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Key Messages:
e Low-cloud cover (< 3 km) is 10-33% larger over the open polynya than adjacent sea ice.

e Cloud radiative effect is 18 W m larger over the polynya than nearby sea ice during the
event.

e Cloud amount and liquid water content are elevated following closure due to increased
moisture fluxes and shifting meteorological conditions.
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Abstract

Surface and atmosphere energy exchanges play an important role in the Arctic climate system by
influencing the lower atmospheric stability and humidity, sea ice melt and growth, and surface
temperature. Sea ice significantly alters the character of these energy exchanges relative to ice-
free ocean. The observed decline in Arctic sea ice since 1979 motivates questions related to the
evolving role of surface-atmosphere coupling and potential feedbacks on the Arctic system. Due
to the strong wintertime cloud warming effect, a critical question concerns the potential response
of low clouds to Arctic sea ice decline. Previous approaches relied on interannual variability to
investigate the cloud response to sea ice decline. However, the covariation between atmospheric
conditions and sea ice makes it difficult to define an observational control when using interannual
variability. To circumvent this difficulty, we exploit the recurring North Water (NoW) polynya,
an episodic opening in the northern Baffin Bay sea ice, as a natural laboratory to isolate the cloud
response to a rapid, near-step perturbation in sea ice. Our results show that during the event (1)
low-cloud cover is 10-33% larger over the polynya than nearby sea ice, (2) cloud liquid water
content is up to 400% larger over the polynya than nearby sea ice, and (3) the surface cloud
radiative effect is 18 W m larger over the polynya than nearby sea ice. Our results provide

evidence that the low-cloud response during a polynya is a positive feedback lengthening the event.
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1 Introduction

Surface-atmosphere interactions strongly influence the character and evolution of the Arctic
climate system. The exchange of energy between the surface and atmosphere can generate small-
and large-scale atmospheric circulation responses (e.g., Burtetal., 2016; Cohen et al., 2014), warm
and moisten the lower Arctic atmosphere (e.g. Screen & Simmonds, 2010; Serreze et al., 2009),
influence cloud properties and feedbacks (Kay & Gettelman, 2009; Morrison et al., 2018; Tan &
Storelvmo, 2019; Taylor et al., 2015; Vavrus et al., 2004; Zhang et al., 2018), and alter the surface
energy budget (Hegyi & Taylor, 2018; Miller et al., 2017). The presence or absence of sea ice
introduces a substantial perturbation to surface-atmosphere energy exchanges, and given the
observed declines in Arctic sea ice (e.g. Parkinson et al., 2016; Screen & Simmonds, 2010;
Simmonds, 2015; Taylor et al., 2018), understanding the effect of varying sea ice cover on surface-
atmosphere interactions is an important consideration for understanding the Arctic climate system
and modeling its evolution in response to natural variability and anthropogenically-forced climate
change.

Sea ice is an efficient insulator that suppresses interaction between the Arctic Ocean and
overlying atmosphere. The fluxes of heat and moisture between sea ice and the atmosphere are
much smaller and are generally in the opposite direction of energy exchanges between ocean and
atmosphere (Gultepe et al., 2003; Taylor et al., 2018). Surface-atmosphere energy exchanges in
the Arctic are episodic, occurring under distinct atmospheric conditions in part due to the stark
surface temperature contrasts between ocean and sea ice surfaces (Taylor et al., 2018) coupled
with the advection of air from one surface to another (e.g., Sjoblom et al., 2020; Taylor et al., 2018;

Vihma et al., 2014). Given the surface-type dependence of surface-atmosphere energy exchanges,
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a continued decline in Arctic sea ice constitutes a potentially significant impact on the Arctic
surface energy budget and the rate of future Arctic warming.

Of the many potential responses to reduced Arctic sea ice cover, the modification of the local
thermodynamic environment and formation of clouds represents one of the most consequential.
Clouds modify the Arctic climate system evolution through cloud-induced turbulent mixing of the
lower tropospheric temperature and humidity structure, modulation of the atmospheric radiative
heating rate, precipitation and dehydration of the Arctic atmosphere, and alteration of radiative
energy fluxes and the surface energy budget (e.g., Curry et al., 1996; Vihma et al., 2014). Thus, a
cloud response to a long-term decline in Arctic sea ice, even a small one, has the potential to
significantly alter the Arctic surface energy budget, thereby modulating the Arctic surface
temperature change and feeding back on the already reduced Arctic sea ice cover.

A recent emphasis has been placed on understanding the nature and magnitude of Arctic low
cloud responses to a changing sea ice cover using internal variability and the seasonal coevolution
of Arctic sea ice and clouds (Alkama et al. 2020; Kay & Gettelman, 2009; Morrison et al., 2018;
Palm et al., 2010; Taylor et al., 2015; Yu et al., 2019). However, disentangling the influence of
covarying meteorology and surface properties on cloud properties and radiative effects from the
effects of sea ice is difficult using this approach (Alkama et al. 2020). Studies have addressed this
issue by stratifying data into atmospheric regimes (e.g. Barton et al., 2012; Taylor et al., 2015);
however, these approaches suffer from the necessary reliance on meteorological reanalyses, which
perform poorly at high latitudes (e.g., Cullather et al., 2017; Lindsay et al., 2014). In sum, these
results point to a negligible cloud response to the observed summer decline in Arctic sea ice,
attributed to the frequent decoupling of clouds from the Arctic surface (Kay & Gettelman, 2009;

Morrison et al., 2018; Shupe et al., 2013; Sotiropoulou et al., 2016; Taylor et al., 2015).
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Alternatively, a considerable response in cloud amount and cloud liquid water content is suggested
during the fall and early winter (Barton et al., 2012; Kay & Gettelman, 2009; Morrison et al., 2018;
Taylor et al., 2015). These approaches rely on interannual variations in sea ice cover and
atmospheric state to isolate a small but impactful signal from the background noise. Implicit in the
reliance on internal variability, however, is the absence of a control cloud state without surface-
atmosphere interaction, as the atmosphere, sea ice, and ocean are coupled and continually interact.
In this study, we exploit the periodic opening and closing of the North Water polynya (NoW; April
et al, 2019; Barber et al., 2001; Vincent, 2019) as a natural laboratory to assess the cloud response
to a rapid, near-step change in sea ice cover, relative to the much longer timescale associated with
seasonal changes to sea ice cover.

Polynyas are defined as large areas of low sea ice concentration or ice-free ocean when,
climatologically, a contiguous ice pack is expected. They represent a sizeable surface energy
budget perturbation in the winter and early spring specifically with respect to surface turbulent
fluxes (Gultepe et al., 2003; Kottmeier & Engelbart, 1992; Smith et al., 1990). Though strongly
impacted by the specific surface and environmental conditions, instantaneous latent and sensible
heat fluxes during polynyas often exceed +200 W m (e.g. Renfrew et al., 2002; Roberts et al.,
2001; Smith et al., 1983; Steffen, 1986). The atmosphere above a polynya becomes warmer and
moister, modifying mesoscale atmospheric processes and motions (e.g. Kottmeier & Engelbart,
1992; Walter, 1989), and enhancing surface buoyancy. Polynyas also create conditions conducive
for cloud formation that further alter the surface radiative fluxes and can aid in maintaining or

expanding the polynya opening (Morales Maqueda et al., 2004; Smith et al., 1990).
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In this analysis, we leverage the rapid, near-step change in sea ice cover associated with the
NoW polynya to isolate the cloud response under near-constant large-scale meteorological
conditions and test three hypotheses:

e There is a statistically significant cloud response to a polynya event where low-cloud amount
and liquid water content are larger over the polynya than nearby sea ice;

e The polynya-induced cloud response yields a surface gain of longwave radiation attributable
to cloud radiative effects; and,

e Cloud amount and total water content linger for the 8-day period after polynya closure, driven
by the polynya perturbation as well as shifting meteorology.

By comparing the average cloud properties before and after a polynya event and exploiting the

local gradient in sea ice cover during an event, we provide evidence for a strong cloud response to

the polynya opening and show that the interrelated cloud radiative effect serves as a positive

feedback lengthening the perturbation.

2 Domain, Data, and Methodology

2.1 North Water (NoW) Polynya

The NoW polynya is a climatological feature located within northern Baffin Bay in Smith
Sound east of Ellesmere Island—between approximately 72 and 78°N latitude and 280 to 295°E
longitude. The NoW polynya typically opens four to five times between December and March and
is associated with the formation of an ice arch in Smith Sound that restricts the flow of sea ice
through Kennedy Channel, and the onset of persistent northeasterly winds advecting sea ice and
subsequent frazil away from the seasonal ice arch (e.g., Dunbar & Dunbar, 1972; Ito, 1982; Steffen

& Ohmura, 1985). Though formed and largely dominated by latent heat polynya processes, Steffen
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(1985) posited that northerly winds also induce regions of upwelling near Cape Alexander that
bring warm water in contact with cold Arctic air and frazil ice. This results in polynya growth and
maintenance of the opening closer to the Greenland coast through sensible heat exchange,
especially in late spring (Mysak & Huang, 1992; Steffen & Ohmura, 1985). Thus, latent and
sensible heat flux mechanisms play an important role in the onset and lifetime of the NoW polynya
(e.g., Barber et al., 2001; Melling et al., 2001).

Table 1 summarizes the areal extent and date range for each polynya event between December
2006 and March 2010, determined using passive microwave sea ice concentration (SIC; Cavalieri
et al., 1996). Consistent with Boisvert et al. (2012), a NoW polynya event is defined as the dates
during which average SIC within the region (polar stereographic square bounded by northwest
point 76.95°N, 265°E and southeast point 74.4°N, 305.5°E) falls below 85%; the closure date is
the next date that the average SIC for the region exceeds 85%. The NoW Polynya area is computed
using a SIC threshold of 60%. NoW polynyas between 2006 and 2010 had an average areal extent

of 17,461 + 11,668 km? and an average length of 8.44 + 2.40 days.

Table 1. Summary of polynya events. The calculation of average area uses footprints with SIC

<60% to define the polynya (NSIDC).
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# START END # DAYS AVG AREA (km?)
1 20070111 20070120 10 6 063
2 20070127 20070201 6 25313
3 20070205 20070215 11 35170
4 20070307 20070311 5 6 125
5 20071211 20071216 6 29792
6 20080118 20080128 11 13 352
7 20080219 20080225 7 5179
8 20080304 20080309 6 833
9 20081202 20081207 6 18 854
10 20090120 20090130 11 12 386
11 20090314 20090324 11 12 784
12 20091210 20091220 11 42 500
13 20091222 20091226 5 24 750
14 20100120 20100128 9 14 444
15 20100131 20100208 9 26 041
16 20100316 20100326 11 5795

AVERAGE 8.44 17 461
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2.2 CALIPSO-CloudSat-CERES-MODIS (C3M) Data

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)-CloudSat-
Clouds and the Earth's Radiant Energy System (CERES)-Moderate Resolution Imaging
Spectrometer (MODIS) (C3M) data fusion product extends from July 2006 to June 2010 (Kato et
al., 2010, 2011). C3M provides vertically resolved profiles of cloud fraction (CF), liquid water
content (LWC), and ice water content (IWC) with computed top-of-atmosphere, in-atmosphere,
and surface radiative fluxes. Data are aggregated along 20 km nadir ground track segments
collocated with the CERES footprint. C3M includes auxiliary temperature and humidity profile
data from Global Modeling and Assimilation Office GEOS-4 before Nov. 2007 and GEOS-5 after.
Kato et al. (2010) provide a complete description of the data fusion process.

CALIPSO and CloudSat active remote sensing observations provide vertically resolved cloud
properties and offer distinct advantages over passive remote sensing techniques. During polar
night, passive remote sensing retrievals exhibit large uncertainties due to the necessary reliance on
a few thermal emission channels (e.g., Minnis et al. 2011b). Vertically resolved cloud properties
from CALIPSO-CloudSAT measurements provide critical information to characterize the
response of clouds to polynya events. Uncertainty in C3M cloud fraction is considered to be small
(~0.01) as CALIPSO is extremely sensitive to cloud condensate (e.g., Avery et al., 2012). Cloud
LWC and IWC are determined by joining CALIPSO and CloudSat measurements with MODIS
cloud optical depth retrievals using the CERES science team Edition 3 retrieval algorithms defined
by Minnis et al. (2011a, 2011b). Currently, in situ observations of Arctic low cloud LWC and IWC
over sea ice are rare and rigorous uncertainty estimates are unavailable. We adopt uncertainties of

+20% for LWC, £70% for IWC, and +2K for surface temperature (Henderson et al. 2013).
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2.3 Surface Turbulent Flux data

Surface turbulent flux data are taken from three sources: (1) a satellite-derived data set using
the NASA Atmospheric Infrared Sounder (AIRS) temperature and humidity retrievals (Boisvert
etal., 2013), (2) the Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2; Gelaro et al., 2017), and (3) the ECMWF Re-Analysis, fifth generation (ERAS;
Hersbach et al. 2018). The AIRS-based surface turbulent flux retrieval technique applies bulk
aerodynamic formulae using stability effects corresponding to the Monin-Obukhov similarity
theory to calculate sensible and latent heat fluxes from AIRS-retrieved surface skin and near-
surface (1000 hPa) temperature, specific humidity, and geopotential height (Boisvert et al., 2013).
This method uses an iterative approach consistent with Launianinen and Vihma (1990) and
additional modifications applying the Grachev et al. (2007) flux algorithm for stable conditions
and roughness length estimates over sea ice following Andreas et al. (2010a, 2010b). Iterative
methods enable the use of air temperature and specific humidity measured at varying heights,
interpolated to a 2-m reference height. The method applies different bulk formulae over sea ice
and water and then uses passive microwave SIC as a weight to compute the daily averaged sensible
heat (SH) and latent heat (LH) fluxes for a 625 km? pixel on a polar stereographic grid.

Boisvert et al. (2012) use this AIRS-based surface turbulent flux data set to study the
progression of moisture fluxes over the NoW polynya, showing event-integrated moisture fluxes
in agreement with previous studies and a +25% uncertainty. Taylor et al. (2018) showed
comparisons between in situ buoy measurements observed during the N-ICE2015 campaign and
corresponding AIRS-based surface turbulent flux data, reporting a bias of -0.49 W m and root
mean square error of 0.74 W m for LH and a bias of +0.11 W m2 and root mean square error of

5.32 W m? for SH. The N-ICE2015 campaign occurred in a different synoptic environment and

10
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surface conditions than the North Water polynya. This may impact the representativeness of the
estimated surface turbulent flux uncertainty from the N-ICE2015 data to the NoW region;
however, parallels can be drawn between the present study and the sea ice environment (dynamic,
young first year ice) and season (winter) in which N-ICE2015 data was collected. Despite the small
validation sample size, these results highlight a strong correspondence between in situ observations
and satellite retrieved surface turbulent fluxes, allowing for greater confidence in the usage of
AIRS-based analyses.

The MERRA-2 surface turbulent fluxes are directly output from the data assimilation system.
MERRA-2 employs an updated 3D-variational assimilation system with incremental analysis
updates and has a comparable cubed-sphere grid with spacing of %2° (69 km) (Bosilovich et al.,
2016; Molod et al., 2015). The surface turbulent fluxes are computed via the Monin-Obukov
similarity theory and based on an analysis methodology described in Helfand & Schubert (1995).
The parameterizations for the boundary layer and surface roughness employed in this scheme are
meant for land surfaces only, with no changes made for fluxes produced over sea ice.

Sea ice concentrations use the daily SST product of Reynolds et al. (2007) until April 2006
and then the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) product (Donlon
et al., 2012) thereafter. The sea ice representation can be described as simple, with sea ice
represented as a uniform 7-cm skin layer slab with no snow cover and is subsequently used in
surface energy budget calculations to determine the skin temperature (Bosilovich et al. 2015).
Avrctic sea ice thickness and snow cover are highly variable, however, and the use of a uniform
slab negatively affects surface temperature estimates as more heat is conducted through the slab

than in reality, leading to warm temperature biases particularly in winter months.

11
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ERAS is an updated version of ECMWE’s ERA-Interim which offers a higher spatial and
temporal resolution. ERA5 has hourly data with a horizontal resolution of 31 km. Like ERA-
Interim, it uses a 4-D variational assimilation scheme (Hersbach et al., 2016). The turbulent
fluxes are estimated via the Monin-Obukov Similarity Theory, which is described in detail in the
ISF Documentation (Cy41r2, 2016). ERA5 uses the same stability functions globally, with no
changes made to the scheme in the Arctic (IFS Documentation—Cy41r21, 2016). While this
scheme works well for the midlatitudes, it may not work well over the Arctic sea ice. For the
stable boundary layer, ERA5 uses parameterizations from Holtslag and De Bruin (1988). This
parameterization was produced using stable nocturnal boundary layer data over land, and is not
designed to reproduce the stable boundary layers over sea ice. ERA5 also uses constant
roughness lengths for heat and moisture over sea ice; however, the roughness of sea ice varies
both spatially and temporally (Andreas et al., 2010a, 2010b).

Until August 2007, ERADS utilizes the Hadley Center sea ice and sea-surface temperature
data set version 2 (HadlSST2; Titchner & Rayner, 2014) and OSI-SAF reprocessing for daily sea
ice concentration (Eastwood et al., 2014). Beginning in September 2007, ERA5 uses the OSI-
SAF daily sea ice and OSTIA (Donlon et al., 2012). Sea ice is simplified in ERAS5 like in
MERRA-2. Here the sea ice is a fixed depth slab with a fixed sea ice fraction, and there is no
snow accumulation on top of the ice (ISF Documentation — Cy41r2, 2016).

In comparison with N-ICE in situ observations, Graham et al. (2019) found that the sensible
and latent heat fluxes are simulated poorly by MERRA-2 and ERA5 and tend to be in the opposite
direction of observed fluxes. The sensible heat flux from MERRA-2 was found to have a large
RMSE of 38 W m, a -5 W m bias in latent heat, and also a warm and moist bias near the surface

(Graham et al., 2019). ERA5 was found to have a 32 W m2 RMSE in sensible heat flux and

12
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a -3 W m bias in the latent heat flux, and one of the largest temperature biases compared to the
other reanalysis in the wintertime (Graham et al., 2019). The fraction of open water in the grid
cells is likely a substantial contributing factor to the large biases in the turbulent fluxes from these
reanalyses in the wintertime over sea ice. Conversely, AIRS-derived sensible and latent heat fluxes
had RMSEs of ~5 and ~1 W m2 when compared with the N-ICE data (Taylor et al., 2018).

Since the sea ice and subsequent snow cover on sea ice is highly variable both spatially and
temporally (Kwok et al., 2017; Wang et al., 2016) and both MERRA-2 and ERAS5 have a simplified
sea ice representation, the skin temperature and surface fluxes are likely to be negatively affected
in both of the reanalysis products.

2.4 Compositing Methodology: A phenomenological compositing approach

Our methodology exploits the rapid near-step perturbation and natural gradients in SIC during
NoW polynya openings to define an experimental control, such that meteorology can be treated as
constant and the effects of surface type can be assessed. The ultimate goal is to isolate the cloud
response that results from surface type differences alone. Applying a phenomenological
compositing approach, we compile C3M footprints from CALIPSO-CloudSat ground tracks that
cross both the polynya and nearby sea ice. Individual footprints are defined as either “polynya” or
“ice”: polynya footprints are those with SIC< 60%, considered to be within the polynya (water
footprints adjacent to land are omitted), and ice footprints are those with SIC >85%. Only
overpasses that intersect both polynya and ice footprints are considered. An impediment to this
approach is that the nadir-only CALIPSO-CloudSat sampling limits the data captured during each
polynya event and additional constraining of the data further reduces the sample size. The SIC
thresholds for the two subgroups (polynya and ice) are disjoint in an effort to more effectively

detect a polynya signal relative to noise and to mitigate the influence of any polynya-scale

13
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atmospheric circulation response. The 60% SIC threshold is selected to balance the number of
samples and the cloud response signal. The sensitivity of our results to the SIC threshold was tested
using SIC values between 30% and 85% and showed a consistency of the overall results across all
thresholds.

Figure 1 shows an example of three overpasses of the NoW polynya on March 19, 2009, one
of which intersects the polynya and meets the stated criteria. Though all three tracks provide data
within the region, only water (blue) and ice (cyan) points from the central track extending from
northwest to southeast are included in the analysis. In total, data are aggregated over 16 polynya

events yielding 145 polynya points and 280 ice points.

* Cape Alexander

Smith Sound

= = = Kennedy Channel

*Water (SIC < 60%)
Ice (SIC = 85%)
*Other (60% < SIC < 85%

04 05 06 07 08 09
SIC (NSIDC)

Figure 1. Sample image showing C3M satellite ground track through the region (points) overlayed
on the NSIDC SIC data (contours). Footprints are stratified by surface type using SIC with those

<60% SIC categorized as “water” (blue), those >85% categorized as “ice” (cyan) and remaining

14
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points categorized as “other” and unused (grey). The filtered swath approach means that only water

and ice points along the C3M ground track oriented in the northwest-southeast direction are used.

3 Results

3.1 Surface-type dependence of cloud property vertical profiles

Figure 2 depicts the average CF vertical profiles for polynya and ice footprints composited
over all events. The average CF profiles for each surface type exhibit similar shapes and increase
from the surface to ~600-700 m, hereafter denoted as the level of maximum (LoM) CF, after which
CF decreases approaching a near-constant value above ~2.2 km (Fig. 2a). The hashed and dotted
lines mark the 1-c uncertainty intervals over each surface type (Fig. 2a). Differences between the
two surface types (Fig. 2b) show that the average CF profile is larger over the polynya than that
over nearby ice, and statistically significant (95% confidence, p < 0.05) differences range from
0.05 to 0.33. The largest CF differences occur between 700 and 1100 m and correspond to the
LoM CF over each surface type. CF differences become statistically insignificant above 2.2 km
indicating that the polynya-induced cloud response is confined below this altitude.

Mean LWC profiles for polynya and ice footprints (Fig. 2c) differ dramatically, with
statistically significant differences found between the profiles. LWC over ice footprints shows a
bottom-heavy profile with maximum values in the lowest 200 m, whereas LWC increases swiftly
with height over polynya footprints reaching a maximum at ~600 m. LWC over polynya footprints
is substantially larger than that over nearby ice between 200 and 900 m with differences exceeding
100%. The largest differences, measured to be ~400% higher over polynya than over ice, coincide

with the LWC maximum over polynya footprints reaching 0.026 g m-3 near 600 m (Fig. 2c, 2d).

15
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The LWC differences decrease more rapidly with height than CF and approach zero near 1.3 km
(Fig. 2¢).

The percent differences between average IWC profiles for the polynya and ice footprints are
smaller than for the LWC profiles. While not statistically significant, this response is consistent
with the presence of abundant cloud condensation nuclei and fewer ice nucleating particles. The
average IWC profiles for the two surface types increase with height above the surface and reach a
broad maximum between 700 m and 1.3 km (Fig. 2e). Figure 2f indicates the largest differences
between the IWC profiles occur in the 1.0 to 1.3 km altitude range, with IWC over polynya ~0.05

g m larger than over ice, a near-doubling of IWC relative to ice footprints.

16
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a) Polynya vs. Ice b) Polynya - Ice
3.0 o T T T T T
25 Hit H Total Polynya: 145 3 = 3
- Total Ice: 28 1 - 1
£20F E 3 E
< 0t ] C ]
15 = = =
o f . u ]
(5] C . C ]
' = - =
05 - - 3
00:1 1 el ,/“-"'—“. P 1: F Ly PR I T T E
0.0 0.2 0.4 0.6 0.8 -0.2 0.0 0.2 0.4
Cloud Fraction Profile Difference
C) Polynya vs. Ice d) Polynya - Ice
3-0 _ TTTTrrTTTT 'I'llllll[lllll|llll|l'111'll_
3 E F 2
5 - - B
= 3 o =
=) . C ]
5 ] C ]
T = o ]
00 oy : :IIIIIIIII IIIIIlIIIlIIIIIIIIIIIIIII:
0 1 2 3 4 -1 0 1 2 3
Cloud LWC (*1072 g/m®) Difference (*10* g/m°)
e) Polynya vs. Ice f) Polynya - Ice
. N A = T 1 T T 1 1 [ T 1 T ] =5 == N
3 E 3 E
= . C ]
£ Y ng o
= ] c ]
> ] B ]
T a] C S
g g E
0.0 Ao . Y ] PO T N T ST T N W B
"0 2 4 6 8 10 12 14 -2 0 2 -+ 6
Cloud IWC (*1072 g/m°) Difference (*107% g/m°)

Figure 2. The average vertical profiles and differences by surface type are shown for (a,b) cloud
fraction (CF), (c,d) liquid water content (LWC), and (e,f) ice water content (IWC) using filtered
swaths from ice (SIC > 85%, light blue), and polynya (SIC <60%, dark blue) footprints for 0-3 km
(solid). Hashed lines (mean + combined uncertainty) and dotted lines (mean — combined

uncertainty) represent the range of +1c uncertainty. The vertical dots on the right hand side of each
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difference panel represent vertical levels where p < 0.05 as determined by a Students-t difference

of means test between the surface types.

3.2 Distribution of cloud variable differences over polynya and ice

Based on the average cloud property profiles, Section 3.1 indicates that surface type influences
cloud properties across the NoW polynya. An additional approach is to compute the near-
instantaneous, single-track differences between polynya and ice footprints (Fig. 3). This method
resembles the approach employed in airborne campaigns (e.g., Smith et al., 2017) to sample cloud
properties over polynya and ice under similar large-scale meteorological conditions. Applying this
approach to satellite data provides a characterization of the surface type influences over the course
of a few seconds compared to a few hours. To apply this approach, we further subset satellite tracks
to include only those with two or more consecutive footprints of each surface type, yielding 25
tracks. While sampling is a clear limitation, the lack of meaningful large-scale meteorological
changes over the course of ~10 seconds is an advantage.

Figure 3 shows the frequency distribution of near-instantaneous cloud property differences
between polynya and ice surfaces at three vertical levels: near-surface (180-300 m), LoM CF (540-
660 m), and above LoM CF (1.25-1.38 km). The difference in single-track CF between polynya
and ice (0.43) is largest at the LoM CF; however, the distribution of single-track differences
appears bimodal with frequency peaks near 0.25 and 0.5 (Fig. 3d). Above the LoM CF, the mean
difference is less (0.32; Fig. 3a) and more than half of the calculated differences are less than the
mean difference, with values near 0.25. This is also the bin with the largest frequency for the LoM
CF. Closer to the surface, the mean difference is similar (0.32) and the distribution skews towards

more frequent differences smaller than the mean (the largest bin shows >30% of differences are
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~0.1; Fig. 3g), while the range of differences is broad (0.1 to 0.75). It is important to note that the
mean differences shown in Fig. 3 are greater than those shown in Fig. 2b for all three levels.

Surface-type differences for LWC (Fig. 3b, 3e, 3h) are also greater than the mean differences
(Fig. 2d) at all three levels. The distribution of LWC at the LoM CF is broader than for CF and the
differences resemble a uniform distribution between 0.020 and 0.033 g m= (Fig. 3e). Above the
LoM CF, the mean difference is three orders of magnitude smaller than that observed at the LoM
CF and >65% of tracks show a difference of zero (Fig. 3b), indicating that the LWC response is
confined below this level. The near-surface layer shows differences mostly between 0.01 and
0.025 g m3 (>70% of samples) and a few instances of differences >0.04 g m= (Fig. 3h).

Turning to IWC, though the overall largest differences are observed at the LoM CF (~10% of
samples have a difference greater than 0.11 g m %), the distribution is highly skewed with over 50%
of samples showing differences less than ~0.01 g m3 (Fig. 3f). The mean difference in IWC at the
LoM CF is 0.034 g m™3, slightly less than the layer above where the mean difference is 0.038 g m
(Fig. 3c). At the level above LoM CF, the distribution is broader and more uniform with no bin
showing a frequency >0.2. In the near-surface layer, IWC differences span -0.025 to 0.035 g m™
with the maximum centered on zero (nearly 80% of samples between -0.005 and 0.005 g m3) and
long tails of sparse representation extending in both the positive and negative directions (Fig. 3i).

In summary, despite sample size limitations the results indicate that CF, LWC, and IWC are

greater over polynya than over ice, consistent with Section 3.1.
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Figure 3. Probability density functions displaying frequencies of same-swath differences
across three layers above (a-c; 1.26-1.38 km), near (d-f; 540-660 m) and below (g-i; 180-300 m)
the level where maximum CF is reached during an average polynya event. Differences are
calculated for CF (left column), LWC (center column), and IWC (right column) over the polynya

versus over the ice (i.e. polynya — ice). Averages are represented by the vertical red line.

3.3 Cloud radiative response and regional surface energy budget evolution

Table 2 summarizes the NoW regional (72-78°N and 280-295°E) surface energy budget
evolution before, during, and after the polynya. Average fluxes for the paired before and after
periods are computed as the 8-day regional average, selected to be consistent with the average

polynya length. In cases where consecutive events are too close to define before and after periods
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without overlap, the event was omitted from this analysis. Additionally, events 14 and 15 are
treated as a single event as the closing and reopening were separated by 2 days (Table 1).

The smallest regionally averaged radiative fluxes occur before the event, increase once the
polynya opens, and continue to increase after the polynya closes (Table 2). Regionally averaged
surface upwelling and downwelling longwave (LW) fluxes show statistically significant
differences from before to after a polynya event, highlighting their lingering presence and slight
enhancement after the polynya closes. Additionally, regional surface temperature remains flat from
before to during the event, but increases after the event by 2 K. We speculate that the increased
clear-sky downwelling LW flux and surface temperature results from the continued spreading of
the warmer, moister air over the polynya to the broader region. It is possible that southerly
advection into the region also increases downwelling LW clear-sky fluxes and temperature as the
winds shift from being more northerly in the “before” and “during” periods to becoming more
southerly “after” (Figs. S1-S3). Recent studies indicate a strong connection between moisture
advection from lower latitudes and enhanced LW downwelling fluxes and skin temperature in the
Arctic (Leeetal., 2017; Luo etal., 2017) and the Antarctic (Sato et al., 2021). These results suggest
that increased moisture advection from lower latitudes could be playing a role in the elevated
regional cloudiness after polynya closure. Uncertainty prevents any substantial conclusions
between regional radiative observations collected during the event and those collected before or
after.

Table 2 also shows differences in the average radiative fluxes, surface temperature, and lower
tropospheric stability (LTS) during the event separated by surface type. Whereas NoW regional
averages for each time period incorporate all available data, polynya and ice categories only use

footprints that meet the orbit qualifications in Section 2, causing the regional averages during the
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event to not always fall between polynya and ice surface type averages. The LW upwelling fluxes
are ~9-10 W m-? larger over polynya compared to ice footprints, due to a ~2 K warmer surface
temperature. LTS over the polynya is weaker relative to that over the ice, reflecting the differences
observed between cloud development over each surface type (Fig. 2). All-sky downwelling LW
flux differences between polynya and ice footprints are overwhelmingly driven by CRE, in
contrast to the regional variations caused by clear-sky flux changes. During the event, polynya
footprints show an ~18 W m2 larger LW CRE than nearby ice footprints and a ~2 W m? larger
downwelling LW clear-sky flux. Overall, both polynya and ice footprints show increased LW CRE
relative to the regional average before the event; however, the average LW CRE over ice footprints
increases by <1 W m2 relative to the before-event regional average while polynya footprints show
a ~20 W m2 increase. As a result, the net all-sky LW flux over the polynya is ~6 W m less
negative than the regional average during the event. Thus, the cloud-response to the polynya
induces a nearly ~20 W m2 gradient in the surface energy budget, indicating that clouds slow

refreezing and represent a positive feedback on polynya length.

Table 2. Summary of the regional surface energy budget evolution during the NoW polynya.
Averaged surface longwave downwelling and upwelling radiation, and latent and sensible heat
fluxes over polynya and over ice for eight day paired periods before and after, as well as during
the polynya. Values shown are % for SIC, K for temperature and LTS, and in W m2 for all others.
Bold values indicate statistical significance with p < 0.05 as determined by a Students-t differences
of means test, with “before” compared with “after” and “polynya” with “ice”. *Standard error is

shown for C3M LTS, and MERRA-2 and ERA5 LH and SH due to unclear systematic uncertainty.
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Before During After
(8 day period (8 day
leading up to period
event) following
event)
Box Average Box Average Polynya Ice Box Average
(full) (full) (full)
SIC (NSIDC) 0.93 (0.05) 0.88 (0.05) 0.51 (0.05) 0.92 (0.05) 0.91 (0.05)
Temperature (C3M) 250.3 (2.1) 250.8 (2.0) 252.1(2.1) 250.2 (2.0) 252.4 (2.1)
LTS (C3M) 25.2 (0.7%) 27.4 (0.1%) 26.5 (0.4%) 28.9 (0.3%) 24.4 (0.5%)
Downwelling
Longwave
All-Sky 179.3 (12.4) 184.0 (12.0) | 200.8(12.2) | 180.3(12.1) | 190.4 (12.5)
Clear-Sky 148.4 (12.2) 151.5 (12.0) | 151.1(12.1) | 148.9 (12.0) | 154.8 (12.3)
CRE 30.9 (16.1) 32.5 (16.0) 49.7 (16.1) 31.4 (16.1) 35.6 (16.1)
Upwelling Longwave
All-Sky 219.9 (12.2) 224.9(12.0) | 2355 (12.1) | 226.0(12.0) | 229.7 (12.3)
Clear-Sky 219.2 (12.2) 224.2 (12.0) | 234.6(12.1) | 225.4(12.0) | 229.0 (12.3)
Net LW radiation -40.6 -40.9 -34.7 -45.7 -39.3
LH (AIRS-based) 0.9 (0.5) -1.4 (0.3) 3.4 (1.8) -3.1(0.9) -1.1 (1.4)
SH (AIRS-based) -11.5 (3.3) -21.7 (5.4) -1.6 (3.4) -29.1 (7.6) -14.2 (4.2)
LH (MERRA-2) 18.6 (0.5%) 24.1 (0.0%) 50.2 (2.4%) 12.4 (0.8%) 20.7 (0.7%)
SH (MERRA-2) 48.8 (2.3%) 58.0 (0.1*) | 103.2 (6.1%) | 25.4 (2.5%) 49.3 (2.3%)
LH (ERAS5) 5.3(0.3%) 14.8 (0.1%) 64.1 (3.6%) 7.2 (0.6%) 8.0 (0.5%)
SH (ERA5) 4.3 (0.8%) 18.8 (0.2%) | 118.1(8.3%) 1.2 (1.3%) 6.2 (1.4%)
415
416 Figure 4 shows scatterplots of event-averaged area and event length compared against average

417 LW CRE to further investigate the relationship between polynya characteristics and the cloud
418 radiative response. Though confidence is limited by sample size, the results suggest that a longer
419 and larger polynya produces a stronger influence on the regional surface energy budget. The
420 polynya area appears to have a stronger influence on the regional energy budget than event length;
421  in particular, the strongest relationship is observed between average area and regionally-averaged

422  CREs after the event (Fig. 4f). Considering more events is needed to expand this analysis.
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Figure 4. Scatterplots summarizing the relationships between (a,d) over-polynya and (b,e)
regionally-averaged CRE during the event, and (c,f) regionally-averaged CRE after the event and

the number of days in a polynya event (a, b, ¢) and average polynya area (d, e, f).

Surface turbulent fluxes also vary strongly across the region during a polynya event. Before
the event, regionally averaged LH flux from the AIRS-based data set is near-zero whereas the SH
flux is strongly negative (Table 2). During the polynya, regional mean SH and LH fluxes increase
towards the surface (negative sign in Table 2) corresponding to the larger increase in the regionally
averaged near-surface air temperature and specific humidity than surface temperature and surface
saturation specific humidity. Considering the breakdown by surface-type, the LH fluxes over
polynya footprints indicate a surface-to-atmosphere transfer of energy (~3 W m2) whereas there
is a net atmosphere-to-surface transfer of energy (~ -3 W m?) over ice footprints. For SH fluxes,
ice footprints show a strong atmosphere-to-surface transfer of energy (~ -29 W m) and polynya

footprints show a much weaker SH flux (~ -1 to -2 W m) indicating a weak difference between
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the near-surface air and surface temperature. The regional average SH and LH fluxes after the
polynya event are both directed to the surface and in the case of SH more strongly than before,
indicating an enhanced near-surface air and surface temperature difference after the event. Overall,
the evolution of the surface turbulent fluxes suggest that the polynya warms and moistens the
regional atmosphere, enhancing energy transfer from the atmosphere to the surrounding sea ice
surface.

MERRA-2 and ERAS surface turbulent fluxes show dramatic differences with the AIRS-based
fluxes. First, the average fluxes across the region are opposite to the AIRS-based fluxes showing
positive values before, during, and after the event. MERRA-2 and ERA5 also show a different
evolution of SH and LH through the polynya event, suggesting that both LH and SH fluxes support
a stronger surface-to-atmosphere transfer of energy on a regionally averaged basis. Comparing the
breakdown by surface type shows much larger LH and SH differences between the polynya and
ice footprints during the event.

Although available data sources do not provide a consistent picture, consistently positive
surface turbulent flux retrievals from MERRA-2 and ERA5 over winter sea ice suggest a poor
representation of sea ice and snow cover on sea ice, and subsequent limitations in near-surface
estimates of temperature and specific humidity are likely producing skewed surface fluxes.
Moreover, the surface turbulent flux evolution found within the satellite data set is consistent with
previous studies (Yao & Tang, 2002; Boisvert et al., 2012, 2015, 2020) and is used below in
subsequent analysis of the cloud response to the polynya.

3.4 Evolution of regional cloud profiles and surface radiative budget across a polynya event

An additional approach to quantifying the total cloud response to the polynya event is to

compare the cloud property profiles before and after the event, constraining data to only include
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events that had corresponding uninterrupted before and after periods (as with Table 2). A benefit
of this approach is the substantial increase in the number of footprints: 1980 before and 1986 after.
Figure 5 shows the regionally averaged CF, LWC, and IWC profiles composited before and after
the polynya. Small differences are found in the regionally averaged CF profiles closest to the
surface (< 300 m), however statistically significant differences (denoted by the vertical dots in Fig.
5) of 0.05 to 0.09 are found from 300 m up to 3 km (Fig. 5a).

Changes in the regionally averaged LWC profiles indicate similar changes as the CF profiles.
Figure 5b shows that all altitudes with statistically significant differences above 500 m correspond
to a greater LWC after the polynya than before. Below 500 m, the LoM LWC shifts upward by
~100 m and does not show as sharp a decline in the layer immediately above. The LWC profile
after the event indicates that the LoM LWC remains elevated in the 8-day period after closure. We
hypothesize that lingering warming and moistening effects from the polynya contribute to the
increased LWC. Statistically significant LWC increases of 0.001 to 0.002 g m-2 are found between
900 m and 1.4 km, consistent with the largest changes observed in CF. The presence of weak low
cloud dissipative mechanisms (e.g. suppressed or no evaporation by boundary layer convective
heating, precipitation, or absorption of solar radiation that might exert a greater influence during
another season; Herman & Goody, 1976) and the shift to a southerly wind regime (Figs. S1-S3)
may also contribute to lingering elevated LWC values. As for IWC, Figure 5c illustrates changes
in the regional mean IWC profile broadly suggest a redistribution of IWC from near the surface
before the event to higher altitudes after; however, the IWC differences are too uncertain to draw

any substantial conclusions.
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Figure 5. Mean 0-3 km vertical profiles of regionally averaged (a) CF, (b) LWC, and (c) IWC
before (red) and after (blue) a polynya event. Hashed lines (mean + combined uncertainty) and
dotted lines (mean — combined uncertainty) represent ranges of +1c uncertainty. Vertical blue
(red) dots in the right of each panel represent vertical levels where the “before” and “after” event
differences are statistically significant with p < 0.05 as determined by a Students-t difference of

means test.

Figure 6 shows the composite time-series of regional mean surface radiative fluxes illustrating
the evolution of the polynya signal. Whereas Table 2 features 8-day means, Fig. 6 features centered
5-day running means. Five-day periods were selected instead of the previous 8-day averages as to
not over-smooth any signal across the two-week period following the closure. Similar to Table 2,
upwelling and downwelling LW fluxes increase with the opening of a polynya and remain elevated
after the closure (Fig. 6). Regional fluxes begin to slacken in the period immediately following the
closure of the polynya (i.e. days 1-5) as surface turbulent fluxes decrease rapidly. These results
indicate the regional influence of the polynya on the surface energy budget is largely confined to
the week following the closure. Clouds linger and likely spread out and moisten the region,

however the LW CRE shows no statistically significant change. Post-event moisture advection
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500 from lower latitudes also likely contributes to the lingering LW downwelling flux (Lee etal., 2017;
501 Luoetal., 2017). After the event, the enhanced upwelling all-sky and clear-sky fluxes immediately

502  following the polynya closure aid in removing the heat and returning the region to normal.
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Figure 6. Regionally-averaged, 5-day running mean time series of surface all-sky and clear-sky,
upwelling and downwelling LW (LWUP and LWDN, respectively) radiation and LW CRE across
a polynya event. Error bars (mean + combined uncertainty) represent the +1c uncertainty, and
identify levels where o confidence is reached. The average values over filtered polynya points
(SIC <60%) are indicated with a “+” and ice points (SIC > 85%) with a “-”. Day 0 represents
average value across all events; negative (positive) days are days leading up to (following) an
event. Darkened points represent timestamps when the differences between the point in question
and data collected “before” are statistically significant with p < 0.05 as determined by a Students-

t difference of means test.

3.5 Influence of turbulent surface fluxes on cloud property vertical profiles

The leading hypothesis of the cloud response to a polynya opening is that increased surface
turbulent fluxes warm and moisten the lower atmosphere facilitating cloud development (e.g.
Smith et al., 1983). A recent study on the relationship between cloud cover and sea ice lead
presence indicates that the increased LH fluxes promote increased cloud cover, whereas increased
SH decreased cloud cover (Li et al., 2020a, 2020b). This is an important distinction that we
evaluate using polynya events.

Figure 7 illustrates strong positive correlations between the surface turbulent fluxes as
obtained from MERRA-2 and ERA5S and AIRS-based over the polynya but weak correlations over
ice. Considering the agreement in SIC between the data sets, the better agreement in surface
turbulent fluxes over the polynya suggest that SIC is the dominant control. Over ice-covered
regions, where SIC is a weak control of surface turbulent fluxes, large SH and LH flux

discrepancies suggest that differences in the input parameters, representations for surface
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conditions, and the parameterizations for very stable boundary layers force this disagreement.
While lowering confidence, the differences in the absolute value of the surface turbulent fluxes do
not preclude any data set from tracking the relative changes; however, it is important to highlight

the unrealistic SH (>100 W m2) and LH (>40 W m-?) fluxes over sea ice often found by MERRA-

2.
a) LH Comparison b) SH Comparison c) LH+SH Comparison
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Figure 7. Scatterplot of the relationships between (a) LH, (b) SH, and (c) LH+SH from the AIRS-
based, MERRA-2, and ERAS data sets stratified by surface type: over polynya (darker hues) and
ice (lighter hues) footprints. Black dashed line represents the one-to-one line and solid lines show

linear regressions between each reanalysis and the AIRS-based data set.

Figures 8 and 9 show linear regression slopes between CF and LWC profiles and LH, SH, and
combined LH + SH from the AIRS-based, MERRA-2, and ERA5 data sets during a polynya event.
For polynya footprints, near-surface (below 1.5 km) CF shows the largest sensitivity to increased
LH and SH fluxes, decreasing with altitude. The magnitudes of the maxima from each data set are
very similar, ~0.004-0.006 in CF per 1 W m2 increase in LH flux; the largest disagreement is in
the heights where these maxima occur. Considering LWC regression slopes, results indicate

similar behavior over polynya footprints with a switch in sign (AIRS-based, MERRA-2) or an
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approach to zero (ERA5) occurring near 800 m; below this level enhanced surface fluxes lead to
greater LWC (up to ~0.0003 g m-3 per W m2) and above this level no change (ERAS5) or less LWC
(AIRS-based, MERRA-2; up to -0.0003 g m3 per W m?; Fig. 9).

The results indicate a different sensitivity of the CF and LWC profiles to LH versus SH. The
CF increase due to LH over polynya footprints is almost double that of SH or the combined LH +
SH, suggesting that LH fluxes have a larger effect on cloud cover over the polynya than SH. This
result is consistent with the suggestion by Li et al. (2020b) of different sensitivities of the cloud
response to LH and SH flux perturbations. The regression slope between CF and AIRS-based
surface turbulent fluxes peaks near 200-300 m, approaches zero near 1.3 to 1.7 km, and then
becomes slightly negative; according to MERRA-2 and ERADB, the largest enhancements to cloud
cover occur at a slightly higher altitude from 500 m to 1.4 km before approaching zero. Overall,
MERRA-2 and ERAS5 exhibit similar regression slope profiles over polynya footprints (Fig. 8).

The three sources of surface turbulent fluxes result in differing cloud property sensitivity
profiles over ice footprints (Figs. 8 and 9). AIRS-based fluxes suggest that the near-surface CF
and LWC responses over ice indicate a reduction in CF and LWC with increased surface turbulent
fluxes below ~700 m (largest reduction near 300 m) but a pronounced layer of increased cloud
cover and LWC immediately above. The increased LWC over ice footprints near 1.0 km is
captured in ERA5 (Fig. 9, bottom row), but not MERRA-2 (Fig. 9, middle row). Enhanced LH
drives the largest changes in cloud cover over ice, with reductions of up to 0.011 in CF and ~0.015
g m= per W m2 in LWC near 400 m and increases of up to 0.007 in CF and 0.008 g m= in LWC
near 1 km; these effects are four times larger than that due to SH or the combined LH + SH (Figs.
8 and 9, top row). MERRA-2 fluxes also indicate a reduction in CF over ice between 300 m and

1.3 km in response to increased LH, SH, and LH+SH fluxes, similar to the AIRS-based data.
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Different from the AIRS-based data set, there is no cloud response outside of the 300 m to 1.3 km
altitude range, and magnitudes are much smaller (Fig 8, middle row). ERA5 disagrees with both
AIRS-based and MERRA-2, suggesting an increase in cloud cover nearly double that over polynya
footprints (Fig. 8, bottom row). Additionally, over ice footprints, CF profile regression slopes
using AIRS-based LH, SH, and LH+SH fluxes suggest an upward shift in CF, a relative increase
aloft that is captured by ERA5S (in addition to increases at the surface) but not evident with
MERRA-2 (Fig. 8). As with regression slopes over polynya footprints, changes to LH seem to
drive significantly larger responses in comparison to changes to SH or the combined LH+SH.
Accounting for ranges of uncertainty, LWC over ice is near zero below 3 km using MERRA-2
fluxes, suggesting little coupling between surface turbulent heat fluxes and cloud properties over
ice footprints (Fig. 9, middle row). Similar to CF, the largest impacts across AIRS-based and
MERRA-2 data sources in LWC are observed when additional LH is added; increases over the
polynya are up to double that of SH over the polynya and for ice over triple that of SH (Figs. 8 and
9, top and middle rows). However, for ERA5 the LWC response to LH over ice footprints is of
opposite sign to that of SH and LH+SH and regression profiles between LWC and SH and
combined LH + SH largely agree with those observed by the AIRS-based, albeit with smaller near-
surface magnitudes for the latter (Fig. 9, bottom row). A similar analysis was completed for IWC

but is not shown due to low confidence.
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587  Figure 8. Sensitivity of CF 0-3km vertical profile for filtered ice (SIC > 85%, cyan) and polynya

588  (SIC <60%, blue) footprints to changes in (a,d) surface LH, (b,e) SH and (c,f) LH + SH using the

589  AIRS-based (a-c), MERRA-2 (d-f), and ERAS (g-i) surface turbulent flux data sets. Hashed lines
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(mean + 2o uncertainty) and dotted lines (mean — 2o uncertainty) identify the 95% confidence
interval. Vertical dark blue (light blue) dots on the right side of each panel represent levels where

the regression slope is statistically significantly distinguishable from zero (positive or negative).
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595  Figure 9. Sensitivity of LWC 0-3 km vertical profiles over filtered ice (SIC > 85%, cyan) and
596  polynya (SIC <60%, blue) footprints to changes in (a,d) LH, (b,e) SH, and (c,f) LH + SH using the

597  AIRS-based (a-c), MERRA-2 (d-f), and ERAS5 (g-i) surface turbulent fluxes. Hashed lines (mean
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+ 20 uncertainty) and dotted lines (mean — 2c uncertainty) identify the 95% confidence interval.

Vertical dark blue (light blue) dots on the right side of each panel represent levels where the

regression slope is statistically significantly distinguishable from zero (positive or negative).

Figure 10 shows the same regression approach, but replacing LH and SH fluxes with SIC.

Surface turbulent fluxes are expected to scale with SIC. The results in Fig. 8 show consistency

with the CF and LWC regression slope profiles computed with the surface turbulent fluxes data.

Despite the low confidence in the surface turbulent flux data sets, the results using SIC, a higher

confidence measurement, are consistent. This lends confidence to the general nature of our results,

however the quantitative sensitivities shown contain substantial uncertainty. Additionally, the

larger noise (and subsequent uncertainty) in regression slopes below 1 km likely results from the

surface-atmosphere interactions themselves. We do not take the statistical significance shown at

higher altitudes (>2.5 km) as an indication of a response to the surface perturbation.

NSIDC Water: 145, Ice: 279
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Figure 10. Sensitivity of the (a) CF and (b) LWC 0-3 km vertical profiles over filtered ice (SIC >

85%, light blue) and polynya (SIC <60%, dark blue) footprints to changes in sea ice concentration
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(SIC). Hashed lines (mean + 2o uncertainty) and dotted lines (mean — 2c uncertainty) identify the
95% confidence interval. Vertical dark blue (light blue) dots on the right side of each panel
represent levels where the regression slope is statistically significantly distinguishable from zero

(positive or negative).

4 Discussion

We present a satellite-based analysis of the response and radiative impact of clouds to the NowW
polynya. Our approach exploits the periodic opening of the NoW polynya and the near-step change
in sea ice cover as a natural laboratory to quantify the cloud response to a changing sea ice cover.
The advantage of our approach is that we can define an experimental control (ice surface type)
subject to the same large-scale meteorological conditions as the areas affected by the sea ice
perturbation (polynya surface type). Thus, the quantified cloud response to the sea ice perturbation
does not rely on meteorological reanalysis. Limitations of this study include the small sample size
and the possibility that in focusing on shallow clouds and low-level effects of surface cover change,
the study is slightly affected by beam attenuation in cloudy environments (Blanchard et al., 2014;
Liu et al., 2017). An additional caveat is the potential influence of polynya-scale circulations that
could influence the comparison; however, given the large number of different polynya sizes and
durations averaged over, this feature is not expected to have a significant effect. Our approach is
unique and compliments previous investigations of Arctic cloud-sea ice interactions relying on
internal variability. Overall, we find results similar to such previous studies.

The occurrence of the NoW polynya uncovers warmer ocean water to the colder winter
atmosphere driving a surface skin and near-surface air temperature gradient that causes upward

SH and LH fluxes. Differences in SH and LH fluxes between the MERRA-2, ERA5, and AIRS-
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based data sets are underscored by differences in input parameterization schemes, sea ice
characterization and representation, and environmental temperature and humidity. The poor
representation of sea ice and snow cover on sea ice likely causes a warm bias in the skin
temperatures in MERRA-2 and ERAS (Batrak & Miiller, 2019) and the thermal stratification of
the lower atmosphere, and could explain why reanalysis SH and LH fluxes are always positive and
much larger than satellite-retrieved. AIRS-based skin temperature is produced from retrievals of
surface emissivity and is likely more accurate (Susskind et al., 2013). Another factor effecting
greater differences between the three data sets could be the poor representation of boundary layer
stability and thermal structure over the sea ice in the parameterization of the fluxes by MERRA-2
and ERA5 compared to the AIRS-derived fluxes.

In response to this substantial surface-to-atmosphere energy and moisture transfer, the cloud
cover and condensate amounts are hypothesized to increase (e.g., Gultepe et al., 2003). Our results
demonstrate statistically significant increases in CF and LWC in the near-surface (0-3 km) layer
over the polynya, as well as across the NoW region. Similarly, Weijer et al. (2017) found enhanced
surface turbulent fluxes and changes to cloud properties associated with polynya occurrence in a
modeling analysis of Antarctic polynyas. Comparing profiles over polynyas with those over nearby
ice, CF is larger over the polynya than nearby ice (by as much as 30%). The LWC profile was
similarly affected by the removal of sea ice cover, increasing by greater than 50% and up to 350%.
The magnitude of the CF changes from previous work on the cloud response to sea ice declines
using interannual variability is 5-10% (Kay & Gettelman, 2009; Morrison et al., 2018; Palm et al.,
2010; Taylor et al., 2015; Wu & Lee, 2012), a smaller response than in the context of the NoW
polynya. This larger CF response to sea ice loss in the context of the polynya is expected as the

surface turbulent flux forcing is substantially stronger and because the influence of sea ice cover
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change on clouds is isolated in our approach. Alternatively, the altitude ranges of greatest change
in CF and LWC are consistent with previous studies (e.g., Kay & Gettelman, 2009; Morrison et
al., 2018; Taylor et al., 2015). This suggests that some aspects of the boundary layer processes and
cloud response to the sea ice perturbation from the polynya may be generalizable to the Arctic-
wide cloud response to sea ice decline; however, more data is needed to explore this potential
generalizability. Aerosols sourced by the polynya could be a confounding variable influencing
cloud development (e.g. Creamean et al., 2020; Tobo et al., 2019; Yan et al. 2020); however, data
is not available for such an analysis. Our results support the hypothesis that polynyas create
conditions more favorable for cloud development through increased surface turbulent fluxes that
warm and moisten the overlying atmosphere.

Further delving into cloud composition over the polynya, clouds are dominated by more liquid
particles closer to the surface (below approximately 500 m) and more ice particles aloft (above
500 m). Results from Morrison et al. (2018) indicate a similar cloud structure, with a greater liquid
cloud fraction reported over the polynya, especially in the lowest 2 km. Over ice footprints, ice
particles dominate the entire 0-3 km layer, though liquid particles are more common closer to the
surface; this is in agreement with Morrison et al. (2018) where the greatest liquid cloud fraction
was observed closest to the surface with a monotonic decrease with height. Though our results do
not show a monotonic decrease with height, the spatial and temporal domains of the studies are
different. Over polynya footprints, liquid particles are dominant near the surface (below 500 m)
and concentrations quickly decrease with height above this level and ice particles then dominate.

The cloud response to the polynya event does not abruptly stop upon closing. Though the
regional SIC rises back above the 85% threshold, small pockets of open water remain, and ice

growth and lingering warm, moist air and clouds continue to affect the surface energy budget. We
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find a lingering cloud property and radiative fluxes as well as temperature and humidity effects
(Fig. S4) in agreement with Boisvert et al. (2012), that is also influenced by changing meteorology
(Figs. S1-S3). Specifically, we find an enhancement in regional low-cloud cover in the days
following polynya closure relative to that observed prior to the polynya opening, in part due to the
lack of processes removing the excess energy, moisture, and cloud condensate from the region
(e.g. Herman & Goody, 1976) and in part due to a shift to southerly large-scale wind flow.

Lastly, our results point to a cloud effect on polynya lifetime. During the polynya event, our
results show that the LW CRE is 18 W m larger over water than ice footprints. Though cloud
amount in the period following the event is greater than that observed before the event, this trend
is not upheld by LW CRE results when comparing the before and after periods or when analyzing
stepped means in the two weeks following the polynya. We speculate that downwelling longwave
impacts from enhanced cloud cover after the polynya are likely balanced by the gradual spread of
warmer and moister air created by the polynya and the shift to southerly winds increasing the clear
sky LW flux.
5 Summary and Conclusion

This paper offers an in-depth analysis of the cloud and surface energy budget response to a
near-step change in sea ice cover created by the North Water Polynya. This study pairs active
remotely sensed satellite data from the NASA C3M merged product with collocated MERRA-2,
ERAS, and AIRS-based derived surface turbulent fluxes. The relationship between surface cover
and the overlying cloud and radiative response is determined by sorting each footprint by SIC then
aggregating corresponding atmospheric data accordingly.

A statistically significant and pronounced increase in low-cloud amount over polynya

footprints is observed during a composite polynya event, with up to 200% more clouds over the
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polynya in comparison to that over nearby ice. Strong variation occurs on a track-to-track basis,
but results confirm that differences in cloud property profiles over polynya versus those over
nearby ice are non-zero and favor more clouds over the polynya. The largest differences are
observed between 700 m and 1.2 km, coinciding with the LoM CF over both ice and polynya
surface classifications. Within this altitude range, LWC is largest over polynya footprints, with the
LWC maximum altitude over ice observed closer to the surface. Despite larger uncertainty
associated with IWC, averaged profiles show similar results, with a broad maximum occurring in
a layer from ~700 m to 1.3 km.

Upwelling and downwelling LW radiation, the LW CRE, and cloud cover peak during the
event; however, the “closure” of the polynya does not indicate a return to pre-event conditions.
Instead, regionally averaged surface temperatures after the event more closely match those
observed over the polynya during the event, cloud cover remains elevated, and LW radiation
(upwelling and downwelling) remains elevated in the days following the polynya, only
approaching pre-polynya levels between 5 and 7 days following the closure.

Increased surface turbulent LH and SH fluxes are associated with increased CF over the
polynya and decreased CF over ice in the layer closest to the surface, though the altitude of the
largest impacts varies based on the surface turbulent flux data set. AIRS-based results suggest the
impact to LWC generally mirrors that of CF, but those from MERRA-2 and ERAS paint a different
picture. The largest impacts on CF and LWC are attributed to changes in LH when compared to
that from SH or the combined LH + SH. Differences in the three data sets represent a significant
limitation of this and related analyses. Improved surface turbulent data sets are critical to

advancing our understanding of the cloud response to sea ice decline.
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This small-scale regional analysis highlights the dependence of low-cloud and the local surface
energy budget on changes in surface sea ice cover and the releases of heat and moisture from the
ocean surface, associated with the opening of a polynya. These results suggest that a widespread
reduction in sea ice can cause increases in overlying cloud cover, leading to a positive feedback
where substantial and localized radiative effects slow the refreezing. However, increases in active
sensor coverage and a greater amount of in situ surface turbulent flux data are needed to further
refine the results discussed in this study. Additionally, these conclusions highlight the need for a
better understanding of feedbacks that potentially expand the length of polynyas, and underscore

the uncertainties involved in developing forecasts for the Arctic in a warming world.
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