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ABSTRACT
The Arctic summer sea ice has diminished fast in recent decades. A strong year-to-year variability on top of
this trend indicates that sea ice is sensitive to short-term climate fluctuations. Previous studies show that
anomalous atmospheric conditions over the Arctic during spring and summer affect ice melt and the September sea ice extent (SIE). These conditions are characterized by clouds, humidity, and heat anomalies that
all affect downwelling shortwave (SWD) and longwave (LWD) radiation to the surface. In general, positive
LWD anomalies are associated with cloudy and humid conditions, whereas positive anomalies of SWD appear under clear-sky conditions. Here the effect of realistic anomalies of LWD and SWD on summer sea ice is
investigated by performing experiments with the Community Earth System Model. The SWD and
LWD anomalies are studied separately and in combination for different seasons. It is found that positive
LWD anomalies in spring and early summer have significant impact on the September SIE, whereas winter
anomalies show only little effect. Positive anomalies in spring and early summer initiate an earlier melt onset,
hereby triggering several feedback mechanisms that amplify melt during the succeeding months. Realistic
positive SWD anomalies appear only important if they occur after the melt has started and the albedo is
significantly reduced relative to winter conditions. Simulations where both positive LWD and negative SWD
anomalies are implemented simultaneously, mimicking cloudy conditions, reveal that clouds during spring
have a significant impact on summer sea ice while summer clouds have almost no effect.

1. Introduction
The Arctic sea ice has decreased and thinned dramatically in recent decades (e.g., Serreze et al. 2007;
Rothrock et al. 2008). This trend is evident in all seasons,
but the most rapid decline in sea ice is observed in

Corresponding author address: Marie-Luise Kapsch, Department
of Meteorology and Bolin Centre for Climate Research, Stockholm
University, 10691 Stockholm, Sweden.
E-mail: marie@misu.su.se

September—the Arctic sea ice extent (SIE) has decreased at a rate of about 13% decade21 between 1979
and 2014 (IPCC 2013; http://nsidc.org/arcticseaicenews/
2014/10/). Besides this trend, the Arctic SIE also shows
large year-to-year variability (Serreze et al. 2007). For
example, in September 2013 the Arctic SIE was observed
to be 1.7 million square kilometers higher than in September 2012, while September 2007 had an about 1 million square kilometers lower SIE than September 2006.
The processes behind the year-to-year variability are
not yet well understood. One of the key drivers for the
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large interannual variability is likely the atmospheric
circulation (Ogi and Wallace 2007; Maslanik et al. 2007;
Kapsch et al. 2013). Anomalies in atmospheric circulation impact sea ice thermodynamics, such as ice melt
(e.g., Graversen et al. 2011; Kapsch et al. 2013; Devasthale
et al. 2013) and sea ice dynamics (e.g., the ice-volume
export out of the Arctic basin; Wang et al. 2009). They
also impact the oceanic heat flux, for example, because of
wind-driven advection of warm or cold water from adjacent seas, which has a direct effect on sea ice melt (Wang
et al. 2009; Wu et al. 2012).
Changes in atmospheric circulation alter the atmospheric heat and moisture transport into the Arctic (e.g.,
Woods et al. 2013; Screen et al. 2011). Kapsch et al.
(2013) showed that in years with anomalously low September sea ice concentration (SIC), more moisture was
transported during the preceding spring into the area
with the largest ice retreat, leading to positive anomalies
of clouds and atmospheric water vapor. As clouds and
water vapor absorb and reemit upwelling longwave radiation back toward the surface, more downwelling
longwave radiation (LWD) is absorbed by the surface in
April and May during these years over the Beaufort
and East Siberian Seas. Also, Francis et al. (2005)
found a significant correlation between the amount of
LWD and summer sea ice variability: LWD anomalies
within 80 days prior the ice-edge minimum extent explain up to 40% of the ice-edge variability in most of
the Arctic regions.
Some previous studies pointed toward the importance
of clouds for the seasonal evolution of the sea ice cover.
Liu and Key (2014) found that a decreased wintertime
cloud cover in 2013 resulted in a cooling of the surface
and allowed for a greater-than-normal ice growth. They
argued that this led to the recovery of the ice cover in
2013 after the 2012 record minimum. In contrast,
Eastman and Warren (2010) found the largest correlations between spring and fall cloud amounts and September SIE, indicating a specific importance of LWD
during these two seasons for the September SIE.
Several studies analyzed the 2007 record ice minimum.
By investigating the contribution of clouds and radiation anomalies Kay et al. (2008) suggested, using
spaceborne observations, that less clouds during summer, corresponding to less LWD but more downwelling
shortwave radiation (SWD), caused the 2007 SIE minimum. Schweiger et al. (2008), using an ice-ocean model,
questioned the importance of the anomalous low cloud
cover for the sea ice minimum. Graversen et al. (2011)
argued that the area of the negative cloud anomaly in
Kay et al. (2008) did not correspond to the region of the
greatest ice loss. They concluded that the area that experienced the largest ice loss in 2007 coincided with an
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above-average cloud cover during summer due to an
anomalous flow of warm and humid air into that region
(Graversen et al. 2011).
The conflicting conclusions from the aforementioned
studies indicate that the importance of clouds and water
vapor, and thus ultimately of LWD and SWD, for the
seasonal sea ice evolution is not well understood. In this
study, the impact of realistic anomalies of LWD and SWD
on sea ice is investigated. A slab-ocean, global climate
model (see section 2) is used. By applying SWD and LWD
anomalies both separately and in combination and for
different seasons, the relative effect and the seasonal
importance of the two types of radiation are examined.
We address the question whether positive LWD anomalies in spring and early summer lead to a larger summer sea ice decline than anomalies imposed later in
the year. The latter hypothesis relates to the fact that
feedback processes lead to a larger sea ice decline over
summer when initiated early. A positive LWD anomaly
early in the season might initiate an earlier melt onset
(Maksimovich and Vihma 2012), hence, a negative ice
anomaly early in the season. The earlier the negative ice
anomaly occurs the more shortwave radiation is absorbed by the surface throughout the melt season due to
the positive ice–albedo feedback. This additional input
of heat during the melt season acts to amplify the melt
and to warm the upper ocean layers (Perovich et al.
2007). The energy absorbed by the ocean mixed layer
shifts the freeze-up toward a later date while it is released in fall, with a variety of consequences (e.g., less
snow accumulation, reduction in the ice growth rate;
e.g., Bitz et al. 1996).

2. Models and experimental setup
a. Model description
In the present study the Community Earth System
Model, version 1 (CESM1), is used (Hurrell et al. 2013).
CESM1 is a fully coupled global climate model, consisting of model components for the atmosphere, land,
sea ice, and ocean. The Community Atmosphere Model,
version 4.0 (CAM4), is used as the atmospheric component. CAM4 is a global model with a finite-volume
dynamical core, described in detail by Neale et al.
(2013). The land component of CESM1 is the Community Land Model, version 4 (CLM4; Lawrence et al.
2011; Oleson et al. 2010).
For the sea ice, the Community Ice Code, version 4
(CICE4; Hunke and Lipscomb 2008) is used, originally
developed at the Los Alamos National Laboratory.
CICE4 includes elastic–viscous–plastic sea ice dynamics
(Hunke and Dukowicz 1997) and energy conserving
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thermodynamics (Bitz and Lipscomb 1999). Sea ice is
subdivided into five categories (following Thorndike
et al. 1975) and processes such as ridging and rafting
(Rothrock 1975; Lipscomb et al. 2007) and melt ponds
are represented. Further, a new shortwave radiation
parameterization (Brieglieb and Light 2007), which allows for absorption and scattering of solar radiation
within the individual layers of sea ice, melt ponds, and
snow, results in a more realistic representation of the
surface albedo (Holland et al. 2012).
The default ocean model component is the Parallel
Ocean Program, version 2 (POP2; Danabasoglu et al.
2012), developed also at the Los Alamos National
Laboratory. In this study, however, a slab-ocean model
(SOM) is used instead of the full-depth ocean model
POP2, as the coupling with the deep ocean is not important at the seasonal time scales considered here. The
SOM is a mixed layer ocean with prescribed lateral
ocean heat transport. Although the SOM is a simplified
ocean model, it shows similar Arctic climate sensitivity
as an active, full-depth ocean model (Kay et al. 2012).
The prescribed ocean heat fluxes were calculated from
an equilibrated model coupled with a full-scale ocean,
POP2, and run for present-day climate conditions (2000
perpetual conditions; Bitz et al. 2012).
For the present study CESM1 was run on a 1.98 3 2.58
horizontal grid for the atmospheric component and on
a 18 3 18 grid for the ocean and sea ice components.

b. Experimental design
1) LONGWAVE FORCING EXPERIMENTS
The effect of enhanced LWD in spring is implemented
by adding a fixed amount of longwave radiation over the
Arctic area (Fig. 1, top). This anomaly is compensated
for, by reducing LWD over all remaining grid points in
the Northern Hemisphere, whereby no net global climate
forcing is induced by the Arctic LWD anomaly. Note that
the main conclusions drawn in this study do not change in
case this compensation is not implemented. The Arctic
LWD anomaly is applied only over ocean grid points
within an area north of 708 (Fig. 1). No LWD perturbation is added to the Atlantic Ocean side of the Arctic:
Barents, Kara, and Greenland Seas. In this area sea ice
conditions are governed by more complex atmosphere–
ocean interactions and are strongly influenced by the inflow of warm Atlantic water (Smedsrud et al. 2013).

2) SHORTWAVE FORCING EXPERIMENTS
The SWD anomalies are implemented similar to the
LWD anomalies with the following two exceptions.
1) The SWD perturbation is only applied in grid boxes
where sunlight is present. To compare with the LWD

anomalies applied on the entire area, the SWD anomalies (forcing as well as compensation) are scaled by the
sunlit area. 2) The surface albedo in the perturbation
and compensation areas is very different because the
forcing area is mostly sea ice covered while the compensation area is mostly ice free. To neutralize the
global forcing accurately, we additionally scale the
compensating SWD by the amount of the absorbed
SWD [SWN 5 (1 2 a)SWD, where SWN is the net
shortwave radiation at the surface]. Accordingly, the
SWD perturbation (W m22) can be expressed as
ð
dA
SWDP 5 12 ð NH
,
dA
SUN

and the SWD compensation (W m22) can be expressed
as
ð
ð
dA
(1 2 a) dA
ðP
SWDC 5 12 ð NH
,
dA (1 2 a) dA
SUN

C

where a is the surface albedo; the indices P and C indicate
perturbation
and compensation area, respectively; and
Ð
Ð
dA/
dA
is the scaling factor for the sunlit area:
NH
SUN
Ð
dA is theÐarea composing the whole Northern HemiNH
sphere and SUN dA represents the area with sunlight
(Fig. 1). The latter is defined as a box extending from the
equator to the pole. The eastern and western boundaries
are given by the longitudes of local sunrise or sunset at the
equator. The box is shifted in time following the local
noon at the center of the box and is repeatedly calculated
in each time step. Note that we require that the magnitude
of the SWD in all grid boxes within the box needs to exceed the magnitude of the SWD compensation during the
entire time period the perturbation is applied (hereafter
referred to as the perturbation period; Fig. 1). As surface
properties are temporally changing, we calculate the
scaling parameters for each perturbation period separately. Further, as solar radiation is absent between fall
and spring in the northernmost latitudes, a SWD perturbation is only applied in months that experience sunlight
during the entire perturbation period in all grid cells
within the aforementioned longitudinal box.
In CAM4 SWD is split into two wave bands and direct
and diffuse radiation. These SWD components are dependent on the spatially and seasonally varying atmospheric and surface properties, such as clouds, water
vapor, and other atmospheric constituents as well as the
surface albedo. Hence, we distribute the perturbation of
12 W m22 between the four SWD components (visible

Unauthenticated | Downloaded 01/09/23 03:22 AM UTC

1146

JOURNAL OF CLIMATE

VOLUME 29

FIG. 1. (top) Forcing area for the surface downward radiation. (bottom) Longitude section where the downward
shortwave radiation is applied. The blue area in the top panel represents all ocean grid points within the chosen
study area (black box), where a positive forcing was added. In all other grid points on the Northern Hemisphere
a negative forcing was applied to compensate the positive forcing. For the SWD, an additional constraint is applied:
solar insolation (direct, near infrared) at 0015 UTC is shown in the bottom panel. The black box indicates the area
where the shortwave perturbation is implemented for a particular time step of the day [see section 2b(2) for details].

and near infrared, and direct and diffuse) according to
their relative percentage to the total SWD flux within
the respective perturbation and compensation area
during the perturbation period.

3) EXPERIMENTS WITH SHORTWAVE AND
LONGWAVE FORCING

Clouds reflect shortwave radiation to space and emit
longwave radiation to the surface. Hence, a positive LWD
anomaly is accompanied by a negative SWD anomaly at
the surface. To account for this we designed two experiments where positive LWD anomalies are compensated
for by negative SWD anomalies. The effect of clouds on
LWD and SWD is estimated by taking the difference
between cloudy and clear-sky fluxes from a 20-yr climatology of the control run. To avoid energy inconsistencies

within the model, due to negative SWD anomalies, the
LWD and SWD anomalies are implemented by adding a
relative fraction to the ‘‘raw’’ LWD and SWD values. The
fraction is calculated by dividing the corresponding LWD
or SWD anomaly (e.g., 12 W m22) by the climatological
mean LWD or SWD over the area and months the
anomaly is applied. This fraction is first multiplied and
then added to the corresponding LWD or SWD value in
each time step. For example, a LWD perturbation
of 112 W m22 during April and May can be expressed as
LWDP 5 LWD 1 ð

ð

112

,

LWD dA dt
AM P

Ð

Ð

where AM P LWD dA dt is the LWD climatology over
the perturbation area and April–May (AM). As for the
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experiments described in sections 2b(1) and 2b(2) a
compensating forcing is applied accordingly. Note, that
this method removes the necessity of the aforementioned box for the shortwave radiation.
A caveat of this method is that the magnitude of the
anomalies cannot be controlled as accurately as for the
previously described method: the anomalies are not
consistent throughout the period they are applied, they
dependent on the absolute magnitude of LWD and SWD.
Hence, feedback mechanisms impact the magnitude of
the perturbations. However, comparisons between experiments where LWD and SWD perturbations were
applied separately according to this method and the
LWD and SWD experiments described in sections 2b(1)
and 2b(2) show that the magnitude of the perturbations
are almost identical, as are the sea ice responses.

4) STATISTICAL SIGNIFICANCE
An ensemble technique is used to account for internal
model variability and to test the statistical significance of
the results. Every ensemble consists of 60 members,
initiated with different initial conditions. The initial
conditions are taken from consecutive years of a 60-yr
equilibrated control run. Because of the large ensemble
size, the data are approximately normally distributed
(central limit theorem; Wilks 2006) and hence a Student’s t test is applied to test the null hypothesis that the
ensemble means of the control and perturbed ensemble
are equal. Note that in order to analyze one whole year,
the run time for each simulation is adjusted according to
the months the perturbation is applied, resulting in a
total run time ranging from 1 year to 18 months.

5) DETERMINATION OF SEASONAL TRANSITION
The onset of melt and freeze-up are calculated to
study the effects of the flux anomalies on the seasonal
transition of sea ice. Here we follow the definition of
Rigor et al. (2000) and define the melt onset as the day
when the 14-day running median of the surface air
temperature (SAT) exceeds 218C for the first time
during spring. Freeze-up is calculated correspondingly
as the day when the SAT drops below 218C for the first
time in fall. The melt onset is calculated for each grid cell
that has a SIC larger than 80% during 98% of the days
during the preceding January through April (Mortin
et al. 2014). The same criteria are used for the freeze
onset but the ice-cover criteria are applied for the following winter season (January–April).

c. Discussion of experimental design
A large advantage of model experiments, such as
those undertaken here, is that hypothetical worlds
can be constructed where processes are implemented
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separately or omitted so that their effects can be studied
in isolation but under controlled settings. These worlds
are by nature artificial and may have little in common
with the real world. However, experiments such as these
provide an important alternative to observational analysis aimed at investigating the dynamics of the climate.
When it comes to the impact on sea ice of atmospheric
variability such as cloud alterations, surface radiation
plays a key role and it has long been debated whether
large summer ice anomalies are induced by shortwave or
longwave radiation anomalies or a combination of the
two. Here we take advantage of a model to study the
effect on sea ice separately and in combination for the two
types of radiation. To our knowledge such a study has not
been undertaken before.
However, there are some caveats associated with the
experiments. A realistic LWD or SWD anomaly at the
surface is triggered by an increase or decrease of clouds
and water vapor within the atmosphere. Clouds not only
alter the surface energy fluxes but also have a significant
impact on atmospheric processes (e.g., precipitation or
the atmospheric stability; Pithan et al. 2014). Therefore,
clouds alter boundary layer dynamics and trigger processes that feed back to LWD and SWD at the surface.
By implementing the LWD and SWD anomalies directly at the surface, these cloud feedbacks are not
represented realistically. An alternative approach would
be to manipulate the clouds themselves and thereby the
effects that they have on surface radiation. However,
this method raises several other issues, such as whether
to alter the radiative properties of already preexisting
clouds or manipulate the cloud cover. In addition such
changes would likely provide unforeseen effects such as
direct changes of the atmospheric temperatures that
would alter the tropospheric stability. Finally, the cloud
changes would be difficult to implement so as to maintain control over the amount of surface forcing, chosen
here based on results from previous studies using reanalysis (Kapsch et al. 2013). In fact, the approach used
in this study allows for a full control of the LWD and
SWD perturbations. Thus, this is a dedicated approach
for identifying the importance of LWD and SWD anomalies during different seasons.

3. Results
a. The effect of spring downward longwave radiation
on sea ice
We first explore the sensitivity of the modeled sea ice
to enhanced LWD in spring. Five ensembles with different LWD perturbations over the Arctic area (Fig. 1)
during April and May, ranging from 16 to 118 W m22,
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were computed. We chose a perturbation of 6 W m22
as a lower limit, because a positive spring LWD anomaly
of on average 6 W m22 was evident in years with a low
September SIE between 1979 and 2010 (Kapsch et al.
2013). In the following we investigate the ensemble
mean of the perturbed ensemble relative to the ensemble mean of the control simulations (hereafter referred
to as CTRL).
All ensembles show a decreased ice thickness, SIC
and SIE in the September succeeding the spring LWD
anomaly. For the 6 W m22 ensemble, September SIC is
decreased by about 3% over the area the perturbation
was applied, although the response is not statistically
significant due to a relatively large interensemble variability. Kapsch et al. (2013, their supplementary information) find a SIC response of about the same
magnitude over a similar area. This illustrates that
CESM1 is able to realistically simulate the seasonal sea
ice response to a spring LWD anomaly, as compared to
Kapsch et al. (2013).
It takes a 9 W m22 perturbation for a significant decrease of the SIC to persist through September (Figs. 2a,b).
The energy provided by the LWD perturbation (Fig. 3b)
is absorbed by the surface in April and May, as indicated
by a positive surface energy balance anomaly (net
shortwave and longwave radiation plus turbulent fluxes;
Fig. 3d). Since surface temperatures are below the
freezing point in April and May, the energy surplus leads
to a warming of the ice surface. If surface temperatures
reach the melting point of snow and sea ice, additional
energy goes into surface melt instead (Fig. 2f). Hence,
melt onset starts significantly earlier in the perturbed
ensembles than in CTRL (Fig. 4). The earliest melt onset
occurs on the Pacific Ocean side of the Arctic and latest
on the Atlantic Ocean side.
The early melt onset leads to a significant increase in
the melt rate of snow and sea ice in all ensembles during
April and May (Fig. 2f) and manifests in a more rapid
decline of the SIC (Fig. 2b). In April and May, SICs in
the perturbed ensembles are significantly reduced as
compared to CTRL; note that the anomaly in SIE does
not appear until later (Fig. 2h). The increase of the
surface temperatures and the reduction of the ice cover
result in a larger fraction of open water and an increased
energy flux from ocean to atmosphere in the form of
latent and sensible heat (Fig. 3j). Because of the latent
heat exchange, more water vapor and clouds are present
in the atmosphere during spring (Fig. 5). This enhances
the atmospheric greenhouse effect and results in an increased emission of LWD toward the surface. This
positive feedback acts alongside the direct effect of the
LWD perturbation itself, as indicated by a larger positive LWD anomaly at the surface than what is applied
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(Fig. 3b). Both these anomalies are important contributors to the increased melt and the accelerated decline
of the sea ice cover in April and May. Intuitively, the
larger the LWD perturbation in spring is, the larger
the sea ice cover declines in spring (Fig. 2). Further, the
earlier melt onset results in a decreased SIC and lower
surface albedo. Hence, more shortwave radiation is
absorbed by the surface from April throughout the
succeeding summer months (Fig. 3h). This also contributes to an enhanced melt and the reduction of SIC
and SIE in the subsequent months. By September SIC is
significantly reduced over the perturbation area and the
ice becomes almost 10 cm thinner than in CTRL in the
12 W m22 ensemble (Fig. 2). The sea ice differences
between perturbed and CTRL experiments are largest
in the central Arctic and the Laptev Sea (Fig. 6). Large
areas of open water allow for a release of the additional
heat stored in the upper ocean layers due to a reduced
ice area in summer. From September to November upward sensible and latent heat fluxes are significantly
increased (Figs. 3b,j). This results in a positive water
vapor and cloud feedback (Fig. 5b), positively contributing to the negative ice anomalies. The warmer ocean
and the related feedback process are to a large extent
responsible for a later freeze-up in the April–May ensembles (Fig. 4). The ice remains significantly thinner
over the major part of the Arctic until the end of the year
(Figs. 2d and 6). In conclusion enhanced LWD in spring
can have a significant effect on ice thickness, SIC, and
SIE throughout the whole year, provided that it is
large enough.
These results are in line with earlier findings stating that
melt onset in the Arctic is primarily triggered by an increase in LWD (Maksimovich and Vihma 2012; Persson
2012). The earlier melt onset evokes cloud–water vapor
feedbacks in spring and the ice–albedo feedback over
summer (Curry et al. 1996). Perovich et al. (2007) point
toward the specific importance of the ice–albedo feedback for the seasonal ice evolution; they estimated that
for each day of earlier melt, energy sufficient to melt 3 cm
of ice is absorbed between April and August. In CESM1 a
LWD perturbation of 12 W m22 in spring shifts the melt
onset to on average nine days earlier and thins the ice by
about 10 cm. This is 17 cm less than expected based on the
findings by Perovich et al. (2007). A possible explanation
for this smaller response in CESM1 could be related to a
constant lateral ocean heat flux. In a slab-ocean setup the
heat transported between grid cells is always constant, as
it is prescribed (see section 2b). Thus, the lateral heat
transport in CTRL is the same as the lateral heat transport in the perturbed simulations. With LWD perturbation in April–May (LWDAM) the sea ice melts earlier,
resulting in larger areas of open water relative to CTRL.
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FIG. 2. Sea ice properties and anomalies for the experiments with an enhanced downward
longwave radiation (LWD) in spring of different magnitudes: (a) sea ice concentration and
(b) its anomaly (%), (c) sea ice thickness and (d) its anomaly (m), (e) melt rate (snow accumulation and top and bottom melt) and (f) its anomaly (mm day21), and (g) sea ice extent and
(h) its anomaly (106 km2). All anomalies are calculated as the average differences between each
perturbed ensemble and the CTRL ensemble; the results in (a)–(f) are calculated over the area
in the top panel of Fig. 1. Gray shadings represent the CTRL ensemble spread (61s). Horizontal lines mark statistically significant differences using a Student’s t test (a 5 0.05).

As partially or completely ice-free grid cells absorb more
energy than ice-covered grid cells, more energy is stored
in the ocean with LWDAM. However, the prescribed
lateral heat flux prevents the heat from being transported

to adjacent grid cells, for example, the heat transport
from ocean grid cells to grid cells covered by sea ice. An
increased heat exchange between ocean and sea ice grid
cells would likely contribute to enhanced lateral and
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FIG. 3. As in Fig. 2, but for surface fluxes: (a),(b) LWD; (c),(d) net radiation plus
turbulent fluxes (LWN); (e),(f) SWD; (g),(h) SWN; and (i),(j) the sensible plus latent
heat fluxes (SH 1 LH). All fluxes are in W m22 and are defined positive if downward.
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FIG. 4. (left) The ensemble mean of the timing of (top) melt onset and (bottom) freeze-up for CTRL. The remaining panels show the
difference between perturbed simulations and CTRL with various magnitudes of downward longwave perturbation in spring above each
column. Black lines indicate significant differences (Student’s t test; a 5 0.05). For the differences, negative values indicate an earlier melt
and positive values indicate a later freeze-up in the perturbed simulations.

bottom melt in ice-covered grid cells. This shortcoming
possibly results in an underestimation of sea ice melt in
the present study.
An LWD perturbation of at least 12 W m22 is necessary to achieve clearly significant responses in all sea
ice parameters (SIC, SIE, and sea ice thickness) in a
60-member CESM1 ensemble (Figs. 2b,d). Hence, a perturbation of 12 W m22 is used in the following to explore
the processes in more detail and to investigate how important an LWD perturbation during other months than
April and May is for the seasonal sea ice evolution.

b. The effect of seasonally varying downward
longwave radiation on sea ice
In the following a LWD perturbation of 12 W m22 was
induced during different months of the year. Almost all
ensembles with a positive LWD perturbation show a
significant decrease of the SIC and SIE in September
(Fig. 7a). The largest negative SIC anomalies develop in
the ensembles with increased LWD in April–May, LWD
perturbation in June–July (LWDJJ), and LWD perturbation in August–September (LWDAS).
In June and July surface temperatures are already
around the melting point—the average melt onset over
the perturbation area in CTRL occurs around 7 June
(Fig. 4). Thus, LWDJJ (Fig. 8a) results in an almost
immediate response of the surface in the form of
melt (Fig. 7d), indicated by a positive surface energy
balance in June and July (Fig. 8c). Because more of
the energy goes directly into melt the ice albedo

reduces more rapidly for LWDJJ than for LWDAM.
Consequently, more shortwave radiation is absorbed
by the surface and the ice–albedo feedback for LWDJJ
is stronger (Fig. 8d). The effects of the LWD perturbation, together with the increased ice–albedo feedback, are the main contributors to the accelerated melt
rate in June and July for LWDJJ (Fig. 7d). The large
difference between the September sea ice response
for LWDAM and LWDJJ can largely be attributed to
the immediate activation of the ice–albedo feedback
for LWDJJ. The SWD is significantly reduced during
June and July in the ensemble with LWDJJ, which
cannot be attributed to feedbacks associated with
water vapor and clouds, as was the case for LWDAM
(Figs. 8a,b). Cloud water and atmospheric water vapor
are not anomalously large for LWDJJ during these
months (Figs. 8f,g). Rather, we speculate that the
negative SWD anomaly may be a secondary effect of
the surface albedo and clouds. Clouds reflect the
shortwave radiation that is emitted directly from the
sun but also reflect the upward shortwave radiation
that is reflected by the surface or the clouds below; the
SWD at the surface is the sum of the directly transmitted and reflected radiation. For LWDJJ the ice
cover decreases rapidly, leading to a significantly decreased surface albedo (Fig. 7a). The lower the surface
albedo, the less SWD is reflected back to the atmosphere and the less is rereflected back to the surface by
the clouds. These processes lead to a reduction of the
amount of reflected SWD at the surface during June
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FIG. 5. As in Fig. 2, but for (a),(b) the vertically integrated cloud water path (liquid and ice;
g m22) and (c),(d) the vertically integrated precipitable water (specific humidity; 102 g m22).
Note the different magnitudes for the units.

and July for LWDJJ (Fig. 8b). Still, the amount of absorbed shortwave radiation is significantly larger for
LWDJJ than in CTRL (Fig. 8d), emphasizing the importance of the solar radiation and the surface–albedo
feedback for the sea ice evolution. As in LWDAM the
freeze-up in LWDJJ is significantly delayed by on average seven days (Fig. 9), because of the additional
ocean heat uptake and aforementioned water vapor–
cloud feedback in fall (Figs. 8e–g). Notably, the ice
remains significantly thinner until the end of the year
(Fig. 7b).
The processes that contribute to the ice anomaly in
the ensemble with LWDAS are similar to those associated with LWDJJ. The surface temperatures are near
the melting point of snow and sea ice; thus, most of the
positive LWD anomaly leads almost instantaneously to
an increased snow and/or ice melt (Figs. 8c and 7d).
The subsequent response in SIC initiates a significant
ice–albedo feedback, although not as strong as in
LWDJJ (Fig. 8d). The response is likely weaker as
solar insolation is already reduced through the seasonal solar cycle. Further, the ice–albedo feedback
has a shorter time to act than in LWDJJ, thus, allowing
for less absorption of energy and consequently a
weaker sea ice response (Figs. 7a and 8d). Nevertheless, the additional ocean heat uptake leads to a significant delay of the fall freeze-up over the entire
perturbation region (Fig. 9). As discussed earlier additional ocean heat uptake leads to a reduced ice

growth, thus, the ice remains significantly thinner until
the end of the year (Fig. 7).
All other ensembles with a LWD perturbation in the
preceding winter [October–November (LWDON),
December–January (LWDDJ), and February–March
(LWDFM)] exhibit only small anomalies in terms of
SIC and thickness (Fig. 7b). The ice thickness is reduced by only a few centimeters over the perturbation
area during the months succeeding the perturbation
(Fig. 7b). A significant decrease of the SIC is only
evident in late summer/fall in the LWDFM ensemble,
when the ice is at its annual minimum (Figs. 7a,b). One
reason for the relatively small response is that the
temperatures are far below the freezing point. The
energy provided by the LWD perturbation is not sufficient to raise surface temperatures above the freezing
point and to trigger melt (Figs. 7d and 8c). However, in
the LWDFM ensemble the extra energy likely reduces
the ice growth during these months, leading to thinner
ice when melt starts later in spring. Consequently, the
LWDFM ensemble shows an earlier melt onset (not
shown). This is consistent with findings by Liu and Key
(2014) who argued that below-average clouds in the
winter of 2012 led to a surface cooling, allowing for a
greater ice growth and a thickening of the sea ice
cover. However, in the present study the surface response to enhanced LWD in winter is not statistically
significant and much smaller than the response to a
LWD perturbation in other months, indicating a relative
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FIG. 6. (top) The ensemble mean sea ice thickness and (middle top) sea ice concentration for CTRL for (left)–(right) May, July, September,
and November, respectively. (middle bottom),(bottom) The difference in sea ice thickness and concentration between an ensemble with
a 12 W m22 LWD perturbation in April and May and the CTRL ensemble. Negative values relate to a smaller fraction/thinner ice in the
perturbed ensemble. Statistically significant differences, using a two-sided Student’s t test (a 5 0.05), are bounded by black contours.

small contribution of winter clouds to September ice
anomalies. Note, that Liu and Key (2014) only considered
a single year. The impact of LWD on the seasonal sea ice
evolution has a large variability due to interannual variability of the climate system; there are single ensemble
members in our experiment that have a much stronger
response. Here we considered a 60-member ensemble
in order to filter out such variability.

One reason for the different sea ice response in different months is that the chains of processes, which lead
to the respective ice anomalies, differ depending on the
timing of the LWD perturbation. A LWD perturbation
in April–May results in an early melt onset, which
evokes several feedback processes that positively contribute to ice melt; such as cloud, water vapor, and
the ice–albedo feedback (section 3a). Extra energy in
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FIG. 7. As in Fig. 2, but for time series of the anomalies for SWD or LWD perturbations
during different months of (a) sea ice concentration (%), (b) sea ice thickness (m), (c) sea ice
extent (106 km2), and (d) melt rate (mm day21).

June–July has a more direct effect on the sea ice, as most
of the energy goes directly into melt and immediately sets
off a significant ice–albedo feedback that acts during
the summer. The same is true for a perturbation in late
summer (August–September); however, for the late
summer perturbation the ice–albedo feedback has
less time to act, hence, the magnitude of the September sea ice anomaly is smaller. The simulations
indicate that the ice–albedo effect is important for
development of the September SIE, but also that the
relative timing of the extra forcing and the feedback
processes are important in determining the sequence
of events.

c. The role of downward shortwave radiation for the
seasonal sea ice evolution
The role of SWD for the sea ice evolution is widely
discussed in the literature (e.g., Nussbaumer and Pinker
2012; Choi et al. 2014). Here we explore the effect of
SWD anomalies on the seasonal sea ice evolution in a
similar way as for the LWD anomalies. The SWD perturbation was only applied in April–May (SWDAM)
and June–July (SWDJJ).
An increased SWD in spring, of the same magnitude
as that applied with LWD, has no significant impact on
the SIC and thickness over the perturbation area
(Fig. 7a). In April and May most of the Arctic is covered
by snow and sea ice; in CTRL the melt onset does not
occur before 7 June (Fig. 4). Because of a high surface

albedo, of about 0.8, most of the extra SWD is reflected
back toward the atmosphere (Fig. 8d). Less than 20% of
the radiation associated with the SWD perturbation is
absorbed by the surface, leading to a slightly higher melt
rate than in CTRL and an earlier melt onset of about
three days (Fig. 9). On an Arctic-wide scale this, however, has no significant impact on the SIC or thickness.
Hence, no ice–albedo feedback is triggered and the ice
cover does not change significantly from the ice cover
in CTRL.
In June, the month of melt onset, the surface albedo in
the model is reduced to about 0.6. Thus, a large amount of
the energy provided by the SWD perturbation in the
ensemble with SWDJJ is absorbed by the ice and ocean
surface (Fig. 8b). A large part of this energy goes directly
into ice melt, leading to an accelerated melt rate in both
June and July (Fig. 7d); thus, this ensemble is, in a sense,
similar to LWDJJ. The more melt the larger the ice–
albedo feedback, which acts to amplify the melt (Fig. 8d).
By September SIC is significantly decreased and the ice is
thinner than in CTRL (Fig. 7b). As for the LWDAM and
LWDJJ ensembles, the SWDJJ ensemble is also associated
with an anomalously low ice cover in fall, which initiates
cloud and water vapor feedbacks that lead to a warming of
the surface and a later fall freeze-up over the East Siberian
Sea (Fig. 9). Note, that the September ice anomaly for
SWDJJ shows a similar magnitude as the ice anomalies
for LWDAM and LWDAS but is less pronounced than
for LWDJJ (Figs. 7a,b). This can be contributed to the

Unauthenticated | Downloaded 01/09/23 03:22 AM UTC

1 FEBRUARY 2016

1155

KAPSCH ET AL.

FIG. 8. Anomalies in (a) LWD, (b) SWD, (c) surface energy balance, (d) net shortwave
radiation, and (e) latent and sensible heat fluxes (W m22); and in (f) vertically integrated cloud
water (ice and liquid; g m22) and (g) precipitable water (102 g m22) for ensembles with LWD or
SWD perturbations in different months. The anomaly is defined as the difference between the
perturbed and control ensembles.

high surface albedo in June, which allows only about half
of the SWD to be absorbed by the surface.

d. The role of clouds for the seasonal sea ice evolution
To relate these findings to the discussion on clear or
cloudy conditions favoring sea ice melt (Kay et al. 2008;

Schweiger et al. 2008; Graversen et al. 2011), we performed experiments where both the LWD and SWD
anomalies where implemented simultaneously. In
April–May the effect of clouds on SWD is 1.5 times
larger than on LWD, and in June–July the corresponding fraction is 2.8 [see section 2b(3)]. Thus, two
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FIG. 9. Differences of (top) melt onset and (bottom) freeze onset for four different sets of (left)–(right) LWD and SWD anomalies
applied during different months relative to the CTRL ensemble. Negative values indicate a later melt and positive values a later freeze-up
in the perturbed simulations. LWD anomalies are induced in June–July (JJ) and August–September (AS), and SWD anomalies are
induced in April–May (AM) and JJ.

experiments were conducted, one with anomalies of
12 W m22 of LWD and 218 W m22 of SWD in April–May
and the other with 12 W m22 of LWD and 234 W m22 of
SWD in June–July (Fig. 10). The results suggest that the
cloud LWD effect on sea ice dominates over the SWD
effect during spring, hence, a cloudier sky has a negative
impact on the sea ice evolution; it leads to a negative
September sea ice anomaly. In summer, however, cloudier conditions do not result in a significantly negative SIC
anomaly; longwave warming balances shortwave cooling.
The findings are in favor of the results by Schweiger et al.
(2008), who found that negative cloud anomalies during
June and July did not substantially contribute the recordlow September sea ice extent in 2007. Rather, on an
Arctic-wide scale the SWD and LWD effect of clouds
cancel each other during summer.
The results are to a large extent consistent with earlier
studies investigating the seasonal effect of clouds on the
September ice extent. For example Eastman and Warren
(2010) found that the cloud cover in spring (March–May) is
significantly anticorrelated with the September SIE, which
is agreement with the results presented in the present study.
Further, they found no significant correlation between the
total cloud cover in summer and the September SIE.

4. Conclusions
The role of clouds and water vapor for the seasonal
sea ice evolution has widely been discussed (e.g., Kay
et al. 2008; Nussbaumer and Pinker 2012; Kapsch et al.
2013; Liu and Key 2014). One of the most important

local effect of clouds is the alteration of the downward
radiation to the surface. In this study a comprehensive
set of model experiments is conducted in order to investigate the impact of surface downward radiation in
the Arctic sea ice area. Special attention is drawn to the
dependence of the September sea ice extent on the
seasonal presence of radiation anomalies. The effect of
downward longwave and shortwave radiation on sea ice
is studied separately and in combination. Hereby the
present study follows up on the discussion by Kay et al.
(2008), Schweiger et al. (2008), Graversen et al. (2011),
and Kapsch et al. (2013) regarding the role of anomalous
clear and cloudy sky for the Arctic September sea ice
extent. The results largely support previous findings,
indicating that a positive (negative) anomaly in longwave radiation in spring leads to a negative (positive)
anomaly in SIE in September (Graversen et al. 2011;
Kapsch et al. 2013).
The following key conclusions are drawn:
1) The timing of the LWD perturbation is important. A
significant impact on the September SIC and SIE is
only evident when the LWD perturbations are induced during months when surface temperatures are
lower than but approach the melting point of snow and
ice—for example, in spring (April–May) or in summer
(June–September) when melting has already started.
An LWD perturbation during winter (October–March)
has only a minor effect on the ice cover.
2) The earlier a LWD perturbation is applied during
summer, the more time for feedback processes to
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FIG. 10. As in Fig. 7, but for ensembles with a 12 W m22 LWD perturbation in April–May
(AM) and June–July (JJ), and a 12 W m22 LWD perturbation paired with a 218 W m22 SWD
perturbation in April–May (LWD/SWD AM) and a 234 W m22 SWD perturbation in June–
July (LWD/SWD JJ).

interact with the surface and the larger the September SIC anomaly.
3) A positive LWD perturbation has a larger impact on
the September sea ice extent than an equivalent
SWD perturbation during the same time. The energy
provided by a LWD anomaly goes directly into melt,
while a large part of the anomalous SWD is reflected
by the surface.
4) In spring and summer a given cloud anomaly alters
the downward shortwave radiation more than the
downward longwave radiation. However, for the
effects on the sea ice, the response in the surface
temperature and the albedo need to be taken into
account. A positive LWD anomaly in spring, representing an increase of clouds, causes a decline of the
sea ice even if compensated for by the corresponding
negative SWD anomaly induced by that cloud increase, which is double the magnitude of the LWD
anomaly. A similar experiment during June–July,
with an almost tripling of the negative SWD perturbation relative to that of the positive LWD anomaly,
reveals that during summer the LWD and SWD
effect of clouds on the sea ice cancel each other;
within this experimental set-up, summer clouds seem
to have little effect on the ice cover.
In this study only the effect of Arctic-wide LWD and
SWD anomalies is investigated by applying a simplified
forcing in a coupled climate model. Future work should

investigate what effect regional cloud cover anomalies
have on the sea ice thickness, SIC, and SIE and ice
thickness. Future research should also identify the origin
of cloud anomalies in different times of the season; are
the cloud anomalies of local or remote origin? Kapsch
et al. (2013) argued that LWD anomalies in spring are
triggered by advection of humid air in spring. Identifying
the origin of cloud or water vapor anomalies could be
advantageous for seasonal sea ice predictions, considering the importance of clouds for the ice evolution.
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