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Abstract Oceanic heat flux (F,,) is the vertical heat flux that is transmitted to the base of sea ice. It is the main source of sea ice
bottom melting. The residual method was adopted to study oceanic heat flux under sea ice. The data acquired by 28 ice mass balance
buoys (IMBs) deployed over the period of 2004 to 2013 in the Arctic Ocean were used. F,, values presented striking seasonal and
spatial variations. The average summer F,, values for the Canada Basin, Transpolar Drift, and Multiyear Ice area were 16.8, 7.7, and
5.9Wm 2, respectively. The mean summer F,, for the whole Arctic was 10.1 W m ™2, which was equivalent to a bottom melt of 0.4m.
F. showed an autumn peak in November in the presence of the near-surface temperature maximum (NSTM). The average F,, for
October to December was 3.7Wm 2. And the average F,, for January to March was 1.0 \Wm 2, which was approximately one third of
the average F,, in the presence of NSTM. The summer F,, was almost wholly attributed to the incident solar radiation that enters the
upper ocean through leads and the open water. F,, calculated through the residual method using IMB data was compared with that
calculated through the parameterization method using Autonomous Ocean Flux Buoy data. The results revealed that the F,, provided
by the two methods were consistent when the sea ice concentration exceeded 70% and mixing layer temperature departure from
freezing point was less than 0.15°C. Otherwise, the F,, yielded by the residual method was approximately one third smaller than that

provided by the parameterization method.
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1 Introduction

Sea ice retreat in the Arctic Ocean during summers has
accelerated in recent years (Parkinson and Cavalieri, 2008;
Cavalieri and Parkinson, 2012; Comiso, 2012; Stroeve
et al., 2012, 2014; Vihma, 2014). Record September mini-
mum ice covers were observed in 2007 and 2012 (Stroeve
et al., 2008; Parkinson and Comiso, 2013). Submarine
and aerial electromagnetic surveys and satellite observa-
tions have revealed drastic reductions in ice thickness
(Rothrock et al., 2008; Kwok and Rothrock, 2009; Kwok
and Untersteiner, 2011; Laxon et al., 2013). Oceanic heat
flux (Fy) at the ice-ocean interface is a key factor of ice
mass balance and regulates ice bottom melt during melt-
ing season and ice growth during freezing season
(Maykut and Untersteiner, 1971; Stanton et al., 2012).

Direct measurements of F,, are difficult to obtain be-
cause they require frequent, high-precision determinations
of temperature, salinity, and vertical velocity in the near-
surface boundary layer under drifting sea ice (McPhee,
1992; McPhee and Stanton, 1996; Peterson et al., 2017).
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A simplified parameterization method for the estimation
of F, has been developed on the basis of F, obtained
from three ice camps; in this approach, the mixed layer
temperature above the freezing temperature (ATj) is mo-
dulated, and the ice-ocean friction velocity (u”) is inferred
from a statistical relationship that is based on ice-drift
velocity (McPhee, 1992, 2002). The parameterization
method is widely used because it is easier to perform and
less costly than direct measurement (McPhee et al., 2003;
Krishfield and Perovich, 2005; Peterson et al., 2017).

The residual method is another indirect method for es-
timating time average F, from ice temperature profiles
and ablation or accretion measurements at the ice bottom
(McPhee and Untersteiner, 1982; Perovich et al., 1989,
1997; Perovich and Elder, 2002; Lei et al., 2014). F,, is
the residual component of conductive heat flux (F;), spe-
cific heat flux (Fs), and latent heat flux (F)). A large num-
ber of autonomous ice mass balance buoys (IMBs) have
been deployed on the Arctic drift pack ice starting in the
21st century (Morison et al., 2002). These buoys measure
sea ice temperature profiles with thermistor strings, and
mass balances with acoustic sounders to monitor the abla-
tion and accumulation of ice and snow at the top and bot-
tom of the ice cover (Richter-Menge et al., 2006; Perovich
et al., 2014). They transmit real-time data by satellite com-
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munication. In this work, the residual method and IMB
data were applied to study the time average F,, in the Arc-
tic Ocean. Moreover, the results of the residual method
were compared with those of the parameterization method.

2 Data and Residual Method for Oceanic
Heat Flux Calculation

IMBs were designed and deployed by the Cold Region
Research and Engineering Laboratory. The name of each
IMB was based on buoy deployment year and one Eng-
lish letter. The spacing of the thermistor in the string was
0.10m, and the accuracy was 0.1K. The accuracy and reso-

lution of the acoustic sensors were 0.01 m (http://imb.erdc.

dren.mil/massbal.htm). Autonomous ocean flux buoy (AO
FB) data were acquired from the Ocean Turbulence La-
boratory, Oceanography Department, Naval Postgraduate
School. Time average temperature, salinity, and velocity
under sea ice were applied in F,, calculation through the
parameterization method (http://www.oc.nps.edu/~stanton/
fluxbuoy/index.html). Ice-tethered profile (ITP) data were
obtained from Woods Hole Oceanography Institution. Sea
ice concentrations were derived from Advanced Micro-
wave Scanning Radiometer-EOS brightness temperatures
with a spacing of 6.25kmx6.25km (Spreen et al., 2008).
Daily average sea ice concentration at buoy positions was
estimated by averaging the concentration value from grid
points lying within circles with 100 km radii. The NCEP/
NCAR atmospheric reanalysis data of daily 10 m-height
wind speed, downward short wave radiation under clear
skies, and cloud fraction were used to ascertain local at-
mospheric forcing (Kistler et al., 2001). Bathymetric data
were obtained from the International Bathymetric Chart
of the Arctic Ocean (Jakobsson et al., 2008).

Undeformed pack ice, excluding ice ridge, leads, or
melt ponds, was considered as sea ice in this work. Snow-
covered undeformed ice has a uniform thickness within a
certain space. Ice thickness is closely related to atmos-
pheric temperature. The changes in conductive heat flux
through sea ice with atmospheric temperature results in
the adjustment of sea ice thickness. The ice surface and
bottom melt during the melting season, whereas the ice
bottom can only grow during the freezing season. Although
air temperature, surface wind, and barometric pressure
change frequently, ice bottom ablation and accretion are
slow processes that occur under quasiequilibrium condi-
tions. Thus, the oceanic heat flux related to the sea ice
bottom melt and growth can be determined by using the
heat balance equation.

A reference layer was defined at 0.3-0.7m above the
ice base to account for the nonlinearity of the vertical ice
temperature profile in the ice base layer where the tem-
perature gradient is small (Lei et al., 2014). The thermal
flux at the base of the ice is entered into the following
heat balance equation:

F.+R+FK-F, =0, (1)

where F,, represents oceanic heat flux, F, is equivalent
latent heat flux resulting from ice freezing or melting, and
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F. is specific heat flux resulting from ice warming or
cooling. The sign convention is such that upward melting
and warming heat flux are positive, whereas downward
freezing and cooling heat flux are negative.

Conductive heat flux is given by

Fo = Kiee T, (2)

where T,, the vertical ice temperature gradient of the ref-
erence layer, refers to the linear trend of the temperature
profile in the reference layer, and Kjc is sea ice thermal
conductivity, which is a function of ice temperature and
ice salinity (Untersteiner, 1961).

Latent heat flux is given as follows (Semtner Jr., 1976):

dH,
A =~Peels (—j ©)
Ice —ice dt 0

. . dH,; \ . .
where L. is the latent heat of sea ice, (d—t'] is the ice
0
growth or melting rate, pic is the sea ice density (917kg
-3
m™).
Specific heat flux is given below (Semtner Jr., 1976):

dTi
dt

Fs = PiceCs AH , 4)

dTi, . -
where f is the average temperature variation rate of

the reference layer, AH is the thickness of the reference
layer, and c; is the specific heat of the sea ice and is a
function of sea ice temperature and salinity (Yen et al.,
1991).

Eg. (1) shows that four components of heat exist at the
ice-ocean interface: conductive heat through sea ice, spe-
cific heat from sea ice warming or cooling, latent heat
from bottom melting or freezing, and oceanic heat from
the underlying mixing layer. Thus, F, can be estimated
from the other three terms (F., F,, and F).

3 Oceanic Heat Flux Under Arctic Sea Ice

As Eq. (1) shows, F,, can be easily estimated as long as
the sea ice temperature profiles and bottom growth or
melting rate can be obtained through the support of IMBs.
Each IMB is fixed on the ice floe. IMBs are continuously
tracked and provide an ideal platform for applying the
residual method for the investigation of the time average
Fu.

The accuracy of IMB data can meet the requirements
of the residual method. Abnormal data caused by mast
slipping or slanting and thermistor unit malfunction must
be eliminated. A total of 28 IMBs with good data quality
were selected for the investigation of the time average F,,
in the Arctic Ocean. These IMBs were mainly distributed
in the Canada Basin, Polar Drift, and the Multiyear Ice
area. The buoy observation time ranged from 2004 to
2015. Each buoy drifting trajectory and observation time
are shown in Fig.1.
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Fig.1 28 IMB information. Left panel is buoy drifting trajectory. Black dots represent the initial positions of the buoys. The
Canada Basin (CB), Polar Drift (PD), and Multiyear Ice (MI) area are distinguished by dashed lines. Right panel is buoy
observation time. Red represents the CB; blue represents PD; and green represents the MI. “*’ represents the buoy

co-located with AOFB.

Given that sea ice bottom melt and growth are slow
processes, the major difficulty encountered when using
the residual method lies in the precise determination of
the amount of ice melt or growth. The residual method
works best when averaging over long time intervals
(Perovich et al., 1989; Perovich and Elder, 2002). Ab-
normal data were first eliminated to guarantee the accu-
racy of F,. Moving quadratic fitting was then applied to
the daily mean bottom position for 30d and selected 10-
day intervals. The process of 2010F’s bottom position is
illustrated in Fig.2.

Fig.2 Bottom position of IMB 2010F. Blue dots represent
the data for the original bottom position of the IMB. The
red line is the daily mean. The green line is the result after
30-day quadratic fitting.

Given that the reference layer was near the base of the
sea ice, the temporal temperature variation in the refer-
ence layer was small, and the specific heat flux for the
whole year was less than 1Wm™2. Thus, specific heat flux
was ignored and not shown in Fig.3. The warming of the
ice column and underlying mixing layer by incident solar
radiation during melting season resulted in the formation

of a small gradient in the reference layer and high oceanic
heat content. F. was always less than 5\Wm 2 and even
became negative, whereas F,, was high and frequently ex-
ceeded 20Wm™2, which was comparable with the latent
heat of bottom melting F. Thus, almost all of the oceanic
heat contributed to bottom melting. The heat balance in
the ice-ocean interface was dominated by oceanic heat
flux and conductive heat flux. The reduction in air tem-
perature during freezing season caused the formation of a
large temperature gradient that, in turn, resulted in large
F. values. F. varied within a range of 10 to 20Wm 2 and
was almost equal to the latent heat of sea ice fusion. The
derived F,, decreased gradually to near OWm 2 as the
melting season progressed to the freezing season. The
heat balance in the ice-ocean interface was dominated by
conductive heat flux and latent heat flux.

Oceanic heat flux shows strong seasonal dependence as
illustrated in Fig.4. Ice concentration decreased, and the
incident solar radiation absorbed by the upper ocean in-
creased and contributed to bottom melting at the begin-
ning of the melting season. The average F,, for summer
time (June to September) was 10.1Wm 2 The F,, values
provided by some IMBs even exceeded 40Wm™ in July
and August and were equivalent to a melt of 1.5cm per
day. During freezing season, solar radiation disappeared,
and oceanic heat originated from the inner ocean through
turbulent mixing. The average F,, from October to May
was 2.0 W m 2, which was consistent with previous model
results (Maykut and Untersteiner, 1971). The annual aver-
age F,, for the total Arctic Ocean was 4.7Wm 2. This value
was comparable with the values observed in 1975 during
AIDJEX (Maykut and McPhee, 1995) and was half of those
observed in 1997 during SHEBA (Perovich and Elder,
2002). Seasonal variations in different areas were consis-
tent. The summer time average F,, in the CB was the larg-
est and was approximately 16.8Wm 2 The F,, in the Po-
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Fig.3 Heat balance of 28 IMBs. Blue lines represent the oceanic heat flux F,, green lines represent conductive heat flux F,
red lines represent latent heat flux F,, and the black dashed line is the O reference line. Time is the Julian day of the buoy

deployment year.

Fig.4 Seasonal variation in oceanic heat flux. Red dots and
lines represent CB, blue dots and lines represent PD, green
dots and lines represent MI, and the black line represents
the total Arctic.

lar Drift was half of that in the CB and was approximately
7.7Wm™. The F, in the Multiyear Ice area was the small-
est and was 5.9Wm 2 Incident solar radiation enters the
upper ocean through leads or thin ice and is rapidly mixed
and stored in the upper ocean. Over the course of the
summer season, the majority of this absorbed heat is
transported to the base of the ice cover by oceanic heat
flux. Oceanic heat flux is determined by the heat content
of the upper ocean and turbulent mixing in the boundary
layer (Mcphee, 1992). The net incident solar radiation
that enters the upper ocean through leads or open water
was calculated by ignoring penetrative heat through sea
ice and by using the following equation (Stanton et al.,
2012):

nSW = SW (1-0.25¢%)(1-,,)A-C;) (5)
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where SW is the downward shortwave flux at the top of
the atmosphere; c is the cloud fraction; a, is the albedo of
open water and leads (taken as 0.07) (Pegau and Paulson,
2001); and (1-C;) is the open water fraction, where C; the
local ice concentration. The local conditions of four IMBs
are presented in Fig.5. These conditions included sea ice
concentration, bathymetry, wind speed, ice drifting speed,
and net solar radiation. Summer sea ice concentration was
less than 60%, and the net short wave flux was consistent
with the temporal variation in the derived oceanic heat
flux F,, for IMB 2005B and IMB 2013F (Figs.5a and 5b).
Thus, the observed oceanic heat flux during melting sea-
son was almost wholly contributed by incident solar ra-
diation. Rapid drifting can strengthen turbulent mixing
under sea ice and facilitate the release of oceanic heat
(Rampal et al., 2009). In IMB 2004D (Fig.5c¢), the abrupt
increase in ice drifting speed from 5 to 20cms * during
autumn resulted in strong turbulent mixing under sea ice
and efficient oceanic heat release. The maximum F,, rea-
ched nearly 10Wm 2 and was far greater than the autumn
average. IMB 2008C escaped from Beaufort Gyre to the
Alaskan coastal current during a storm event in January
2009. Oceanic heat flux during winter was approximately
5.0Wm 2 (Fig.5d) but is usually only approximately 1.0
Wm 2. Similar results have been obtained for the Yermark
Plateau, north of Svalbard (McPhee et al., 2003), and Chu-
kchi Cap (Shaw et al., 2009). Consequently, oceanic heat
flux during melting season is determined by the incident
solar radiation that enters the upper ocean through the
inner ocean and that during the freezing season is deter-
mined by interference by bathymetry and drifting speed.
Two cases for the derivation of F,, for the freezing sea-
son through the residual method exist. The F,, values of
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Fig.5 Influential factors of oceanic heat flux. a, b, ¢, and d represent the local conditions of IMB 2005B, 2013F, 2004D, and
2008C, respectively. These conditions include sea ice concentration, bathymetry, wind speed, drifting speed, net shortwave

flux, and derived F,,.

12 IMBs for the freezing season were steady and the av-
erage F,, was approximately 1.6\Wm 2, whereas those of
16 other IMBs peaked in autumn. F,, decreased in Sep-
tember with the decrease in solar radiation. After the dis-
appearance of solar radiation, air temperature was lower
than the sea ice freezing point, and the ice column and
underlying mixing layer began to cool. F,, at the ice-ocean
interface originated from the heat deposited in the mixing
layer and tended to decrease. During summer time, a por-
tion of solar radiation is stored under the mixing layer and
is trapped by a strong seasonal halocline, which is desig-
nated as the near-surface temperature maximum (NSTM)
(Jackson et al., 2010; Zhao and Cao, 2011). The heat
stored in the NSTM is released upward only when the
mixing layer reaches the top of the NSTM (Jackson et al.,
2012). The heat in the NSTM was gradually released as

the mixing layer deepened through convection and brine
rejection during the freezing season. F,, peaked in Novem-
ber, and the peak F,, value averaged over 10 days was 6.4
Wm 2 Then, F,, decreased again and stabilized. The time
average F,, for October to December was 3.7Wm? and
was far more than that for January to March (1.0Wm™?).
The deepening of the mixing layer caused by convec-
tive mixing and shear-driven mixing is a slow process as
shown in Fig.6a, except for episodic events. Winter storms
with speeds of at least 10ms* can cause the abrupt ero-
sion of the summer halocline and explosive heat release
from the NSTM to the ice-ocean interface (Jackson et al.,
2012; Timmermans, 2015). Figs.6b and 6c illustrate the
NSTM temperature and salinity profiles observed during
storm events. The mixing layer depth of the two buoys in-
creased by nearly 4m in 1 day. The sea ice bottom melted
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Fig.6 (left column) Potential temperature (*C) and (middle column) salinity profiles and (right column) corresponding po-
tential temperature-salinity (6-S) plots. Solid black lines are the contours of potential density relative to the surface, and the
dashed-dotted line is the freezing line. (2) ITP11 profiles colocated with 2007J; (b) ITP 13 profiles colocated with 2007F;

and (c) ITP 18 profiles colocated with 2007E.

during freezing season when F,, exceeded 95Wm 2.

A shown in Fig.7, the summer oceanic heat flux shows
significant spatial variation. The largest summer F,, oc-
curred in the south of the CB and Beaufort Sea, followed
by that in the south of the Eurasia Basin. The F,, in the
central Arctic and Multiyear Ice areas was the smallest.
As mentioned above, the summer oceanic heat flux is
determined by the incident solar radiation that enters the
upper ocean. Sea ice in the southern CB and Beaufort Sea
was dominated by easily melting 1-year ice. High summer
solar radiation at low latitudes decreased sea ice concen-
tration, prolonged melting season, and drastically increased
heat deposition in the upper ocean. Summer F,, was usu-
ally larger than 15Wm2 and even exceeded 40Wm in
some regions in July and August. Sea ice in the central
Arctic and Multiyear Ice area, however, was dominated by
thick multiyear ice. The high sea ice concentration at high
latitudes shortened the melting season, limited the entry
of incident solar radiation into the upper ocean, and de-
creased oceanic heat flux. Summer F,, was commonly less
than 10Wm2. The F,, values for some individual buoys,
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however, exceeded 15Wm 2 The southern part of the Eur-
asian Basin is close to the Gakkel Ridge and Yermark Pla-
teau, which is topographically complex. Under the influ-
ence of the warm inflow from the North Atlantic, summer
F,, usually exceeded 15Wm 2 and may even exceed 30 W
m 2 at the end of July.

4 Comparison of the Oceanic Heat Flux
Value Calculated Through the Residual
Method with that Calculated Through
the Parameterization Method

True oceanic heat flux remains mysterious. Identifying
the best method for determining oceanic heat flux is dif-
ficult because methods for oceanic heat flux determination
are based on different theories. However, these methods
must be compared with each other to identify their dif-
ferences and understand their practicability. The residual
method for oceanic heat flux calculation is based on the
heat balance at the ice-ocean interface and sea ice pa-
rameters acquired from IMBs, whereas the parameteriza-
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tion method is based on ocean parameters acquired from
AOFBs (Shaw et al., 2008). Six of the 28 IMBs were de-
ployed on the same ice with AOFBs (Fig.1b). The param-
eterization method is described as follows:

Fo= psprCH UngOT (6)

where pq, is the sea water density (1028 kgm ); C, is the
specific heat of seawater (3980Jkg); Cy is a bulk heat
transfer coefficient (0.0057; McPhee, 1992); u«, is the in-
terface friction velocity as described in Eq. (7); and oT=
T —T¢ (Smi), Where T, and Sy, are the temperature and
salinity of the mixing layer, respectively. u«, is calculated
by using the Rossby similarity theory

Vo _linYo_asipy, )
U & Tz

where Vj is the ice velocity relative to the surface geostro-
phic flow measured by the AOFB; « is von Karman’s con-
stant (0.4); f is the Coriolis parameter; z, is the hydraulic
roughness length of the underside of the ice (0.1 m; Stanton
et al., 2012); and A and B are similarity constants with
values of 2.21 and 1.91, respectively.

Fig.7 Spatial variation in oceanic heat flux during melting
season.

The comparison of the oceanic heat flux value calcu-
lated by these two methods is presented in Fig.8. IMB
2010A survived a whole summer. The summer sea ice
concentration along the drifting trajectory was always
larger than 70%, and the deviation of the mixing layer
temperature from the freezing point was less than 0.15°C.

Meanwhile, the ice drifting speed and friction velocity in
the ice-ocean interface were smaller than those in other
areas with a high concentration. The F,, values provided
by the two methods were comparable and highly consis-
tent. When the summer sea ice concentration was less
than 70%, such as that observed during the beginning of
the deployment of IMB 2008F and 2011J and the end of
the deployment of 2007E, 2012B, and 2012H, the devia-
tion of the mixing layer temperature from the freezing
point usually exceeded 0.15°C, and the ice drifting speed
and friction velocity were faster than those at IMB 2010A.
The F,, provided by the residual method was one third
smaller than that provided by the parameterization method.
The underlying mixing layer temperature was maintained
at the freezing point during the freezing season. Given
this condition, the F,, value provided by the parameteriza-
tion method was almost 0. Thus, the parameterization me-
thod cannot reflect heat release from the NSTM during
freezing season as represented by 2011J and 2012H. Given
that sea ice bottom melting and growth are slow processes,
the F,, yielded by the residual method cannot reflect the
high-frequency variation in turbulent mixing intensity
caused by drift speed changes. Both of these two methods
have their advantages and disadvantages in the calculation
of oceanic heat flux. Determining which method provides
values that are close to true values remain difficult given
the lack of direct oceanic heat flux measurements.

5 Discussion and Conclusions

Oceanic heat flux under sea ice is the vertical heat flux
transmitted to the base of sea ice. The direct measure-
ments of oceanic heat flux turbulence are difficult to ob-
tain. The temporally averaged values of oceanic heat flux
can be determined from the simple measurements of ice
temperatures and mass balance. IMB data were applied to
derive oceanic heat flux values through the residual method.
The residual method was compared with the parameteri-
zation method. The potential error in heat flux estimation
by the residual method originated from any uncertainty in
ice salinity, ice temperature, and bottom position. Sea ice
salinity ranged from 4 to 12 (Nakawo and Sinha, 1981)
and had a potential error of £1.4Wm? for F,, +3.3x 10
Wm™ for Fs and £1.9Wm 2 for F,. The thermistor accu-
racy of +0.1K corresponded to an error of £0.5Wm 2 for
F. and £0.07Wm 2 for F,. The largest uncertainty was
contributed by ice bottom position. The accuracy of £0.01
m for the ice thickness measurement corresponded to a
potential error of 2.8Wm ™ for F, over a 10-day interval.

Heat balance in the ice-ocean interface is dominated by
oceanic heat flux and latent heat flux from the melting of
the sea ice bottom during the melting season and by con-
ductive heat flux through sea ice and latent heat flux from
bottom growth during the freezing season. The residual
method reflects this relationship well.

The seasonal variation in oceanic heat flux peaked twice:
once in the summer and once in autumn. In addition to
warm inflow, most of the oceanic heat during the melting
season originated from incident solar radiation, which
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Fig.8 Comparison of F,, values provided by the residual method and parameterization method. The left column shows the
deviation of the mixing layer temperature from the freezing temperature oT (red) and interface friction speed ux, (blue). The
right column shows the sea ice concentration along the drifting trajectory (red) and the F,, values derived through the re-

sidual method (blue) and parameterization method (black).

resulted in the summer peak of oceanic heat flux. The
average F,, for the freezing season was approximately 2.0
Wm % and can be divided into two cases. In the first case,
the NSTM was absent, and oceanic heat flux originated
from the turbulent mixing of the inner ocean. In this case,
the F,, for the entirety of the freezing season was small,
stable, and approximately 1.6Wm 2. In the other case, the
NSTM existed under the mixing layer, and the freezing
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season could be divided into two stages. The first stage
lasted from October to December. During this stage, oce-
anic heat basically originated from the NSTM. Convec-
tive mixing and brine rejection during freezing weakened
the summer halocline and resulted in gradual heat release
from the NSTM. The time average F,, was 3.7\Wm 2. Epi-
sodic events could cause the abrupt erosion of the summer
halocline. The extremely high oceanic heat flux from the
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NSTM during storm events can even melt ice during the
freezing season. The second stage lasted from January to
March. Oceanic heat flux originated from the turbulent
mixing of the inner ocean. The average F,, was 1.0Wm
and was one third of that of NSTM. It may be attributed
to phytoplankton blooms during the summer (Manizza
et al., 2005).

Six IMBs were deployed on the same ice as AOFB.
The results for the summer oceanic heat flux provided by
the residual method and parameterization method can be
divided into two cases. The friction velocity was small and
the results for F,, obtained through the residual method
and the parameterization method were comparable and
highly consistent when sea ice concentration was higher
than 70% and the deviation of the mixing layer tempera-
ture from the freezing point was less than 0.15°C. By
contrast, the F, value provided by the residual method
was one third smaller than that provided by the parame-
terization method when the sea ice concentration was less
than 70% and the deviation of the mixing layer temperature
from the freezing point was higher than 0.15°C. Never-
theless, definitively identifying the superior method for
the determination of oceanic heat flux remains difficult
because of the lack of direct F, measurements. The F,
yielded by the parameterization method was larger than
that yielded by the residual method because AOFBs meas-
ured temperatures at 7m under the ice base. During freez-
ing season, the mixing layer temperature was maintained
at the freezing point, and the F,, yielded by the parame-
terization method was near zero. However, the F,, pro-
vided by the residual method could still reflect heat re-
lease from the NSTM and the intensification of turbulent
mixing. Consequently, the residual method relies on the
heat balance at the ice-ocean interface in sea ice melting
or freezing with clear physical basis, and it can be applied
for any season. The oceanic heat flux provided by the
residual method is reliable.

The IMB data are the basis for calculating the oceanic
heat flux under sea ice using residual method. The tem-
poral and spatial resolution remains low given the limited
number of mass balance buoys. The deployment of addi-
tional IMBs in the future can strengthen the understand-
ing of the variations in oceanic heat flux in the Arctic
Ocean.
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