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Abstract Over the next century, the Arctic is projected to become seasonally sea ice-free. Assessing
feedback between clouds and sea ice as the Arctic loses sea ice cover is important because of clouds’
radiative impacts on the Arctic surface. Here we investigate present-day and future Arctic cloud-sea ice
relationships in a fully coupled global climate model forced by business-as-usual increases in greenhouse
gases. Model evaluation using a lidar simulator and lidar satellite observations shows agreement between
present-day modeled and observed cloud-sea ice relationships. Summer clouds are unaffected by sea ice
variability, but more fall clouds occur over open water than over sea ice. Because the model reproduces
observed cloud-sea ice relationships and their underlying physical mechanisms, the model is used to assess
future Arctic cloud-sea ice feedback. With future sea ice loss, modeled summer cloud fraction, vertical
structure, and optical depth barely change. Future sea ice loss does not influence summer clouds, but
summer sea ice loss does drive fall cloud changes by increasing the amount of sunlight absorbed by the
summertime ocean and the latent and sensible heat released into the atmosphere when the Sun sets in fall.
The future fall boundary layer deepens and clouds become more opaque over newly open water. The
future nonsummer longwave cloud radiative effect strengthens as nonsummer cloud cover increases. In
summary, we find no evidence for a summer cloud-sea ice feedback but strong evidence for a positive
cloud-sea ice feedback that emerges during nonsummer months as the Arctic warms and sea ice disappears.

1. Introduction

The Arctic is warming and losing sea ice cover in response to increasing anthropogenic greenhouse gas
emissions (Bindoff et al., 2013). Arctic warming and sea ice loss are projected to continue, in part because
of positive feedback associated with sea ice loss (Serreze & Barry, 2011). Sea ice loss can affect other
components of the Arctic climate system by modifying heat and moisture fluxes from the ocean to the
atmosphere (e.g., Boisvert & Stroeve, 2015; Lawrence et al., 2008; Morrison et al., 2018). As the Arctic Ocean
transitions toward an increasingly ice-free state, understanding Arctic climate feedback and their changes
in response to sea ice loss is necessary for predicting future climate.

It is particularly important to isolate how cloud-sea ice feedback may change in a warming Arctic. Through
their radiative influence on the surface, Arctic clouds can enhance or mitigate Arctic warming (Shupe &
Intrieri, 2004) and impact the rate of Arctic sea ice loss (e.g., Choi et al., 2014; Kay, Holland, et al., 2012;
Winton, 2006). Clouds containing liquid water, instead of just ice crystals, dominate clouds’ radiative impact
on the Arctic surface (Shupe & Intrieri, 2004). When the cloud response to sea ice loss is isolated from other
cloud-controlling factors, there is no observed change in cloud fraction, structure, or opacity when sea ice
cover is lost during summer (June-July-August; see Kay, L’Ecuyer, et al., 2016 review paper). In other words,
one bright reflective surface (sea ice) is not being replaced by another (clouds) during the summer. Since
there is no observed summer cloud response to sea ice loss, there is no observational evidence for a
shortwave summer cloud-sea ice feedback in the current Arctic climate. In contrast, observations do show
more clouds over newly open water during the fall (September-October-November; see Kay, L’Ecuyer,
et al., 2016 review paper). In other words, a cloud feedback due to sea ice loss does occur during the fall.
As the Arctic rapidly transitions to a seasonally ice-free state, assessing if observed present-day cloud-sea
ice relationships inform future cloud-sea ice feedback is an important and unanswered question.

While observations can constrain present-day cloud-sea ice relationships, theory and models are required to
project future cloud-sea ice relationships as the Arctic Ocean transitions to increasingly open water
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conditions. Representing clouds in numerical models is challenging, but models built using physical
understanding can be used to investigate the influence of global warming on cloud properties and feedback
(Boucher et al., 2013). Most models agree that globally the longwave (Soden & Vecchi, 2011) and high cloud
feedback will be positive (Zelinka et al., 2012). In contrast, the magnitude and sometimes even the sign of the
shortwave (Ceppi et al., 2016; Soden & Vecchi, 2011) and low cloud feedback remain poorly constrained
(Gordon & Klein, 2014). Unfortunately, the current generation of climate models does not agree on the sign
of the net cloud feedback in the Arctic, highlighting the difficulty of analyzing Arctic cloud feedback in
models. For example, Zelinka et al. (2012) found that a negative cloud feedback emerges over the Arctic
Ocean as cloud optical depth increases with warming in the multimodel mean of Coupled Model
Intercomparison Projection version 5 (CMIP5) models, but Pithan and Mauritsen (2014) found that the
CMIP5 multimodel mean Arctic cloud feedback is positive as increasing cloud thickness and amount warm
the surface for most of the year. In both studies there was intermodel disagreement on the sign of the
Arctic cloud-climate feedback.

Modeling has helped improve physical understanding of the mechanisms underlying Arctic cloud feedback
and their relationship to sea ice loss. In the Arctic, previous modeling studies have reported low cloud
increases as sea ice is lost in nonsummer months. These nonsummer cloud increases were attributed to
increased moisture fluxes from the ocean as sea ice concentration decreases (e.g., Kay et al., 2011; Vavrus
et al., 2009; Vavrus et al., 2011) and lead to a positive cloud feedback. During summer, previous modeling
studies have also found increases in summertime Arctic Ocean cloud cover over the twenty-first century
(e.g., Koenigk et al., 2013; Vavrus et al., 2009) and at times highly unrealistic modeled summer cloud
responses to summer sea ice loss (e.g., Kay et al., 2011).

Building on existing research and motivated by the need to further constrain the sign of Arctic cloud-sea ice
feedback, this study has three goals: (1) evaluate present-day Arctic cloud sea ice relationships in a global
climate model using state-of-the-art observations and comparison techniques, (2) evaluate if the
mechanisms controlling present-day cloud-sea ice relationships and the lack of an observed summer
cloud-sea ice feedback are still relevant in a future sea ice free Arctic, and (3) assess the sign and strength
of future Arctic cloud-sea ice feedback. These three goals are highly related. We understand present-day
observed cloud-sea ice relationships and we have the tools needed to evaluate these relationships in models
(e.g., the intermittent mask described in Morrison et al., 2018; satellite simulators described in Bodas-Salcedo
et al., 2011). Models are most useful when they reproduce observations for the right physical reasons. Thus,
we must ensure that the model reproduces observed relationships between present-day clouds and sea ice
for the right physical reasons before using the model to understand future sea ice-cloud relationships and to
assess the sign of future sea ice-cloud feedback.

2. Methods
2.1. CESM1 Simulations

In this study, we use a fully coupled ocean–atmosphere-land-sea ice-biogeochemistry Earth system model:
Community Earth System Model version 1 with the Community Atmosphere Model version 5
(CESM1-CAM5) at a roughly 1° resolution (Hurrell et al., 2013). The ocean component of CESM1 is the
Parallel Ocean Program version 2 (POP2), which has 60 vertical levels of varying depths (Smith et al., 2010).
The sea ice component is the Community Ice Code version 4 (CICE4; Bailey et al., 2011). The atmospheric
component of CESM1-CAM5 is the Community Atmospheric Model version 5 (CAM5), which includes
atmospheric chemistry and extends into the lower thermosphere (~140 km above sea level; Neale et al.,
2012). CESM1 is a widely used climate model and participated in CMIP5 (Taylor et al., 2012). CESM1 has been
used extensively to study Arctic climate change (e.g., Barnhart et al., 2016; Blackport & Kushner, 2017; Jahn,
2018). Of relevance to this study, CESM1 can reproduce observed Arctic warming and sea ice loss (Jahn,
2018; Stroeve et al., 2012) but has insufficient Arctic cloud radiative forcing (Kay, Bourdages, et al., 2016).

Critical to this study, we use the Cloud Feedback Model Intercomparison Project Observational Simulator
Package, COSP (Bodas-Salcedo et al., 2011). The instrument simulators contained within COSP enable
scale-aware and definition-aware comparisons between modeled and observed clouds from many types of
passive and active sensors. This study relies extensively on the lidar simulator contained within COSP
(Chepfer et al., 2008). Modeled clouds are compared with an observational product designed specifically
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for evaluation of climate models using COSP: CALIPSO-GOCCP (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite GCM-Oriented CALIPSO Cloud Product, version 3.1.2; Chepfer et al., 2010). We use COSP1.4, which
has cloud phase diagnostics (Cesana & Chepfer, 2013; Kay, Bourdages, et al., 2016). Since optically opaque
clouds (optical depth > 3 (Chepfer et al., 2013)) dominate clouds’ radiative effect on the surface (Curry &
Ebert, 1992; Shupe & Intrieri, 2004) and top of the atmosphere (Vaillant de Guelis et al., 2017), we also use
new cloud opacity diagnostics (Guzman et al., 2017) to evaluate changes in opaque clouds within the
simulator framework.

The model simulation analyzed here is a single CESM1 simulation from 2006 to 2100 under Representative
Concentration Pathway 8.5 forcing (“business-as-usual” emissions scenario). The simulation was initialized
with restarts from member 1 from the CESM-Large Ensemble (CESM-LE) project (Kay et al., 2015). We use
the CESM-LE code base but we updated COSP from the default of COSP1.3 (Kay, Hillman, et al., 2012) to
COSP1.4 (Kay, Bourdages, et al., 2016) and also added new lidar opacity diagnostics (Guzman et al., 2017).
Results are from daily mean outputs unless otherwise stated. Because we use daily output, we set the number
of subcolumns in the subcolumn generator within COSP to 250. Unless otherwise stated, our analysis focuses
on the present-day (2006–2015) and three 20-year future periods (2020–2039, 2050–2069, and 2080–2099).

2.2. Analysis Techniques for Assessing Cloud-Sea Ice Relationships in CESM1 Simulations

The analysis techniques we use to assess cloud-sea ice relationships are mostly standard, but our method for
isolating the cloud response to sea ice variability requires further explanation. Following Morrison et al.
(2018), we create two surface masks for summer and fall to restrict our analysis to regions of the Arctic
Ocean where present-day daily mean sea ice concentrations vary. The first is the perennial mask, which is
the region excluded from this study. The perennial mask includes all grid boxes where the daily mean sea
ice concentration is <15 or >80% every day from 2006 to 2015. In other words, we exclude all grid boxes
where sea ice concentration does not vary from 2006 to 2015. Sea ice concentration in a grid box must be
<15 or >80% every day to be included in the perennial mask, so we do not average any daily sea ice
concentrations to create the perennial mask. The intermittent mask is the analysis region for this study.
The intermittent mask includes all grid boxes not in the perennial mask—specifically, grid boxes where the
daily mean sea ice concentration is between 15 and 80% for at least one day from 2006 to 2015. Since sea
ice exists within the intermittent mask in the present, sea ice can be lost within the intermittent mask in
the future. Each season has its own intermittent mask because sea ice concentrations vary between seasons.
The same seasonal intermittent masks, based on present-day daily sea ice concentrations, are used for all
present-day and future CESM1 simulations to keep the present-day and future analysis regions constant.
We create an annual intermittent mask as well. Overall, the intermittent masks in CESM1 are very similar to
the intermittent masks from observations (Morrison et al., 2018). All results shown are based on output from
within the CESM1 intermittent mask.

2.3. Analysis Techniques for Assessing Future Feedback in CESM1 Simulations

We calculate Arctic cloud and surface albedo feedback in CESM1 using standard methods described here. All
feedback are calculated between the present-day (2006–2015) and future 10-year periods (2020–2029,
2030–2039, etc.) within the intermittent mask using monthly-mean model output. All feedback are
normalized by the global annual mean surface temperature increase for each 10-year period. We use the
radiative kernel method (Soden et al., 2008) with kernels developed specifically for CESM1 (Pendergrass
et al., 2018) to calculate longwave cloud feedback. We use the kernel method for longwave cloud feedback,
but not for shortwave cloud feedback. The radiative kernel method underestimates shortwave feedback
across the sea ice edge (Shell et al., 2008). We use the approximate partial radiative perturbation method
(Taylor et al., 2007) to assess shortwave feedback due to clouds and surface albedo. Approximate partial
radiative perturbation is a reasonable and computationally inexpensive method of approximating the
strength of the shortwave cloud feedback by decomposing how changes in cloud properties and surface
albedo properties affect top-of-atmosphere shortwave flux. The approximate partial radiative perturbation
method was only developed for shortwave feedback and has been used in numerous polar studies (e.g.,
Ceppi et al., 2014; Frey et al., 2017) to assess shortwave feedback in response to both cloud and surface
albedo changes.
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3. Results
3.1. Evaluation of Present-Day Cloud-Sea Ice Relationships in CESM1 Using Observations

We begin by evaluating modeled present-day cloud-sea ice relationships in CESM1. We find that CESM1
reproduces the observed cloud response to sea ice variability both in the summer and in the fall. Within
the summertime intermittent mask (Figure 1a), present-day liquid-containing cloud profiles are very similar
over open water (sea ice concentration < 15%) and over sea ice (sea ice concentration > 80%; Figure 1b).
In other words, the present-day summer cloud response to sea ice variability in CESM1 is very small. The lack
of a cloud response to present-day sea ice variability in CESM1 during summer (Figures 1a and 1b) matches
CALIPSO observations analyzed using the same methods (Morrison et al., 2018, Figure 2). In contrast, there
are more liquid clouds over open water than over sea ice in the fall intermittent mask (Figures 1c and 1d).
CESM1 has a present-day fall cloud response to sea ice variability, which is consistent with CALIPSO observa-
tions analyzed with the same methods (Morrison et al., 2018, Figure 6). Due to the time scales involved, the
difference in clouds over open water and over sea ice results from the cloud response to sea ice cover
changes and not the sea ice response to cloud changes. While clouds can respond quickly to sea ice cover
changes on subdaily time scales, sea ice cover responds more slowly and is unlikely to respond to cloud
changes on subdaily time scales.

We next evaluate if CESM1 replicates the observed cloud response to sea ice variability for the right reasons.
In other words, we assess if the modeled cloud-sea ice relationships result from physical mechanisms that are
consistent with our understanding of observed Arctic cloud-sea ice relationships. We find that the simulated
cloud response to sea ice variability (Figure 1) is controlled by physical mechanisms consistent with observa-
tions and theory (Figure 2). Specifically, the physical mechanisms controlling the observed seasonal differ-
ence in cloud response to sea ice variability are seasonal differences in turbulent fluxes from the ocean to
the atmosphere (Boisvert & Stroeve, 2015; Kay & Gettelman, 2009; Morrison et al., 2018). There is a strong sea-
sonal difference in turbulent heat fluxes from the ocean to the atmosphere in the present-day CESM1:

Figure 1. CESM1 CALIPSO 2006–2015 (a) summer surface masks, (b) mean summer liquid cloud fraction profiles over
sea ice (sea ice concentration > 80%) and over open water (sea ice concentration < 15%), (c) fall surface masks,
and (d) mean fall liquid cloud fraction profiles over sea ice and over open water within the intermittent mask. The shaded
regions are one standard deviation from the mean.
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summer latent (Figure 2a) and sensible (Figure 2b) heat fluxes are very small compared to heat fluxes during
fall. Furthermore, there are larger heat fluxes from the ocean to the atmosphere over open water than over
sea ice during fall, but a negligible difference in heat fluxes over open water and over sea ice during summer.

3.2. Evaluation of the CESM1 Present-Day Mean State for Climate Context

To provide climate context for our analysis of cloud-sea ice relationships in CESM1, we next evaluate CESM1
simulations of Arctic clouds more generally. We begin by comparing modeled present-day opaque cloud
cover with available CALIPSO lidar observations in the summer (Chepfer et al., 2010; Guzman et al., 2017).
In the summer, CESM1 opaque cloud cover varies between 10% over the central Arctic Ocean and almost
80% over the North Atlantic (Figure 3a). As in summer, fall opaque cloud cover in CESM1 is largest over
the North Atlantic, and decreases to less than 10% over the Beaufort and Chukchi Seas (Figure 3b).
Compared to observations from the CALIPSO satellite, CESM1 does not have enough opaque clouds in the
summer or the fall (Figures 3c and 3d). The largest summer opaque cloud biases are over the Barents and
Kara Seas (Figure 3c). Indeed, the model struggles to represent both the amount and location of opaque
clouds. As in summer, we also find insufficient opaque cloud cover in CESM1 during fall (Figure 3d). The lar-
gest biases in fall cloud cover occur around the central Arctic Ocean. Insufficient opaque cloud cover in
CESM1 is consistent with previous studies that also found insufficient liquid-containing clouds in CESM1
(Kay, Bourdages, et al., 2016).

Why are there not enough opaque clouds in CESM1? Clouds are controlled by both microphysical processes
and their dynamical environment (Klein & Hartmann, 1993; Morrison et al., 2012). From a microphysical per-
spective, CESM1 overestimates ice precipitation from Arctic clouds, leading to excessive depletion of super-
cooled liquid and thus insufficient opaque cloud cover (McIlhattan et al., 2017). There are biases in CESM1
Arctic synoptic regimes that influence opaque cloud biases as well. Here we show these biases by comparing
summer and fall sea level pressure from 1986 to 2015 in CESM1 against ERA-Interim (ERA-I) reanalysis (Dee
et al., 2011). We use a 30-year record to reduce the influence of internal climate variability on our

Figure 2. CESM1 2006–2015mean summer and fall (a) latent heat fluxes and (b) sensible heat fluxes within the intermittent
mask. Themean summer latent heat flux over open water (sea ice) is 7.5 Wm2 (4.6W2), and themean summer sensible heat
flux over open water (sea ice) is 3.5 Wm2 (�1.3 Wm2). The mean fall latent heat flux over open water (sea ice) is 27.9 Wm2

(2.1 Wm2), and the mean fall sensible heat flux over open water (sea ice) is 29.5 Wm2 (1.0 Wm2). The dark blue line is the
80% sea ice concentration for summer and fall. The cyan line is the 15% sea ice concentration for summer and fall.

10.1029/2018JD029142Journal of Geophysical Research: Atmospheres

MORRISON ET AL. 1007



model-observation comparisons. We use the ERA-I reanalysis because Arctic sea level pressure biases are
within 1 hPa of observations (Wesslén et al., 2014). In the summer, the highest mean state sea level
pressure in CESM1 is over Greenland and the Beaufort Sea (Figure 4a). In the fall, there is a mean state sea
level pressure dipole over the Arctic Ocean, with a high-pressure center over the Chukchi-East Siberian
Seas and a low-pressure center over the North Atlantic (Figure 4b). Compared to ERA-I, the CESM1 mean
state sea level pressure during summer is too high (Figure 4c), possibly suppressing cloud cover. CESM1
exhibits large positive sea level pressure biases over the Barents and Kara Seas, which match the opaque
cloud biases (Figure 3c). In the fall, mean state sea level pressure is too low over the Beaufort Sea but
slightly too high over the Barents and Kara Seas (Figure 4d). Overall, CESM1 sea level pressure biases are
smaller during fall than they are in summer.

3.3. Future Arctic Cloud-Sea Ice Relationships in CESM1: Changes and Physical Mechanisms

Acknowledging that CESM1 has important biases including insufficient opaque cloud but encouraged that
CESM1 reproduces present-day observed sea ice relationships, we next evaluate future Arctic cloud-sea ice
relationships and feedback simulated by CESM1. All future cloud profiles are analyzed within the present-
day intermittent mask, because that is the region where sea ice extent drastically declines over the next cen-
tury. Future open water within the intermittent mask is a direct result of sea ice loss. Therefore, we compare
future cloud profiles over open water against present-day cloud profiles over sea ice. Comparing future
clouds over open water with clouds over sea ice in the present allows us to see if clouds respond similarly
to open water in the future as they do in the present. In other words, does open water have the same influ-
ence on clouds in the future as it does in the present (Figure 1)? Are clouds still coupled to the surface during
fall and uncoupled from the surface during summer?

First are the summer cloud results. Open water encompasses a larger region of the Arctic Ocean during each
future period (Figure 5a), growing poleward from the North Atlantic and Bering Strait. Over open water,

Figure 3. Mean state from 2006 to 2015 for CESM1 CALIPSO opaque cloud cover during (a) summer (JJA) and (b) fall (SON),
and difference between observed and simulated CESM1 CALIPSO opaque cloud cover during (c) summer (JJA) and (d) fall
(SON). CESM1 CALIPSO opaque cloud biases are calculated against CALIPSO-GOCCP observations.
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low-level (<4 km) summer cloud fraction decreases slightly from 2006 to 2015 through the end of the
twenty-first century, but changes in the summer cloud profiles over open water are very small. Indeed,
open water summer cloud profiles in each future period (cyan, blue, green, and purple lines; Figure 5b) are
nearly identical to the present-day summer cloud profile over sea ice (black dotted line; Figure 5b). The
cloud vertical structure remains unchanged no matter the time period or surface type. Importantly, even
though open water areas in the future Arctic will grow and encompass different areas than open water in
the present, summer cloud fraction and structure are unaffected by larger regions of the Arctic Ocean
becoming open water. Summer clouds are unaffected by open water no matter where the open water is.
Together, the very small cloud fraction change and the lack of vertical structure change over open water
suggest that there is no summer cloud response to sea ice loss in the future Arctic, just as there is no
response to summer sea ice variability in the present. No cloud-sea ice feedback exists in the present nor
is predicted to emerge in the future.

Next we assess fall cloud results. By the end of the twenty-first century, the Arctic Ocean is almost completely
sea ice-free (Figure 5c). Fall cloud fraction over the open water in all future time periods (cyan, blue, green,
and purple lines; Figure 5d) is always larger than the present-day fall cloud fraction over sea ice (black dotted
line; Figure 5d). In contrast to the summer (Figure 5b), CESM1 predicts changes to future fall vertical cloud
structure over open water. The most striking change is that the boundary layer deepens over open water
at the end of the twenty-first century. Sea ice loss, which results in most of the fall Arctic Ocean being open
water by the end of the century, changes the vertical structure of fall clouds. Between 2006–2015 and
2080–2099, liquid cloud fraction at ~2 km increases by nearly 7%, and decreases by nearly 9% below 1 km
over open water. The cloud fraction decrease is likely due to lidar attenuation. Since the simulated lidar is
attenuated through optically thick clouds in CESM1, a reduction in the maximum fall cloud fraction below
1 km over time may indicate more opaque cloud just above 1 km in the future. We emphasize that even with
simulated lidar attenuation, the future cloud fraction over open water is still always larger than the cloud
fraction over present-day sea ice. In summary, our results suggest that present-day cloud-sea ice relationships
are good analogues for future cloud-sea ice relationships.

Figure 4. Same as in Figure 3 but for sea level pressure mean state in CESM1, 1986–2015. CESM1 summer and fall sea level
pressure biases are calculated against ERA-Interim reanalysis.
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As in observations, seasonal differences in heat fluxes explain the seasonal difference in future summer and
fall cloud response to sea ice loss in CESM1. Changes in summer latent (Figure 6a) and sensible (Figure 6b)
heat fluxes are negligible between 2006–2015 and 2080–2099. There is no spatial correlation between sum-
mer heat flux changes and the sea ice loss edge (green line) in CESM1. But during the fall, latent (Figure 6a)
and sensible (Figure 6b) heat fluxes increase by up to 30 Wm2 between 2006–2015 and 2080–2099. Changes
in sensible heat fluxes closely follow the sea ice loss edge in the fall months, but changes in latent heat fluxes
are less constrained to the sea ice loss edge in September. Latent heat flux changes are less constrained to
the sea ice loss edge in September because it is a transition month: early September behaves like the sum-
mer, but late September behaves like the fall. The atmosphere and ocean are decoupled early in the month,
but air-sea coupling grows stronger as the Sun sets and the atmosphere cools.

While changes in cloud occurrence are interesting and important, cloud influence on radiation depends also
on cloud properties. Thus, we next assess twenty-first century changes in two radiatively important cloud
properties: cloud liquid water path and cloud shortwave optical depth. Even though mean heat flux changes
are negligible in the summer (Figure 6), monthly mean liquid water path does increase from June to
November in 2080–2099 relative to 2006–2015 (Figure 7a). Shortwave optical depth increases in all months
between 2006–2015 and 2080–2099 (Figure 7b). By 2080–2099, September has the largest optical depth
value of 7.5. The largest optical depth percent increase, however, is in November: an ~157% increase
between 2006–2015 and 2080–2099. From September to November, all optical depth percent increases
between 2006–2015 and 2080–2099 are at least 100%. Importantly, the increases in fall optical depth

Figure 5. The cloud response to increased future open water during summer and fall: (a) summer open water extent for
2006–2015, 2020–2039, 2050–2069, and 2080–2099; (b) summer liquid cloud profiles over sea ice for 2006–2015 and
over open water for 2006–2015, 2020–2039, 2050–2069, and 2080–2099; (c) fall open water extent for 2006–2015, 2020–
2039, 2050–2069, and 2080–2099; and (d) fall liquid cloud profiles over sea ice for 2006–2015 and over open water for
2006–2015, 2020–2039, 2050–2069, and 2080–2099. All cloud profiles are from the present-day intermittent mask (shown
in white in (a) and (c)). The future open water extent is the mean 15% sea ice concentration line for each time period. Over
open water, the mean summer sea level pressure from 2006–2015 (2091–2095) is 1,017 mb (1,016 mb) and the mean
summer near-surface static stability from 2006–2015 (2091–2095) is 4.8 K (7.9 K). Over open water, the mean fall sea level
pressure from 2006 to 2015 (2091–2095) is 1,012 mb (1,013 mb), and the mean fall near-surface static stability from 2006 to
2015 (2091–2095) is 4.8 K (4.3 K).
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show that fall clouds transition from being optically thin in the present day (optical depth < 3) to optically
thick in the future (Chepfer et al., 2013). Once clouds become optically thick, direct solar radiation, and
lidar pulses as we are simulating here, no longer reach the surface. Since there is still Sun in the Arctic
from September through early November, increasing cloud optical depth still strengthens clouds’
shortwave effect in the fall. In comparison to the fall, there are very small changes to radiatively important
summer cloud properties in CESM1 from the present (2006–2015) to the far future (2080–2099).

As we have shown in present-day variability (Figures 1b and 1d) and in response to future sea ice loss
(Figure 5), sea ice can affect clouds by modifying turbulent fluxes from the ocean to the atmosphere. The
modeling results presented thus far show no impact of summer sea ice loss on clouds, a result that is consis-
tent with observations. But it has long been known that there is a seasonal delay in the impact of summer sea
ice loss on the atmosphere (Abe et al., 2016; Curry et al., 1995; Manabe & Stouffer, 1980; Sorteberg et al., 2007).
Therefore, does summer sea ice loss have a delayed impact on fall clouds? If so, what are the mechanisms
controlling the impact of summer ice loss on fall clouds? Present-day observations suggest the fall atmo-
sphere destabilizes in direct response to a longer summer melt season. Atmospheric instability during fall
leads to more clouds in the Arctic, so we next investigate the chain of events that lead summer sea ice loss
to increase near-surface static instability and cloud formation during fall in CESM1. Here we define near-
surface static stability as the difference in potential temperature between 925 and 1,000 mb (following Kay
& Gettelman, 2009). As summer sea ice disappears more shortwave is absorbed by the open ocean
(Figure 8a) and the heat content of the CESM1 ocean mixed-layer increases (Figure 8b). The longer the open
water season is, the more time the surface ocean has to absorb heat from incoming sunlight. By the end of
the twenty-first century, mixed-layer ocean heat content is positive in all months, but highest in late summer
(Figure 8b). As the Sun sets in the fall, accumulated surface ocean heat is released into the atmosphere. The
largest combined latent and sensible heat fluxes occur when the ocean is still ice-free but the air-sea tem-
perature gradient is largest, both of which occur in November in 2080–2099. Total heat flux change from
2006–2015 to 2080–2099 is smallest in July, and actually decreases over the same time period in June
(Figure 8c). Releasing accumulated surface ocean heat into the atmosphere during fall weakens the near-
surface atmospheric stability (Figure 8d). As ocean heat content increases in November from 2006–2015 to
2080–2099, near-surface static stability decreases by 87% over the same period. But despite a large increase
in summer ocean heat content, there is very little corresponding change in summer near-surface static

Figure 6. Difference in CESM1 monthly mean (a) latent and (b) sensible heat fluxes between 2006–2015 and 2080–2099.
The green (pink) line is the monthly mean 70% sea ice concentration for 2006–2015 (2080–2099). From July to
November, the mean sea ice concentration never reaches 70% in 2080–2099. The green line can therefore be considered
the “sea ice loss edge”—that is, where sea ice used to be in the present day but is gone by the end of the twenty-first century.
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stability. In sum, summer sea ice loss has little impact on the summer atmosphere but does indeed have a
delayed atmospheric impact which is felt during fall.

In the results presented thus far, we have focused on summer and fall clouds because observed sea ice loss is
largest in these seasons and thus CESM1 cloud-sea ice relationships can be most directly evaluated using
observations in these seasons. But what about clouds in the winter and spring? The lidar simulator in
CESM1 allows us to see what CALIPSO-GOCCP would observe in all future months including winter and
spring. Through physical intuition, we expect the winter and spring cloud response to sea ice loss to be very
similar to the fall cloud response to sea ice loss (Figure 5d). In other words, loss of sea ice increases strong
air-sea coupling and cloud cover. In contrast to the fall, the Arctic still has sea ice during winter
(December-January-February) and spring (March-April-May) by the end of the twenty-first century in
CESM1, but open water areas within the seasonal intermittent masks consistently grow over time
(Figures 9a and 9c). In the winter (Figure 9b) and spring (Figure 9d), liquid cloud structure over open water
within the seasonal intermittent masks remains relatively unchanged into the future in CESM1. The cloud
vertical fraction increases steadily over time, however, as more open water exists in the winter. The maximum
winter cloud fraction nearly doubles between 2006–2015 and 2080–2099. In the spring, the maximum cloud
fraction also increases over time, although the change is smaller than in the winter.

We next analyze changes in cloud cover to assess if the cloud response to sea ice loss controls the total cloud
response to increased greenhouse gases. Consistent with the cloud fraction profiles (Figure 5), we find no
future total or opaque summer cloud cover response to sea ice loss within the annual intermittent mask
but more nonsummer season clouds over open water (Figure 10). Spatially, the nonsummer cloud response
is strongly correlated with the sea ice loss edge (green line). By 2080–2099, the smallest total (Figure 10a) and
opaque (Figure 10b) cloud increases are in the early summer (May–June), and the largest total and opaque
cloud increases are in the late fall (November–December). Total cloud cover in the nonsummer seasons
increases by up to 66% relative to 2006–2015 (Figure 10). Cloud increases have little spatial correlation

Figure 7. (a) Difference in CESM1 monthly cloud liquid water path between 2006–2015 and 2080–2099. The green (pink)
line is the 70% monthly mean sea ice concentration for 2006–2015 (2080–2099). (b) Time series of monthly mean
summer (JJA) and fall (SON) CESM1 shortwave cloud optical depth within the intermittent mask for 2006–2015 (green),
2020–2039 (blue), 2050–2069 (purple), and 2080–2099 (yellow).
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Figure 8. (a) Difference in CESM1 all-sky net surface shortwave fluxes between 2006–2015 and 2020–2039, 2050–2069, and 2080–2099. (b) Time series of monthly
mean summer (JJA) and fall (SON) CESM1mixed-layer ocean heat content within the intermittentmask for 2006–2015 (green), 2020–2039 (blue), 2050–2069 (purple),
and 2080–2099 (yellow). Ocean heat content is calculated with a temperature gradient between the surface and the bottom of the mixed layer, so heat
content is negative when the surface is colder than the bottom of the mixed layer (McDougall & Barker, 2011). (c) Time series of CESM1 monthly mean total
(combined latent and sensible) heat flux from the ocean to the atmosphere within the intermittent mask. (d) Time series of CESM1monthly mean near-surface static
stability (Θ925 mb–Θ1,000 mb) within the intermittent mask.
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with the sea ice loss edge (green line) in summer, but increasingly follow the sea ice loss edge from
September to February (Figure 10a). Indeed, from September to February there are only small cloud
changes outside the sea ice loss edge, indicating that fall and winter cloud changes occur almost entirely
over newly open water from 2080 to 2099. Opaque cloud cover increases very little from May to August
compared to September–February (Figure 10b). In the early fall (September–October), opaque cloud cover
increases are not constrained to the sea ice loss edge the way that total cloud cover increases are. The
largest changes in nonsummer opaque cloud cover are on the margins of the Arctic Ocean, which is
where present-day fall opaque cloud cover is largest (Figure 4a). Increasing fall opaque cloud cover over
time means that the lidar is also attenuated more over time, leading to the decreased maximum fall cloud
fraction in Figure 5d.

The fall, winter, and spring exhibit similar cloud responses to sea ice loss, but the fall cloud changes are more
pronounced than the winter or spring cloud changes. For example, total and opaque cloud cover increases
are largest in the late fall (Figure 10); fall is the only season when vertical cloud structure changes over open
water (Figures 5 and 9). Why is the cloud response to sea ice loss different in the fall? The answer is connected
to the seasonal delay in the impact of summer sea ice loss on the atmosphere. As the Arctic warms and sea ice
disappears, the sea ice melt date occurs earlier in the spring and the freezeup date occurs later in the fall. A
later freezeup date means that there is more time in the fall for accumulated ocean heat to be released into
the atmosphere. Accumulated ocean heat is released into the atmosphere during fall and early winter, and by
the late winter and spring the ocean has lost much of its accumulated heat. As themelt season lengthens, the

Figure 9. The cloud response to increased future open water during winter and spring: (a) winter open water extent for
2006–2015, 2020–2039, 2050–2069, and 2080–2099; (b) winter liquid cloud profiles over sea ice for 2006–2015 and over
open water for 2006–2015, 2020–2039, 2050–2069, and 2080–2099; (c) spring open water extent for 2006–2015, 2020–
2039, 2050–2069, and 2080–2099; and (d) spring liquid cloud profiles over sea ice for 2006–2015 and over open water for
2006–2015, 2020–2039, 2050–2069, and 2080–2099. All cloud profiles are from the present-day intermittent mask (shown
in white in (a) and (c)). The future open water extent is the mean 15% sea ice concentration line for each time period.
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ocean has more time to accumulate heat that will then be released into the fall atmosphere. Over time, more
accumulated ocean heat is released into the atmosphere in all nonsummer seasons, but the change is
smallest in the spring because by the spring the ocean has already lost most of its heat to the atmosphere.
This small increase in heat flux from the ocean to the atmosphere in the spring translates into the smallest
nonsummer cloud fraction increase (Figures 5d and 9).

3.4. Cloud and Surface Albedo Feedback in CESM1

We have identified year-round cloud responses to sea ice loss, but what is the sign and strength of the
year-round cloud feedback as clouds change in response to sea ice loss? In other words, what is the role of
sea ice loss in affecting future cloud feedback in the Arctic? We start to answer these questions by showing
the evolution of annual mean longwave, shortwave, and total cloud feedback and the surface albedo
feedback as a function of annual mean global warming (Figure 11). The surface albedo feedback (black line)
strengthens rapidly until global mean warming reaches ~1.5 K, which occurs in the 2040s. After global mean
warming exceeds 1.5 K, the surface albedo feedback weakens over time from 13 to 8 Wm2/K1. The surface
albedo feedback eventually weakens because once the Arctic becomes sea ice-free in September by the
2060s in our simulation (sea ice extent <1 × 106 km2), the surface albedo difference between the present
and future climatic states remains roughly constant. The surface albedo does continue to decrease slightly
until the sea ice is entirely gone (September Arctic sea ice concentration< 1% everywhere), but the rate of sur-
face albedo change is very small. Global mean temperature increases linearly through 2100 so temperature
changes outpace surface albedo changes. Since the growth rate of the normalizing factor (global annual mean
warming; see section 2.3) is faster than the rate of surface albedo change, the surface albedo feedback weakens
after the 2040s (Figure 11). Even though the surface albedo feedback weakens at the end of the twenty-first
century, it is still an order of magnitude larger than the cloud radiative feedback. The longwave cloud feedback
(red line) is positive through the end of the twenty-first century but decreases slightly over time. The shortwave
cloud feedback (blue line) is slightly positive in the 2020s but becomes negative as global mean warming
increases above 0.5 K. Overall, the net cloud feedback (gray line) is very small. For example, during the 2090s
when global warming has reached 4 K, the net Arctic cloud feedback is 0.4 Wm2/K. While small, the net
Arctic cloud feedback in CESM1 oscillates between positive and slightly negative as it is dominated by either
the positive longwave cloud feedback or the negative shortwave cloud feedback.

Figure 10. Difference in CESM1 CALIPSO bimonthly mean (a) total and (b) optically opaque cloud cover between 2006–
2015 and 2080–2099. The green (blue) line is the 70% bimonthly mean sea ice concentration for 2006–2015 (2080–
2099). The green line is the “sea ice loss edge”—that is, where sea ice used to be in the present day but is gone by the end of
the twenty-first century.
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Given the strong seasonality of cloud-sea ice relationships in the Arctic, we
next investigate seasonal changes in longwave cloud feedback (Figure 12).
While a positive longwave cloud radiative feedback occurs in all seasons
(Figure 12a), winter is the only season when the longwave cloud feedback
strengthens over time. The longwave feedback decreases in all other sea-
sons, although the change is very small in the fall. The summer longwave
cloud feedback weakens the most: from 1.7 Wm2/K in the 2020s to
0.3 Wm2/K in the 2090s (Figure 12a). The weakening summer longwave
feedback therefore counteracts some of the nonsummer signal when
the longwave feedback is averaged over the whole year (Figure 11).

Seasonal changes in longwave cloud radiative effect (Figure 12b) are con-
sistent with our previous results of increasing cloud opacity and cover in
the nonsummer seasons (Figures 7, 9, and 10). Compared to 2006–2015,
the longwave cloud radiative effect strengthens in all nonsummer seasons
and remains nearly constant in the summer (Figure 12b). Connecting long-
wave cloud radiative effect to longwave cloud feedback, winter is the only
season where longwave cloud feedback increases over time because it is
the only season where the longwave flux due to cloud changes, which
includes the contribution from longwave cloud radiative effect, grows fas-
ter than global mean temperature increases. In other words, the rate of
increase for winter longwave cloud radiative effect is faster than the rate
of increase for global mean temperature, which means that the winter

longwave cloud feedback grows more positive over time as well. Fall longwave cloud feedback stays roughly
constant because the change in longwave flux due to fall cloud changes increases more slowly than global
temperatures do. Spring longwave cloud feedback decreases over time because the spring longwave cloud
radiative effect does not increase as fast as global temperatures do. The rate of change for spring longwave

Figure 12. (a) Time series of winter, spring, summer, and fall longwave cloud feedback. (b) Change in winter, spring, sum-
mer, and fall longwave cloud radiative effect since 2006–2015. The time periods corresponding to each temperature
increase are shown at the bottom of the figure.

Figure 11. Time series of surface albedo, longwave cloud, shortwave cloud,
and net cloud feedback versus global annual mean warming from 2006–
2015 through 2099. The time periods corresponding to each temperature
increase are shown at the bottom of the figure.
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cloud radiative effect is slower than the rate of change for global mean temperature. The summer longwave
cloud radiative effect stays constant in the future, consistent with Figures 7 and 10 that show negligible
changes to summer radiative properties and cloud cover. Using Arctic mean warming as the normalizing fac-
tor instead of global mean warming produces even weaker longwave cloud radiative feedback (not shown)
because Arctic temperature rises faster than global mean temperature.

4. Discussion

One of the most interesting and important results from this study is that the summer cloud response to
present-day sea ice variability is consistent with future summer cloud-sea ice feedback. Using a model that
reproduces the lack of an observed present-day summer cloud response to present-day summer sea ice
variability, we find no summer cloud-sea ice feedback emerges as the Arctic becomes seasonally sea ice-free.
In other words, the summer cloud-sea ice relationship is not changing as the climate warms. The surface is
not a strong control on summer clouds in the present or in the future. Thus, the present-day summer cloud
response to present-day summer sea ice variability helps predict future summer Arctic sea ice-cloud
relationships. These findings are consistent with physical intuition for an increasingly stable future Arctic
summer atmospheric boundary layer. In the present-day summer, a small air-sea temperature gradient
stabilizes the lower atmosphere and suppresses fluxes from the open ocean to the air. Given the specific heat
capacity difference of air and water, as the Arctic warms the atmosphere warms faster than the ocean, even
when the ocean is ice-free. Therefore, summer near-surface static stability will remain the same or increase as
the Arctic warms. A stable summer atmosphere suppresses fluxes from the ocean to the atmosphere in the
present day and in the future. The surface is not a strong control on summer clouds because the small air-sea
temperature gradient that currently exists still exists in the future. Summer clouds are controlled by
atmospheric circulation in both the present and the future, although fully identifying the dominant controls
on summer clouds is outside the scope of this paper.

Another interesting and important result from this study is that observed cloud-sea ice relationships also help
explain future Arctic cloud-sea ice feedback during nonsummer months. Why? As in the summer, future fall
cloud-sea ice relationships result from air-sea temperature gradients. When the Sun sets in the fall, the
atmosphere cools down faster than the ocean. As a result, more latent and sensible heat is released from
the open ocean to the cooling fall atmosphere (as has been shown in many studies including Deser et al.
(2010), Manabe & Stouffer (1980), and Taylor et al. (2018)). Increasing latent and sensible heat fluxes promote
fall cloud formation over open water. As the freezeup onset date moves later in the year, there will be more
openwater during fall, sea ice will be thinner in winter, andmelt onset will occur earlier in the spring. Summer
sea ice loss does not affect summer clouds but there is a lag between summer sea ice reduction and
increased cloudiness in the fall. Importantly for cloud feedback resulting from sea ice loss, more open water
during the fall, winter, and spring means more clouds during these seasons because of the large heat fluxes
from open water to the atmosphere.

Connecting our analysis of cloud-sea ice relationships into a broader climate context, we find evidence for a
weak positive Arctic cloud-sea ice feedback that arises from increases in nonsummer clouds and their impact
on longwave radiation. A positive annual mean net cloud-sea ice feedback indicates that clouds enhance
warming of the Arctic surface in response to increased greenhouse gases (Goosse et al., 2018). While our
results suggest the Arctic cloud-sea ice feedback is positive and is a large contributor to the total Arctic cloud
feedback, the Arctic cloud feedback we found are relatively weak compared to the surface albedo feedback.
Arctic cloud feedback are an order of magnitude smaller than the surface albedo feedback, consistent with
previous analysis of climate model feedback (e.g., Pithan & Mauritsen, 2014). Nevertheless, Arctic cloud-sea
ice relationships and feedback do affect Arctic climate futures. Because of a positive longwave cloud-sea
ice feedback and strengthening longwave cloud radiative effect, especially during the fall and winter, clouds
likely enhance Arctic warming in the future. Since predicted summer cloud changes in response to sea ice
loss are very small, we found no evidence that future summer cloud-sea ice feedback will affect summer
Arctic sea ice loss.

While we are confident in our assessed positive sign for the Arctic cloud-sea ice feedback, the magnitude of
the positive Arctic cloud-sea ice feedback may be underestimated by the model used in this study. Our
assessment of the sign of the Arctic cloud-sea ice feedback is informed by new rigorous evaluation of the
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cloud-sea ice relationships and cloud opacity in CESM1 using spaceborne lidar observations. In contrast to
the sign, we interpret the magnitude of our assessed Arctic cloud-sea ice feedback with caution. Indeed,
we suspect that the underestimation of mean state opaque clouds in CESM1 may lead to an underestimation
of the magnitude of Arctic cloud feedback in CESM1 including the positive cloud-sea ice feedback associated
with sea ice loss. The longwave cloud feedback may be more positive than predicted by CESM1, but the
shortwave cloud feedback may be more negative than predicted. The strength of the longwave cloud-sea
ice feedback would likely increase faster than the strength of the shortwave cloud feedback, since predicted
cloud fraction and opacity increases during the nonsummer seasons are much larger than summer cloud
changes. In that case, we are likely underestimating the strength of the positive annual total cloud feedback.
CESM1 is not alone in its underestimation of opaque clouds, which are primarily liquid clouds. Indeed, many
models underestimate observed liquid clouds and thus may also underestimate the positive cloud-sea ice
feedback (e.g., Klein et al., 2013).

Looking toward future analysis of cloud-sea ice relationships and Arctic cloud feedback in models, we wish to
emphasize that the results obtained in this study cannot be obtained from the standard climate model out-
put. That is, our results cannot be obtained from output typically provided by intermodel comparison pro-
jects: monthly mean output provided in CMIP5 or outputs with specific relevance for assessing cloud
feedback requested for CMIP6 (Webb et al., 2017). First, creating the intermittent mask requires daily sea
ice concentration output. Second, we also require daily sea ice and cloud output to get as close as possible
to an instantaneous snapshot of the cloud response to variations in sea ice cover. On longer time scales the
sea ice could be responding to variations in cloud cover instead of clouds responding to variations in sea ice
cover. The use of monthly mean output averages clouds over different atmospheric and sea ice regimes and
makes it harder to isolate a cloud response just to sea ice variability. Third, our results require a lidar simulator
to be used when comparingmodel clouds with satellite observations. We needed a lidar simulator specifically
because lidars are “surface-blind” sensors and are the best tools for detecting clouds over sea ice. Using the
lidar simulator within COSP to assess both the present and future cloud response to sea ice was necessary
because cloud cover from CESM1 and from the CALIPSO satellite are defined differently. It is advantageous
to use the same definition for “cloud” across all time periods. For a process-based understanding of cloud-
sea ice relationships in a model, we needed COSP and the cloud opacity diagnostics to evaluate changes
in radiatively important cloud properties, that is, opaque clouds that are interacting with shortwave radiation.
The methods used here are novel, and provide a new and robust procedure for assessing modeled cloud-sea
ice relationships and giving guidance for the observability of future cloud changes arising from sea ice loss.

5. Summary

This study uses a fully-coupled climate model (CESM1) with a lidar simulator and cloud opacity diagnostic to
assess present-day and future changes in Arctic cloud sea ice relationships and feedback. CESM1 is an appro-
priate tool to use because it can replicate the observed cloud response to sea ice variability. Future Arctic
cloud-sea ice relationships are very similar to present-day relationships, indicating that observed variability
is a good analogue for the future ice-free Arctic climate. Over the twenty-first century, CESM1 predicts neg-
ligible changes in summertime cloud fraction and vertical structure due to negligible changes in summer
ocean heat fluxes. Any future summer cloud changes in CESM1 are uncorrelated with the sea ice loss edge.
CESM1 predicts large increases in fall cloud fraction and boundary layer height, as well as in radiatively impor-
tant properties like liquid water path and opaque cloud fraction. Future winter and spring low-level cloud
fraction increase as well. Since cloud cover increases in all nonsummer seasons in response to sea ice loss,
the positive longwave cloud radiative effect also increases in the nonsummer seasons. The strong nonsum-
mer cloud response to sea ice loss leads to a positive cloud-sea ice feedback, which will accelerate the rate of
sea ice loss. Since summer clouds do not respond to sea ice loss, no negative cloud-sea ice feedback exists.
Summer cloud-sea ice feedback will not slow the rate of Arctic sea ice loss.
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