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Abstract
Wepresent direct eddy covariancemeasurements of the surface heat flux in sea ice over awide
range of conditions across the Arctic Ocean made during two research cruises. Photographic
imagery of the surface around the ship provides a local, in situ estimate of the ice fraction.
Aerodynamically rough conditions prevail for the majority of the time in the consolidated
pack ice. The results are analyzed in the framework of a recently-developed parameterization
scheme in which the exchange coefficients over ice are functions of a roughness Reynolds
number, R*, hence account for aerodynamic roughness variability. This parameterization
accurately represents the measured fluxes under all conditions, while under aerodynamically
rough conditions the existing parameterizations from both the Met Office Unified Model,
and ECMWF Integrated Forecast System overestimate the fluxes. The results corroborate
those of a previous airborne study over the marginal ice zone, and encompass a wider range
of atmospheric stability conditions.
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1 Introduction

The Arctic is warming rapidly, at more than twice the global average rate; a result of multiple
feedback processes (Stuecker et al. 2018). A dramatic consequence of this warming is the
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substantial reduction in the summer minimum extent of sea ice (Onarheim et al. 2018), and
year-round ice thickness and age (Ricker et al. 2017;Kwok 2018); these changes have a strong
positive feedback on Arctic climate (Dai et al. 2019). Climate models, while reproducing
enhanced warming in the Arctic, show large uncertainties in projected warming (Hodsen
et al. 2012) and changes in sea ice (Stroeve et al. 2012, 2014; Zampieri et al. 2018).

A significant source of uncertainty in models is the representation of surface turbulent
exchange processes (Bourassa et al. 2013). This can have a significant impact on the rep-
resentation of both sea ice (Tsamados et al. 2015) and the lower atmosphere (Notz 2012;
Renfrew et al. 2019). Parameterisation of turbulent fluxes requires extensive in situ measure-
ments of the surface fluxes themselves, and the environmental parameters that control them,
over a wide range of conditions. The sparsity of such measurements over sea ice was demon-
strated by Elvidge et al. (2016), who utilized aircraft data from 8 flights over the marginal ice
zone, obtaining 195 estimates of the drag coefficient—more than doubling the total number
of previously published measurements for the MIZ. Recently we have analyzed a data set
of 542 direct estimates of the drag coefficient, acquired during two research cruises in the
central Arctic ocean, and sampling a wide range of ice conditions (Srivastava et al. 2022).
The results were in good agreement with Elvidge et al. (2016).

Both Elvidge et al. (2016) and Srivastava et al. (2022) use the theoretical framework of
Lüpkes et al. (2012) in which the neutral drag coefficient, CDN, is expressed as the sum
of three components: the skin drags over water (CDNw) and ice (CDNi), weighted by their
respective fractional areas, and the form drag against the ice floe (CDNf):

CDN � (1 − A)CDNw + ACDNi + CDN f , (1)

where A is the ice fraction, note that the subscriptN indicates coefficients are defined for neu-
tral stability. Schemes following this approach have recently been implemented in numerical
weather prediction (NWP) models such as the Met Office Unified Model (MetUM, Renfrew
et al. 2019) and the ECMWF Integrated Forecast System (IFS; Roberts et al. 2018), the Los
Alamos Sea Ice Model (CICE; Tsamados et al. 2014), and a regional coupled climate model
(HIRHAM–NAOSIM 2.0; Yu et al. 2020). Within NWP models, CDNw is provided by a
parameterization for open ocean and is a function of wind speed, CDNi is fixed, and CDNf

is typically specified as a simple function of ice fraction. This is sufficient to represent drag
across the marginal ice zone; however, variability in CDNi is large and currently unaccounted
for in the parameterization schemes typically implemented in weather and climate models
(Elvidge et al. 2016; Castellani et al. 2014; Petty et al. 2017).

Elvidge et al. (2021) examined the scalar fluxes of sensible and latent heat over the MIZ,
combining measurements from the Fram Strait and Barents Sea made during the ACCACIA
project in 2013 (Elvidge et al. 2016), with newmeasurements made over the Iceland Sea dur-
ing the IGP project (Renfrew et al. 2019). Comparing the observations with bulk estimates of
the fluxes from the parameterization schemes of the MetUM and IFS, driven by the observed
mean meteorology, they found a marked difference between the Fram Strait cases, where the
parameterizations closely matched the observed fluxes, and the Iceland and Greenland Sea
cases, where both parameterization schemes over-estimated the fluxes, the IFS more so than
the MetUM.

The source of this discrepancy was explained by examining the two situations in the
framework of a surface renewal model, first proposed by Andreas (1987), in which the dom-
inant process controlling scalar fluxes differs between aerodynamically smooth and rough
flow. Details of this model are given in Sect. 2.1. The parameterized fluxes agreed with
observations where the flow was predominantly aerodynamically smooth (Fram Strait), and
disagreed where it was aerodynamically rough (Iceland Sea).
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Elvidge et al. (2021) incorporated the Andreas (1987) conceptual model (hereafter A87)
for fluxes over sea ice, into the framework of Lupkes et al. (2012) for fluxes over fraction
ice, to produce a ‘blended A87’ scheme. Good agreement between this new scheme and air-
craft measurements was found by Elvidge et al. (2021) for both their data sets, and between
MetUM simulations with the blended A87 scheme implemented and the IGP measurements
in Elvidge et al. (2023). The existing parameterizations for both the MetUM and IFS repro-
duced the observed fluxes well for the aerodynamically smooth conditions that dominated the
ACCACIA observations (Elvidge et al. 2021), but significantly overestimated those for the
aerodynamically rough conditions observed during IGP (Elvidge et al. 2021, 2023). All these
aircraft measurements were obtained over the marginal ice zone under conditions of cold air
outbreaks, with winds blowing from the ice out over the ocean. Consequently, atmospheric
surface-layer conditions varied from near neutral, deeper into the ice, to convective, some-
times strongly so, at low ice fractions, but there were no stable conditions with downward
heat fluxes.

Here we further test the blended A87 scheme against a large data set of ship-based mea-
surements from two research cruises in the Arctic Ocean. These encompass a much wider
range of sea ice conditions than Elvidge et al. (2021): from the MIZ to well within consol-
idated pack ice, thin first year ice to thick multi-year ice, and melting ice with substantial
areas of melt ponds to just forming frazil ice. Plus, our measurements include both stable
and unstable conditions, going beyond the conditions used in Elvidge et al. (2021). This
study thus provides an independent test of the blended A87 scheme under conditions more
representative of those typical over sea ice in the central Arctic Ocean.

2 Methods

2.1 Theoretical Approach

The neutral drag coefficient is related to the roughness length for momentum (z0) by Mon-
in–Obukhov similarity theory:

CDN � κ2

ln
(
z
/
z0

)2 , (2)

where κ is the von Kármán constant, and z is the height at which the exchange coefficient is
evaluated. While the neutral exchange coefficient for heat, CHN, is given by:

CHN � κ2

ln
(
z
/
z0

)
ln

(
z
/
z0T

) , (3)

where z0T is the roughness length for heat. Similar equations apply for other scalar quantities.
Inmost current weather and climatemodels, over consolidated sea ice the scalar roughness

lengths for heat and moisture are set to be proportional to that for momentum. For example,
the MetUM sets the roughness lengths for heat and moisture, z0Ti � z0qi � 0.2z0i, while the
IFS sets all three equal (z0Ti � z0qi � z0i); note the suffix, i, indicates that the roughness
length applies over ice. This assumption of a simple proportionality is not supported by field
measurements (e.g., Schröder et al. 2003; Andreas 1987; Andreas et al. 2010; Elvidge et al.
2021).

The analysis of Elvidge et al. (2021) employed the theoretical framework of Andreas
(1987). This specifies the exchange coefficients over snow and ice surfaces as functions of
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the aerodynamic roughness, expressed as a roughness Reynolds number, R*:

R∗ � z0u∗
ν

, (4)

where z0 is the roughness length, u* is the friction velocity, and ν is the kinematic viscosity
of the surface air flow. A87 employs different theoretical models for scalar exchange in
rough and smooth flow regimes. In aerodynamically smooth flow (R* ≤ 0.135), turbulent
eddies impinging on the surface are in constant motion, and an advective diffusion model is
employed; while in aerodynamically rough flow (R* ≥ 2.5), with strong winds over a rough
surface, air can become trapped for a time between roughness elements extending above
the viscous sublayer, and a molecular diffusion model is used. A transition regime is also
defined. The ratios of the scalar roughness lengths to that for momentum are functions of R*

(Fig. 8 in A87 or Fig. 4 in Elvidge et al. 2021), so the different models dictate different scalar
exchanges.

The A87 scheme has been found to work effectively over consolidated ice and snow
surfaces (A87; Andreas et al. 2010; Fitzpatrick et al. 2019; Elvidge et al. 2021) and similar
schemes relating z0T to z0 as a function of a roughness Reynolds number have been evaluated
for other surfaces, including grass and crops (Rigden et al. 2017), rough ice (Smeets and van
den Broeke), and fenland (Varentsov et al 2023) among others. The A87 scheme applies only
to continuous ice or snow surfaces. In order to extend its use to the marginal ice zone and
fractional sea ice cover, Elvidge et al. (2021) proposed a blended scheme where A87 is used
to define the exchange coefficients over consolidated ice, and an area-weighted average of
the coefficient over solid ice and open water is used for the marginal ice zone; thus for heat,

CHNi � κ2

ln
(
z
/
z0i

)
ln

(
z
/
z0T i

) , (5)

and

CHN � (1 − A)CHNw + ACHNi , (6)

where the subscripts i and w, indicate values over solid ice and open water respectively, and,

z0T i � z0i f (R∗i ). (7)

Here R* from (4) is replaced by a parameterised value, R*i,

R∗i � z0i u∗i
ν

, (8)

where z0i is the roughness length for momentum over solid ice surfaces, and u*i is the friction
velocity over ice, in turn parametrized as:

u∗i � κU

ln
(
z
/
z0i

)
+ ψ

, (9)

where U is the mean wind speed at the reference height, z, and ψ is a stability correction
function (e.g., Businger et al. 1971; Dyer 1974).

Note that (6) lacks a third term, equivalent to the form drag term at floe-edges in (1).
CurrentNWPmodels lack any representation of floe-edge effects on scalar fluxes. Lüpkes and
Gryanik (2015) suggest a framework for including it, but at the cost of considerable additional
complexity and an uncertain benefit. The blended A87 scheme used here essentially modifies
the transfer coefficient over ice within the existing framework of scalar flux parameterization
in NWP models.
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Fig. 1 Maps of the cruise tracks for a ACSE and b A016. The ice fraction is shown on (a) 07/08/2014 and (b)
07-08-2016. The 30-min mean estimates of turbulent heat flux (positive values indicate an upwards flux) are
shown for all points passing the quality control criteria

The exchange coefficient for moisture is defined similarly, but note that the function of
R*i in (7) is defined by A87 to be slightly different for humidity than for heat—a result of
the different molecular diffusivities for heat and water vapour (Andreas et al. 1987).

2.2 Measurements

Our measurements are drawn from two research cruises on board the Swedish icebreaker
Oden. TheArcticCloud in SummerExperiment (ACSE,Tjernströmet al. 2015, 2019;Achtert
et al. 2020), was part of the Swedish-Russian-US Arctic Ocean Investigation on Climate-
Cryosphere-Carbon (SWERUS-C3), working around the Siberian Shelf between 5 July and
5 October 2014. The Arctic-Ocean 2016 (AO2016) expedition took place between 8 August
and 19 September 2016 in the central Arctic Ocean. The cruise tracks are shown in Fig. 1.

Turbulent fluxes were measured via eddy covariance with instruments installed on a mast
over Oden’s bow, at 20.3 m above the surface. During ACSE the instrumentation consisted
of a USA-100 sonic anemometer (Metek GmbH, Elmshorn, Germany) with heated sensing
heads and an MTi-700-G motion sensing package (XSENS Technologies B.V., Enschede,
Netherlands) installed at the base of the anemometer. The ship’s absolute heading and velocity
were obtained from its navigation system. During AO2016 the Metek sonic anemometer
failed and was replaced with a Gill R3 (Gill Instruments LTD, Lymington, UK). Turbulent
quantities were measured at 20 Hz and corrected for platform motion following Edson et al.
(1998) and Prytherch et al. (2015, 2017). The mean wind was corrected for the lifting and
acceleration of flow that result from distortion induced by the ship using the results of a CFD
modelling study (Moat et al. 2015).

Mean temperature and humidity at themast topwere obtained from an aspirated sensor—a
MP101 T/RH sensor (Rotronic, Bassersdorf, Switzerland) during ACSE, and a HMP-110
(Väisälä, Vantaa, Finland) during AO2016. Additional measurements of temperature, humid-
ity, and pressure were made by a Väisälä PTU300 sensor on the 7th deck of the ship, 25 m
above the surface. Pressure at themast topwas obtained by height-adjusting themeasurement
from the 7th deck. The surface temperaturewasmeasured by twoKT15.85-II infra-red surface
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temperature sensors (Heitronics, Wiesbaden, Germany) mounted on port and starboard rails
of the 7th deck. Networked M24 IP-cameras (Mobotix AG, Langmeil, Germany) mounted
alongside the KT15s recorded images of the surface either side of the ship, at 1 min inter-
vals during ACSE, and 15 s intervals during AO2016. Radiosondes (Väisälä RS92) launched
every 6 h throughout both cruises provided vertical profiles of the thermodynamic struc-
ture of the lower atmosphere, used to asses boundary layer depth. During ACSE additional
boundary-layer temperature profiles were obtained every 5 min from a HATPRO scanning
microwave radiometer (RPG Radiometer physics GmbH, Meckenheim, Germany), using a
manufacturer supplied retrieval tuned to Arctic conditions.

The data used here is from the same data set used to evaluate drag coefficients over sea
ice by Srivastava et al. (2022), CO2 fluxes and transfer velocity by Prytherch et al. (2017),
and methane fluxes by Thornton et al. (2020), and shares the same processing and quality
control.Turbulent fluxes are estimated over 30-min averaging intervals. Neutral transfer coef-
ficients for drag and sensible heat are calculated from the eddy covariance fluxes, adjusted
for stability using the Businger-Dyer stability correction (Businger et al. 1971), and rough-
ness lengths calculated from these via (2). Quality control criteria for stationarity, and well
developed turbulence are applied following Foken andWichura (1996), and for skewness and
kurtosis following Vickers andMahrt (1997), with some additional criteria applied following
Srivastava et al. (2022):

• Wind direction relative to the ship was within ± 120° of the bow.
• Strongly stable or unstable conditions were excluded (-2 < z/L < 1; where L is the Obukhov
length).

• Mean wind speed > 3 m s−1.
• Cases in very shallow boundary layers, where the measurements on the foremast a Ver-
tical profiles of temperature are likely to be above the Monin–Obukhov surface layer are
excluded.

After application of these quality control measures, we retain 631 and 92 data points for
the fluxes of heat and momentum from the ACSE and AO2016 campaigns, respectively. The
distribution of stabilities is approximately symmetrical about z/L � 0, and dominated by
near neutral conditions, with 71% of samples having |z/L|< 0.1. An open path gas analyzer
(Li-7500, LI-COR, Lincoln, Nebraska, USA) was also installed for high frequency humidity
measurements, but frequent ice accumulation on the windows meant that too little humidity
flux data was retained to carry out a robust analysis.

The local fractions of sea ice and open water were derived for each 30-min flux estimate
using the imagery of the surface and theOpen Source Sea-ice Processing (OSSP) algorithmof
Wright and Polashenski (2018). Images were first quality controlled, with periods where the
surface was obscured by fog or ice on the lens, where sun-glint prevented a clear separation
of ice and water, or where illumination was poor, were rejected from the analysis. Each image
was corrected for lens distortion and cropped to a region from about 20 to 200 m from the
ship. A subset of the images representing each surface regime were used to train the OSSP
algorithm, with surface types being manually specified. The automated algorithm was then
used to process all the images. Finally, the classified images were orthorectified to correct
for the oblique viewing angle so that all pixels represent equal areas on the surface. A full
description of the image processing procedure is documented in Srivastava et al. (2022). The
area of each processed image is approximately 34,225 m2; the total area imaged within each
30-min averaging interval varies with the number of images passing quality control, and
the ship’s movement, but is up to approximately 2 km2 during ACSE and 6.7 km2 during
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AO2016. After excluding periods with poor surface imagery we retain a total of 528 data
points, 450 from ACSE, 78 from AO2016.

3 Results

The spatial distribution of the 30-min estimates of sensible heat fluxes for each cruise are
shown in Fig. 1, along with representative values for the ice concentration derived from
satellite measurements (Spreen et al. 2008). Fluxes are low-to-moderate, as expected for
summer, but include both upward and downward heat transfers. Figure 2 shows the ratios of
all the individual measurements of the roughness lengths for heat and momentum (z0T /z0),
and roughness length for heat alone (z0T), plotted against R*, along with binned median
values and interquartile and full ranges, for all cases with A > 0.7. The results are consistent
with those of Elvidge et al. (2021); however, the range of R* values here is narrower and, in
contrast to their measurements over the marginal ice zone, almost all the data here lie within
the aerodynamically rough regime.

The absolutemagnitudes of themeasuredheat fluxes (median, interquartile and full ranges)
are shown in Fig. 3a, and the transfer coefficients in Fig. 3b, as functions of ice fraction.
Also shown are the medians of the parameterized values driven by the observed surface
meteorology from the MetUM, IFS, and the blended A87 scheme proposed by Elvidge
et al (2021). Again, the results are consistent with those of Elvidge et al. (2021), with the
blendedA87 scheme providing a closematch to the observations, while bothMetUMand IFS
overestimate the transfer coefficient and magnitudes of the fluxes, IFS more so the MetUM,

Fig. 2 a Ratio of roughness lengths for heat and momentum (log10(z0T /z0)) as a function of the roughness
Reynolds number, R*, for all measurements with ice fraction A > 0.7, plotted against the mean R* for each
bin. b Roughness length for heat (log10(z0T )) plotted against R*. Blue circles are from individual 30-min
estimates of the roughness lengths; the box and whiskers show median, interquartile range, and full range
(excluding outliers). The grey background indicates the transitional regime, to the left of this (R* < 0.0135)
is the aerodynamically smooth regime, and to the right (R* > 2.5) is the aerodynamically rough regime. The
number of data points within each bin is given at the median. The magenta line is the A87 parameterization
driven by the observed R*, while the blue and green lines are the current parameterizations from the MetUM
(z0T /z0 � 0.2) and IFS (z0T /z0 � 1) respectively. In panel (b), the parameterizations use the bin-median
observed values of z0 to calculate zoT
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Fig. 3 a The absolute sensible heat flux (|SH|) as a function of ice fraction (the box and whiskers show the
median, interquartile range, and range, with the total number of flux estimates indicated). Themedian is plotted
at the mean ice fraction for each bin and the median parameterized values from the blended A87, IFS, and
MetUM are overlaid as in the legend. b The observed exchange coefficients as a function of ice fraction and
the values from the blended A87, IFS, and MetUM parameterizations. Note that the parameterizations in (b)
are derived from the end points: the bin median of CHW for A � 0%, and calculated from the bin median for
z0i for A � 100%

with median fluxes being almost double those observed for ice fractions of 50–70%. For all
ice but the lowest ice fraction, the differences between both the various parameterizations,
and between them and the observed values, are larger than the standard error about themedian
observed fluxes, which range from 1.2 to 2.3 W m−2.

Themajority of themeasurements here come from the summermelt season or early autumn
over pack ice; the magnitudes of the heat flux are modest, rarely exceeding 10–20 W m−2,
in contrast to the fluxes in excess of 100 W m−2 for low ice fractions observed by Elvidge
et al. (2021) in the strongly forced cold air outbreak conditions that dominated their data set.

The very high occurrence of aerodynamically rough conditions in this data set raises
the question: how representative are these measurements? Fig. 4 shows the probability of
occurrence of different ice fractions, and values ofR* as a function of ice fraction. Ice fraction
probability ranges between approximately 6% and 14%, with local maxima at A ~ 0.1 and A
~ 0.7. There is good representation of all ice fractions. Median values of R* are all within the
rough regime, with a minimum at low ice fractions, increasing to A � 0.4, then decreasing
very slightly with increasing A (with one higher value for 0.7 < A < 0.8). The range in R*

does not change markedly with ice fraction.
Figure 5 shows the probability distribution of wind speed for this study compared with

other Arctic data sets—MOSAiC measurements for both the whole campaign and July-Sept,
and ERA5 for July-Sept of MOSAiC (2020) for all points over sea ice (A > 15%) north of
75°N—and the relationship of R* with wind speed. The wind speed distributions suggest that
our measurements are biased towards slightly higher 10-m wind speeds than typical over the
sea ice for this time of year, but are broadly comparable with the full MOSAiC year. The
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Fig. 4 a Probability distribution of ice fraction, A; b individual measurements of R*, as a function of ice
fraction, along with mean and median values in ice fraction bins of width 0.1. The shaded area indicates the
transition zone between smooth and rough flow conditions

Fig. 5 a Probability distributions of 10-m wind speed for this study, MOSAiC (all data and
July/August/September only), and ERA5 for July/August/September 2020 for all ice fractions > 15%. bValues
of all measurements of R* with wind speed, along with mean and median values in 1 m s−1 wind speed bins

mean and median values of R* are almost constant with wind speed, increasing slightly only
for U10 > 10 m s−1, where no smooth or transition regime samples occur. This is consistent
with the findings of Elvidge et al. (2021, 2023) that R* has a strong sensitivity to z0 but only
a weak sensitivity to u* so that the effect of wind speed is of secondary importance.

4 Conclusions

Direct eddy covariance measurements of the turbulent heat flux over Arctic sea ice, obtained
during two separate research cruises, have been analyzed in the framework of a new param-
eterisation scheme (Elvidge et al. 2021). The scheme blends exchange coefficients over ice
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and water surfaces, weighted by their respective fractional areas, and over ice the exchange
coefficient is a function of the aerodynamic roughness, expressed as a roughness Reynolds
number, R*. Under aerodynamically smooth conditions, scalar roughness lengths are pro-
portional to that for momentum, while under aerodynamically rough conditions the scalar
roughness lengths are inversely correlated with that for momentum.

Our results are consistent with those of Elvidge et al. (2021). The blended scheme does
a good job of representing the observed fluxes, while the existing schemes from both the
MetUM and IFS models, where the scalar roughness lengths are simple multiples of the
roughness length for momentum, overestimate the mean heat fluxes by up to approximately
20% and 50% respectively.

Our measurements are obtained much deeper in the pack ice than those of Elvidge et al.
(2021), represent all sea-ice fractions and are under conditions of much smaller surface heat
fluxes. In contrast to themarginal ice zonemeasurements of Elvidge et al. (2021), we find that
almost all of the data points within the consolidated pack ice lie within the aerodynamically
rough regime. The aerodynamically rough conditions dominate at all wind speeds, and all
ice fractions, suggesting that this finding is not a result of bias in the conditions sampled.
Our findings emphasise the importance of correctly representing aerodynamically rough
conditions, where current parameterizations in NWP models will significantly overestimate
the scalar fluxes.
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