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Abstract
The surface energy budget is crucial for Arctic sea ice mass balance calculation and climate systems, among which turbulent heat fluxes
significantly affect the airesea exchanges of heat and moisture in the atmospheric boundary layer. Satellite observations (e.g. CERES and APP-
X) and atmospheric reanalyses (e.g., ERA5) are often used to represent components of the energy budget at regional and pan-Arctic scales.
However, the uncertainties of the satellite-based turbulent heat fluxes are largely unknown, and cross-comparisons with reanalysis data and in-
situ observations are limited. In this study, satellite-based turbulent heat fluxes were assessed against in-situ observations from the N-ICE2015
drifting ice station (north of Svalbard, JanuaryeJune 2015) and ERA5 reanalysis. The turbulent heat fluxes were calculated by two approaches
using the satellite-based ice surface temperature and radiative fluxes, surface atmospheric parameters from ERA5, and snow/sea ice thickness
from the pan-Arctic Ice Ocean Modeling and Assimilation System (PIOMAS). We found that the bulk-aerodynamic formula based results could
better capture the variations of turbulent heat fluxes, while the maximum entropy production based estimates are comparable with ERA5 in terms
of root-mean-square error (RMSE). CERES-based estimates outperform the APP-X-based ones but ERA5 performs the best in all seasons
(RMSE of 18 and 7 W m�2 for sensible and latent heat flux, respectively). The aireice temperature/humidity differences and the surface ra-
diation budget were found the primary driving factors in the bulk-formula method and maximum entropy production (MEP) method, respec-
tively. Furthermore, errors in the surface and near-surface temperature and humidity explain almost 50% of the uncertainties in the estimates
based on the bulk-formula, whereas errors in the net radiative fluxes explain more than 50% of the uncertainties in the MEP-based results.
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1. Introduction

The rapid warming in the Arctic (known as Arctic ampli-
fication) over the past 40 years has been reported based on in-
situ observations, atmospheric reanalyses, and climate models
(IPCC, 2019, 2021), and has also affected the weather and
climate at mid-latitudes (Cohen et al., 2014; Zhang et al.,
2021a). Simultaneously, Arctic sea ice has experienced rapid
changes, with up to a 50% loss in ice thickness, volume, and
multi-year ice coverage, as well as late summer/early autumn
ice extent (Kacimi and Kwok, 2022; Kwok, 2018). More leads
and melt ponds are now being seen, along with an increased
number of melt days (Qu et al., 2021; Schr€oder et al., 2014).
These changes in Arctic sea ice have profoundly modified the
surface energy budget (Feldl and Merlis, 2021; Riihel€a et al.,
2021). In turn, the changing surface energy budget has pro-
foundly impacted the climate change in the Arctic, e.g.,
modulating the sea ice growth and the snoweice formation
(Merkouriadi et al., 2020), and enhancing the Arctic amplifi-
cation (Dai et al., 2019).

The surface shortwave and longwave radiative fluxes and
turbulent fluxes of sensible and latent heat play crucial roles in
the surface energy budget of sea ice and atmosphereeocean
interactions. Both satellite observations and atmospheric
reanalyses can provide estimates at regional and pan-Arctic
scales. Satellite observations are able to characterize radia-
tive fluxes over sea ice, polynyas (Tamura and Ohshima,
2011), and melt ponds (Arndt and Nicolaus, 2014), and can
also provide surface information that is applicable for the
estimation of turbulent heat fluxes when combined with other
information such as data on wind speed (Boisvert et al., 2013)
or near-surface air temperature (Qu et al., 2019). To date,
however, the uncertainties in the satellite-based surface energy
budget components have not been extensively investigated
over Arctic sea ice, especially for the turbulent heat fluxes. For
the radiative fluxes, errors from the commonly used Clouds
and the Earth's Radiant Energy System (CERES) produced by
NASA have been widely assessed in recent studies (di Biagio
et al., 2021; Lenaerts et al., 2017; Wang et al., 2021), and can
be attributed to the imperfect representation of cloud, surface
temperature, and albedo over sea ice (Blanchard et al., 2014;
di Biagio et al., 2021; van Tricht et al., 2016). However,
another commonly used satellite product, the AVHRR Polar
Pathfinder-Extended (APP-X) climate data record, have only
been evaluated over sea ice using in-situ observations from the
Surface Heat Budget of the Arctic Ocean (SHEBA) expedition
over 20 years ago (Key et al., 2016).

For the turbulent heat fluxes, some studies have used the
surface properties (mainly the ice surface temperature) from
satellite observations combined with near-surface atmospheric
variables from reanalysis products to estimate the turbulent
fluxes using the bulk-aerodynamic formula, e.g., over po-
lynyas and leads (Preuber et al., 2016; Qu et al., 2019; Tamura
and Ohshima, 2011). Other studies have combined atmo-
spheric variables from satellite observations and reanalysis
products (Boisvert et al., 2015a; Boisvert et al., 2013). How-
ever, large uncertainties can exist in these estimations due to
errors from the inputs (e.g., the surface and near-surface
properties) and the models (e.g., the parameterization
schemes). Boisvert et al. (2015b) evaluated the uncertainties in
temperature and humidity from the satellite-based Atmo-
spheric Infrared Sounder (AIRS) and ERA-Interim reanalysis
products and their derived moisture fluxes, revealing the better
performance of the AIRS product. However, no such assess-
ment has yet been made for the other satellite-based turbulent
heat flux estimates. In addition to the traditional bulk-
aerodynamic formula method, a new turbulent heat flux
model has been developed based on maximum entropy pro-
duction (MEP) theory (Wang and Bras, 2009; Wang et al.,
2014) and has been modified and tested over Arctic sea ice
in the CICE model (Zhang et al., 2021b). The MEP algorithm
is based on the theory of non-equilibrium thermodynamics in
the context of information theory and Bayesian probability
theory. Given that the MEP model is energy constrained (i.e.,
the net radiative flux is equal to the sum of the turbulent and
conductive heat fluxes over the ice surface) and only surface
properties are required, turbulent heat fluxes could be esti-
mated using mainly the ice surface temperature and radiative
fluxes from satellite observations, but this has not been ach-
ieved to date.

Apart from satellite observations, reanalysis products have
been commonly used to study the large-scale Arctic surface
energy budget and climate change (Dai et al., 2019; Serreze
et al., 2007; You et al., 2021), and have been widely evalu-
ated in terms of the surface properties over sea ice, e.g., ice
surface temperature and radiative fluxes (Batrak and Müller,
2019; Lenaerts et al., 2017; Wang et al., 2019), as well as
turbulent heat fluxes (Graham et al., 2019; Renfrew et al.,
2021) and near-surface atmospheric variables (Jakobson
et al., 2012; Jonassen et al., 2019; Lüpkes et al., 2010).
However, few studies have focused on the inter-comparison of
these surface properties based on both satellite observations
and reanalysis products. The reliability of satellite products in
studying the sea ice surface energy budget (especially for the
turbulent heat fluxes) remains poorly understood, compared to
reanalysis data.

In this study, we targeted the remote sensing products, i.e.,
CERES (Doelling et al., 2016) and APP-X (Key, 2016), and
the widely used ERA5 atmospheric reanalysis (Hersbach et al.,
2018) product to represent the turbulent heat fluxes. Two
turbulent flux models (bulk-aerodynamic formula and MEP)
were used, in which the key parameters (ice surface temper-
ature and radiative fluxes) were applied from both satellite
observations and the ERA5 reanalysis product, while the other
parameters were obtained from single sources, i.e., near sur-
face meteorological parameters from ERA5, sea ice concen-
tration from the Advanced Microwave Scanning Radiometer 2
(AMSR2) (Spreen et al., 2008), and snow depth and sea ice
thickness from the Pan-Arctic Ice Ocean Modeling and
Assimilation System (PIOMAS) (Zhang and Rothrock, 2003).
The derived turbulent heat fluxes and the input surface and
near surface parameters were compared with in-situ observa-
tions from the Norwegian Young Sea Ice Cruise (N-ICE2015,
January‒June 2015) (Granskog et al., 2016; Granskog et al.,
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2018), which is one of the few comprehensive field experi-
ments providing simultaneous measurements of surface and
near surface parameters over the Arctic sea ice.

The objectives of this study were: 1) to evaluate the bulk-
aerodynamic formula and MEP-based turbulent heat flux esti-
mates calculated by applying satellite- and reanalysis-based ice
surface temperature and radiative fluxes; 2) to investigate the
relationships between the turbulent heat fluxes and the changes
in surface and near surface properties; and 3) to quantify the
uncertainties in the turbulent heat flux calculations and identify
sources of discrepancies. Compared with previous works, e.g.,
di Biagio et al. (2021), we paid particular attention to the tur-
bulent heat fluxes over Arctic sea ice, instead of radiative fluxes.
This study will provide an overview of the dependability of
current satellite observations and atmospheric reanalyses in the
context of turbulent heat fluxes, which could be referred to for
future studies on better understanding the surface energy budget
over Arctic sea ice and the thermodynamic interactions between
the atmosphere, snow, and sea ice.

2. Data

The data and variables used are listed in Table 1. It should
be noted that all the gridded products used were averaged to
daily means and resampled onto a 25-km grid in polar ste-
reographic projection.
2.1. Satellite-based ice surface temperature and
radiative fluxes

2.1.1. CERES
The CERES synoptic top of atmosphere and surface fluxes

and clouds (SYN1deg) product from NASA contains the global
radiative fluxes at the surface, top of atmosphere, and various
atmospheric layers (Doelling et al., 2016). These radiative
fluxes are derived based on a radiative transfer model using the
cloud properties and surface albedo from multi-source satellite
observations (e.g. CERES,MODIS, and geostationary imagers)
and meteorological parameters from models (e.g. the Goddard
Earth Observing System (GEOS)). The CERES-SYN1deg
product has a spatial resolution of 1� � 1� (~100 km), with a
temporal resolution ranging from 1 h to 1 d. The four compo-
nents of the radiative fluxes, i.e., shortwave downward flux,
shortwave upward flux, longwave downward flux, and long-
wave upward flux, were expected to have uncertainties less than
±14, ±16, ±12, and ±12 W m�2 in the Arctic, respectively
(Loeb et al., 2018). We selected the daily average ice surface
temperature and surface radiative fluxes (all-sky conditions)
from the CERES-SYN1deg product.

2.1.2. APP-X
The APP-X climate data record contains twice-daily sur-

face, cloud, and radiative properties in polar regions since
1982 (Key et al., 2016). The all-sky ice surface temperature
and surface radiative fluxes were used. The ice surface tem-
perature is retrieved using the split-window algorithm in clear-
sky conditions and is extrapolated to the cloudy areas with an
overall error of ±2.0 K over Arctic sea ice. The surface
radiative fluxes are computed based on a neural network
trained to simulate a radiative transfer model (Key and
Schweiger, 1998), using surface and cloud properties from
the AVHRR product and meteorological parameters from the
Modern-Era Retrospective Analysis for Research and Appli-
cations (MERRA) reanalysis product. In the Arctic, un-
certainties of the four components of radiative fluxes were
expected to be less than ±34, ±27, ±22, and ±9 W m�2,
respectively (Key et al., 2016). The APP-X climate data record
was acquired from the National Centers for Environmental
Information (NCEI) of NOAA (Key, 2016).
2.2. ERA5 reanalysis
ERA5, from the European Centre for Medium-Range
Weather Forecasts (ECMWF), is one of the most accurate
reanalysis datasets for the Arctic (Graham et al., 2019). The
ERA5 hourly data with spatial resolution of 0.25� � 0.25�

(~31 km) were acquired from the Climate Data Store (CDS) of
the ECMWF (Hersbach et al., 2018). The skin temperature,
radiative fluxes, and the near surface meteorological parame-
ters (10-m wind speed, 2-m air temperature, and 2-m dew
point) were selected as some of the inputs in turbulent flux
calculations. ERA5 turbulent heat fluxes were also used for
comparison with the satellite-based estimates and in-situ ob-
servations. In the ECMWF Integrated Forecast System (IFS)
which provides model forecasts to produce ERA5, the bulk-
aerodynamic algorithm is used for the surface turbulent flux
parameterizations, applying with surface roughness lengths
and stability functions specific for various surface types (land,
ocean or sea ice) (ECMWF, 2021). According to Graham et al.
(2019), uncertainties in the near surface air temperature and
10-m wind speed were ±2.7 K and ±1.1 m s�1, respectively.
Uncertainties in the net shortwave radiative fluxes, net long-
wave radiative fluxes, and the sensible heat fluxes were ±18,
±34, ±16 W m�2, respectively.
2.3. Auxiliary data

2.3.1. AMSR2 sea ice concentration
Sea ice concentration data were used for the turbulent flux

calculation in the bulk-aerodynamic formula model. The daily
Arctic sea ice concentration from the AMSR2 brightness
temperature obtained using the Arctic Radiation and Turbu-
lence Interaction Study (ARTIST) sea ice (ASI) algorithm
(Spreen et al., 2008) was selected, considering its relatively
high spatial resolution (6.25 km). The uncertainties were ex-
pected to be less than ±10% when sea ice concentration is
over 65% (Spreen et al., 2008). The ASI sea ice concentration
data were acquired from the University of Bremen (https://
seaice.uni-bremen.de/sea-ice-concentration/amsre-amsr2/.
Accessed on Mar. 30, 2022).

2.3.2. PIOMAS snow depth and sea ice thickness
Daily snow depth and sea ice thickness data are indis-

pensable parameters in the MEP approach. Given that the

https://seaice.uni-bremen.de/sea-ice-concentration/amsre-amsr2/
https://seaice.uni-bremen.de/sea-ice-concentration/amsre-amsr2/


Table 1

Data sources and variables used.

Type Data Variable Usage in

BF/MEPa
Spatial

resolution

Temporal

resolution

Uncertainty Reference

Satellite-based ISTa

and radiative fluxes

CERES-SYN1deg IST BF, MEP ~100 km Daily

average (1 h)

e Doelling et al. (2016);

Loeb et al. (2018)Radiative fluxesb MEP 14 W m�2, 16 W m�2,

12 W m�2, 12 W m�2

APP-X IST BF, MEP 25 km Daily

average

(Twice a day)

2 K Key (2016);

Key et al. (2016)Radiative fluxesb MEP 34 W m�2, 22 W m�2,

27 W m�2, 9 W m�2

Reanalysis-based

IST and energy

fluxes

ERA5 IST BF, MEP ~25 km Daily

average (1 h)

2.7 K Hersbach et al. (2018);

Graham et al. (2019)Radiative fluxesb MEP 18 W m�2 for net

shortwave, 34 W m�2

for net longwave

Turbulent heat fluxesc e 16 W m�2 for sensible flux

Auxiliary data ASI-AMSR2 Sea ice concentration BF 6.25 km Daily 10% Spreen et al. (2008)

ERA5 Near surface parametersd BF ~25 km Daily

average

2.7 K, e, 1.1 m s�1 Hersbach et al. (2018);

Graham et al. (2019)

PIOMAS Snow depth, ice thickness MEP ~22 km Daily 0.8 m for ice thickness Zhang and Rothrock (2003);

Stroeve et al. (2014)

In-situ data N-ICE2015 Near surface parametersd e point 1 min 0.3 �C, 2.4%, 0.2 m s�1 Hudson et al. (2015);

Radiative fluxesb e point 30 min 5 W m�2 Hudson et al. (2016);

Turbulent heat fluxesc e point 30 min 2 W m�2, 0.2 W m�2 Walden et al. (2017b);

Snow depth, ice thickness e point Daily 0.06 m, 0.07 m Itkin et al. (2015)

Abbreviations: IST, ice surface temperature; BF, bulk-aerodynamic formula; MEP, maximum entropy production.
b Including shortwave downward, shortwave upward, longwave downward, and longwave upward component.
c Including sensible and latent heat fluxes.
d Including 2-m air temperature, 2-m dew point temperature (for ERA5 only), 2-m relative humidity (for N-ICE2015 only), and 10-m wind speed.
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daily Arctic sea ice thickness is still not available from sat-
ellite observations, the snow depth and ice thickness were
instead simulated by applying the PIOMAS product (Zhang
and Rothrock, 2003). Various assessments of the PIOMAS
simulation have confirmed its ability in the reconstruction of
the Arctic sea ice volume field (Schweiger et al., 2011; Stroeve
et al., 2014) with uncertainties of ice thickness less than
±0.8 m. The daily PIOMAS product was obtained from the
Polar Science Center (PSC) at the University of Washington
(http://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-
anomaly/data/model_grid. access on Mar. 2022). The mean
spatial resolution of the PIOMAS data is approximately
22 km.
2.4. In-situ observations
The N-ICE2015 in-situ observations were used for the
validation. The N-ICE2015 drifting ice station field campaign
consisted of four separate legs. Two took place during the
winter season (15 Jan.e21 Feb. and 24 Feb.e19 Mar.), one
was in spring (18 Apr.e5 Jun.), and the other was in early
summer (7e22 Jun.) (Granskog et al., 2018). The trajectories
of the four legs and the sea ice concentration during the
drifting period are shown in Fig. 1.

The 2-m air temperature, relative humidity, and 10-m wind
speed were measured at 1-min intervals with uncertainties of
±0.3 �C, ±2.4%, and ±0.2 m s�1, respectively (Cohen et al.,
2017). The shortwave downward (RSWD)/upward (RSWU),
Fig. 1. (a) Drift trajectories and periods of the four N-ICE2015 floe drifts north

of Svalbard (The sea ice concentration shown on the map is from June 22,

2015. Land areas are masked in grey), and (b) time series of sea ice con-

centration during the N-ICE2015 drifts, obtained from the ASI-AMSR2

product (The daily sea ice concentration is from the pixel nearest to the

daily average position of the N-ICE2015 drifting ice station).
and longwave downward (RLWD)/upward (RLWU) radiative
fluxes were measured every 30 min with uncertainties less
than ±5 W m�2 (Walden et al., 2017a). The surface temper-
ature of snow/ice (Tskin) was estimated using RLWD and RLWU

by:

Tskin ¼
�
RLWU � ð1� εsÞRLWD

εss

�1
4 ð1Þ

where s is Planck's constant and εs is the emissivity of snow.
Here, εs is assumed to be 0.99, according to Walden et al.
(2017a). The sensible and latent heat fluxes were measured
using a sonic anemometer in a half-hourly sampling interval
with uncertainties of ±2 W m�2 and ±0.2 W m�2, respec-
tively. More details of the surface meteorology and energy flux
measurements and components are given in Cohen et al.
(2017) and Walden et al. (2017a). The daily snow depth and
sea ice thickness were estimated using the Sea Ice Mass
Balance for the Arctic (SIMBA) buoys set up around the ice
station (within 1 km) on each floe (R€osel et al., 2018). For
each floe drift trajectory, the snow depth and sea ice thickness
were averaged from all the buoy records (five buoys for Drift
1, two buoys for Drift 2, and one buoy for Drift 3) with
average uncertainties of ±0.06 m and ±0.07 m, respectively.
The N-ICE2015 observations were acquired from the Nor-
wegian Polar Data Centre (NPDC) (Hudson et al., 2015, 2016;
Itkin et al., 2015; Walden et al., 2017b).
3. Methods
3.1. Turbulent heat flux models

3.1.1. Bulk-aerodynamic formula and SHEBA
parameterization

The turbulent fluxes of the surface sensible heat (Hs) and
latent heat (Hl) were estimated based on Monin-Obukhov
similarity theory (Monin and Obukhov, 1954). The bulk-
aerodynamic formula characterizes Hs and Hl as:

Hs ¼ racpCHSrðTs � TrÞ ð2Þ

Hl ¼ raLvCESrðQs �QrÞ ð3Þ
where ra is the air density; cp is the specific heat at constant
pressure; Lv is the latent heat of vaporization; Sr, Tr, and Qr are
the effective wind speed, air potential temperature, and spe-
cific humidity at reference height r (r ¼ 2 m), respectively;
and Ts and Qs are the surface skin potential temperature and
specific humidity, respectively. Sr depends on the wind speed
at a 10-m height (the ERA5 output includes air temperature
and humidity at the height of 2 m, but wind speed at the height
of 10 m), and can be calculated using the wind profile equation
(Ray et al., 2006). CH and CE are the transfer coefficients of
sensible heat and latent heat, respectively, which depend on
the roughness length for the momentum (z0) and heat/moisture
(zT/zQ) and the stability function for the momentum (jm) and
heat/moisture (js).

http://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/data/model_grid
http://psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/data/model_grid


Table 2

Input combinations for the bulk-aerodynamic formula/SHEBA model and MEP model.

Method Group Ice surface

temperature

Surface parametera Sea ice concentration Radiative fluxes Snow depth

and ice thickness

Bulk-formula B1 ERA5 ERA5 ASI-AMSR2 e e

B2 CERES ERA5 ASI-AMSR2 e e
B3 APP-X ERA5 ASI-AMSR2 e e

MEP M1 ERA5 e e ERA5 PIOMAS

M2 CERES e e CERES PIOMAS

M3 APP-X e e APP-X PIOMAS

a Including 2-m air temperature, 2-m dew point temperature, and 10-m wind speed.
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For z0, we applied the parameterization schemes of Andreas
et al. (2010a, b), characterizing z0 in the marginal ice zone and
in compact ice conditions according to SHEBA field obser-
vations. The scalar roughness lengths zT/zQ were calculated
from z0 according to Andreas (1987). The parameterization of
Sr depends on the stratification, and for the stability functions
jm and js, we applied the forms from Grachev et al. (2007) in
stable stratification and those from Paulson (1970) in unstable
stratification. For Sr, we selected the model produced by
Jordan et al. (1999) for stable stratification and the model
produced by Fairall et al. (1996) for unstable stratification (see
the Appendix). The turbulent flux into the ice surface is
defined as positive (heating the surface), and that leaving the
surface as negative (cooling the surface).

The input combinations for the bulk-aerodynamic formula
method are given in Table 2. It should be noted that, for the
gridded data, Ts (Qs) in Eq. 2 is a combination of the surface
skin potential temperature (specific humidity) from ice (Tice,
Qice) and open water (Tow, Qow):

Ts ¼ CiTice þ Tow ð1�CiÞ ð4Þ

Qs ¼ CiQice þQow ð1�CiÞ ð5Þ

where Ci is the sea ice concentration from AMSR2. Given
Tow ¼ 271.35 K (�1.8 �C), Tice can be estimated using Ts and
Ci from the satellite observations or reanalysis product.
Assuming that air is always saturated at the surface of ice or
water, Qice and Qow can be derived from Tice and Tow (Eqs.
A16eA17). Similarly, Qr can be derived from the dew point
temperature from ERA5.

3.1.2. Maximum entropy production approach
The MEP algorithm provides an analytical solution for the

sensible Hs, latent Hl, and conductive heat flux Hc of the sea
ice surface, as a function of net surface radiation (Rnet) and Ts
(Wang et al., 2014). The dissipation (D) of the heat fluxes is
expressed as:

DðHs;Hl;HcÞ ¼ 2Hs
2

Is
þ 2Hl

2

Il
þ 2ðRnet þHcÞ2

Ic
ð6Þ

where Rnet is the sum of the net shortwave (RNSW) and long-
wave radiative fluxes (RNLW); and Is, Il, and Ic are the thermal
inertia of the sensible, latent, and conductive heat fluxes of the
ice surface, respectively. The thermal inertia Is is defined as
Is ¼ racp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C1kzu

0
*

p
, where u0* is the extreme solution of u*

based on Monin-Obukhov similarity theory (Wang and Bras,
2009). The effect of wind speed on the turbulent fluxes is
implicitly included through the formulation of Is. Ic is in
analogy with the thermal conductivity of sea ice or snow.
Given Rnet and Ts as inputs, the turbulent and conductive heat
fluxes can be derived by minimizing the dissipation D under
the constraint of the surface energy balance (Wang and Bras,
2011; Wang and Bras, 2009) (see the Appendix for details).

We adopted the modification of RNSW in the MEP model
given by Zhang et al. (2021b), where the shortwave radiation
absorbed in the surface layer of snow or ice (RNSW;a) is defined
as:

RNSW;a ¼ RNSW �RNSWe
�ðeshsþeihiÞ ð7Þ

where RNSWe�ðeshsþeihiÞ represents the amount of shortwave
radiation transmitted through the ice or snow surface. es and ei
are the extinction coefficients for snow and ice, respectively;
and hs and hi are the thickness of the snow and sea ice,
respectively. The thermal inertia Ic was also modified as Ic ¼
kski =ðkshi þkihsÞ � 103, where ks and ki are, respectively, the
thermal conductivity of snow and sea ice. RNSW;a was used to
calculate Rnet instead of RNSW. The input combinations for the
MEP model are listed in Table 2. For clarity, the primary
variables in the bulk-formula and MEP model and their
symbols are summarized in Table 3.
3.2. Collocation and comparison of the N-ICE2015
measurements and gridded data
The surface and atmospheric parameters (Table 1) and the
estimated turbulent fluxes (Table 2) from the gridded satellite
or reanalysis data were co-located and compared with the N-
ICE2015 observations. To compare the gridded data (a mixture
of sea ice and open water) with the in-situ point measurements
(footprint on the sea ice), a sea ice concentration (SIC) mosaic
method (di Biagio et al., 2021) was used to estimate the N-
ICE2015-based gridded observations (Xgrid;N-ICE2015) for the
surface parameters, i.e., Ts, hs, hi, RSWU, RLWU, Hs, and Hl:

Xgrid;N-ICE2015 ¼ CiXN-ICE2015 þ ð1�CiÞXow ð8Þ

where X refers to each surface parameter, XN-ICE2015 is the
original N-ICE2015 observation, Xow is the assumed surface



Table 3

Primary variables used in the bulk-formula and MEP model and their symbols.

Variable Symbol Bulk-formula MEP model

Air density ra U U

Specific heat cp U U

Latent heat of evaporation Lv U U

Near surface wind speed Ur U

Surface skin temperature Ts U U

Near surface air temperature Tr U

Surface specific humidity Qs U

Near surface specific

humidity

Qr U

Transfer coefficient of

sensible (latent) heat

CH (CE) U

Net shortwave (longwave)

radiative flux

RNSW (RNLW) U

Snow depth over sea ice hs U

Sea ice thickness hi U
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parameter for open water, and Ci is the sea ice concentration
from AMSR2. For Xow, Ts is assumed to be 271.35 K for open
water, and hs and hi are zero. RSWU for open water was
calculated as Aow � RSWD;N�ICE2015, where Aow ¼ 0.08 is the
surface albedo of open water. RLWU was estimated using the
Stefan Boltzmann law, and the emissivity of open water was
assumed to be 0.99. Hs and Hl for open water were derived
using the bulk-aerodynamic formula (Eqs. 2 and 3). For
simplicity, the near-surface wind speed and air temperature
over the open water and sea ice were assumed to be the same,
though this is not always the case especially when the open
water fraction is around 50% (Vihma, 1995; Vihma et al.,
1998). The scalar transfer coefficients at a 2-m height were
assumed to be 2.0 � 10�3, as the commonly used values over
open water in the marginal ice zone as well as polynya and
lead areas range from 1.5 � 10�3 to 3.0 � 10�3 (Adams et al.,
2012; Lüpkes et al., 2012; Maykut, 1982; Pond et al., 1974).
The N-ICE2015-based gridded observations were used as a
reference for all the evaluations in this paper, unless otherwise
stated.

The uncertainties of the SIC-adjusted N-ICE2015 gridded
observations (sX) were calculated using the error propagation
equation given as

s2
X ¼

X
s2
x

�
dX

dx

�2

ð9Þ

where sx is the error of each variable, and
dX
dx is the derivative of

the estimated result with respect to each variable. Assuming that
the original N-ICE2015 observations represent the surface
conditions over sea ice, then the errorsmainly come from sea ice
Table 4

Mean values of the variables from the N-ICE2015 point observations, N-ICE2015

N-ICE2015 observations Ts (K) RSWU (W m�2) RLWU (W

Original 258.6 177.4 256.7

Adjusted 259.1 164.7 258.4

Uncertainty 1.4 5.9 3.8
concentration (Ci) and the estimated surface parameters of open
water (Ts, hs, hi,RSWU,RLWU,Hs, andHl). The estimated error of
the AMSR2 sea ice concentration is less than 10% when the
concentration is above 65% (Spreen et al., 2008). The error of Ts
over open water can be expected to be less than�1.8 K since the
highest air temperature during the drifting period was around
0 �C. ForRSWU, the albedo of the sea surface ranges from 0.06 to
0.15 for theN-ICE2015 positions, and its uncertainty is assumed
to be 0.07, as given by di Biagio et al. (2021). For RLWU, given
that the emissivity of the ocean surface is 0.925, on average,
over the thermal infrared domain (Feldman et al., 2014), the
error is assumed to be less than 0.065. ForHs andHl, the transfer
coefficients can be expected to have a bias of less than
1.0� 10�3, according to thewidely used values over open water
in the marginal ice zone, polynya, and lead areas
(1.5 � 10�3e3.0 � 10�3). The average values of the surface
variables from the raw N-ICE2015 point observations, the N-
ICE2015 gridded observations, and the corresponding un-
certainties are listed in Table 4.

The N-ICE2015 gridded observations were averaged into
daily means and collocated with the nearest pixel in the
gridded satellite or reanalysis data. The following statistical
indices were calculated for the comparisons: mean value,
correlation coefficient (r), mean bias (MB), and root-mean-
square error (RMSE ).

4. Results
4.1. Turbulent heat fluxes from the bulk-aerodynamic
formula and MEP
The turbulent heat fluxes were estimated using the bulk-
aerodynamic formula and MEP model with various combi-
nations of input data. For the results based on the bulk-, B2
and B3), the ice surface temperature was taken from ERA5,
CERES and APP-X, respectively. For the MEP-based esti-
mates (M1, M2 and M3), both ice surface temperature and
radiative fluxes were from ERA5, CERES and APP-X,
respectively. Other input parameters were the same in
B1eB3 or M1eM3 (Table 2). The time series of the turbulent
heat flux estimates based on bulk-formula and MEP are shown
in Fig. 2, compared with the N-ICE2015 observations and
ERA5 reanalysis products. Sea ice concentration from
AMSR2 is also shown. The seasonal statistics of the derived
turbulent heat fluxes are given in Table 5.

In the winter months (February and March), the sensible
heat flux (<25 W m�2) and latent heat flux (close to 0) are
relatively stable when the sea ice pack is consolidated (~100%
-based gridded observations, and the corresponding uncertainties.

m�2) Hs (W m�2) Hl (W m�2) hs (m) hi (m)

0.9 �0.3 0.5 1.4

�6.9 �3.1 0.5 1.3

10.7 4.6 0.03 0.08



Fig. 2. Time series of (a) the surface sensible heat flux and (b) latent heat flux from the in-situ measurements, ERA5 reanalysis, estimates based on the bulk-

aerodynamic formula (solid line) and MEP (dashed line) using ice surface temperature and radiative fluxes from ERA5, CERES, and APP-X (The un-

certainties of the gridded in-situ measurements are shaded in grey).
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sea ice concentration). Once ~10% open water is exposed,
upward sensible heat fluxes over 25 W m�2 and latent heat
fluxes over 10 W m�2 (cooling the surface) are detected by the
N-ICE2015 observations. The two reanalysis-based estimates
(B1 and ERA5) capture the trend and magnitude of the sen-
sible heat flux variations (r > 0.2 and RMSE < 30 W m�2). For
the two satellite-based results, B2 agrees better with in-situ
observations with RMSE of ~55 W m�2 whereas B3 shows
great fluctuations. The variation of latent heat flux is well
captured by B1, B2 and ERA5 data, among which B1 shows
Table 5

Statistics of the bulk-aerodynamic formula based (B1eB3) and MEP-based turbule

observations.

Variable Group Total (82 d) Winter (Jan.eMar., 26

Mean r MB RMSE Mean r MB

Sensible heat

flux (W m�2)

Obs �6.9 e e e �0.6 e e

B1 2.0 0.35 8.9 18.3 4.3 0.25 4.9

B2 �0.5 �0.24 6.4 36.2 0.4 �0.44 1.0

B3 2.4 �0.18 9.3 76.0 36.8 �0.53 37.4

M1 1.4 0.17 8.3 19.8 13.7 0.49 14.4

M2 �6.3 0.08 0.6 19.5 10.1 �0.34 10.8

M3 �13.4 �0.54 �3.7 19.1 e e e

ERA5 �1.5 0.43 5.4 19.5 �1.6 0.40 2.2

Latent heat

flux (W m�2)

Obs �3.1 e e e �4.8 e e
B1 �8.6 0.55 �5.5 7.4 �6.3 0.82 �1.6

B2 �9.7 0.27 �6.5 12.2 �6.0 0.44 �1.2

B3 �12.3 0.07 �9.2 25.0 1.0 0.19 5.8

M1 �1.7 �0.54 �1.5 8.1 2.1 �0.04 6.8

M2 �4.8 �0.47 �1.7 9.9 2.4 0.20 7.2

M3 �9.1 �0.64 �6.7 12.0 e e e

ERA5 �8.6 0.14 �5.5 10.3 �2.5 0.74 2.2
the highest agreement with in-situ observations (r > 0.8 and
RMSE < 5 W m�2). For the MEP-based estimates, M1 and M2
could capture the trend of turbulent fluxes when they are in
positive values (heating the surface) but fail in the negative
cases (cooling the surface). Nevertheless, both M1 and M2
show relatively small RMSEs for sensible heat (<26 W m�2)
and latent heat fluxes (<10 W m�2).

During the spring (April and May), strong turbulent heat
exchanges are observed in N-ICE2015 in the late April (up-
ward sensible heat flux near 50 W m�2 and latent heat flux >
nt heat fluxes (M1eM3) and ERA5 reanalysis, compared with the N-ICE2015

d) Spring (Apr.eMay, 39 d) Summer (June, 17 d)

RMSE Mean r MB RMSE Mean r MB RMSE

e �14.4 e e e 1.6 e e e

24.9 �1.5 0.11 12.9 16.1 6.8 0.67 5.2 8.5

55.4 �6.1 �0.28 8.3 24.9 11.6 �0.20 10.1 17.3

125.0 �19.1 0.12 �4.8 41.3 1.7 0.29 0.2 22.4

23.8 �0.9 �0.29 13.5 17.9 �12.0 �0.48 �13.5 17.6

25.9 �12.3 �0.25 2.1 12.9 �17.2 �0.21 �18.8 21.3

e �10.3 �0.38 4.2 15.9 �20.7 �0.25 �22.2 25.1

30.1 �6.2 0.15 8.2 13.4 5.0 0.63 3.4 7.7

e �3.9 e e e 1.1 e e e
3.7 �10.9 0.57 �7.0 8.2 �6.8 0.28 �7.9 9.3

10.1 �14.7 0.01 �10.8 14.3 �3.2 �0.14 �4.3 9.4

26.7 �20.4 0.11 �16.6 23.6 �13.3 0.18 �14.4 25.5

8.4 �0.9 �0.41 2.9 6.1 �9.2 �0.55 �10.3 11.1

8.6 �6.1 �0.44 �2.2 8.1 �12.9 �0.24 �14.0 14.4

e �5.9 �0.48 �2.0 8.2 �16.4 �0.03 �17.6 17.9

5.6 �11.5 0.02 �7.7 10.4 �11.0 0.31 �12.1 14.6
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10 W m�2), along with relative low sea ice concentration
(<90%). Since then small fluctuations appear with sensible
heat flux ranging from �20 to 0 W m�2 and latent heat flux
close to 0. For the estimates based on the bulk-formula, the
two reanalysis-based results (B1 and ERA5) generally capture
the trend of sensible heat in May with RMSE around 15 W
m�2. The satellite-based B2 and B3 show large fluctuations
while B2 has a lower RMSE of 25 W m�2. All the results
overestimate the upward latent heat flux by 7e17 W m�2,
while B1 agrees much better with the in-situ observations with
r of 0.6. In contrast, all the MEP-based estimates show rela-
tively stable declining trends throughout the spring. Either
reanalysis-based or satellite-based result performs similarly
with RMSEs less than 18 W m�2 for sensible heat flux and 9
W m�2 for latent heat flux.

In the early summer, the melt of sea ice advances with fast-
changing sea ice concentration and air temperature. The sen-
sible heat flux starts to vary in direction and amplitude (�10 to
15 W m�2). Events of downward (positive) latent heat flux of
up to 5 W m�2 occurred in N-ICE2015 observations in sum-
mer, associated with transport of warm, moist airmasses to
over the colder sea ice (indicated by the wind speed, tem-
perature and specific humidity shown in Fig. 4). All the esti-
mates based on the bulk-formula overestimate the downward
sensible heat flux by 0e10 W m�2, whereas the trends and
magnitudes are better captured by the reanalysis-based results
(B1 and ERA5), with r over 0.6 and RMSE less than 9 W m�2.
The latent heat fluxes are estimated in the wrong direction for
all the estimates based on bulk-formula, among which the
reanalysis-based B1 and satellite-based B2 show relatively
small RMSE of 9 W m�2. In comparison, the MEP-based re-
sults show an opposite direction of turbulent heat fluxes for
most of the time (cooling the surface), with larger biases and
RMSEs for all estimates (M1, M2, and M3).

The overall performance of these estimates is also evaluated
(Fig. 3 and Table 5). In summary, the reanalysis-based B1
outperforms the two satellite-based B2 and B3 with higher r
and lower RMSE (18Wm�2 for sensible heat flux and 7Wm�2

for latent heat flux), using either bulk-formula or MEP model.
The CERES-based B2 performs better than the APP-X-based
B3 (e.g., 36 vs. 76 W m�2 for RMSE from the bulk-formula
based results). Though MEP cannot well capture the trend of
the turbulent heat flux variations, it has comparable perfor-
mance (in terms of RMSE ) to the bulk-formula and reanalysis-
based estimates (B1 and ERA5) when using the satellite-based
ice surface temperature and radiative fluxes (M2 and M3).
Compared to ERA5, the RMSEs in B1 (using ERA5 as inputs)
are reduced by 1 Wm�2 for sensible heat flux and 3 Wm�2 for
latent heat flux, which likely leads to the improvement of the
SHEBA parameterization scheme relative to the ERA5 ones.
4.2. Drivers of the turbulent heat flux variations
The surface and near surface parameters shown in Fig. 4
depict the overall weather conditions (within 25 km grid cell)
during the N-ICE2015 period. Given the different performance
of the turbulent heat flux estimates (B1eB3 and M1eM3) in
Section 4.1, it is important to analyze their linkages to the
surface and near surface parameters. We selected three periods
during the N-ICE2015 with different weather conditions for
case studies. In addition, the correlation coefficient between the
turbulent heat fluxes and the surface and near surface parame-
ters were calculated for the entire N-ICE2015 period (Table 6).

Case 1. represents a rapid surface warming process within a
week during the cold winter condition. A rapid increase of
surface and near surface temperature (over 20 K) is observed
with the invasion of the warm and humid air mass (with 10-m
wind speed up to 12 m s�1). Partial opening of the sea ice
cover (sea ice concentration below 95%) leads to a large tem-
perature gradient between air and surface (near 5 K). Thus, a
large downward turbulent heat flux (up to 90Wm�2) is observed
as a result of the large aireice temperature gradient and strong
wind. The near zero net longwave radiative flux indicates a
balance between the upward longwave radiation from the ice
surface and downward radiation from the low-level clouds.
ERA5 well delineates the changes of surface and near surface
parameters and hence the changes in turbulent heat flux esti-
mates (ERA5 and B1). The surface temperature and gradient are
better captured by CERES than APP-X (Fig. 4f and g), thus
CERES-based turbulent flux (B2) outperforms APP-X-based
one (B3). From the point of view of surface energy budget,
ERA5 is in excellent agreement with the in-situ observations in
net radiation compared to CERES, while the ERA5-based esti-
mates (M1) fail to capture the rapid change in turbulent heat flux,
instead showing an opposite trend to the net radiative flux. It
results from the energy-constrained MEP model, which keeps
the balance between the radiative, turbulent and conductive
fluxes. However, during the transient weather events there is not
necessarily the balance, especially when phase changes occur
(freezing in the open leads in this case).

Case 2. shows a fast cooling process after the continuous sur-
face warming in the early March. The relatively low values of
temperature (<250 K), specific humidity (near zero) and wind
speed (<5 m s�1) indicate a dry and cold weather condition
along with strong radiative cooling (~50 W m�2). However, a
strong turbulent heat release (~60 W m�2) still occurs when the
sea ice concentration decreases below 95% with a negative
airesurface temperature gradient. In this case, ERA5 captures
the drop of air and surface temperature with an overestimation of
~10 K. CERES is comparable with ERA5 in surface temperature
while APP-X agrees well with the in-situ observations. Never-
theless, the bias in the temperature gradient is mitigated for
ERA5 and CERES due to similar biases in air and surface
temperature but appears large for APP-X (>10 K). This leads to
a better agreement of turbulent heat flux from ERA5, ERA5-
based B1 and CERES-based B2 with the N-ICE2015 observa-
tions. The MEP-based M1 and M2 still show deficiencies in
delineating the ice surface energy budget in the cases with rapid
surface cooling and heterogeneous surface conditions.

Case 3. represents a stable weather condition during early
spring. The surface temperature remains near 260 K with
moderate wind speed and low humidity. The net solar radiation



Fig. 3. Histograms of (aed) the sensible heat (SH) flux bias and (eeh) latent heat (LH) flux bias of the estimates based on the bulk-aerodynamic formula (solid lines) and

MEP (shades), compared with the N-ICE2015 measurements (The bin size is 10 W m�2 for the sensible heat flux bias and 5 W m�2 for the latent heat flux bias).

356 ZHANG Z.-L. et al. / Advances in Climate Change Research 14 (2023) 347e362
gradually increases to ~50 W m�2 while the net radiation
remains close to zero. The turbulent heat exchange between
the air and ice surface is weak (<20 W m�2) over the compact
ice cover (sea ice concentration > 95%). The turbulent heat
fluxes are correctly estimated by ERA5 and B1 but over-
estimated by B2 and B3 (up to 40 W m�2 and 100 W m�2) due
to an overestimation of surface temperature for CERES and
APP-X (up to 6 K and 9 K, respectively). Though the net
radiative flux is slightly overestimated in CERES and APP-X,
compared to ERA5, the MEP-based turbulent heat fluxes (M1,
M2 and M3) agree quite well with the in-situ observations.

We also calculated the overall correlation coefficients be-
tween the turbulent heat fluxes and surface/near surface pa-
rameters from in-situ observations, ERA5 reanalysis and
satellite estimates (Table 6). Generally, turbulent heat flux
from the in-situ observations and bulk-formula based esti-
mates (ERA5 and B1eB3) show significant correlation with
the temperature gradients (r > 0.7) while the MEP-based re-
sults (M1eM3) are strongly correlated with the net surface
radiation (r < �0.9) and some other surface parameters (e.g.,
surface temperature and humidity). The correlation analysis
and the case studies suggest that the turbulent heat fluxes
based on bulk aerodynamic formula is temperature gradient-
driven while those from MEP relies heavily on the radiation
budget over sea ice. These characteristics are observed for
both atmospheric reanalysis and satellite-based estimates.
4.3. Uncertainties of the satellite-based turbulent heat
flux estimates
It is of interest to quantify the uncertainties of the bulk-
aerodynamic formula based and MEP-based turbulent flux
estimates (B1eB3 and M1eM3). The major factors in the
bulk-aerodynamic formula method are ra, cp, Lv, U10m, Ts, T2m
(or Q2m, Qs), CH, and CE. For the MEP model, Rnet, hs, and hi
are considered, in addition to ra, cp, Lv, and Ts. The errors of
ra, cp, and Lv are assumed to be 10%, 0.1%, and 15% (given
that the surface air temperature varies from 250 to 300 K),
respectively. The surface and near surface parameters from
reanalysis data and satellite product are validated against the
N-ICE2015 observations (Fig. 4). The transfer coefficients
derived in B1eB3 are compared with those from using the
same bulk-formula parameterizations but the N-ICE2015 ob-
servations as inputs. Assuming that the errors of the variables
are uncorrelated, the error propagation functions (Eq. 8) can
be used to calculate the uncertainties of the estimated turbulent
heat fluxes (sH). The contributions to the total uncertainties for
each variable sx

�
dH
dx

�
are also calculated in percentage. The

overall uncertainties of the turbulent heat flux estimates, the
mean error and contribution of each input variable to the un-
certainties are listed in Table 7.

In general, the estimated uncertainties (sHs
and sHl

) for the
three estimates based on the bulk-aerodynamic formula are
consistent with the RMSE of the bulk-aerodynamic formula
based results (Table 5 and Fig. 3). B1 performs better than B2
and B3, with the lowest sHs

and sHl
. For the sensible heat flux,

Ts contributes the most to the estimated error, followed by Tr.
For the latent heat flux, Qs or Qr is the major contributor to the
estimated error for the three results. CH and CE show limited
contributions (3%e13%) to the estimated error, compared with
the surface/air temperature and specific humidity. The contri-
butions from ra, cp, and Lv are negligible (�5%).

The estimated errors for the MEP-based results are 25%e
70% lower than the real RMSE of the MEP-based results



Fig. 4. Comparison of surface and near surface parameters from satellite estimates, ERA5 reanalysis and N-ICE2015 observations, (a) 10-m wind speed, (b) 2-m air

temperature, (c) 2-m specific humidity, (d) snow depth over sea ice, (e) sea ice thickness, (f) ice surface temperature, (g) 2-m air temperature minus ice surface

temperature, (h) net shortwave radiative flux, (i) net longwave radiative flux, (j) net radiative flux, (k) bulk-formula based turbulent heat flux, and (l) MEP-based

turbulent heat flux ((a1el1) show the time series of the parameters and (a2el2) represent their biases to the in-situ observations. Uncertainties in the N-ICE2015

gridded observations are shaded in grey in (a1el1). The temperature of 0 �C is shown in dotted line in (b1) and (f1). Days with sea ice concentration less than 95%

are shown in grey dots in (f1)).
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Table 6

Correlation coefficients (r) between the turbulent heat fluxes (sum of the sensible heat flux and latent heat flux) and surface/near surface parameters from in-situ

observations, ERA5 reanalysis and satellite estimates.

Parameter N-ICE2015 ERA5 B1 B2 B3 M1 M2 M3

U10m �0.09 0.11 0 0.09 0.18 0.07 0.30 �0.06

T2m 0.14 0.11 0.18 0.27 0.09 �0.89 �0.71 �0.83

Q2m 0.31 0.15 0.26 0.30 0.09 �0.86 �0.67 �0.78

hs �0.20 0.03 �0.10 0.01 0.03 0.60 0.63 0.74

hi �0.20 0.01 �0.14 0.09 0.01 0.32 0.39 0.79

Ts 0.04 0.04 0.10 0.04 �0.32 �0.89 �0.75 �0.81

T2m � Ts 0.73 0.83 0.87 0.91 0.89 �0.11 0.03 �0.28

RNSW 0.11 �0.07 0.04 0 0.40 �0.87 �0.92 �0.78

RNLW �0.03 �0.02 0.09 �0.10 �0.01 �0.46 �0.36 �0.53

Rnet 0.08 �0.07 0.07 �0.03 0.29 ¡0.98 ¡0.98 ¡0.93

Note: B1eB3 and M1eM3 represent turbulent heat flux estimates using bulk-formula and MEP method, respectively. The snow depth and sea ice thickness are

from PIOMAS for ERA5, B1eB3, and M1eM3. The 10-m wind speed, 2-m air temperature and 2-m specific humidity are from ERA5 for B1eB3, and M1eM3.

The bold text represents the largest absolute value for each parameter.

Table 7

Biases of the input parameters in the bulk-aerodynamic formula and MEP and their contributions to the overall uncertainties.

Type Group Biases of inputs (Contribution to the overall uncertainty, %) sHs
(W m�2)

ra (kg m�3) cp (J kg�1 K�1) CH ( � 103) U10m (m s�1) T2m (K) Ts (K) Rnet (W m�2) hs (m) hi (m)

Sensible heat flux B1 0.13 (1) 1.0 (0) �0.09 (3) �0.35 (4) 2.1 (44) 1.8 (48) e e e 39.3

B2 0.13 (3) 1.0 (0) �0.03 (7) �0.35 (9) 2.1 (36) 2.4 (45) e e e 46.2

B3 0.13 (4) 1.0 (0) �0.03 (10) �0.35 (11) 2.1 (27) 2.7 (49) e e e 66.3

M1 0.13 (4) 1.0 (0) e e e 1.8 (2) 9.4 (66) �0.22 (20) 0.10 (5) 6.2

M2 0.13 (2) 1.0 (0) e e e 2.4 (2) 20.6 (65) �0.22 (23) 0.10 (4) 11.2

M3 0.13 (3) 1.0 (0) e e e 2.7 (2) 33.3 (60) �0.22 (27) 0.10 (4) 12.6

Type Case ra (kg m�3) Lv ( � 106 J kg2) CE ( � 103) U10m (m s�1) Q2m (g kg�1) Qs (g kg�1) Rnet (W m�2) hs (m) hi (m) sHl
(W m�2)

Latent heat flux B1 0.13 (3) 0.43 (5) �0.09 (5) �0.35 (10) ¡0.02 (42) 0.14 (35) e e e 11.3

B2 0.13 (4) 0.43 (6) �0.03 (7) �0.35 (9) �0.02 (35) 0.20 (38) e e e 13.3

B3 0.13 (5) 0.43 (7) �0.03 (7) �0.35 (9) �0.02 (23) 0.33 (49) e e e 21.8

M1 0.13 (2) 0.43 (11) e e e 0.14 (9) 9.4 (51) �0.22 (21) 0.10 (4) 2.9

M2 0.13 (2) 0.43 (12) e e e 0.20 (8) 20.6 (49) �0.22 (25) 0.10 (4) 5.4

M3 0.13 (2) 0.43 (12) e e e 0.33 (8) 33.3 (49) �0.22 (27) 0.10 (4) 7.7

Note: B1eB3 and M1eM3 represent turbulent heat flux estimates using bulk-formula and MEP method, respectively. The bold (underlined) text represents the

parameter with largest (second largest) contribution to the overall uncertainties.
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(Table 5). It should be noted that the error propagation func-
tion can only represent the total uncertainty contributed by
each variable in the parameterization scheme, rather than the
real performance of the parameterization. Thus, the larger
RMSE (calculated against the in-situ observations) of the MEP
estimates with a smaller estimated error (calculated by the
error propagation functions) indicates the deficiency of the
MEP scheme in capturing turbulent fluxes in N-ICE2015 ice
conditions. This may result from: 1) insufficient representation
of the wind effect on the thermal inertia Is (see Section 3.1.2);
and 2) cases of sea ice and open water mixing (Fig. 2).
Nevertheless, the relative performance of the three estimates
remains unchanged, in that M1 still outperforms M2 and M3,
with lower sHs

and sHl
. For the sensible heat flux, the un-

certainties of the net radiative fluxes dominate the total error
(>50%). Ts has a fairly small impact on the estimated error
(�3%). Although, physically, the effect of the radiative fluxes
on the turbulent fluxes comes via the effect of the radiative
fluxes on the ice surface temperature, the percentage error of
the radiative fluxes (13%e49%) for the gridded products is at
least an order of magnitude larger than that of the ice surface
temperature (~1%), resulting in a stronger contribution of
radiative fluxes to the estimated uncertainties. In addition, hs
makes a moderate contribution to the error (20%e30%) by
controlling the absorption of the net shortwave radiation over
the ice surface (see Section 3.1.2). For the latent heat flux, the
radiative fluxes and hs are still the primary and secondary
contributors to the error, while the contribution of Ts is close to
10%.

5. Discussion
5.1. Potential causes of errors in the turbulent heat flux
estimates
As shown in Section 4.2 and 4.3, the observed turbulent
heat fluxes based on the bulk-aerodynamic formula strongly
rely on the aireice temperature gradient, thus the errors in the
surface and air temperature from reanalysis and satellite
products could explain most of the uncertainties of the
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turbulent heat flux estimates. For the ERA5 reanalysis, a slight
warm bias of 2-m air temperature (~2 K) could be seen
throughout the N-ICE2015 period (Table 7). Larger over-
estimation (>10 K) usually occurs during the cold periods
when temperature decreases below �25 �C (Fig. 4), which
may be due to deficiencies in characterizing strong vertical
temperature gradients in strongly stable boundary layer
(Cuxart et al., 2006; Serreze et al., 2012). Similar warm biases
exist in the ice surface temperature in ERA5, CERES, and
APP-X, and are likely attributed to the missing representation
of the insulating effect of snow on the ice surface (Batrak and
Müller, 2019; Vihma et al., 2002). Additionally, the surface
radiation budget plays the most important role in the MEP-
based estimates. Positive biases in the surface radiative
fluxes mainly come from the overestimation of shortwave
component for either ERA5, CERES or APP-X. The biases
increase in the melt season (late spring to summer), when
these products show difficulties in resolving cloud, surface
temperature, and albedo (di Biagio et al., 2021; Wang et al.,
2019). It should be noted that the wind speed, temperature,
and humidity profiles from various satellite and in-situ ob-
servations have been assimilated in ERA5, which may
improve its performance (Hersbach et al., 2020). Besides,
significant fluctuations have been observed in surface tem-
perature, radiative fluxes and derived turbulent heat fluxes for
APP-X. It may partly be due to the coarser temporal resolution
(twice daily) compared to ERA5 and CERES (hourly).

In addition, the different parameterization schemes impact
the turbulent heat flux estimates. By using the surface and
near surface parameters from N-ICE2015 point observations
as inputs in bulk-formula and MEP, we compared the esti-
mated turbulent heat fluxes with the point measurements
(over sea ice) (Figs. A1 and A2). The bulk-formula based
estimates agree better with the in-situ measurements for the
sensible heat flux (r > 0.6 and MB < 5 W m�2) than the latent
heat flux. It indicates that the SHEBA parameterization,
which is based on observations over thicker multi-year ice in
the Beaufort Sea 25 years ago, is still applicable to the N-
ICE2015 sea ice conditions but may need further improve-
ments in the context of the changing Arctic. MEP even out-
performs the bulk-formula with smaller bias and RMSEs,
particularly when applied over a homogeneous ice surface
(100% sea ice concentration) rather than the heterogeneous
ones (with a fraction of open water). Thus, further im-
provements should focus on the energy budget in the mar-
ginal ice zone, e.g., the radiative transfer processes and the
moisture exchanges.
5.2. Gridded products vs. point observations
Additional biases would be expected when comparing in-
situ point measurement with the average values of grid cells
from satellite observations or reanalysis due to the scale dif-
ference, especially for heterogeneous surface. We mitigated
these biases by adjusting the N-ICE2015 point observations to
equivalent ‘gridded’ ones. We noticed that the shortwave
radiative fluxes and the turbulent heat fluxes increase
significantly when the open water fraction was considered. By
providing reasonable uncertainties, we recommend this kind
of adjustment to in-situ point measurements over sea ice for
better match with gridded products. In turn, the satellite and
reanalysis products should further separate the contribution
from sea ice and open water to the surface energy budget
components in the grid cells.
5.3. Improvements and limitations
Given that numerous Arctic climate change studies rely
heavily on satellite- and reanalysis-based surface energy
components, or numerical simulations forced by these data,
the choice of these products should be considered with pru-
dence (Beer et al., 2020; Lindsay et al., 2014; Vihma, 2014).
For the first time, the dependability of current satellite- and
reanalyses-based turbulent heat fluxes over Arctic sea ice was
revealed. We recommended ERA5 as the first choice, followed
by CERES and APP-X, though with considerable uncertainties
(>200%). This study, together with di Biagio et al. (2021) and
Graham et al. (2019), draws a picture of the reliability of the
satellite observations and atmospheric reanalyses in the
context of the surface energy budget over Arctic sea ice. We
also demonstrated the applicability of the traditional bulk-
formula and the MEP method in deriving turbulent heat
fluxes from satellite observations, which will benefit the sat-
ellite retrieval of pan-Arctic surface turbulent heat fluxes
during the last two decades in further study.

Nevertheless, there are still limitations in this study. The
comparison and evaluation only cover the winter to early
summer in one year, and limited on single site over young ice
in the Atlantic sector of the Arctic. This is due to the lack of
simultaneous in-situ observations of atmosphere, ocean, and
sea ice in the Arctic. With the release of data from the year-
round in-situ measurements over Arctic sea ice, i.e., Multi-
disciplinary drifting Observatory for the Study of Arctic
Climate (MOSAiC, 2019e2020), more comprehensive eval-
uations of the surface energy budget from satellite observa-
tions, reanalyses and model simulations are expected, to
identify the regions and seasons where these gridded products
provide reliable estimates. In addition, application of new
turbulent flux parameterizations (e.g., Elvidge et al., 2021;
Lüpkes and Gryanik, 2015) and their inter-comparisons are
welcomed, to recognize their reliabilities in delineating the
turbulent flux of momentum and heat over Arctic sea ice,
especially in the regions sensitive to the climate change, e.g.,
leads, polynyas, and marginal ice zones.

6. Conclusions

The bulk-formula based estimates could generally capture
the variation and trends of the measured turbulent heat fluxes,
compared to the entropy-based ones, and perform better in
summer (winter) for the sensible (latent) heat flux. CERES-
based estimates outperform the APP-X-based results,
whereas ERA5 performs the best in all seasons (RMSE of 18
and 7 W m�2 for the sensible and latent heat flux,
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respectively). Nevertheless, the satellite-based estimates with
entropy method show comparable RMSEs to the ERA5
reanalysis. Case studies and overall analysis confirmed that
the bulk-formula strongly relies on the aireice gradient while
the entropy method is primarily driven by the surface radi-
ation budget. Thus, among the input variables in the turbulent
heat flux models, the errors in the surface and near surface
temperature/humidity contribute most (close to 50%) to the
uncertainties in the estimates based on the bulk-formula, and
so as the net radiative fluxes (>50%) to the entropy-based
results.
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