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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, ERAS, 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. Using
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
per -0.1 change in SIC) and up to 80 W m2 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 surface
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 Introduction

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 emit
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),
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 clouds

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

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 against
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 ERAS (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)
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 the
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 km? per year (Parkinson, 2022).
To understand at the process level how the major sea ice decline has affected the ocean and atmosphere locally, regionally, and
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 Uhlikova 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.
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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 Uhlikové et al. (2024) (hereafter referred to as "the companion paper’), we
use data from (1) the same reanalyses (ERAS (Hersbach et al., 2023), JRA-55 (JMA, 2013), MERRA-2 (GMAO (2015a);
GMAO (2015b); GMAO (2015¢)), NCEP/CFSR (Saha et al. (2010), Saha et al. (2011))), (2) the same study periods (1980—
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°
using bilinear interpolation. Besides this adjustment, we worked with the original horizontal spatial resolution of the remaining
reanalyses: 0.25° 0.25° (ERAS), 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 (Ty), 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’,

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

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 assumes
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 (R?)
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 R?, as
this regression method requires less computing resources to perform. We used linear model for both ODR and OLSR as we
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 (DF,q;) according to Eq. (31) from Bretherton et al. (1999) to account for autocorrelation of the time

series:

1 RR,
DFadJ—TTRIRZ (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
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significance of the coefficients of determination (OLSR) and differences in mean decadal seasonal values between the two
study periods, we have used p-value < 0.05 adjusted by pgpr = 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 ERAS, JRA-
55, and MERRA-2. In Table 1, we reiterate the most important differences in representation of the sea ice in reanalyses and

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. The
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? ULW per -0.1 change in SIC in November—April in

{—h*i%:ﬂ:lfzb reanalysis, which assigns value 1 to SIC > (0.55, and value O 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.

The sensitivity of ULW to SIC mostly decreased in all seasons between 1980-2000 and 2001-2021 (shades of red in panels
i-1 in Figs. 1 and S1, S3, S4), but strengthened in the Central Arctic (shades of blue panels i-1 in Figs. 1 and S1, S3, S4).

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.
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Figure 1. Change in upward longwave radiative flux (W m™) 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), (1)) 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 disappeared
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, Tj. 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™.

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



ERAS5 JRA-55 MERRA-2 NCEP/CFSR
Sea-ice-albedeorecast
model Preseribed—seasenal NeneJMA GSM NereGEOSH.12.4 Modeled—(eoupledsFS
e (Atmospheric
Ebert-and-Curry-(1993) model)
Parameterised, MOM4, (Oceanmodel)
funetion—of—hoeutly
Sa and :Fsb
Preseribed—seasenal
eyele;—bhased—on
Buynkerke-and-de-Reede{2001)
Parameterisetea-ice
e e
Medelled—{coupled)
Snew—on—sea—ice
NonelFSCY41R2
Sea-ice concentration Fractional, Binarydb, Fractional, Fractional,
external data set external data set external data set modelled (coupled)
(OSI SAF? (409a) (COBE-SST) (OISST 1982/Mar 2006,
1979/Aug 2007, OSTIA™ Apr 2006-)
OSI SAF? oper
Sep 2007-)
Sea-icethickness
""""""" 1.5m, xed 2m, xed, i Modelled(coupled)
Snowon seaice
None None None Modelled(coupled)
Sea-icealbedo
Prescribed. seasonal Parameterised, Prescribed...... seasonal Parameterisedoutput of
function_of hourly _ on modelSIS-1 by GFDLY)
andTs ke and de Roode (2001)

3sIC> 0.55=1,SIC 0.55=0. Ocean and Sea Ice Satellite Application Facifit¢entennial In Situ Observation-based Estimates of the Variability of Sea Surface
Temperatures and Marine Meteorological Variabfe®ptimum Interpolation Sea Surface Temperatfi@perational Sea Surface Temperature and Ice Analysig-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: ndt applicable.
Considering albedo of fresh snow on top of sea ice (0.85) and its simpli ed metamorphosis (0.85S@I5). zenith angle.Surface temperaturkSea Ice Simulatok

Geophysical Fluid Dynamics Laboratory.



Figure 2. Daily sea-ice concentration (SIC) and upward longwave radiative ux (ULW) in selected grid cells, indicated in Figure 1 in
paneldi), (k), (I), where the sensitivity of ULW to SIC between 1980—2000 and 2001-—2021 decreasedl([@oititell nearest to 73N,
180 W) and increased (Poif grid cell nearestto 83N, 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
135 of ULW is the SIC orthesurfacetemperaturedt-seaice{Tie)Tice. TO answer this question, we comparet (Roef cient
of determination) using SIC and,d as explanatory variables for ULW. To calculatgeTirom the grid-averaged surface
temperature (J), we utilized the following equation:

Ts (I SIC)T ocean

Tice= SIC 2

where we assumed temperature of the ocean4J at -1.8 °C (271.35 K)Naturathy;this This assumption cannot be applied
140 in allgrid-eelis;where is presentespeciallyin the Atlantic sector(GreenlancandBarentssea ':j[:hewarm season

alsoaware thatn the Greenlandand Barentsseas evencold-seasorceantemperaturgnay be warmerthan 1.8 °C due

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

150 reanalyses.

longwaveradiation.Dueto thelimited amountandaccuracyof dataon

155 we estimatetheir effecton ULW. via analyticcalculationsanalogouso thosein Uhlikova et al. (2024)We focuson the cold

C=ki(Ts Tp)=[hi+(ki ks)=hg ®)

160

LHF = LeChe(Qa Qo)V 4



Figure 3. Proportion of variance in the upward longwave radiation (ULW) explained by sea-ice concentration (SIC) and surface temperature
of the ice (Tce) in November—December—January, 1980-2000 and 2001-2021 (columns), as represented in three reanalyses (rows), base
on linear ordinary-least-square regression model (coef cient of determinatfyrysitig daily means of data from ERA5, MERRA-2, and
NCEP/CFSR. Only grid cells with a mean of S¥C0.5 were considered and only statistically signi cant results at the 5 % level of signi -

cance are shown (insigni cant masked in white).

165 SHF = CCue(Ta ToV ®)
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uw = T4 (6)
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temperaturés highly sensitiveto ice thicknessbut the sensitivitydecreasewhenice getsthicker (Fig. 4, left panel).This is

representing differenceof -44 W m?, Thedifferencein ULW betweerice thicknessesf 2 and3
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3.3 Effects of sea-ice concentration on surface upward shortwave radiative ux

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 (Figst5, S6, S8). USW was the most sensitive to SIC in May—June-July in the Central Arctic — over 100
W m2 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.

The effect of SIC on USW weakened between 1980-2000 and 2001-2021 in nearly all of the Arctic (shades of blue in
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 bédiienallycaused by changes in either or both of its above-

of shortwave radiative uxes between the perioddQSW, USW), USW explained by change in DSW USWpsw), and
USW explained by change in surface albedo (hISW,). The above-mentioned variables were calculated for each grid cell

using daily data according to the following equations:

DSW =DSW 20012021 mean DSW1980-2000 mean (7)

USW =USW 20012021 mean USW1980-2000 mean 8

b= USW 1980-2000 mean

_ 9

DSW1980-2000 mean ?
usw DSW — b DSW (10)
USW = USW USW psw an




Figure 5. Change in upward shortwave radiative ux (W%nper 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. Darl
grey indicates areas where the ODR model did not converge; in p@n€ls, dark grey shows these areas in 1980-2000 and/or 2001-2021.

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

shown (others masked in white).
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For May-June-July, Figha—el6a—dshows that reanalyses agreed on the strongest decline (around -18)\i the
mean DSW between 1980-2000 and 2001-2021 in northern Barents Sea between Svalbard and Novaja Zemlya and som
smaller degree of decline in this variable in other adjacent Arctic seas. All reanalyses also agreed on an increase around 10 W\

However, the areal extent of this increase varied considerably between the data sets, with NCEP/CFSR showing the Iargest one
followed by MERRA-2. According to Fig6-7 row i, the areas of increased DSW correspond with those where CCC (vertically
integrated cloud water + ice) diminished between the two study periods. Vice versa, the area of strongest decadal seasons
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 @&gibe—h) declined in most of adjacent Arctic seas by more than -25

W m?2in all reanalyses. In agreement with theoretical expectations most of the decadal seasonal reduction in USW outside

(around +10 W 11f) in 2001-2021 in the Central Arctic, north of Greenland and Canadian archipelago (shades of red in Fig.
5e6e, h) which spread about equally between an increase in albedo and DSW in this area (shades of r&inl Fig, p).
As-

SIC

In February—March—April, we found very Ilttle statlstlcally 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 declir
along the east coast of Greenland (F8g0S11row i). We found mostly decadal reduction in USW (around -15 A) im the
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In August-September—October, we noted decadal reduction in mean DSW around -F0iMmadjacent 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 arount! ir2ORN-55

260 reduction between 1980-2000 and 2001-2021 was attributed to decline in surface albedo than decline in DSW. Regarding
decadal changes in mean CCC, we found a strong increase across the Arctic, though reanalyses showed a large scatter on tl
magnitude and spatial pattern of this change (5ig2S13 row i).
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