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Satellite observations show that sea ice extent in the Arctic has been declining from
1979 through present day, reaching record minimum extents in 2007 and 2012. Reduced
sea ice extent allows for greater expanses of open water to interact with the Arctic
atmosphere, potentially leading to changes in the Arctic climate. The greatest declines in
Arctic sea ice extent have occurred in summer and autumn. During these seasons, it is
likely that the decrease in Arctic sea ice extent led to an increase in atmospheric sensible
and latent heat fluxes, possibly leading to increases in Arctic temperature and moisture.
Increases in atmospheric temperature and moisture would likely impact Arctic
precipitation patterns, and if the temperature is cold enough, snowfall would be impacted
as well. Investigations into the impact of reduced sea ice extent on Arctic snowfall has
been conducted over seasonal time scales, however, a lack of attention has been given to
the influence of reduced Arctic sea ice extent on snowfall within individual cyclones.
This study examines the impact of reduced Arctic sea ice extent on snowfall produced
within individual Arctic cyclones through a reanalysis study. The autumnal months of
October and November are examined for the years 1982 and 1985, years that possess

normal to above normal sea ice extents compared to 2007 and 2012, years that possess



below average sea ice extents. Additionally, monthly snowfall and snow depth are
examined to provide a comparison of the seasonal scale snowfall patterns during October
and November of the four years. Data for analysis are produced by running the Weather
Research and Forecasting Model (WRF) utilizing the European Center for Medium
Range Weather Forecasting (ECMWF) ERA-Interim reanalysis dataset in an Arctic
domain. Results indicate that locations along the Arctic coast, along with ice-covered
regions near the sea ice margin, have the greatest potential for increased snowfall and
snow depth from high-latitude cyclones. The results also suggest that monthly snowfall
increases over the Arctic Ocean in October with reduced Arctic sea ice, leading to an
increase in snow depth over existing multi-year sea ice in years with below average sea

ice extents.
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CHAPTER 1: INTRODUCTION

Earth’s climate system is experiencing dramatic changes due to anthropogenic global
warming. The average global temperature has risen 0.94°C through 2016 compared to
the 20™ century average, with much of the warming occurring since 1970 (National
Centers for Environmental Information 2017). This warming is leading to rising sea

levels, retreating glaciers, declining sea ice, and greater extremes in temperature and
precipitation (National Snow and Ice Data Center 2017, National Centers for

Environmental Information 2017). Global warming has become a widely-recognized
threat to the planet, though much is still not understood about its effects. Anthropogenic
global warming is primarily caused by an increase in greenhouse gas concentrations in
the atmosphere. The warming caused by human activity leads to a variety of feedbacks
that impact the climate. These feedbacks have attracted researchers, as they are key to

understanding the future impacts of climate change.

The ice-albedo feedback makes the Earth’s cryosphere particularly sensitive to the
impacts of climate change (Stone et al. 2002). Arctic sea ice extent has been declining
over recent decades, with a record minimum sea ice extent of 3.4x10° km? recorded in
September 2012. This is only 53% of the 1979-2013 average of 6.4x10° km? (Parkinson
2014). As the extent of sea ice declines, the average surface albedo in the Arctic

decreases, allowing for greater absorption of incoming shortwave radiation and further

warming of the cryosphere (Deser et al. 2010). This leads to Arctic temperature



amplification, where melting glaciers and declining sea ice extent enhance the warming
in the cryosphere (Simmonds and Screen 2010). Reduced sea ice extent will also

increase the sensible and latent heat fluxes between the Arctic Ocean and atmosphere
(Simmonds and Keay 2009). The impacts of increased atmospheric heat and moisture

are not well understood, particularly the impacts on precipitation and snowfall patterns
across the Arctic. Previous studies have considered the impact of declining sea ice extent
on snowfall over seasonal time scales (Liston and Hiemstra 2011, Wegmann et al. 2015),
though there has been a lack of discussion on impacts occurring within individual

cyclones.

This study investigates the impact of reduced Arctic sea ice extent on snowfall totals
within individual cyclones during the autumn season, hypothesizing that a decrease in
autumnal Arctic sea ice extent will lead to an increase in snowfall production within
high-latitude cyclones due to an increase in atmospheric temperature and moisture. An
analysis is conducted to observe patterns of snowfall and snow depth, focusing on a study
domain stretching eastward from north-central Siberia to the Yukon Territory, and
northward from the Kamchatka Peninsula to near the North Pole (Figure 1.1). A case
study analysis investigates snowfall patterns within three particular case studies,
comparing cyclones over differing sea ice extent environments. Additionally, monthly
snowfall and snow depth are analyzed. The months of October and November are chosen
for study as sea ice extent has remained low after the September sea ice minimum in
recent years, and snowfall becomes a regular occurrence in the Arctic as the region

transitions into the cold season. The Weather Research and Forecasting Model (WRF)



(Skamarock et al. 2008) is run using the Era-Interim reanalysis dataset (Dee et al. 2011)

to produce snowfall data for this analysis.

In addition to the lack of prior research, additional motivation for this study comes
from the sensitivity of the Arctic system to changes in snow cover. Snow cover acts as
an insulator to the surface below, increases longwave radiation emissivity, and possesses
a high surface albedo (Krasting et al. 2013). These properties of snow cover all lead to a
cooling of the near-surface air. Additionally, an increase in snowfall may impact the
Arctic hydrologic cycle (Bengtsson et al. 2011), the ice mass balance of glaciers
(Singarayer et al. 2006), the freeze-thaw cycle of lake and sea ice (Hezel et al. 2012), and

large-scale teleconnection patterns (Cohen et al. 2012).
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Figure 1.1.

WRF domains utilized in the study, the parent domain (Domain 1) forms the perimeter of
the map while the nested domain (Domain 2) is highlighted by the red box



CHAPTER 2: BACKGROUND

It is suggested that sea ice extent decline is leading to changes in Arctic snowfall
(Raisanen 2008). This apparently is because decreases in sea ice extent in the Arctic will
have an impact on energy fluxes between the open ocean and atmosphere (Deser et al.
2010), which would lead to changes in temperature (Singaryer et al 2006) and moisture
(Liva et al. 2012) in the Arctic. Changes in temperature and moisture could alter cloud
cover (Eastman and Warren 2010) and precipitation (Raisénen 2008), along with

autumnal snowfall patterns (Schweiger et al. 2008).
2.1 Arctic sea ice decline and coverage

Sea ice extent in the Arctic Ocean basin typically reaches a maximum in March and
minimum in September. The average sea ice extents for March and September are
approximately 15.5x108 km? and 6.4x10° km?, respectively (National Snow and Ice Data
Center 2017), based on observations from 1981-2010. Sea ice will be present across
most of the Arctic Ocean basin in the winter months, with lower latitude portions of the
Arctic Ocean becoming ice-free during the warm season. The inter-annual variability of
Arctic sea ice extent is greatest near the September minimum (Simmonds and Keay
2009). This allows for a high variability in the amount of open ocean available to interact
with the atmosphere above the Arctic Ocean in late summer and early autumn. Summer
Arctic sea ice is sensitive to the impacts of global climate change, and the decline in
warm-season Arctic sea ice extent has been shown to be the leading factor in Arctic
temperature amplification (Simmonds and Screen 2010). This has allowed mean surface

air temperature in the Arctic to rise at nearly double the average global rate. (Simmonds



and Screen 2010). With greater increases in temperature occurring in the Arctic, warm-
season Arctic sea ice extent will continue to decline (DeRepentigny et al. 2016),

potentially leading to further climate feedbacks in the Arctic.

Satellite observations show that Arctic sea ice extent is decreasing, with the greatest
declines occurring in summer and autumn (National Snow and Ice Data Center 2017).
The decline of minimum Arctic sea ice extent has accelerated from 7% per decade from
1979-2001 to 14% per decade by 2013 (Stroeve et al. 2014). Regions within the Arctic
Ocean basin that have experienced the greatest rates of sea ice decline through the mid-
2000’s includes the Barents and Kara Seas (Sorteberg and Kvingedal 2006), and near the
northern coasts of Alaska, Canada, and Greenland, as well as in Fram Strait (Lindsay and
Zhang 2005). In addition to a downward acceleration of minimum sea ice extents, sea ice
thickness and the proportion of multi-year ice have also been declining (Stroeve et al.
2014). The proportion of multi-year ice in the Arctic, which tends to be thicker than
seasonal ice, has dropped from 70% to 20% of the total Arctic sea ice extent between the
mid-1980s to 2012 (Stroeve et al. 2014). Sea ice volume takes longer to recover than sea
ice extent (Sedl&cek et al. 2012), making it more difficult to replace thicker multi-year ice
in a warming climate. The length of the melt season has also been increasing in the
Acrctic at a rate of 5 days per decade (Stroeve et al. 2014). If these trends continue, Arctic
sea ice extent will continue to decline. A “business as usual” scenario of greenhouse gas
increases would yield an ice-free warm-season Arctic Ocean by the year 2100
(DeRepentigny et al. 2016). If the Arctic Ocean continues to trend toward an ice-free
warm season, a larger amount of open ocean will be available to interact with the

atmosphere than previously. The climatic impact of these new open waters may be



substantial, especially on precipitation and snowfall over the Arctic Ocean and adjacent
landmass, thus further research into the impact of Arctic sea ice decline on Arctic

snowfall is needed.
2.2 Arctic Temperature and Radiative Fluxes

The decline in Arctic sea ice extent is leading to dramatic changes in both the regional
and global climate. The 2007 sea ice minimum left the Arctic Ocean with 3x10° km? of
anomalous open water. For reference, the total surface area of the Great Lakes, which
has a very strong impact on the local climate, is only 2.43x10°km?in area (Strey et al.
2010). The net radiative flux across the Arctic Ocean is upward during the cold season,
and downward during the warm season (Beesley 2000). Warm-season sea ice decline
allows for a larger area of open water to interact with the atmosphere, allowing for an
increase in sensible and latent heat fluxes across the Arctic (Deser et al. 2010). The
greatest increases in turbulent energy fluxes (the sum of latent and sensible heat fluxes)
from the ocean surface to the atmosphere occur in November, about a month and a half
after the minimum Arctic sea ice extent (Deser et al. 2010). It also appears that the peak
magnitude in latent heat flux into the atmosphere is occurring slightly earlier than the
peak in sensible heating (Screen et al. 2013). Temperature and precipitation responses to
sea ice decline are in temporal alignment with turbulent energy fluxes, rather than sea ice
extent (Deser et al. 2010). The greatest impact of sea ice decline on the Arctic climate
will therefore occur in mid to late autumn, as opposed to late summer when the minimum
sea ice extent occurs. This supports the autumn time domain used here for investigating

the impact of Arctic sea ice extent decline on high-latitude snowfall.



The maximum increase in surface-to-atmosphere turbulent heat flux has been over
40 Wm compared to turbulent heat fluxes under normal sea ice conditions (Strey et al.
2010), with average increases of near 2.5 Wm across the full Arctic Ocean basin
(Screen et al. 2013). Surface to atmosphere turbulent energy fluxes may increase by up
to 65-70 Wm by the end of the 21% century, relative to fluxes under current average sea
ice conditions (Deser et al. 2010). The largest increases in latent and sensible heat fluxes
are occurring in regions experiencing the greatest sea ice decline (Screen et al. 2013),
with robust increases in turbulent energy fluxes occurring over a small geographic area
near the sea ice margin (Alexander et al. 2004). It is therefore likely that the greatest
changes in Arctic precipitation and snowfall will occur near the sea ice margin. In
addition to an increase in upward turbulent energy fluxes in winter, shortwave radiation
absorption is increasing during the Arctic warm season due to declining sea ice (Deser et
al. 2010). The increase in energy absorbed by the Arctic Ocean during the warm season
may lead to a later freeze-up of autumnal sea ice if some of the energy remains in the

ocean through autumn (Francis et al. 2009).

Increasing surface-to-atmosphere sensible and latent heat fluxes allows for an increase
in atmospheric temperature over the Arctic Ocean, particularly near the sea ice margin.
Consistent with the maximum increase in surface-to-atmosphere turbulent energy fluxes,
the maximum increase in temperature occurs in November (Deser et al. 2010). When
isolating sea ice decline as a forcing, projected November temperature increases are as
high as 17°C near the late 21 century sea ice margin (Deser et al. 2010). End-of-the-
century annual temperature increases are projected to be between 3°C and 4°C averaged

across the Arctic Ocean, with much of this warming occurring during the cold season



(Singaryer et al 2006). Most of the warming from sea ice decline is projected to occur in
the lower atmosphere (below 700 hPa) and remain in the local Arctic region (Singarayer
et al. 2006). This may mean that changes in snowfall from sea ice decline could remain
confined to the Arctic regions. The increased heat input into the lower atmosphere from
sea ice decline will also influence the low-level boundary layer, by increasing the
boundary layer depth (Francis et al. 2009) and decreasing the strength of the surface
inversion during the cold season (Screen et al. 2013). The increase in boundary layer
depth allows for low-level thermal energy to be stored in a greater mass of atmosphere,

further delaying the freezing of autumnal sea ice (Francis et al. 2009).

2.3 Changes in Arctic moisture and cloud cover

The decreases in Arctic sea ice extent are also leading to changes in Arctic moisture
and cloud cover patterns. Along with an increase in temperature, increasing sensible and
latent heat fluxes over regions of sea ice decline are leading to an increase in atmospheric
moisture over the Arctic Ocean (Liua et al. 2012). The moisture source for Arctic
precipitation shifts from locally driven during the warm season, to a dependence on
remote moisture transport during the cold season with the freeze-up of the Arctic Ocean
(Kurita 2011). This shift will occur later if the Arctic sea ice extent takes longer to build
up in autumn due to anthropogenic climate change. The amount of moisture increase that
is directly due to a decrease in sea ice decline is more difficult to determine than
temperature. Moisture advection from lower latitudes will impact the amount of moisture
present in the Arctic. Additionally, the Clausius-Clapeyron relationship will impact
moisture content in the Arctic atmosphere, increasing moisture holding capacity in the air

as the temperature of the Arctic increases. The Clausius-Clapeyron relationship will, on



average, lead to a 6-7% increase in moisture capacity with every 1°C increase in
temperature due to the higher saturation vapor pressure with increasing temperature
(Bengtsson et al. 2011). The increase in ocean-to-atmosphere latent heating, along with
warming temperature via the Clausius-Clapeyron relationship, are the primary reasons for

the observed increase in Arctic moisture (Cohen et al. 2012).

The increases in temperature and moisture from sea ice decline across the Arctic
Ocean basin are having an impact on cloud cover across the region. There seems to be a
lack of consensus on the impact of sea ice decline on Arctic cloud cover, particularly with
the potential changes in low-level stratiform cloud cover. One hypothesis is that a
decrease in autumnal Arctic sea ice will lead to a decrease in low-level stratiform clouds,
while increasing mid-level clouds (Schweiger et al. 2008). This hypothesis is driven by a
weakening of the boundary layer inversion in a warmer Arctic, decreasing low-level
stratiform cloud coverage. It is alternatively hypothesized that decreases in Arctic sea ice
will increase the coverage of low-level stratiform clouds (Eastman and Warren 2010),
driven by an increase in low-level moisture over anomalously ice-free portions of the
Arctic. Low-level clouds are an important feature for the Arctic climate, as they produce
a strong downward radiative forcing, allowing the Arctic boundary layer to stay warmer
during the cold season when clouds are present. An increase in low-level clouds could
act to further delay the freeze-up of autumnal sea ice if the temperature remains elevated
during the transition into the cold season. Additionally, it is hypothesized that if low-level
clouds increase due to a decrease in sea ice extent, a decrease in the proportion of

precipitating clouds in the Arctic may result, with this impact most prominent in autumn
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(Eastman and Warren 2010). This implies that potential increases in moisture and cloud

cover will not always lead to more precipitation.

2.4 Changes in Arctic general circulation, teleconnections, and storm tracks

Declining sea ice extent along with ambient climate change is leading to changes in
Arctic atmospheric circulation patterns, along with consequent changes in high-latitude
cyclone behavior (DeRepentigny et al. 2016, Simmonds and Keay 2009). The Arctic
Oscillation (AO) is a primary mode of atmospheric variability in the Northern
Hemisphere. The positive phase of the AO produces decreased sea level pressure in the
Arctic and increased sea level pressure in mid-latitude regions (Holland 2003), which
leads to a more zonal upper-level flow regime across the Northern Hemisphere, while the
negative phase of the AO produces increased sea level pressure in the Arctic and a more
amplified upper-level wave pattern. Studies on the impact of sea ice decline on the AO
are conflicting. Some studies suggest that sea ice extent decline will allow for a tendency
toward the positive phase of the AO (DeRepentigny et al. 2016, Yin 2005), while others
find that a negative phase AO would be favored with sea ice extent decline (Liua et al.
2012). The North Atlantic Oscillation (NAO), which is partially encompassed by the
AQ, is another leading mode of atmospheric variability in the Northern Hemisphere
(Holland 2003). A negative trend in the NAO is favored to occur with declining sea ice
(Sedlacek et al. 2012, Francis et al. 2009), though as was the case with the AO, a great
deal of uncertainty exists with future patterns of the NAO. A higher 500 hPa wave
number has been found to occur in years with lesser Arctic sea ice extent, leading to a

tendency toward meridional flow and greater chances for blocking patterns to develop
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(Wegmann et al. 2015). Changes in teleconnection patterns can impact cyclone behavior

across the Arctic, leading to potential changes in precipitation and snowfall.

The decline of Arctic sea ice extent is also having an impact on surface cyclone
activity throughout the Arctic. A reanalysis study from 1979-2008 finds that average
Arctic cyclone depths and radii are increasing by 1.58 hPa per century and 0.7° latitude
per century (Simmonds and Keay 2009). This may be due to an increasing potential for
baroclinicity in an environment possessing an increasing proportion of open ocean.
Future projections bring cyclone tracks poleward during the cold season, which would
lead to a poleward shift in precipitation patterns (Yin 2005). An analysis of cyclone
activity from 1948-2002 finds that cyclone activity has increased across the Arctic, with a
greater number and strength of cyclones traveling from mid-latitudes into the Arctic
(Zhang et al. 2004). This would also cause a poleward shift in Northern Hemisphere
storm tracks. It is additionally suggested that the strength of the Siberian high will
increase in relation to a decrease in cold-season Arctic sea ice extents, along with
decreasing surface temperature near the center of the high (Wu et al. 2011). This could
potentially result from a displacement of cold air from the Arctic Ocean into the Eurasian
continent, with anomalously reduced sea ice extents allowing for a warmer atmosphere

over the Arctic Ocean.

2.5 Changes in Arctic precipitation

Many of the changes to the Arctic system discussed so far will likely influence
precipitation in the Arctic. Warmer temperature, higher moisture, and more cyclones
tracking through the Arctic are all likely to lead to greater precipitation. At seasonal to

annual time scales, the influence of sea ice extent decline on Arctic precipitation has
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received abundant attention from researchers. Most studies have found that precipitation
is increasing in the Arctic in response to climate change and sea ice decline (Deser et al.
2010, Réisanen 2008, Singarayer et al. 2006). It is projected that the entirety of the high-
latitude Arctic will experience increases in precipitation through the 21% century
(Raisanen 2008). Projected increases in mean daily precipitation due to sea ice decline
range from 0.15 mm per day (Singarayer et al. 2006) to 0.4 mm per day (Deser et al.
2010) by the end of the 21% century, averaged over the Arctic. The greatest increases in
precipitation are expected to occur near the sea ice margin (Singarayer et al. 2006), in
spatial alignment with the greatest increases in sensible and latent heat fluxes. Some
uncertainty exists in the magnitude and geographic distribution of the changes in
precipitation, as a large regional variation in precipitation changes is noted in a study of

past precipitation patterns in the Arctic (Hinzman et al. 2005).

It also appears possible that a greater turnover (an acceleration) of the hydrologic
cycle will occur over the Arctic Ocean, as evaporation and precipitation are both
expected to increase with declining sea ice. Changes in the ratio of evaporation to
precipitation can impact freshwater deposits over both oceanic and continental regions,
causing a wide range of impacts including disrupted ocean currents and an alteration of
glacial ice mass balance (Singarayer et al. 2006). The consensus among studies is that
precipitation is increasing in the Arctic due to sea ice decline (Deser et al. 2010, Raisanen
2008, Singarayer et al. 2006). It is less well understood how these increases in
precipitation will occur within individual cyclones in the Arctic, particularly the impact

on snow precipitation within high-latitude cyclones.
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2.6 Changes in Arctic snowfall

Snowfall is dependent on many factors that include; snow water equivalent,
atmospheric column temperature, surface temperature, vertical extent of forcing for
ascent, and wind velocity. A pair of storms that produce equal amounts of liquid water
equivalent have the potential to produce vastly differing snowfall totals, even if all
precipitation falls as snow. It appears that the fraction of precipitation days producing
snowfall in the Arctic is decreasing, most notably during the transition seasons due to a
greater proportion of precipitation events producing rain (Liston and Hiemstra 2011).
Precipitation is increasing in the Arctic (Deser et al. 2010), which increases Arctic
snowfall when the temperature is cold enough for snow (Krasting et al. 2013). These two
factors will likely determine the changes in Arctic snowfall, especially during the autumn

season.

Studies find that changes in Arctic snowfall range from nearly stationary to increasing.
From 1979-2009, it is found that average annual snowfall totals remain nearly unchanged
in the Northern Hemisphere from 55° N to 90° N (Liston and Hiemstra 2011), but with a
decline in the number of days observing snowfall. Other studies indicate an increase in
snowfall occurring during the full cold season (Ré&isédnen 2008) and during autumn
(Schweiger et al. 2008). Almost the entire Northern Hemisphere experiences a decline in
snowfall during the beginning and end of the snow season, with a potential increase in
snowfall occurring during the core of the cold season (Krasting et al. 2013). High-
latitudes have a greater chance at annual snowfall increases as the increases in snowfall
due to greater cold season precipitation totals will likely be larger in magnitude than the

decreases in transition-season snowfall due to warming temperatures (Raisanen 2008).
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Mid-latitude regions are likely to experience a decrease in seasonal snowfall, with the
-20°C November-March average isotherm roughly dividing the regions experiencing

increases from those experiencing decreases in annual snowfall.

The analysis of snow depth across the Arctic is different than the evaluation of
snowfall. Snow depth is dependent on variables including the input of snowfall, and
snow loss due to melting, sublimation, and compaction of existing snow cover (Kapnick
and Delworth 2013). This means that changes in Arctic snowfall climatology may differ
from changes in snow depth climatology. It is forecast that snow depth will increase
across high-latitude continental regions through the end of the 21% century, with average
snow depth increases of 1.5-3 cm liquid equivalent occurring by the start of the spring
melt season in Siberia, and increases of 1-1.5 cm occurring in northern Alaska and
northern Canada by the start of the melt season (Deser et al. 2010). Additionally,
observations from 1988-2012 show that October snow depth across the Eurasian

continent has increased (Cohen et al. 2012).

The decrease in snowfall at the start of the snow season (September) does not look to
be causing a decrease in snow depth, as snow depth is increasing in many regions, likely
due to an increase in mid to late autumn snowfall. The impacts of an increase in high-
latitude snow depth are diverse, and affect both the regional and global climate. Snow is
a poor conductor of heat due to a high air content within a snowpack (Warren et al.
1999). Additionally, the high albedo of snow will absorb less incoming shortwave
radiation in spring. These factors allow a deeper snowpack to promote a cooling of the
Arctic climate relative to the ambient warming. It has even been suggested that the

increases in Siberian snow depth have canceled out the otherwise background warming in
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winter, leading to a near zero change in cold-season temperatures over the period from
1988-2010 (Cohen et al. 2012). Autumnal snowfall variability also has the potential to
force the wintertime phase of the AO, creating impacts to climate at a global scale
(Cohen et al. 2012). In addition to influencing temperature, changes in high-latitude
continental snow depth have the potential to alter the hydrologic cycle by increasing the
turnover of the water cycle, leading to the aforementioned impacts on Arctic freshwater
distribution and glacial ice mass balance (Singarayer et al. 2006). An increase in snow
depth on Arctic sea ice can lead to impacts on the thickness and distribution of sea ice.
The insulating properties of snow cover can slow both the growth of Arctic sea ice

thickness in autumn and the melting of sea ice in spring (Warren et al. 1999).

Prior studies have not focused on the relationship between Arctic sea ice extent and
snowfall at smaller time scales, within individual cyclones, necessitating investigation
into this topic. It is evident that temperature and moisture are increasing in the Arctic
(Simmonds and Screen 2010), partially due to an increasing sensible and latent heat flux
in the region (Deser et al. 2010). Additionally, it appears that cyclone tracks are shifting
poleward (Yin 2005), and increasing in average strength (Simmonds and Keay 2009) in
the Arctic. Finally, precipitation and snowfall are increasing during at least a portion of
the cold season (Réisédnen 2008), with these increases allowing for an increase in high-
latitude continental snow cover (Cohen et al. 2012). This background evidence leads to
the hypothesis for this study: a decrease in autumnal Arctic sea ice extent will lead to

increasing snowfall within high-latitude cyclones.
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CHAPTER 3: METHODOLOGY

3.1 Experiential procedure

Using the WREF, a case study analysis is conducted to observe the impacts of reduced
Aurctic sea ice extent on snowfall totals produced from high-latitude cyclones in autumn.
Each case will consist of two cyclones, one from a year with a below average sea ice
extent, and one from a year with greater sea ice extent relative to the first cyclone.
Cyclones selected for analysis will have tracks that either overlap or come close to
overlapping. In addition to the case studies, monthly total snowfall and snow depth are
analyzed to provide a comparison of the seasonal scale snowfall patterns during October
and November of the studied years. The goal is to isolate sea ice extent as the dominant
forcing for changes in snowfall, where sea ice extent is defined as the region inside the
15% sea ice extent isopleth. The data used for the study are taken from October and

November of the years 1982, 1985, 2007, and 2012.

The year 1982 has an above average autumnal sea ice extent in the Arctic, relative to
the 1981-2010 average, while 1985 has a near average autumnal sea ice extent (National
Snow and Ice Data Center 2017) (Figure 3.1). In both years, most of the Russian and
Alaskan coastlines are ice-covered by the end of October, though differences are found in
the Kara Sea, where only 1982 experiences sea ice coverage in late October. Both years
provide cyclone examples in an environment where ample ice coverage exists along the
Asian and Alaskan coasts. The years 1982 and 1985 will act as the “normal” sea ice
extent years in this study and will be represented by “N” during the case study analysis.

Below average autumnal sea ice extents occur in 2007 and 2012 relative to the 1980-2010
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average, and these years hold the records for the lowest and second lowest, respectively,
minimum sea ice extents on record since 1979 (National Snow and Ice Data Center). A
large region of anomalous open water is found off the Arctic coastline of North America
in late October 2012, while the Chukchi Sea is anomalously devoid of sea ice near the
end of October 2007. This allows for more interaction between the unfrozen ocean and
atmosphere above. The years 2007 and 2012 will act as the “reduced” sea ice extent

years and will be represented by “R” in the case study analysis.

Figure 3.1.

Sea ice coverage and extent (white area) and 1981-2010 median ice edge (pink contour)
for 00 UTC 30 October for the years; (A) 1982, (B) 1985, (C) 2007, and (D) 2012
(National Snow and Ice Data Center 2017).
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3.2 WRF Model setup and run

The WRF version 3.7.1 (Skamarock et al. 2008) is run to simulate the Arctic
atmospheric conditions and snowfall amounts since observations in these regions are not
adequate for the level of detail required for this analysis. The WRF version 3.7.1
possesses a series of updates that make the model appropriate for research within a polar
domain. A fractional sea ice feature was added in WRF version 3.1 onward to allow sea
ice concentration to vary, and the Noah land surface model has been updated to allow for
improved energy transfer between ice-covered surfaces and the Arctic atmosphere. Sea

ice albedo is set to 0.65, with sea ice thickness at 3 m where sea ice is present.

WREF is run utilizing the ERA-Interim reanalysis dataset for large scale forcing (Dee et
al. 2011). The ERA-Interim reanalysis dataset is derived from the European Center for
Medium-Range Weather Forecasts (ECMWF) model. ERA-Interim data extend from
1979 through 2016, and are updated frequently to bring data up to near-present date,
providing gridded data available for WRF input on a 6-hourly basis. The ERA-Interim
reanalysis dataset is chosen for this study as data exist for the high Arctic domain utilized
in this study, and provide adequate temporal resolution for case study analysis. The sea
ice and sea surface temperature data are derived from the ERA-Interim reanalysis dataset
and come from different sources, including the NCEP 2-DVar analysis in 1982 and 1985,
the daily operational NCEP sea ice concentration product in 2007, and the operational sea
surface temperature and sea ice analysis (OSTIA) in 2012 (Dee et al. 2011, Fiorino

2004).
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The WRF model simulations consist of a 12x12 km domain nested within a 36x36 km
domain on a polar projection. The model is run over a 5-month period, beginning at
00 UTC 1 August and ending at 00 UTC 2 January, for each of the years 1982, 1985,
2007, and 2012. Although this study focused on the autumnal months of October and
November, the 5-month run span allows for proper model start up. The physics options
used for the model runs include: RRTM longwave radiation, Goddard shortwave
radiation, Monin-Obukhov (Janjic) surface layer, Noah land surface model, Meller-
Yamada-Janjic planetary boundary layer, Grell-Freitas ensemble cumulus
parameterization, and Goddard microphysics. Fractional sea ice is turned on, allowing
for sea ice concentration to vary in the model. Physics options were chosen following the
reference of Seefeldt et al. (2012), and the model’s namelist.input file is included as an
appendix. Snowfall is calculated by applying a 15 to 1 snowfall ratio to model output
non-convective liquid equivalent snowfall. Keeping the snow ratio constant for all the
cases will allow model output snowfall to be a direct product of snow liquid equivalent

precipitation.

3.3 Case study analysis

Each cyclone from the reduced sea ice extent years is compared with every cyclone
from the normal sea ice extent years, with cyclones identified using the WRF model
driven by Era-Interim reanalysis data. Cyclones are paired if they occur within the same
geographic region within the WRF Domain 2. The date of cyclone occurrence, surface
pressure, sea ice extent, moisture source, and 500 hPa height patterns are then analyzed
for each cyclone to determine which pairs are suitable for further analysis (Table 3.1).

An ideal cyclone pair will: be located over coastal locations where the sea ice extent
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differs between the two dates, possess minimum sea level pressure differences of < 10
hPa during the time of track overlap, draw moisture from the Arctic Ocean (including
Barents, Kara, Norwegian, and/or Greenland Sea), and have a similar 500 hPa height
pattern. Cyclone pairs that fulfill all four of the requirements are selected for further
analysis, and act as the cases used in this study. Three cases are chosen for analysis, and

are highlighted in Table 3.1, with their tracks shown in Figure 3.2

The cyclones are matched on the dates when they are positioned closest to each other
(initial date). The life span of the cyclones vary, so a two-day period is selected from
each cyclone’s life span for analysis to maintain a consistent sample time period for each
cyclone (Figure 3.3 and Table 3.2). The 2-day period is selected starting with the initial
date used the match the cyclones, and then adding the day before or after the initial date
to produce the 2-day sample period. Determining whether a day is added before or after
the initial date is dependent on the stage of the cyclone’s life, with the goal to capture

each cyclone during the strongest stage of its life cycle.
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Figure 3.2.

Cyclone tracks (path of minimum mean sea level pressure) for Case 1: (purple), Case 2
(orange), and Case 3 (blue)

Table 3.1.

Potential cyclone pairs
Reduced sea ice cyclones Normal sea ice cyclones Colors correspond to tracks in Figure 3.2

10/28-11/2 2012
10/28-11/2 2012
10/28-11/2 2012
11/18-11/22 2012
10/24-10/28 2007
10/24-10/28 2007
10/24-10/28 2007
11/8-11/10 2007
11/8-11/10 2007
11/8-11/10 2007
11/8-11/10 2007
10/3-10/7 2007
10/3-10/7 2007
10/24-10/26 2012

10/26-11/2 2007
10/26-11/2 2007
11/1-11/3 2007

11/5-11/7 1985
10/21-10/25 1985
11/8-11/10 1982
11/16-11/18 1985
10/21-10/25 1985
11/5-11/7 1985
10/21-10/25 1982
11/5-11/7 1985
10/21-10/25 1982
10/21-10/25 1985
11/16-11/18 1985
10/8-10/16 1985
10/24-10/28 2007
10/16-10/21 1982

10/16-10/21 1982
11/26-11/30 1982
11/9-11/12 1985

List of paired cyclones considered for study

Selected case studies are highlighted

Case 2

21



Date when cyclones
are geographically
closest to each

Cyclone life span

ather

L,
0z 28 October 2012 -

0z 3 November 2012

0z 1 November 2012

0z 21 October 1982 -
0z 26 October 1982

0z 24 October 1982

Figure 3.3.

—)

Add a day before or after

.
— ( 0z 23 October 1982 -

22

Day Added After Nov 1

0z 1 November 2012 -
0z 3 November 2012

0z 25 October 1982

Day added prior to Oct 24

Method for choosing 2-day cyclone sample periods, using Case 3 as an example

Table 3.2.

Selected cyclone 2-day sample periods

Cyclone pairs for case study
analysis

Cyclone 1R:10/26-11/2 2007

Cyclone 1N:10/19-10/25 1985

Cyclone 2R: 10/3-10/7 2007

Cyclone 2N: 10/8-10/16 1985

Cyclone 3R: 10/28-11/2 2012

Cyclone 3N: 10/21-10/25 1982

Date when cyclone pairs are
geographically nearest each
other (initial date)

1R: 00 UTC 1 November 2007

IN: 00 UTC 21 October 1985

2R: 00 UTC 6 October 2007

2N: 00 UTC 9 October 1985

3R: 00 UTC 1 November 2012

3N: 00 UTC 24 October 1982

2-day sample periods

1R: 00 UTC 31 October 2007-
00 UTC 2 November 2007

IN: 00 UTC 21 October 1985-
00 UTC 23 October 1985

2R: 00 UTC 5 October 2007-
00 UTC 7 October 2007

2N: 00 UTC 9 October 1985-
00 UTC 11 October 1985

3R: 00 UTC 1 November2012-00
UTC 3 November 2012

3N: 00 UTC 23 October 1982-
00 UTC 24 October 1982
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The variables analyzed in the case study analysis include sea level pressure with
surface winds, HYSPLIT parcel 72-hour back-trajectory history, total column
precipitable water, 500 hPa heights, total snowfall over the selected 2-day period, and sea
ice extent. An analysis of 2-day snowfall differences is also produced for each case study
analysis.  This increase in snowfall should occur over or downwind of regions where sea
ice is anomalously low to support the hypothesis, as the snowfall increase would then be

a result of the open waters over the Arctic Ocean to support the hypothesis.
3.4 Parcel back-trajectories

To determine the moisture source for the cyclones in each study case, parcel back-
trajectories are produced using the downloadable version of the HYSPLIT trajectory
model (Stein et al. 2015, Rolph et al. 2017). The HYSPLIT model is used to runa 5 by 5
matrix of back-trajectories, extending back 72 hours from the initialization time. The
sampled parcels are separated at initialization by 2 degrees latitude and; 10 degrees
longitude for cyclones 3N, 2R, and 1N, 5 degrees latitude for cyclones 2N and 3R, and 4
degrees longitude for cyclone 1R. The matrices are centered over the cyclone centers,
with the varied longitudinal separation of parcel initialization points used to account for
the differing latitudes at which the cyclones traverse. The HYSPLIT model is run using
the ERA-Interim reanalysis dataset. Vertical motion occurs in the back-trajectories
utilizing the modeled vertical velocity from the ERA-Interim reanalysis dataset, with the

parcels starting at 10 m above the surface (ground level or terrain height).
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3.5 Monthly snowfall analysis

The analyses of monthly snowfall and snow depth are produced from the examination
of WRF model output. The monthly snowfall analysis investigates the monthly total
snowfall accumulation for October and November of 1982, 1985, 2007, and 2012. Snow

depth is analyzed on 31 October and 30 November of 1982, 1985, 2007, and 2012.

Monthly snowfall and snow depth differences between the years with normal sea ice
extent and reduced sea ice extent are also produced. Average monthly snowfalls are
computed by averaging the monthly snowfall occurring in the normal sea ice extent years
(1982 and 1985), and separately averaging the monthly snowfalls occurring in the
reduced sea ice extent years (2007 and 2012). The average monthly snowfall for the
normal sea ice extent years is subtracted from the average monthly snowfall for the
reduced sea ice extent years to produce a snowfall difference. Snowfall differences are
computed separately for the months of October and November. Average Snow depths
are computed by taking the snow depth average of the normal sea ice extent years and,
separately, the snow depth average of the reduced sea ice extent years. The snow depth
average for the normal sea ice extent years is subtracted from the snow depth average for
the reduced sea ice extent years to produce a snow depth difference. Snow depth

differences are computed for 31 October and 30 November of the four studies years.
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CHAPTER 4: RESULTS

4.1 Monthly snowfall analysis

The examination of October and November monthly total snowfall (Figure 4.1) and
snow depth (Figure 4.2) for 1982, 1985, 2007, and 2012 will primarily focus on snowfall
occurring over the Arctic Ocean and over high-latitude continental regions near the
Arctic coast. Less emphasis will be put on locations southward away from the Arctic
coastline. For this reason, southeastern Siberia and southwestern Alaska will be given
less attention, as most of the snowfall that occurs there is due to storm tracks originating
over the northwestern Pacific Ocean. Monthly snowfall and snow depth data are derived
from WRF simulations forced by the Era-Interim reanalysis dataset. Applying a constant
snow ratio to model output liquid-equivalent snow precipitation means that snowfall
totals will be counted over both land and oceanic regions. Although snow cannot
accumulate over liquid water, snowfall that occurs over open water will be analyzed in
the monthly snowfall analysis, while the snow depth analysis will leave open water
devoid of snow. The model will allow snow depth to exist over patchy sea ice extents,
including regions just outside the 15% sea ice isopleth used to define sea ice extent.

Snow depth will be reported when depth reaches or exceeds 0.1 cm.

October of 1982 and 1985, the normal sea ice extent years, have their greatest monthly
snow totals over continental regions and along the Arctic coast, with monthly snowfall
declining toward the central Arctic Ocean (Figure 4.1). October monthly snowfall along
the Arctic coastline generally exceeds 20 cm, while snowfall over the central Arctic

Ocean totals less than 20 cm. October of 2007 and 2012, the reduced sea ice extent
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years, experience higher monthly snowfall amounts across the Arctic Ocean relative to
the normal sea ice extent years. Snowfall exceeds 20 cm in all locations in the domain,
expect for eastern Siberia in October 2007. Snow amounts surpass 50 cm across western
Siberia and the Kara Sea in October 2007, and over the East Siberian Sea and northern
Alaska in October 2012. Monthly snowfall totals are less in November compared to
October for most studied years, except for 1985, where the central Arctic Ocean is shown
to receive higher snowfall, up to 60 cm, compared to the less than 20 cm that is produced
by the model during the month of October. The decrease in snowfall from October to
November is expected, as less moisture is available with greater sea ice extent and a

lower temperature in the region.

There appears to be a relationship between sea ice extent and snowfall occurring over
the Arctic Ocean in October. The average monthly snowfall in the reduced sea ice extent
years, with more open water, is up to 30 cm greater than the average monthly snowfall
for the normal sea ice extent years over the central Arctic Ocean in October (Figure 4.3).
In November, average monthly snowfall is greater for the normal sea ice extent years
than the reduced sea ice extent years by about 20-30 cm across the central Arctic Ocean,
northward of the East Siberian Sea, while average monthly snowfall is greater in the
reduced sea ice extent years by about 10-20 cm over the region northward of the Kara
Sea (Figure 4.4). Though a relationship looks to exist, a greater sea ice extent will not
always mean lower snowfall over the Arctic Ocean, as moisture transport from lower
latitudes can occur. It is likely the case that a greater chance for above average snowfall
exists in anomalously low sea ice extent environments, while the odds of below average

snowfall increases when the sea ice is close to or above average. It is more difficult to
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discern a relationship between the sea ice extent and snowfall occurring over continental
locations. For the continental regions, the differences in average monthly snowfall

between the reduced and normal sea ice extent years are noisy, especially farther inland.
Further studies may be needed to investigate the relationship between monthly snowfall

and autumnal Arctic sea ice extent.

In both October (Figure 4.5) and November (Figure 4.6), less snow depth is displayed
in the reduced sea ice extent years than the normal sea ice extent years across the
southern Arctic Ocean. This is largely due to the differences in sea ice extent, as autumn
snow depth is zero across the ice-free southern Arctic Ocean in the reduced sea ice extent
years (Figure 3.1), preventing snow from accumulating. Snow depth accumulates up to
20 cm across the regions of sparse sea ice cover across the southern Arctic Ocean in
October 2007 and 2012, though much of this region is free of ice and snow (Figure 4.2).
In the normal sea ice extent years, modeled October snow depth exceeds 10 cm across the
entire Arctic Ocean basin, excluding the Kara Sea in 1985 where snow depth is lower.
October snow depth reaches up to 30-40 cm in some regions of the southern Arctic
Ocean in the normal sea ice extent years. In both October and November, average snow
depth is generally 10-30 cm greater in the normal sea ice extent years than the reduced
sea ice extent years across the southern Arctic Ocean (Figure 4.5 and 4.6), mostly due to
the lack of autumnal sea ice coverage in the reduced sea ice extent years. As is the case
with the monthly snowfall, snow depth over the continental regions is noisy for both
October and November. For both months, average snow depth is approximately 10-20
cm greater in western Siberia for the reduced sea ice extent years than the normal sea ice

extent years (Figure 4.5 and 4.6). Snow depth is 10-20 cm less over the central and
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eastern Siberia coastlines in the reduced sea ice extent years than the normal sea ice
extent years, partially due to a less active storm track across the region in October 2007,

which may or may not be related to the reduced sea ice extent.

It can be inferred from the data that after most of the Arctic Ocean has become iced
over by the end of November, the snow depth on top of the seasonal sea ice in the
reduced sea ice extent years lags the snow depth in the normal sea ice extent years, as
snow is not able to accumulate until there is ice cover. Areas where multi-year ice exists
will accumulate snow through the entire autumn season. When investigating (and
isolating) the impact of sea ice decline on snow depth over the existing ice cover, only
snow depth over multi-year ice can be considered, as this ice cover will accumulate snow
throughout the entire autumn season. Interestingly, the small region of multi-year ice
near the North Pole in the reduced sea ice extent years observe greater snowfall (Figures
4.3 and 4.4) and snow depth (Figures 4.5 and 4.6) than the same region in the normal sea
ice extent years. This may indicate that snow depth increases in the reduced sea ice
extent years over the remaining multi-year ice, which could be a result of increasing

snowfall from a decrease in sea ice extent.
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Figure 4.3.

Difference in monthly total snowfall (cm) between the reduced and normal sea ice extent
years in October (reduced ice years — normal ice years)
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Figure 4.4.

Difference in monthly total snowfall (cm) between the reduced and normal sea ice extent
years in November (reduced ice years — normal ice years)
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Figure 4.5.

Difference in snow depth (cm) between the reduced and normal sea ice years at 00 UTC
31 October (reduced ice years - normal ice years)
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Figure 4.6.

Difference in snow depth (cm) between the reduced and normal sea ice years on 00 UTC
30 November (reduced ice years - normal ice years)
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4.2 Case study analysis

The goal of the case study analysis is to identify increases in snowfall due to a
decrease in sea ice extent between pairs of cyclones with similar characteristics and
paths. These snowfall increases should coincide geographically with decreasing sea ice

extent, where augmented sensible and latent heat fluxes are expected to occur.

4.2.1Case 1l

The low-pressure center for Cyclone 1R is located over the Brooks Range of Alaska,
with the northern portion of the cyclone over an environment with reduced Arctic sea ice
extent (Figure 4.7 A and E). Cyclone 1R has a minimum mean sea level pressure
(MSLP) of approximately 971 hPa. The low-pressure center for Cyclone 1N is located
slightly northward of the Arctic coast of Alaska and occurs over an environment with
normal Arctic sea ice extent relative to Cyclone 1R (Figure 4.7 F and J). Cyclone 1N has
a minimum MSLP of approximately 967 hPa. The HYSPLIT back-trajectory analyses
show that each cyclone draws most of its air from over the Arctic Ocean, with the parcels
in both cyclones remaining in the lower atmosphere below 800 hPa (Figure 4.8 A and B).
Analysis of precipitable water (PW) shows that Cyclone 1R contains more moisture, with
PW exceeding 14 mm on the eastern end of the storm and PW of 6-8 mm on the western
side (Figure 4.7 B). Cyclone 1N has PW of only up to 10 mm on the eastern end of the
cyclone, with PW dropping below 2 mm on the western end of the storm (Figure 4.7 G).
Moisture should be higher when sea ice extent is reduced (Liua et al. 2012), so greater
PW within Cyclone 1R is expected. The 500 hPa heights have some differences between
the two cyclones, with Cyclone 1N possessing a deeper mid-level low than Cyclone 1R.

A closed mid-level low is centered over the Chukchi Sea for Cyclone 1N, with heights
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dropping below 4740 gpm (Figure 4.7 H). A closed low is also associated with Cyclone
1R, centered over Central Alaska, with minimum heights around 4980 gpm (Figure 4.7

Q).

Cyclone 1R produces a uniform swath of snow along and offshore the Arctic coast of
Alaska down to the Bering Strait (Figure 4.7 D). Areas in the Chukchi Sea and western
Alaska Arctic coast display snowfall amounts of 7-15 cm, while the eastern Alaska and
Yukon Arctic coasts have slightly higher snowfall totals of 10-20 cm. Most of the
snowfall in this swath is produced offshore over the Arctic Ocean. Snowfall in Cyclone
1N occurs in two regions (Figure 4.7 1). The first is over the Chukchi Sea, where
snowfall amounts of 10-15 cm are depicted by the model over the open waters, with
amounts peaking over 30 cm along the coastal highlands of Alaska. Snowfall in this
region penetrates inland into northeastern Alaska. A second region has a swath of snow
well off the coast of Alaska and the Yukon Territory, where snowfall amounts of 7-10 cm

are produced.

Case 1 provides support of the hypothesis, as Cyclone 1R generally produces greater
snowfall than Cyclone 1N, even though the surface and mid-level low-pressures are
weaker in Cyclone 1R than in Cyclone 1N. The Alaskan coastline receives up to 15 cm
more snowfall in Cyclone 1R than in Cyclone 1N (Figure 4.9). Though much of these
differences occur offshore, the northernmost region of Alaska, near Barrow, experiences
greater snowfall. The Arctic Ocean is ice-free for several hundred kilometers offshore the
Alaskan coastline in late October 2007 (Figure 4.7 E). This is the region that experiences
greater snowfall in Cyclone 1R (Figure 4.7 D), supporting the hypothesis that more open

water will generate greater snowfall. Sea ice coverage in late October 1985 exists along
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the northern coast of Alaska (Figure 4.7 J), with open water found only from the Chukchi
Sea southward. Snowfall is greater in Cyclone 1N than in Cyclone 1R by up to 15 cm for
a smaller region in the Chukchi Sea and northwestern Alaska (Figure 4.9), where the
waters are free of ice in late October 1985 (Figure 4.7 J). PW (Figures 4.7 B and G)
tends to be higher over the open waters of the Arctic where the greatest snowfall is
occurring in each cyclone. PW reaches 6-8 mm off the coast of Alaska compared to less
than 4 mm outside of the main snow swath in Cyclone 1R (Figure 4.7 B). PW in Cyclone
1N is also greater over the Chukchi Sea, at 2-4 mm compared to less than 2 mm over sea

ice northward of Cyclone 1N (Figure 4.7 G).

The increases in snowfall and precipitable water appear to be occurring locally near
and adjacent to the regions of open water in Case 1. It can be interpreted that reduced sea
ice will enhance snowfall along the Arctic coast, with lesser impacts on snowfall
occurring farther inland. Snowfall that occurs over oceanic regions will not impact snow
depth, which is the case for a portion of the snowfall occurring over the open Arctic
waters. Snowfall increases over land near the Arctic coastline in Case 1, as well as over
ice-covered regions of the Arctic Ocean, likely leading to an increase in snow depth in

these regions.
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Figure 4.9.

Difference in snowfall (cm) occurring between cyclone 1R and cyclone 1N (cyclone 1R —
cyclone 1N)
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4.2.2 Case 2

Case 2 consists of a pair of cyclones off the Arctic coast of Siberia. Cyclone 2R is
centered between the Laptev and Kara Seas, and exists over an environment with reduced
Aurctic sea ice extent (Figure 4.10 A and E). Cyclone 2R has a minimum MSLP of
approximately 975 hPa. Cyclone 2N is centered over the Arctic Ocean, slightly north of
the Laptev Sea, and exists over an environment with greater Arctic sea ice extent relative
to Cyclone 2R (Figure 4.10 F and J). Cyclone 2N has a minimum MSLP of 985 hPa. The
72-hour HYSPLIT back-trajectory analyses show that both cyclones draw in air from the
Arctic Ocean and the Barents/Kara Seas, with modeled parcels tracking through the
lower atmosphere below 850 hPa in both cyclones (Figure 4.11 A and B). PW is similar
in the two cyclones, though Cyclone 2N has slightly higher moisture on the western side
of the storm. PW for Cyclone 2R is around 4-8 mm, with a quasi-uniform distribution of
moisture throughout the system (Figure 4.10 B). Cyclone 2N has most of its moisture
concentrated on the western side of the storm, with 9-14 mm in the region with maximum
PW (Figure 4.10 G). Very low PW of less than 2 mm exists in the eastern side of
Cyclone 2N. The 500 hPa analyses show that the troughs associated with the cyclones
are of similar strength, though the trough over Cyclone 2N is more compact and centered
slightly northward. Minimum 500 hPa heights are 4950 gpm and 4840 gpm for Cyclones
2R and 2N, respectively, and the mid-level low is found nearly stacked on top of the

surface low in both cases (Figure 4.10 C and H).

Snowfall totals differ between the cyclone cases. The snowfall field is spatially more
extensive in Cyclone 2R than in Cyclone 2N, extending far offshore the Siberian

coastline. Over the Arctic Ocean, the highest snowfall totals in Cyclone 2R occur in a
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band on the northern end of the cyclone near the North Pole, where 7-15 cm of snowfall
is shown (Figure 4.10 D). Regions eastward of the surface low over the ocean display
1-7 cm of snow, with locally higher amounts. Over Siberia, the highest snowfall amounts
are directly south of the Kara Sea, where totals of 7-15 cm are produced by the model.
Lesser amounts, 1-5 cm, are produced inland, except for locally higher snow totals that
are found over mountainous regions. The snowfall associated with Cyclone 2N falls in a
more discrete band over the Laptev Sea, southern Kara Sea, and adjacent landmasses
(Figure 4.10 I). Snowfall totals of 7-15 cm are common in this region. A secondary
weaker region of snowfall also occurs over the central Arctic Ocean eastward of the
surface low, where snowfall from 1-10 cm is indicated. The peak snowfall is similar
within the two cyclones, though the snowfall in Cyclone 2R covers a much greater

geographic area than the snowfall in Cyclone 2N.

Case 2 also supports the hypothesis. The sea ice extent in early October 2012 remains
reduced across most of the Eurasian coastline, especially in the region northward of the
Chukchi Sea (Figure 4.10 E). A southerly surface wind flow on the eastern side of the
cyclone allows for a long fetch over the ice-free regions of the Arctic Ocean. The
anomalous deficit of sea ice extent allows for an increase in heat and moisture fluxes,
likely decreasing low-level stability and fostering greater snowfall eastward of Cyclone
2R (Figure 4.10 D). Snowfall is greater by 1-5 cm across the central Arctic Ocean
northward of the East Siberian Sea between Cyclone 2R and 2N (Figure 4.12), with
snowfall increasing by about 5-10 cm closer to the North Pole. The occurrence of
enhanced snowfall up to the North Pole could mean that some of the moisture from the

ice-free regions is advecting over ice-covered regions northward of Cyclone 2R, a
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difference from Case 1, where snowfall enhancement only occurs near the ice-free waters

of the Arctic Ocean.

Cyclone 2R is deeper than Cyclone 2N by about 10 hPa (Figure 4.10 A and F), and
covers a larger geographic area than Cyclone 2N. Snowfall is also greater over the
continental regions of Cyclone 2R compared to Cyclone 2N, even in regions without a
direct fetch from the Ocean (Figure 4.12). These factors may signal that there are
variables other than reduced sea ice extent, such as an increase in forcing for ascent, that
are also contributing to the greater snowfall observed in Cyclones 2R than cyclone 2N.
This is not to say that reduced sea ice extent does not have an impact on the greater
snowfall found in Cyclone 2R, however it may be that a lesser sea ice extent relative to
cyclone 2N is enhancing the snowfall already produced in Cyclone 2R, particularly on

the eastern and northern sides of the cyclone.
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Figure 4.12.

Difference in snowfall (cm) occurring between cyclone 2R and cyclone 2N (cyclone 2R —
cyclone 2N)
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4,2.3 Case 3

Case 3 focuses on a cyclone pair on the western side of the domain, over northern
Eurasia. Cyclone 3R is centered over north-central Siberia, with the northern portion of
the cyclone over an environment with reduced Arctic sea ice extent (Figure 4.13 A and
E). Cyclone 3R has a minimum MSLP of 991 hPa. Cyclone 3N is found along the
coastline of north-central Siberia, though farther northward near the western Laptev Sea
with the northern portion of the cyclone over an environment with normal Arctic sea ice
extent relative to cyclone 3R (Figure 4.13 F and J). Cyclone 3N has a minimum MSLP
of 994 hPa. Both cyclones produce onshore winds on the northwestern side of the storm,
though Cyclone 3N creates offshore winds on the eastern side of the system as opposed
to a weak onshore flow observed on the eastern side of Cyclone 3R. The HYSPLIT
back-trajectory analysis shows that air originating over the Laptev and Kara Seas is
drawn into Cyclone 3N and the far northern end of Cyclone 3R, with parcels remaining
below 800 hPa (Figures 4.14 A and B). Moisture is higher with Cyclone 3R, with PW of
8-12 mm found within the vicinity of the system (Figure 4.13 B). Cyclone 3N has lesser
PW of 4-8 mm within the storm (Figure 4.13 G). The 500 hPa height patterns for both
cyclones are similar, with weak lows existing above each of the cyclones. Cyclone 3R’s
500 hPa low is found nearly stacked on top of the surface low with minimum heights of
around 5100 gpm (Figure 4.13 C), whereas the 500 hPa low associated with Cyclone 3N
is found slightly westward of the surface low, with a height minimum of approximately

5000 gpm (Figure 4.13 H).

Snowfall is higher in Cyclone 3N than in Cyclone 3R. Cyclone 3R develops a region

of snowfall on the northern end of the cyclone, with 7-15 cm of snowfall accumulation in
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the main swath (Figure 4.13 D). Cyclone 3N has a much larger region of snowfall,
extending across the Kara Sea, and southward into central Siberia. Snowfall in this
region is generally from 7-15 cm, with a localized region of greater snowfall eastward of
Proliv Krasnoy Armii where amounts exceed 15 cm (Figure 4.13 1). Overall, Cyclone 3N
has a much larger region with snowfall associated with the system, though the snowfall
amounts within the snowfall band are similar to those experienced in Cyclone 3R (Figure

413D and I).

The results from Case 3 do not support nor deny the hypothesis. Cyclone 3N is shown
to produce greater snowfall across both north-central Siberia and over the Kara Sea than
Cyclone 3R (Figure 4.15), where snowfall is approximately 5-10 cm greater in Cyclone
3N than in Cyclone 3R. Cyclone 3R produces greater snowfall than Cyclone 3N in a
region of north-central Siberia by about 2-10 cm, though the region is smaller than the
area where snowfall is greater from Cyclone 3R than from Cyclone 3N (Figure 4.15).
Both cyclones produce onshore winds on the northwestern side of the cyclone. Cyclone
3R draws air from over a patchy sea ice environment, though much of the air traveling
into cyclone 3R originates over land, while Cyclone 3N draws air from an environment
with full sea ice coverage (Figure 4.13 E and J). The surface lows are of similar
magnitude (Figure 4.13 A and F), and the 500 hPa height pattern shows little difference

between the cases (Figure 4.13 C and H).

There are many factors that were not controlled for in this study that could potentially
lead to Cyclone 3N producing greater snowfall than Cyclone 3R (Figure 4.15). Itis
possible that variables such as temperature or forcing for lift have a stronger impact on

the snowfall in Case 3 than differences in sea ice extent. It is also possible that Cyclone
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3R did not draw enough moisture from the open waters to the north to increase snowfall,

possibly a result of poor case selection as the HYSPLIT analysis shows most of the

modeled parcels originating over land in Cyclone 3R.
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Figure 4.15.

Difference in snowfall (cm) occurring between cyclone 3R and cyclone 3N (cyclone 3R —
cyclone 3N)
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4.3 Discussion

Cases 1 and 2 support the hypothesis, with Cyclones 1R and 2R producing enhanced
snowfall in a reduced Arctic sea ice extent environment, while Cyclones 1N and 2N
produce lesser snowfall in an environment with greater sea ice extent. Case 3 produces
greater snowfall in Cyclone 3N in an environment with greater sea ice extent than

Cyclone 3R, failing to support the hypothesis.

If declining sea ice is causing an increase in snow precipitation across the Arctic, it
should be accompanied by an increase in moisture. Looking at the precipitable water
plots for the cases (Figures 4.7, 4.10, 4.13 B and G), it appears that a slight increase in
moisture occurs between the reduced to normal sea ice extent years within the vicinity of
the cyclones investigated. In Case 1, the moisture increases over the ice-free regions of
the Arctic do not migrate far from the open waters of the Arctic. This leads to more
snowfall occurring over the ocean and along coastal regions of Alaska. In Case 2, the
higher moisture is advected northward over the sea ice and away from the open Arctic
waters. This allows for enhanced snowfall to occur both over the open waters of the
Arctic Ocean and over a large extent of sea ice coverage to the north, where it can
accumulate on the ice. An increase in available moisture does not guarantee an increase
in precipitation within an individual cyclone, as was shown in Case 3; however, if other

factors are favorable, an increase in moisture could lead to greater snowfall.

The results of Cyclone 1R and Cyclone 2R both produce enhanced snowfall under a
reduced sea ice environment, though they create different impacts on regional snow
depth. Some of the snowfall that occurs in Cyclone 1R will not accumulate, as the snow

will fall over open waters. If the snowfall is not accumulating, snow depth increases and
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resulting impacts to the local climate will not occur. Coastal locations in Alaska receive
greater snowfall in Cyclone 1R, and therefore an increase in snow depth. The highest
snowfall in Cyclone 2R extends over the sea ice-covered regions of the high Arctic.
Snowfall in this case will accumulate on top of the sea ice, increasing snow depth, and
leading to an impact on the regional climate. The maximum snowfall in Cyclone 2R
extends much further away from the open waters of the Arctic Ocean than the snowfall in
Cyclone 1R. This leads to a larger geographical coverage of accumulating snowfall in

Cyclone 2R than in Cyclone 1R.

Two possible factors may contribute to the differences in snowfall and moisture
advection between Cyclones 1R and 2R. The first possible factor is that the moisture
advection in Cyclone 2R is occurring on the east side of the cyclone, where the
meridional-component of the wind flow is from the south. The air here is likely warmer,
and can hold more moisture. This is seen when looking at the precipitable water for the
two cases (Figures 4.7, 4.10, 4.13 B and G), where Cyclone 2R possesses greater
moisture over the east and north side of the cyclone, compared to the northwestern region
of the cyclones experiencing snowfall in Cyclone 1R. A second potential factor that
could lead to differing moisture advection between Cyclones 1R and 2R are the forcing
mechanisms causing the snowfall. The maximum snowfall in Cyclone 2R occurs to the
north of the cyclone, near the North Pole. This is the region of the cyclone where a
deformation zone would set up, where forcing occurs due to mid-level warm air
advection. The moisture resulting from a decrease in Arctic sea ice would advect
northward and rise vertically, supporting snowfall to the north. The snowfall in Cyclone

1R looks to occur due to cold air advection over relatively warmer ocean waters,
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generating instability in the lower layers of the atmosphere. When the air moves onto
land, the atmosphere stabilizes, shutting off the snowfall. This could prevent the snowfall

from penetrating very far into the Alaskan mainland.

Case 3 shows that a decrease in sea ice will not always foster greater snowfall within a
cyclone, and serves as a reminder that there are many other factors that impact the
amount of snowfall that occurs within a high-latitude cyclone. Although Case 3 does not
support the hypothesis, it still provides an example of a case that goes against
expectations, and allows for an exploration into the variables that may prevent a decrease
in sea ice decline from leading to greater snowfall. Differing temperature, forcings for
ascent or other variables may prevent Cyclone 3R from producing greater snowfall than
Cyclone 3N in Case 3. It may also be possible that the increases in heat and moisture
fluxes due to a lesser sea ice extent with Cyclone 3R do not have a large impact on

snowfall.
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CHAPTER 5: CONCLUSIONS

This study considers the impact of a reduced autumnal Arctic sea ice extent on
snowfall occurring within high-latitude cyclones, attempting to show that snowfall will
increase with a decrease in sea ice extent. A case study analysis is conducted to
investigate snowfall occurring within cyclones over differing sea ice environments, along
with a monthly snowfall and snow cover analysis to observe how snowfall changes at a
seasonal time scale. A relationship likely exists between declining sea ice and snowfall
produced by high-latitude cyclones. The modeled results from Cases 1 and 2 display an
increase in moisture in regions of ice-free waters within the Arctic Ocean, yielding
greater snowfall in ice-free oceanic regions. The results of these cases suggest that
coastal locations, along with ice-covered regions near the sea ice margin, have the
greatest potential for increased snow depth and an impact on the regional climate. Case 3
demonstrates that a decrease in sea ice will not always lead to an increase in snowfall
within a high-latitude cyclone, as there is a potential for variables such as temperature

and forcing for ascent to have a greater impact on snowfall production than moisture.

The results from the monthly snowfall analysis suggest that monthly snowfall is
greater in the reduced sea ice extent years than the normal sea ice extent years over the
Arctic Ocean in October. The snow depth analysis reveals that by the end of November,
snow depth is greater in the reduced sea ice extent years than the normal sea ice extent
years over multi-year sea ice near the North Pole, while snow depth is less across the rest
of the Arctic Ocean in the reduced sea ice extent years. Continental regions have noisy

results for the monthly snowfall and snow depth analysis, though the case study analyses
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suggest that there is a potential for snowfall to increase along coastal regions due to sea

ice decline.

The regions prone to increasing snowfall may experience a variety of impacts.
Coastal locations in Siberia and Alaska that observe greater snow depth could see
decreasing temperature (Krasting et al. 2013), increasing ice mass over glaciated terrain
(Singarayer et al. 2006), and increasing freshwater runoff (Bengtsson et al. 2011) during
the melt season. Increases in snow depth that occur over sea ice could lead to a decrease
in ice thickness during the cold season, as well as increased ice thickness and coverage
during the spring and summer melt season (Hezel et al. 2012). These impacts are

relative to the ambient warming occurring with global climate change.

The utilization of a model in this study leaves some room for error in the projected
snowfall in the cyclone cases. Additionally, some of the moisture increases in the ice-
free regions of the Arctic may be a result of temperature increases and the Clausius-
Clapeyron relationship. These factors, along with a limited sample size of three cases,
demand that caution be taken in making conclusions. Though this study does not
conclusively demonstrate that decreasing sea ice extent will increase snowfall within
high-latitude cyclones, it provides enough evidence for a relationship between sea ice
extent and snowfall to warrant further research. The testing of additional cases may be
necessary to further increase confidence in the results. The year 2016 had the lowest sea
ice extent on record in late October and November. This period also saw anomalously
high snowfall across much of the Siberia, and may be a good period to draw an additional
case. This study can also be conducted with a prescribed sea ice environment,

investigating the results of a cyclone within an environment with zero sea ice (as will
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likely happen in the future). Additionally, this study could be conducted utilizing data
from surface observations if an Arctic surface observational dataset with greater coverage

becomes available in the future.

This study pioneers a sector of climate research that has lacked attention. Itis
important for climatologists to get a better knowledge of the smaller scale feedbacks to
climate change, many of which are poorly understood. These feedbacks may hold the
key to understanding the changes that will occur in the future Arctic climate system. As
atmospheric greenhouse gas concentrations continue to rise, the Earth is going to
continue warming, and greater changes are going to occur within the Arctic climate.
Warm-season Arctic sea ice will continue to decline in the future, making it important to

gain a better understanding of feedbacks occurring due to Arctic sea ice decline.
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Appendix: WRF namelist file

&time_control

run_days = 0,

run_hours = 0,

run_minutes 9,

run_seconds = 0,

start_year = 1982, 1982, 1982,
start_month = 10, 10, 10,
start_day = 30, 30, 30,
start_hour = 00, 00, 00,
start_minute = 00, 00, 00,
start_second = 00, 00, 00,
end_year = 1983, 1983, 1983,
end_month =01, 01, 01,
end_day = 02, 02, 02,
end_hour = 00, 00, 00,
end_minute = 00, 00, 00,
end_second = 00, 00, 00,
interval_seconds = 21600

input_from_file =
.true., .true., .true., .true., .true., .true., .true.,

fine_input_stream =2,2,2,2,2,2,2,
history_interval = 180, 180, 180, 180,180,180,180,
frames_per_outfile =8, 8, 8 8, 8, 8,8,
restart = .true.,
restart_interval = 14400

io_form_history =2

io_form_restart 2

io_form_input 2

io_form_boundary =2

debug_level =0

auxinput4_inname = "wrflowinp_d<domain>"
auxinput4 _interval = 360, 360,360,360,360,360,360,
io_form_auxinput4 = 2

io_form_auxinput2 =2

write hist _at Oh_rst = .true.
adjust_output_times = .true.

override restart_timers = .true.

/

&domains

time_step = 180,
time_step_fract_num = 0,

time_step fract_den =1,

max_dom = 2,

e_sn = 133,352,

e_we = 183,502,

e _vert = 30, 30, 30,



num_metgrid_levels

num_metgrid_soil levels

dx

dy

grid_id

parent_id
i_parent_start
j_parent_start
parent_grid_ratio

parent_time_step_ratio

feedback
smooth_option

use_adaptive_time_step

step_to_output_tim
target_cfl

e

max_step _increase pct

starting_time_step

max_time_step

min_time_step

adaptation_domain

target_hcfl
0.84,0.84,

/

&physics

surface_input_source

sst_update
usemonalb
rdmaxalb
mp_physics
ra_lw_physics
ra_sw_physics
radt

sf_sfclay physics
sf_surface_physics
bl pbl physics
bldt

cu_physics
fractional_seaice
seaice_threshold
cudt

isfflx

ifsnow

icloud

num_soil layers
st _urban_physics
maxiens

maxens

maxens?2

[
-

= .true.
= .true.

[

-

- - . . - [T
-

-

L " " T Pl S )

WWRPROPRARPRPROFRPRUUOR WOMNNNDNNEREN
-

-

12000, 4000,

12000,4000,

2, 3,

1, 2,

3, 3, 3, 3,3,

3, 3, 3, 3,3,
1.0, 1.9,
75, 75,
90, 60,
-1, -1,

-1, 20,

0.84, 0.84,0.84, 0.84,

NN RPN
Qv - o
-

-

- -

w o NDNNDN
-

-

-
-
-
-
-

-

N RN
N o
-

-
WO NNNMNONEREN
- -
N RPN
-

-
. N~

WO NNMNDNONEREN
-

-

-
-

[ RS

. .
WO NNDN-
. .

-
-
[P

WO NNNNDNDEREJ
. - -
. .
. .
WO NDNN
. .
-

-
-

5,5,5,5,5,

0,0,0,0,0,

,20,20,
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maxens3
ensdim

/
izetlnd

&fdda
/

&dynamics
w_damping
diff_opt

km_opt
diff_6th_opt
diff_6th_factor

0.12,0.12,0.12,0.12,0.12,

base_temp
damp_opt
zdamp

5000.,5000.,5000.,5000.,5000.,

dampcoef
0.2,0.2,0.2,0.2,0.2,

khdif

kvdif

non_hydrostatic

.true., .true.,true., .true., .true.,

moist_adv_opt
scalar_adv_opt
use_baseparam_fr_nml

/

&bdy control
spec_bdy width
spec_zone
relax_zone
specified

.false., .false.,.false.,.false.,.false.

nested
.true.,.true.,.true.,

/

&grib2
/

&namelist quilt

nio_tasks_per_group = 0,

nio _groups = 1,

= 16,

144,

5,

=1,

4,
.true.,

,false.,
.false.,

.true., .true.,.true.
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