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Abstract

The Arctic (the region poleward of 65°N) is experiencing an outsized warming relative to the rest of globe, accompanied
by sharp reductions in sea ice extent. Has this been attended by changes in extreme weather events? In this study, the
spatial characteristics and recent trends of extreme daily precipitation events across the Arctic are examined using
station records from the National Climatic Data Center, The Norwegian Meteorological Institute and other national
sources. The focus is on the period 1979-2014. Extreme events for each of the 145 stations selected for analysis, based
on record length and data quality, are defined as those within the top 1% of each station’s statistical distribution. The
spatial distribution of the size of the 1% event broadly follows the spatial pattern of annual precipitation. For stations in
Iceland, Svalbard and coastal Norway, which are influenced by Atlantic moisture sources, the 1% event size ranges from
14 to 25 mm. This contrasts sharply with polar desert sites in the Canadian Arctic Archipelago and many locations along
the Siberian coast that have values from only 3-10 mm. Case studies demonstrate coherent relationships between
extremes and the influence of both synoptic-scale and local uplift mechanisms, and the availability of water vapor.
When the Arctic region is assessed as a whole, the frequency of extreme events shows a slight positive trend. However,
regional analysis reveals areas of both positive and negative trends, with the sign of trends dependent on region, season
and month.
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1.0 Introduction

Extreme precipitation events can have a significant impact on human societies. The cost of human life and damage
to infrastructure can be devastating and impose a great economic burden on affected communities. Studying potential
increases in extreme precipitation events as a result of increasing global temperatures will help prepare communities to
mitigate the potentially calamitous effects of such change. There is strong evidence for increases in precipitation
extremes across the contiguous United States and other parts of the world. Recently, significant attention has been
given to changes in extratropical cyclone frequency and associated precipitation in response to a warming climate.

The International Panel for Climate Change’s (IPCC) 2013 report, Climate Change 2013: The Physical Science Basis,
indicates that statistically significant increases in cyclone frequency have been observed mainly in North America.
Changes in the frequency of extratropical cyclones are of particular import to the Arctic as cyclones are the main avenue
by which sensible heat and moisture are transported into the region. Glisan and Gutowski (2014) found that areas of the
Arctic associated with low level convergence of moisture tend to be areas prone to extreme precipitation events.
Increased occurrence of cyclonic activity may add to the moisture content of the atmospheric column and may lead to
stronger extremes as extreme precipitation scales to total column moisture content (IPCC, 2013). Additional moisture in
the atmospheric column may also lead to an increase in latent heat release during a precipitation event causing
conditional atmospheric instability that encourages storm growth (Saha et al. 2006). Ulbrich et al. (2013) conducted a
study that compares the output of the most widely used coupled global climate models and found generally high
agreement regarding the latitudinal bands over which cyclone frequency will change. There are strong regional
variations in observed trends with notable increases over parts of Asia, the Bering Sea, and the eastern North Atlantic
(Ulbrich et al. 2013).

Environmental and climatic changes over the past century have altered the stability of the Arctic region. The Arctic is
warming at a much faster pace than lower latitudes, a phenomenon known as Arctic Amplification (AA) (Francis and
Vavrus, 2012; Serreze and Barry 2014; Overland et al. 2015). The observed changes in the Arctic’s climatic patterns,
linked to AA, may offer some insight as to how climate regimes in other parts of the globe may respond in the future.
The Arctic is linked to the global climate system through broad-scale atmospheric patterns, which are influenced
through a series of complex feedback mechanisms. An energy deficit exists in the polar regions due to the uneven
heating of the Earth’s surface; this deficit is a key driver of global circulation and plays a major role in energy and
moisture transport into and out of the Arctic (McGuire et al. 2006). Increasing horizontal heat and moisture fluxes into
the Arctic have been attended by changes in sea level pressure (SLP), sea ice cover, precipitation patterns, hydrology and
ocean currents, and lengthening of the melt season (Macdonald et al. 2005). Changes in sea-ice extent are of particular
importance to the Arctic system as sea ice variability strongly impacts ocean/atmosphere turbulent fluxes and may also
affect atmospheric circulation patterns, such as the North Atlantic Oscillation and Arctic Oscillation (Alexander et al.
2004; Porter et al. 2012; Serreze and Barry 2014). Furthermore, enhanced melt, resulting from the ice-albedo feedback,
increases freshwater input into the Arctic Ocean, which has the potential to influence North Atlantic Deep Water
(NADW) production and alter global ocean currents (Serreze and Barry 2014). AA has contributed to substantial changes
in the region’s climate system, however, the complex land-ocean-atmosphere interactions and the high spatial
variability within the region make it difficult to quantify these changes.

The Arctic region, defined here as northward of 65°N, is characterized by a highly dynamic climate system that may
affect global weather patterns, particularly in the mid-latitudes. Some of the current research investigating the effects of
the Arctic on mid-latitude weather shows a strong association between sea ice loss and anomalously cold Asian winters
(Hori et al. 2011; Mori et al. 2014). Other studies suggest that AA has diminished the temperature gradient between
polar and mid-latitude air masses, in turn reducing the strength of the polar jet stream, which effectively slows the
eastward progression of upper-level waves and creates persistent mid-latitude circulation patterns (Francis and Vavrus,
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2012; Cvijanovic, et al. 2015; Overland et al. 2015). However, there remains some ambiguity about whether the
magnitude of AA has reached upper- level circulation, which is necessary if changes in the jet stream were to occur.

To provide a comprehensive picture of the spatial characteristics of extreme precipitation within the Arctic it is
useful to first review the Arctic climate system. The following sections will address (1) the spatial variability in water
vapor and precipitation patterns across the various climate regimes within the Arctic, the origins and drivers of these
patterns, and their effect on the Arctic’s energy balance, (2) the large-scale circulation patterns that dominate the Arctic,
especially the AO and NAO, and their effect on precipitation patterns and ice-extent, and (3) the implications of a
shrinking sea ice cover in relation to the energy budget and precipitable water, the importance of sea-ice extent, and
how declining sea-ice affects atmospheric circulation. Following this background, data sources and methodology are
detailed, several case studies are outlined, and main results are discussed.

1.1 Water Vapor

The Arctic is home to several climate regimes, ranging from maritime to polar desert, which are characterized by
spatial heterogeneity in orography and proximity to large water bodies (Serreze and Barry 2014). The large spatial
variability in the Arctic’s physical geography is a driving mechanism of regional precipitation patterns and determines
regional variations in precipitation seasonality. While myriad precipitation-generating mechanisms exist, the Arctic,
except for its wettest areas, in particular, the southeast coast of Greenland, is a relatively dry, water- limited
environment due to the low water holding capacity of the atmosphere (Serreze and Barry 2014). The Clausius-Clapeyron
equation defines the (positive) exponential relationship between water vapor saturation and temperature. Recently
temperatures have been increasing on a global scale, but particularly north of the Arctic Circle. Increasing the water
vapor content of the overlying atmosphere may change the spatial characteristics of regional precipitation patterns
within the Arctic.

Atmospheric transport of water vapor into the Arctic is a crucial part of the Arctic’s energy budget. The horizontal
vapor flux convergence brings in a significant amount of energy via the North Atlantic storm track, acting to reduce the
large temperature gradient between the equatorial regions and the poles (Serreze and Barry 2014). As surface air
temperature (SAT) increases at lower and middle latitudes, atmospheric heat advection increases, bringing substantial
latent and sensible heat energy into the Arctic (McGuire et al. 2006). Langen and Alexeev (2004) estimate that nearly
half of the observed warming in the Arctic can be attributed to the increased heat flux from lower latitudes. Therefore,
the atmospheric eddies that move poleward have greater water vapor concentration and heat content (McGuire et al.
2006; Serreze and Barry 2014), which ultimately adds to the amount of moisture in the Arctic’s atmospheric column.
Indeed, various studies have found that despite significant heterogeneity through time and space, there are positive
trends in water vapor for all seasons in the Arctic (Uppala et al. 2005; Francis and Hunter 2007; Rinke et al. 2009; Screen
and Simmonds 2010; Dee et al. 2011; Serreze et al. 2012). Because large amounts of energy (2.25 MJ gt at 0°C) are
required to change water from a liquid to a gas and this energy must be conserved, an equal amount of energy is
released upon condensation. Due to the conservation of energy and that water vapor is a greenhouse gas, water vapor
can dramatically affect the energy budget of a climate system and has the potential to increase event intensity.

Water vapor is the most abundant greenhouse gas that maintains the earth’s natural greenhouse effect (Held and
Soden 2000; Gusakova and Karlin 2014; Serreze and Barry 2014) and a series of positive feedbacks are associated with
increasing the concentration of water vapor in the atmospheric column. Water vapor amplifies the effects of other
greenhouse gases that have longer residence times and increases climate sensitivity (Held and Soden 2000). As
discussed previously, rises in SAT further increase the water holding capacity of the atmosphere, and thus, the water
vapor-SAT cycle is perpetuated (Held and Soden 2000; McGuire et al. 2006; Serreze and Barry 2014). Increased SAT has a
large impact on sea ice melt which triggers the ice-albedo feedback and ultimately increases the amount of absorbed
solar radiation at the surface, in turn increasing evapotranspiration (ET) and convective type air movement (Held and
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Soden 2000; McGuire et al. 2006; Serreze and Barry 2014). Changes in such important climate parameters may alter the
local climate’s annual precipitation patterns.

1.2 Spatial Variability of Precipitation

The Arctic can generally be classified into two distinct regions in terms of the spatial distribution of precipitation:
areas that are strongly influenced by storm tracks and areas that fall outside of major storm track influence. Temporal
patterns of precipitation within these regions are driven by the availability of water vapor, which varies from summer to
winter. Such variability in precipitable water determines the season in which a given region will experience its
precipitation maximum.

1.2.1 Storm Tracks

The Arctic climate system is affected by two primary storm tracks: The North Atlantic storm track and the East Asian
storm track. The region influenced by the North Atlantic storm track, in particular, the southeast coast of Greenland,
sees the highest precipitation totals in the Arctic locally upwards of 2000 mm annually. This area lies along the polar jet
stream that marks the boundary between polar and sub-tropical air masses resulting in a zone of enhanced baroclinicity
and a semi-permanent center of action called the Icelandic Low (Serreze et al. 1997). At its maximum elevation the ice
sheet is 3,000 meters above sea level (Schuenemann et al. 2009). The presence of the ice sheet not only forces
orographic uplift of poleward moving air parcels (accounting for the high totals along the southeast coast of Greenland),
but the cold air over the ice sheet further enhances the baroclinicity of the region (Serreze and Barry 2014). Warm air
masses moving toward the pole originate over waters with much higher sea surface temperature (SST) and have higher
precipitable water content than air masses that originate from the north. The transfer of atmospheric energy is
proportional to the size of the temperature gradient between the equatorial regions and the poles. Thus, the North
Atlantic storm track is most active during the winter months. The general circulation strengthens as a result of the
enhanced baroclinicity, which increases cyclone frequency and the poleward transfer of heat and moisture into the
region (Schuenemann et al. 2009). As summer approaches and the basic horizontal temperature gradient weakens, the
Icelandic low weakens, cyclone frequency decreases overall and the horizontal vapor flux convergence into the Arctic is
reduced.

The driving mechanisms of the East Asian storm in the Pacific track are similar in nature to those in the North
Atlantic storm track; both tracks show areas of maximum cyclone activity manifested as semi-permanent low pressure
centers (the Icelandic and Aleutian Lows), which are located down stream of major mid-tropospheric stationary troughs
(Serreze and Barry 2014). The areas characterized by the East Asian storm track also experience winter precipitation
maxima as the Aleutian Low strengthens and advects warm, moist air from lower Pacific latitudes (Gong and Ho 2002;
Nakamura et al. 2002; Serreze and Barry 2014). Additionally, the cold Siberian High exerts a significant influence on the
hydrologic cycle (Gong and Ho 2002). Positive pressure anomalies associated with the Siberian High result in
anomalously low air temperatures over Eurasia and suppression of the hydrologic cycle in the Siberian region (Gong and
Ho 2002; Nakamura et al. 2002; Serreze and Barry 2014). Very low SATs over the Eurasian continent during the winter,
resulting from a strengthened Siberian High, help to enhance baroclinicity between the comparatively warm waters of
the North Pacific and cold land surface. Storms that originate along the coast of Japan and Siberia travel poleward and
feed into the Aleutian Low, which peaks in strength during the winter (Ludlum 1998). Winter storms generated in the
Pacific rarely migrate into the central Arctic as cyclones are frequently blocked by the Beaufort High, which reaches its
highest pressure during this time (Gong and Ho 2002; Nakamura et al. 2002). Thus, the East Asian storm track exerts the
most influence on the Pacific side of the Arctic.

Page | 6



Characteristics of Extreme Precipitation Over the Arctic Region

1.2.2 Central Arctic Ocean and Continents

In the Central Arctic Ocean (CAO) and land areas that are generally removed from the influence of winter cyclones,
winters are dry. Winter precipitation totals over large tracts of eastern Eurasia, northern Alaska, northern Canada, and
the CAO average between 10-20mm. While the Atlantic and Pacific sectors generally have the highest precipitation
totals for the summer months, precipitation is at its annual maximum for the CAO and most land areas (Serreze and
Barry 2014). Summer precipitation maxima in these areas are driven by several processes including convection (over
land only), increased cyclone activity, and the summer Arctic Frontal Zone.

During the summer, solar radiation absorbed at the surface increases significantly over land areas promoting snow
melt, ET, and increased SATs. Higher rates of ET over land areas and strong surface heating increase the occurrence of
convective type precipitation (Serreze and Barry 2014). Gong and Ho (2002) showed that there is remarkable surface
warming associated with a weakened Siberian High. Over Eurasia, the Siberian High weakens considerably as snow cover
declines, which in turn decreases the stability of the lower troposphere and encourages greater precipitation (Gong and
Ho 2002; Serreze and Barry 2014). Receding snow cover and reductions in sea ice cover from summer melt cause strong
differential heating between the CAO and snow-free land causing an eastward shift in the Urals Trough (Serreze and
Barry 2014). These heating contrasts enhance coastal baroclinicity, which is further sharpened by local orography (i.e.,
the Urals mountain range) and increases frontal frequencies over Alaska and Eurasia. Similarly, increased frontal
frequencies along the Canadian coast are also observed in summer due to the differential heating between the CAO and
snow-free land (Serreze and Barry 2014). The contribution of this Arctic Frontal Zone to annual precipitation over coastal
land areas is significant. Serreze and Barry (2014) found that at 140° E (Eurasian frontal zone) more than 60% of annual
precipitation falls in the summer and where the Alaskan summer frontal zone is prominent more than 50% of annual
precipitation falls in the summer.

The summer maximum in precipitation over the CAO largely reflects an increased frequency of cyclone activity. This
is due both to cyclones that penetrate into the region generated along the North Atlantic storm track and those
originating in Eurasia, including where the Arctic frontal zone is best expressed (Serreze and Barry 2014). Precipitation
totals over the CAO peak in September and can reach 30 mm.

1.3 Atmospheric Variability in the Arctic

Several modes of atmospheric variability affect the Arctic. These teleconnections operate on time scales ranging
from weeks to months to years, and each exerts some influence on local and regional climates. The Pacific sector is
dominated by the Pacific Decadal Oscillation (PDO) which is defined as the leading component of SST variability in the
North Pacific (Mantua et al. 1997; Serreze and Barry 2014). The positive (negative) PDO is characterized by anomalously
high (low) SST between the North Pacific coast and low (high) SST in the interior North Pacific, and has been linked to
variability in sea level pressure (SLP) manifested in the strength of the Aleutian Low (Serreze and Barry 2014). The phase
of the PDO has a significant impact on SAT anomalies over Alaska and local precipitation patterns (Serreze and Barry
2014).

The North Atlantic is dominated by the North Atlantic Oscillation (NAO). The NAOQ is characterized by the covariance
between the strength of the Icelandic Low and the Azores high (Serreze and Barry 2014), manifested as a seesaw pattern
in precipitation and temperature between Greenland and Northern Europe (Cohen and Barlow 2005). In its positive
phase the Icelandic Low and Azores high are relatively strong. Conversely, when these centers of action are weak, the
NAO is said to be in its negative phase (Serreze and Barry 2014). During the NAO positive phase, strong westerlies are
observed over the North Atlantic extending into Europe, and during the negative phase of the NAO these westerlies are
significantly reduced (Wanner et al. 2001). Associated with each phase of the NAO are varying spatial-temporal patterns
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in precipitation, SAT, moisture transport, cyclone activity, SST, and ocean heat transport (Wanner et al. 2001; Serreze
and Barry 2014).

The NAO is a primary source of seasonal and decadal variability in Northern Hemisphere circulation (Wanner et al.
2001) and it is a significant contributor to the variance in SLP (Serreze and Barry 2014). In the NAQ’s positive phase,
there is increased cyclone activity along the North Atlantic sector (Serreze and Barry 2014). Cyclones that penetrate
deeper into the Arctic region generate greater amounts of precipitation in the area through frontal uplift (McGuire et al.
2006; Serreze and Barry 2014). The NAO has shown a weak response to changes in the sea ice margin. Francis et al.
(2009) find that summers with reduced sea ice extent are followed by autumn and winters where the NAO was neutral
or negative, suggesting an impact on precipitation as summer sea ice extent recedes.

The Arctic Oscillation (AO) is characterized by SLP variability over the Icelandic Low and weaker centers of action
over the North Atlantic and North Pacific (Zhao et al. 2010; Serreze and Barry 2014). The AO encompasses the two
centers of action which define the NAO in addition to a third center of action in the North Pacific (Zhao et al. 2010). The
covariance in SLP between the Icelandic Low and Azores high extends to the North Pacific; when SLP is low over the
Arctic, SLP is high in the North Atlantic and North Pacific (Serreze and Barry 2014). Spatial patterns in associated weather
anomalies are similar to those associated with the NAO, however, there are two primary differences between the AO
and NAO. There is a stronger correlation (positive) between SAT and the AO over Northern Eurasia and a stronger
(negative) correlation between SAT and the AO over southern Alaska (Serreze and Barry 2014). While there are several
other important teleconnections that contribute to the Arctic’s climate system, the NAO, AO, and PDO exert a heavy
influence on local precipitation and are therefore the primary teleconnections discussed in this paper.

1.4 Sea Ice Cover

Changes in Arctic sea ice cover have been shown to impact climates as far away as the tropics (Semmler et al. 2012).
A primary function of sea ice cover in the Arctic is to regulate energy exchanges between the ocean and atmosphere
(Francis et al. 2009). Arctic sea ice extent also exerts a strong influence on surface wind, and the stratification of the
upper ocean (Bhatt et al. 2008). Sea ice extent exhibits similar variability to that of the NAO/AO on decadal and longer
timescales, however, there is also variability on seasonal timescales driven by changes in the local climate (Bhatt et al.
2008). Using a general circulation model, Magnusdottir et al. (2004) found that changes in sea ice extent had a
significant impact on the location of the North Atlantic Storm Track and large scale circulation suggesting a subsequent
impact on Arctic precipitation.

Various studies have examined ice extent and the effect it has on large scale teleconnections and precipitation
patterns. Generally, low sea ice extent is associated with positive SAT anomalies that are most pronounced between
December and March (Murray and Simmonds 1995; Honda et al. 1996; Parkinson et al. 1999; Alexander et al. 2004). As
sea ice extent declines, the ocean-to-atmosphere turbulent heat flux increases (Porter et al. 2012; Serreze and Barry
2014). Additionally, increasing surface melt and open water further the response of the albedo-temperature feedback
resulting in higher observed SAT (McGuire et al. 2006). Enhanced ocean to atmosphere heat fluxes and rising SAT,
resulting from declining sea ice extent, increase the water vapor content of the atmospheric column and potentially
influence large scale atmospheric circulation patterns (Alexander et al. 2004; Serreze and Francis 2006; Francis et al.
2009; Porter et al. 2012). Using the Community Climate Model, Alexander et al. [2004] found a strong correlation
between reduced (enhanced) precipitation and evaporation over areas with more (less) sea ice. Sea ice variability has
been linked to variability in precipitation throughout the Arctic and may force changes in atmospheric teleconnections,
including negative responses in the Atlantic sector (less sea ice means a weaker NAO) and positive responses in the
Pacific sector (less sea ice means the PDO index is more positive) (Alexander et al. 2004; Deser et al. 2007; Bhatt et al.
2008; Francis et al. 2009).
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2.0 Data and its Preparation

Use was made of daily Arctic precipitation records from several sources. There are significant hurdles to overcome
when using Arctic station data, such as measurement bias and incomplete records. While no correction algorithms were
used to mitigate error, strict quality control was employed to screen out spurious data. To provide insight into the
atmospheric patterns associated with precipitation extremes in three case studies, use was made of atmospheric
circulation and precipitation fields from two atmospheric reanalyses: 1) the National Centers for Environmental
Prediction Climate Forecast System Reanalysis (NCEP/CFSR) (Saha et al. 2010) and 2) the National Center for
Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) (Kalnay et al. 1996).

2.1 Station Precipitation Data

Daily precipitation records were gathered from 145
gauging stations distributed across Arctic land areas and
islands from multiple sources. Figure 1 shows the spatial
distribution of the selected stations. The majority of the
records used in this study were obtained from the Global
Historic Climate Network (GHCN) database maintained by
the National Oceanic and Atmospheric Administration
(NOAA). Data from several other sources, such as the
Norwegian Meteorological Institute (NMI), National Snow
and Ice Data Center (NSIDC), and National Resources
Conservation Service (NRCS), provided roughly half of the
data records combined. The GHCN database supplied
records from 78 stations covering Canada, Greenland,
Iceland, Norway, Russia, Svalbard and Alaska. The NSIDC
supplied records from 58 gauging stations covering areas of Svalbard and Russia. Similarly, NMI supplied records from 10
gauging stations covering areas of Svalbard and Northern Norway. The NRCS supplied records from eight stations
covering Northern Alaska. Note that there is no systematic precipitation monitoring program over the central Arctic
Ocean.

Figure 1: Map of the spatial distribution of the gauging
stations used for study

To be included, station records must span at
least 20 years over the period 1979-2015 with a
reasonable distribution of valid data across the
+ D =failed to duplicate check + 0 =failed dimatological cutlier check study time period. Corrections for gauge
-G = failed gap check - R=failed lag range check undercatch were not accounted for in this study
due to the difficulties in obtaining the
atmospheric and surface conditions at the time of

GHCN Quality Flags

« | = failed internal consistancy check +$ =failed spatial consistancy check

« T = failed temporal consistency check

+ K = failed strea/frequent value check measurement. Data was selected based on three
-W:temperature too warm for snow H H HA H ili H
L= faee] check o length oFmaltiday primary criteria: availability, quality, and length of
+ X = fziled bounds check the station records. After data for a gauging
« M = failed istancy check . : - . .
Sl sl A 7 fadgedis aresiliaranmaa ezl station was obtained, additional considerations

« N = failed night chack I were made during the data cleaning process.
Table 1 lists the various quality flags that were

found within the data. All observations that had

an associated quality flag were eliminated and

Table 1: Table of the data quality flags used by the GHCN database
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replaced with a missing value. The only quality flag for which the observation was not eliminated was the ‘climatological
outlier flag’. Removing these observations would have reduced the incidence of potentially valid extreme precipitation
events from the data records, as this quality flag marked that the measurement had some probability of being
erroneous because it was simply an exceptionally high value. Extreme precipitation events are low probability events by
nature and removing these data values may have ultimately introduced greater bias into the analysis.

There are many issues surrounding the collection of precipitation data and these are particularly pronounced in the
harsh Arctic environment. The primary issues include gauge undercatch, inadequate network density, and incomplete
data records (Serreze and Barry 2014). Furthermore, data records may be difficult to obtain due to the lack of
international cooperation and a centralized location to house compiled records.

Gauge undercatch is one of the largest sources of error. Undercatch refers to the inability of gauging stations to
collect ‘true’ precipitation values due to these severe environmental conditions in the Arctic. Persistent winds cause
drifting snow and create serious biases in gauge measurements (Serreze and Barry 2014). Yang et al. (2001) note that
wind speed is the most important variable that influences gauge catch efficiency, and it is estimated that error can reach
50-100% in environments such as the Arctic (Serreze and Barry 2014). As with most elements in the Arctic, wind speed
displays high spatial variability, the averages range from 4 m s* over the central Arctic Ocean to 12 m s in areas such as
the Barents Sea, Bering Sea, and southeastern Greenland. However, gales are common and can last for several days
bringing wind speeds up to 45 m s in some areas. Attempts to correct for these biases are imperfect and require
information on the type of gauge being used, wind velocities, and the conditions of the site at the time of measurement
(Serreze and Barry 2014). This type of information was largely unavailable for the gauging stations used in this study and
no corrections were attempted.

The limited number of gauging stations in the Arctic results in poor spatial sampling of precipitation. Installation and
maintenance of gauging stations is expensive due to the harsh climate. Budget cuts have forced the closure of many
gauging stations across the region, limiting data that extends significantly into the 21 century. While daily records exist
for numerous gauging stations, the continuity of an individual station’s record may be patchy. Some stations have
missing values that extend from days to years at a time, making it difficult to study local trends in extreme precipitation.
Another difficulty is that data are scattered between archives. Oftentimes there is significant overlap between
databases, and station records may be duplicated under different station identification tags. Time stamps, indicating the
date and time that a measurement is taken, differ from country to country, which can affect the day a precipitation
event appears to have happened. For example, the time stamp used by the Norwegian Meteorological Institute begins
and ends at 1800 on each day, potentially moving a precipitation event a day forward.

2.2 Atmospheric Reanalysis Products

The starting year, 1979, marks the advent of the modern satellite record which is when the two atmospheric
reanalysis start providing coverage. CFSR and NCEP/CFSR reanalyses are numerical weather prediction (NWP) models
used for short to medium range weather forecasting (Serreze and Barry 2014). NWP accuracy is heavily dependent on
the correct representation of initial atmospheric conditions, and for this reason there is an ongoing process to ‘reset’
these models to true conditions via data assimilation techniques (Serreze and Barry 2014). Satellite observations
represent key sources of the necessary data (primarily information on tropospheric temperature and humidity). While it
is tempting to accept the output of such models as ‘truth’ there are definitive biases produced by these reanalyses
resulting from both deficiencies in model physics and difficulties of setting accurate initial atmospheric conditions. As
mentioned, use is made of the reanalysis data (circulation fields and precipitation) in case studies.
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Figure 3: Map depicting the location of the stations used

for case study analysis. Kelly station-upper left corner in
red; Nunavut station middle in green; Baffin Island
station lower left in yellow

Figure 1: Map depicting individual station threshold values and
regions used for analysis

3. Spatial Pattern of Extremes

This study’s aim is to use daily precipitation records to examine extreme precipitation events in the Arctic since 1979
and assess whether there have been changes in the frequency and intensity of extreme events since that time. To
examine extreme precipitation events, it is necessary to first formally define such events. The nature of extremes implies
a significant deviation from the sample mean, therefore, only events in the 99" percentile (top 1%) were considered
extreme events. This will henceforth be termed the threshold value. The frequency and intensity of extreme events
were considered on several time scales: annual, seasonal, and monthly.

To help set the stage for the analysis of case studies and trends patterns, Figure 2 provides a graduated symbol map
depicting individual station threshold values. The map highlights the variation in precipitation around the Arctic. In dry
areas, far from ocean moisture sources, an extreme event may be no larger than 2 mm. As expected, the largest
threshold values are found in the Atlantic region influenced by the North Atlantic cyclone track where water vapor is
more abundant and where precipitation-generating mechanisms are strong. Based on regional similarities between

threshold values, the Arctic was partitioned into four regions (also shown in Figure 2) to facilitate a more localized
analysis.

4.0 Case Study Analysis Results

Before continuing, it is useful to examine a few case studies. This section investigates the largest extreme
precipitation events recorded at three different stations in different part of the North American Arctic. NCEP/NCAR and
CFSR atmospheric reanalyses were used to assess atmospheric conditions and large-scale precipitation patterns at the
time of each event. Figure 3 displays the geographic location of the stations that were investigated.
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4.1 Robertson Lake NU, Canada

CFSR | Precipitation Friday, November 11, 2005 CFSR | Wind Speed at 250 millibar Friday, November 11, 2005
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Figure 4: Precipitation fields from NCEP/CFSR for the Nunavut ‘ ‘ )
station in central northern Canada darkened contour lines depict Figure 5: Winds speeds at the 250mb height on November 11,
SLp 2005

Robertson Lake station is located within the Keewatin district of southwestern Nunavut territory, Canada. The local
climate is strongly continental and is subject to large variations in temperature compared to more marine climates. The
region can in turn be categorized into two distinct sub-regions: (1) the Canadian Shield, which includes the mainland and
the islands surrounding Hudson Bay, and (2) the Canadian Arctic Archipelago in the north. The Canadian Shield is
characterized by hundreds of lakes carved out during the last glacial cycle and a relatively flat topography with an
average relief of 30 meters (http://www.britannica.com/place/Nunavut). The Nunavut territory is classified as a dry
High-Arctic ecoclimate where the annual precipitation ranges from 100-200 mm (Devlin and Finkelstein, 2011). Over the
past decade significant changes in extreme precipitation and wind patterns have taken place across the Nunavut
territory with multiple record breaking events since 2005 (Hanesiak et al. 2010). The event under investigation at this
site started on November 11, 2005 and generated approximately 35 mm of precipitation in a 24-hour timespan, which is
in the 99.9™ percentile of the station’s record. From fields generated by NCEP/NCAR and NCEP/CFSR reanalysis, it
appears that this event was driven by a cyclone that originated over the North Pacific. Considering the atmospheric
conditions in the days leading up to November 11, 2005 contributes to an understanding of this extreme precipitation
event.

On November 9, 2005 a large cyclone made landfall off the western coast of North America at the Canadian-US
border, advecting large amounts of warm, moist air, resulting in high precipitation over the Cascade and Rocky
Mountain ranges. On the 10" of November a low pressure system developed in the lee of the northern Rockies and
reached its peak strength on the 11" over Robertson Lake station. Figure 4 shows the daily precipitation field from
NCEP/CFSR for November 11, 2005. It depicts precipitation over the areas in the form of snow. Figure 5 shows the
mean field of wind speed at the 250 mb height (jet stream level) from NCEP/CFSR on November 11, 2005. Baroclinic
waves migrate from the Pacific coast inland and by the 11t a trough is located over north western Canada. The region
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ahead of a trough is the preferred area for cyclogenesis to occur
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(Serreze and Barry 2014); this corresponds to the location of the

low pressure system that drove the extreme event on this day.

Strong upper-level divergent winds supported surface level

N convergence and uplift, which is corroborated by the mean

omega field at the 500 hPa level (the approximate level of no-

divergence where vertical motion is maximized) generated by

NCEP/NCAR in Figure 6. Note that upward vertical motion means

negative omega. In the vicinity of the gauging station there is

strong upward motion of the atmospheric column. As air is

-nis  displaced upward, surrounding air converges into the region,
causing low surface pressure and cyclone deepening. This is

-rzs  consistent with the SLP field shown in figure 4, which depicts a

low pressure system situated within the area of vertical motion.

S00mb 0m=gu1(lerql/ls}Dgcmposiic Mean Temperature data from the GHCN database indicates that
NCEP/NCAR Reanalysis the average annual temperature for this region is approximately -
10 °C, and for the month of November, average temperatures

Figure 6: Omega at 500hPa as generated by NCEP/CFSR for the

event on 11/11/05 hover around -19 °C. On the day of this extreme event, the
average temperature was approximately -4 °C with a maximum of
-2 °C. Pointing to strong warm advection, these temperatures fall
in the 99" percentile of daily mean temperature values for the length of the station record. Figure 8 shows the field
from NCEP/CFSR of temperature anomalies during the extreme precipitation event. Relatively high SATs over central
North America penetrate deep into Arctic latitudes extending over the vast majority of Northern Canada; the region of
exceptionally high SAT corresponds to the location of the gauging station that recorded the event. Turbulent mixing
caused by the cyclone may have increased SATs in the region as lower latitude air was advected poleward for several

days prior. Areas with negative temperature anomalies are observed
poleward of the Canadian mainland including the region of the
Canadian Arctic Archipelago. Hence a large temperature gradient
existed between the Canadian mainland and the Arctic Ocean,
including the islands of the Archipelago, which may have contributed
to cyclone deepening. High SATs would have increased the water
holding capacity of the overlying atmosphere and, by reducing static
stability, also contributed to vertical uplift through condensation and
latent heat release. The low pressure system, upward motion, and
high SATs ostensibly suggest sufficient conditions to cause an extreme
precipitation event, however, this area is dominated by a continental
climate and requires a moisture source to generate the large (for this
area) amount of precipitation observed on this day. The field of
precipitable water at the time of the event is depicted in Figure 9. As
previously stated, the Arctic climate is relatively arid due to the low air
temperatures that dominate the region, limiting the water holding
capacity of the atmosphere. Serreze et al. (2012) assessed
tropospheric water vapor content using radiosondes and atmospheric
reanalysis. They report that the tropospheric water vapor content over
the Canadian Arctic Archipelago averages approximately 2.5 mm or

CFSR | Te

5
Temperature Anomaly (*F/°C) CESR 1979-2000 Baseline

Waorld Morthern Hemispherns Arctic
& 060 20 + 0.96 °C + 1.26 °C

Tropics Southem Hemisphere Antaretic

+ 0.28 °C +0.23 °C + 1,05 °C
Figure 8: Mean temperature anomaly field for the event on
November 11, 2005 generated by NCEP/CFSR
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CFSR | Precipitable Water Friday, November 11, 2005

less during the winter months (Serreze et al. 2012). The available
ClimateReanalyzer. B .
Clmate Change st | nvrsiyof Maine S 2 water content of the atmospheric column over northern North
| America, corresponding with the temperature anomaly field, at the
time of the event is approximately 8 mm. The high water vapor
content is consistent with the increase in SAT and horizontal vapor
flux convergence from the Pacific.

In summary, the formation of an extratropical cyclone on the leeside
of the Rocky Mountains and anomalously high SAT over northern
North America appear to have driven this extreme event through
convergence and frontal uplift. Sharp temperature gradients
between the Arctic Ocean and Canadian mainland may have
contributed to cyclone deepening over the region. Enhanced mixing
may have driven high SAT and increased the water holding capacity
of the overlying atmosphere, which supplied the necessary water
vapor to generate an extreme precipitation event.

0 T T 4.2 Qikigtarjuaq A, Canada

Precipitable Water (kg/m?)
Figure 9: Mean fields of water vapor content from Canadian gauging station Qikigtarjuaqg A is on the southeastern coast
NCEP/CFSR of Baffin Island, located on the western side of the Greenland Ice

sheet in the Canadian Arctic Archipelago. Baffin Island stretches
across three Arctic Zones, and its landscape is largely dominated by permafrost in all but the southernmost regions
(Miller et al. 2005). The entire island sits above treeline and the terrain is predominately mountainous (Fargey et al.
2014). Baffin Island displays some spatial variability regarding annual precipitation and mean temperatures. Annual
precipitation averages between 200 and 300 mm over the majority
of the island and local winter maxima on the coasts average 500-600 ”5';':;:;::;2: i r ““'"-"4' =
mm. Mean annual temperatures across the island range from -5°C in Clmste Change st ety of ane E
the south to -15°C in the north (Miller et al. 2005). Qikigtarjuaq A is
situated between the Hall and Meta Incongnita Peninsulas on the
southern portion of the island. The selected extreme precipitation
event occurred on September 4, 2008 and totaled 50 mm, which
falls into the 99.9' percentile of the station’s record. While many
precipitation events in the area of Baffin Island are influenced by the
Greenland Ice Sheet, the extreme event on this day appears to have
been driven by synoptic scale wave patterns, local orography, and
anomalous SST. In the days leading up to the extreme event on
September 4, 2008 a western trough eastern ridge wave pattern
dominated North America. The westerly migration of the mid
tropospheric wave placed the diverging arm of the trough in the
vicinity of Baffin Island by the fourth of September. Figure 10 shows
the mean wind speed at the 250 mb height from the NCEP/CFSR
reanalysis. As noted earlier, the area ahead of a trough favors

) ) 0 20 40 60 80 100
surface level convergence and upper-level divergence and thus is a Wind Speed at 250 millibar (m/s)
preferred area for cyclogenesis (Serreze and Barry 2014). A cold Figure 10: Wind speed at the 250mb height on September 4,
front is advancing from the northwest and is forcing the warm mid- 2008 generated from the NCEP/CFSR effort

latitude air upwards. This is consistent with the precipitation field
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Figure 11: Precipitation field from NCEP/CFSR for
September 4, 2008
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generated by NCEP/CFSR (Figure 11). A precipitating low pressure
system is present in the area that corresponds with the region ahead
of the trough. While this cyclone played a significant role in this
extreme event, several other factors likely contributed to the
observed precipitation extreme.

Sea surface temperatures, in the days prior to and including the
extreme event, were anomalously high in Hudson Bay and in the
waters of the Davis Strait. Figure 12 shows the mean SST anomaly
from NCEP/CFSR for September 4, 2008. Temperature anomalies of
up to 2°C are observed in Hudson Bay, Hudson Strait, and the Davis
Strait. High SSTs help to increase ET, which in turn increases the water
vapor content of the overlying atmosphere. As the cyclone
approached Baffin Island, it advected warm southerly air into the
region likely allowing more of the water vapor that was evaporated
from the sea surface to be stored in the atmosphere. Figure 13 shows
the mean precipitable water field from NCEP/CFSR. The atmospheric
water content of the overlying column has above average precipitable
water resulting from the advection of warm southerly air and, likely,
the high SSTs in the area. Serreze et al. (2012) document statistically
significant positive trends in water vapor for this region. According to

that study, the atmospheric column just south of Baffin Island is gaining approximately 0.75-1mm of water vapor per
decade. These numbers may seem trivial until put in the context of an atmospheric column that typically holds less than
8 mm of water during the autumn (Serreze et al. 2012).

CFSR | 85T Anomaly

ClimateReanalyzer.or
Chimate Change inssihate | Univenity of Mare B8
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Thursduy, September 4, 2003

CFSR | Precipitable Water Thursday, September 4, 2008
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Climate Change Institute | University of Maine
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Figure 12: SST anomalies on the day of the event from
NCEP/NCAR
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Figure 13: precipitable water on September 4, 2008 as
generated from NCEP/CFSR
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Uplift of an air mass is required to generate precipitation, and
during this event two sources of uplift were likely in play; the
advancing cold front and local orography. The Hall Peninsula is
home to the Grinnel Ice Cap, which reaches its peak elevation of
1,200m above sea level (Andrews et al. 2002). The mountainous
landscape rises abruptly from the surrounding waters causing
rapid cooling of air parcels as they lift from the sea surface.

5 Strong vertical uplift generates surface convergence and low SLP
which are conducive to heavy precipitation. Figures 14 shows the

_— mean 500 hPa omega fields from NCEP/NCAR SLP can be seen in
Figure 11. Strong vertical uplift in the area of the Hall and Meta

-0z Incognita Peninsulas is observed. As a parcel is forced upwards,
air converges at the surface, consistent with the low pressure

-3 system in the area seen in Figure 11.

5(imb Omega [Fa/s] Compasite Mean
08 /04 /06

In summary, the region of the Canadian Arctic Archipelago
that contains Baffin Island is limited in precipitation primarily as
a result of low air temperatures, however, anomalously high SST
and SAT were present which significantly increased the water
vapor content of the overlying atmosphere and supplied the
conditions necessary to generate an extreme precipitation event. Glisan and Gutowski (2014) documented the
significant contribution of orography to the enhancement of extreme precipitation in eastern Canada. They found that
extreme events in Canada east tend to occur in areas with high topographic features, particularly in areas where low
level moisture flux converged from adjacent ocean bodies (Glisan and Gutowski 2014). The tendency for extremes to
occur over mountainous areas suggests a significant orographic contribution to extreme precipitation in this region.

MCEP/MCAR Reandalysis

Figure 14: result of NCEP/NCAR reanalysis for composite
anomalies of vertical uplift

4.3 Kelly Station, Alaska

CFSV2 | Precipitation Saturday, July 23, 2011

Kelly station is located in Alaska above the Seward Peninsula. The ;‘.mfli?i?gtii?iifu'ﬁi;m;w s
station is close to the northeastern Alaskan coast and the general ;
climate surrounding the gauging station is classified as maritime polar
although mean winter temperatures are much lower than other
maritime polar climates due to the presence of sea ice (Serreze and
Barry 2014). The region is dominated by marshy inlets and annual
precipitation averages less than 250mm (Wendler et al. 2010). Over the
past several decades the Arctic has been exhibiting profound climatic
changes with some of the most pronounced temperature changes
occurring in Northern Alaska (Shulski and Wendler 2007). On July 23,
2011 the gauging station measured 34 mm of precipitation in a 24-hour
period. This event lies in the 99.9'" percentile of the station’s record.
For many land areas in the Arctic, precipitation is at a maximum in the
summer, when convective storms become fairly common (Serreze and
Barry 2014). Regionally, the Arctic frontal zone [Serreze et al., 2001]
contributes to summer precipitation maxima. Areas where the Arctic Rain Wined
frontal zone is most prevalent, such as Alaska, Eurasia, and western , | reapion _

Figure 15: Mean precipitation and SLP fields generated by
Canada, are also preferred areas for cyclone deepening (Crawford and NCEP/CFSR
Serreze, in revision). In some areas, up to 60% of annual precipitation

Page | 16


http://pubs.usgs.gov/pp/p1386j/baffinisland/baffin-lores.pdf

Characteristics of Extreme Precipitation Over the Arctic Region

]

ClimateReanalyzer.
Climate Change Institute | University of Maine

CFSV2 1 Temperature Anomaly Saturduay, July 23, 2011 CFSV2 1 SST Anomaly Saturday. July 23, 2011

: 5
ClimateReanalyzer. : e
Chmate Charsge nstitute | Univers ity of Maine . = “Z:':"
. G .
PR T

20 15 10 5 [ 5 10 15 0 e 3 2 =3 o 1 2 3 4
Temperature Anomaly (°F/°C) CESR 19792000 Baseline Temperature Anomaly (“F/°C) CFSR 1979-2000 Bascline
e g i g
) - ; . E al Pacifi Southern Hemisph North Pacifi
111—:"|Ir’1|&t + u_il)z ¢ : _*rl_.w “© q“j“g_’&:} ' S“‘ - E jl*r; 3?‘“;', - jra-ma“cém
Figure 16: SAT anomaly fields from NCEP/NCAR Figure 17: SST anomaly fields NCEP/NCAR

falls during summer, and the summer frontal zone appears to be a strong contributor. In Alaska, typically 50% of annual
precipitation falls in summer (Lynch et al. 2001; Serreze and Barry 2014). In addition to the influence of the Arctic
frontal zone, the climate regime of the northwestern coast is influenced by the Aleutian low, proximity to the Chukchi
Sea, strong winds, orography, and temperature, all of which contributed to the extreme event under investigation.

The mean SLP and mean precipitation on the day of the extreme event are shown in Figure 15. Note the deep low
west of Alaska, which is located downstream of a mid-tropospheric trough where upper-level divergence creates
favorable conditions for cyclone development (Serreze and Barry 2014). The position of the low favored the advection of

moist air into the vicinity of Kelly Station. On July 23, 2011 a large
temperature gradient existed between land and ocean. Figure 16
shows the SAT anomaly field and Figure 17 shows the SST anomaly
field at the time of the event. A slightly negative temperature anomaly
can be observed over the Chukchi Sea while a positive anomaly is
observed over Alaska. As previously discussed, sharp temperature
gradients, provided that they extend through a sufficiently deep layer
of the atmosphere, favor cyclone deepening. Inflow of cold sea air over
the heated land surface would have also intensified uplift during the
event (Matveeva et al. 2015) as would local orography. Glisan and
Gutowski (2014) found that strong vertical motion combined with low
level moisture flux convergence were common factors in extreme
events analyzed over the region. The precipitation fields for this event
strongly coincide with the temperature anomaly and wind fields.

Figure 18 depicts the wind velocities observed on the day of the
extreme event. The wind pattern suggests that that as air approached
the coast line, local orography forced the air mass upward as the
topographic relief increased towards the tail end of the Brooks Range.

CFSV2 1 Wind Speed at 10 meters
=g
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Figure 18: Wind speed at 10 meters as depicted by
NCEP/CFSR for July 23, 2011
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According to historical records from Weather Underground (2011), the dew point on July 23, 2011 was 55°F which is
very high for the area. High dew points are conducive to precipitation and the lifted air parcel would not have had to
cool much before condensation occurs. In summary, the combination of a mid-tropospheric trough, differential heating,
strong winds, orography, and the advection of moisture towards the land surface created favorable conditions for
precipitation at Kelly Station.

5.0 Trends Analysis Results

Seasonal

Monthly

Increasing Spring

Increase: March, April,

Seasonal

Monthly

Increase Spring

Increase: March, April,

August

3 i Increase Decrease: Winter, Summer, | May, June, October
Circumpolar No Changes Decreasing Summer May, October Circumpolar o L Y, .
Decrease: July, August a ecrease August
Region 1 No Changes Increasipg Winter Increasir.wg November Region 1 Increase Increase: All Seasons Increase: All Months
Decreasing Summer | Decreasing August
Region 2 No Changes No Changes No Changes Region 2 No Changes No Changes No Changes
| et Decrease: December, Increase: Jan, Feb,
Region 3 No Changes ncreasing spring January, February, Region 3 Decrease Decrease: All Seasons | March, July, Aug, Sept,
Decreasing Winter GG, Oct, Nov,Dec
g
Decrease: December,
e { o Decrease: January, July,
Region 4 No Changes No Changes January, February, Region 4 Decrease Decrease: All Seasons L=

August, December

Table 2: Table summarizing the results of frequency analysis on
circumpolar and regional zones on various timescales

Table 2: Table summarizing the results of intensity analysis on
circumpolar and regional zones on various time scales

For a given month, the number of times an individual station recorded an event that was greater than or equal to its
threshold value was summed and recorded in a frequency table. Similarly, the millimeter value of all extreme events was
summed into a single intensity value for that month and station. Using the frequency and intensity table, data could be
subset based on time and location. However, there was a large bias in the number of precipitation reports between the
years of 1990 and 2000. This decade had approximately three times as many valid (non-missing) reports as other
decades and not all stations were actively recording in all months. The imbalance required that the frequency and
intensity table be normalized to the number of active stations recording for a given time period. Using time as the
independent variable and frequency (intensity) as the dependent variable, non-parametric correlation tests were
conducted on annual, seasonal, and monthly timescales for the Arctic as a whole, and then for each of the four regions.

The aggregated results of analyses are included in Table 2. Frequency and intensity trends show a large degree of
spatial and temporal variability. On large spatial scales (i.e., the entire Arctic) the frequency of extreme precipitation
events shows no changes on annual time scales. However, statistically significant changes are observed on seasonal and
monthly timescales. On a seasonal timescale, the frequency of extreme precipitation events appears to be increasing
during the spring and decreasing during the summer months. Similarly, intensity appears to be increasing both on an
annual timescale and seasonal/monthly timescales, however, the intensity trends for the Arctic as a whole are largely

driven by an anomalous spike in the Region 1 precipitation from 2004-2006.

On smaller spatial scales, variability in the frequency and intensity of extreme precipitation is greater. Region 1,
which includes Canada, the Canadian Arctic Archipelago, and Alaska, also shows no change in extreme precipitation on
annual timescales. However, on seasonal and monthly timescales both positive and negative trends are present. The

Page | 18




Characteristics of Extreme Precipitation Over the Arctic Region

Region One Winter Trends Region Three Spring Trends
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Figure 19: Region One’s trend in extreme precipitation for the Figure 21: Increasing frequency of extreme precipitation events
winter months based on a normalized frequency observed for Region Three based on a normalized frequency
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Figure 22: Observed decreases in the frequency of extreme
precipitation events for Region Three based off of a normalized
frequency

Figure 20: Decreasing frequency of extreme precipitation for
Region One during the summer, based on normalized frequency

frequency of extreme events seems to be increasing in the winter, specifically in November. Conversely, negative trends
appear in the summer, specifically during August. Figures 19 and 20 outline the results of the correlation test for this
region, and highlight the dramatic increase in precipitation between the years 2004 and 2006 (Figure 20). The intensity
of extreme precipitation events in Region 1 appear to be increasing in all seasons and months, however, it is likely that
the aforementioned years have a significant impact on these results. Possible reasons for this spike in precipitation will
be addressed shortly.

Region 2, which contains the area influenced by the North Atlantic storm track, shows no significant changes on any
timescale. By contrast, Region 3, which encompasses northwest Siberia, shows significant trends on seasonal
timescales, including an increasing frequency of extreme precipitation in the spring (Figure 21) and decreasing frequency
in the winter (Figure 22), and trends in intensity are negative on all timescales. Region 4 displays a decreasing frequency
of extreme events on monthly timescales, largely centered on the winter months, however, the intensity of extreme
events appears to be decreasing across all timescales.
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ECMWF ERA-Interim DIF 2004-2006 ECMWF ERA-Interim DJF 2005
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Figure 23: Wind speed at the 250 hPa height for the winter of generated by NCEP/CFSR

2004-2006 generated by NCEP/CFSR
6.0 Discussion

The results presented above are broadly consistent with those from other recent research, which has shown large
spatiotemporal variability in hydrologic changes taking place within the Arctic. Unsurprisingly, the most pronounced
changes observed from this study are taking place in Region 1 - the area encompassing the Canadian Arctic Archipelago,
Canadian mainland territory, and Alaska.

Correlation tests for Region 1 reveal that extreme precipitation events, for the region as a whole, are increasing
during the winter months and decreasing during the summer months. Spatial variability in topography and the
distribution of water sources within the region require that data be subset to determine where within Region 1 these
changes are occurring. Stations were grouped into three neighborhoods 1) the Canadian Arctic Archipelago 2) central
Canada and 3) Alaska. Station records within these neighborhoods were then analyzed to determine which local
neighborhood(s) were driving the observed changes in the region.

The analysis reveals that centrally located stations within Region 1 are generally not experiencing significant trends
in any season, which suggests that the winter increase in extreme precipitation, for the region as a whole, is being driven
by the coastal stations in the CAA and Alaska. This is consistent with research focused on trends in water vapor content;
the CAA and Alaska are areas associated with significant positive increases in water vapor, whereas central Canada has
experienced smaller increases. Figure 20 highlights the spike in extreme precipitation frequency during winter. Further
inspection of the data reveal that both the Alaskan and CAA stations saw a number of extreme events in these years,
associated with positive SAT anomalies and low sea ice extent, however, the anomalous spike in winter extreme
precipitation between 2004-2006 is primarily reflected in the CAA station records. The winter spike may be associated
with declining sea ice, increased energy content, and sudden stratospheric warming events.
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Simmonds and Keay (2009) suggest that the observed decline in sea ice extent increases the available energy for
cyclonic systems, which would manifest itself as enhanced development of preexisting cyclones. Sharp reductions in sea
ice extent during the summer months directly influence circulation patterns in late autumn and winter. Heat energy that
is gained by the ocean during the summer is released during the autumn and can have significant impact on
tropospheric temperatures (Overland and Wang, 2010) and atmospheric stability. The year 2005 (the peak in winter
extreme precipitation frequency for Region 1) marked the beginning of steep reductions in sea ice extent, particularly in
the areas of the Barents/Kara Seas and Baffin Bay (Simmonds and Keay 2009; Park et al. 2015) which may have
influenced the trends, or lack thereof, observed in Regions 1 and 2. Simmonds and Keay (2009) found a statistically
significant correlation between low sea ice extent and stronger/larger cyclones. They also note that September synoptic
activity has also been variable; even minor changes in synoptic activity may lead to enhanced horizontal sensible heat
and moisture transport into the Arctic, leading to anomalous SATs and a greater potential for greater cyclone deepening,
which is consistent with the results of this study. While Simmonds and Keay (2009) found no evidence of increasing
cyclone activity, they did find increases in cyclone deepening over the Canadian Arctic potentially due to enhanced
energy availability in the region.

Winter circulation in the Arctic is characterized by an asymmetrical winter vortex with large troughs over eastern
North America and western Asia and ridges over western North America, eastern Atlantic and central Asia (Serreze and
Barry, 2014). Winds at the jet stream level (250 hPa) during the winters of 2004-2006 from NCEP/CFSR (Figure 23)
deviate somewhat from the general circulation pattern described previously. Figure 24 shows composite winter
circulation at the 250 hPa for just 2005 from NCEP/CFSR. Both figures show changes in the winter vortex and in the
placement of the eastern North American trough compared to climatology. The diverging arm of the eastern North
American trough corresponds to the general location of the North Atlantic storm track, which typically runs east of the
Greenland Ice sheet. Figures 24 and 25 show a westward shift in the eastern North American trough where the diverging
arm is intersected by the Greenland Ice sheet (Figure 24) or completely shifted to the western side of the ice sheet
(Figure 25). Enhanced penetration of southerly air into the Arctic may have shifted the placement of the eastern North
American trough and increased the rate of upper- level divergence and surface level convergence, which would have
created favorable conditions for cyclone formation and precipitation. The circulation during the winter of 2005 (the peak
of the anomalous spike) shows a pronounced trough over the CAA, which would have favored cyclone formation in this
area. Local orography may have contributed to the occurrence of extreme events via the rapid uplift of air as it
converged into an area experiencing prolonged SAT anomalies and increased water vapor content. There is little
indication that these events signal the involvement of the AO as the index during this time period was generally
negative.

Sudden stratospheric warming may have also contributed to the 2004-2006 extreme precipitation spike. Peters et al.
(2010) investigated the sudden stratospheric warming event that split the polar vortex in the winter of 2003 and found
that the following winters (2004-2005) experienced ozone depletion of 116 +- 10 Dobson Units and was accompanied by
very cold lower stratospheric air temperatures and enhanced westerly zonal wind speeds. Positive mean zonal
tropospheric winds allow for the vertical propagation of waves into the stratosphere, which may have enhanced upper-
level divergence during this time period. Ozone depletion beginning in 2002 may have also inhibited planetary waves
propagating towards the polar vortex which may have decreased variations in wave activity in the troposphere
prolonging the lifetime of the eastern North American trough seen in Figure 24 (Peters et al. 2010).

While summer extreme precipitation event for Region 1 as a whole appear to be decreasing, on the Pacific side of
Region 1, Alaskan stations not only exhibit increases in the frequency of winter extreme precipitation, but also show
increases in the frequency of summer extreme precipitation which is broadly consistent with current research (McCabe
et al. 2001; Zhang et al. 2004; Serreze and Barrett 2008). Positive trends in water vapor have been found over Alaska for
both winter and summer. Winter increases in the Pacific sector may be attributed to anomalous spikes in SAT over land
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areas in combination with increased water vapor content. Summer increases over Alaska may be associated with
increasing frontal frequencies resulting from enhanced surface heating and decreasing mean SLP over the CAO, which
may strengthen the 500 hPa polar vortex and increase mass transfers from lower latitudes into the Arctic (Serreze and
Barrett. 2008). Serreze et al. (2012) found that significant positive water vapor anomalies in this area during the summer
were closely co-located with negative sea ice anomalies which were also in the area.

The lack of significant trends in Region 2 is perhaps surprising as this region has been linked to some of the most
dramatic increases in water vapor content over the past several decades (Serreze et al. 2012) and is quite sensitive to
reduced sea ice extent and SST variability. The lack of significant results may be attributed to uncertainty within the data
record, limited station record availability for the region, or perhaps a poleward shift in the location of the North Atlantic
storm track. The IPCC AR5 suggest that a poleward shift since the 1970's is likely, however, there remains significant
debate on this topic and a shift has yet to be convincingly demonstrated.

Region 3, which encompasses northwest Siberia, has experienced negative trends in the frequency of extreme
precipitation during the winter months and positive trends in the spring. This is consistent with recent research (Serreze
and Barrett 2008). McCabe et al. (2001) found that the largest seasonal decreases in SLP over the CAO are associated
with the seasons experiencing the most warming; winter and spring. The Siberian high dominates Eurasia during the
winter season and a poleward shift in the location of the attendant ridge could contribute to the decrease in extreme
precipitation. A strong Siberian high is associated with very low air temperatures, which decreases the water holding
capacity of the atmosphere, as such decreased water vapor content has also been observed in the region (Serreze et al.
2012). Similarly, the transition to spring decreases the strength of the Siberian High as the center of the 500hPa polar
vortex migrates over the CAO (Serreze and Barrett 2008). Increased warming in the shoulder seasons and reductions in
sea ice extent may result in the Urals trough migrating eastward earlier in the year (i.e the spring) which is associated
with the enhancement of the Arctic Frontal Zone and increased precipitation. Region 4 displays similar trends in winter
extreme precipitation as Region 3 and is largely dominated by the same atmospheric circulation patterns.

7.0 Conclusion

Spatiotemporal patterns of extreme precipitation in the Arctic have varied over the past several decades. These
variations display significant spatial and temporal heterogeneity with some areas of the Arctic seeing an increasing
frequency of extreme precipitation and others have negative trends. Increasing frequency of extreme events appears to
be driven by anomalously high air and sea surface temperatures and increases in atmospheric water vapor content. This
study suggests that the observed changes in extreme events within Regions 3 and 4 are not strongly related to
atmospheric variability whereas in Region 1 atmospheric variability seems to play a significant role.

This study serves to shed some light on a largely under-researched area of the Arctic climate system and is by no
means conclusive. Data biases and uncertainty likely affect the results of this study and need to be further addressed.
This study was unable to investigate changes in extreme precipitation frequency over the Arctic Ocean as there is no
monitoring program in this critical area. Further, investigation into precipitation phase during these events would also
be beneficial as rain on snow events can have pronounced environmental impacts.
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