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Abstract While the radiative inﬂuence of clouds on Arctic sea ice is known, the inﬂuence of sea ice cover
on Arctic clouds is challenging to detect, separate from atmospheric circulation, and attribute to human
activities. Providing observational constraints on the two-way relationship between sea ice cover and Arctic
clouds is important for predicting the rate of future sea ice loss. Here we use 8 years of CALIPSO
(Cloud-Aerosol Lidar and Infrared Pathﬁnder Satellite Observations) spaceborne lidar observations from 2008
to 2015 to analyze Arctic cloud proﬁles over sea ice and over open water. Using a novel surface mask to
restrict our analysis to where sea ice concentration varies, we isolate the inﬂuence of sea ice cover on Arctic
Ocean clouds. The study focuses on clouds containing liquid water because liquid-containing clouds are the
most important cloud type for radiative ﬂuxes and therefore for sea ice melt and growth. Summer is the only
season with no observed cloud response to sea ice cover variability: liquid cloud proﬁles are nearly identical
over sea ice and over open water. These results suggest that shortwave summer cloud feedbacks do not
slow long-term summer sea ice loss. In contrast, more liquid clouds are observed over open water than over
sea ice in the winter, spring, and fall in the 8 year mean and in each individual year. Observed fall sea ice loss
cannot be explained by natural variability alone, which suggests that observed increases in fall Arctic
cloud cover over newly open water are linked to human activities.
1. Introduction
Arctic sea ice loss since 1979 (Screen & Simmonds, 2010; Serreze et al., 2009; Stroeve et al., 2012) is one of the
most visible manifestations of recent human-caused (Bindoff et al., 2013; Kay et al., 2011; Kirchmeier-Young
et al., 2017; Min et al., 2008) climate change. Clouds can respond to sea ice loss by forming over newly open
water, but this potential is not a given. Understanding the cloud response to sea ice loss is important because
cloud changes can accelerate or decelerate future sea ice loss. Present-day climatologies show the substantial
inﬂuence of Arctic clouds on sea ice melt and growth over the seasonal cycle (Curry et al., 1993; Intrieri, Fairall,
et al., 2002; Kay & L’Ecuyer, 2013; Shupe & Intrieri, 2004). During summer when shortwave cloud radiative
effects dominate over longwave cloud radiative effects, Arctic clouds cool the surface and reduce sea ice
melt. In all other seasons, longwave cloud radiative effects dominate and Arctic clouds warm the surface.
Increasing summer clouds would replace one bright surface (lost sea ice) with another (new clouds) and
decelerate future sea ice loss. Increasing clouds in all other seasons would warm the surface even more
and accelerate future sea ice loss (e.g., Abbot & Tziperman, 2009). Clouds containing liquid water (hereafter
“liquid clouds”), especially near-surface liquid clouds below 3 km, contribute more strongly to cloud-induced
surface warming and cooling than ice-only clouds (Bitz et al., 2005; Matus & L’Ecuyer, 2017; Morrison et al.,
2012; Sedlar et al., 2011; Shupe & Intrieri, 2004). Atmospheric temperature alone is not predictive of cloud
phase: liquid clouds occur in all seasons, at temperatures as low as 40°C, and often persist for several days
(Cesana et al., 2012; Intrieri, Shupe, et al., 2002; Morrison et al., 2012; Shupe et al., 2006; Verlinde et al., 2007).
Air-sea coupling affects low cloud formation and maintenance and thus is important to consider when introducing the potential for a cloud response to sea ice loss. When the ocean and lower atmosphere are coupled,
as they are over much of the world’s oceans, moisture transfer from the open water to the lower atmosphere
promotes low cloud formation (Klein & Hartmann, 1993). The Arctic atmosphere can be coupled or
decoupled from the ocean. Whether the Arctic atmosphere and sea surface are coupled depends in part
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on Arctic cloud properties such as cloud altitude and the strength of cloud-forced vertical mixing (Morrison
et al., 2012; Shupe et al., 2013). Air-sea coupling also depends in part on air-sea temperature gradients, which,
in turn, are affected by (1) the seasonal cycle of solar radiation and (2) the higher speciﬁc heat capacity of
water compared to air. These two factors lead to the assumption of a seasonal difference in air-sea temperature gradients and therefore in the air-sea coupling that drives Arctic cloud responses to sea ice loss. Nearsurface static stability is a measure of air-sea coupling strength (Klein & Hartmann, 1993) and is one of the
most important indicators of a cloud response to sea ice loss (Kay & Gettelman, 2009). In summary, seasonal
differences in air-sea coupling lead us to hypothesize both the absence of a summer cloud response and the
presence of fall cloud response (hereafter referred to as the “local air-sea coupling hypothesis”).
The goal of this study is to isolate the observed inﬂuence of Arctic sea ice cover on liquid cloud proﬁles.
Building on previous research, we recognize that accurately isolating the inﬂuence of sea ice cover on clouds
requires four elements: (1) a seasonal approach, (2) active satellite observations, (3) a local and instantaneous perspective, and (4) using a novel isolation method that separate the inﬂuence of sea ice cover on
clouds from other cloud-controlling factors (e.g., atmospheric circulation). First, separating the analysis by
season is required by the governing physics. Some previous studies (e.g., Barton et al., 2012; Liu et al.,
2012) overlooked the need for seasonal separation. Studies indicate that summer Arctic clouds do not
respond to summer sea ice loss (Kay & Gettelman, 2009) but that more fall clouds form over open water than
over sea ice (Kay & Gettelman, 2009; Palm et al., 2010; Sato et al., 2012; Schweiger et al., 2008; Wu & Lee,
2012). Second, this analysis requires observational tools that provide accurate cloud detection independent
of the underlying surface type. Available over the last decade only, spaceborne active sensors (Chepfer et al.,
2010; Winker et al., 2010) provide surface-blind cloud proﬁling from 82°S to 82°N. Third, isolating cloud
changes due to sea ice loss from other cloud-controlling factors also requires analyzing clouds at the spatial
and temporal scales on which clouds and sea ice change. Previous studies (e.g., Kay et al., 2008; Kay &
Gettelman, 2009; Liu et al., 2012; Palm et al., 2010; Sato et al., 2012; Schweiger et al., 2008; Wu & Lee,
2012) have generally used monthly mean gridded cloud and sea ice data. Because clouds change on subdaily and kilometer scales, observations at the satellite footprint help extract process relationships between
sea ice, clouds, and atmospheric circulation (e.g., Taylor et al., 2015). Finally, the cloud response to sea ice
loss must be isolated from other cloud-controlling factors such as the large-scale atmospheric circulation.
One strategy to address this concern is to deﬁne regimes based on the physical properties of the Arctic climate system. For example, Barton et al. (2012) and Taylor et al. (2015) analyzed cloud and sea ice covariance
within regimes deﬁned by lower-tropospheric stability and vertical velocity. Separating by synoptic regime
has proven useful because clouds are affected by both atmospheric circulation and stability. But this
method has limitations for identifying the cloud response to sea ice cover because Arctic atmospheric stability and sea ice cover can be correlated. As a result, when sea ice turns into open water, the lowertropospheric stability regime can change. For example, observations indicate lower stability over open water
than over sea ice (e.g., recent ﬁeld mission described in Sotiropoulou et al. (2016)). As a consequence, when
analyzing the cloud response to sea ice loss, the stability regime must be allowed to change. Stability cannot
evolve with sea ice cover within controlled stability regimes. Barton et al. (2012) and Taylor et al. (2015) provide important results on cloud-sea ice relationships when synoptic (and stability) conditions are held constant; however, a key difference between those studies and the one presented here is that we are
identifying a cloud response to sea ice cover without making assumptions about stability. When looking
at how clouds change with sea ice cover, compositing by a property that also changes with sea ice cover
(i.e., stability) may weaken the desired signal.
Building on insights gained from previous studies (Barton et al., 2012; Kay et al., 2008; Kay & Gettelman, 2009;
Liu et al., 2012; Palm et al., 2010; Sato et al., 2012; Schweiger et al., 2008; Taylor et al., 2015; Wu & Lee, 2012), we
analyze cloud-sea ice relationships at a local and instantaneous scale during all four seasons. We use a novel
isolation method based on sea ice concentration. Our study focuses on 2008–2015, a period with large interannual variability in seasonal sea ice concentrations. Due to shrinking sea ice cover since 1979 (Serreze et al.,
2009), there is enough Arctic sea ice variability over these recent 8 years to observe clouds both over sea ice
and over open water. The years 2008–2015 are also a period over which the large variations in sea ice cover
exist partly because of long-term human-caused sea ice loss (Bindoff et al., 2013; Kay et al., 2011; KirchmeierYoung et al., 2017; Min et al., 2008). We want to isolate the cloud response to this observed variability in sea
ice cover.
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2. Data
Our study focuses on Arctic cloud and sea ice relationships during summer (June–August) and fall
(September–November) over the period 2008–2015. We are limited to this 8 year period because we use
ﬁrst-in-kind cloud observations from the spaceborne Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) lidar on board the Cloud-Aerosol Lidar and Infrared Pathﬁnder Satellite Observation (CALIPSO) satellite. Though CALIPSO was launched in 2006, we only use cloud data starting in 2008 because the satellite tilt
changed in November 2007. CALIPSO’s geographical range spans from 82°S to 82°N. As an active sensor,
CALIPSO has unique strengths in detecting thin clouds, cloud layers, cloud phase, and clouds over sea ice.
Importantly, the CALIPSO lidar measures cloud vertical structure and phase independent of surface conditions and temperature assumptions. One limitation of the CALIPSO lidar is that the measured signal is attenuated by optically thick clouds (Chepfer et al., 2010; Winker et al., 2010); however, since clouds in the
Arctic are often optically thin, the penetration depth of the lidar is often close to the surface. In this study,
we will quantitatively examine the proﬁling capabilities of CALIPSO in the Arctic, building on the work of
Guzman et al. (2017).
For this study, we used an established CALIPSO product: the CALIPSO-GCM-Oriented CALIPSO Cloud
Product (CALIPSO-GOCCP), version 3.0 (Cesana & Chepfer, 2013; Chepfer et al., 2010, 2013; Guzman
et al., 2017). Brieﬂy, GOCCP is developed from Level 1 version 3.30 CALIOP data. The CALIOP 532 nm
Attenuated Backscatter proﬁle and Goddard Modeling and Assimilation Ofﬁce Molecular Density proﬁles
are used to calculate a vertical lidar scattering ratio (SR) proﬁle but are ﬁrst processed onto a vertical
grid with vertical resolution of 480 m to ensure uniform vertical resolution (Chepfer et al., 2010). SR
thresholds then separate an atmospheric layer into clouds, clear sky, unclassiﬁed, or fully attenuated
by opaque clouds. Below 8 km, the GOCCP data product provides clouds’ horizontal and vertical
locations at 333 m horizontal and 480 m vertical resolutions. If a cloud is detected, the attenuated total
backscatter and cross-polarized total attenuated backscatter are used to determine cloud phase (Cesana
& Chepfer, 2013). If it is determined that a cloud contains liquid, that cloud is classiﬁed as “liquidcontaining” because the “mixed-phase” classiﬁcation is not used in GOCCP. The GOCCP data set has
been validated in the Arctic against ground-based observations (Lacour et al., 2017), aircraft observations
(Cesana et al., 2016), and other satellite cloud climatologies (Chepfer et al., 2010; Chepfer et al., 2013;
Cesana et al., 2016). GOCCP was also part of the GEWEX Cloud Assessment Exercise (Stubenrauch
et al., 2013).
Each CALIPSO Level 1 satellite footprint includes a sea ice concentration value, which is incorporated
into the GOCCP product. Sea ice observations are from the National Snow and Ice Data Center’s Near
Real-Time SSM/I EASE Grid Daily Global Sea Ice Concentration and Snow Extent data product (Nolin
et al., 1998). The daily sea ice concentration observations are provided at a 25 km horizontal resolution
from passive microwave imagery. Each day, every cloud proﬁle along each orbit track receives the sea
ice concentration value that corresponds to the closest latitude/longitude of that particular satellite
footprint. Compared to regional Canadian sea ice charts, the uncertainty in satellite-derived Arctic sea
ice concentration measurements ranges from ±5% in winter to ±15% in the summer (Agnew &
Howell, 2003).
A reanalysis product—the European Center for Medium-Range Weather Forecasts’ ERA-Interim (Dee et al.,
2011)—was used to assess atmospheric conditions during the study period. Speciﬁcally, we used 6-hourly
ERA-Interim temperature proﬁle and sea level pressure values calculated at a 0.125° × 0.125° horizontal resolution. ERA-Interim is initialized with daily passive microwave SSM/I sea ice concentration data (Breivik et al.,
2001), which is the same instrument and temporal resolution as CALIPSO’s sea ice data. We only use ERAInterim when pan-Arctic near-instantaneous observations have large uncertainties or are not available, which
is the case for Arctic air temperature proﬁles and sea level pressure. Compared to observed temperatures
from Atmospheric Infrared Sounder satellite retrievals, ERA-Interim temperature biases against Integrated
Global Radiosonde Archive measurements are smaller and less affected by cloud properties (Wong et al.,
2015). Pressure is generally well represented in ERA-Interim when compared to atmospheric measurements
from ship cruises (de Boer et al., 2014). We mapped sea level pressure and near-surface static stability values
from ERA-Interim onto the satellite footprint to assess the atmospheric conditions coincident with
cloud observations.
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Figure 1. Seasonal mean Arctic Ocean maps of (a) sea level pressure, (b) near-surface static stability (difference between the potential temperature at 925 mb and
the potential temperature at 1,000 mb (Θ925mb  Θ1000mb) (Kay & Gettelman, 2009)), (c) sea ice concentration, and (d) total CALIPSO-GOCCP cloud cover. The
circle at 82°N is the northernmost extent of CALIPSO observations. Sea level pressure and stability data are from ERA-Interim. Sea ice concentration and cloud cover
are from CALIPSO-GOCCP. Data used are gridded monthly means from 2008 to 2015.

3. Methods
3.1. Identifying the Analysis Region: The Intermittent and Perennial Masks
The Arctic is often deﬁned as the area poleward of 70°N. But within this region there are large geographic
variations in atmospheric circulation, near-surface static stability, sea ice concentration, and cloud fraction
(Figure 1). We want to focus our analysis on the region of the Arctic where sea ice concentration has varied
during our study period. To identify this region, we used daily sea ice concentration observations (Nolin et al.,
1998) gridded into a 1° × 1° grid to develop two surface masks: the perennial mask and the intermittent mask.
The ﬁrst surface mask—the perennial mask—isolates regions of the Arctic Ocean where the daily sea ice concentration is invariant from 2008 to 2015. All data within the perennial mask are excluded from our analysis.
Speciﬁcally, the perennial mask contains grid boxes that were always ice-free (sea ice concentration < 15%;
Fetterer et al., 2002), always ice-covered (sea ice concentration > 80%; Strong & Rigor, 2013), or land. In this
case “always” means that the daily mean sea ice concentration in a grid box was either <15% or >80% every
day in a given season from 2008 to 2015. Sea ice concentrations are not provided for coastal pixels due to
greater retrieval uncertainty near land, so coastal pixels are also included in the perennial mask.
The second surface mask—the intermittent mask—contains all grid boxes that are not in the perennial mask.
In other words, the intermittent mask isolates regions of the Arctic Ocean where the daily sea ice concentration varies from 2008 to 2015. All data within the intermittent mask are included in our analysis. Speciﬁcally,
the intermittent mask contains grid boxes that never remain only ice-free (daily sea ice concentration < 15%)
or only ice-covered (daily sea ice concentration > 80%).
The purpose of using the intermittent mask is twofold. First, our sole focus on local instantaneous data within
the intermittent mask enables us to isolate the cloud response to sea ice variations. One might be tempted to
connect gridded monthly mean cloud cover with gridded monthly mean sea ice. By ignoring the need to
work at a near-instantaneous time scale, this analysis strategy risks contaminating the intended signal (cloud
response to sea ice loss) with noise (e.g., cloud response to atmospheric circulation variability). In addition to
using a perspective that is instantaneous in time, one must also use a local perspective. For instance, analyzing clouds in a pan-Arctic perspective across the entire Arctic Ocean would compare cloud formation in the
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North Atlantic and in the Beaufort Sea, two regions with very different atmospheric conditions (Figures 1a
and 1b). Averaging clouds over the North Atlantic with clouds over the Beaufort Sea will not show liquid
clouds’ response to sea ice loss. Instead, it will show the geographic variations in clouds associated largely
with differing large-scale circulation patterns. Analyzing mean cloud proﬁles over the entire Arctic Ocean
would also lead to the erroneous conclusion that there are always more clouds over open water than over
sea ice because the North Atlantic is seasonally ice-free (Figure 1c) and has a seasonal mean cloud fraction
>80% (Figure 1d). Naturally, averaging cloud proﬁles over the North Atlantic will show more clouds over
open water than over sea ice. But the North Atlantic is always ice-free for reasons unrelated to sea ice loss
(Serreze et al., 1997). Therefore, the cloud response to sea ice loss cannot be observed in the North
Atlantic. Similarly, the instantaneous cloud response to sea ice loss cannot be isolated in regions where sea
ice cover is not changing, whether the ocean is always ice-free or always ice-covered. Any areas where sea
ice concentration is invariant (i.e., those in the perennial mask) need to be excluded from this study.
3.2. Calculating the Vertical Liquid Cloud Fraction Over Sea Ice and Over Open Water
Our end goal was to compare climatological liquid cloud proﬁles over sea ice and over open water within the
intermittent mask. We obtained the climatological liquid cloud proﬁle over sea ice by examining instantaneous lidar proﬁles whenever the daily sea ice concentration exceeded 80%. We obtained the climatological
liquid cloud proﬁle over open water by examining instantaneous lidar proﬁles whenever the daily sea ice concentration was less than 15%. By focusing on the extremes within the intermittent mask (i.e., <15% and
>80% sea ice concentrations), sea ice measurement uncertainty was unlikely to cause an “ice-free” to be accidentally classiﬁed as an “ice-covered” region or vice versa. Note that the separation of sea ice and open water
within the intermittent mask and the deﬁnition of the intermittent mask are distinct.
Each instantaneous lidar proﬁle within a satellite overpass contains several ﬂags for clouds, clear sky, and
uncertain lidar returns. We ﬁrst gridded all the overpasses in a 1° × 1° grid, ﬁnding the total number of cloud,
clear sky, and uncertain returns within each grid box for each satellite overpass. Using the number of returns
at each altitude, we then calculated a daily cloud fraction over open water and over sea ice within each box.
We deﬁne liquid cloud fraction proﬁle in each 1° × 1° grid box as
LCFðz Þ ¼

Ncl;liq ðzÞ
Ncl;tot ðzÞ þ Nclear ðzÞ þ Nuncertain ðz Þ

(1)

where LCF is the liquid cloud fraction, Ncl,liq is the number of liquid cloud returns, Ncl,tot is the number of total
cloud returns, Nclear is the number of clear sky returns, and Nuncertain is the number of uncertain returns. If a
liquid cloud fraction was calculated over sea ice, then all the calculation inputs (i.e., cloud, clear sky, and
uncertain returns) in equation (1) only occurred over sea ice. Likewise, if the vertical liquid cloud fraction
was calculated over open water, then all the returns in equation (1) were only over open water.
The process of calculating vertical liquid cloud fraction was repeated for every overpass in each season from
2008 to 2015. Once gridded, we spatially averaged the cloud proﬁles across the intermittent mask. Gridded
cloud proﬁles within the intermittent mask were ﬁrst area-weighted by the cosine of their latitude. Averaging
the proﬁles took the sampling density into account. Overpasses were only included in the cloud fraction calculation if they contained a liquid cloud over open water or over sea ice. The number of overpasses per box
was recorded to ensure that each box was well-sampled. If a box received no overpasses during a given day,
then the spatially averaged cloud fraction did not include that box on that day. Over the 8 year period, every
grid box in the summer (fall) received at least 74 (63) overpasses that were used in the cloud fraction
calculations. Due to CALIPSO’s sampling density, grid boxes near the poles received more than 1,300
(1,000) overpasses in the summer (fall). On average, a grid box during summer (fall) received roughly 346
(287) overpasses.
When assessing differences between cloud proﬁles over open water and over sea ice, we must account for
nonindependent lidar returns. CALIPSO cloud observations may be spatially correlated along the same orbit
track (e.g., Liu et al., 2010; Marchand et al., 2006; Thorsen et al., 2011; van de Poll et al., 2006). To account for
spatial correlations in the data, we use every separate overpass within each grid box as an independent sample in a Student’s t test (95% conﬁdence level). Arctic cloud properties tend to be correlated on spatial scales
of ~2 km (Schafer et al., 2017; Tompkins & di Giuseppe, 2015), which is smaller than the length of a typical
overpass within a 1 × 1° grid box. In total, the summer and fall t tests each used more than 250,000
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overpasses over the 8 year period. Our goal was to see the altitudes at which cloud proﬁles were signiﬁcantly
different over sea ice and over open water. As with the cloud proﬁles, atmospheric variables from ERA-I were
weighted and averaged across the intermittent mask to obtain mean sea level pressure and mean nearsurface static stability values over sea ice and over open water.
3.3. Atmosphere Obscured by Lidar Attenuation
Spaceborne lidars like CALIPSO cannot measure atmospheric structure below opaque clouds-that is, clouds
with an optical thickness greater than ~3 (Chepfer et al., 2010). Therefore, it is important to characterize
the inﬂuence of lidar attenuation on Arctic cloud proﬁles, and in particular to assess if there are differences
in lidar attenuation over sea ice and over open water. Our study is the ﬁrst to do a thorough assessment of
the lidar attenuation and the opaque cloud distribution in the Arctic. Following Guzman et al. (2017), a cloud
is deﬁned as “opaque” if the lidar detects a cloud but no surface return underneath. We used GOCCP’s altitude of maximum opacity ﬂag to determine the vertical location of opaque clouds (Guzman et al., 2017).
The altitude of maximum opacity is the altitude of the lowest opaque cloud in the atmospheric column when
there is no detected surface return. Below this altitude the atmosphere is fully attenuated. We also calculated
how much of the atmospheric column is obscured by lidar attenuation by comparing the number of opaque
clouds detected to the total number of lidar returns at each atmospheric level. We deﬁne the percent of
atmosphere attenuated at every level as
PAðzÞ ¼

Ncl;opq ðzÞ
:
Nclear ðzÞ þ Ncl;tot ðzÞ þ Nsurf þ NFA ðz Þ

(2)

where PA is percent of atmosphere that has been fully attenuated, Ncl,opq is the cumulative number of fully
opaque clouds, Nclear is number of clear-sky returns, Ncl,tot is number of total cloud returns, Nsurf is the number
of surface returns, and NFA is number of fully attenuated returns. If a surface return is not detected, all the
returns below the lowest cloud return will be full attenuated returns. Ncl,opq is cumulative because we add
the total number of Ncl,opq ﬂags at a given altitude across the intermittent mask, and all the Ncl,opq ﬂags
higher than that altitude. If the lidar is attenuated at 960 m, for example, then no clouds will be detected
below 960 m. The percent of atmosphere attenuated below 960 m must account for all Ncl,opq ﬂags at
960 m and above that altitude as well. NFA will change based on altitude because the number of fully attenuated returns depends on the number of opaque clouds in the atmospheric column. To determine if there was
a difference in lidar attenuation over open water and over sea ice in any season, we separated all the lidar
returns in equation (2) over open water and over sea ice.

4. Results
4.1. Absence of a Summer Cloud Response to Sea Ice Loss
Within the summertime intermittent mask (Figure 2a), the mean observed liquid cloud proﬁles over open
water and over sea ice are nearly identical (Figure 2b). Statistically, the proﬁles are different at the 95% conﬁdence level near the surface. Even though the differences are signiﬁcant, however, they are quite small.
Furthermore, each independent year of observations shows very small differences between cloud proﬁles
over open water and over sea ice (Figure 3). When the cloud fraction proﬁles over ice were subtracted from
cloud fraction proﬁles over water, the difference in every year is within 6% of zero for the entire proﬁled
atmospheric column. Taken together, the results shown in Figures 2 and 3 provide no evidence for a summer
cloud response to summer sea ice loss.
Consistent with the absence of a cloud response in summer, we found the ERA-Interim near-surface static stabilities over open water cloud proﬁles (5.9 ± 0.4 K) and over sea ice cloud proﬁles (5.5 ± 0.4 K) are very similar.
The ERA-Interim average sea level pressure is also similar over open ocean cloud proﬁles (1,012 ± 2 mb) and
sea ice cloud proﬁles (1,014 ± 4 mb) during summer, providing evidence that surface-dependent circulation
biases do not contaminate the results shown in Figures 2 and 3. In other words, we have successfully averaged over many different circulation regimes within the intermittent mask to isolate the inﬂuence of surface
conditions on clouds.
Is there an overall relationship between the mean summertime sea ice concentration and vertical cloud fraction within the intermittent mask? In other words, are years with the lowest mean sea ice concentration from
2008 to 2015 more likely to be the cloudiest years? Or are years with the lowest mean sea ice concentration
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Figure 2. Observed summer liquid cloud response to recent Arctic sea ice variability: (a) the intermittent and perennial
masks and (b) liquid cloud proﬁles over open water and over sea ice within the intermittent mask. The perennial mask
includes pixels that are always sea ice-covered, always open water, or always land in every year from 2008 to 2015. The
intermittent mask includes all other pixels or pixels where sea ice concentration varies from year to year. Instantaneous
cloud proﬁles are only used within the intermittent mask and if they occur over sea ice concentrations less than 15% (“over
open water”) or greater than 80% (“over sea ice”). The climatological means over open water and over sea ice are the thick
dark blue and light blue lines, respectively. The purple and light blue shaded regions are the 95% conﬁdence intervals
around the mean cloud proﬁle over open water and over sea ice, respectively. During summer, over open water within the
intermittent mask, the mean near-surface static stability is 5.9 K and the mean sea level pressure is 1,012 mb. Over sea
ice within the intermittent mask the mean summertime near-surface static stability is 5.5 K and the mean sea level pressure
is 1,014 mb.

more likely to be the least cloudy years? As expected based on the similar summer cloud proﬁles over open
water and sea ice (Figures 2 and 3), we ﬁnd no overall pattern between the mean sea ice concentration in a
given year and the clouds in that year (Figure 4). Figure 4 is shown for qualitative interpretation and is not
meant to isolate the inﬂuence of sea ice on clouds. We have shown that averaging over open water and
sea ice proﬁles within the intermittent mask is a better tool for this purpose. Instead, Figure 4 highlights
that sea ice variability is not a ﬁrst-order control on year-to-year summer cloud variability when averaged
over the entire intermittent mask.
The source regions for the summer liquid cloud proﬁles over open water and over sea ice are shown in
Figure 5. In total, over 60% of all observed liquid cloud proﬁles from 2008 to 2015 within the intermittent
mask were used. The mean proﬁle over open water (sea ice) uses 35% (26%) of all the instantaneous cloud
proﬁles within the intermittent mask. The proﬁles over open water are mostly located around the margins
of the intermittent mask (Figure 5a). The observed liquid cloud proﬁles
over sea ice are mostly located in the center of the intermittent mask
2008
(Figure 5b).
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Figure 3. The difference between vertical liquid cloud fraction over water and
over ice for every year from 2008 to 2015 during summer.
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In contrast to the summer (Figure 2), the results from the intermittent
mask during fall (Figure 6a) indicate more liquid clouds over open
water than over sea ice (Figure 6b). In other words, we do ﬁnd evidence
for an observed fall liquid cloud response to sea ice loss. Based on the
Student’s t test (95% conﬁdence level), there are signiﬁcantly more
liquid clouds over open water than over sea ice from 0.24 to 9.36 km.
The altitude range values are the midpoints of each altitude bin where
the difference between cloud fraction over water and over sea ice was
statistically signiﬁcant. Compared to the summer, the differences in fall
cloud proﬁles are both signiﬁcant and large, indicating that the cloud
fraction differences in the fall are physically meaningful. On average,
below 8 km the mean cloud fraction over open water is nearly 150%
of the mean cloud fraction over sea ice. A fall cloud response to sea
ice loss can also be seen by looking at individual years of data. In
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every year from 2008 to 2015 the cloud fraction difference between
proﬁles over open water and over sea ice is positive down to 240 m
above the surface (Figure 7). Taken together, the results shown in
Figures 6 and 7 provide strong evidence for a fall cloud response to
sea ice loss.
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To conﬁrm that the larger cloud fraction over open water is a response
to the surface and not to a speciﬁc synoptic regime, we compared
atmospheric conditions over open water and over sea ice. Consistent
with the presence of a stability-driven cloud response in fall, the ERAInterim near-surface static stability over sea ice (4.6 ± 0.3 K) is larger
than that over water (2.6 ± 0.3 K) (Figure 6b). We ﬁnd small differences
in ERA-Interim sea level pressure between the proﬁles over open water
(1,009 ± 2 mb) and the proﬁles over sea ice (1,010 ± 3 mb). The small
differences in stability and sea level pressure suggest that, similar to
summer, we have successfully isolated the surface inﬂuence on clouds
over many circulation regimes and surface-dependent circulation
biases do not contaminate the results shown in Figures 6 and 7.

Figure 4. Summer total low cloud proﬁles (<3 km) ranked from lowest to highest mean sea ice concentration within the intermittent mask in each year.

Again, is there an overall relationship between the mean fall sea ice
concentration and low-level vertical cloud fraction within the intermittent mask? Unlike in summer, during fall an overall pattern between cloud fraction and sea ice cover begins
to emerge when we average over individual years over the entire intermittent mask (Figure 8). The low-level
vertical (below 1.5 km) cloud fractions are generally largest in low sea ice years and decrease as mean fall sea
ice concentration in the intermittent mask increases. We interpret Figure 8 qualitatively, with the caveat that
8 years is a short record to see patterns between total cloud cover and total sea ice concentration. Figure 8
suggests that fall sea ice variability inﬂuences cloud variability, but it is also clear from the ﬁgure that there are
other inﬂuences on Arctic clouds beyond sea ice.

As in Figure 5 for summer, the source regions for the fall liquid cloud proﬁles over open water and over sea ice
are shown in Figure 9. Our analysis used nearly 80% of the instantaneous cloud proﬁles within the intermittent mask during fall (Figure 9). Speciﬁcally, the 8 year mean fall proﬁle over open water (sea ice) uses 45%

Figure 5. Percent of summer instantaneous liquid cloud proﬁles within the intermittent mask over (a) open water and
(b) sea ice. Sea ice concentration at the satellite footprint is used to separate instantaneous cloud proﬁles over open
water and instantaneous cloud proﬁles over sea ice. On average (a) 31.1% of instantaneous cloud proﬁles occurred over
open water and (b) 28.9% of instantaneous cloud proﬁles occurred over sea ice.
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Figure 6. As in Figure 2 except for fall. Based on a Student t test (95% conﬁdence level), the mean fall cloud proﬁles over
open water and over sea ice are statistically different from 0.240 to 9.36 km. During fall, over open water within the
intermittent mask, the mean near-surface static stability is 2.6 K and the mean sea level pressure is 1,009 mb. Over sea ice
within the intermittent mask the mean near-surface static stability is 4.6 K and the mean sea level pressure is 1,010 mb.

(34%) of all the instantaneous cloud proﬁles within the intermittent mask. Only about 20% of fall instantaneous cloud proﬁles occurred over the marginal ice zone. While more proﬁles were used overall in the fall
than in the summer, the location of open water and sea ice proﬁles is similar: fall open water proﬁles are also
located around the margins of the intermittent mask, though there are more open water proﬁles near the
Bering Strait and the Barents Sea in fall than in summer (Figure 9a). The sea ice proﬁles during fall are clustered in the Central Arctic Ocean (Figure 9b).
4.3. Inﬂuence of Geographic Subsampling on Cloud Proﬁles Over Sea Ice and Open Water
A useful way to test the robustness of our main summer and fall results (Figures 2 and 6) is to evaluate the
sensitivity of these results to geographic subsampling within the intermittent mask. Robustness to geographic subsampling means that we expect the same results everywhere within the intermittent mask.
Mainly, we wish to test the air-sea coupling hypothesis in regions with different climatological sea level pressure. The air-sea coupling physics governing the cloud response are the same across the whole Arctic, so the
same signal should be observed in different subregions of the intermittent mask. In other words, our results
should emerge from the local coupling physics and not because of nonlocal compensation.
We begin assessing the robustness of our results to geographic subsampling by checking summer proﬁles
over the Beaufort Sea, 70–82°N, 156–125°W (Figure 10a). The Beaufort Sea is a revealing region because its
atmospheric circulation patterns are dominated by high pressure
(Figure 1a) (Serreze & Barrett, 2011). As in the entire intermittent
mask, the 8 year mean cloud proﬁles over the Beaufort Sea are very
2008
similar over open water and over sea ice (Figure 10b). The cloud
2009
2010
proﬁles over open water and over sea ice are statistically indistin2011
guishable from 1.68 to 3.60 km. The interannual variability between
2012
cloud proﬁles is much greater in the Beaufort Sea than in the entire
2013
intermittent mask (Figure 10c). In some years the Beaufort Sea had
2014
2015
very little sea ice cover (e.g., summer 2012), so there were few
clouds observed over sea ice, which contributes to the noise of
the year-to-year proﬁles.
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The second tested geographic subregion is the combined Barents
and Kara Seas on the northern coast of Siberia, 70–82°N, 50–139°E
(Figure 10d). We chose this region for several reasons. First, as
shown in Figure 1a, there is a summertime sea level pressure dipole
across the Arctic Ocean. The Barents and Kara Seas are the low pressure regime, where the mean summer sea level pressure is
1,010 mb. By focusing on clouds in this region, we reduce the
potentially confounding effect of comparing high and low
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pressure regimes. Second, we can also test if there is a cloud
response to sea ice loss where uplift from low pressure promotes
cloud formation. Using the intermittent mask is a more elegant
way to avoid comparing different synoptic regimes, but selecting
regions based purely on latitude/longitude thresholds works as
well. Finally, we can test the inﬂuence of geographic variability in
cloud source locations. Most open water proﬁles come from the
Barents and Kara Seas (Figure 5). Figure 10e shows that over the
Barents and Kara Seas the summer cloud proﬁles are very similar,
though there are more near-surface clouds over sea ice than over
open water. There is also much less interannual variability in cloud
proﬁles over the Barents and Kara Seas (Figure 10f) than there is
over the Beaufort Sea (Figure 10c). Our summer results are robust
to geographic subsampling.

CALIPSO-GOCCP total cloud fraction

For the fall, as in summer, we selected the Beaufort Sea (Figure 11a)
as our ﬁrst geographic subregion. The Beaufort High is stronger in
2012
2011
2015
2009
2010
2008
2014
2013
the fall than it is in the summer (Serreze & Barrett, 2011), so clouds
Figure 8. As in Figure 4 except for fall.
here are under a stronger subsidence region during fall than during
summer. In the 8 year mean there are more liquid clouds over open
water than over sea ice at every level of the atmosphere. The difference is largest below 1.5 km (Figure 11b).
Except in the altitude bin from 1.92 to 2.40 km, from 0.240 to 9.36 km, the liquid cloud proﬁle over open water
is signiﬁcantly larger than the liquid cloud proﬁle over sea ice. Though the interannual proﬁles are noisy, generally the cloud fraction is larger over open water than over sea ice (Figure 11c). We do see the same response
—more liquid clouds over open water than over sea ice—in the Beaufort Sea as in the entire intermittent
mask. The magnitude of the fall response is just smaller over the Beaufort Sea. The Beaufort Sea is a good
example of geographic variability within the intermittent mask; there are competing inﬂuences on clouds
in this region. The Beaufort Sea is characterized by high sea level pressure and large open water extent during
fall. High pressure suppresses clouds, but open water promotes cloud formation during fall. The surface conditions (i.e., sea ice versus open water) are a strong control on fall clouds. While the large-scale atmospheric
circulation does not change the overall fall cloud response to sea ice cover, large-scale atmospheric circulation certainly inﬂuences Arctic cloud formation and evolution.

Figure 9. As in Figure 5 except for fall. On average (a) 44.2% of instantaneous liquid cloud proﬁles occurred over open
water and (b) 34.8% of instantaneous cloud proﬁles occurred over sea ice.
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Figure 10. Robustness of summer cloud response results to regional subsetting within the intermittent mask. (a) Summer
liquid cloud proﬁles in the Beaufort Sea (70–82°N, 125–156°W) over sea ice and open water. (b) 8 year mean summer
liquid cloud proﬁles over open water and over sea ice in the Beaufort Sea. The purple and light blue shaded
regions are the 95% conﬁdence intervals from the mean cloud proﬁle over open water and over sea ice, respectively.
(c) Interannual variability in summer liquid cloud proﬁles over the Beaufort Sea. Each thin line represents the liquid
cloud proﬁle for 1 year from 2008 to 2015. (d) Summer liquid cloud proﬁles in the Barents and Kara Seas (70–82°N,
50–139°E) over sea ice and open water. The Barents and Kara Seas are a region dominated by low mean sea level
pressure during summer (sea level pressure < 1,013 mb; Figure 1a). (e) Eight-year mean summer liquid cloud proﬁles
over open water and over sea ice in the Barents and Kara Seas. (f) Interannual variability in summer liquid cloud
proﬁles over the Barents and Kara Seas.

The second tested geographic subregion in the fall is the combined Beaufort, Chukchi, and East
Siberian Seas (BESS), 70–82°N, 270–90°E (Figure 11d). There is an atmospheric circulation dipole in
the fall mean state, with the high pressure centered over the Beaufort and Chukchi Seas and the
low pressure centered on the North Atlantic (Figure 1a). The intermittent mask method removes most
of the clouds over the low pressure center near the North Atlantic, but not all of them. By focusing on
the BESS region, we reduce the potentially confounding effect of comparing clouds in differing climatological sea level pressure regimes. The edge of the intermittent mask near the North Atlantic has
climatological low sea level pressure (Figure 1a) and a large percentage of the open water proﬁles
(Figure 9a). We must ensure that the observed fall cloud response to sea ice loss is not actually a
response to the geographic collocation between open water and uplift from low pressure. In the
BESS region there are more liquid clouds over open water than over sea ice in the 8 year mean
(Figure 11e). The proﬁles are signiﬁcantly different from 0.480 to 9.36 km. The overall fall cloud
response to sea ice loss is the same in the BESS region as in the entire intermittent mask. The signal
is much clearer in the BESS region than it is in just the Beaufort Sea: we see more liquid clouds over
open water than over sea ice in every year (Figure 11f). Again, the magnitude of the signal is smaller
over the BESS region than it is over the entire intermittent mask.
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Figure 11. Robustness of fall cloud response results to regional subsetting within the intermittent mask. (a) Fall liquid cloud proﬁles in the Beaufort Sea
(70–82°N, 125–156°W) over sea ice and open water. (b) Eight-year mean fall liquid cloud proﬁles over open water and over sea ice in the Beaufort Sea. The
purple and light blue shaded regions are the 95% conﬁdence intervals from the mean cloud proﬁle over open water and over sea ice, respectively. (c) Interannual
variability in fall liquid cloud proﬁles over the Beaufort Sea. Each thin line represents the liquid cloud proﬁle for 1 year from 2008 to 2015. (d) Fall liquid cloud
proﬁles in the Beaufort, Chukchi, and East Siberian Seas (70–82°N, 270–90°E) over sea ice and open water. (e) Eight-year mean fall liquid cloud proﬁles over open
water and over sea ice in the Beaufort, Chukchi, and East Siberian Seas. (f) Interannual variability in summer liquid cloud proﬁles over the Beaufort, Chukchi, and
East Siberian Seas.

4.4. Inﬂuence of Lidar Attenuation on Cloud Proﬁles Over Sea Ice and Open Water
As discussed in section 3.3, it is essential to test the robustness of our results to lidar attenuation as it passes
through the atmosphere. We start with summer clouds. Using the GOCCP cloud opacity product (Guzman
et al., 2017), we ﬁnd that the mean summer opaque cloud cover within the intermittent mask is 53%
(Figure 12a). Additionally, the mean altitude of full attenuation in the summer is 1.2 km (Figure 12b). In other
words, the atmospheric column is on average fully observed down to 1.2 km. Using equation (2) we calculated the percent of atmosphere obscured by lidar full attenuation over open water and over sea ice during
the summer. We found no statistically signiﬁcant difference in the percentage of atmosphere fully attenuated
over open water and over sea ice in the climatological mean and very little interannual variability in lidar full
attenuation (Figure 12c). Returning to the Beaufort Sea, the mean opaque cloud cover is less than 30%
(Figure 10a) and the mean altitude of maximum attenuation is below 1 km (Figure 12b). There is still no
observed summer cloud response to sea ice loss in a region where most of the clouds are being observed.
We conclude that attenuation does not invalidate our summer results (Figure 2b).
Next, we assess the impact of lidar attenuation on fall cloud proﬁles. There are fewer opaque clouds in the fall
(Figure 13a) than in the summer (Figure 12a) (42% versus 53%, respectively). The atmospheric column is fully
observed, on average, down to 0.8 km (Figure 13b), indicating that the lidar sees closer to the surface in fall
than in summer. Unlike the summer, we do ﬁnd evidence for a difference in lidar attenuation over open water
and over sea ice during fall. In the fall, the opaque clouds occur preferentially over open water. The maps of
open water proﬁles (Figure 9a) and of opaque cloud cover (Figure 13a) look nearly identical. If lidar attenuation through opaque clouds occurred during the fall, the majority of the time, it occurred over open water.

MORRISON ET AL.

484

Journal of Geophysical Research: Atmospheres

10.1002/2017JD027248

Figure 12. Maps of mean summer (a) opaque clouds, (b) altitude of maxium cloud opacity, and (c) perecent of atmosphere
obscured by lidar attenuation within the intermittent mask. Data used are from 2008 to 2015. CALIPSO-GOCCP deﬁnes
a cloud as “opaque” when the lidar detects a cloud but no surface return. The opaque altitude is the lowest altitude at which
the lidar detects a cloud in an “opaque cloud” proﬁle. The mean opaque cloud cover within the intermittent mask is
53%; the mean cloud opacity altitude is 1.2 km. There is no signiﬁcant difference in summer lidar attenuation over open
water and over sea ice.

The percent of the atmosphere fully attenuated over open water is almost equal in the summer and the fall
(59% and 58%, respectively). Much less of the atmosphere is fully attenuated over sea ice in the fall than in
the summer, however. Close to the surface (<2 km) during fall, the percent of atmosphere obscured by
lidar attenuation over open water is twice as large as the percent of atmosphere obscured over sea ice.
Below 5 km, in every year, the percent of atmosphere obscured over open water is larger than the
percent of atmosphere obscured over sea ice (Figure 13c). Therefore, attenuation could be strongly
impacting the fall result: more clouds are being missed over open water than over sea ice. Notably, this
attenuation difference does not invalidate the fall result. It is clear that missing more clouds over open
water than over sea ice would increase the separation between the open water proﬁles and sea ice

Figure 13. As in Figure 12 except for fall. During fall the mean opaque cloud cover is 43%; the mean cloud opacity altitude
is 0.75 km. From 6 km to the surface, the lidar is attenuated through a larger percentage of the atmosphere over open water
than over sea ice.
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proﬁles. We now have the speciﬁc limitations from lidar attenuation: we know how much of the atmosphere is attenuated over open water and over sea ice. During fall, cloud fraction is clearly larger over open
water than over sea ice, but lidar attenuation is clearly also stronger over open water than over sea ice. The
main limit in the fall is that we are unable to quantify the exact magnitude of liquid cloud increase over
open water because of attenuation. But we do know the range of possible cloud fraction increase: the
maximum observed fall cloud fraction over water is ~20% (Figure 6b), and the largest possible fall cloud
fraction over water is 20 + 58% close to the surface, where 58% is the maximum fully attenuated percent
of atmosphere (Figure 13c).

5. Discussion
Our summer and fall results ﬁt with physical understanding of the Arctic climate system. Both the lack of summer cloud response and the presence of a fall cloud response to Arctic sea ice loss can be attributed to local
air-sea coupling strength and turbulent heat ﬂuxes from the ocean to the atmosphere. Observations are
needed to analyze turbulent ﬂuxes across the Arctic Ocean (e.g., Boisvert et al., 2015; Boisvert & Stroeve,
2015; Ganeshan & Wu, 2016; Sotiropoulou et al., 2016). While heat ﬂux observations are still difﬁcult to obtain
in the Arctic, most recent observational studies support the air-sea coupling hypothesis. Furthermore, the airsea coupling hypothesis makes physical sense in the Arctic. During summer, the atmosphere warms from
solar radiation while the ocean surface remains close to the melting temperature (Persson, 2012; Rayner
et al., 2003; Tjernström et al., 2015). As a result, the summer has weak air-sea coupling (relatively warm atmosphere underlain by a cooler ocean). Moisture ﬂuxes from the Arctic Ocean to the atmosphere during summer are small. During the summer the Arctic atmosphere and ocean are weakly coupled, as evidenced by
recent ﬁeld (Sotiropoulou et al., 2016) and satellite (Boisvert et al., 2015; Boisvert & Stroeve, 2015) observations. Furthermore, our results show a very small difference in ERA-I near-surface static stability over sea
ice and over open water. Synoptic processes are an important inﬂuence on clouds year-round, but since summer clouds show no response to surface forcing, the dominant control on Arctic summer clouds is large-scale
atmospheric circulation.
During fall, the atmosphere and ocean are more strongly coupled than they are during summer. Incoming
solar radiation declines as the Sun sets, but the ocean remains relatively warm and the atmosphere cools.
Observations have shown that the near-surface atmosphere is almost always at saturation over open
water during fall, because the ocean is warmer than the atmosphere (Andreas et al., 2002). Importantly
for cloud formation, across the entire intermittent mask, latent heat and moisture ﬂuxes have been
increasing over newly open water during the late fall (e.g., Boisvert et al., 2015; Boisvert & Stroeve,
2015). Increasing moisture ﬂuxes have been linked to decreasing sea ice extent and a destabilized lower
atmosphere (Boisvert et al., 2015). While both sensible and latent heat ﬂuxes affect clouds, a warmer and
wetter Arctic during fall may have a stronger impact on low-cloud formation than merely a warmer Arctic.
The seasonal shift in air-sea coupling strength can also be seen in the difference between near-surface
static stability over open water and over sea ice between the summer and fall: the stability of the fall
atmosphere over sea ice is nearly twice as large as the stability of the fall atmosphere over open water.
Increased air-sea coupling with more open water during fall is consistent with a deeper atmospheric
boundary layer, and the CALIPSO cloud fraction proﬁles do indicate a deeper boundary layer over open
water than over sea ice (Figure 6b). We provide observational evidence for relationships between fall
clouds and sea ice.
One part of the cloud-sea ice relationship is that enhanced moisture and latent heat ﬂuxes from newly open
ocean to the atmosphere promote cloud formation over open water during fall. Another part of the cloud-sea
ice relationship is that clouds also increase the likelihood of open water by hindering ice freezeup. If fall
clouds formed initially in response to large-scale circulation, independent of the surface, could the clouds
destabilize the boundary layer enough to create open water? In other words, what causality do we see when
we observe more clouds over open water than over sea ice? We ﬁnd that a larger liquid cloud fraction over
open water than over sea ice is the cloud response to sea ice loss. Fall clouds over open water are associated
with the same atmospheric circulation regime statistics as fall clouds over sea ice. The similarity in the
sea level pressure over open water and over sea ice rules out the direction of causality from the atmosphere to the surface and supports the air-sea coupling hypothesis. Fall clouds are certainly affected by
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large-scale circulation, but the results shown here are the cloud response to surface forcing and not the
cloud response to atmospheric circulation forcing. Our results agree with a recent review paper (Kay
et al., 2016) and with multiple studies (Kay & Gettelman, 2009; Palm et al., 2010; Sato et al., 2012;
Schweiger et al., 2008; Wu & Lee, 2012), but this study uses a novel mask method to separate the
observed summer and fall cloud responses to sea ice cover variability from the inﬂuence of large-scale
atmospheric circulation.
Moving forward, we expect cloudier fall seasons as sea ice loss continues. Observed fall sea ice loss since 1979
and extreme events such as the record-low sea ice concentrations in September 2012 cannot be explained by
modeled natural variability alone (Min et al., 2008; Bindoff et al., 2013; Kay et al., 2011; Kirchmeier-Young et al.,
2017). In other words, the observed fall sea ice loss is in part caused by humans. By identifying the fall Arctic
cloud response to this human-inﬂuenced sea ice loss, we build upon previous work analyzing human-caused
cloud changes (Norris et al., 2016) and make another link between human activities and changes in cloud cover.
An obvious follow-on question is as follows: What about winter and spring? We provide initial results for
winter and spring in the supporting information. We expect more clouds over open water than over sea
ice during winter and spring due to strong air-sea coupling. This is indeed what we observe. The difference
in near-surface static stability over open water and over sea ice is largest in the winter, leading to the strongest coupling of any season. We emphasize that the winter and spring results are less conclusive because the
intermittent masks in winter and spring cover a much smaller area than they do in the summer and fall.
Indeed, our winter and spring intermittent masks each include less than 35% of the total area of the Arctic
Ocean from 70°N to 82°N. If sea ice loss becomes more pronounced, the intermittent mask will include more
data in the winter and spring and these initial results should be revisited.
Many studies have recognized the ﬁrst-order importance of clouds to the future climate trajectory (Bony
et al., 2015; Dufresne & Bony, 2008; Webb et al., 2013). Isolating the inﬂuence of sea ice on clouds has important implications for Arctic climate feedbacks. Observations suggest that summer shortwave cloud feedbacks
do not slow Arctic sea ice loss. First, there is no evidence that summer cloud fraction will increase in response
to changes in sea ice cover. Since clouds do not form over newly open ocean in summer, one shrinking reﬂective surface (sea ice) is not being replaced by another (new clouds). As a consequence, sea ice loss leads to
increased absorption of solar radiation. Second, we can use lidar attenuation to assess changes in cloud optical depth, which is a strong control on cloud albedo (Twomey, 1977). Lidar attenuation is the best available
measure of cloud optical depth from CALIPSO. Figure 12c shows no difference in attenuation over open
water or over sea ice during summer. While we do not have the actual values for cloud optical depth over
open water or over sea ice, observations show no evidence that summer clouds are becoming optically
thicker in response to sea ice loss. Because summer clouds are insensitive to changes in sea ice cover, the
surface-albedo feedback, one of the dominant feedbacks driving ampliﬁed Arctic warming (Pithan &
Mauritsen, 2014), is likely unabated.

6. Conclusions
Due largely to recent record-breaking sea ice minima, there has been pronounced variability in Arctic sea ice
cover over the last decade. Motivated by this large variability in Arctic sea ice cover, we investigated the inﬂuence of sea ice cover on liquid clouds during summer and fall. While this study is not the ﬁrst to explore cloudsea ice relationships over the last decade (Barton et al., 2012; Kay et al., 2008; Kay & Gettelman, 2009; Liu et al.,
2012; Palm et al., 2010; Sato et al., 2012; Schweiger et al., 2008; Taylor et al., 2015; Wu & Lee, 2012), our results
provide new insights into cloud-sea ice relationships that were not available in previous analyses. Speciﬁcally,
our use of the intermittent mask restricts our analysis to the regions of the Arctic Ocean where sea ice concentration varies, thereby enabling us to isolate the inﬂuence of sea ice cover on clouds. Notably, in all 8 years
from 2008 to 2015, we ﬁnd no inﬂuence of sea ice cover on summer clouds and a strong inﬂuence of sea ice
cover on fall clouds. The intermittent mask method also indicates that sea ice cover may also be a strong
inﬂuence on spring and winter clouds because the air-sea coupling hypothesis supports a cloud response
to sea ice loss in all nonsummer seasons. Our results identify the cloud response to sea ice variability and support the local air-sea coupling hypothesis. Summer liquid clouds do not respond to summer sea ice loss. In
contrast, liquid clouds do respond to sea ice loss during nonsummer seasons: more liquid clouds form over
open water than over sea ice.
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