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Sea ice cover influences the generation of surface ocean turbulence in ways that sometimes enhance, but
mostly inhibit air-water gas exchange. Inhibition happens as ice cover reduces wind fetch, enhancement
occurs when haline convection or sea ice drift creates additional surface turbulence. We used the bulk
turbulence relationships within the Wave Age Gas Transfer model to estimate air-sea gas transfer velocity
(kwagT), based on sea ice cover and turbulence conditions in the ice-ocean boundary layer, throughout
a year-long (2019-2020) ice drift campaign in the central Arctic Ocean. During the drift, sea ice cover
averaged >97%, with a minimum of 58%, and boundary layer shear played a dominant role in the turbulence
budget. Modeled turbulent kinetic energy dissipation was compared against 167 in-situ profiles of ocean
dissipation to evaluate model performance and explore related processes. The modeled dissipation and
observed dissipation profiles, averaged over 0-4 m depth, agreed within 1% of each other, with a mean
dissipation of 5.8 x 1077 W kg~". Examining individual dissipation estimates by surface conditions,
however, revealed poorest agreement in leads, especially leads covered by thin ice, which the model cannot
detect. Dissipation from the model was used to produce a time series of kwagt revealing an average velocity
of 0.034 m d~" or 1% of the global average for the open ocean. Comparison with a widely used wind speed
parameterization for gas exchange showed that wind speed scaling would overestimate k during 92% of the
drift by 3.5 times on average, demonstrating how fetch limitation can suppress gas exchange, even as open
water increases. These results suggest that photic zone processes, under-ice blooms, and attendant cycling
of CO; and O, as well as CH,4 can remain isolated from the atmosphere for an entire annual cycle in the
central Arctic.
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1. Introduction

Arctic sea ice is thinner now than at any time in the past
three decades. Every summer the thin ice pack becomes
increasingly fractured with leads and summer melt ponds
that transmit sunlight and exchange with the ocean
(Perovich, 2008; Katlein et al., 2019). These thin ice types
all contribute to an increase in insolation to the upper
ocean, shortening the spatial and geographic extent of

light scarcity and increasing photon availability for
primary production. This new radiation budget has cre-
ated conditions that support phytoplankton blooms
underneath sea ice (Mundy et al., 2009; Arrigo et al.,
2012) and may even rival the high productivity of the
springtime marginal ice zone. Apparently, the Arctic
Ocean is becoming more productive, partly due to
decreases in sea ice duration and extent, but also as
a result of penetration of sunlight through the ice pack
and under-ice blooms (Ardyna and Arrigo, 2020; Ardyna
et al., 2020). This revelation has transformed the perspec-
tive on productivity in the Arctic and the potential for an
oligotrophic ecosystem to one that may become more
productive over time (Horvat et al., 2017).
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While the extent and timing of under-ice blooms of
Arctic production are not well-established even less clear
is whether the changes in ice type and coverage will
increase air-sea gas exchange and the Arctic as an anthro-
pogenic CO, sink. In-water primary production decreases
the partial pressure of CO, (pCO,) and enhances the pCO,
differential between surface ocean and atmosphere, favor-
ing ocean CO, uptake. However, the surface ocean kinetics
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that move gas across the interface are easily disrupted by
a range of scales of processes, such as increased water
surface tension from surface-active compounds (McKenna
and McGillis, 2004), stratification (Timmermans et al.,
2012), and the imposition of sea ice in its many forms
(Anderson et al., 2004; Loose et al., 2017). Beyond the
kinetic drivers of gas exchange, the sea ice zone is ther-
modynamically unique as a consequence of the decou-
pling of the carbonate system during seawater freezing
(Dieckmann et al., 2008; Richaud et al., 2023). Collectively,
the multitude of ice types and surface ocean conditions in
the sea ice zone mean that gas exchange predictions
require detailed knowledge of the sea state and the ice
state at a range of scales. As the tools for surface ocean
observation become available, the mechanistic and empir-
ical models of air-sea exchange must leverage these tools
and be informed by process studies to capture the evolv-
ing state of Arctic biogeochemistry.

One outcome for the reduction in sea ice thickness and
cover is that the Arctic Ocean will evolve toward a typical
open-ocean condition where productivity and gas exchange
are closely coupled, and new production is accompanied by
an uptake of carbon dioxide from the atmosphere (Stanley
et al,, 2010) but is also closely compensated by seasonal
heterotrophy (Duarte et al., 2013). Another possibility would
be that the Arctic Ocean carbon system becomes more
asymmetric, where thinner ice allows more radiative trans-
mission to the water column, driving under-ice primary
production and lowering the pCO,, while ice cover and
meltwater stratification mitigate air-sea gas exchange. Such
conditions of slow air-sea exchange would trap organic
matter and respired carbon during the dark months of
heterotrophy, so that it can sink or be fixed by primary
production, suggesting a more closed-loop Arctic biological
pump (Yager et al., 1995). The field and experimental work
carried out during the year-long Multidisciplinary drifting
Observatory for Arctic Climate (MOSAIC) campaign has pro-
vided the opportunity to develop water column budgets of
climate-relevant gases over the course of an entire year, but
these budgets require a reliable constraint on air-sea fluxes
as well as water column processes, like entrainment and
water mass exchange.

In this study, we analyzed the rate of air-sea gas
exchange, based upon the time-series measurements pro-
vided by MOSAIC. Gas exchange was estimated using the
Wave Age Gas Transfer (WAGT) model that derives bulk
estimates of turbulent kinetic energy (TKE) dissipation and
the resulting prediction for air-sea gas transfer velocity
under real central Arctic Ocean conditions over the course
of an entire year. In Section 1.1 we provide a brief theo-
retical background on gas exchange, before describing the
implementation of the WAGT model during MOSAIC
(Section 2.3) and its comparison with in-situ profiles of
TKE dissipation (Section 2.2). Section 3 details the WAGT
model performance against dissipation profiles, consider-
ing the different ice types and forcing conditions. Last,
Section 4 discusses the role of ice type and coverage
before extending the estimates of transfer velocity over
the entire MOSAIC drift year and comparing with a wind
speed parameterization of gas exchange.
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1.1. Gas exchange in ice-covered waters

The flux (F) of a gas across the air-water interface is deter-
mined by the gas concentration difference across the
interface (G, — G,) and by a rate term, that is, the gas
transfer velocity (k):

F= k(Cw - Ca) (1)

Close to the air-water interface there is a thin layer
about 100 pm thick, called the viscous sublayer, where
turbulence dies out from surface tension and all processes
revert to the slow molecular rate (Jessup et al., 2009). The
argument is that the thickness of this layer can be reduced
or breached entirely by turbulent eddies, by microbreak-
ing waves, and by bubbles that cross the interface. This
reduction or breaching is how the gas transfer kinetics
become enhanced and explains why the rate is so variable
(Jahne et al., 1987). The most common way to estimate k is
based on wind speed (Wanninkhof, 2014), but this cap-
tures only 70% of the variability (Woolf, 2005), even when
fetch is not limited. Further, the empirical wind speed
relationships have been developed for the open ocean and
therefore do not reflect an environment where land or ice
limit the area of open water and dampen waves (Loose
and Schlosser, 2011; Bigdeli et al., 2018). In mixed ice
cover, surface turbulence can be affected by wind, cur-
rents, ice-water shear, convection, and stratification, local
processes that can lead to an observable decrease in the
gas transfer velocity compared with a wind speed model
(Prytherch and Yelland, 2021). However, a complete model
and a robust set of field measurements that highlight
these differences is still work in progress.

As turbulence is the ultimate source of enhanced gas
transfer, another approach is to use a model that measures
the underlying turbulence impinging upon the viscous
surface layer of the ocean, because this turbulence is the
ultimate source of enhanced gas transfer. The term that
best captures all sources of upper ocean turbulence pro-
cesses and records them along a common scale is €, the
viscous rate of dissipation of TKE. The gas transfer velocity
scales as (Lamont and Scott, 1970):

k o< (€0)* §¢05 (2)

where v is the water viscosity, and Sc is the dimensionless
Schmidt number which is the ratio of water viscosity to
molecular gas diffusivity. The relationship between e and k
is empirical, with much of the evidence that has devel-
oped a scaling relationship between these terms coming
from laboratory studies like Zappa et al. (2007) and Loose
et al. (2016). Because of ice cover it is possible to have high
aqueous TKE dissipation (high €) and no air-sea gas flux if
there is no open water. However, the gas transfer velocity
itself is an explicit representation of the kinetic motion of
gas molecules in the viscous surface layer at the water
surface, so it is also possible to have high values of k and
yet no flux. The production and flux of gases like oxygen,
carbon dioxide, dimethyl sulfide, nitrous oxide, and meth-
ane in the Arctic are intimately connected to biology at
the ice-water interface and biology in sea ice. These gases
can accumulate within and beneath the ice or in the brine
(e.g., Fransson et al., 2013; Nomura et al., 2018), and high
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gas concentrations can also occur at the ice surface, in the
brine skim and frost flowers (Fransson et al., 2015)
exposed to the atmosphere. However, in this work, we
focus on ventilation of the water column, which is deter-
mined by upper ocean turbulence. Next, we examine how
that turbulence drives gas exchange.

2. Methods

2.1. The MOSAIC Arctic drift

The measurements used in this study were collected dur-
ing the MOSAIC drift, which took place from October 2019
to October 2020 aboard the German icebreaker R/V Polar-
stern. The vessel was frozen into the Arctic sea ice in the
Laptev Sea and drifted across the central Arctic toward
Fram Strait in July 2020, eventually exiting into the mar-
ginal ice zone, before repositioning further north in pack
ice for the final months of the drift. A complete descrip-
tion of the coupled-system concept for MOSAIC and its
accompanying experimental program can be found in
Nicolaus et al. (2022), Rabe et al. (2022), and Shupe
et al. (2022). Crew and scientist exchanges happened
approximately every 2.5 months, so that the drift was
broken into 5 legs. Measurements were carried out aboard
the Polarstern, from the ice floe in what was named the
Central Observatory, as well as from a Distributed Network
of buoys and other drifting sensors. This study uses time-
series measurements as input for a bulk turbulence and
gas exchange parameterization. Measurements of wind
speed (Uying) and air temperature (T,;,) from the Polarstern
meteorological tower, ice drift speed (Ui.) from the GPS
position of Polarstern (Schmithiisen, 2021a; 2021b; 2021¢;
2021d; 2021e), and water temperature (Tyate;) and salinity
(Swater) collected from the Polarstern sea chest at 11 m
depth (Haas et al., 2021; Kanzow et al., 2021; Rex et al.,
2021a; 2021b; 2021c) were subsampled to a common
hourly time base and merged with daily estimates of sea
ice concentration. The meteorological wind speed from
the Polarstern is measured at 39 m, so a logarithmic wind-
speed profile was used to adjust windspeed magnitudes to
a 10 m reference. The resulting time series was then used
to produce hourly estimates of bulk surface ocean TKE
dissipation. Daily sea ice concentration was determined
using the reprocessed AMSR2 Bremen sea ice data product
with 3.125 km on edge resolution (Spreen et al., 2008).
Daily ice concentration was found by identifying the grid
cell closest to the position of the Polarstern, and then
taking the average ice cover from the surrounding 36 grid
cells to yield sea ice cover on a spatial scale of roughly
18.75 km on edge. Details of the bulk turbulence model
are described in Section 2.3. Dissipation profiles measured
up to the air-sea interface (Section 2.2) were used as an in-
situ benchmark against which the WAGT model was
evaluated.

2.2. In-situ TKE dissipation from the uprising
vertical microstructure profiler

The dissipation rate was measured during the MOSAIC
drift in the water column using a free-rising microstruc-
ture profiler as described by Fer et al. (2022b), following
methods used for descending profilers by Fer (2009) and
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Fer et al. (2012). The profiler was a modified, 500-m-
rated, Rockland Scientific International vertical micro-
structure profiler (VMP-250). Turbulent-shear profiles
from the up casts can be used to measure turbulence
to a noise floor of less than 5 x 107" W kg, up to the
air-sea interface. Importantly, the creation of an
“uprising” mode for the VMP allows the profiler to sam-
ple at high resolution up to the ice-water or air-water
interface in the critical region where turbulence
impinges on the viscous sublayer. The WAGT model cre-
ates a single “bulk” value for dissipation and friction
velocity; in order to compare those to the vertically
resolved VMP data, choosing a depth over which to aver-
age the VMP profiles is necessary. This choice was made
by iteratively comparing the bulk estimate of € from the
WAGT model with the vertical average of € from the VMP
profiles. We found that the best fit occurred by averaging
dissipation data in the upper 4 m to represent the dis-
sipation in the boundary layer at the surface. Note that
the boundary layer thickness was estimated to be 4 + 2
m using the VMP profiles (Fer et al., 2022b).

2.3. The WAGT model

The WAGT model estimates € from the simplified bulk
budget of TKE assuming that the kinetic energy budget
of production and dissipation are always in balance (Gas-
par et al., 1990). The primary TKE inputs to the ice-ocean
boundary layer are from shear at the ice-water and air-
water interface and from convection driven by destabiliz-
ing buoyancy fluxes that can arise during surface cooling
or sea ice formation. Stabilizing buoyancy fluxes from
surface warming or sea ice melting act as a sink in the
TKE budget and suppress turbulence. The air-water and
ice-water shear are weighted by the fraction of open water
(fow) and the fraction of ice cover (1 — f,,; Steele et al.,
1989). Last, the wave field and microbreaking (Zappa
et al., 2004) are important to TKE production and espe-
cially to gas exchange, because wave microbreaking is
thought to be a key mechanism that disrupts the viscous
surface layer, which is a molecular bottleneck for gas and
turbulence. As ice cover increases, fetch for wind-driven
shear is reduced and this effect attenuates the wave field
(Kohout et al., 2020). The WAGT model was first described
in detail by Loose et al. (2014), but the present version,
which includes a parameterization of fetch limitation
based upon wave age, can be found in Bigdeli et al.
(2018). Here, we highlight several details about the WAGT
model that are pertinent to its comparison with in-situ
estimates of TKE dissipation.

Shear stress at the ice-ocean boundary layer is often the
leading order source of momentum and turbulence, espe-
cially in an ocean that is almost completely ice-covered.
The magnitude of the shear depends on the velocity of the
ice and the planetary rotation that leads to Ekman-like
flow (McPhee, 2008). This shear profile can be determined
using Rossby similarity theory to match the velocity over
length scales near the ice-water boundary, captured by
Ro~» = u/( fzo) with the outer layer within dimensionless
lengths of wo/(fLo) (McPhee, 1994; Shaw et al., 2008). The
surface friction Rossby number, Ro~, is the ratio of the
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planetary scale to the under-ice roughness length scale, z.
The term fis the Coriolis parameter and L, is the Obukhov
length. Here, we use Rossby similarity to estimate
the friction velocity (u-o) at the ice-water interface, in
terms of the ice drift speed Vj, the stratification, and an
estimate of z:

7o 1 fiog Ro. — () — iB(1,)] (3)

U K
where A and B are fit parameters determined by the
similarity scaling, and Ro- and p.- are the inner and outer
layer length scales described above. The Obukhov length
gives a measure of shear versus convection and can also
reflect a stratified or unstable water column (Lombardo
and Gregg, 1989). Briefly, the approach is to create an
initial estimate of friction velocity u- by matching the
velocity scales of the inner and outer planetary bound-
ary layer (Shaw et al., 2008). In practice, the Law of the
Wall relation yields an initial estimate of uy that is
normalized by the Coriolis parameter times Obukhov
length, and by the Coriolis parameter times the rough-
ness length. These upper and lower bounds on the plan-
etary boundary layer are used to develop a universal
drag relationship with fit coefficients, A and B, which
are used to estimate u- from ice drift velocity. The WAGT
model uses the surface ocean temperature and salinity,
relative to an estimate of ice temperature and salinity, to
determine enthalpy and salt budgets at the ice-water
interface and estimate turbulent heat and salt fluxes,
as well as changes in water column buoyancy. Altogether
the inputs to the WAGT model are Uice, Unind, Tices Twater
Swater, and fou. These terms were estimated from Polar-
stern underway data, and f,, was estimated from the
AMSR2 3.125 km sea ice concentration as described
above.

Loose et al: Air-sea gas exchange during MOSAIC

2.4. CO; flux calculation

The atmospheric pCO; is available directly from measure-
ments made during the drift (Angot et al., 2022). Seawater
pCO, was determined by solving the carbonate equation
system using total inorganic carbon (DIC) and total alka-
linity (TA) measurements that were also made throughout
the drift (Ulfsbo et al., 2023). The carbonate system solu-
tion was based on the equilibrium coefficients from Sulpis
et al. (2020), which are the default settings in the Open
Source carbonate system library pyco2sys. To generate
a single average pCO, differential over the course of the
drift, we first averaged over values in the top 50 m at every
profile time and then averaged all the profiles in Ulfsbo
et al. (2023) over time.

3. Results

3.1. Ice drift and friction velocity

The three primary diagnostic terms used by the WAGT
model are depicted in Figure 1 for three individual
month-long periods during the MOSAIC drift. Sea ice cover
was 95% or greater for all the drift, except for a period in
April and from approximately July 15 to July 30, when the
Polarstern entered the marginal ice zone; during this
period, average ice cover decreased to 86%. During the
majority of the drift, the sea ice drift velocity agreed qual-
itatively well with the relationship Uie = 0.02 x Uying
(Cole et al,, 2014). This relationship holds except in the
period when ice cover decreased below 90%, which coin-
cided with a drift velocity that exceeded the 2% relation-
ship: from July 15 to July 30 the average Ui was 5% of
wind speed or 0.24 m s~ . This exception also coincided
with the passage of Polarstern through Fram Strait, a narrow
exit point from the central Arctic Ocean that is known for
high ice drift speeds (Rabe et al., 2022).
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Figure 1. Comparative time series of ice drift velocity and wind speed. The ice drift velocity x 50 (red line) as
compared with the 10 m wind speed (black line), graphed at 1-hour intervals for 3-month-long periods during the
MOSAIC drift. The stairstep plot (gray) is the sea ice cover with axis shown on the right.
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Figure 2. Visual comparison of dissipation measured by vertical microstructure profiler and estimated by the
WAGT model. Turbulent kinetic energy dissipation measured by vertical microstructure profiler (VMP) and estimated
by the WAGT model, along with wind speed (black line), ice velocity (x 50; red line) and demodulated (demod.) ice
velocity over a 48-hour period on July 14-16, 2020. Demodulated velocity has low-frequency modulations, like
inertial motions, removed. The model output (unfilled pink circles) did not capture the wide range of sub-daily
variation that the VMP profiles revealed (black squares). Estimating dissipation from ice drift without removing tide
and other oscillations (magenta circles) showed a wider range of sub-daily variation on a scale that was similar to the
VMP profiles, even though amplitude of oscillation in the dissipation values appeared to be offset in time, or to
capture variations in turbulence production that are not represented by the WAGT model.

There were 235 individual profiles of TKE dissipation in
the top 50 m during the MOSAIC drift. Many of these
occurred during early spring and summer, when floe sizes
were diminished and ice cover ranged from 86% to 100%.
To compare estimates between VMP profiles and the bulk
surface methods used by the WAGT model, we adopted
the same evaluation criteria as used by Fer et al. (2022b).
Specifically, an iterative method was used to compute u.g
from the dissipation profiles against the theoretical rela-
tionship #2/x|z|. Samples with no data in the top 2 m of
the water column were excluded, which yielded a total of
167 estimates of uy from dissipation profiles. The values
of .o from these VMP profiles ranged from 0.1 cm s~ to

1.5cms L

3.2. Inertial versus demodulated effects

on dissipation

Removing the oscillating inertial and tidal motions from
the background “mean” ice drift velocity is often desirable
or necessary (McPhee, 1988). The underlying velocity is

primarily driven by and thus closely correlated to wind
speed. Rossby similarity typically describes the free-drift
response, hence the typical use of filtered, background
drift velocity, whereas separating the inertial and tidal
motion from net drift can provide useful insight into
turbulent mixing processes (McPhee, 1988). Initially, we
followed the same approach, using the complex-
demodulated background ice drift velocity to reproduce
boundary layer conditions under the ice and in the Rossby
similarity estimates. The complex-demodulated velocity
exhibits the best qualitative consistency with the wind
speed, reflecting the clear connection between wind speed
and the Ekman velocity exhibited by sea ice. However, the
VMP profiles exhibited sub-daily variations in the surface
values of eyyp that ranged over nearly two orders of mag-
nitude, variations that were not apparent in either wind
speed (Figure 2) or air temperature (not shown). This
absence of sub-daily variations led to a reexamination of
the pre-processing of inputs to the WAGT model, which
determined that the sub-daily oscillations in ice velocity
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Figure 3. Comparison between friction velocity predicted by the WAGT model and estimated from vertical
microstructure profilers. Estimates of friction velocity, s, using Rossby similarity theory were calculated in the
WAGT model using a value of zy = 2 mm; estimates from vertical microstructure profiles (VMP) followed Fer et al.
(2022b). The term # is the average of normalized residuals or deviation between the best-fit line and each individual

point.

brought on by tide and other periodic motions are an
important contributor to turbulence and appeared to
couple closely with the in-situ dissipation profiles.

A comparison of u«y from Rossby similarity with u.q
from the VMP is depicted in Figure 3. The instrumenta-
tion needed to determine the roughness length (z) in situ
was not deployed during MOSAIC. Instead, we determined
an average value that can be applied to all estimates
throughout the drift. To determine the best estimate of
Zo we solved the Rossby similarity solution for a range
of 100 values of z, from 0.1 mm to 10 cm. At each value
of zy, the values of u.q were regressed against the VMP
estimates of u-o and the value with a slope closest to 1 was
chosen. This value coincided with zy = 2 mm, which is
toward the low end of the range and diagnostic of a rela-
tively smooth under-ice surface farther away from large
roughness features such as ice keels (Shaw et al., 2008).
The mean of the residual differences between u., from the
VMP and i, from Rossby similarity is 0.0014 m s~ ', which
is equivalent to a 29% misfit between the WAGT and VMP
estimates. We considered this agreement to be sufficient
to utilize Rossby similarity to reconstruct friction velocity
for the duration of the drift.

The 167 VMP profiles with acceptable boundary
layer conditions, as chosen by Fer et al. (2022b; see
Section 3.1), yielded a mean surface ocean dissipation
with upper and lower 95% confidence intervals

of eywp = 5.81 + [4.10, 7.51] x 1077W kg™ '. The mean
dissipation with confidence intervals from the WAGT
was ewacr = 5.78 + [4.09, 7.47] x 1077W kg ™', or within
1% of eymp While also showing a similar overall dynamic
range. Fer et al. (2022b) subdivided the VMP profiles by
a classification describing the conditions that the VMP
encountered at the surface. During the drift, the VMP
reached the surface beneath pack ice, beneath open leads,
and beneath leads that were recently covered by thin ice,
leading to three categories of profiles: pack, lead, and thin.
That classification was used here to further explore where
the bulk turbulence formulation by the WAGT model agrees
and where it disagrees.

The measured average VMP surface TKE dissipation is
nearly identical in leads as compared with under pack ice:
evmp = 6.82 x 1077 and 6.81 x 1077 W kg !, respec-
tively. In comparison, dissipation under thin ice was sig-
nificantly lower, with an average of 2.12 x 1077 W kg™,
likely as a result of reduced momentum and buoyancy
exchanges with the atmosphere (see Section 4.1 for fur-
ther discussion). The WAGT model, by contrast, estimates
that the average dissipation in leads was 35% larger than
under pack ice: ewagr = 7.38 x 1077 versus 5.37 x 1077
W kg ' Like the VMP, the average WAGT model
dissipation from instances coincident with the thin ice
profiles was lowest: ewagr = 3.64 X 1077 W kg_l.While
the average dissipation values from WAGT and VMP agree
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Figure 4. Comparison between dissipation predicted by the WAGT model and estimated from uprising
profilers. The bulk turbulence calculation was used in the WAGT model to predict dissipation e. Estimates of
dissipation by vertical microstructure profiler (VMP) were classified based on whether the VMP reached the surface
beneath pack ice (ice), within a lead (lead), or beneath thin ice in a refrozen lead (thin). The dashed lines represent the
best linear fit in log-log space, and the solid line represents the 1:1 proportionality.

with each other within approximately 25%, how well
the WAGT model can predict individual estimates of dis-
sipation, measured on a sub-daily frequency, is worth con-
sidering. This degree of predictability can be conveyed
using the mean of the normalized residuals (7), where the
individual residuals are the absolute difference between
the WAGT and VMP dissipation, divided by the mean of
VMP dissipation: 7, = e“”"‘ji_ev‘“" x 100, expressed in
VMP

percent.

Using the values of 7 under different ice types, the best
agreement emerges under pack ice, where 7 is 79%
(Figure 4). Dissipation from the WAGT model exhibited
greater than 100% variation on average for conditions of
both open water in leads and thin ice in leads. The poorest
agreement emerged under thin ice conditions, where 7
was 196% for thin ice (Figure 4). Further, the estimates
of ewacr in thin ice skew above the 1:1 line, suggesting
that Rossby similarity and the WAGT model overestimate
TKE dissipation in recently refrozen leads. Below we
explore the conditions during which these overestimates
may arise.

4, Discussion

4.1. Refreezing leads and the impact on upper ocean
turbulence

Surface TKE dissipation under thin ice in refrozen leads is
expected to be significantly reduced, compared with the
same conditions if that lead contained open water. Thin
ice and pancake ice also have a strong mitigating effect on
surface waves and sea state (Kohout et al., 2014; Kohout
et al., 2020). A similar condition has been studied by
Smith and Thomson (2019) while observing momentum
transfer in the marginal ice zone, where they estimated
that dissipation was 20% or less when compared to the
momentum input by the wind. Under these conditions
the WAGT model likely overestimates dissipation, primar-
ily because lead refreezing is a small-scale process that is
difficult to diagnose without direct on-ice observation and
is not classified in the remote sensing data products that
are available to the WAGT model. Referring to Figure 4,
the WAGT model showed the greatest departure from the
VMP estimates under conditions of thin ice (with this
departure measured by comparing the average residuals
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Figure 5. Estimates of eymp and ewagt during August—-September 2020 under “thin ice” conditions over
a lead. The box and whisker points, showing interquartile ranges, were generated by averaging the daily estimates of
dissipation from vertical microstructure profilers (eymp) and from the WAGT model (ewagT)- This later summer period
was complicated by cooling and convection, which created conditions for sea ice formation in September 2020
(Webster et al., 2022). Sea surface temperature (SST) was measured at 11 m by the R/V Polarstern thermosalinograph.

as proportions of the mean of eyyp). Under thin ice, the
WAGT model overestimated dissipation in just over half of
the measurements (58%) and also showed the greatest
deviation from the 1:1 correspondence with the in-situ
VMP dissipation estimates (see dashed mustard line in
Figure 4).

Many of the eyyp profiles under thin ice occurred in
late August and September when Polarstern had reposi-
tioned near the North Pole and the onset of seasonal cool-
ing was taking place. Air temperature decreased from near
0°C on September 1 to a minimum of —12°C on Septem-
ber 10 (Figure 5). Under those conditions, thin ice forma-
tion can produce salt fluxes and convective overturning in
the water column (McPhee, 1992). During these condi-
tions, the sub-daily values of eyyp still ranged over several
orders of magnitude, and the more energetic of these
dissipation profiles may be associated with salt fluxes.

Perhaps the strongest discrepancy appears when com-
paring the much narrower dynamic range of variation in
ewact, compared with eyyp. For example, the box plots of
daily values of TKE dissipation in Figure 5 show an eyyp
interquartile range (IQR) of more than 10x and as much
as 50x for daily values, whereas the IQR for eysct never

exceeded 5x. This difference implies that the WAGT
model misses the sub-daily intermittent variations in sur-
face turbulence, because the scale and intermittency of
thin ice formation is not reflected in the water column
properties that were recorded at 11 m by the Polarstern
thermosalinograph. In fact, the cooling events at the end
of August coincided with an overall decrease in salinity
and an increase in temperature measured at 11 m. This
example of the complex density structure of the upper
water column suggests that thin ice had begun to break
down stratification, but that the first outcome was to mix
the near surface heat and freshwater down to 11 m or
below (Smith et al., 2023). Despite the existence of a salt
and buoyancy flux parameterization within the WAGT
model, the model is only as detailed as the input para-
meters. The bulk underway measurements do not capture
these intermittent overturning events as a loss of buoy-
ancy from the water column, which means that the WAGT
model will not register an increase in TKE dissipation.
Here, even if dissipation in the WAGT profiles did increase,
this increase would not lead to enhanced gas exchange if
the lead was covered with thin ice, because that ice would
completely disrupt mass transfer across the ocean viscous
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layer. This blind spot emphasizes that one of the most
valuable tools for diagnosing air-sea exchange is a more
detailed view of ocean surface conditions, including the
wave field and ice types that may be present at the hori-
zontal scale of 100 m or less.

4.2. The importance of capturing the ocean surface
conditions

The degraded agreement between ewacr and eyyp under
thin ice conditions highlights the challenge of accurately
resolving ocean surface conditions, the presence of sea ice,
and even the different ice types. The WAGT model was
designed to estimate the area of open water from sea ice
concentration data products, such as those provided by
MODIS and other passive radiometers. Indeed, tremen-
dous advances have been made in the algorithms used
to reconstruct ice types, reducing the on-edge pixel
resolution from 12 km on edge to 1 km on edge in just
a few years (Spreen et al., 2008). At the same time, the
radiometer data treat any ice cover that is 20 cm or
thinner as open water (Gunnar Spreen, personal commu-
nication, 15/02/2022). This distinction is particularly crit-
ical for gas exchange, because gas diffusion through sea
ice is many orders of magnitude slower than gas crossing
the air-sea interface (Lovely et al., 2015), which means that
gas exchange is effectively shut down as soon as even
a thin layer of ice cover forms on the surface. The same
effect for gas exchange can be expected for pancake and
even disaggregated frazil ice crystals. In fact, Matsumura
and Ohshima (2015) have shown how seawater with frazil
ice crystals acts as a two-phase flow with a corresponding
increase in fluid viscosity, and Loose et al. (2023) observed
how frazil ice crystals appeared to shutdown air bubble
injection—another gas exchange mechanism that arises
during capillary-gravity wave microbreaking (Zappa
et al.,, 2004). Recently, there has been some progress in
observing these ice types from space-based platforms:
Bradtke and Herman (2023) demonstrated how polynya
open water area as well as frazil ice streaks can be mea-
sured using visible imagery from passive microwave radio-
meters. Krumpen et al. (2021) also demonstrated how
leads and open water can be inferred using sea ice defor-
mation fields, derived from Sentinel-1 SAR imagery. There
are still significant restrictions on the timing and coverage
of these techniques, and they are not yet at the stage
where they can generate a data product reliably; however,
they point the way toward better ocean surface character-
ization than what is possible using sea ice concentration
alone.

4.3. Estimates of gas transfer velocity from
dissipation

Converting the dissipation values to gas transfer velocity
(k) using Equation 2 makes apparent how restricted gas
transfer is during the ice conditions that characterized the
MOSAIC drift. The average of the 167 dissipation profiles
yielded an average kyyp of 0.051 m d~' with an IQR of
0.041 m d™ ', compared with the kyacr estimate of 0.045
and IQR of 0.043 m d ™. The averages differ by 12% but
show a very similar range of variability, and relatively
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consistent agreement with an R* of 0.82 for regression
between kwacr and kyyp (Figure 6). For reference, the
global average transfer velocity is 3.5 m d~', which was
computed from the global radiocarbon inventory (Swee-
ney et al., 2007). The average open water area during the
time these profiles were gathered was 3.6%, whereas the
mean of kwacr is only 1.4% of the global average transfer
velocity, revealing that k is lower than would be predicted
by a linear scaling with ice cover. Perhaps by coincidence,
the average Us,inq during the MOSAIC drift was 6.7 m s,
which is very close to the global average wind speed over
the ocean of 6.64 m s~' (Archer and Jacobson, 2005),
rendering the global average transfer velocity a suitable
comparison in terms of wind forcing.

Another way to compare the in-situ transfer velocities
estimated from dissipation is to use a commonly applied
wind speed scaling relationship, the quadratic scaling term
from Wanninkhof (2014), hereafter designated as W14:
k = 0.06U2_,, where kis in meters per day and Uying is the
10 m wind speed in meters per second. Using the values of
Uying and the average ice cover corresponding to the days of
the VMP profiles, the W14 scaling predicts k= 0.07 md",
which is a 40% overestimate, although admittedly this com-
parison is between very small values of k.

If we extend the comparison between the W14 wind
speed parameterization for gas exchange and the WAGT
model values over the entire MOSAIC drift, the discrepan-
cies between the models grow more pronounced. For
much of the MOSAIC drift the ice cover was 100% and
there was no calculable gas exchange by either method,
until March 2020. However, during March and April
a period of ice pack divergence created lead openings and
an average ice cover around the MOSAIC Central Observa-
tory that diminished to 75% and below. During that
period, W14 overpredicts k, compared with the corre-
sponding values from the VMP and WAGT model
(Figure 7A and D), and the discrepancy becomes more
extreme as open water increases. During the period when
the Polarstern drifted close to the marginal ice zone in late
June and July, the ice drift speeds increased and sea ice
cover decreased below 90%. Under those conditions, the
intermittently light winds lead to W14 predictions of k
that are lower than those predicted from the WAGT model
and the VMP, and gas transfer was enhanced compared to
W14. When the Polarstern repositioned to the North Pole
in August and September, ice cover was over 90% again
and transfer velocities diminished with respect to the pre-
diction from wind speed (Figure 7C and F). Examining the
population of gas transfer estimates during the MOSAiC
drift, we found that transfer velocity was reduced com-
pared to wind speed prediction for roughly 89% of the
drift and enhanced compared to wind speed for 8.6% of
the drift, with a nearly perfect match for 2% of the drift.

4.4. CO; fluxes from WAGT velocity

We used the values of transfer velocity (kwacr) to compute
the CO, flux F between ocean (oc) atmosphere (atm) over
the duration of the MOSAIC drift:

F = kco, ([CO,),. — [CO2],n) (4)
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Figure 6. Comparison of the gas transfer velocity from the WAGT model and from vertical microstructure
profilers. Gas transfer velocity k from the vertical microstructure profilers (VMP) used Equation 2 and estimates of
dissipation €. The coefficient of determination between the two estimates (R*) is 0.82. The red line traces the 1:1

relationship.

The WAGT model outputs k normalized to a Schmidt
number of 660, but it can be converted to ko, using the
Schmidt number equivalency:

Se —0.667
kco, = /CWAGT< COZ) (5)

660

The seawater pCO, averaged over the MOSAIC drift was
344.0 ppmv and the average A[CO5] (or [CO3]oc — [CO2]atm
as in Equation 4) between the ocean and the atmosphere
over the duration of the MOSAIC drift was —4.9 pmol kg™
(ApCO, = —70.32 ppmv); this value was determined
using surface layer seawater measurements of total dis-
solved inorganic carbon (DIC) and alkalinity for calculating
the oceanic pCO, (Ulfsbo et al., 2023) and atmospheric
pCO, (Angot et al., 2022) measured throughout the drift.
The negative sign on A[CO,] indicates CO, uptake by the
ocean, a condition that persisted for almost the entire
year. Using the average CO, difference and the time series
of kco, over the entire drift yields maximum fluxes of just
higher than —2.5 mmol m~2 d~! and a mean value of
—0.085 mmol m > d~". During much of the early drift

period from October 2019 to April 2020 the ice cover was
so complete that the transfer velocity was zero, and there-
fore the flux as well, and these values impact the annual
flux (Figure 8).

When the time series of CO, flux was summed
discretely over the entire drift, the total annual CO, flux
was —0.35 grams carbon per square meter (g C m %
Figure 8). To put this number in context, we can compare
this annual flux to estimates of net community productiv-
ity (NCP), which is a measure of gross photosynthesis
minus gross respiration, from similar regions in the Arctic
Ocean. Ulfsbo et al. (2014) found the range of seasonal
average NCP to be 10-15 ¢ C m~? in the Amundsen and
Eurasian basins, with lowest values in the ice-covered cen-
tral Arctic and values as high as 72 ¢ C m ™2 in the mar-
ginal ice zone. A 2016 study using vertical mixing and
nitrate fluxes estimated 1-3 g C m * (Randelhoff and
Guthrie, 2016), and a benchmark study from 2003 that
used a phosphate budget found approximately 0.5 g C m*
(Anderson et al.,, 2003). Collectively, these studies reveal
that the production of organic carbon for export (NCP is
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Figure 7. Comparison of gas transfer velocity estimated by different methods. Top row (A—C): Estimates of gas
transfer velocity (k) using the WAGT model (kwacr, black line), using the Wanninkhof (2014) wind speed quadratic
parameterization (ky14, red line), and from the individual VMP profiles (green squares). Bottom row (D—F): The ratio of
kwact to kwis (left y-axis scale), depicting the instances when kyacr exceeded or subceeded the wind speed
approximation, with sea ice cover (sea ice concentration, SIC; right y-axis scale) represented in blue.
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Figure 8. Estimates of instantaneous CO, fluxes and the cumulative flux over the MOSAIC drift year.
Instantaneous CO, fluxes, driven by the gas transfer velocity (blue dots, scale on left axis), and the cumulative flux
over the entire year of the MOSAIC drift (red line, scale on right axis).

equivalent to export production) for this region far out- translucent ice cover, but the drawdown will not necessarily
weighs the magnitude of CO, flux, demonstrating how be accompanied by an oceanic uptake of atmospheric CO,,
productivity in the ocean may increase with a thinner, more  at least not within the sea ice zone.
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5. Summary

The in-situ measurements of turbulent kinetic energy dissi-
pation reveal that the bulk turbulence model for air-sea gas
exchange does a reasonable job of capturing the turbulence
budget under a range of fetch-limited conditions and is
significantly more representative of turbulence conditions
when compared to scaling a wind speed parameterization
by the ice cover. Considering the relatively few inputs
needed to drive the WAGT model (wind speed, ice speed,
air temperature, surface water temperature, surface water
salinity and ice cover), implementing it is not a computa-
tional or observational challenge. The conditions where the
WAGT model performed worst in comparison to the in-situ
turbulence measurement-based estimates were in leads that
had recently refrozen. Under these conditions, WAGT tended
to overestimate the turbulence and missed the wide range
of variation in turbulence. Because gas exchange is governed
by a surface ocean bottleneck, the biggest advance in
improving estimates of gas transfer velocity would come
from more detailed coverage of thin ice types at a sub-
100 m scale. The ability to resolve water surface conditions
in a lead would be particularly transformative.

Overall, the mechanisms driving air-sea gas exchange
during the MOSAIC drift revealed that gas flux was weak
or zero for most of the drift, even during the two periods
of ice divergence and low ice cover in April and July. When
the transfer velocities were combined with the average
difference in CO, concentration between the air and the
ocean, the annual air-sea CO, flux was less than 10% of
the annual net community production estimates in this
region, suggesting efficient export production that is
accompanied by very little atmospheric CO, uptake in the
ice-covered ocean. However, CO, is not thought to be the
limiting nutrient on primary production in the ocean, and
the low air-sea fluxes are a result of weak vertical turbu-
lence in the water column over the year, suggesting that
stratification and weak mixing can also allow organic mat-
ter flocculation and sinking that is not slowed by resus-
pension. This scenario leads to an increasingly closed-loop
biological pump, although the factors affecting the
strength of the biological pump are broader than just the
balance between photosynthesis/respiration and air-sea
gas exchange.
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