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Abstract. Spatio-temporal variations and climatological trends in the sea-ice concentration (SIC) are highly important for the

energy budget of the lower atmosphere and the upper ocean in the Arctic. To better understand the local, regional, and global

impacts of the recent rapid sea-ice decline, one of the key issues is to quantify the interactions of SIC and the surface radiative

fluxes. We analyse these effects utilising four global atmospheric reanalyses, ERA5, JRA-55, MERRA-2, and NCEP/CFSR and

evaluate the uncertainties arising from inter-reanalysis differences in the sensitivity of the surface radiative fluxes to SIC. Using5

daily data over the period 1980–2021, the linear orthogonal-distance regression indicates similar sensitivity of surface upward

longwave radiation to SIC in all reanalyses with the greatest sensitivity in the cold season November–April (over 150 W m-2

per -0.1 change in SIC) and up to 80 W m-2 per -0.1 change in SIC in May–October. We find that the effect of SIC on both

surface upward longwave and shortwave radiation has mostly weakened in all seasons between the study periods of 1980–2000

and 2001–2021. The decrease in the sensitivity of upward longwave radiation to SIC can be attributed to the increasing surface10

temperature of sea ice, which dominated in the inner ice pack, and to the sea-ice decline, which dominated in the marginal

ice zone. Approximately 80 % of the decadal decrease in upward shortwave radiation in May–July was caused by a decrease

in surface albedo, controlled by SIC decrease, and the rest was caused by a decrease in downward shortwave radiation due to

increase in cloudiness, mostly close to sea ice margins.

1 Introduction15

Sea ice in the Arctic Ocean both affects and is affected by thermal longwave radiation and solar shortwave radiation. The

former dominates the surface net radiation over most of the year and triggers the spring onset of snowmelt on top of sea ice

(Mortin et al., 2016), whereas the latter is the key driver of summertime surface melt of snow and ice (Perovich et al., 2007).

In winter over the Arctic Ocean, the snow surface temperature occasionally drops below -40 ◦C, which strongly reduces the

emitted longwave radiation (Persson et al., 2002). Simultaneously, open leads with a surface temperature close to -1.8 ◦C emit20

almost double the amount of longwave radiation, and refrozen leads have intermediate values for surface temperature and

longwave radiation emission.

In summer, the surface conditions are close to isothermal, and the longwave radiation emitted is much less sensitive to

the presence of sea ice, whereas the effects of sea ice and snow on reflected solar radiation are strong. New dry snow has a
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surface albedo of approximately 0.85, and even melting ice has a surface albedo of approximately 0.4 (Light et al., 2022),25

which is much higher than that of the open sea (less than 0.1). Hence, during spring and summer, the strong reflection from

the snow or ice surface strongly reduces the surface net shortwave radiation. Throughout the year, both open water and sea ice

surfaces generally emit more longwave radiation than they receive from clouds and the atmosphere (Persson, 2012). This is

due to the high emissivity of snow and ice, 0.97-0.98 (Liang et al., 2014), which far exceeds the typical emissivity of the Arctic

atmosphere, even under cloudy conditions (Garrett and Zhao, 2006). An exception occurs in the presence of thick water clouds30

in summer, which emit almost like a black body and have base temperatures close to or even higher than that of the snow/ice

surface
:::::::::::::
(Persson, 2012).

The above-mentioned findings are based on data from rare field campaigns in the Arctic sea ice zone. To understand the

processes on a regional scale as well as their seasonal, inter-annual, and decadal variations and past trends, atmospheric and

ocean reanalyses, as well as satellite remote sensing products, must be applied. Comparison of different reanalyses against35

each other and observations is vital to evaluate their uncertainty. Reanalysis products for surface radiative fluxes over sea ice

have been compared and evaluated in several studies (Walsh et al. (2009); Graham et al. (2019); Jonassen et al. (2019); Yeo

et al. (2022)). The ERA5 (Hersbach et al., 2020) and NCEP/CFSR (Saha et al. (2010); Saha et al. (2014)) reanalyses generally

perform better than others (Jonassen et al. (2019); Di Biagio et al. (2021)), but challenges remain, especially for clouds and

downward longwave radiation in winter (Graham et al., 2019). Additionally, reanalysis products for sea-ice concentration (SIC)40

have been compared (Graham et al., 2019). However, we are not aware of any study addressing inter-reanalysis differences in

the relationship between SIC and radiative surface fluxes. This is a key question, as SIC plays a crucial role in the radiative

surface fluxes and the surface energy balance over the Arctic Ocean.

Relevant research questions include the spatial patterns of the relationships between SIC and radiative surface fluxes over

the Arctic Ocean, and the seasonal evolution of these relationships during the spring and autumn transitions. Considering the45

threshold value of SIC for sea ice to dominate the sign of the regional surface fluxes, it is known that for turbulent surface

fluxes in winter, the threshold typically exceeds 0.9 (Vihma (1995); Andreas et al. (2010)), but for radiative fluxes, the thresh-

old has not received as much attention. Regarding climatological trends, according to satellite passive-microwave data from

1979—2021, the average yearly sea-ice extent in the Arctic has declined by more than 50 000 km2 per year (Parkinson, 2022).

To understand at the process level how the major sea ice decline has affected the ocean and atmosphere locally, regionally, and50

globally, the necessary first step is to quantify the effects of SIC on the surface energy balance of the Arctic Ocean. Further-

more, the range of uncertainty in these effects and their changes over recent decades deserves attention.

To meet the above-mentioned challenges, we analyze the effects of SIC on surface upward shortwave and longwave radia-

tion and clouds based on products of four atmospheric reanalyses. This is a follow-up study to Uhlíková et al. (2024), in which

we addressed the effects of SIC on the turbulent surface fluxes of sensible and latent heat over the Arctic Ocean.55
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2 Material and Methods

To investigate the relationship between SIC and radiative surface fluxes, we utilised data from four atmospheric reanaly-

ses. Because this paper is a companion paper to Uhlíková et al. (2024) (hereafter referred to as ’the companion paper’), we

use data from (1) the same reanalyses (ERA5 (Hersbach et al., 2023), JRA-55 (JMA, 2013), MERRA-2 (GMAO (2015a);

GMAO (2015b); GMAO (2015c)), NCEP/CFSR (Saha et al. (2010), Saha et al. (2011))), (2) the same study periods (1980–60

2000 and 2001–2021), (3) the same seasons (November–December–January, February–March–April, May–June–July, August–

September–October), and the same temporal resolution (daily means of data), to make the two studies comparable. The term

’NCEP/CFSR’ refers to data from both NCEP Climate Forecast System Reanalysis (CFSR; covering the period 1980–2010,

spatial resolution 0.312° lat �0.313° lon) and NCEP Climate Forecast System Version 2 (CFSv2; covering the period 2011–

2021, spatial resolution 0.204°�0.205°). We unified the spatial resolution for the whole ’NCEP/CFSR’ data set to 0.4°�0.4°65

using bilinear interpolation. Besides this adjustment, we worked with the original horizontal spatial resolution of the remaining

reanalyses: 0.25°�0.25° (ERA5), 0.561°�0.563° (JRA-55), and 0.5°�0.625° (MERRA-2).

From each reanalysis, we have used the following variables: sea-ice concentration (SIC), surface upward longwave radi-

ation (ULW), surface temperature (Ts), surface upward shortwave radiation (USW), surface downward shortwave radiation

(DSW), and cloud water (vertically integrated cloud liquid water + cloud ice; hereafter referred to ’cloud condensate content’,70

CCC). We chose CCC as a metric for cloud conditions, as it provides better available estimate of cloud radiative properties

compared to total cloud cover (Senkova et al., 2007).
::
All

:::::::
surface

:::::::
radiative

:::::
fluxes

:::::
were

::::::
defined

::
as

::::::::
positive.

Using these data, we studied bilateral relationships between SIC and surface upward radiative fluxes (ULW, USW) utilizing

linear bilateral orthogonal-distance-regression model (ODR; Boggs et al. (1988)). Because all variables in reanalyses include

uncertainties, ODR model is more optimal for this data than ordinary-least-squares-regression model (OLSR), which assumes75

no uncertainty in the independent variable (in our case SIC). Additionally, we performed a comparison study of bilateral ODR

and OLSR outputs using data from the above-mention reanalyses and noted, that while the coefficients of determination (R2)

were ’nearly identical’ (at least to five decimal points identical) for both methods, the values of slopes of the regression line

varied considerably. Based on these findings, we additionally decided to utilize OLSR analyses when only studying R2, as

this regression method requires less computing resources to perform. We used linear model for both ODR and OLSR as we80

evaluated it as the most applicable for our purposes primarily following from the finding that typically the first order i.e. linear

term dominates over higher order ones when describing the relationship between two variables with the Taylor series.

The statistical-significance testing of the results was performed using Student’s t-test (95 % confidence interval) with ad-

justed degrees of freedom (DFadj) according to Eq. (31) from Bretherton et al. (1999) to account for autocorrelation of the time

series:85

DFadj = T
1 � R1R2

1 + R1R2
(1)

where T stands for number of days in one sample (in our case days in seasons in the periods of 1980–2000 or 2001–2021)and

R1 respectively ,
:::
R1:::

for
:::::::::
correlation

:::::::::
coefficient

::
of

:::
lag

::
1

:::::::::::::
auto-correlation

:::
of

::::
SIC,

:::
and

:
R2 for correlation coefficient for

::
of

:
lag 1

auto-correlation of surface radiative flux (ULW , USW)and its explanatory variable (SIC)
:
or

::::::
USW). To test the field statistical
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significance of the coefficients of determination (OLSR) and differences in mean decadal seasonal values between the two90

study periods, we have used p-value < 0.05 adjusted by �FDR = 0.10 (false discovery rate, according to Wilks (2016)) to reject

the null-hypothesis that the time series are independent.

As we concluded in the companion paper, the largest differences in the effects of Arctic SIC on surface turbulent fluxes

in reanalyses come from the representation of the sea ice, which is modelled in NCEP/CFSR and prescribed in ERA5, JRA-

55, and MERRA-2. In Table 1, we reiterate the most important differences in representation of the sea ice in reanalyses and95

furthermore present differences in parameterisation of the sea-ice albedo.

3 Results

3.1 Effects of sea-ice concentration on the surface upward longwave radiative flux

Utilizing linear bilateral ODR analysis, we assessed the effects of SIC on ULW. These two variables were negatively correlated

in all seasons and both study periods (Figs. 1 and S1, S3, S4), meaning less SIC–more ULW or more SIC–less ULW. The100

sign of the correlation was in agreement with the theoretical expectations as the open ocean surface in the Arctic is usually

warmer than the sea-ice surface (and much warmer in the cold season, November–April), and accordingly emits more longwave

radiation. As depicted in the above-mentioned Figures, the sensitivity of ULW to SIC (slope of the regression line) did not vary

considerably among reanalyses, with the highest values over 150 W m-2 ULW per -0.1 change in SIC in November–April in

the Central Arctic (north of 81.5◦ N). The dark grey areas
:
in

:::::
these

::::::
Figures

:
indicate a failure of the linear bilateral ODR model105

to converge. For JRA-55 (Fig. 1b
::::::
panels

:
b, f, j

:
in

:::::
Figs.

:
1

:::
and

::::
S1,

:::
S3,

::
S4), this was caused by the binary representation of SIC in

this
:::
the reanalysis, which assigns value 1 to SIC > 0.55, and value 0 to SIC � 0.55. Then, because the SIC in these dark grey

areas was never less than 0.55 during the 21-year periods, every grid cell was assigned a value of 1. Hence, no dependence

with ULW or any other variable could be found. In other reanalyses, the ODR model failure also occurred either because of

very low variability in SIC or due to high uncertainty in the slope of regression between the two variables
:
(as shown in Figs.110

S1 and S2
:
).

::
In

:::
the

:::::
warm

::::::
season

::::::::::::
May–October,

:::
the

:::::
effect

::
of

::::
SIC

::
on

:::::
ULW

::::
was

::::::::
generally

::::::
weaker,

:::
up

::
to

::
80

:::
W

:::
m-2

:::::
ULW

:::
per

::::
-0.1

::::::
change

::
in

:::
SIC

:::::
(Figs.

:::
S3

:::
and

::::
S4).

The sensitivity of ULW to SIC mostly decreased in all seasons between 1980–2000 and 2001–2021 (shades of red in panels

i–l in Figs. 1 and S1, S3, S4), but strengthened in the Central Arctic (shades of blue panels i–l in Figs. 1 and S1, S3, S4).

To explain these changes, in Fig. 2, we show the daily
:::::
values

::
of

:
SIC and ULW in grid cells from ERA5, MERRA-2, and115

NCEP/CFSR data
:
, where the sensitivity changed considerably between 1980–2000 and 2001–2021 in November–December–

January. While in Point 1 (see Fig. 1) from the border of Chukchi and East Siberian seas, the slope of the regression line

became less steep in 2001–2021 compared to 1980–2000, in Point 2 from the Central Arctic, the slope became steeper in the

second (more recent) study period.

As shown in Uhlíková et al. (2024, Fig. 5), the surface temperature of the Arctic sea ice
:::::
(bare

::
or

::::::::::::
snow-covered,

:::::
Tice)120

generally increased between the two study periods, therefore
:::::
hence, the difference between the surface temperature of the ice

(Tice ) and the ocean
:::
Tice::::

and
:::
the

:::::::::
sea-surface

::::::::::
temperature

:
decreased causing lower sensitivity of ULW to SIC in the majority
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Figure 1. Change in upward longwave radiative flux (W m-2) per change of 0.1 in sea-ice concentration (slope of regression line) in the

marine Arctic in November–December–January in four reanalyses (columns), based on the linear orthogonal-distance-regression (ODR)

model. Dark grey indicates areas where the ODR model did not converge; in panels (i)–(l), dark grey shows these areas in 1980–2000 and/or

2001–2021. Only grid cells with a mean of SIC > 0.5 were considered, and only the slopes whose 95 % confidence intervals do not overlap

zero are shown (others masked in white). Points 1 and 2 (in black) from panels (i), (k), (l)) are further analysed in Figure 2.
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of the Arctic in all seasons in the second study period. Also in this study, we show in Fig. 2: Point 1, that ULW (and therefore

the surface temperature) is generally higher in 2001–2021 (lower panels) than 1980–2000 (upper panels) in days with SIC

= 1. Another cause of decreasing sensitivity of ULW to SIC is the fact that in areas where the SIC declined or disappeared125

completely between the two study periods, there is naturally smaller or no effect of SIC on ULW in the second study period.

ULW is also generally not so sensitive to SIC in regions where SIC is low, because in such regions, Tice is typically higher,

closer to sea-surface temperature. This is illustrated in the lower panels of Fig. 2: Point 1, where all the values of ULW in the

grid cells with SIC lower than approximately 0.5 fluctuate close to 300 W m-2.

The increased sensitivity of ULW to SIC in smaller areas in the Central Arctic may be due to increased SIC in reanalyses130

in these areas in 2001–2021 compared to 1980–2000. As shown in Fig. 2: Point 2, there are indeed both higher SIC as well as

steeper slopes of the regression lines in the second study period (lower panels) than in the first one (upper panels). We discuss

the possible mechanisms of the increased SIC in Section 4.1.
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Table 1.Parameterisationof surfacealbedo
::::::
Forecast

:::::
model and representation of the sea ice in reanalyses.

ERA5 JRA-55 MERRA-2 NCEP/CFSR

Sea-ice albedo
::::::
Forecast

:::::
model Prescribed seasonal

cycle, based on

Ebert and Curry (1993)

Parameterised,

function of hourly

� s
a and Ts

b

Prescribed seasonal

cycle, based on

Duynkerke and de Roode (2001)

ParameterisedSea-ice

thickness 1.5 m,

�xed 2 m, �xed n/ac

Modelled (coupled)

Snow on sea ice

None
:::
IFS

:::::::
CY41R2

None
::::
JMA

::::
GSM

:
None

:::::
GEOS

:::::
5.12.4 Modelled (coupled

::::
GFS

::::::::::
(Atmospheric

:::::
model)

:

:::::
MOM4

::::::
(Ocean

:::::
model)

Sea-ice concentration Fractional,

external data set

(OSI SAFea (409a)

1979/Aug 2007,

OSI SAFea oper

Sep 2007-)

Binarydb,

external data set

(COBE-SSTf:c)

Fractional,

external data set

(OISSTgd 1982/Mar 2006,

OSTIAhe Apr 2006-)

Fractional,

modelled (coupled)

:::::
Sea-ice

::::::::
thickness

::
1.5

:::
m,

::::
�xed

:
2

::
m,

::::
�xed

: :::
n/af

:::::::
Modelled

:::::::
(coupled)

::::
Snow

:::
on

::
sea

:::
ice

::::
None

::::
None

::::
None

:::::::
Modelled

:::::::
(coupled)

:::::
Sea-ice

::::::
albedo

::::::::
Prescribed

::::::::
seasonal

:::::
cycleg,

:::::::
based

::::
on

:::::::::::::::::
Ebert and Curry (1993)

:
as

::
in

:::::::::::::
ECMWF (2016)

:::::::::::
Parameterised,

::::::
function

:::
of

:::::
hourly

::
� s

h
:::
and

:::
Ts

i

::::::::
Prescribed

:::::::::::
seasonal

::::
cycle,

:::::::::
based

::::::
on

::::::::::::::::::::::::
Duynkerke and de Roode (2001)

::::::::::
Parameterised

::::::
(output

:::
of

:::::
model

:::::
SIS-1j

:::
by

::::::
GFDLk)

a SIC> 0.55 = 1, SIC� 0.55 = 0.b Ocean and Sea Ice Satellite Application Facility.c Centennial In Situ Observation-based Estimates of the Variability of Sea Surface

Temperatures and Marine Meteorological Variables.d Optimum Interpolation Sea Surface Temperature.e Operational Sea Surface Temperature and Ice Analysis.f A 7-cm ice

layer for computing a prognostic ice surface temperature, which is then relaxed towards 273.15 K as a representation of the upward oceanic heat �ux; n/a: not applicable.g

Considering albedo of fresh snow on top of sea ice (0.85) and its simpli�ed metamorphosis (0.85–0.5).h Solar zenith angle.i Surface temperature.j Sea Ice Simulator.k

Geophysical Fluid Dynamics Laboratory.
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Figure 2. Daily sea-ice concentration (SIC) and upward longwave radiative �ux (ULW) in selected grid cells, indicated in Figure 1 in

panels(i), (k), (l) , where the sensitivity of ULW to SIC between 1980—2000 and 2001-–2021 decreased (Point1, grid cell nearest to 73� N,

180� W) and increased (Point2, grid cell nearest to 83� N, 0� W). ERA5, MERRA-2, and NCEP/CFSR data, days in November–December–

January (1932 days). Black solid lines depict (a part of) the regression line and illustrate their slope.
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To further explore the effect of the surface type in the marine Arctic on ULW, we investigated whether the main driver

of ULW is the SIC orthe surfacetemperatureof seaice (Tice):::
Tice. To answer this question, we compared R2 (coef�cient135

of determination) using SIC and Tice as explanatory variables for ULW. To calculate Tice from the grid-averaged surface

temperature (Ts), we utilized the following equation:

T ice =
T s � (1 � SIC)T ocean

SIC
(2)

where we assumed temperature of the ocean (Tocean) at -1.8 °C (271.35 K).Naturally,this
:::
This

:
assumption cannot be applied

in all grid cells,whereSIC is present,especiallyin theAtlantic sector(GreenlandandBarentsseas),andin
:::
the warm season140

(May–October) in the majority of adjacent seas outside the Central Arctic. Therefore,
:::::::
because

:::
the

::::::
surface

::::::::::
temperature

:::
of

:::
the

:::::
ocean

::
is

:::::
likely

::::
often

::::::
higher

::::
than

::::
-1.8

:::
°C.

::::::
Hence, we focused on the cold season (November–April) in these analyses. We

:::
are

:::
also

::::::
aware,

::::
that

::
in

:::
the

:::::::::
Greenland

::::
and

:::::::
Barents

::::
seas,

:::::
even

::::::::::
cold-season

:::::
ocean

:::::::::::
temperature

::::
may

::
be

:::::::
warmer

::::
than

::::
-1.8

:::
°C

::::
due

::
to

:::
the

:::::
North

:::::::
Atlantic

:::::::
Current

:::::::
carrying

:::::
warm

:::::::
Atlantic

:::::
water

:::
to

:::
this

:::::
area.

:::
We utilized data from only ERA5, MERRA-2, and

NCEP/CFSR because JRA-55 comes with binary representation of SIC, hence, Eq. (2) is not applicable for this data set. As145

shown in Figs. 3 and S5, in November–April, Tice explains
::::::::
explained over 90 % of the variance of ULW(vULW) in areas,

where SIC is very high, whereas SICexplains
:::::::
explained

:
only around 30 % ofvULW

:::
the

:::::::
variance

::
in

:::::
ULW

:
in these areas.

However, in the marginal ice zone, the coef�cient of determination was higher for SIC (around 60 %) compared to Tice (< 30

%). These results were quantitatively very similar in both study periods
:::
and

::
we

::::::
found

::::
very

::::
good

:::::::::
agreement

:::::::
between

:::
the

:::::
three

::::::::
reanalyses.150

3.2
:::::
Effects

:::
of

::::::
sea-ice

::::::::
thickness

:::
on

:::
the

:::::::
surface

:::::::
upward

::::::::
radiative

::::
�ux

::
In

:::::::
addition

::
to

::::
SIC,

:::
also

::::::
sea-ice

::::::::
thickness

:::
and

:::::
snow

:::::
depth

::
on

:::
top

::
of

:::
sea

:::
ice

:::::
affect

:::
the

::::::
surface

::::::::::
temperature

::::
and,

:::::
hence,

:::
the

:::::::
upward

::::::::
longwave

::::::::
radiation.

::::
Due

::
to

:::
the

::::::
limited

::::::
amount

::::
and

:::::::
accuracy

:::
of

:::
data

:::
on

::::::
sea-ice

::::::::
thickness

:::
and

:::::
snow

:::::
depth

::
in

:::
the

::::::
Arctic

::::::
Ocean,

::
we

::::::::
estimate

::::
their

:::::
effect

::
on

:::::
ULW

:::
via

:::::::
analytic

:::::::::::
calculations,

::::::::
analogous

:::
to

::::
those

::
in

:::::::::::::::::::
Uhlíková et al. (2024).

:::
We

:::::
focus

:::
on

:::
the

::::
cold155

:::::
season

:::::
when

:::
the

::::::::
insulating

::::::
effects

::
of

:::
ice

:::
and

:::::
snow

:::
are

::::::
largest.

:::
As

:
a
::::
�rst

::::::::::::
approximation,

:::
we

:::::::
assume

:::
that

:::
the

::::::::::
temperature

::::::
pro�le

::::::
through

:::
ice

:::
and

:::::
snow

::
is

::::::::
piecewise

::::::
linear,

:::::::
resulting

::
in

:::
the

::::::::
following

:::::::::
expression

:::
for

:::
the

:::::::::
conductive

::::
heat

:::
�ux

::
C

:::::::::::::::
(Makshtas, 1991)

:
:

C = k i (T s � Tb)= [hi + (k i � ks)= hs]
:::::::::::::::::::::::::::::::

(3)

:::::
where

::
ki :::::

stands
:::
for

:::
the

::::
heat

::::::::::
conductivity

::
of

::::
ice,

::
Ts:::

for
:::
ice

::::::
surface

::::::::::
temperature,

:::
Tb:::

for
:::
the

:::
ice

::::::
bottom

::::::::::
temperature,

::
hi:::for

:::
the

:::
ice160

::::::::
thickness,

::
ks:::

for
::::
heat

::::::::::
conductivity

::
of

:::::
snow,

::::
and

::
hs :::

for
::::
snow

:::::::::
thickness.

:::
We

::::
used

:::
-1.8

:
� C

::
for

:::
Tb,

:::
2.1

::
W

::::
m-1

:::
K-1

:::
for

::
ki ,:::and

:::
0.3

:::
W

:::
m-1

:::
K-1

:::
for

:::
ks. :::

The
::::::::
turbulent

:::::
�uxes

::
of

:::::
latent

::::
and

::::::
sensible

::::
heat

:::::
were

::::::::
calculated

::::::::
applying

:::
the

:::::::
standard

::::
bulk

::::::::
formulae:

:

LHF = � LECHE(Qa � Qs)V
::::::::::::::::::::::::

(4)
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Figure 3. Proportion of variance in the upward longwave radiation (ULW) explained by sea-ice concentration (SIC) and surface temperature

of the ice (Tice) in November–December–January, 1980–2000 and 2001–2021 (columns), as represented in three reanalyses (rows), based

on linear ordinary-least-square regression model (coef�cient of determination, R2) using daily means of data from ERA5, MERRA-2, and

NCEP/CFSR. Only grid cells with a mean of SIC> 0.5 were considered and only statistically signi�cant results at the 5 % level of signi�-

cance are shown (insigni�cant masked in white).

SHF = � cpCHE(T a � T s)V
:::::::::::::::::::::::

(5)165
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:::::
where

::
�

:::::
stands

:::
for

:::
the

:::
air

:::::::
density,

:::
LE :::

for
:::
the

:::::
latent

::::
heat

::
of

:::::::::::
sublimation,

::
cp:::for

::::
the

::::::
speci�c

::::
heat

:::
of

:::
the

:::
air,

::::
and

::::
CHE :::

for
:::
the

:::::::
turbulent

::::::::
exchange

::::::::::
coef�cient;

:::
(Qa:: - :::

Qs)::::
and

:::
(Ta :

-
:::
Ts):::are

:::
the

::::::::::
differences

::
in

:::::::
speci�c

::::::::
humidity

:::
and

::::::::::
temperature

::::::::
between

:::
the

:::::
lowest

::::::::::
atmospheric

:::::
level

:::
and

:::
the

:::::::
surface,

:::
and

::
V

::::::
stands

::
for

:::
the

:::::
wind

:::::
speed

::
at

:::
the

:::::
lowest

:::::::::::
atmospheric

::::
level

::
of

:::
the

:::::
model

:::::::
applied

::
in

::::
each

:::::::::
reanalysis.

:::
The

:::::::
upward

:::::::::
long-wave

:::::::
radiation

:::::::
(ULW)

:::
was

:::::::::
calculated

::
as:

:

ULW = � T s
4

::::::::::::
(6)170

:::::
where

:
�

::::::
stands

:::
for

::
the

:::::::::::::::
Stefan-Boltzmann

:::::::
constant

::::::::::
(5.67� 10-8

::
W

:::
m-2

::::
K-4).

:::
As

::
in

::::::::::::::::::
Uhlíková et al. (2024),

:::
the

:::::::::
downward

::::::::
longwave

:::::::
radiation

::::::
(DLW)

::::
and

::
the

:::::
input

:::
for

::::
Eqs.

::
(3)

::
to

:::
(6)

::::
were

:::::
taken

::::
from

:::::::::::
observations

::::
from

:::
the

:::::::
SHEBA

::::::::
campaign

::
in

:::
the

::::::
Central

::::::
Arctic

::
in

:::::::
February

:::::
1998

:::::::::::::::::
(Persson et al., 2002)

:
,

::::
when

:::
the

:::::
mean

:::::
values

:::::
were

::
as

:::::::
follows:

:::
155

:::
W

:::
m-2

:::
for

:::::
DLW,

:::
5.0

::
m

::
s-1

:::
for

::
V,

:::
-32

:
� C

:::
for

::
Ta,::::and

:::
0.9

:::
for

:::
the

::::::
relative

::::::::
humidity,

:::::::
yielding

::::
0.17

::
g

:::
kg-1

:::
for

:::
Qa.:::::Then

::::::::
Equations

:::
(3)

::
to

:::
(6)

::::
were

::::::
solved

::::::::
applying

:::
the

::::::::
following

:::::
values

::
of

:::
hi :::::

0.2,
:::
0.5,

::::
1.0,

:::
1.5,

::::
2.0,

:::
2.5,

::::
and

:::
3.0

:::
m,

::::
with

::
hs::::::::::::

systematically
:::
set

::
as

:::
0.1

::
x

::
hi .:::As

::
Ts:: is::::::::unknown

::::
and

::
all

:::
the

::::::
�uxes175

:::::
except

:::::
DLW

::::::
depend

:::
on

::
it,

:
a

:::
set

::
of

::::::::::
calculations

::::
with

::::::
various

::
Ts::::::values

:::
was

::::::
carried

:::
out

:::
for

::::
each

::::::::::
combination

::
of

::
hi::::and

::
hs ::::

until
:::
the

::
Ts::::::

yielded
::::
zero

:::
net

::::
heat

::::
�ux

::::
(sum

:::
of

::::::::
radiative,

:::::::
turbulent

::::
and

:::::::::
conductive

::::::
�uxes)

::
at

:::
the

:::::
snow

::::::
surface,

:::::::::::
representing

::::::::::
equilibrium

:::::::::
conditions.

::::::
The

:::::::::
sensitivity

::
of

:::
Ts, ::

C,
:::
and

:::::
ULW

::
to

:::::
snow

:::
and

:::
ice

::::::::
thickness

::
is

::::::::
presented

::
in

::::
Fig.

::
4.

::
In

:::
the

::::
case

::
of

::::
thin

:::
ice,

:::
the

::::
snow

:::::::
surface

::::::::::
temperature

:
is

::::::
highly

::::::::
sensitive

::
to

:::
ice

::::::::
thickness,

:::
but

:::
the

:::::::::
sensitivity

::::::::
decreases

:::::
when

:::
ice

::::
gets

::::::
thicker

::::
(Fig.

::
4,

::::
left

::::::
panel).

::::
This

::
is180

:::::::
re�ected

::
in

:::::
ULW.

:::
For

:::
0.2

::
m

:::
ice

::::::::
thickness

:::::
(0.02

::
m

::::
snow

::::::
depth),

:::::
ULW

::
is

:::
227

:::
W

::::
m-2,

:::::::
whereas

::
for

::
3

::
m

:::
ice

:::::::
thickness

::::
(0.3

::
m

:::::
snow

:::::
depth)

:::::
ULW

::
is

:::
183

:::
W

::::
m-2,

::::::::::
representing

:
a
:::::::::
difference

::
of

:::
-44

:::
W

:::
m-2.

::::
The

:::::::::
difference

::
in

:::::
ULW

:::::::
between

:::
ice

:::::::::
thicknesses

::
of

::
2

:::
and

::
3

::
m

:
is

::::::
minor

:::
(-2

::
W

:::::
m-2),

::
as

:::
the

:::::::::
conductive

::::
heat

::::
�ux

::::::
through

:::
ice

::::
and

::::
snow

::
is

:::::
small

:::::::
already

::
for

::::
2-m

:::::
thick

:::
ice

:::::::
(covered

:::
by

:::
0.2

::
m

::::
snow

::::::
pack).

::::::::::
Comparison

::
of

:::::
Figs.

:
4

::::
and

::
S1

::::::
shows

:::
that

:::
in

:::::
winter

::
in

:::
the

::::::
Bering

::::
Sea,

::::
Sea

::
of

::::::::
Okhotsk,

:::
and

:::::::
Barents

::::
Sea,

:::::
ULW

::
is

::::::::::::
approximately

::::::
equally

:::::::
sensitive

::
to

::
a

:::::::
decrease

::
of

:::
ice

::::::::
thickness

::::
from

::
3

::
to

:::
0.2

::
m

:::
and

::
to

:
a
::::::::
decrease

::
of

:::
SIC

:::
by

:::
0.1.

::::::::
However,

::::::
closer185

::
to

::
the

::::::
central

::::::
Arctic

:::::
Ocean

::::
and

::
in

:::
the

::::::::
Canadian

:::::
Arctic

::::::::::
archipelago,

:::
the

:::::::::
sensitivity

::
is

:::::
higher

:::
for

::
a

:::::::
decrease

::
of

::::
SIC

::
by

:::
0.1.

::::::
These

::::
high

::::::::
statistical

::::::::::
sensitivities

::
to

:::
SIC

::::
may

:::
be

:::::
partly

:::
due

::
to

::::::::::::
co-occurrence

::
of

::::
low

:::
SIC

::::
and

::::
high

::
ice

:::::::
surface

:::::::::::
temperatures.

:
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Figure 4.
:::::::
Sensitivity

::
of

:::::
snow

::::::
surface

:::::::::
temperature

:::
(left

::::::
panel),

::::::::
conductive

::::
heat

:::
�ux

:::::::
through

::::
snow

:::
and

:::
ice

:::::
(right

:::::
panel,

:::::
dashed

:::::
line),

:::
and

:::::
upward

::::::::
longwave

:::::::
radiation

::::
(right

:::::
panel,

::::
solid

::::
line)

::
to

:::::
sea-ice

:::::::
thickness

:::
and

:::::
snow

::::
depth

:::
(set

::
as

:::
10

::
%

::
of

::
the

:::
ice

::::::::
thickness).

:::
The

:::::::
numbers

:::
are

::::::::::
representative

:::
for

:::::::
February

:
in

:::
the

:::::
central

:::::
Arctic

::::::
Ocean.
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3.3 Effects of sea-ice concentration on surface upward shortwave radiative �ux

The sea-icesurface(bare or snow-covered) has much highershortwavere�ectivity
::::::
surface

::::::
albedo

:::
(the

:::::::::
proportion

:::
of

:::::::
incident

::::::::
shortwave

::::::::
radiation

:::
that

::
is

::::::::
re�ected

::::
back

::
to

:::::
space

:::
by

:::
the

:::::::
surface) than the open sea. Hence, as expected, we found a positive190

correlation between SIC and USW meaning more SIC–more USW or less SIC–less USW in all seasons with solar radiation

present in the Arctic (Figs.4
:
5, S6, S8). USW was the most sensitive to SIC in May–June–July in the Central Arctic – over 100

W m-2 USW per 0.1 change in SIC. The ODR model did not converge in large ares of the marine Arctic in February–March–

April and August–September–October due to lack of variability in both incoming solar radiation, which was mostly very low

during these months, and in SIC, which was very high. This is illustrated for representative grid cells in Figs. S6 and S7.195

The effect of SIC on USW weakened between 1980–2000 and 2001–2021 in nearly all of the Arctic (shades of blue in

panels i–l in Figs.4
:
5
:
and S6). As discussed intheprevioussubsection

::::::
Section

:::
3.1, the sea-ice decline in adjacent Arctic seas

naturally contributes to decreased effect of SIC on ULW; the same applies also to SIC effect on USW. However, because USW

is a result of both, the downward shortwave radiation (DSW) and the re�ectivity of the surface (surface albedo), the decrease in

USW sensitivity to SIC between the study periods could have beenadditionallycaused by changes in either or both of its above-200

mentioned drivers. To address this issue, we created Figs.5, 6, S9–S12
::
7,

:::::::
S10–S13, which show changes in seasonal means

of shortwave radiative �uxes between the periods (� DSW, � USW), � USW explained by change in DSW (� USWDSW), and

� USW explained by change in surface albedo (b,� USWb). The above-mentioned variables were calculated for each grid cell

using daily data according to the following equations:

�DSW = DSW 2001–2021 mean� DSW1980–2000 mean (7)205

�USW = USW 2001–2021 mean� USW1980–2000 mean (8)

b =
USW1980–2000 mean

DSW1980–2000 mean
(9)

�USW DSW = b � �DSW (10)

�USW b = �USW � �USW DSW (11)

Changesin decadalmeans(calculatedfrom daily means)between1980–2000and 2001–2021,May–June–July.Panels210

(a)–(h) show changesin surfacedownwardand upwardshortwaveradiative�uxes (� DSW, � USW), panels(i)–(l) show

13



Figure 5. Change in upward shortwave radiative �ux (W m-2) per 0.1 change in sea-ice concentration (slope of regression line) in four

reanalyses (columns), marine Arctic, November–December–January, based on the linear orthogonal-distance-regression (ODR) model. Dark

grey indicates areas where the ODR model did not converge; in panels(i)–(l), dark grey shows these areas in 1980–2000 and/or 2001–2021.

Only grid cells with a mean of SIC> 0.5 were considered, and only the slopes whose 95 % con�dence intervals do not overlap zero are

shown (others masked in white).

changesin USW explainedby changesin DSW (� USWDSW), andpanels(m)–(p) changesin USW explainedby changes
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in albedo(� USWb). Only statisticallysigni�cant resultsat the5 % level of signi�canceareshown(insigni�cant maskedin

white); statisticallysigni�cant grid cells for � USW, � USWDSW, and � USWDSW are identical.Valueswithin an interval

(-0.1,0.1)W m-2 arealsomaskedin white.215

Changesin decadalmeans(calculatedfrom daily means)2001–2021minus1980–2000,May–June–July.Row (i) shows

cloud condensatecontent(CCC,vertically integratedcloud liquid water+ ice), row (ii) showssurfacealbedo,androw (iii)

sea-iceconcentration(SIC).Only statisticallysigni�cant resultsatthe5 % levelof signi�canceareshown(insigni�cant masked

in white). In rows(ii) and(iii) , valueswithin aninterval(-0.01,0.01)arealsomaskedin white.
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For May–June–July, Fig.5a–d
::::
6a–d

:
shows that reanalyses agreed on the strongest decline (around -15 W m-2) in the220

mean DSW between 1980–2000 and 2001–2021 in northern Barents Sea between Svalbard and Novaja Zemlya and some

smaller degree of decline in this variable in other adjacent Arctic seas. All reanalyses also agreed on an increase around 10 W

m-2 in the mean DSW between 1980–2000 and 2001–2021
::
in

::
the

:::::::
Central

:::::
Arctic, north of Greenland and Canadian archipelago.

However, the areal extent of this increase varied considerably between the data sets, with NCEP/CFSR showing the largest one,

followed by MERRA-2. According to Fig.6
:
7 row i, the areas of increased DSW correspond with those where CCC (vertically225

integrated cloud water + ice) diminished between the two study periods. Vice versa, the area of strongest decadal seasonal

reduction of DSW in northern Barents Sea between Svalbard and Novaja Zemlya can be connected with the one where CCC

increased.

Mean USW between 1980–2000 and 2001–2021 (Fig.5e–h
::::
6e–h) declined in most of adjacent Arctic seas by more than -25

W m-2 in all reanalyses. In agreement with theoretical expectations, most of the decadal seasonal reduction in USW outside230

the Central Arctic (around 80 %) was attributed to decrease in surface albedo (shades of blue in Figs.5m–pand6
:::::
6m–p

:::
and

::
7

row ii) which to a large part coincided with SIC decline (shades of blue in Fig.6
:
7 row iii). However, also reduction of DSW

(around -5 W m-2) played a role (Fig.5i–l).
::::
6i–l).

:::::::::::
Furthermore,

:
ERA5 and NCEP/CFSR indicated an increase in mean USW

(around +10 W m-2) in 2001–2021 in the Central Arctic, north of Greenland and Canadian archipelago (shades of red in Fig.

5e
::
6e, h) which spread about equally between an increase in albedo and DSW in this area (shades of red in Fig.5i

:
6i, l, m, p).235

As

:::::
To

::::
offer

::
a

::::::::::
comparison

::
of

:::::::
absolute

::::::
values

::
of the sea-ice albedoin ERA5 hasa prescribedseasonalcycle,thesamefor both

studyperiods
:::::::
between

:::::::::
reanalyses,

:::
we

::::::::
calculated

:::
its

::::
daily

::::
and

:::::::
monthly

:::::
means

::
at

:::
the

:::::
North

::::
Pole

::
in

:::
six

:::::
Junes

::
in

:::
the

::::::
middle

::
of

:::
the

:::
two

:::::
study

::::::
periods

::::::
(1989,

:::::
1990,

::::
1991,

:::::
2009,

:::::
2010,

:::::
2011).

:::
To

:::::
obtain

:::
the

::::::
sea-ice

::::::
albedo

:::::
(bice) ::::

from
::::::::::::
grid-averaged

::::::
surface

::::::
albedo

:::
(bs),:::we

:::::::
utilized

:::
the

::::::::
following

::::::::
equation:240

bice =
bs � (1 � SIC)bocean

SIC::::::::::::::::::::::

(12)

:::::
where

:::
we

:::::::
assumed

:::
the

::::::
albedo

:::
of

:::
the

:::::
ocean

:::::
bocean::at

:::::
0.06.

:::::::
Monthly

::::::
means

:::
of

:::
bice:::

are
::::::
shown

::
in

:::::
Table

::
2

:::
and

:::::
daily

::::::
means

:::
are

:::::::
depicted

::
in

::::
Fig.

:::
S9.

::
In

:::
all

:::::::
selected

::::::::::::
peak-summer

:::::::
months, thedecadalseasonalincreasein albedocanonly be explainedby

increasedSIC in the area(asshownin Fig. 6 row iii). In NCEP
::::::
sea-ice

:::::
albedo

:::
in

::::::::::
MERRA-2,

:::::
which

:::
has

:::::::::
prescribed

::::::::
seasonal

:::::
cycle,

:::
was

:::
the

:::::::
highest

::::::
among

:::::::::
reanalyses

:::
and

:::
the

::::::
albedo

::::::::::::
parameterized

::
in

:::::::
JRA-55

:::
was

:::
the

::::::
lowest

::
in

::::
both

::::::::
monthly

:::
and

::::::
nearly245

::
all

:::::
daily

::::::
means.

::::::
These

:::
two

::::::::
datasets

:::::
varied

:::
by

:::
up

::
to

::::::
around

::::
0.2.

:::::
June

:::::::
monthly

::::::
means

::
of

::::
the

::::::
sea-ice

::::::
albedo

::
in

::::::
ERA5

::::
and

:::::
NCEP/CFSRhowever,albedois parameterized,thereforethe increasein this variableindicatesdecadalseasonalchangesin

surfacealbedoin thisdataset(Fig. 6 row ii). At thesametime,wealsodetecteddecadalseasonalgrowthin SIC in theCentral

Arctic
::::
CFSR

:::::
were

::::
very

::::::
similar,

:::::
even

::::::
though

:::
the

:::::::
variable

:
is

::::::::
modelled

:
in NCEP/CFSR(Fig. 6 row iii)

:::
and

:::::::::
prescribed

::
in

::::::
ERA5.

:::
The

:::::
daily

:::::
means

::
of

:::::::
surface

:::::
albedo

::::::::
between

::::
these

::::
two

::::
data

:::
sets

::::::
varied

::
by

:::
up

::
to

:::
0.1.250

In February–March–April, we found very little statistically signi�cant decadal differences in DSW, however, reanalyses

generally agreed that there was an increase in CCC over the Barents Sea, between Svalbard and Novaja Zemlya, and decline

along the east coast of Greenland (Fig.S10
:::
S11

:
row i). We found mostly decadal reduction in USW (around -15 W m-2) in the
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marginal ice zone (shades of blue, Fig.S9e–h
::::::
S10e–h). This reduction, similarly to May–June–July, was mostly attributed to

decline in surface albedo (Fig.S9m–p
:::::::
S10m–p), but partly also to reduction in DSW (Fig.S9i–l).

::::::
S10i–l).

:
255
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Table 2.
:::::::
Monthly

::::
mean

::::::
sea-ice

:::::
albedo

::
in

::
the

::::
grid

:::
cell

:::::
nearest

::
to

:::
the

::::
North

::::
Pole

:::
(90�

::
N,

:
0�

:::
W)

::
in

::::
three

:::::
Junes

:
in

:::
the

::::::
middle

:
of

:::
the

:::
�rst

:::::
study

:::::
period

:::::
(1989,

::::
1990,

:::::
1991)

:::
and

::::
three

::::
Junes

::
in

:::
the

:::::
middle

::
of

:::
the

:::::
second

:::::
study

:::::
period

:::::
(2009,

::::
2010,

:::::
2011).

::::
1989

::::
1990

::::
1991

::::
2009

::::
2010

::::
2011

:::::
ERA5

:::
0.69

: :::
0.70

: :::
0.71

: :::
0.71

: :::
0.71

: :::
0.71

::::::
JRA-55

:::
0.59

: :::
0.59

: :::
0.59

: :::
0.61

: :::
0.59

: :::
0.59

::::::::
MERRA-2

:::
0.78

: :::
0.78

: :::
0.78

: :::
0.78

: :::
0.78

: :::
0.78

::::::::::
NCEP/CFSR

:::
0.67

: :::
0.68

: :::
0.67

: :::
0.68

: :::
0.69

: :::
0.68

In August–September–October, we noted decadal reduction in mean DSW around -10 W m-2 in adjacent Arctic seas.

All reanalyses also agreed on decadal reduction in the mean USW though disagreed on the magnitude over the Beaufort,

Chukchi, East Siberian, and Laptev seas. In these areas, the decrease in USW ranged between around -20 W m-2 in JRA-55

and around -10 W m-2 in MERRA-2 (Fig.S11
::::::
S12e–h). As in the two previously-mentioned seasons, more of the mean USW

reduction between 1980–2000 and 2001–2021 was attributed to decline in surface albedo than decline in DSW. Regarding260

decadal changes in mean CCC, we found a strong increase across the Arctic, though reanalyses showed a large scatter on the

magnitude and spatial pattern of this change (Fig.S12
:::
S13 row i).
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