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Abstract

Recent, inter-annual variability in Arctic sea ice area suggests that the pole’s ice cover is
vulnerable to drastic change over yearly timescales. Large variations in late summer ice
concentration occur in marginal ice areas such as the Beaufort and Chukchi Seas, despite the
hemispheric trend of decreasing sea ice. lIce cover in these areas is thin enough that its extent
and concentration can fluctuate significantly between years. Clouds over these regions represent
one of the most fundamental, but also complex, contributors to the local surface radiation budget.
In this study, the strength and significance of winter clouds’ role in summer ice concentration is
examined statistically and physically. Here, we determine that winter clouds contributed to the
2012 summer sea ice minimum, and observe through model reanalysis and satellite remote
sensing two separate regimes of cloud forcing anomaly from 1982-1997 and 1998-2013. A
simple ice growth model estimated that from 1998-2013, anomalous cloud forcing contributed
downwelling energy with the potential to decrease ice thicknesses by 1.45 m. The opposite
effect, or an increase in summer ice thickness, was observed for the early period with negative
cloud forcing anomalies. Large-scale atmospheric and ocean dynamics in the Beaufort and
Chukchi Seas further amplify these regions’ effect on hemispheric ice totals by advecting ice
concentration anomalies elsewhere in the Arctic. Though many factors impose significant
forcing on sea ice growth and loss, the substantial variance in cloud cover over the winter

months contributes significantly to inter-annual sea ice variability.
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1. Introduction

Over the last decade, the Arctic has suffered a significant decline in sea ice extent. The
decreasing ice area corresponds to a warming of the Arctic at more than twice the global
average, known as Arctic amplification. Though Arctic amplification is anticipated to cause
warming through the year 2100 (Holland and Bitz 2003, Zhang and Walsh 2006, Overland and
Wang 2013), inter-annual variation in Arctic sea ice extent remains unpredictable. The variables
affecting sea ice growth include, but are not limited to, large-scale atmospheric circulation, local
meteorology, and surface fluxes. Cloud cover also affects sea ice, but the forcing depends on
both the phase and thickness of clouds. The distinct Arctic seasons result in variations of the
magnitude and sign of the forcing.

Cloud forcing is defined as the difference in radiative components of an energy budget
between clear-sky and all-sky conditions, implying that the presence (or absence) of clouds may
have an appreciable radiative effect on the surface. Though the net cooling or warming effects of
clouds over the Arctic surface cycles semi-annually, their contribution to the surface energy
budget of the Arctic (Curry et al 1996, Intrieri et al 2002, Liu et al 2008, Tjernstrom et al 2008)
is substantial. The lack of sunlight during the Arctic winter leaves the absorption and emission of
the earth's longwave radiation by clouds as the primary radiative forcing. Serving to couple the
surface and free troposphere, clouds play a crucial role in sea ice growth and loss. In this study,
longwave anomalies caused by cloud forcing are of particular interest, and will be explored both
statistically and climatologically. Understanding the relationship between wintertime clouds and

summertime ice concentration anomalies will aid in determining whether clouds play a



significant role in abrupt year-to-year ice concentration changes, the long-term hemispheric sea

ice decline, or both.

Arctic sea ice extent is forced by a range of feedback mechanisms, with ice-albedo and
cloud feedbacks contributing significantly towards sea ice growth and melt (Serreze and Francis
2006, Curry et al 1996). Over recent decades, a record of seasonal changes in Arctic cloud
amount affecting surface energy fluxes has been provided by many satellite-derived products
(Liu et al 2007, 2008, 2009, Wang and Key 2003, 2005, Schweiger 2004). While local processes
affecting the energy budget on inter-annual timescales contribute readily to yearly changes in ice
extent, large-scale atmospheric variability has also been shown to contribute to the sea ice
decline, particularly changes in such modes of circulation as the Northern Annular Mode (Deser
and Teng 2008, Ogi and Rigor 2013) and the Arctic Dipole Anomaly pattern (Overland et al

2012, Wang et al 2009).

The ability for sea ice changes to affect changes in cloud cover is well-documented
(Vavrus et al 2009, 2011, Schweiger et al 2008a, Cuzzone and Vavrus, 2011, Kay and Gettelman
2009, Palm et al 2010, Liu et al 2012a), but the changes clouds induce on sea ice are less
studied. Since the surface net radiative effect of Arctic clouds vary by season, their yearly impact
on a warming Arctic can be nebulous. Pithan and Mauritsen (2013) polled a spread of climate
models to determine the effect of clouds on surface temperatures. Their results showed that
climate models gave different answers regarding the net warming or cooling effect of clouds on
the Arctic surface. It was determined that cloud cover most strongly contributed via increasing
downwelling longwave radiation, thereby raising surface temperatures and favoring Arctic

amplification. Current scientific literature investigating Arctic surface-cloud interactions



supports this result; increased downwelling longwave radiation caused by springtime cloud cover
corresponds to years with negative sea ice anomalies (Graversen et al 2011, Kapsch et al 2013).

Research on the effects of downwelling shortwave anomalies on sea ice has contrasting
results. Nussbaumer and Pinker (2012) found that ice areas receiving the largest amounts of
downwelling shortwave radiation from January through June do not correspond to negative sea
ice concentration anomalies. Opposite to the findings of Nussbaumer and Pinker, Kay et al
(2008) used reanalyses (not observations) to determine that decreases in cloud cover increased
downwelling shortwave radiation at the surface and contributed to the 2007 ice extent minimum,
citing 2.4 K of warming to the ocean by cloud and radiation anomalies alone. Schweiger et al
(2008b) however, found that negative cloud anomaly resulting in increased downwelling
shortwave flux over the summer months had no appreciable contribution to the sea ice extent
minimum. Kauker et al (2009) discussed the minor impacts of clouds reductions in summer on
ice extent, but related the 2007 minimum to be chiefly caused by wind conditions in May and
June, surface temperature in September, and ice thickness in March. Perovich et al (2008)
assigned the primary cause of enhanced ice loss in the Beaufort Sea during the summer of 2007
to be enhanced heating of the upper ocean, though cloud effects on this heating were not
explicitly mentioned.

Many of these studies are devoted to the effects of clouds on spring or summer radiative
budget; both seasons represent regimes in which downwelling shortwave is one of the strongest
contributors to the surface energy budget. Clouds effectively warm the Arctic surface except in
the summer (Intrieri et al 2002, Schweiger and Key 1994, Stone 1997). Stone et al. (2005)
showed that during February at Barrow, Alaska, a 5% increase in cloud cover produced an

increase in surface temperature of 1.4°C on average over a 33-year period. These findings by



Stone et al. (2005) illustrate the contribution of changing wintertime clouds on a climatological
basis, rather than a seasonal one. Increased cloud cover in winter warms the surface with emitted
longwave radiation. Stone et al (2005) refers to the heating by wintertime clouds as "ripening"
the surface snow cover for increased summer melt by downwelling solar radiation in May and
June. This preconditioning of the winter surface may also be applied to sea ice, and is increased
during winters that experience warm air incursions from mid-latitudes. From a multi-year
perspective, enhanced cloud cover during winter, followed by summers of average downwelling
shortwave, could result in a feedback of weaker refreezing and ultimately, thinner and less ice.
By this convention, an enhancement of downwelling longwave energy by clouds during
winter inhibits surface cooling and stifles sea ice growth. The influence of wintertime cloud
cover and surface radiation anomalies has been explored at length (Curry et al. 1996), but their
relationship with summertime sea ice concentration has not been explicitly addressed until their
and was examined by Liu and Key (2014). The notion of atmospheric “memory,” particularly
over the Arctic, is explored in a summer ice and autumn weather relationship in Francis et al.
(2009). This system memory is further explored by Liu and Key’s (2014) use of multiple climate
reanalyses to determine that anomalously low cloud cover in the winter of 2013 contributed to
the summertime sea ice area rebound from the record low of 2012. They verified their reanalyses
with remotely sensed products from the Moderate Resolution Imaging Spectroradiometer
(MODIS), the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) , and Cryosat-2, as
well as aircraft data. Their analysis confirmed that winter cloud cover anomalies can

significantly affect year-to-year variations in summer sea ice cover.
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Figure 1. Equal-Area projection map of the Arctic. The region of interest spans from the Beaufort Sea to the
Eastern Siberian Sea, spanning the Bering and Chukchi Seas.

Much of the analysis by Liu and Key (2014) as well as many of the other studies

referenced here investigate how changes in the energy budget affected changes in sea ice over



the western Arctic. This region encompasses a range of sea ice thicknesses and ages, from thin
seasonal ice near the Bering Strait inflow to the multi-year ice off the northern coast of
Greenland several meters thick. The Mackenzie River is the only large freshwater inflow to this
region. The Beaufort Sea is situated due north from the Aleutian Low pressure zone, an
atmospheric mode of circulation in the Gulf of Alaska. Each year, cyclones tracking northward
over the Alaskan mainland or through the Bering Strait bring warm air and high winds to this
region, further impacting ice cover and the general circulation of the region itself (Rodionov et al
2007). This region of the Arctic is also influenced by the Beaufort Gyre, a semi-permanent high-
pressure circulation. The gyre rotates clockwise, eventually churning water and ice off Canadian
and Alaskan shores westward over Siberia and then again northward where advected ice
converges with the Central Arctic core of thick, multi-year pack ice. This circulation also feeds
into the Transpolar Drift stream, which transports ice from the Laptev sea across the North Pole
and out through the Fram Strait. The complex ice, ocean, and atmospheric dynamics, this zone
may be a reason it experiences such a large range in cloud coverage and ice concentration from
season to season.

This study extends the work of Liu and Key (2014) by examining the role of witnertime
cloud anomalies on summertime sea ice concentration. Additionally, the winter preceding the
2012 sea ice minimum is used as a case study examining the inter-annual effects of cloud forcing
on rapid sea ice change. Arctic clouds are then analyzed in a climatological context by
determining long-term radiative contributions and trends over the satellite record. Obtained
results from climate reanalysis output are supported by passive remote sensing products where
possible. Special attention is given to the ten-year period from 1997-2012 in which cloud forcing

anomaly over the Beaufort Sea was consistently positive, verifiable by current-generation



satellite products, and corresponded to multiple years of record-setting sea ice area minimums.
Though large-scale atmospheric heat transport and ice dynamics undoubtedly made some
contribution to the significant decrease in sea ice extent over this time period, this study does not
attempt to address these factors. Instead, it focuses on the increases and decreases in winter cloud

cover that, year after year, precondition the Beaufort Sea for rapid changes in sea ice area.



2. Data and Methods

Longwave radiation from two model reanalyses was analyzed over the thirty-two year
satellite record to determine the mean and anomalous behavior of clouds in the Beaufort Sea.
Based on the climatological mean for a given month, individual monthly anomalies were
assessed. Their radiative contribution to the surface was tabulated and in some cases, used to
calculate the changes in ice thickness based on this anomaly. Negative winter cloud cover
anomalies in 1984 and positive winter cloud cover anomalies 2012 were studied to determine the
effects of winter cloud forcing on end-of-summer ice concentration. While Arctic amplification
affects feedbacks over all seasons when the sun is present, this study specifically looks at sea ice
concentration anomalies in September, when ice extent and thickness is at a yearly minimum
after months of summer insolation. Lagged correlations between the total winter seasonal cloud
forcing anomaly and September ice concentration anomaly were generated in an effort to provide
a summary of the relationship between clouds and sea ice in marginal ice areas of the Arctic. The
anomalies and effects of cloud forcing for specific case studies are supported by remotely-sensed
cloud cover, ice thickness, and ice motion.

A daily sea ice concentration (defined as the percentage of sea ice in a single pixel of a
gridded spatial domain) product based on the NASA (National Aeronautics and Space
Administration) Team algorithm (Cavalieri et al 1996, Maslank and Stroeve 1999), with
brightness temperature data from the Defense Meteorological Satellite Program (DMSP) —-F8, -
F11 and —F13 Special Sensor Microwave/Imager (SSM/I), and the DMSP-F17 Special Sensor
Microwave Imager/Sounder (SSMIS), was obtained from NSIDC. The product was gridded to 25

X 25 km resolution.



Also employed in this study is the NASA Modern-era Retrospective Analysis for
Research and Applications (MERRA) reanalysis (Rienecker et al 2011). MERRA covers the
modern era of remotely sensed data, from 1979 through the present at 2/3-degree longitude by
1/2-degree latitude. Here, output is analyzed on monthly timescales, though daily and hourly data
is available.

The European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim
Reanalysis (‘ERA-Interim’) is also used, primarily as a preliminary assessment of atmospheric
pressure and cloud conditions. ERA-Interim is the latest ECMWF global atmospheric reanalysis
(Dee et al 2011). The ERA-Interim project replaces the previous atmospheric reanalysis ERA-40
and covers the period of 1979 through the present. Reanalysis variables of interest here include
cloud cover (total, low-, mid-, and high-level), surface radiation, and geopotential height. Both
reanalyses yield similar results for this study, and products from each reanalysis are often
presented together, with differences noted where significant.

Both MERRA and APP-x products were transformed using the MODIS Swath to Grid
Transfer (MS2GT) tool so that pixel-by-pixel analyses could be performed. ERA-Interim data at
T255 spectral (~80 km) resolution was remapped to fit with the MERRA data at finer resolutions
(0.66° longitude by 0.5° latitude). Other datasets employed in this study include sea ice thickness
estimates based on monthly averages of the Polar Pathfinder (APP-x) daily product (Wang et al.,
2015), which was remapped to MERRA resolution (from the native 5km resolution), as well as
sea ice motion vectors from the Polar Pathfinder daily, 25 km EASE-Grid product (Fowler et al
2013).

Arctic cloud cover is determined primarily with data from MODIS onboard the NASA

Terra and Aqua satellites. MODIS measures radiances at 36 wavelengths, including infrared and
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solar bands, with spatial resolution of 250m-1km. This robust set of measurements provides the
potential for improving cloud detection in the Arctic (Ackerman et al 1998, 2008, Frey et al
2008). While improvements to MODIS cloud detection have been made (Liu et al 2004, Frey et
al 2008), there are still larger errors in nighttime Arctic cloud detection than for most other
regions on Earth (Holz et al 2008). MODIS data were obtained from the Atmosphere Archive
and distribution System of the NASA Goddard Space Flight Center. Terra MODIS data for the
period 2002-2013 are used here.

Over the Canada basin, MODIS monthly cloud cover anomalies were in close agreement
with calculated MERRA cloud forcing for the same time period. Liu and Key (2014) established
that the MERRA reanalysis closely resembled both spatial patterns and magnitudes of satellite
cloud products from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) and MODIS. Similarities between model and satellite data encouraged further
analysis using point-by-point correlations between MERRA cloud forcing and the NASA sea ice
concentration product.

Since this study focuses on wintertime cloud cover on summer sea ice concentration,
cloud forcing values were averaged over the months of October through March and ice
concentration was determined for September, widely regarded as the end of the summer melting
season. Cloud "forcing,” or "radiative effect,” refers to the difference in the net radiation flux
between clear sky and cloudy conditions. Anomalies in cloud forcing are here defined as the
departure from the 1982-2013 mean radiative effect that clouds impose on upwelling and
downwelling longwave and shortwave radiation. Defined mathematically, cloud forcing is the
integrated partial derivative of the radiative flux with respect to the cloud fraction and takes the

forms
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where CS, CF, and CNET are the shortwave, longwave, and net cloud forcing at the surface
(subscript s), A is the total cloud amount, Ss and Fs are the net shortwave and longwave fluxes
at the surface, and a is the cloud fraction. To represent the total seasonal cloud forcing anomaly,
the monthly anomaly fields were summed over the six winter months into a single value,
hereafter referred to as the "cumulative cloud forcing." This number was then used to determine
the radiative effect of anomalous cloud forcing on ice growth over a single season. Since
downwelling shortwave is minimal over the winter months, CSs in all further equations is
considered to be zero which isolates the effects of longwave radiative anomalies on ice
concentration.

The approximate contributions of the cloud forcing anomaly to changes in ice thickness
by cloud forcing anomaly can be calculated. Negative surface cloud radiative forcing anomalies
favor sea ice growth, while positive anomalies inhibit ice formation. Thorndike (1992) presented

a simple method to relate a change in ice thickness to surface net radiation:

t 4

where t is the length of the time period, p is the density of sea ice (917 kg m™), L is the latent

heat of fusion for sea ice (333.4 ki kg™?), Fs is the surface net longwave radiation, Ss is the
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surface net shortwave radiation, and Fyy is the conductive heat flux at the ice-ocean interface..
This equation bears similarities to Eisenman et al (2007). Turbulent surface fluxes such as
sensible and latent heat as well as the conductive flux are neglected in this model, as they are
much smaller than the radiative fluxes. To determine only the effects of cloud forcing on ice
growth this equation can be rewritten as

_t

IONET- R @) ©

Ah

where Fne (0) is the surface net radiation for clear sky and CNETs is the surface net cloud
radiative forcing. Ignoring turbulent and conductive heat fluxes introduces some error. For
example, the conductive heat flux is likely to decrease with increased ice thickness, so that ice
growth will be smaller for thicker or colder (more degrees below 0°C) sea ice with the same
cloud radiative forcing. Surface emissivity, albedo, and the conductive heat flux are functions of
snow depth, and uncertainty in the snow depth would also lead to some error in sea ice growth
estimates. Using the above method, 1 W m™ of negative monthly net cloud radiative forcing
anomaly would theoretically grow 0.85 cm of sea ice. This equation assumes a surface
temperature of ice near 0° C. Less change in the ice column height would occur if the ice first
needed to be “heated” to 0°C before melting. Sea ice growth resulting from the cumulative
October-March cloud forcing anomaly can be calculated from the MERRA cloud radiative

forcing.

A Dbattery of simple statistical procedures that compare the multiple reanalyses and
variables of interest referenced in this study are performed. To determine the degree of
dependence between two variables, a simple lagged Pearson correlation coefficient (r) is

computed. The length of this lag time ranges from 11 months (October-September) to 6 months
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(March-September), giving a mean lag of 9 months when cumulative monthly winter values are
used. Further insight regarding the relationship between two variables is gained by testing for the
significance of the correlation coefficient between variables tested. The significance of the
relationship is expressed in probability levels (i.e., significant at the 50 per cent confidence
interval), which tell how unlikely a given correlation coefficient will occur given no relationship
between any two variables. This significance test assumes a sample relationship from a
population and determines whether the relationship is likely to be observed based on the size of

the population.

In this study, the statistical null hypothesis is that there is no relationship between winter
cloud forcing and summer ice concentration (r=0.0). When the magnitude of the correlation
coefficient is far enough from this assumption, the resulting statistic is considered significant and
the null hypothesis of no relationship between clouds and ice may be rejected. The difference in
magnitudes between the null hypothesis and the sample relationship (t) for significance at some

confidence interval is determined by the formula

where n is the degree of freedom, which is based on the sample population. When the computed
value of t is higher than the corresponding distribution critical value, the null hypothesis is
rejected. It can therefore be interpreted that when the strength of correlation and related variance
(r?) between two variables is low, the computed t-values will be lower than the critical t-value,

and then null hypothesis cannot be rejected. In this way, we may determine where the
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relationship between winter cloud forcing and summer sea ice concentration is statistically
significant, rather than due to sampling error. This study assigns statistical significance when the

null hypothesis is rejected at the 95 per cent (.95) confidence level.
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3. Winter 2012 Cloud Amount

September 2012 marked the minimum Arctic sea ice extent over the satellite record. A
report by the National Snow and Ice Data Center noted that a storm system in August over the
Central Arctic caused the thin seasonal ice to melt and break apart. Though the central Arctic
Ocean is normally covered in ice and surrounded by thinner first-year ice, this storm was cited as
a main reason for the sea ice minimum. In this section we posit that positive cloud anomalies
during winter over marginal ice areas, notably from the Beaufort Sea west to the Chukchi Sea,
led to a weak winter refreezing and ultimately served to precondition the exposed Central Arctic
for a large melting event. Liu and Key (2014) conducted a similar study for 2013, but focused
on negative cloud anomalies over winter. Their work demonstrated spatial and physical
connections between significantly below normal winter cloud cover and increased ice
thicknesses contributing to a large rebound in September ice area extent relative to the 2012
minimum. This section focuses on the causes and effects of increased winter cloud cover in 2012
seen by reanalysis. Reanalysis are based on very simple cloud parameterizations, and, for
comparison, passive remote sensing products are used to support the spatial patterns and

magnitudes of cloud cover anomaly over various regions.
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The winter preceding the sea ice minimum in September 2012 saw significant cloud
cover anomalies that were indicative of increased downwelling longwave radiation. The cloud
cover anomaly pattern corresponds to a negative geopotential height anomaly over a similar
region (Figure 2). This anomalously low pressure system may be the cause of the positive cloud
amount anomaly. Negative wintertime height anomalies generally result in greater wintertime

cloud cover (Liu et al 2007, 2008). This geopotential anomaly is confirmed in the ERA-Interim

500 hPa Geopotential Height Anomalies (Jan-Mar 2012)
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Figure 2. The 500 hPa average geopotential height anomalies (unit: m) from ERA for January-March 2012. The
anomalies are calculated relative to the 1982-2013 mean for the respective months.
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reanalysis, where anomalously low geopotential heights (in hectopascals, hPa) over the Alaskan
and Eastern Siberian Arctic correspond to the positive anomalies in cloud amount. Regions of
low pressure indicate a stronger upward vertical motion, indicating increased convection and
greater cloud cover while anomalies persist. During the first half of the winter (October-
December), ERA geopotential height anomalies show neutral to positive values over the
Beaufort and Chukchi Seas, implying sinking air and generally fewer clouds.

ERA-Interim longwave cloud forcing shows a development of cloud cover anomalies
over the 2011-2012 winter that corresponds spatially with low geopotential heights, cloud cover
from other reanalyses, and cloud amount fields from remote sensing. Over a six-month period,
marginal ice zones in the Beaufort, Chukchi, and East Siberian Seas experienced longwave cloud
forcing anomalies that were anomalously positive, i.e., a greater warming effect. Increased cloud
amount in these regions throughout the winter was an important factor in keeping sea ice from
attaining typical thicknesses, which, as explained below, ultimately contributed to the sea ice
minimum in September.

October 2011 shows a region of elevated downwelling longwave cloud forcing centered
over Alaska and west Siberia, whereas much of the central Arctic Ocean has very little cloud
forcing. Values of longwave cloud forcing near zero indicate no difference between a "clear sky"
and "all sky" (which includes clouds) in the model. In October, the majority of the Barents and
Kara Seas show no longwave cloud forcing, meaning they were nearly cloud-free. This pattern of
enhanced cloud forcing persists through November, though the larger values over Alaska and the
Siberian Arctic become more cut off from the weaker cloud forcing in the Pacific and continents.
During December, the bull's eye of elevated cloud forcing diminishes in both spatial area and

magnitude. The Barents and Kara Seas experience a resurgence of negligible cloud cover during
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this time. From January-March of 2012, the longwave cloud forcing over the Beaufort Sea was
consistently 60W/m™, peaking in February. By March 2012, the Arctic from the Canadian
Archipelago to the Eastern Siberian Sea had experienced six months of positive cloud forcing
anomalies, preconditioning the ice for an unprecedented melt event in the following spring and

summer.

October 2011 November 2011 December 2011

6C.C0

3C.00F 1

15.00

G.C0

Figure 3. Longwave cloud forcing fields for the 2011-2012 winter calculated from the ERA-Interim Reanalysis.
Values of zero represent a transparent cloud layer or the clear sky.

The cumulative cloud forcing anomaly over the 2011-2012 winter for ERA-Interim
reanalysis verifies that the elevated cloud forcing over the Beaufort Sea western Canadian Arctic
was anomalously positive. A region of negative cumulative cloud forcing anomalies extends

over the Chukchi and East Siberian Sea, but the majority of these negative anomalies occur over
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land or too far south to be effective in modifying sea ice concentration and thickness. The
enhanced cloud forcing extending northward from the Alaskan coast lies over an area of the
Beaufort Sea that experienced dramatic sea ice loss by late summer, lending credence to
anomalous winter clouds’ capability to impact ice area at the end of a melting season.

While the two reanalyses used in this study (MERRA and ERA) typically are in
agreement, the differences in observations and data processing cause some differences to arise
(Rienecker et al 2013). The ERA accumulated anomalies in Figure 4 are smaller in magnitude

than MERRA cloud forcing anomalies, which are shown later.

ERA-Interim Cumulative Winter Cloud Forcing
Anomaly (October 2011-February 2012)

14.08 @

-11.40

-24.14

W/m=2

Figure 4. ERA-Interim surface cumulative longwave cloud forcing anomalies for October 2011- February 2012.
Anomalies are calculated relative to the 2002-2012 mean for individual months.
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From October 2011 to February 2012, Terra MODIS also showed positive cloud cover
anomalies each month compared to the 2002-2012 mean spanning the Canadian Archipelago,
Beaufort Sea, Chukchi Sea, and even into the Eastern Siberian Sea. MODIS cloud amount
anomalies of +20% were observed north of the Alaskan and Siberian coastlines, yet the spatial
pattern of anomalous cloud cover over the winter months varied. Similar spatial patterns of
MODIS cloud amount and MERRA cloud forcing anomaly for November 2011 and January
2012 are provided for comparison (Figure 5). ERA-Interim cloud forcing anomalies and the
MODIS cloud amount product disagreed with MERRA cloud forcing only in that they did not
show a significant positive cloud anomaly off the east coast of Greenland. Though the cloud
forcing anomalies in this region are very high, the ice dynamics off the northeast coast of
Greenland readily transport ice southward into warmer, open water. Significant cloud forcing in
this region, therefore, does not contribute significantly to the Arctic sea ice cover. The cloud
cover anomaly in the Beaufort Sea during January was over one standard deviation above
normal, and though other months’ positive anomalies between October and February were not

above one standard deviation, they contributed to a cloudy 2011-2012 winter season.
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Figure 5. Cloud cover anomalies (%) in November 2011 and January 2012 (top left and right, respectively) from
Terra MODIS, and cloud forcing anomaly (Wm'z) in November 2011 and January 2012 from the MERRA
reanalysis (bottom left and right, respectively). The anomalies are calculated relative to the monthly means for
the periods of 2002-2012 for both Terra MODIS and MERRA.

Remote sensing can provide verification of increased Arctic cloud over the winter
months, as satellites provide unmatched coverage of the Arctic at a fine spatial resolution.
Detecting and understanding the Arctic's unique cloud feedbacks and properties presents many
challenges to traditional passive solar- and thermal infrared-based remote sensing, however. A
study by Liu et al. (2009) sought to evaluate the biases in MODIS cloud detection. By comparing
cloud observations with CloudSat and CALIPSO, MODIS biases in cloud detection over open

water and ice cover were determined. As sea ice concentration of a surface increases, MODIS



22

detects fewer clouds as compared to a combined CALIPSO-CloudSat "truth” product, meaning
MODIS that has a negative bias in cloud detection over ice compared to other satellite products.
The same study concluded that over open water, however, MODIS cloud mask performed with
minimal error.

When using MODIS cloud cover products to support model reanalysis output, these
biases must be addressed. In our analysis, the MODIS cloud cover product showed positive
cloud cover anomalies over the Beaufort and Chukchi Seas from October 2011- February 2012.
Throughout these months, there was little change in sea ice concentration over the regions of
interest. Varying sea ice concentration would have produced biases on the month-to-month level
since the MODIS cloud cover is sensitive to changes in ice concentration (Frey et al. 2008). For
the November-February period, the areas showing positive anomalies were ice-covered. In this
case, the MODIS cloud detection negative bias supports our claim of enhanced winter cloud
cover in the 2011-2012 by possibly underreporting what was still a significant amount of positive
cloud anomaly. In October, positive MODIS cloud cover anomalies were observed over open
water in the Beaufort Sea. This measurement may be accepted with minimal bias, if any, due to
improved performance of the MODIS cloud mask over scenes with open water. Though MODIS
detects less cloud than active satellite lidar/radar sensors over ice, MODIS cloud mask still
observed significant positive cloud cover anomalies throughout the winter of 2011-2012.

Using the Thorndike (1992) method previously discussed, sea ice growth resulting from
the October 2011-February 2012 positive cloud radiative forcing anomaly is calculated based on
cloud forcing from MERRA (Figure 5). Sea ice loss greater than 45 cm occurs over the Canadian
through Siberian Arctic over the winter season. This area of anomalously positive winter cloud

forcing corresponds to the September 2013 sea ice record minima in the Canadian Archipelago
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and Beaufort Sea, as well as areas of extremely reduced sea ice in the Chukchi and Eastern
Siberian Seas.

While the ice concentration anomalies in Figure 6 match the general location of the
changes in thickness due to winter cloud forcing, their spatial patterns are far from identical. The
northward and westward shift of the September ice concentration from the winter thickness
anomalies can be partially explained by ice drift. The region of the Arctic in Figure 6 has its ice
motion dominated by the Beaufort Gyre and the Transpolar Drift Stream (Serreze and Barry
2005), where the specific circulations of these features are explained later. Sea ice motion
vectors in 2012 from the Polar Pathfinder daily, 25 km EASE-Grid product (Fowler et al 2013)
were used to move the initial sea ice thickness anomaly field in Figure 6. After applying the ice
motion field from the end of February 2012 to the beginning of September of the same year, the
final, ‘drifted’ ice growth over the entire Arctic is shown in Figure 7. The thinned ice from
October-February that resulted from increased downwelling cloud forcing, advected with sea ice

Calculated Ice Thickness
Change, Oct 2011-Feb 2012 -45.00 Sep 2012 Ice Concentration Anom

Figure 6. Change in ice thickness estimated from MERRA net cloud radiative forcing from October 2011-March
2012, where gray represents land areas and areas (left). Sea ice concentration anomalies for September 2012
from SSMIS observation relative to the 1982-2013 mean (right).

82.C0
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motion data, is significant across the Beaufort, Chukchi, and Eastern Siberian Seas. This
corresponds well to the anomalously low sea ice concentration over those regions in September,
shown in Figure 6. The drifted ice accumulation is also low in the northern Kara, Laptev, and

Barents Sea, which also matches ice concentration anomalies in that region.

Comparison, September Advected Ice Thickness vs. Observed
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Figure 7. Ice thickness distribution anomalies (cm) at the beginning of September due to ice drift where green
represents areas with sea ice drifted away or that did not have significant ice concentration anomalies (left). Sea
ice concentration anomalies (%) for September 2012 from SSMIS observations relative to the 1982-2013 mean
(right).

Decreased ice concentration in this region of the Arctic Ocean portends decreased ice

concentration for much of the interior Arctic. Located north of the semi-permanent Aleutian
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Low, this area is heavily trafficked by storm systems that can bring high winds. The thin, first-
year ice shields the thicker ice of the Central Arctic from the deleterious effects of high winds
and possible warm air advection brought northward by the storm track. Thinner or scant
coverage of ice in this region will be more quickly eroded by insolation, warm air advection, and
liquid precipitation that the summer brings, leaving the shrinking region of multi-year ice

exposed.
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4. Winter 1984 Cloud Amount

As discussed above, the winter of 2011-2012 exemplified ice changes under extensive,
positive cloud forcing anomaly which decreased end-of-summer sea ice concentration. Over the
satellite record, cloud anomaly have shown significant variability on both decadal and yearly
scales. In opposition to 2012, when excess cloud cover aided in ice loss, the winter of 1983-1984
saw widespread decreased Arctic cloud cover that ultimately contributed to areal increase of
20% September sea ice over the Beaufort Sea than average, in addition to anomalously positive
ice concentrations over the entire Arctic Basin (NSIDC). Liu and Key (2014) demonstrated that
minimal winter cloud cover in 2013 increased September ice concentration and area, but to a
greater extent than the 1983-1984 case.

Though far from producing a sea ice maximum, this negative seasonal cloud forcing
anomaly could be considered typical for the first-half of the remote sensing record, when ice
concentration anomalies in the Beaufort region were generally positive. This event predates
current-generation satellite remote sensing products by nearly a decade, and as such, verification
is limited. Agreement between the MERRA (Figure 8) and ERA (Figure 9) reanalyses output are
in consensus over the region of interest, and are presented here for comparison. Both models
show an area of greatly decreased cloud forcing centered over the Beaufort and Chukchi Seas.
Less cloud cover in winter decreases the amount re-emitted longwave radiation upon the surface,
resulting in cooler surface temperatures. These lower temperatures accelerate the formation of

sea ice over areas of open water and promote increased thickness of existing ice.

Differences between the two models in regions besides the Beaufort are less subtle than

in the 2011-2012 case. Namely, the ERA output shows positive cloud cover anomalies over the
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Canadian Archipelago , while the same MERRA variable shows negative anomalies of a similar
magnitude. Disregarding model differences elsewhere, both agree that fewer clouds in the winter
months of 1983-1984 allowed for ample surface cooling and increased ice concentration through
the summer. MERRA cumulative cloud forcing anomaly shows a dense region of negative

values over the Beaufort Sea as low as -50 Wm?2 ERA shows lower cloud

MERRA Cumulative Winter Cloud Forcing Anomaly (October 1983- February 1984)
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Figure 8. Cumulative cloud forcing anomaly (Wm?) from October 1983 to March 1984 from the MERRA
reanalysis. The anomalies are calculated relative to the monthly means for the period 1982-2013.

forcing anomalies than MERRA (Figure 8), but still recorded regions of the Beaufort and

Chukchi seas experiencing more than 35 Wm™ of additional cooling.
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ERA-Interim Cumulative Winter Cloud Forcing Anomaly (October 1983-February 1983)
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Figure 9. Cumulative cloud forcing anomaly (Wm'z) from October 1983 to March 1984 from the ERA reanalysis.
The anomalies are calculated relative to the monthly means for the period 1982-2013.

The Thorndike (1992) model may again be used to determine the effects of the 1983-84
winter on the Beaufort and Chukchi sea ice (Figure 10). MERRA cloud forcing anomaly showed
negative anomalies that motivated greater than 45 cm of ice growth at the surface along the
northern coastlines of Alaska and Siberia. Ice concentration anomalies were positive near the

Canadian Archipelago, which agrees with ERA-Interim reanalysis rather than MERRA.
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Celculated oo Thistness Sep 1984 Ice Concentration Anom

Figure 10. Change in ice thickness estimated from MERRA net cloud radiative forcing from October 1983-March
1984, where gray represents land areas and areas (left). Sea ice concentration anomalies for September 1984
from SSMIS observation relative to the 1982-2013 mean (right).

The redistribution from February to September of these anomalies due to ice drift would
likely resemble the observed ice concentration anomalies in September 1984. Generally, the
Beaufort Gyre circulates ice from the Alaskan and Siberian coastline in a clockwise pattern away
from the Canadian Archipelago. The westward advection of thickness anomalies may have
increased ice concentrations similar to what is shown in observed concentration anomalies. The
increase in concentration in this marginal Arctic ice region has far-reaching implications for ice
area extent in late summer. The increase in sea ice concentration in this marginal Arctic region
has far-reaching implications for ice area extent in late summer. This shelf of first-year ice
between 70°-80° north serves as a buffer to the core of Central Arctic multi-year ice, absorbing
the brunt of sensible heat fluxes from northward-tracking storm systems as well as warmer

waters from the Bering Sea.
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5. Climatological Relationship between Cloud Forcing and Sea Ice

Concentration, 1982-2013

While cloud forcing can provide a significant radiative contribution to low and high ice
years, the evolution of cloud forcing anomalies over the last three decades implies that they play
a role in determining Arctic sea ice concentrations in a broader, climatological sense. How
frequently have significant wintertime cloud anomalies influenced summertime sea ice
anomalies over the last three decades?

The satellite record has provided a remotely-sensed sea ice climatology that may be
compared with cloud radiative forcing. Climate reanalysis cloud forcing anomalies are tabulated
with ice concentration as early as 1982 and through 2013, giving a record that dates back 32
years. Regions of interest are limited to marginal sea ice zones, as the contribution of cloud
forcing over thin sea ice can most dramatically effect ice growth and loss. The cloud forcing
anomaly is calculated relative to the 1982-2013 mean. In many cases, monthly cloud forcing
anomalies can exceed +20 Wm, which represents a significant radiative forcing on the surface
energy budget. Since cloud forcing anomaly has great variance in both magnitude and spatial
distribution, the anomaly summation method described in the methods section was used to
achieve the most realistic approximation of cloud behavior over a winter season.

The connection between wintertime cloud forcing anomaly and summertime sea ice
concentration anomalies calculated from MERRA and passive microwave data may be
determined by performing the pixel-by-pixel correlation between both variables over from 1982-
2013. This 32-year timeframe for the reanalysis was chosen to match the period covered by APP-

X, from which ice thicknesses were obtained. Figure 11 shows strong inverse relationships over
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much of the Canadian Archipelago, Beaufort, and Chukchi Seas. Small regions of the Central
Arctic exhibit direct relationships between cloud forcing anomaly and sea ice concentration
anomaly, but the thick multi-year ice present there causes it to be outside the scope of this study.
The thin seasonal ice cover in the Beaufort Sea is very sensitive to changes in the surface energy
budget. As a result, anomalies in cloud forcing during the winter can drastically alter the sea ice
concentration of the region. The significant inverse correlation between anomalous cloud forcing
and the ice concentration anomaly over the Beaufort Sea implies that variations in cloud cover
may appreciably alter the surface energy budget, though this is a statistical relationship that does
not prove causality. Furthermore, this connection suggests that trends in ice concentration over
this region may be explained by trends in surface warming or cooling caused by changing cloud

cover.
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Correlation: MERRA 6-month CF Anomaly with September Ice Conc. Anomaly
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Figure 11. Point-by-Point mapping of correlations between MERRA cumulative October-March net cloud
radiative forcing anomaly and SSMIS September sea ice concentration anomaly the following summer from
1982-2013. Stippling indicates statistical significance at the .95 confidence level.

In order to demonstrate that the results are not an artifact of a single climate reanalysis,
ERA-Interim cloud forcing anomalies were also used to analyze the relationship between
wintertime cloud cover and summer ice concentration. Both reanalyses showed similar areas of
positive cloud cover anomaly during winter over the 2011-2012 case study, so similar correlation
results were expected. The two models generally agreed on the relationship between clouds and
sea ice in the region of study, yet showed some spatial differences (Figure 12). ERA and
MERRA agreed that cumulative winter cloud forcing anomalies were strongly inverse to

September ice concentrations over the Chukchi Sea, Eastern Siberian Sea, and Canadian
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Archipelago. Cloud cover over the Beaufort Sea, however, had a much lower statistical
coherence and significance in the ERA-Interim correlation map. Globally, ERA-based cloud
forcing also shows strong inverse relationships with ice concentration in the Baffin and
Newfoundland Bay as well as the Sea of Okhotsk.

The clouds over these regions do not all have similar methods of formation or internal
properties. The Beaufort Sea, in particular, has been observed to contain high amounts of
supercooled water clouds, rather than ice clouds (Hobbs and Rangno 1998). The supercooled
liquid water significantly enhances longwave emission to the surface compared to ice, which
may further strengthen the correlation in this region. Alternatively, an area with increased ice-
phase clouds may experience less emission to the surface per cloud amount, resulting in a weaker
correlation. This difference in cloud phase may aid in explaining the reduced coherence in some

regions of the Arctic.
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Correlation: ERA 6-month CF Anomaly with September Ice Conc. Anomaly
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Figure 12. Point-by-Point mapping of correlations between ERA cumulative October-March net cloud radiative
forcing anomaly and SSMIS September sea ice concentration anomaly the following summer from 1982-2013.
Stippling indicates statistical significance at the .95 confidence level.

Much like the MERRA correlation map, direct relationships between cloud forcing and
ice concentration are observed in regions of the Arctic where sea ice concentrations are
dynamically, rather than radiatively, controlled (Figures 11 and 12). The Transpolar Drift Stream
pushes sea ice southward through the Fram Strait, resulting in a zone of high ice divergence
rather than a marginal ice zone. Similarly, the warm water from the Gulf Stream moderates

surface energy budgets from the Greenland Sea to the Barents Sea such that sensible heat flux
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poses a stronger control on sea ice than longwave flux. In some cases, ice concentration may

even force cloud cover (Figure 13).

Correlation: Sep Ice Conc Anomaly with
Following Winter CF Anomaly
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Figure 13. Point-by-Point mapping of correlations between SSMIS September sea ice concentration anomaly and
MERRA cumulative October-March net cloud radiative forcing anomaly the following winter from 1982-2013.
Stippling indicates statistical significance at the .95 confidence level.

Though it is well-documented that changes in sea ice concentration cause changes in
cloud cover and other cloud properties (Vavrus et al 2009, 2011, Schweiger et al 2008a, Cuzzone
and Vavrus 2011, Kay and Gettelman 2009, Palm et al 2010, Liu et al 2012a), the ability for

clouds to alter sea ice concentrations is more significant in the Beaufort Sea and surrounding
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regions. Even a thin layer of sea ice can decouple the ocean from the lower atmosphere and have
an appreciable effect on liquid water path in the atmosphere (Barton and Veron 2012). By this
logic, September ice concentration anomaly in over the Beaufort Sea had an inverse correlation
with the cloud forcing anomaly for the following winter, but the relationship was neither as
statistically significant nor strong as cloud anomalies forcing sea ice changes in the Beaufort Sea
(Figure 13).

Other Arctic regions such as the Fram Strait and Barents Sea show large magnitudes of
high and low correlation, respectively. While the sea ice in these regions is partially moderated
by typical thermal and radiative processes, ice dynamics and modes of atmospheric circulation
play strong roles in the ice concentration of these areas. The north shoreline of Greenland and the
Canadian Archipelago is the site of ice convergence, where multi-year ice queues to be ejected
southward from the Fram Strait, and should not be considered a marginal ice zone. The eastern
portion of the Barents sea represents a terminus of the Gulf Stream, where year-round transport

of warm water significantly affects ice concentrations.

Though the relationship between the ice concentration of a region in September and its
cloud forcing (derived from cloud cover) the following winter bears comment, it is not the focus
of this work. Ice concentration in September has a weak inverse correlation with cloud forcing
the following winter. This result is expected, as the presence of sea ice in September serves to
impede cloud formation at small spatial and timescales, as discussed in Barton and Veron (2012).
As a region becomes ice-covered over winter, September ice wanes as a predictor of cloud
behavior in this study’s region of interest. This weakening of September ice concentration’s
influence on a locale’s cloud cover is demonstrated in Figure 14. The magnitude of correlation

between the variables over the Beaufort Sea region peaks in October, when the two signals are
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compared less than 30 days apart. As the time between these signals increases, both the
magnitude and statistical significance decrease over the Beaufort. By December, the strength of
the correlation is approaching zero, indicating that while ice may determine cloud behavior in
early winter, they do not appreciably affect cloud forcing throughout the ice freezing season.
Very high correlations west of the Canadian Archipelago imply that the sea ice there forces
cloud cover up to three months into the future. The cause of this statistical relationship is

unknown.
Correlation: Sep. Ice Conc. Anom. with Months in Following Winter

October November December

Figure 14. Point-by-Point mapping of correlations between and SSMIS September sea ice concentration anomaly
and MERRA cloud radiative forcing anomaly during October, November, and December of the following winter
from 1982-2013. Stippling indicates statistical significance at the .95 confidence level.

Passive microwave observations provide a record of ice concentration anomaly in the
Beaufort Sea. Figure 15 compares the six-month accumulated cloud forcing anomalies with ice
concentration anomalies in a bar plot time series. The data suggest a strong, inverse relationship

between cloud forcing and ice concentration anomaly that is maintained throughout the satellite

C.50

C.co

-0.50

-1.00



38

record, where low (high) ice summers occur after winters with high (low) cloud forcing
anomalies. The bar plot shows a period of increased sea ice concentration in the Beaufort Sea
from 1982-1996 followed by a period of decreased ice concentration from 1997-2013, resulting

in a general trend of decreasing sea ice concentration from 1982-2013.

MERRA 6-month Accumulated CF Anomaly vs. Ice Concentration Anomaly
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Figure 15. Time series comparing cumulative October-March cloud forcing anomalies (red) with September ice
concentration anomaly (blue) over the Beaufort Sea region. Anomalies are calculated relative to the 1982-2013
mean.

The time series may be separated into two distinct, fifteen-year regimes of cloud forcing.
Consistent, negative cloud forcing from 1982-1996 represents a lack of cloud cover over the
Beaufort Sea from October through March each year. Fewer clouds increased the surface’s
ability to cool directly to space and spurred sea ice growth over this period. The Beaufort Sea
experienced an increase in ice concentration and thickness during this relative absence of clouds.
In the next fifteen years, greatly increased cloud forcing was observed concurrently with

unprecedented low sea ice concentrations.

_ 140

20

Ice Concentration Anomaly (%)



39

6. Influences of Wintertime Cloud forcing on Summertime Sea Ice

Concentration

The two regimes of cloud forcing in Figure 14 represent the two modes of influence that
cloud forcing anomaly has on sea ice. In the Beaufort Sea, the contribution of cloud forcing
changes its behavior around 1997. Before this inflection point cloud forcing anomaly acted to
increase ice thickness by approximately 0.15 m per year, after the inflection point cloud forcing
anomalies decreased ice thickness by a similar yearly amount. From 1982-1997, the summed
contribution of anomalous cloud forcing allowed 170 W m™ to escape from the surface. Using
the earlier described method, this corresponds to a potential increase in sea ice thickness of 1.45
m. From 1997-2012 the cumulative effect of cloud forcing supplied an excess of 170 W m?,
allowing for a potential ice thickness decrease that overwrites contributions from the previous
regime of anomalously negative cloud forcing.

Differences in ice concentration over this time period can be analyzed by comparing
yearly ice concentration anomalies at the beginning and end of the decadal regime (Figure 15).
An area of negative sea ice concentration anomaly near the Canadian Arctic in 1982 was
replaced by an area of positive ice concentration anomaly by 1996, and the Beaufort region
experienced a marked increase in ice concentration over these years. Ice thickness increased by
0.15 m, similar to the global trend of increasing sea ice thickness in this time period. This
increase is reflected in APP-x September sea ice thickness where a shelf of thin (<0.5 m) ice can
be seen extending towards the Alaskan-Canadian shoreline and through the Canadian

Archipelago in 1996 that was not present in 1982.
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APP-x Ice Thickness Sep 1982 APP-x Ice Thickness Sep 1997 APP-x Ice Thickness Sep 2011
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Figure 16. Ice thickness estimated from APP-x ice thicknesses in September of 1982, 1997, and 2011 (top left,
middle, and right, respectively), where dark blue represents areas of land or negligible ice thickness. Sea ice
concentration anomalies relative to the 1982-2013 mean in September of 1982, 1997, and 2011 (bottom left,
middle, and right, respectively), where white represents areas of land or negligible sea ice concentration
anomaly.

The second notable period of cloud forcing anomaly occurs from 1997-2011, and
opposes 1982-1996 in that cloud forcing in that the second period was consistently anomalously
positive and corresponds to a sea ice concentration decrease. Increased cloud cover over each
year inhibited winter refreezing by trapping surface cooling and limiting ice formation. By 2011,
an area of positive ice concentration anomaly along the western Canadian Archipelago in 1996
was replaced entirely with strong negative ice concentration anomalies over the entire region.
The cloud forcing over these years had a striking effect on ice thickness in the Beaufort region.

Thin (<0.5 m) ice present in the Beaufort Sea and Canadian Archipelago in 1996 had
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disappeared almost entirely by 2002, leaving only the thick multi-year ice of the Central Arctic.
Average thickness in the region decreased by .42 m, more than 6.5 times the global the decrease
over the entire Arctic for the same period.

Clouds represent only one of many intricate processes governing changes in sea ice
concentration. Surface temperature, synoptic weather patterns, and ocean dynamics can
considerably alter ice concentrations. Still, winter cloud accounts for a significant portion of
variance in the ice concentration. The portion of this variance explained by changes in cloud
forcing may be further analyzed by performing a simple linear regression. Performed in Figure
16, the regression coefficient between cloud forcing and ice concentration anomaly is near -0.59,
indicating changes in September Sea ice concentration may be attributed to cloud forcing over
the winter months. This result is expected, considering that the surface heating and cooling
contributions of cloud pale in comparison to effects of other climate feedbacks in the Arctic such
as albedo and surface temperature (Pithan and Mauritsen 2013). Winter cloud forcing anomalies
clouds do account, however, for over 35% of the variance in Beaufort Sea ice concentration. This
lagged dependence of summer ice concentration on winter cloud demonstrates that the memory

of marginal sea ice regions can be anywhere from 6-11 months.
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Scatterplot: Cloud Forcing Anomaly vs. Sea Ice Anomaly
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Figure 17. Linear regression of 6-month (October-March) cloud forcing anomaly (W m'z) onto ice concentration
anomaly in the Beaufort Sea Region. September ice concentration anomaly is represented by the vertical axis.
The points (blue circles) from 1982-2013 are best fit here with a line of slope y=.5x.
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The two opposing regimes of ice concentration and cloud forcing anomaly over the
Beaufort Sea are possibly influenced by major atmospheric indices. Ballinger and Rogers (2014)
examined the teleconnections between major atmospheric and oceanic indices and their effects
on ice extent in the Beaufort and Chukchi Seas. Their findings indicate that seasonal changes in
these indices could only explain significant sea ice loss after 1997, which corresponds to the
regime of negative ice concentration anomalies and increased cloud forcing. They found that the
El Nifio-Southern Oscillation (ENSO) has influenced ice extent retreat in recent years via the
strongly positive Pacific/North American Pattern (PNA), which typically brings above-average
geopotential height anomalies as well as warmer temperatures over Alaska and Northwestern
Canada. The analysis done in this study agrees with their results, finding no significant
correlation between cloud forcing anomaly and ENSO indices nor sea ice concentration and
ENSO indices when compared over the entire 1982-2013 time series (Figure 17). Similarly,
correlations between ice concentration and cloud forcing with the Arctic Oscillation (AO) index
were very weak (< |0.10]). The Pacific Decadal Oscillation (PDO), however, had correlations
with ice concentrations and cloud forcing that were significant (=|0.50|). This result is to be
expected, as negative PDO phases which have dominated since the late 1990s bring above-
average surface temperatures to the Beaufort Region. None of the correlations between climate
indices and ice concentration or cloud forcing had magnitudes surpassing the correlation of cloud

forcing and ice concentration.
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Timeseries: Cumulative Cloud Forcing Anomaly with Climate Indices
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Timeseries: September Ice Concentration Anomaly with Climate Indices
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Figure 18. Time series of various climate indices with cloud forcing anomalies and ice concentration anomalies
over the Beaufort Sea region. The first Figure shows cloud forcing anomaly (red) with ENSO, AO, and PDO indices
(gray, purple, and black, respectively). The second column shows ice concentration (blue) anomaly with ENSO,
AO, and PDO indices (gray, purple, and black, respectively)

Though the Beaufort Sea makes up only a portion of the Arctic Ocean, its location
relative to large-scale atmospheric circulations allows changes in its ice concentration to impact
Arctic sea ice on a much larger scale. The Beaufort Gyre is a wind-driven, anticyclonic
circulation that advects ice westward from the Beaufort Sea across the Chukchi Sea and then
northward from the Eastern Siberian Sea. While the strength of this circulation can vary, Liu et

al (2014) showed that the Beaufort Gyre caused significant sea ice "drift" that redistributed first-
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year ice from January to September of 2013. Over the satellite record, winter cloud forcing
anomalies in the Beaufort Sea area show an extensive region of inverse correlation with
September ice concentration anomalies throughout the Beaufort Gyre region (Figure 18). Large-
scale atmospheric dynamics support this relationship. Over the winter months, ice altered by
cloud forcing in the Beaufort Sea is then propelled by westward surface currents through the
Chukchi and East Siberian Seas. Other processes, such as ocean heating, freshwater flux, and
solar insolation may affect this correlation. Nevertheless, this statistical link between Beaufort
Sea cloud cover and ice concentration across the Alaskan-Siberian Arctic adds significance to

the anomalies in the Beaufort region.

Correlation: MERRA 6-month Beaufort CF with Sep Ice Conc Anomaly
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Figure 19. Point-by-Point mapping of correlations between MERRA cumulative October-March net cloud
radiative forcing anomaly in the Beaufort Sea region and SSMIS September sea ice concentration anomaly the
following summer from 1982-2013. Stippling indicates statistical significance at the .95 confidence level.



46

7. Conclusions

Recent observations of declining Arctic sea ice extent encompass numerous climate
processes including clouds’ radiative effects as well as atmospheric and oceanic heat transport.
This study explores relationships between large-scale atmospheric and ocean circulations,
surface air temperature, and ice dynamics to decreasing sea ice concentrations during the
summer months. The implications of these processes on summer sea ice concentration are well-
studied and can be found elsewhere (Serreze et al 2007, Francis et al2012, Stroeve et al 2012).
However, a consensus on the interplay between clouds, cloud changes to solar insolation, and sea
ice extent anomalies has not been reached (cf, Nussbaumer and Pinker 2012, Kapsch et al 2013,
Graversen et al 2011, Kay et al 2008, Schweiger et al 2008b, Kauker et al 2009). The analysis
presented in this study demonstrates that winter cloud cover anomalies can have significant
effects on summertime sea ice cover at inter-annual and decadal time scales.

September 2012 marked a record sea ice minimum for summertime ice extent over the
satellite record. Marginal ice zones such as the Beaufort and Chukchi Seas during this time were
almost entirely ice-free by the end of summer. Multiple satellite products agreed qualitatively
with climate model reanalysis output showing that winter months preceding the 2012 minimum
experienced cloud cover consistently above average in these regions from October 2011 through
February 2012. More cloud in the Arctic winter results in a less negative surface radiation
budget, decreasing cooling at the surface and hampering further ice growth. The cloud radiative

effect was verified by satellite estimates and by climate model reanalysis output. Ice thickness
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decrease in much of Beaufort Sea from the wintertime radiative anomaly was determined,
theoretically, to be greater than 45 cm. Regions of calculated ice growth resulting directly from
the positive cloud forcing anomalies in October-February were advected based on daily ice
motion fields from March through August. The drifted sea ice growth anomaly pattern shows
striking similarities to ice concentration anomalies with ice concentration anomalies in
September not only over the Beaufort and Chukchi Seas, but the entire Arctic. Accordingly,
positive cloud cover anomalies in the 2011-12 winter were a key contributor to the September
2012 sea ice minimum. Though not examined thoroughly in this study, anomalies in
downwelling shortwave over the summer months could have contributed to this extensive ice
loss. Preliminary analysis of cloud cover anomalies from MODIS Aqua and Terra do not show
extraordinary decreases in cloud cover (which would increase downwelling shortwave radiation
striking the surface), and even some positive cloud anomalies over the region of interest in July
and August.

An examination of wintertime cloud forcing anomaly from 1982-2013 over the Beaufort
Sea region showed two separate regimes of both September sea ice concentration and October-
March cloud forcing anomaly which varied inversely with one another. From 1982-1997, cloud
cover was generally lower than average, resulting in a more strongly negative surface radiation
budget and further encouraging ice growth during the winter. As expected, this period had
consistently higher September ice concentration anomalies. The accumulated monthly
contribution of negative cloud forcing anomaly was used to make a rough approximation of ice
thickness change, and showed that enhanced radiative cooling could provide 1.45 meters of ice
thickness growth over the sixteen-year period. This value of decreased ice thickness, however,

could range substantially based on the behavior of other affective variables during this time
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period. Over the next sixteen years, 1998-2013, cloud cover over the Beaufort Sea and
surrounding area was above average, while sea ice concentration anomaly was typically
negative. The resulting anomalous cloud forcing contributed, cumulatively, enough downwelling
longwave energy to decrease ice thickness by nearly 1.45 meters. Ice thickness changes were
calculated from the method presented by Thorndike (1992). Areas of estimated ice thickness
growth and loss that resulted directly from the winter cloud forcing anomalies corresponded
spatially to satellite-derived thicknesses.

A corridor of the Arctic spanning from the central Canadian Archipelago as far east as
the north shore of the Kamchatka peninsula was the domain of the case studies as well as the
cloud and ice climatologies. The benefits for analyzing seasonal ice patterns are two-fold, as this
region preliminarily showed an extensive range in ice concentration and seasonal cloud cover
and has also been frequently referenced in current scientific literature (Kaye et al. 2007, Liu and
Key 2014). Ice area anomalies over the Beaufort Sea trace a pattern similar to the ice anomaly of
the entire Northern Hemisphere, implying that ice changes here act as a gauge for the rest of the
Arctic. Thinner ice in the Beaufort Sea can be more easily broken up by Pacific cyclones, which
frequently track through this region. By analyzing the preconditioning of this ice by winter
cloud, the susceptibility of this regions to storm-caused summer breakup may be determined
months in advance. Research suggests that ice coverage in this region also contributes to the
phase of large-scale circulations that, in turn, force ice extent and dynamics in other parts of the
Arctic (Rodionov et al 2007).

Changes in large-scale circulations affect cloud cover and thereby cause significant
changes to the surface energy budget. This study found that circulation patterns such as the

Beaufort Gyre increase the significance of local cloud anomalies in an Arctic-wide context.
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Large-scale circulation, as represented in various climate indices also affects ice thickness and
concentration changes in the winter. Though the ENSO and AO indices showed little relationship
with clouds or ice concentration, the PDO average yearly index showed significant correlation
with sea ice concentration anomalies in the Beaufort-Chukchi Seas area. No correlation between
climate indices and ice concentration or cloud forcing anomaly had coherence greater than the
relationship between wintertime cloud cover and September ice concentration.

In general, the strength of relationship between large-scale atmospheric indices and
anomalies in both clouds and ice were notable, but did not have higher magnitudes of correlation
than between corresponding years of cloud cover and sea ice concentration anomalies. This
implies that while modes of atmospheric circulations may affect the Arctic system on a broad
scale, there are regions of the Arctic that are more influenced by local contributors to the surface
energy budget. The Beaufort Sea, Chukchi Sea, and Canadian Archipelago are proven
statistically to be among these regions.

Here, it is demonstrated that cloud cover greater than one standard deviation above
the mean over the Beaufort Sea region in the winter of 2012 led to an excess of downwelling
longwave radiation to the surface energy budget, and that this anomaly in surface radiation
contributed to the record minimum sea ice area in September of the same year. Encouraged by
the effects of winter cloud forcing anomaly on summer sea ice extent, cloud trends were
examined on a climatological basis. Over the course of the 32-year satellite record, cloud forcing
over winter periods was shown capable of imposing a significant radiative forcing on marginal
sea ice areas. This contribution can enhance or diminish trends of decreasing Arctic ice area,

even in the face of increasing global temperatures.
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8. Future Work

While this analysis was limited to two in-depth case studies, the climatology (Figure 14)
of ice concentration and cloud forcing anomaly suggests that other years may have had
significant ice melting events caused by cloud forcing anomalies. Future work will assess the
exact contributions of winter clouds on these years of outlying ice concentration. For years of
anomalous ice extent, it would be prudent to evaluate the spring and summer months (April-
August) to determine whether downwelling shortwave radiation was also greatly modified by
clouds, and had a synergistic effect with winter cloud cover anomaly. Though the results
presented here are chiefly related to the Beaufort Sea, cloud forcing is a critical agent of change
in many other marginal ice areas.

Multi-year trends in cloud cover undoubtedly exist in regions of the Arctic besides the
Beaufort, and though the correlation maps presented here imply significant relation elsewhere,
the cause of this linkage is not explored in-depth. Additionally, correlations between winter
cloud forcing-derived changes in ice thickness will be performed only after these anomalies have
been advected through September. This technique changes the variables of comparison, where
advected thickness anomalies caused by cloud will be compared to ice concentration, instead of
cloud forcing over ice concentration in the same pixel. Other regions of the Arctic such as the
Laptev and Kara Seas warrant detailed studies of their own, as preliminary analysis observed that
they may experience dramatic year-to-year variability of both cloud and sea ice concentration.

Regarding years of vastly anomalous sea ice concentration, the contributions of other
variables must be assessed in contribution to these extreme events. It is very likely that the host

of complex radiative and dynamical processes that govern the Arctic surface energy budget will
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often supersede the energetic contribution exerted by changes in cloud cover. The strong linear
trend in this ice concentration shows a lack of year-to-year variability that implies a monotonic
increase to the surface energy budget over the satellite record. Understanding the inter-annual
variability and forcing by Arctic clouds will also require the consideration of additional
variables. Synoptic variability, bringing both strong cyclonic and anticyclonic circulations to the
marginal regions of the Arctic can heavily alter cloud cover on short time frames, may be one
source of the year-to-year variance of winter cloud forcing anomaly, and bears further
investigation.

This study was focused solely on winter cloud cover and its effects on the surface
radiation budget of marginal ice zones. Cloud cover after April and before October was not taken
into consideration. Clouds have a surface cooling effect from June-August (Schweiger and Key
1994), and significant anomalies during these months will further add on to or offset the winter
preconditioning of sea ice. The downwelling solar flux incident on the Arctic surface during
summer months is large enough that cloud anomalies at intra-monthly timescales during the
summer may also have large effects on sea ice concentration. Finer temporal resolution is needed
to further investigate these processes. While winter clouds have shown to impose noticeable
changes to summer ice extent, year-long monitoring and assessment of polar cloud cover will

become crucial in determining both the near and distant future of the changing Arctic.
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