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ABSTRACT: The dynamic and thermodynamic mechanisms that link retreating sea ice to increased Arctic cloud amount
and cloud water content are unclear. Using the fifth generation of the ECMWF Reanalysis (ERAS5), the long-term changes
between years 195079 and 1990-2019 in Arctic clouds are estimated along with their relationship to sea ice loss. A com-
parison of ERAS to CERES satellite cloud fractions reveals that ERAS simulates the seasonal cycle, variations, and
changes of cloud fraction well over water surfaces during 2001-20. This suggests that ERAS may reliably represent the
cloud response to sea ice loss because melting sea ice exposes more water surfaces in the Arctic. Increases in ERAS Arctic
cloud fraction and water content are largest during October—-March from ~950 to 700 hPa over areas with significant
(=15%) sea ice loss. Further, regions with significant sea ice loss experience higher convective available potential energy
(~2-2.75 T kg 1), planetary boundary layer height (~120-200 m), and near-surface specific humidity (~0.25-0.40 g kg 1)
and a greater reduction of the lower-tropospheric temperature inversion (~3°-4°C) than regions with small (<15%) sea
ice loss in autumn and winter. Areas with significant sea ice loss also show strengthened upward motion between 1000 and
700 hPa, enhanced horizontal convergence (divergence) of air, and decreased (increased) relative humidity from 1000 to
950 hPa (950-700 hPa) during the cold season. Analyses of moisture divergence, evaporation minus precipitation, and me-
ridional moisture flux fields suggest that increased local surface water fluxes, rather than atmospheric motions, provide a
key source of moisture for increased Arctic clouds over newly exposed water surfaces during October—March.

SIGNIFICANCE STATEMENT: Sea ice loss has been shown to be a primary contributor to Arctic warming. Despite
the evidence linking large sea ice retreat to Arctic warming, some studies have suggested that enhanced downwelling
longwave radiation associated with increased clouds and water vapor is the primary reason for Arctic amplification.
However, it is unclear how sea ice loss is linked to changes in clouds and water vapor in the Arctic. Here, we investigate
the relationship between Arctic sea ice loss and changes in clouds using the ERAS dataset. Improved knowledge of the
relationship between Arctic sea ice loss and changes in clouds will help further our understanding of the role of the
cloud feedback in Arctic warming.
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1. Introduction rising greenhouse gases (GHGs), Arctic cloud amount is pro-
jected to increase during the cold season (Vavrus et al. 2009;
Philipp et al. 2020). Cloud radiative feedbacks account for a
portion of Arctic warming under increased GHGs by enhanc-
ing surface downwelling LW radiation (Vavrus 2004; Taylor
et al. 2013); however, clouds also cool the Arctic in summer
by reflecting shortwave (SW) radiation back to space (Curry
et al. 1996; Intrieri et al. 2002b; Alkama et al. 2020; Jenkins
and Dai 2021). Changes in Arctic cloud radiative forcing
(CRF) impact not only surface temperature but also sea ice

Arctic sea ice has been declining over recent decades, ac-
companied by a lengthening melt season (Stroeve et al. 2014).
Loss of sea ice concentration (SIC) increases oceanic absorp-
tion of solar radiation in summer and oceanic release of up-
ward longwave (LW) radiation and sensible (SH) and latent
(LH) heat fluxes during the cold season due to a steep tem-
perature gradient between the warm ocean surface and frigid
overlying air (Royer et al. 1990; Deser et al. 2010; Boeke
and Taylor 2018), enhancing Arctic warming (Screen and
Simmonds 2010a,b; Serreze and Barry 2011; Boeke and Tay- extent (Choi et al. 2014; Burt et al. 2016). The complex effects
lor 2018; Dai et al. 2019). Further, exposed ocean water surfa- of clouds on the Arctic energy budget and surface warming
ces are associated with greater cloud fraction and cloud water ~ motivate further investigation into the cloud response to ob-
content than ice-covered surfaces during Arctic autumn (e.g., Served sea ice loss.

Kay and Gettelman 2009; Eastman and Warren 2010; Liu et al. Clouds play an important role in Arctic top-of-the-atmosphere
2012; Taylor et al. 2015; Kay et al. 2016; Morrison et al. 2018, (TOA) and surface energy balances (Wetherald and Manabe

2019). As the Arctic continues to warm and lose sea ice under ~ 1988; Intrieri et al. 2002b; Shupe and Intrieri 2004). Jenkins and
Dai (2022) showed that clouds contributed ~3 W m™2 (—0.25 to

—2 W m™?) of TOA forcing during October-March (May-July)

from 1950-79 to 1990-2019 based on analyses of the fifth genera-
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edu casts reanalysis (ERAS). Further, they found that the spatial
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patterns of Arctic cloud feedback are strongly correlated
with sea ice changes in autumn and winter but not in sum-
mer. Monroe et al. (2021) found a strong cloud response to
wintertime polynyas (i.e., a region with anomalously low
SIC). During polynya events, cloud fractions and water con-
tents are larger over the polynya than over surrounding
ice-covered regions. Increases in surface downward LW radi-
ation due to enhanced cloudiness over the open water slows
refreezing of the sea ice, lengthening polynya events (Monroe
et al. 2021). The SW cooling effects of clouds also influence
Aurctic sea ice extent. Choi et al. (2014) suggest that years with
strong cloud cooling and thus reduced surface absorption of
solar radiation in spring and early summer increases late sum-
mer Arctic sea ice extent. Other studies confirm that spring-
time cloud warming is associated with low September sea ice
extent anomalies (Kapsch et al. 2013; Cox et al. 2016; Huang
et al. 2019).

Previous studies have shown a strong (weak) Arctic cloud
response to sea ice variations and changes during autumn
(summer) using observations (Kay and Gettelman 2009; Palm
et al. 2010; Taylor et al. 2015; Morrison et al. 2018), reanalysis
products (Schweiger et al. 2008; Cuzzone and Vavrus 2011),
and model simulations (Vavrus et al. 2011; Barton and Veron
2012; Morrison et al. 2019). Kay and Gettelman (2009) ana-
lyzed the cloud-sea ice relationship during 2006-08 using sat-
ellite observations and found that Arctic low cloud fraction
was higher over open-water surfaces than ice-covered surfaces
in September, but not in summer (i.e., June-August). During
the warm summer months, Arctic total cloud fraction de-
pended more on synoptic variability rather than the type of
the underlying surface (i.e., ice-covered or open water), while
clouds in autumn depended on both the surface types and
background atmospheric circulation (Kay and Gettelman
2009). Palm et al. (2010) also found an enhancement of clouds
between 0.5 and 2 km over open-water surfaces relative to
ice-covered surfaces in early autumn using satellite data during
2003-07. These studies attributed the increased cloud cover to
enhanced surface energy and moisture fluxes, a deeper planetary
boundary layer, and decreased lower-tropospheric stability over
exposed ocean waters. A recent modeling study confirmed that
exposed water surfaces enhance low cloud formation in winter
(Zheng and Ming 2023).

Schweiger et al. (2008) found a decrease in Arctic low
clouds below 800 hPa, but an increase in Arctic midlevel
clouds between 800 and 450 hPa during years with anoma-
lously low SIC during 1980-2001 in ERA-40 data. This finding
differs from other studies that reported larger increases in low
clouds than midlevel clouds over exposed ocean surfaces
(Kay and Gettelman 2009; Palm et al. 2010; Morrison et al.
2018, 2019). Schweiger et al. (2008) suggest that large near-
surface warming associated with low SIC reduces the lower-
tropospheric stability, enhancing vertical mixing and thus
midlevel cloud cover. Further, they found that under low SIC
conditions, the relative humidity (RH) from 1000 to 950 hPa
decreased, diminishing cloud cover near the surface. Model
simulations confirm decreased RH between 1000 and 950 hPa,
but increased RH above 950 hPa, leading to suppressed (en-
hanced) cloud fraction below (above) 950 hPa (Abe et al. 2016)
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in response to Arctic sea ice loss. Thus, there still exist in-
consistencies regarding how low and middle clouds may re-
spond to sea ice loss. An improved understanding of the
vertical profiles of cloud properties and the dynamic and
thermodynamic processes influencing Arctic cloud profiles
is needed because cloud height influences CRF and cloud
feedback (Zelinka et al. 2012).

The primary goals of this study are to analyze the seasonal-
ity, vertical structure, and spatial patterns of Arctic cloud
property changes (i.e., in cloud fraction, and cloud liquid and
ice water contents) over areas with and without significant sea
ice loss from ERAS data and to improve understanding of the
atmospheric conditions that link sea ice loss to enhanced
cloud amount. Specifically, we seek to answer the following
questions:

1) How is the long-term sea ice loss from 1950 to 2019
related to changes in Arctic clouds at different levels, atmo-
spheric stability, and other related fields in terms of their
spatial patterns, seasonality, and physical linkages?

2) What dynamic and thermodynamic processes drive increases
in Arctic cloud fraction and/or cloud water content in re-
sponse to sea ice loss and how do changes in these dynamic
and thermodynamic processes vary seasonally?

3) Do increases in Arctic cloud properties over areas with sea
ice loss result from enhanced remote moisture transport or
increased local evaporation due to sea ice loss?

A better understanding of the local cloud response to Arctic
sea ice loss will improve estimates of Arctic cloud feedback,
which is a major source of uncertainty in future climate projec-
tions (Soden et al. 2004; Gettelman and Sherwood 2016; Ceppi
et al. 2017).

In this study, we use the ERAS dataset (Hersbach et al.
2020) to investigate changes in Arctic cloud properties and at-
mospheric conditions over areas with and without large sea
ice loss between 1950-79 and 1990-2019. Our focus on long-
term changes distinguishes our study from early work that an-
alyzed the cloud response to sea ice variations and changes
over shorter time periods (e.g., Schweiger et al. 2008; Kay and
Gettelman 2009; Morrison et al. 2018). After introducing the
data and methods in section 2, we evaluate ERAS cloud frac-
tion against satellite-based products in section 3. We then doc-
ument the spatial patterns, vertical profiles, and seasonality of
long-term Arctic cloud changes in ERAS in section 4 and de-
scribe the changes in atmospheric conditions over areas with
large sea ice loss and explore their physical linkages to Arctic
cloud changes in section 5. We summarize and discuss the re-
sults in section 6. Our findings suggest new mechanisms and
synthesize previous findings that may link sea ice loss to Arctic
cloud changes.

2. Data and methods
a. ERAS

As long-term observations over the Arctic Ocean are
sparse, we use monthly data from 1950 to 2019 from ERAS
(Hersbach et al. 2020) on a 1.0° latitude-longitude grid. We
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analyze three-dimensional fields of cloud fraction, and specific
cloud liquid and ice water contents. Further, we examine
changes in SIC, surface air temperature, convective available
potential energy (CAPE), planetary boundary layer height
(PBLH), vertically integrated moisture divergence, total pre-
cipitation, surface evaporation, and vertical profiles of air
temperature, vertical velocity, horizontal divergence, specific
humidity, and relative humidity. We select the 1000, 950, 900,
850, 700, 600, and 500 hPa levels for three-dimensional varia-
bles. Graham et al. (2019b) showed that ERAS outperforms
other reanalysis datasets in reproducing vertical profiles of
temperature, wind, and specific humidity in the Arctic region.
ERAS5 SIC incorporates the second version of the Hadley
Centre Global Sea Ice and Sea Surface Temperature (Ha-
dISSTv2) product for years 1950-78 and the Operational Sea
Surface Temperature and Ice Analysis (OSTIA) for 1979 to
the present (Hersbach et al. 2020). We use ERAS SIC fields
because satellite-based sea ice observations are not available
prior to 1979. Both OSTIA and HadISSTv2 produce similar
interannual variability and trends for Arctic SIC, especially over
areas that are predominantly ice-covered (i.e., SIC = 50%). For
areas where SIC = 10%, OSTIA Arctic-mean SIC is slightly
greater than HadISSTV2 for 1979-2019. We do not expect any
discrepancies in ERAS SIC to affect our conclusions because
ERAS captures the interannual variability, seasonal cycle, and
trends in Arctic sea ice well for the postsatellite period (Hirahara
et al. 2016).

We focus on the changes in cloud properties and atmo-
spheric conditions between years 1950-79 and 1990-2019. Lo-
cal air temperatures remained stable during 1950-79, but
large Arctic warming occurred from 1990 to 2019 (England
et al. 2021). Thus, the 1990-2019 minus 1950-79 difference es-
timates how recent sea ice loss may have impacted Arctic
cloud properties and atmospheric conditions, even though
ocean—-atmosphere interactions are two-way. ERAS incorpo-
rates observations of surface pressure, temperature, and wind
speed from a variety of historical archives (e.g., the Interna-
tional Surface Pressure Databank, the Comprehensive Histor-
ical Upper Air Network, etc.) to generate data prior to 1979.
We caution that satellite-based observations are not assimi-
lated into ERAS data prior to 1979; however, confidence in
the ERAS data increases from 1950 to 1978, where the num-
ber of observations incorporated into the reanalysis increases
from ~53000 to 570000 observations per day (Bell et al.
2021). The 1980-89 decade experienced small local warming
in the Arctic region relative to years 1990-2019 and is ex-
cluded from the analysis. However, a linear trend analysis for
years 1980-2020 reveals similar spatial patterns of cloud
changes as the long-term difference (not shown). Therefore,
we do not expect exclusion of years 1980-89 to qualitatively
affect our conclusions.

To assess the impact of sea ice loss on Arctic clouds and at-
mospheric conditions, we separate the Arctic Ocean into
areas with significant (=15%) or little (<15%) SIC loss (ex-
cluding land) between 1950-79 and 1990-2019. Areas with
15% or greater sea ice loss are located mostly along the 1950—
79 marginal ice zones, which became mostly open water by
1990-2019. We average and group the data by month for each
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30-yr period to examine the mean seasonal cycle and its
change for each variable. Huang et al. (2019) showed that the
atmosphere and ocean are tightly coupled in March, but the
influence of sea ice on the atmosphere weakened April-June.
Thus, we define the cold (warm) season as October—-March
(April-September) to investigate the role of strong (weak)
ocean—atmosphere coupling on cloud-sea ice interactions.
The Arctic region is mainly ocean surface north of the Arctic
Circle; therefore, we define the Arctic as the region poleward
of 67°N for area-weighted averages. However, we show the
region poleward of 55°N to include the Sea of Okhotsk and
Hudson Bay on maps. We estimate the statistical significance of
temporal and spatial correlations with a two-tailed Student’s
t test. For this study, a statistically significant correlation has an
associated p value less than 0.01.

ERAS cloud properties are based on the Tiedtke (1993)
cloud scheme, which estimates clouds by resolving processes
that are cloud water sources (e.g., condensation, sublimation,
or cumulus convection) or sinks (e.g., precipitation or cloud
evaporation). Yeo et al. (2022) evaluated Arctic clouds in
ERAS by comparing ERAS cloud properties to CloudSat and
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tion (CloudSat/CALIPSO) data for July 2006-June 2010. For
cloud fraction, ERAS simulates more clouds over sea ice rela-
tive to ocean water surfaces. Further, ERAS cloud liquid and
ice water paths are smaller than satellite observations over the
entire Arctic region. Despite these discrepancies, ERAS produces
a reasonable seasonal cycle of Arctic midlevel (i.e., 800450 hPa)
cloud fraction, high (i.e., =450 hPa) cloud fraction, liquid water
path, and ice water path, suggesting that ERAS captures the sea-
sonality of Arctic clouds properties well. Further, the differences
between CloudSat/CALIPSO and ERAS mean low cloud frac-
tion and cloud vertical profiles are reduced over open-water
surfaces compared to ice-covered areas (Yeo et al. 2022). Due
to the potential biases in ERAS cloud variables, we compare
ERAS cloud fraction and CRF to data from the Clouds and the
Earth’s Radiant Energy System (CERES; Wielicki et al. 1996)
project.

b. CERES energy balanced and filled data

We compare monthly ERAS cloud fields and CRF data to
those from version 4.1 of the CERES energy balanced and
filled (EBAF; Loeb et al. 2018) and edition 4A of the CERES
synoptic (SYN1deg; Doelling et al. 2016) datasets from January
2001 to December 2020. CERES cloud fields are based on ob-
servations from the Moderate Resolution Imaging Spectroradi-
ometer (MODIS) for both daytime and nighttime. MODIS
uses passive remote sensing techniques that rely on reflected
SW radiation and emitted LW radiation to infer radiative
fluxes and cloud properties. For March 2000 to February 2017,
MODIS Collection 5 is used in CERES, but for March 2017
to the present, CERES uses MODIS Collection 6 (Kato
et al. 2018). In the Arctic region, MODIS underestimates
clouds over sea ice (by ~10%-20% ) especially at night due
to the low contrast in albedo and thermal emissions be-
tween clouds and ice-covered surfaces (Liu et al. 2010).
CloudSat/CALIPSO satellite observations (which rely on
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FIG. 1. (a),(b) Time series of monthly cloud fraction (in %) from January 2001 to December 2020 averaged over
oceanic areas with 2001-20 annual mean sea ice concentration (a) greater than or equal to 15% or (b) less than 15%
for ERAS (solid red and dashed green lines) and CERES (solid black and dashed cyan lines) data with the seasonal
cycle included (left y axis; solid lines) and mean seasonal cycle removed (right y axis; dashed lines). The correlation
coefficient (r) and associated p value between the time series are shown. (c),(d) ERAS vs CERES monthly Arctic
(67°-90°N) cloud fraction (in %; years 2001-20; mean seasonal cycle removed) averaged over ocean surfaces for areas

with (c) mean SIC = 15% or (d) mean SIC < 15%.

active remote sensing) are also commonly used to study
Arctic cloud properties (e.g., Taylor et al. 2015; Morrison
et al. 2018), but data poleward of 82°N are unavailable
(e.g., Liu et al. 2010; Taylor et al. 2015). Further, CloudSat/
CALIPSO may not capture clouds below 1 km well due to
surface clutter and/or attenuation of the lidar beam used to re-
trieve atmospheric conditions (Intrieri et al. 2002a; Zygmuntowska
et al. 2012).

We compare total cloud fraction, CRF, and cloud liquid
and ice water paths from CERES and ERAS over their
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period of overlap (i.e., 2001-20). Combined observations
from the Terra and Aqua satellites are included after July
2002 in CERES, but data only from Terra are available prior
to this date. To roughly estimate the impact of SIC on cloud
fractions and other related fields in ERAS5 and CERES, we
compute averages over areas where the mean SIC for 2001-
20 is less than 15% (excluding land) and over regions where
the mean SIC is 15% or more. We also compare the seasonal
cycle of the CRF at both the TOA and surface from ERAS
and CERES, where the CRF is defined as the all-sky minus
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FIG. 2. (a),(b) ERAS5 and (c),(d) CERES total cloud fraction averaged over years 2001-20 for (a),(c) October—
March and (b),(d) April-September. The black contour represents the mean 15% sea ice concentration based on
ERAS data. The MODIS clouds used in CERES likely underestimate cloud amount by 10%—20% over the polar ice

cap, especially during the polar night (Liu et al. 2010).

clear-sky total (i.e., SW + LW) radiative flux difference. We
emphasize that section 3 includes only a brief comparison of
ERAS cloud fraction to one satellite-based product, and that
other studies (e.g., Yeo et al. 2022) provide a more detailed
evaluation of Arctic clouds in reanalysis datasets.

3. Comparison of CERES and ERAS cloud fraction
and CRF

The time series of Arctic-mean monthly cloud fraction
from ERAS and CERES are closely related when averaged
over water surfaces (r = 0.60, p < 0.01; Fig. 1b), but are less
well correlated when averaged over areas containing sea ice
(r = 0.31, p < 0.01; Fig. 1a). After removing the mean sea-
sonal cycle, which is largest in CERES over sea ice, the
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correlations change to 0.77 (Figs. 1b,d) and 0.10 (Figs. 1a,c)
over Arctic water and ice surfaces, respectively. Cloud frac-
tion over sea ice—covered surfaces tend to be higher in ERAS
(~85%-95%) than CERES (~50%-90%), partly due to the
underestimation of cloud fraction over sea ice by MODIS
(Liu et al. 2010); however, the seasonal variations are much
smaller in ERAS than CERES over sea ice (Fig. 1la). Over
water surfaces, the ERAS and CERES cloud fractions show
comparable amplitudes of variations, with CERES exhibiting
slightly greater cloud amount (i.e., ~87% for ERAS5 vs ~92%
for CERES) (Fig. 1b). We also briefly compare monthly cloud
liquid and ice water paths between ERAS and CERES data
for years 2001-20 (not shown). Like cloud fraction, the rela-
tionship between ERAS and CERES cloud liquid and ice wa-
ter path is weak over ice-covered surfaces and is strongest
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FIG. 3. Seasonal cycle (years 2001-20) of (a),(b) cloud

fraction (in %), (c),(d) net TOA cloud radiative effect

(in W m~2), and (e),(f) net surface cloud radiative effect (in W m~?) for CERES (black lines) and ERAS (red lines)
data averaged over ocean surfaces with (a),(c),(e) mean sea ice concentration = 15% and (b),(d),(f) mean sea ice
concentration < 15%. The MODIS clouds used in CERES significantly underestimate cloud amount over sea ice
during the polar night (Liu et al. 2010), which contributes to the low cloud fraction from November—April shown in (a).

over regions with 15% or less sea ice, with correlation coeffi-
cients of 0.42 and 0.25, respectively.

Next, we examine the spatial patterns (Fig. 2) and seasonal
cycles (Figs. 3a,b) of the 2001-20 mean Arctic cloud fraction
in ERAS and CERES. Spatially, ERAS mean cloud amounts
are ~90%-100% over areas poleward of the 15% mean sea
ice edge in each season, higher than open-water ocean surfaces
(Figs. 2a,b). In contrast, cloud fraction in CERES is generally
lower over sea ice—covered areas than open-water ocean surfaces
(Figs. 2c,d), especially during October-March (Fig. 2c). The
MODIS clouds used in CERES likely overestimate the water-
versus-ice difference due to its underestimation of clouds over
sea ice (Liu et al. 2010). High lower-tropospheric stability
over ice-covered surfaces contributes to enhanced cloud cover
over sea ice relative to open-water ocean surfaces in ERAS
(Yeo et al. 2022). The discrepancy of total cloud fraction over
sea ice is also present in the seasonal cycle of cloud fraction,
with ERAS showing a weak minimum in June while CERES
shows elevated cloudiness during May-October (Fig. 3a),
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partly due to its underestimation of cloudiness over sea ice
during the polar night in the winter months (Liu et al. 2010).
Cloud fraction averaged over open-water ocean surfaces does
not vary significantly throughout the year in both CERES and
ERADS, with slightly higher cloud fraction in CERES (Fig. 3b).
The difficulties in measuring clouds over Arctic sea ice by
satellites present a challenge for us to validate ERAS clouds
there.

As stated above, clouds play an important role in the Arctic
TOA and surface energy balances. Figures 3c—f show the
mean seasonal cycle of the net CRF averaged over regions
with 15% or greater mean SIC or regions with less than 15%
SIC (excluding land) at the TOA and surface. Despite the
differences in mean cloud fraction (Figs. 3a,b), ERAS and
CERES show good agreement for the TOA and surface CRF
with negative CRF (of 20-100 W m~?2) during April-September
(i.e., the sunlit months) and positive CRF (up to 50 W m™?)
during October-March (i.e., polar night) (Figs. 3c,f). ERAS and
CERES show a larger negative CRF over open-water surfaces
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FIG. 4. October-March linear trend maps for (a) ERAS and (b) CERES total cloud fraction (in % yr™'; shading)
and ERAS sea ice concentration (in % yr~'; contours) for years 2001-20. Statistically significant cloud fraction trends

at the 0.05 level are stippled.

(Figs. 3d.f) than ice-covered surfaces (Figs. 3c,e) for both the
TOA (Fig. 3d) and surface CRF (Fig. 3f) in June-August due
to the larger albedo differences between the water surfaces
and clouds. In other words, the cloud albedo effect is more
effective over dark water surfaces than over reflective ice sur-
faces because most sunlight under clear skies would be re-
flected by sea ice without clouds, but it would be absorbed by
dark water surfaces. The TOA CREF is similar in ERAS and
CERES during October-March with a value of ~15 W m™2
over the Arctic (Fig. 3d) and ice-covered surfaces (Fig. 3e)
and ~20-30 W m™2 over ocean water surfaces (Fig. 3f). The cold-
season CRF warms the surface by ~30-40 W m~? in CERES
and ERAS over ice-covered surfaces (Fig. 3¢), and ~50 W m >
over open-water surfaces (Fig. 3f).

Last, we examine the 200120 trend maps of ERAS (Fig. 4a)
and CERES (Fig. 4b) cloud fraction. Statistically significant
negative cloud fraction trends occurred in the Norwegian
Sea for both ERAS (Fig. 4a) and CERES (Fig. 4b) during
October—March. A discrepancy in the ERAS and CERES
cloud fraction trends occurred over the Barents—Kara
and Chukchi Seas, with decreasing clouds in ERAS and in-
creasing clouds in CERES. Over most of the central Arctic
Ocean, cloud fraction trends were statistically insignificant at the
0.05 level in ERAS and CERES in autumn and winter (Fig. 4).
Although there are statistically insignificant, divergent cloud
fraction trends in the central Arctic between ERAS5 and
CERES, we emphasize that this study focuses on long-term
cloud changes in relation to sea ice loss, which occurs primarily
along the marginal ice zones. Thus, the central Arctic region is
not a key focus of this study due to negligible sea ice or cloud
field changes there. Further, the short 20-yr record of CERES
data or differences in cloud fraction vertical profiles may account
for the discrepancies between the 2001-20 ERAS and CERES
total cloud fraction trend maps.
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Our comparison of the ERAS and CERES cloud fraction
data shows that ERAS simulates cloud fraction well over
open-water surfaces during 2001-20 (Fig. 1b) but show higher
cloud fraction in sea ice—covered regions with reduced sea-
sonal variations than CERES (Fig. 2), consistent with Yeo et al.
(2022). The strong agreement between ERAS and CERES
cloud fraction averaged over open-water surfaces suggests
that ERAS may be able to capture the cloud response to sea
ice loss because melting sea ice exposes more ocean waters.
We emphasize that while Arctic cloud data in ERAS contain
mean biases relative to CERES, the main goals of this paper
are to further reveal and understand the processes leading to
the enhanced cloud amount over regions with sea ice loss.
The underestimation of clouds over sea ice in CERES data
does not necessarily suggest that ERAS overestimates clouds
over sea ice—covered areas. As the ice-covered areas mainly in-
clude regions around the North Pole where atmospheric condi-
tions (e.g., stability) are quite different from those near the
marginal ice zone (where long-term sea ice loss occurs), such op-
posite differences between ice-covered and open-water surfaces
do not necessarily reflect the cloud response to sea ice loss along
the marginal ice zone, which is the focus of our subsequent anal-
ysis. The lack of ground-based in situ observations and the limi-
tations of remote sensing techniques make evaluation of ERAS
clouds challenging in the Arctic.

4. Climatology and long-term changes in ERAS
cloud properties

We examine the 1950-79 climatology and long-term changes
(i.e., years 1990-2019 minus years 1950-79) in ERAS cloud
fraction, and specific cloud liquid and ice water contents for
regions that experienced significant (=15%) or little (<15%) sea
ice loss. Figure 5a shows that from 1950-79 to 1990-2019, ERAS
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FIG. 5. Arctic (67°-90°N) monthly mean climatology for years 1950-79 (contours) and long-term changes (years
1990-2019 minus 1950-79; shading) as a function of months and pressure levels in ERAS5 (a),(b) cloud fraction (in %),
(¢)(d) specific cloud liquid water content (LWC; in mg kg '), and (e),(f) specific cloud ice water content (IWC;
in mg kg~ ') averaged over the oceanic areas (a),(c),(e) with 15% or greater SIC loss and (b),(d),(f) with less than

15% SIC loss.

cloud fraction increased by ~5%-6% around 950-700 hPa but
decreased by similar amounts near the surface (1000-950 hPa)
during October-March over regions with significant sea ice loss
(mainly around the marginal ice zones; Fig. 6d). Changes in Arctic
cloud amount were small from May to August throughout the
entire vertical profile (Figs. 5a,b), or above 700 hPa (Fig. 5a)
and over oceanic regions with little sea ice loss (Fig. 5b)
throughout the year. The oceanic regions with little sea ice
loss include both open-water surfaces and ice-covered areas
well below the ice melting temperature (Fig. 6d). We notice
that areas with little sea ice loss experienced slight increases
in cloud fraction over the central Arctic (i.e., ~1%-3%) and
decreases in cloud fraction in the Norwegian and Barents Sea
areas during October—March (Fig. 6d). To examine the effects
of the large decrease in North Atlantic clouds on Arctic mean
cloud changes, we average Arctic cloud properties over 55°—
70°N to exclude the central Arctic region, which is mostly ice-
covered through the winter season (Fig. 2a). We found that
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our results in Figs. 6a—c are not qualitatively impacted by ex-
cluding the central Arctic from the domain (not shown).
Mean cloud liquid water content (LWC) was largest from
May to August near 950 hPa over both areas with and without
large sea ice loss and was smaller during October-March
(Figs. 5c,d). In contrast, the mean cloud ice water content
(IWC) was largest from December to March, especially over
areas with significant sea ice loss (Fig. Se), but was negligible
in summer, likely due to seasonal changes in air temperature
and phase of cloud droplets. Over areas with significant sea
ice loss, cloud LWC increased by ~3-7 X 107> g kg™
(~37.5% of the 1950-79 mean; Fig. 5c) and cloud IWC in-
creased by ~1-3 X 107 g kg~! (~26.7%; Fig. 5e) around
950-700 hPa during October-March. Thus, cloud LWC in-
creased more than cloud IWC in absolute and relative values
in autumn and winter from 1950-79 to 1990-2019. Changes in
cloud LWC (Fig. 5d) and IWC (Fig. 5f) were negligible during
summer, over areas with little sea ice loss, and near the surface.
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FIG. 6. (a)—(c) Long-term changes (bars; left y axis; years 1990-2019 minus years 1950-79) in ERAS (a) cloud frac-
tion (in %), (b) cloud liquid water content (in mg kg™ '), and (c) cloud ice water content (mg kg™ ') for 900-850 hPa
averaged over areas with 15% or greater SIC loss (red bars) and areas with less than 15% SIC loss (blue bars) pole-
ward of 67°N. The corresponding 1950-79 mean seasonal cycle for each variable averaged over areas with SIC loss =
15% (pink line), and areas with SIC loss < 15% (cyan line) is shown on the right y axis. (d)—(f) Long-term changes in
ERAS5 October—March sea ice concentration [shown as contours in (d)—(f), with contour levels at —5, —15, and —30],
(d) cloud fraction (shading; in %), (e) cloud liquid water content (shading; in mg kg !), and (f) cloud ice water con-
tent (shading; in mg kg™ ') for 900-850 hPa. The corresponding pattern correlation between the shaded and contour
field is shown in the bottom-left corner of (d)—(f). Each correlation coefficient has a p value less than 0.01. For
(a)—(c), changing the averaging domain to 55°-70°N to exclude the polar ice cap, which is a major part of the area

with <15% SIC loss, does not alter the results qualitatively.

Changes in Arctic cloud fraction (Fig. 6a), LWC (Fig. 6b),
and IWC (Fig. 6¢) averaged over 900-850 hPa were greatly
enhanced over areas with significant sea ice loss compared to
regions with little sea ice loss during October—April. Specifi-
cally, the October-April Arctic cloud fraction, LWC, and
IWC increased by ~4%—6% of the sky, ~5.0-7.5 X 1073 gkg ™!
(~462% of the 1950-79 mean), and ~2-3 X 107> g kg™*
(~47.1% of the 1950-79 mean), respectively, over areas with
significant sea ice loss. Note that the 1950-79 mean cloud
LWC (Fig. 6b) and IWC (Fig. 6¢) showed a similar seasonal
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cycle over areas with and without significant sea ice loss, with
cloud LWC peaking in summer and IWC peaking in winter.
The 1950-79 climatology of the cloud fraction averaged over
900-850 hPa showed surface dependence mainly during January—
April, with a maximum cloud fraction (~20%-25%) during
October-March over areas with significant sea ice loss and
peak cloud fractions (~25%) in September and October in
regions with little sea ice loss (Fig. 6a). Spatially, the long-
term changes in October-March cloud fraction (Fig. 5d),
cloud LWC (Fig. 6e), and IWC (Fig. 6f) are moderately
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FIG. 7. Arctic (67°-90°N) monthly mean changes (years 1990-2019 minus years 1950-79) in ERAS relative humidity
(%; shading), specific humidity (g kg™ !; cyan contours), and air temperature (°C; black contours) averaged over the
oceanic areas with (a) SIC loss = 15% and (b) SIC loss < 15%. (c) Changes in relative humidity (%; shading) and
cloud fraction (%; contours) averaged over 900-850 hPa. The pattern correlation between the shaded and contour

fields is shown in the bottom-left corner of (c).

correlated with sea ice loss with correlation coefficients of
—0.44, —0.59, and —0.62, respectively. Increases in cold season
cloud properties were largest off the east coast of Greenland, in
the Barents—Kara Seas, the Chukchi Sea, and the Sea of Okhotsk,
where there was significant SIC loss. This suggests that sea ice
loss is a major control on Arctic cloud changes, but we recognize
that the correlation coefficient does not imply causal relationships
between sea ice and cloud properties.

Our analysis of the vertical profiles (Fig. 5), seasonal cycles
(Figs. 6a—c), and spatial distributions (Figs. 6d—f) of Arctic
cloud changes between 1950-79 and 1990-2019 suggests that
sea ice loss can greatly influence Arctic cloud property
changes. Cloud fraction, cloud LWC, and IWC increased
around ~950-700 hPa over regions with significant sea ice
loss from September to May. From June to August and over
areas with little sea ice loss, changes in cloud properties were
negligible. We also found decreased Arctic cloud fraction
over regions with significant sea ice loss around 1000-950 hPa
mainly from August to May (Fig. 5a). Spatially, the changes
in Arctic cloud properties from 900 to 850 hPa were moder-
ately correlated with sea ice loss from 1950-79 to 1990-2019
during October-March, with the largest changes off the east
coast of Greenland, in the Barents—Kara Seas, the Chukchi
Sea, and the Sea of Okhotsk, where there was more than 15%
sea ice loss. In the next section, we analyze specific dynamic
and thermodynamic mechanisms that may link sea ice loss to
changes in the vertical profiles, seasonal cycles, and spatial
patterns of Arctic cloud properties.
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5. Mechanisms linking increased Arctic cloud fraction
and water content to sea ice loss

Increased relative humidity (RH) implies that the air has
moved closer to saturation, favoring cloud formation. Figure 7a
shows that over areas with significant sea ice loss, RH increased
by ~2%-4% between 950 and 700 hPa but decreased by more
than 4% from 1000 to 950 hPa during October—March. This is
consistent with the increased cloud fraction between 950 and
700 hPa and decreased cloud fraction between 1000 and 950 hPa
over areas with significant sea ice loss (Fig. 5a). A slight RH
increase (<1%) occurred over regions with little sea ice loss
between 950 and 700 hPa (Fig. 7b). The RH profile changed
little from May to August over regions with and without sea
ice loss. Spatially, changes in RH around 900-850 hPa are
strongly correlated with cloud fraction changes (r = 0.61)
around 900-850 hPa. We found that cloud fraction increased
by ~2%-4% in the Norwegian Sea, Barents—Kara Seas, and
Chukchi Sea where RH increased. Further, the RH around
900-850 hPa decreased near the coast of Norway and Sweden
in the North Atlantic Ocean, which may partially explain
suppressed cloud fraction (Figs. 6d and 7c), and cloud LWC
(Fig. 6e) and IWC (Fig. 6f) in this area. We note that more
work is required to understand this slight decrease in cloud
fraction and water content in the Atlantic sector and is not
the focus of this study.

Figure 7a shows that the changes in air temperature and
specific humidity over areas with significant sea ice loss were
largest during October-March near the surface and they
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FIG. 8. Long-term changes (bars; left y axis; years 1990-2019 mi-
nus 1950-79) in ERAS (a) Tssonpa minus Tigponpa difference (in
°C), (b) convective available potential energy (CAPE; in J kg™ 1),
(c) planetary boundary layer height (PBLH; in m), and (d) 1000 to
950 hPa mean specific humidity (in g kg~ ') averaged over regions
with 15% or greater SIC loss (red bars) and regions with less than
15% SIC loss (blue bars) poleward of 67°N. The corresponding
1950-79 mean seasonal cycle for each variable averaged over areas
with 15% or greater SIC loss (red line) and areas with less than
15% SIC loss (blue line) is shown on the right y axis.

weakened with height, consistent with the bottom-heavy
warming profiles for the Arctic cold season shown previously
(Jenkins and Dai 2022). Atmospheric warming and moisten-
ing were weak from May to August and over areas with little
sea ice loss (Fig. 7b). The large warming from 1000 to 950 hPa
over regions with significant sea ice loss increased the satura-
tion specific humidity and thus decreased the RH and cloud
fraction there. From 950 to 700 hPa, the effect of atmospheric
moistening outpaced the effect of warming, leading to in-
creased RH and thus cloud fraction. Enhanced vertical mo-
tions over areas with significant sea ice loss (e.g., Fig. 10a)
transport moisture away from the near-surface layer to the
layer around 950-700 hPa, decreasing (increasing) the RH
near the surface (around 950-700 hPa). The lack of strong
warming and moistening during the summer months produces
small (i.e., <1%) RH changes (Fig. 7a), thus resulting in small
changes in cloud properties during the warm season (Figs. 6a—c).

Figure 8a shows the 1950-79 climatology and long-term
changes of the Arctic lower-tropospheric temperature inversion
(i.e., Tgsonpa — Trooonpa)- We note that the Tgsonpa — Ti000nPa
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inversion in ERAS is underestimated relative to observa-
tions, but that ERAS reproduces the general structure of
the Arctic temperature profile well (Graham et al. 2019a) and
simulates atmospheric conditions better than other reanalysis
datasets (Graham et al. 2019b). The Arctic mean temperature
profile is stable with a temperature inversion over areas with
little sea ice loss from November to April. A stable profile
with a strong lower-tropospheric temperature inversion would
suppress vertical mixing between the surface and lower tropo-
sphere and result in weak vertical transfer of moisture and en-
ergy. From 1950-79 to 1990-2019, the strength of the Arctic
lower-tropospheric temperature inversion decreased in all but
the summer months, especially over regions with significant sea
ice loss (Fig. 8a). This suggests that enhanced surface warming
induced by sea ice loss weakens Arctic lower-tropospheric
stability, thus favoring an environment for enhanced vertical
motion and mixing. To demonstrate that, we further show
the climatology and changes in convective available potential
energy (CAPE; Fig. 8b) and planetary boundary layer height
(PBLH; Fig. 8c) over the Arctic. The 1950-79 CAPE clima-
tology shows a similar seasonal cycle with peak positive
CAPE in summer over areas with and without significant sea
ice loss. CAPE increased by ~2-2.75 J kg~ ' (~100% of the
1950-79 climatology) during October—March over areas with
significant sea ice loss, compared to a less than 1 J kg™ ! in-
crease over areas with little sea ice loss (Fig. 8b). The PBLH
increase was also largest (~120-200 m) during October-March
over areas with significant sea ice loss (Fig. 8c). The re-
duced temperature inversion, increased CAPE, PBLH, and
near-surface specific humidity (Fig. 8d) over areas with sig-
nificant sea ice loss suggest that warming associated with
Arctic sea ice loss increased vertical transport of moisture
and energy from the surface layer to lower troposphere, fa-
voring increased RH and enhanced cloud formation from
~950 to 700 hPa.

The spatial distributions of the October-March CAPE
(Fig. 9b) and PBLH (Fig. 9¢c) changes correspond strongly to
the patterns of sea ice loss with correlation coefficients —0.71,
and —0.87, respectively. The temperature inversion change
patterns were also correlated with the sea ice loss (r = 0.48;
Fig. 9a). Over areas with significant sea ice loss, the tempera-
ture inversion weakened by —3° to —4°C and slightly de-
creased by —1° to —2°C over the central Arctic region where
less than 5% SIC loss occurred (Fig. 9a). Similarly, changes in
cold-season CAPE (Fig. 9b) and PBLH (Fig. 9c) were local-
ized over areas with large sea ice loss, with the largest in-
creases near the east coast of Greenland, the Barents—Kara
Sea, the Sea of Okhotsk, and the Chukchi Sea. The temperature
inversion changed little during April-September but exhibited
a moderate pattern correlation with sea ice loss (r = 0.56;
Fig. 9d). Further, the April-September spatial patterns of
CAPE (Fig. 9¢) and PBLH (Fig. 9f) changes were weakly cor-
related with sea ice changes, with correlation coefficients of
0.12 and —0.42, respectively. Our analyses suggest that sea ice
loss, which enhances winter surface warming (Deser et al. 2010;
Dai et al. 2019), can lead to reduced temperature inversion,
increased vertical mixing, and higher CAPE and PBLH
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FIG. 9. Long-term changes (years 1990-2019 minus years 1950-79) in ERAS sea ice concentration (contours; %; the —5%, —15%, and
—30% levels are shown) and (a),(d) Tgsonpa — T1000npa difference (shading; °C), (b),(e) CAPE (shading; J kg’l), and (c),(f) PBLH (shad-
ing; m) for (a)—(c) October-March and (d)—(f) April-September. The pattern correlation between the shaded and contour field is shown
in the bottom-right corner of each panel. All the correlation coefficients have a p value less than 0.01.

during October—March, while the influence is small in the
warm season.

Figure 10 shows the climatology and changes in the profiles
of vertical velocity and horizontal wind divergence. The 1950—
79 mean vertical velocity was upward during October—March,
with a magnitude of —12to —16 Pas™! (-8 to —12 Pas™ ')
over regions with =15% (<15%) SIC loss. During May—August,
the 1950-79 mean vertical velocity was near-zero over both sur-
face types (Figs. 10a,b). Over areas with significant sea ice loss,
upward motion was enhanced in the lower troposphere (i.e.,
950-800 hPa) during October-March by —8 X 107 Pa s},
while the changes during May-September were negligible
(Fig. 10a). Without significant sea ice loss, vertical velocity
changed little for all months from the surface to 500 hPa
(Fig. 10b). The spatial patterns of the cold-season vertical
velocity changes from 950 to 700 hPa show enhanced up-
ward motion east of Greenland and in the Barents-Kara
Seas, with small increases in upward motion in the Chukchi
Sea (Fig. 11a). Upward vertical velocity increased most
over areas with large sea ice loss during the cold season, al-
though the two only show a weak pattern correlation (r = 0.18)
(Fig. 11a). April-September experienced little change in
vertical velocity and its changes did not spatially correspond
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with sea ice loss (r = 0.07; Fig. 11b). The warming associ-
ated with sea ice loss likely enhanced upward vertical mo-
tions from 1950-79 to 1990-2019 by making the air near the
surface more buoyant. Further, enhanced upward atmo-
spheric motions over newly exposed ocean water surfaces
would lead to increased upward transport of energy and mois-
ture and enhanced cloud fraction and water content from
950 to 700 hPa.

We further examine the vertical profiles (Figs. 10c,d) and
spatial patterns (Fig. 12) of horizontal wind divergence, which
is related to the vertical gradient of the vertical velocity so
that a horizontal convergence of airmass would lead to a verti-
cal divergence of airmass. Over both areas with (Fig. 10c) and
without (Fig. 10d) significant SIC loss, the 1950-79 climato-
logical conditions show mean convergence near the surface
(i-e., 1000-800 hPa) and mean divergence in the layer ~800—
600 hPa (Figs. 10c,d), consistent with the decrease in upward
velocity with height below ~800 hPa (Figs. 10a,b). With less
than 15% sea ice loss the divergence profile experienced mini-
mal changes throughout the year (Fig. 10d). In regions with
significant SIC loss, the low-level (1000-950 hPa) conver-
gence increased by ~—8 X 10”7 s~! during October-March
while the change aloft (~900-700 hPa) was a divergence of
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FI1G. 10. Arctic (67°-90°N) monthly mean climatology (years 1950-79; contours) and changes (years 1990-2019 minus
1950-79; shading) in ERAS (a),(b) vertical velocity (in mPa s~ '; negative upward) and (c),(d) horizontal wind diver-
gence (in's~' X 1077) averaged over the oceanic areas (a),(c) with 15% or greater SIC loss and (b),(d) with less than
15% SIC loss.

~2-5 X 1077 57!, which weakened the mean convergence the climatological convergence during these months (Fig. 10c).
below ~800 hPa but enhanced the divergence above (Fig. 10c). The change patterns of the divergence fields averaged over
We also note that from May to August there is a positive diver-  1000-950 hPa (Fig. 12a) and 900-850 hPa (Fig. 12b) confirm
gence change around 1000-950 hPa, which should weaken that areas with 15% or greater sea ice loss experienced

FIG. 11. Long-term changes (years 1990-2019 minus 1950-79) in ERAS5 vertical velocity (in mPa s~ '; shading) aver-
aged over 950-700 hPa and sea ice concentration (%; contours) for (a) October-March and (b) April-September.
The pattern correlation between the divergence and sea ice change fields is shown in the bottom corner of each panel.
Each correlation has a p value less than 0.01.
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FIG. 12. Long-term changes (years 1990-2019 minus 1950-79) in ERAS horizontal divergence (ins~' X 1077;
shading) averaged over (a) 1000-950 and (b) 900-850 hPa for October-March. Contours represent the change
in sea ice concentration for years 1990-2019 minus years 1950-79. The pattern correlation between the diver-
gence and sea ice change fields is shown in the bottom corner of each panel. Each correlation has a p value less
than 0.01.

enhanced near-surface convergence (r = 0.23; Fig. 12a) and
strengthened divergence aloft (r = —0.21; Fig. 12b). Note the
striking alignment of the convergence (divergence) change
from 1000 to 950 hPa (900-850 hPa) between Greenland and
Svalbard.

Changes in moisture divergence, precipitation, and
surface evaporation

We conduct a brief analysis of the spatial patterns of the
mean vertically integrated horizontal moisture divergence
(Figs. 13a,d), precipitation, and surface evaporation (Fig. 14)
to further reveal how sea ice loss affects clouds through the
surface water fluxes. The changes in moisture divergence ex-
hibit strong negative spatial correlation with sea ice changes
during October-March (r = —0.68; Fig. 13a), but the correla-
tion is weak during April-September (r = —0.19; Fig. 13d).
Further, the largest increases in moisture divergence occurred
over areas with 15% or greater sea ice loss (Fig. 13a) during
October-March with an increase of 0.3-0.7 mm day~'. The
enhancement of moisture divergence was largest near Green-
land and Svalbard, followed by the Chukchi Sea and Sea of
Okhotsk. This suggests that atmospheric motions tended to
decrease atmospheric moisture content over areas with sea
ice retreat during October—March.

We next examine the change patterns in surface evapora-
tion (Figs. 14a,c), precipitation (Figs. 14b,d), and evaporation
minus precipitation (E — P; Figs. 13b,e), and their relation-
ship to sea ice loss. Evaporation (Fig. 14a) and precipitation
(Fig. 14b) are closely related to sea ice loss during October—
March (r = —0.87 and r = —0.52). Lack of ocean—-atmosphere
coupling during April-September produced weak or no
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correlation between surface evaporation (r = —0.34; Fig. 14c)
or precipitation (r = 0.02; Fig. 14d) and sea ice changes. We
notice that October—March precipitation increases nearly ev-
erywhere under rising temperatures, with some enhancement
over areas with significant sea ice loss (Fig. 14b). In contrast,
changes in evaporation were localized over sea ice loss re-
gions during October-March (Fig. 14a). Notably, E — P ex-
hibits a strong negative correlation with sea ice loss during
October-March (r = —0.71; Fig. 13b), but this relationship
weakens during April-September (r = —0.28; Fig. 13e). Over
regions with sea ice loss, surface evaporation exceeded the
total precipitation by ~0.3-0.7 mm day ', implying net
moistening of the atmosphere through surface water fluxes
during the cold season in sea ice retreat areas (Fig. 13b).
The net increase in surface evaporation and moisture diver-
gence suggests that surface water fluxes, rather than remote
moisture transport, are a key moisture source for enhanced
Arctic cloudiness during the cold season. The differences
between the changes in moisture flux divergence and
changes in £ — P fields are approximately zero over most
areas of the Arctic for both October-March (Fig. 13c) and
April-September (Fig. 13f), suggesting that net increases in
surface moisture fluxes are balanced by atmospheric mois-
ture divergence, as changes in atmospheric water storage
are relatively small.

One may argue that there is a net increase in remote atmo-
spheric moisture input into the Arctic and that the enhanced
moisture is redistributed into the spatial patterns shown in
Figs. 13 and 14. In Figs. 15 and 16, we show the zonal-mean
changes in meridional moisture transport (Figs. 15b—d) and
vertically integrated northward water vapor flux (Fig. 16). In
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FIG. 13. Long-term changes (years 1990-2019 minus years 1950-79) in ERAS sea ice concentration (contours; %; the —5%, —15%, and
—30% levels are shown) and (a),(d) vertically integrated atmospheric moisture flux divergence (shading; in mm day "), (b),(¢) evapora-
tion minus precipitation (E — P; shading; mm day '), and (c),(f) their difference for (a)-(c) October-March and (d)—(f) April-September.
The pattern correlation between the shaded and contour field is shown in the bottom-right corner of (a), (b), (d), and (e). Each correlation

coefficient has a p value less than 0.01.

the annual mean and during April-September, there is a net
increase in meridional moisture transport at all latitudes in
the Arctic (Fig. 16) from ~1000 to 800 hPa (Figs. 15b,d). Dur-
ing October—March, there is a decrease in the vertically inte-
grated northward water vapor flux (Fig. 16) and meridional
moisture transport (Fig. 15¢) across ~70°-77°N, where cold
season sea ice loss is largest (Fig. 15a). Thus, remote moisture
transport plays a key role in moistening the Arctic during
April-September but weakens over latitudes where there is
large sea ice loss during October—March. This further suggests
that enhanced evaporation from exposed water surfaces plays
a key role in moistening the Arctic boundary layer in the cold
season.

6. Summary and discussion
a. Summary

To examine how sea ice loss may affect clouds in the Arctic,
we analyzed the long-term changes from 1950-79 to 1990-
2019 in sea ice concentration (SIC), cloud fraction, cloud lig-
uid and ice water contents, and other surface and atmospheric
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fields using ERAS data. We first made a comparison of
ERAS cloud fields and cloud radiative forcing (CRF) data
with CERES satellite data from January 2001 to December
2020. ERAS produces more clouds over sea ice relative to
satellite observations although the MODIS clouds used in
CERES may be underestimated, especially in winter (Liu
et al. 2010). Net CRF agrees well between reanalysis and
CERES data; however, ERAS radiation fields may be tuned
to correct for biases or deficiencies in radiation fields. We
emphasize that the physical processes revealed using ERAS
data provide useful insights into how sea ice loss may influ-
ence Arctic clouds, despite the potential biases and defi-
ciencies in ERAS cloud fields. The difference in mean cloud
distribution between ERAS and CERES clouds for years
2001-20 does not imply that the long-term changes in Arctic
clouds are incorrect in ERAS. Further, the lack of in situ
observations of clouds in the central Arctic region makes
evaluating ERAS and satellite-based Arctic cloud fields
challenging.

The ERAS data show that Arctic cloud fraction and cloud
liquid and ice water contents around ~950-700 hPa increased
from 1950-79 to 1990-2019 over areas with significant
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The pattern correlation between the shaded and contour field is shown in the bottom-right corner of each panel. Each
correlation coefficient has a p value less than 0.01 except for the case in (d).

(=15%) sea ice loss, while cloud fraction around 1000-950 hPa
decreased during October—March. Negligible changes in cloud
properties occurred over areas with little (<15%) sea ice loss
or during April-September. Atmospheric warming and
moistening was strongest in autumn and winter near the sur-
face but was weak during summer. Large surface warming in-
creased the saturation specific humidity of the near-surface
layer more than its actual specific humidity, whose rate of in-
crease may be partially counteracted by enhanced upward
export of moisture. This imbalance in the rate of increase be-
tween saturation and actual specific humidity resulted in a
decrease in the RH and cloud amount around 1000-950 hPa.
From ~950 to 700 hPa where warming was weaker than near
the surface, the atmosphere experienced a net moistening (as
indicated by the increased RH) likely due to increased up-
ward moisture transport, leading to enhanced cloud amount
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and cloud water content there. The RH changed little during
the summer season or over areas with little sea ice loss. Dur-
ing the cold season, atmospheric moisture divergence, which is a
measure of surface £ — P flux, increased over the areas with sig-
nificant sea ice loss from 1950-79 to 1990-2019. We also show
that the long-term change in meridional moisture transport is
equatorward along latitudes with large cold-season sea ice loss.
This suggests that increased local surface evaporation, rather
than remote moisture transport, provides a key moisture source
for increased cloudiness over newly exposed ocean water surfa-
ces in winter.

b. Discussion

Our results using ERAS data showed that sea ice loss is
associated with increased cloud fraction and cloud water
content during Arctic autumn and winter, consistent with
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previous studies (e.g., Kay and Gettelman 2009; Palm et al.
2010; Morrison et al. 2019). This study makes a novel contri-
bution to this general topic by analyzing the long-term
changes (i.e., the difference between two 30-yr periods),
rather than by examining variations and trends over
shorter periods (i.e., 20 years or less) as done previously
(Schweiger et al. 2008; Kay and Gettelman 2009; Palm et al.
2010; Morrison et al. 2018). The difference between years
1950-79 and years 1990-2019 estimates the effects of
GHG-induced warming and long-term sea ice loss on Arc-
tic cloud changes and atmospheric conditions; however, in-
ternal variability may also contribute to these differences
(Wettstein and Deser 2014). Further, we show new dy-
namic and thermodynamic processes that explain why re-
gions with sea ice loss are more prone to enhanced cloudiness
than ice-covered regions. Specifically, we analyzed the sea-
sonality and spatial patterns of changes in CAPE and di-
vergence fields that have not been examined in previous
studies. We also show that local surface evaporation provides an
essential source of moisture for enhanced cloudiness associated
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with sea ice loss. To our knowledge, the long-term changes in lo-
cal evaporation and meridional moisture flux have not been thor-
oughly examined.

We recognize that clouds are influenced not only by con-
ditions of the underlying surface, but also by the back-
ground meteorological conditions (Barton and Veron 2012;
Taylor et al. 2015). Our composite analyses for areas with
and without large sea ice loss minimize the effects of other
factors. Further, cloud anomalies can also affect surface
conditions, including sea ice loss. Thus, the SIC—cloud inter-
actions are two-way and our correlation analysis cannot un-
tangle the causal relationship between Arctic sea ice loss
and cloud changes. For this reason, we recommend analysis
of climate model simulations to further assess the causal re-
lationship between sea ice loss and clouds. Nevertheless,
our results, together with previous studies (e.g., Deser et al.
2010; Screen and Simmonds 2010a,b; Dai et al. 2019), have
shown that sea ice loss can increase oceanic heat and water
fluxes into the atmosphere during the cold season, leading
to large surface warming and increased upward heat and
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moisture transport from the surface layer into the layer
above. Thus, from this perspective, we interpreted the cloud
differences between the areas with and without significant
sea ice loss as a response to sea ice loss.
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