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Conductive Heat Flux Over Arctic Sea Ice From 1979 to 2022
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Abstract The conductive heat flux (CHF) from the ocean to the snow/sea ice-atmosphere interface through
sea ice is a crucial component of the surface energy budget over the sea ice-covered Arctic Ocean. The CHF is
influenced by surface skin temperature, sea ice thickness, and depth of snow on sea ice. This study uses monthly
mean surface skin temperature from ERAS reanalysis, and sea ice thickness and snow depth from the Pan-Arctic
Ice-Ocean Modeling and Assimilation System to derive the means and changes of CHF over the Arctic Ocean
from 1979 to 2022. The findings reveal that CHFs are generally positive (from flux to the surface from below)
from November to March and negative from June to August. CHF's are large in peripheral seas with thin sea ice
and low snow depth, and small over pack ice with thick sea ice and snow. The thinning of sea ice and snow on
sea ice contributes to increasing CHF, while rising surface skin temperatures lead to decreasing CHF. Overall,
CHF increases from 1979 to 2022, primarily driven by the thinning of sea ice. The magnitude of CHF changes
during this period is comparable to or higher than those in sensible heat flux, latent heat flux, and net longwave/
thermal radiation flux at the surface from November to March over the peripheral seas. A better representation
of sea ice thickness and snow depth over sea ice in the reanalysis would possibly improve the depiction of CHF
and surface temperature changes.

Plain Language Summary Conductive heat flux (CHF) in the Arctic Ocean describes how heat
moves from the ocean through sea ice to the ice/snow surface. It is influenced by surface temperature, sea ice
thickness, and snow depth. This study used monthly average surface skin temperature data from ERAS
reanalysis and sea ice thickness/snow depth data from Pan-Arctic Ice-Ocean Modeling and Assimilation System
reanalysis to analyze CHF means and changes from 1979 to 2022. CHF tends to be positive (heat moving
upward) from November to March and negative from June to August. Its higher in peripheral seas where sea ice
is thin and snow depth is low, and lower in areas with thicker sea ice and snow cover. Thinning sea ice and snow
contribute to increasing CHF, while warmer surface temperatures lead to decreasing CHF. Overall, CHF
increases during this period are mainly due to sea ice thinning. The changes in CHF in magnitude are
comparable to or higher than changes in sensible heat flux, latent heat flux, and net longwave/thermal radiation
flux at the surface.

1. Introduction

The Arctic region has experienced dramatic changes over the past several decades, evidenced by variations in
surface temperature, sea ice, and snow on sea ice, among many other parameters and processes. The Arctic
surface has warmed at a rate more than twice that of the global average (Serreze et al., 2009; P. C. Taylor
et al., 2022). This phenomenon, known as Arctic amplification or polar amplification, is observed in surface skin
temperature and air temperature from both observations and climate models (Chylek et al., 2022; Moon
et al., 2023; Rantanen et al., 2022; P. C. Taylor et al., 2022). Multiyear sea ice, which survives at least one
summer, is generally thicker than first-year sea ice because it is through a longer period of growth. However,
multiyear sea ice has increasingly been replaced by first-year sea ice over the Arctic Ocean (J. A. Maslanik
et al., 2007, J. Maslanik et al., 2011), with a decrease in the mean sea ice thickness over the past few decades
(Kwok, 2018; Liu et al., 2020; Moon et al., 2023). Although there is considerable uncertainty in the estimation of
snow depth over sea ice (Lawrence et al., 2018; Shalina & Sandven, 2018), studies have shown geography-
dependent snow depth trends (Lee et al., 2021) and snow depth reduction over sea ice in recent decades
(Webster et al., 2014).

Over the sea ice-covered Arctic Ocean, conductive heat flows from the warmer ocean through the sea ice to the
colder snow/ice and the atmosphere interface for most of the year. This conductive heat flux (CHF) is a
component of the surface energy budget over the Arctic Ocean and a factor that can influence the ice surface
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temperature. The CHF is also closely related to sea ice growth, as the latent heat of fusion during ice growth is a
source of the CHF. Studying the CHF helps in understanding changes in surface temperature and sea ice thickness
in the Arctic over the last several decades. Direct measurements of the CHF through sea ice have been made but
with very limited spatial representativeness (Webster et al., 2014). The CHFs are often parameterized as a
function of sea ice thickness, snow depth over sea ice, and surface skin temperature (Landrum & Holland, 2022;
Wang et al., 2010). As the entire Arctic climate system evolves, the changes in sea ice thickness, snow depth, and
sea ice skin temperature over the Arctic Ocean in the past few decades likely involve changes in every energy
budget component at the surface, including the CHF.

Landrum and Holland (2022) investigated the influence of changes in sea ice and snow thickness on simulated
Arctic winter CHFs from 1950 to 2070 based on simulations from the Community Earth System Model version 1
Large Ensemble. They found an increase of approximately 711 Wm™2 in wintertime CHFs over the ice-covered
Arctic Ocean by the mid-21st century, with changes in both sea ice thickness and snow thickness being important
contributors to these changes in CHFs. Global climate models (GCMs) tend to have large uncertainties in
simulating sea ice thickness and snow depth over sea ice. Besides GCM simulations, a few ice thickness data sets
are available, including ice thickness estimations from sea ice freeboard observations using space-based lidar and
radar altimeters from the early 2000s to the present (Connor et al., 2009; Kwok & Rothrock, 2009; Laxon
et al., 2013), passive visible and infrared radiometers using the one-dimensional thermodynamic ice model from
1982 to the present (Wang et al., 2010), and the Pan-Arctic Ice-Ocean Modeling and Assimilation System
(PIOMAS) from 1979 to the present (Schweiger et al., 2011). Furthermore, PIOMAS also provides snow depth
over sea ice. These data sets mentioned above make it possible to study the CHF over the ice-covered Arctic
Ocean.

This study presents the means and changes of CHF in the Arctic from 1979 to 2022 based on sea ice thickness and
snow depth from the PIOMAS reanalysis and surface skin temperature from the ERAS reanalysis. The partition of
the overall CHF changes into components due to changes in sea ice thickness, snow depth, and surface skin
temperature is analyzed. This study, using reanalysis products, serves as a complement to the work of Landrum
and Holland (2022). Because of data assimilation, these reanalysis products have lower uncertainties than those of
GCM models, thus likely providing more realistic details in the CHF means and changes from 1979 to 2022. In
this study, we also compared the derived CHF with other surface energy flux terms to reveal the relative
importance of CHF over the sea ice-covered areas of the Arctic Ocean, and its contribution to the Arctic
amplification.

2. Materials and Methods
2.1. Methods

Following Semtner (1976) and Landrum and Holland (2022), with an assumption of linear vertical temperature
distribution inside the snow and sea ice, CHF is estimated with the following equation:

CHF = M (1)

where K, (0.31 Wm™'K™") and K, (2.0 Wm™'K™") are the snow and ice conductivities of heat, respectively, 2, and
h; are snow depth and sea ice thickness in meters, and T, and T, are temperatures at ocean-ice and ice/snow-
atmosphere interfaces, respectively. T, is a function of ocean water salinity, —0.0592S-
9.37 X 107°5%—5.33 x 107’S> with S being the ocean water salinity (Notz, 2005). In this study, T} is set as a
constant 271.15 K with a constant ocean water salinity of 33 ppt (Anheuser et al., 2022). Positive CHF indicates
heat flux flows from the ocean through sea ice to the snow/ice-atmosphere interface, and vice versa. In this study,
the CHF is only calculated over regions with sea ice concentrations equal to or higher than 80%.

Monthly CHFs from 1979 to 2022 over the Arctic Ocean were calculated using monthly mean sea ice thickness,
snow depth, and surface skin temperature. Trends of monthly mean parameters, including CHFs, sea ice thick-
ness, snow depth, and surface skin temperature, from 1979 to 2022 were calculated using linear regression.
Confidence levels of the linear trends were calculated using a two-tailed Student's t test. Mean of monthly CHFs,
sea ice thickness, snow depth, and surface skin temperature were also calculated.
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According to Equation 1, the CHF is a function of sea ice thickness, snow depth over sea ice, and surface skin
temperature. The CHF changes or trends can be partitioned into three components that can be attributed to
changes in sea ice thickness, snow depth, and surface skin temperature, respectively as follows:

dCHF
- Compl + Comp2 + Comp3 2)

where Comp1l, Comp2, and Comp3 are functions of changes in sea ice thickness, snow depth, and surface skin
temperature, respectively, with the assumption that these three components—changes in sea ice thickness, snow
depth over sea ice, and surface skin temperature—are independent.

KK*(T;—T,) dn dh;
Comp1=—5(7f‘2x—'=Ax—' 3)
(Kxhi + Kih.s) di dt
K*K (T, —T,) dh, dh,
Comp2 = ——————= (7 '2)><—“=B><—“ 4)
(Kh; + K;hy) dt dt
KK, dT dr,
C 3 — 1 s N — N 5
omp3 =~k < ar - S )

Considering the different values of Ks and Ki, the same trend of snow depth leads to a CHF trend ~6.5 times as
large as that of the CHF trend from a trend in sea thickness. For a case of sea ice thickness of 2.0 m, snow depth of
0.2 m, and surface skin temperature of 251.0 K, the CHF is 12.2 Wm_z, and the CHF trend dependence on
changes in sea thickness, snow depth, and surface skin temperature changes, represented by A, B, and C,
respectively, are —3.7 Wm™%/m, —23.8 Wm~*/m, and —0.6 Wm™~%/K respectively.

The correlations between sea ice thickness, snow depth, and surface temperature changes are non-negligible over
the Arctic Ocean. Surface temperature and snow depth influence conductive heat flux, which in turn regulates sea
ice growth and thickness (Thorndike, 1992; Wang et al., 2010). Both sea ice and overlying snow affect the transfer
of heat from the warmer ocean to the surface by acting as thermal insulators (Arduini et al., 2022). Consequently,
variations in snow depth and sea ice thickness are likely to impact surface temperature. Research has shown that
increased snow accumulation on sea ice can lead to thicker ice cover (Holland et al., 2021). Figure A1 shows
significant positive correlations between changes in sea ice thickness and snow depth and negative correlations
between changes in surface skin temperature and both sea ice thickness and snow depth changes. If the corre-
lations between sea ice thickness, snow depth, and surface temperature changes are considered, the Compl,
Comp2, and Comp3 are

ohy oT,\ dh;
l - A B s s 1
Comp ( + xahi+CXahi)><—t (6)
oh; oT,\ dh,
oh; oh, dT,
— A 1 B 0] S
Comp3 < X oT, + B X oT, + C) X " (8)

where the partial derivatives of two variables are calculated as the regression coefficients of these two parameters,
for example, d(h,)/d(h;) as the regression coefficient of snow depth and sea ice thickness.

The Arctic Ocean is divided into three regions, region 1 (R1), region 2 (R2), and region 3 (R3) (Figure 1), to
investigate how the variables vary across different areas of the Arctic Ocean. These regions were classified based
on the spatial distribution of monthly mean PIOMAS sea ice thickness in October from 1979 to 2022. R1 rep-
resents the pack ice area with the thickest and mostly perennial sea ice with ice thickness equal to or thicker than
2.2 m; R3 represents the peripheral seas where sea ice is thinnest and seasonal with ice thickness less than 0.8 m;
and R2 lies between R1 and R3 and represents the transitional region. These regions are slightly different based on
monthly mean PIOMAS sea ice thickness in other months with different thresholds. The R3 does not include all
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Three regions in the Arctic
180

Figure 1. Three representative regions in the Arctic. R1: the region with

the peripheral seas. Variables were averaged over these regions and are shown
when over 50% of the regions have valid values, that is, ice covered.

i

The surface energy budget (SEB) at the surface is presented as

SEB = SSR + STR + SSHF + SLHF + CHF + RES 9)

where SSR is the surface net solar radiation flux, the surface net longwave
radiation flux (STR) is the total of surface downward longwave radiation flux
(STRD) and surface upward longwave radiation flux; SSHF and SLHF are
surface sensible heat flux and surface latent heat flux, respectively; and RES
is the residual heat flux. When we compared the derived CHF with other
surface energy flux terms over the sea ice-covered areas of the Arctic Ocean,
our main focus was in wintertime; thus, the SSR term was not included.

2.2. Data

The monthly mean sea ice thickness and snow depth from 1979 to 2022 come
from PIOMAS reanalysis. PIOMAS is a coupled ice-ocean model, which
consists of a 12-category thickness and an enthalpy-distribution sea ice model
and the Parallel Ocean Program (Schweiger et al., 2011; Zhang & Roth-

mostly perennial/thick sea ice; R2: transition zone from the perennial/thick rock, 2001, 2003). A snow model in terms of snow thickness distribution

sea ice region to the seasonal/thin sea ice region; and R3: the seasonal/thin corresponding to the ice thickness distribution accompanies the sea ice model.

sea ice region.

The sea ice thickness and snow depth are derived from jointly solving the

thickness-distribution equations of sea ice thickness and snow depth and an
enthalpy-distribution equation. PIOMAS uses daily mean NCEP/NCAR reanalysis data as atmospheric forcing,
and assimilates daily satellite derived sea ice concentration and sea surface temperature (Lindsay & Zhang, 2006;
Schweiger et al., 2011).

Monthly mean surface skin temperature from 1979 to 2022 comes from ERAS5 reanalysis (Hersbach et al., 2020).
Other monthly mean parameters 1979 to 2022 from ERAS5 reanalysis were also used in this study. They include
surface sensible heat flux, latent heat flux, downward longwave radiation flux at the surface, and net longwave/
thermal radiation flux at the surface.

3. Results

The high CHF values generally correspond to the low values in sea ice thickness, snow depth, and skin tem-
perature, and vice versa. Figure 2 shows an example of derived CHF in January 2001, based on monthly mean sea
ice thickness, snow depth over sea ice, and surface skin temperature, as per Equation 1. The derived CHF exhibits
a pattern of higher values over peripheral seas, with the maximum CHF of over 18.0 Wm™2 observed in the
coastal areas of the Kara and Barents Seas, and lower values of less than 12.0 Wm™2 over pack ice areas north of
the Canadian Archipelago and Greenland. The sea ice is thickest north of the Canadian Archipelago and becomes
thinner toward the peripheral seas, with the thinnest sea ice over the Kara and Barents Seas. The snow depth
follows a similar spatial pattern to that of ice thickness, except that snow depth is more spatially heterogeneous.
Surface skin temperature often has similar spatial patterns to sea ice thickness and snow depth, with the coldest
temperatures over thick ice and warmer temperatures over peripheral seas. In January 2001, there was an extended
low-temperature area from the Canadian Archipelago to East Siberia.

The mean monthly CHFs from 1979 to 2022 over the Arctic Ocean are depicted in Figure 3. Spatially, the largest
CHFs occur near the coastal areas and peripheral seas, where minimum sea ice thickness, snow depth, and
warmest surface temperatures exist. Toward the perennial ice, the CHF decreases and reaches a minimum in the
regions north of the Canadian Archipelago and Greenland, where the thickest sea ice and snow depth, along with
the lowest surface temperature, prevail. Seasonally, the maximum positive CHFs of over 24.0 Wm™? appear in
November and December, especially over the peripheral seas during the sea ice growth phase. From January to
May, the CHF gradually decreases as sea ice thickness and snow depth increase. It then becomes negative from
June to August when the sea ice and snow start to melt, with skin temperatures exceeding the freezing point.
Finally, the CHF returns to positive values in September and continues to increase thereafter.
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(a) Conductive heat flux in January 2001 (b) Ice thickness in January 2001
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(c) Snow depth in January 2001

m

0 008 0.16 024 032 04 250 260 270 280

Figure 2. (a) Derived conductive heat flux (Wm™2), (b) ice thickness (m), (c) snow depth (m), and (d) surface skin
temperature (K) monthly means in January 2001.

The annual cycles of monthly mean CHFs, sea ice thickness, snow depth, and surface skin temperature averaged
over regions R1, R2, R3, and the whole Arctic Ocean, respectively, are illustrated in Figure 4. Over R1, R2, and
R3, sea ice begins to grow in September or October, reaches its maximum thickness in May, and subsequently
melts, consistent with findings in Liu et al. (2020). This feature is not seen in the monthly mean ice thickness over
all regions, because all regions include R3 from June to October, when the sea ice thickness at its minimum over
R3. Snow depth increases from August and starts decreasing in May. Surface skin temperature is warmest and
above the freezing point from June to August, and then gradually cools, reaching its lowest point in February.
Notably, sea ice is thickest over R1 and thinnest over R3 throughout the year, mirroring the snow depth patterns.
Additionally, surface skin temperature is warmest over R3 and coldest over R1. The derived CHFs exhibit their
highest positive values in November and December across all regions—over 20.0, 15.0, and 10.0 Wm™> for R3,
R2, and R1, respectively. These values remain higher than 10.0 Wm™ over R1 and R2 from January to March,
decrease thereafter, become negative from June to August, and then return to positive in September. Overall, the
highest CHFs occur over R3, while the lowest are observed over R1. These annual cycles align with the features
depicted in Figure 3.

Changes of monthly CHFs from January to December spanning the years 1979-2022 are illustrated in Figure 5,
with time series of monthly mean CHFs in November to February from 1979 to 2022 over region R1, R2, and R3
and over all regions in Figure 6. The changes are predominantly positive over the Arctic Ocean between October
and March, with negative values observed in June and August. The most significant increasing changes of over
0.24,0.24, and 0.16 Wm_z/year are observed over the Beaufort, Chukchi, and East Siberian Seas in November,
December, and January, respectively, corresponding to peak mean CHFs during those months, and smaller
positive changes of less than 0.16 Wm™>/year over the pack ice. These features are consistent with the CHF time
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(a) Mean CHF in January (1979-2022) (b) Mean CHF in February (1979-2022) (c) Mean CHF in March (1979-2022)

Figure 3. Monthly mean conductive heat flux from 1979 to 2022. Only regions with monthly mean sea ice concentration
higher than 80% are shown (Wm™?).

series from November to February, which show significant positive changes from 1979 to 2022 with higher
positive changes over R3 than R1 (Figure 6). For instance, in January, the pronounced positive changes over these
seas align with negative changes in sea ice thickness and snow depth, and moderately positive changes in surface
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Figure 4. Averaged (a) monthly mean conductive heat flux, (b) monthly mean ice thickness, (c) monthly mean snow depth,
and (d) monthly mean skin temperature over 3 regions in the Arctic from 1979 to 2022.

skin temperature (Figure 7). Compared to the changes over the Beaufort, Chukchi, and East Siberian Seas, smaller
positive changes over the pack ice correlate with larger negative changes in sea ice thickness, modest positive
changes in surface skin temperature, and minor negative changes in snow depth; relatively moderate positive
changes over the Kara Sea coincide with negative changes in sea ice thickness and snow depth, alongside sub-
stantial positive changes in surface skin temperature.

Figure 8 depicts CHF changes attributed to changes in sea ice thickness, snow depth, and surface skin temperature
in January, as per Equations 6-8. Positive CHF changes due to changes in sea ice thickness are predominantly
observed over peripheral seas as high as 0.24 Wm™%/year, driven by large negative changes in sea ice thickness.
However, these positive changes diminish north of the Canadian Archipelago, where mean sea ice thickness and
snow depth are greater, thereby reducing CHF sensitivity to these changes (Equations 3 and 6). Similarly, positive
CHF changes over 0.08 Wm™*/year due to changes in snow depth are notable over the peripheral seas, reflecting
substantial negative changes in snow depth. Conversely, these positive changes decrease north of the Canadian
Archipelago, where less negative snow depth changes and high mean snow depth result in lower CHF sensitivity
(Equations 4 and 7). The sensitivity of CHF changes to changes in snow depth is generally higher when all
parameters are considered independently, but changes due to changes in sea ice thickness remain comparable or
higher, particularly given larger sea ice thickness changes than snow depth and the positive correlations between
sea ice thickness and snow depth changes (Equations 6 and 7).

CHF changes attributable to surface skin temperature exhibit predominantly negative values across the Arctic
Ocean, reflecting positive changes in surface skin temperature. The absolute values of these changes are less than
0.08 Wm™?/year. Notably, more substantial negative changes are observed over the Kara Sea, driven by pro-
nounced warming changes in surface skin temperature, which counterbalance changes from sea ice thickness and
snow depth changes and lead to moderately positive CHF changes. Overall, thinner sea ice and snow contribute to
stronger CHFs and greater sensitivity of CHF changes to changes in sea ice thickness and snow depth, thereby
explaining the largest positive changes and corresponding mean CHFs observed over the Beaufort, Chukchi, and
East Siberian Seas in November, December, and January, respectively.

Figure 9 displays spatial averages of changes in CHFs due to changes in sea ice thickness, snow depth, and surface
skin temperature. Changes attributed to changes in sea ice thickness closely align with overall CHF changes
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(a) Trend of CHF in January (1979-2022)
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(d) Trend of CHF in April (1979-2022)
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(g) Trend of CHF in July (1979-2022)
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(j) Trend of CHF in October (1979-2022)
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Figure 5. Changes of monthly conductive heat flux from 1979 to 2022 (Wm_zlyear).

(b) Trend of CHF in February (1979-2022)
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(e) Trend of CHF in May (1979-2022)
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(h) Trend of CHF in August (1979-2022)
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(k) Trend of CHF in November (1979-2022)
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(c) Trend of CHF in March (1979-2022)
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(f) Trend of CHF in June (1979-2022)
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(i) Trend of CHF in September (1979-2022)
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(I) Trend of CHF in December (1979-2022)
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across regions R1, R2, and R3. Similarly, changes due to changes in snow depth follow the annual cycle of overall

CHEF changes, but with a less pronounced variation in magnitude. Conversely, changes due to changes in surface
skin temperature exhibit negative values across all regions, opposing the annual cycle of overall CHF changes,

LIU AND ZHANG

8 of 17

d L *STOT ‘16T6691T

woiy pap

sdny

ASUADI' suoWo)) aAnear) a[qesrdde ay) £q pauIaA0S aIe sa[oNIE () 128N JO sani 10j AIeIqIT AUIUQ KJ[TAL UO (SUONIPUOI-PUL-SULI) WO AA[Im’ AIRIqTjaur[uoy//:sdny) suonipuoy) pue sway, oyl 228 ‘[$207/80/90] U0 Areiqr aurjuQ Aafip ‘uoiduryse JO Knsioatun £q 290Z20D0+T0T/6T01°01/10p/wod Kajim A,



A7 |
M\I Journal of Geophysical Research: Oceans 10.1029/2024JC022062
AND SPACE SCIENCES
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(c) November conductive heat flux, 1979-2022 (d) December conductive heat flux, 1979-2022
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Figure 6. Time series of monthly mean CHFs in (a) January, (b) February, (c) November, and (d) December from 1979 to 2022 over region 1, region 2, region 3, and the
Arctic Ocean, respectively, as shown in Figure 1. All the changes listed in these figures are statistically significant at the 95% confidence level.

(a) Trend of ice thickness in January (1979-2022)

90w |

-0.04 -0.02

"z 150E

particularly noticeable from November to April. CHF changes due to changes in sea ice thickness and snow depth
turn negative when surface skin temperature exceeds the freezing point, despite negative changes in sea ice
thickness and snow depth. The sensitivity of CHF changes to changes in sea ice thickness and snow depth is
strongest in region R3, followed by R2 and then R1, corresponding to the mean state of sea ice thickness and snow
depth in these regions. These results are consistent with those seen in the CHF changes for January (Figure 8).

CHF is a critical component of the surface energy budget, and comparing its seasonal variations and changes with
other surface energy fluxes provides valuable insights. The annual evolutions of monthly mean CHF, surface
sensible heat flux (SSHF), surface net longwave radiation flux (STR), and surface latent heat flux (SLHF) are
shown in Figure 10 to illustrate their variations with season and their relative magnitudes. The STR exhibits
negative values in all months (net flux from the surface to the atmosphere) and the largest seasonal variations,
with the maximum negative values from December to March around —40.0 Wm™2 and the minimum negative
from July to September around —16.0 Wm™2. The CHF has comparable magnitude of seasonal variation as that of

(b) Trend of snow depth in January (1979-2022) (c) Trend of surface skin temperature in January (1979-2022)
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m/year

i 1508
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Figure 7. Changes of ice thickness (a), snow depth (b), and surface skin temperature (c) in January from 1979 to 2022.
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(a) Trend of CHF from ithk in January (1979-2022) (b) Trend of CHF from snow in January (1979-2022) (c) Trend of CHF from skt in January (1979-2022)
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Figure 8. Changes of conductive heat flux trend in January from 1979 to 2022 due to (a) trend of ice thickness, (b) trend of snow depth, and (c) trend of surface skin
temperature in January from 1979 to 2022.

CHF trends (Wm*®/year)

CHF trends (Wm?year)
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(a) Trend partitions over all regions

the STR, with the maximum positive values from November to February around over 10.0 Wm™2 over all regions
and around 20.0 Wm™2 over R3, with the slightly negative values around —2.0 Wm ™2 in August. The SLHF has
negative fluxes in all months of a year, with the maximum negative values around —12.0 Wm™ in May and June,
and the minimum negative values of around —2.5 Wm™> from November to March. The SSHF has the smallest
seasonal variations, with the maximum negative values of around —4.0 Wm™2 in November and December over

R3 and slightly positive values from June to September.

Figures 5a and 11 illustrates changes in CHF, SSHF, STR, SLHF, and the total of these surface energy flux
(STR + SSHF + SLHF; surface solar radiation flux is negligible in January) in January from 1979 to 2022.
Positive changes indicate increased energy flux toward the surface. In January, CHF changes are predominantly
positive over the Arctic Ocean, with notably higher values over peripheral seas. SSHF, SLHF, and STR changes,
however, exhibit different spatial variability. They are generally positive over the perennial ice region (R1),

(b) Trend partitions over region 1
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Figure 9. Annual conductive heat flux changes and changes due to the changes of ice thickness, snow depth, and surface skin temperature averaged over (a) the Arctic,
(b) region 1, (c) region 2, and (d) region 3 shown in Figure 1 from 1979 to 2022.
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(a) Monthly mean conductive heat flux (b) Monthly mean sensible heat flux
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Figure 10. Averaged (a) monthly mean conductive heat flux, (b) monthly mean sensible heat flux, (c) monthly mean net longwave radiation flux at the surface, and
(d) monthly mean latent heat flux over region 1, region 2, and region 3 as shown in Figure 1, and the Arctic Ocean from 1979 to 2022.

positive with lesser magnitude in the transitional region (R2), and show mixed positive and negative changes over
the peripheral seas (R3). The magnitude of CHF changes over peripheral seas is comparable to or higher than the
changes observed for SSHF, SLHF, and STR over the pack ice.

Figure 12 presents annual cycles of regional averages of CHF, STR, SSHF, and SLHF changes from 1979 to
2022. Please note our focus is in wintertime, so the SSR term is not included here. In region 1, STR, SSHF, and
SLHF changes are positive in most months, with STR showing the highest positive values in most months, for
example, close to 0.28 Wm™%/year in February. CHF changes are comparable to other flux changes from
November to January at around 0.10 Wm™*/year but exhibit smaller magnitudes in other months, turning negative
from June to August. In region 2, STR, SSHF and SLHF changes are positive in most months, with STR dis-
playing the highest positive values in most months, for example, 0.24 Wm™*/year in April. CHF changes align
closely with other flux changes from October to March but turn negative from June to August. In region 3, CHF
changes are positive from November to March and larger than any other changes, for example, 0.29 Wm™*/year in
November, and display comparable magnitudes with other flux changes from March to May. SSHF and SLHF
changes, however, are negative from November to January.

4. Discussion

CHF changes depend on changes in sea ice thickness and snow depth. Positive CHF changes can be attributed to
negative changes in ice thickness and snow depth, as well as negative changes in surface skin temperature. Over
the past few decades, with the reduction in sea ice thickness, CHFs have increased, especially over the peripheral
seas from November to March. The increased CHFs toward the surface are expected to warm the surface,
resulting in higher surface temperatures. Many processes contribute to polar amplification (P. C. Taylor
et al., 2022), and the increase in CHFs can be one of these processes. Meanwhile, other energy flux terms at the
surface are also changing due to various processes. For example, moisture transport and warm air advection into
the Arctic warm and moisten the air, potentially producing more clouds, and leading to positive changes in
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(a) Trend of STR+SSHF+SLHF in January (1979-2022) (b) Trend of SSHF in January (1979-2022)
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(c) Trend of SLHF in January (1979-2022) (d) Trend of STR in January (1979-2022)
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Figure 11. (a) Trend of total of surface net longwave radiation flux (STR), surface sensible heat flux (SSHF), and surface
latent heat flux (SLHF), (b) trend of SSHF, (c) trend of SLHF, and (d) trend of STR in January from 1979 to 2022. Vertical
fluxes are positive toward the surface.

downward longwave radiation (Liu et al., 2018; Park et al., 2015). The positive changes in CHFs from November
to March indicate increased latent heat of fusion from sea ice growth, leading to stronger sea ice growth during
these months. This suggests that this process helps sea ice thickness recover after dramatic reductions. However,
the monthly mean sea ice thickness continues to decrease across the entire Arctic Ocean from 1979 to 2022,
indicating that many other processes play a role. These include the sea ice albedo feedback in the summer,
moisture intrusion, heat advection into the Arctic in the winter, stronger ocean heat transport, and many other
processes that may contribute to sea ice melt in the Arctic (P. C. Taylor et al., 2022).

Monthly mean data were utilized instead of daily data for CHF calculations, which introduces potential un-
certainties. For January 2001, the monthly mean CHF was computed as the average of daily CHFs derived from
daily sea ice thickness, snow depth, and surface skin temperature. Comparing both CHFs (Figures 2a and A2a) for
January 2001 reveals a bias of 0.13 Wm™ and a root mean square error (RMSE) of 0.76 Wm™2, with a spatial
average of 15.1 Wm™2. Despite this uncertainty, it is unlikely to significantly impact the primary conclusions
drawn in this study. Arctic sea ice extent reached record lows in 2007 and 2012. To assess the impact of extreme
conditions on the CHF uncertainties, similar analyses were performed for January 2008 and 2013, comparing
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Figure 12. Trend of conductive heat flux (CHF), the surface sensible heat flux (SSHF), surface latent heat flux (SLHF), and surface net longwave radiation flux (STR)
averaged over (a) the Arctic, (b) region 1, (c) region 2, and (d) region 3, respectively, shown in Figure 1 from 1979 to 2022.

CHFs derived from monthly mean data to those from daily data. The resulting biases were —1.07 and
—0.52 Wm™2, with RMSEs of 0.75 and 1.11 Wm™2, corresponding to spatial averages of 18.7 and 17.5 Wm™2,
respectively. It is also worth noting that extreme events, such as storms, and their effects on ice thickness and
snow depth are well represented in PIOMAS (Zhang et al., 2013).

PIOMAS ice thickness has been validated against in situ ice thickness measurements from submarines, ICESat
retrieved ice thickness, and model ice thickness (Schweiger et al., 2011). The results indicate that PIOMAS ice
thickness has an uncertainty of 0.78 m (RMS), with biases up to 0.4 m when compared to submarine measure-
ments. However, PIOMAS tends to overestimate thin ice thickness and underestimate thick ice, potentially
leading to a smaller decreasing trend in ice volume than reconstructions based on observations. PIOMAS ice
thickness agrees well with ICESat ice thickness retrievals, with a mean difference of less than 0.1 m over areas
where submarine data are available, although differences are larger outside these areas. Spatial patterns of
PIOMAS thickness closely resemble those of ICESat thickness, with pattern correlations exceeding 0.8. The
uncertainties in PIOMAS sea ice thickness can affect the derived means and changes of CHF, as well as the
distribution of CHF changes attributed to changes in sea ice thickness, snow depth, and surface temperature. The
uncertainties in PIOMAS snow depth have been less extensively studied compared to sea ice thickness. PIOMAS
snow depth has been evaluated against snow depth data from Operation IceBridge's airborne measurements, ice
mass balance snow buoys, and satellite retrievals from Ka-band frequency SARAL/Altika and Ku-band fre-
quency CryoSat-2 in the Arctic (Garnier et al., 2021). The results indicate that PIOMAS snow depth exhibits
similar spatial distribution and pan-Arctic mean values to satellite retrievals, albeit with higher overall values.
When compared to Operation IceBridge data from 2014 to 2018, PIOMAS shows a bias of 4.3 cm and an RMSE
of 10.2 cm. Comparisons with ice mass balance snow buoys from 2013 to 2016 reveal a bias of —2.2 cm and an
RMSE of 5.11 cm (Garnier et al., 2021). These uncertainties in PIOMAS snow depth may also contribute to
uncertainties in CHF calculations. Comparison of ERAS reanalysis to buoy observations in the Arctic from 2011
to 2020 shows that ERAS surface temperature has a cold bias of —4.11°C with an uncertainty of 3.92°C (Yu
et al., 2021). ERAS ice surface temperature is shown to have a warm bias in the Antarctic when satellite derived
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ice surface temperature products are used as a reference without uncertainty information provided (Wang
et al., 2024).

According to J. R. Taylor (1982), the uncertainty in the CHF resulting from uncertainties in PIOMAS snow depth,
ice thickness, and ERAS surface temperature can be estimated using uncertainty propagation. The total CHF
uncertainty is calculated as the square root of the sum of the squares of the partial derivatives of CHF with respect
to each variable, each multiplied by the uncertainty in that variable. For example, with a sea ice thickness of 2.0 m,
snow depth of 0.2 m, and surface skin temperature of 251.0 K, the CHF is 12.2 Wm ™. The partial derivatives of
CHF with respect to ice thickness, snow depth, and surface temperature are the —3.7 Wm™>/m, —23.8 Wm™*/m,
and —0.6 Wm™%/K, respectively as in Section 2.1. Given uncertainties of 0.78 m for ice thickness, 0.102 m for
snow depth, and 3.92 K for surface temperature, the resulting overall CHF uncertainty is approximately
44 Wm™

The CHF calculation simplifies by assuming a linear vertical temperature distribution within the snow and sea ice.
However, in reality, this process is more complex. Assuming a linear vertical temperature profile in the ice slab
results in a uniform conductive heat flux across the ice slab, which can influence estimates of ice thickness.
Comparisons of annual mean ice thickness between the three-layer model, which incorporates a nonlinear vertical
temperature profile, and the zero-layer model with a linear vertical temperature profile reveal differences. For
example, with a mean ice thickness of 2.52 m, the discrepancy is 0.07 m or 3% (Wang et al., 2010; Zhang and
Rothrock, 2001).

In the wintertime, the positive CHF changes are larger than the total of other energy flux changes over the pe-
ripheral seas (Figure A3), especially from November to February (Figure A3d). Spatially, the CHF changes show
positive changes over Barents, Chukchi, and East Siberia Seas from November to February (Figure 5). In ERAS,
the sea thickness is set as uniform and constant at 1.5 m, and ERAS does not apply an explicit prognostic
parameterization of the snow cover (Batrak et al., 2024). It is expected that derived CHF based on ERAS ice
thickness and snow depth over sea ice would not show strong positive CHF over the peripheral seas. One possible
impact might be underestimate of the surface temperature warming changes over the peripheral seas, as the
surface skin temperature trend in January shown in Figure 6c.

5. Conclusions

The CHF is a crucial component of the surface energy budget over the Arctic Ocean, closely tied to sea ice growth
and influencing surface temperatures. This study calculated monthly mean CHFs from 1979 to 2022 using sea ice
thickness and snow depth data from PIOMAS reanalysis, along with surface skin temperature data from ERAS
reanalysis. Monthly CHF means and changes in monthly CHF over the study period were computed and pre-
sented. Given that CHF depends on sea ice thickness, snow depth, and surface skin temperature, the study also
analyzed changes in CHF attributable to changes in these variables. Comparisons were made between CHF
changes and those of surface sensible heat flux (SSHF), surface latent heat flux (SLHF), and surface net radiation
flux (STR). Spatial averages of these variables and their changes were calculated across perennial ice areas,
coastal areas, and transitional zones. Key findings include the following:

o Spatially, over the Arctic Ocean, the highest CHFs are observed over coastal areas and peripheral seas where
sea ice thickness and snow depth are minimal. CHF values decrease toward the pack ice regions and reach
their minimum near the regions north of the Canadian Archipelago and Greenland. Seasonally, the maximum
positive CHFs occur in November and December, coinciding with the beginning of the sea ice growth after the
melting season. CHF gradually decreases from January to May, reaching negative values from June to August.
CHEF returns to positive values in September and continues to increase thereafter.

¢ Changes of monthly CHFs from 1979 to 2022 show predominantly positive values over the Arctic Ocean from
October to March, with negative changes in June and August. The largest positive changes are observed over
the Beaufort, Chukchi, and East Siberian Seas in November, December, and January, respectively, coinciding
with the highest mean CHFs during those months.

e The changes of CHFs due to changes in sea ice thickness, snow depth, and surface skin temperature are
predominantly positive, positive, and negative, respectively. The overall trend of CHF averaged over the
Arctic Ocean is largely influenced by changes in sea ice thickness changes.
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o The magnitude of the CHF changes is comparable to the changes of surface sensible heat flux (SSHF), surface
latent heat flux (SLHF), and surface net longwave/thermal radiation flux (STR) over the pack ice. Changes in
CHF over the peripheral seas may exceed those of SSHF, SLHF, and STR.

o A better representation of sea ice thickness and snow depth over sea ice in the reanalysis would possibly
produce realistic CHF changes, and improve the depiction of the surface temperature changes.

This study presents a methodology to calculate CHFs using reanalysis data and potentially satellite retrievals.
With available sea ice thickness data from satellite retrievals and the potential for satellite-retrieved snow depth
data, monitoring CHFs over the sea ice-covered Arctic Ocean in near real time could enable more accurate es-
timates of sea ice growth. Given the expected ongoing decrease in Arctic sea ice, with potential summer ice-free
conditions projected for this century (Diebold et al., 2023; Wang et al., 2022), monitoring how CHFs would
change under this scenario is important and needs further research.

Appendix A

(a) Regression of sit and snow depth in January (1979-2022) (b) Regression of sit and skt in January (1979-2022) (c) Regression of snow depth and skt in January (1979-2022)

[ _____UhEpas B

4 2 0 2 4 76 8 10 12 -0.16 -0.08 0 0.08 0.16 -0.016 -0.008 0  0.008 0.016

Figure A1. Regression coefficients of (a) sea ice thickness (sit) on snow depth, (b) sit on surface skin temperature (skt), and (c) snow depth on skt in January from 1979 to
2022.

(a) CHF calculated with monthly mean January 2001 (b) CHF calculated with daily means January 2001

Wm?

Figure A2. Derived conductive heat flux based on (a) monthly mean as in Figure 2a and (b) mean of the daily conductive heat
fluxes from daily mean sea ice thickness, snow depth, and surface skin temperature.
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Figure A3. Trend of conductive heat flux (CHF), the total of surface sensible heat flux (SSHF), surface latent heat flux (SLHF), and surface net longwave radiation flux
(STR) averaged over (a) the Arctic, (b) region 1, (c) region 2, and (d) region 3, respectively, shown in Figure 1 from 1979 to 2022.
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