changes
observed in our study were similar to those of the fourth
and fifth stages of their study. The §'®0 meltwater signal
indicated the dominance of sea ice meltwater (Figure 4b)
(third and fourth stages) over snow meltwater in the melt-
water layer (second stage). Smith et al. (2022) reported
that the under-ice meltwater layer was composed of
approximately 58% sea ice meltwater, 11% snow meltwa-
ter, and 31% seawater during Leg 4 (at the ice edge in
Fram Strait during July 2020). Our results support the
assertion that sea ice meltwater was supplied to the lead
surface from the bottom of the sea ice.

4.2. Relationship between meltwater layer

thickness and lead width

Figure 6a shows the relationship between lead width and
meltwater layer thickness. At first glance, there is no
apparent relationship. However, when data collected
before and after freezing at the beginning of September
(e.g., on September 1) were considered separately, a strong
negative correlation (* = 0.77, p < 0.001) was found
between lead width and the meltwater layer thickness
before freezing (red circles in Figure 6a). Therefore, prior
to freezing, changes in lead width determined the thick-
ness of the meltwater layer in the lead.
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Schulz et al., 2022).

Next, we examined the reason for this relationship,
which is illustrated schematically in Figure 7a and b.
When the lead was narrow (e.g., on August 23), the melt-
water layer was thick (about 0.7-0.8 m for Station 3 and
0.8 m for Station 8), whereas when the crack expanded
rapidly on August 24, forming a 50 m wide lead, the
meltwater layer disappeared at Station 3 (Figure 2d and
e). This change is also clear in the vertical salinity profiles:
On August 24, the salinity was about 31.6 throughout the
water column at Station 3 (Figure 3a and b). This result
suggests that the meltwater layer was stretched by the
rapid widening of the lead. For Station 8, although the
meltwater layer became thinner (0.3 m) due to stretching
on August 24, it did not completely disappear (Figures
2e, 3a, and 6a), suggesting spatial heterogeneity in lead
water structure within the same lead. However, variations
between lead width and meltwater layer thickness (melt-
water layer became thinner due to stretching by the

widening of the lead) were similar for both stations (Fig-
ure 6a). This similarity matches findings at the SHEBA
drifting ice station in the Beaufort Sea, where the disap-
pearance of the meltwater layer coincided with an
increase in the ice drift speed and in their differential
motion (Richter-Menge et al., 2001). In our study, the
meltwater layer disappeared on August 24 (Station 3)
right after the rapid expansion of the lead. Interestingly,
the thickness of the meltwater layer recovered to 0.6 m on
August 29 with the narrowing of the lead (Figure 2d and
e). These findings support the inferred relationship
between lead width and meltwater layer thickness
depicted in Figure 7a and b.

We next examined the relationship between changes in
lead width and wind speed and ice drift speed (Figure
2b—d). On August 24, when the crack expanded rapidly
to a lead with a width of 50 m (Figure 2d), neither the
wind speed (Figure 2b) nor the ice drift speed (Figure 2c)
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changed significantly. On August 25, the lead began to
narrow, and by September 1 it was only 5 m wide (Figure
2d), and during this period, the wind speed sometimes
exceeded 10 m s~ ', with ice drift speed varying between
0 and 36 km d~'. Furthermore, after September 1,
although wind speed and ice drift speed showed different
trends, lead width remained at 5 m. These results indi-
cated that there was no clear relationship between
changes in lead width, wind speed, or ice drift speed.
However, ice dynamics for the port side lead of the R/V
Polarstern (on the opposite side of the ship to our lead)
changed dramatically during the study period: on Septem-
ber 13, the port side lead started to open up, widening to
about 500 m on September 14 and closing again on Sep-
tember 15, and still some open water remained (Nicolaus
et al., 2021). Therefore, although a relationship between

changes in our lead width and changes in wind speed or
ice drift speed was not clear, ice dynamics (e.g., its differ-
ential motion, diverging and converging) for the port side
lead of the R/V Polarstern was related to the wind, espe-
cially during the second storm event (Figure 2b). A strong
correlation (7 = 0.60, p < 0.001) between wind speed and
ice drift speed supports this interpretation.

4.3. Lead freezing

As discussed in Section 4.2, the meltwater layer thickness
prior to freezing could be explained by the change in lead
width (Figure 6a). However, the decrease in meltwater
layer thickness after freezing cannot be explained by lead
width variation due to the fixed lead width of 5 m (Fig-
ures 2d and 6a). Therefore, we examined ice formation in
the lead after the onset of freezing due to the similarities
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of this situation and that of the fifth stage described by
Golovin and Ivanov (2015): steady ice formation in the
lead and transition to winter conditions. Firstly, after freez-
ing (September 1), the meltwater layer thickness
decreased with the increasing thickness of ice on the lead
surface (Figure 2e and f), resulting in a strong correlation
(P = 0.82, p < 0.001; Figure 6b). During ice formation,
the higher freezing temperature of low-salinity meltwater
would remove this layer from the surface water of the lead
preferentially, decreasing the meltwater layer thickness.
Meltwater layer thickness was approximately 0.42 m (the
intercept of the regression line in Figure 6b) when freez-
ing started. Therefore, if the disappearance of the meltwa-
ter layer after the onset of freezing was solely due to lead
ice formation, the resulting ice thickness once stratifica-
tion had broken down should have been 0.42 m (0.46 m if
ice density was assumed to be 900 kg m—> and volume
increase during freezing was taken into account). How-
ever, maximum lead ice thickness was 0.2 m (Figure
2f). Therefore, only about 48% of the decrease in the
meltwater layer thickness could be explained by ice for-
mation in the lead (if volume increase during freezing was
taken into account, 43% of the decrease in the meltwater
layer thickness could be explained).

4.4. Water mixing
Water mixing within the lead is the most likely fate of the
remaining meltwater. Therefore, we considered the effect
of salinity on the density increase within the meltwater
layer to examine density-driven water mixing within the
lead. Ice in the lead was 0.2 m thick by the end of our
survey period (Figure 2d). We hypothesize that the ice
formation process produced an increase of below-ice salin-
ity through the formation of brine channels in the ice and
drainage of the brine from the ice into the underlying
water. The salinity at depths of both 3 m and 10 m
decreased by more than 2, from 31.6 on August 23 to
29.3 on September 17 (Figure 5a). We attributed this
decrease to active vertical mixing of the meltwater layer
at the surface with underlying water, which diluted the
salinity at intermediate depths of the water column.

The following mass balance equation was used to cal-
culate the salt budget within the surface mixed layer to
a depth of 18.4 m (Kawaguchi et al., 2022) during Leg 5:

wa Vfw Pt + st_bcf sz_bcf. Psw_bef.
- Sicc I/icc Pice + st_aft. sz_aft. Psw _aft.

(4)

where S is salinity, V is volume per unit area, and p is
density; the subscripts fw, sw, and ice refer to meltwater,
seawater, and sea ice, respectively; and bef. and aft. indi-
cate before freezing (e.g., August 23), and after freezing
(e.g., September 17), respectively. We used the following
observed data: S, = 2.6, Vs, = 0.71 m?, ps, = 1001.9 kg
m73v st_bef. =322, sz_bef. =177 m3v Psw_bef. = 1025.1
kg m™3, Vi ar. = 18.2 m?, and pgy o, = 1023.6 kg m >
and treated S, .n. as an unknown. S and Vi, were 4.3
and 0.2 m?, respectively, at the end of the survey period
(September 15 and 17); pice Was assumed to be 900 kg
m . Using Equation 4, we calculated Sy, .. to be 30.4,
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whereas the salinity measured at the end of the survey
period (September 15) was 29.4 (Figure 5a). This result
suggests that the salt budget within the surface mixed layer
can explain only 64% of the decrease in the salinity by the
dilution effect of the meltwater layer due to vertical mixing.
Rather, the observed salinity balance infers that additional
freshwater was added to the water column. Therefore, in
the next section, we examine the possibility that a decrease
in salinity was caused by the ice floe crossing a surface
frontal structure that included a region with distinctly
lower salinity from snowmelt water and river runoff.

4.5. Water mass variation under sea ice and
disturbance of the lead water by wind-driven
drifting of the ice floe

Figure 8 shows the temporal variation of the lead water on
a T-S diagram. If mixing occurred only between meltwater
at the surface of the lead and seawater, then the measured
temperature and salinity of the mixed water should plot
along a line connecting the seawater and meltwater values
on the T-S diagram. However, most measured values dur-
ing the second half of the survey period did not plot along
the regression lines fitted to the data obtained during the
first half of the survey period (Figure 8b). In addition,
observed salinity and §'®0 values were lower during the
second half of the survey period than during the first half
(Figure 5). Furthermore, 8'®0 of the surface water of the
lead (—2.9%o) was higher than that of seawater after freez-
ing (—3.2%o; Figure 9a and b). These results indicate that
the mixing of lead meltwater with the underlying seawater
cannot explain the lower §'®0 of seawater after freezing
(—=3.2%o). In addition, the intercept of a regression line
fitted through the 8'0 versus salinity data of the seawater
(Figure 9b) was —23.3%o on the §'®0 axis (of Figure 9a).
This 880 value is similar to that for the snow end-member
(Figure 9a; Table 2) and for Arctic rivers (—20%o; Bauch et
al,, 1995). These results support our inference that the salt
budget within the surface mixed layer cannot be explained
alone by the dilution effect, and that additional freshwater
(e.g., snow meltwater and river water) was added during the
second half of the survey period.

Kawaguchi et al. (2022) reported that a decrease of
seawater salinity was observed in the surface mixed layer
at the end of August 2020 based on microstructure/tur-
bulence measuring system (MSS) data from Schulz et al.
(2022). They suggested that the abrupt freshening
occurred when the ice floe moved across a surface frontal
structure and entered a region where the surface mixed
layer was dominated by fresh meltwater (S < 29). Their
suggestion was that the lead water structure had been
altered by this under-ice water, which had mixed with
a different water mass as a result of the lateral advection
and movement of the ice during Leg 5 (Figure 7c).

Golovin and Ivanov (2015) observed that the lower
boundary of the pycnocline was disturbed during periods
of intensive ice drift by turbulence in the under-ice drift-
ing flow, which flows from the lower edge of the perennial
ice into the lead as a free turbulent jet. The findings of this
previous work suggest that sub-surface water masses
affected the lead water properties observed in our study
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through turbulence driven by ice motion. In the second
half of our survey period, high wind speeds exceeding 12
m s~ ' were observed during the first storm (around Sep-
tember 7) and the second storm (around September 13
and 14; Figure 2b). Given the strong correlation (r* =
0.60, p < 0.001) between wind speed and ice drift speed,
this interpretation is supported.

5. Summary and concluding remarks

To understand the effects of lead width, re-freezing, and
mixing on the vertical structure of lead water during late
summer in the central Arctic, we conducted a survey dur-
ing the international drift campaign MOSAIC Leg 5. At the
beginning of the survey period, the meltwater layer occu-
pied the top 0.8 m of the lead waters, with strong strati-
fication when the lead was narrow. However, as the survey
period progressed, this strong stratification weakened, and
the meltwater layer thickness was first reduced before it
disappeared completely.

We found a strong negative correlation (¥ = 0.77, p <
0.001) between lead width and the meltwater layer thick-
ness before freezing (Figure 6a). When the lead became
narrow, the meltwater layer thickened, whereas when the
lead expanded, the meltwater layer was stretched, and
thinned (Figure 7) and then disappeared (Figure 2d and
e; Figure 3a and b). On August 24, the salinity was
approximately 31.6 throughout the upper water column.
This result suggests that the meltwater layer was rapidly
stretched by the lead width expansion that occurred prior
to the measurement of the salinity profile on this day. At
the same time, the water in the lead was vertically mixed
by the sudden ice movement.

Ice formation reduced the meltwater layer thickness, as
suggested by the strong negative correlation (©* = 0.82, p

< 0.001) between meltwater layer thickness and lead ice
thickness (Figure 6b). The temperature—salinity diagram
results (Figure 8) and the §'®0O-salinity relationship in
lead water (Figure 9) suggest that the water beneath the
lead also affected lead water properties through turbu-
lence driven by the motion of the ice floe.

Our findings suggest that the meltwater layer occupies
the surface of the sea ice area in the Arctic Ocean, with
profound implications for the season studied. During
summer, this layer will modify the ocean—atmosphere
fluxes for heat, gases, and particles, such as sea salt. In
addition, snow and sea ice meltwater, as well as precipi-
tation and river runoff (Carmack et al., 2015), result in
lower salinity and stratification of the upper layer of the
Arctic Ocean. In general, this stratification regulates and
constrains physical and biogeochemical processes and
atmospheric exchange, which will be affected by the
dynamic nature of the meltwater layer. Therefore, our
exploration of the meltwater dynamics in a lead should
improve our understanding of the future Arctic Ocean,
which is expected to be characterized by increased melt-
water inputs (McPhee et al.,, 2009; Rabe et al.,, 2011).
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