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Abstract

Extreme daily precipitation events in Svalbard can be associated with At-
mospheric River like features, strong advection of vapor towards Svalbard.
The large-scale setup of the atmosphere favoring these events are positive
anomalies in 500 hPa heights over Scandinavia with negative anomalies over
Greenland. But individual extreme events have shown not to share the same
synoptic characteristics.

This thesis aims to investigate further the large-scale setup of the atmosphere
leading to extreme daily precipitation events in Svalbard, by utilizing the re-
cently released atmospheric reanalysis ERA5 from ECMWF and four weather
stations located at Spitsbergen(Svalbard).

We use ERA5 for atmospheric variables and extract extreme precipitation
from different areas in Svalbard, based on high precipitation amounts. Large-
scale setup based on a composite analysis favoring these events were analysed,
on the day of occurrence and the five-day evolution of the synoptic situation.
In addition, were three case studies with different synoptic situations used for
a more in-depth analysis.

Based on the composite analysis, we found two large-scale setup favoring
extreme daily precipitation events, where both had different areas of impact.
The large-scale situation favoring extreme events at the west side of Svalbard
(Spitsbergen), is a dipole pattern over the North Atlantic ocean, with a high-
pressure system over Scandinavia and low-pressure system near Greenland
east coast. The other large-scale setup, favoring extreme events at the east
side of Svalbard (Spitsbergen), is a strong deepening of a low-pressure system
a day in advance of the event, combined with strong transport of moisture
towards northern Europe. Both large-scale situations can be characterized by
atmospheric river-like features.
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1 Introduction

During wintertime in Svalbard the temperatures are generally low, and the atmo-
sphere can not hold much vapor [Dobler et al. (2019)]. The relation between water
content in the atmosphere and temperature follows Clausius-Clapeyron equation,
where the amount of vapor the atmosphere can hold increases exponentially with
temperature. Thus the potential for precipitation is low. However, since Svalbard
is situated at the northern end of the North Atlantic cyclonic track, it is frequently
affected by cyclones transporting moisture, affecting precipitation [Hanssen-Bauer
et al. (2019)].

In some special weather situations, large amounts of quite warm and moist air are
transported towards Svalbard from lower latitudes, which can give rise to high pre-
cipitation events. On the 29th of January 2012, an extreme daily precipitation event
occurred in Svalbard, where the 24-hour accumulated precipitation measured 98 mm
at the weather station Ny-Ålesund [Serreze et al. (2015)]. Another event occurred
7th of November 2016, where Ny-Ålesund measured 86.8 mm and Longyearbyen
(Svalbard Airport) weather station measured 41.7 mm [Lien (2017)]. These events
were associated with strong south and south-westerly wind flow towards Svalbard’s
west side, transporting large amounts of vapor.

Previous studies have stated that extreme daily precipitation events in Svalbard
can be associated with strong advection of mild and moist air from lower latitudes.
And the large-scale wind direction favoring such high precipitation events, during an
extended winter period (November to March), is south-westerly flow [Dobler et al.
(2019)] related to a high-pressure region over Scandinavia and low-pressure region
southwest of Svalbard during these events [Serreze et al. (2015)]. The transport
of warm and moist air from the lower latitudes can occur in long narrow bands,
often over a thousand km long and a few hundred km wide, known as “Atmospheric
River”. Serreze et al. (2015) showed that the largest precipitation events in Svalbard
can be associated with Atmospheric river-like features.

Precipitation records from observations in Svalbard have revealed that extreme daily
precipitation is typically local, due to the topography influencing the precipitation
distribution [Serreze et al. (2015)]. Ny-Ålesund can for example experience an ex-
treme precipitation event, while other weather stations in a distance of O(100km)
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are not necessarily impacted by the same event. Svalbard’s topography does have
a strong influence on the distribution of precipitation generally, shown by [Wick-
ström et al. (2020), Vikhamar-Schuler et al. (2019)]. Both also stated that in-situ
observation of precipitation is not representative of the Svalbard area, due to that
stations are quite sparse and mostly located near the west coast of Svalbard. Both
Serreze et al. (2015), Dobler et al. (2019) used in-situ observations to select extreme
precipitation events. Therefore, in this present thesis, we extending these studies by
utilizing a reanalysis that provides historical datasets where precipitation is spatially
distributed all over Svalbard. This enables us to analyse precipitation in observation
sparse areas. To investigate further the large-scale setup favoring extreme daily pre-
cipitation, we selected extreme daily precipitation events from heavy precipitation
regions in Svalbard.

Reanalysis is widely used in the scientific community as these provide evenly spa-
tial distributed historical datasets for atmospheric variables. For this thesis, we
have chosen to use the recently released reanalysis from the European Center for
Medium-range Weather forecast (ECMWF), ERA5 [Hersbach et al. (2020)]. ERA5
provides hourly output for the atmospheric variables, on a spatial grid (31 km x
31 km) with 137 vertical pressure levels from the surface to 0.1 hPa. ERA5 has
improved in many aspects compared to its predecessor ERA-interim. The reason we
chose ERA5 is because the spatial and temporal resolution has improved, as well as
improvements in processes related to precipitation.

The structure of the thesis consists of 8 chapters, including the introduction, with
the following structure: Chapter 2 Background and Theory, the purpose and mo-
tivation of this study is provided together with a more detailed background theory.
Chapter 3 The area of interest, the climate of the Svalbard Archipelago. Chapter
4 Data & Methods, we first go through the data, ERA5 and observations. Then
later, we describe the methods used for this study. Chapter 5 presents the re-
sults from the analysis. Chapter 6 Summary & Discussion, first a short summary
and then a more extended summary with discussion. Chapter 7 Conclusions &
Outlook, our conclusions and recommendation for further studies.
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2 Background theory

2.1 Purpose & Motivation

There are only a few studies on extreme precipitation in Svalbard, and therefore
quite an interesting topic. Serreze et al. (2015), who reported the synoptic situa-
tion favoring extreme daily precipitation events, also stated that individual events
do not all share the same synoptic characteristics, and that the largest events can
be associated with atmospheric river-like features. The purpose of the study is to
advance our understanding of the atmospheric patterns, which leads to extreme
daily precipitation in Svalbard. It is important to advance our understanding of
these events because they can have major consequences as these can cause dam-
age to infrastructure affecting Svalbard economics and affect humans and wildlife.
The consequences of the 29th of January 2012 event are discussed in more detail in
[Hansen et al. (2014)].

The 7th of November 2016 event was a rare event, with a return period of several
hundred years[Lien (2017)]. But projections from climate models showed that ex-
treme precipitation (99.5 percentile) in Svalbard will increase in the future, following
the RCP 8.5 greenhouse-gas scenario showed that daily extremes precipitation can
increase as much as 10-30% toward the end of the century [Dobler et al. (2019)].

It is important to gain more knowledge to predict these events more precisely. As
Terrado et al. (2019) says: "In order to make progress, we first need to have a bet-
ter understanding of extreme weather and climate events in Svalbard, which will
lead to better predictions that improve the preparedness of local populations to
deal with such events." The large-scale setup of the atmosphere is closely related
to the strength and orientation of the North Atlantic cyclone track, which strongly
influences the weather in the North Atlantic [Serreze et al. (2015), Wickström et
al. (2019)]. It is therefore important to analyse these setups to advance our under-
standing of extreme daily precipitation events in Svalbard.

Understanding the large-scale setup of the atmosphere leading to extreme daily pre-
cipitation events at Svalbard, can also be important for the Arctic. Svalbard is
situated in the northernmost part of the Atlantic Ocean, and the “Atlantic Path-
way” accounts for the largest amount of transport of moisture into the Arctic [Woods
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et al. (2013)]. It would be interesting to study the relationship between the large-
scale setup of the atmosphere favoring extremes in Svalbard and the contribution
to warming of the Arctic during winter, as these events are associated with strong
advection of warm and moist air. But this is beyond the scope of the thesis, more
on this in outlook.

The main goal of the thesis is to advance our understanding of the large-scale setup
of the atmosphere leading to extreme daily precipitation. Furthermore, we are
interested in seeing if atmospheric river-like features can characterize these events.
It is important to note that we do not attempt to detect Atmospheric Rivers in
their strict definition [Guan & Waliser (2015)], and thus, on the following, refer to
atmospheric river-like features or AR-like features. We use some of the requirements
to detect Atmospheric River in [Guan & Waliser (2015)] for polar regions.

2.2 Background and Theory

2.2.1 Atmospheric River

The heaviest precipitation events in Svalbard can be associated with AR-like fea-
tures, since the most notable feature, related to extreme daily precipitation events
in Svalbard is positive anomalies of precipitable water during the events [Serreze et
al. (2015)]. ARs are long narrow bands transporting warm and moist air originating
in the tropical or subtropical regions via extratropical cyclones [Azad & Sorteberg
(2017)]. Glossary of Meteorology defines ARs as “A long, narrow, and transient cor-
ridor of strong horizontal water vapor transport that is typically associated with a
low-level jet stream ahead of the cold front of an extratropical cyclone”[AMS (2019)].

Moreover, studies have shown that ARs play a critical role in extreme precipitation,
in the mid and high latitudes, at the west coast of Norway [Azad & Sorteberg (2017)],
western Europe [Lavers & Villarini (2013)] and the United States, California [Ralph
et al. (2006)]. Mountainous topography is present for all these studies, showing the
importance of topography initiating orographic lifting of the warm moisture in the
AR, leading to orographic precipitation.

ARs are annually contributing around 90% of the poleward transport of moisture
in the middle to high latitudes [Guan & Waliser (2015), Nash et al. (2018)]. At
60◦N, there are two major pathways for where most of the transport into the Arctic
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occurs, shown in figure 1. At this latitude, 60% of the transport occurs via ARs
[Nash et al. (2018)].

Figure 1: shows the pathways where the majority of vapor enters
the "Arctic" at 60 ◦N. Figure is adapted from [Nash et al. (2018)]

Large-scale circulation patterns associated with extreme moisture intrusion events
across 70 ◦N during winter are associated with high blocking-features east of the
poleward transport over the ocean. These events account for 28 % of the total pole-
ward transport. Splitting the pathways into the Arctic into four sectors (Labrador,
Atlantic, Barents/Kara, and Pacific), is the "Atlantic Pathway" accounting for half
of these extreme intrusion events [Woods et al. (2013)]. Studies of extreme pre-
cipitation events in Svalbard, of single events [Serreze et al. (2015), Dobler et al.
(2019)], did show a similar pattern, with an high-pressure located over Scandinavia.
The composite analysis by Serreze et al. (2015) showing the averaged sea level pres-
sure the day before the extreme event, was also similar. The composite analysis
were based on 22 extreme events selected from precipitation records at Ny-Ålesund
station between October and March from 1979 to 2014. From the same analysis,
Serreze et al. (2015) reported the large-scale setup favoring extremes event. Which
is a low pressure located south-west of Svalbard (Fram Strait) and high pressure over
Scandinavia. Furthermore, in the 500 hPa geopotential height, there are negative
anomalies over Greenland and positive anomalies over Scandinavia and the Barents
Sea, setting up a strong flow towards Svalbard from lower latitudes.
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2.2.2 Extratropical Cyclones

Extratropical cyclones (ETC) are mid-latitude cyclones (low-pressure systems), which
play a crucial role in determining the day-to-day weather conditions [Dacre et al.
(2012)]. ETC co-exist with weather fronts and are therefore associated with frontal
precipitation. During winter, in the mid-high latitudes, heavy precipitation events
are almost always related to ETCs [Dacre et al. (2015)]. Heavy precipitation events
related to ETC are often related to the warm sector within an ETC, transport-
ing warm moist air over mountains, initiating orographic precipitation. Further
enhanced precipitation occurs due to the combination of frontal and orographic pre-
cipitation [Dacre et al. (2015)], known as the seeder feeder mechanism. This is
explained in more details in the section below (section 2.3.2). The warm sector of
an ETC is located in-front of the cold front in an ETC, as warm moist air from the
lower latitudes is transported (conveyed).

Figure 2: shows a 2D concept of the ETC. The dotted arrow indi-
cates system movement, and solid arrows represent airflow. The gray
shaded areas indicate precipitation. Adapted from Henry (1922)

Figure 2, shows the warm sector of an ETC, and the warm air is conveyed towards
and over the cold air ahead. Some of the air turns cyclonic into the system, and
some of the air turn anti-cyclonic broadening the cloud band, which then gives the
ETCs its comma shape form [Dacre et al. (2012)]. This lift of the warm moist air is
producing frontal precipitation. The cold air from behind the system, coming from
the north into the warm sector, lifts the warm air masses, also producing frontal
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precipitation. This is discussed in a section below (section 2.3.1). Moreover, the
moisture transport bands in the warm sector are called the warm conveyor belt
[Azad & Sorteberg (2017)], and as Azad & Sorteberg (2017) stated: "ARs are a
subset of the wider moisture transport bands called the warm conveyor belts in the
ETCs", and that "AR-like structures within the warm conveyor belts are formed
only under certain circumstances". The figure 3 below, shows a 3D concept of an
extratropical cyclone.

Figure 3: shows the standard model of the three conveyor belts
(cold, dry and warm) associated with an ETC. At the surface the
warm and cold fronts are shown. This figrue is adapted from Na-
tional weather service "Atmospheric Conveyor Belts Fronts Aloft"
NWS (2020)

The 3D air flow pattern associated with an extratropical cyclone is described with
three conveyor belts. The cold conveyor belt (CCB), originates poleward of the
ETC, and the flow is normally westward oriented in-front of the warm front, and
under the warm conveyor belt. Dry conveyor belt (or dry intrusion) is cold and dry
air that originates near the tropopause which flows into the center of the cyclone.
The warm conveyor belt (WCB) is a poleward flow in-front of the cold front. The
warm and moist air in the WCB is lifted due to the cold air masses in-front of the
warm front, and splits into two. As the air is lifted, it eventually starts to turn
anti-cyclonically due to upper level flow (jet stream), while some of the air turns
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cyclonic and into the cyclone (not shown in figure) [Dacre et al. (2012)]. The WCB
belt is as mentioned, to be associated with heavy precipitation, and has been linked
to atmospheric rivers [Dacre et al. (2015),Azad & Sorteberg (2017)].

2.3 Precipitation

Precipitation is often differentiated by physical processes related to vertical air mo-
tion, and characterized by the relation of horizontal and vertical extent, related to
vertical speed. The horizontal extents vary from tens of meter to hundreds of kilo-
meters, and vertical speeds vary from centimeters per second to tens of meters per
second. With increasing horizontal extent, the vertical speed normally decreases
(Steiner and Smith, 1997). Normally precipitation is separated into convective,
large-scale (frontal) and orographic precipitation.

2.3.1 Convective and large-scale precipitation

Convective precipitation (CP) originates from convective clouds, known as cu-
mulus clouds which formed in a convectively unstable atmosphere. As warmer air
rises adiabatically through colder air aloft (buoyancy forces) or conditionally unsta-
ble atmosphere where air rises, and additional lift is caused as vapor condenses and
releases latent heat.

Cumulus clouds are clouds distinct for their shape with a cauliflower top and, hori-
zontally and vertically dimensions approximately equal, normally vary from 1-3 km.
But in the case of very strong convection often driven by strong buoyancy forces,
cumulonimbus clouds can evolve which are larger in the horizontal dimension and
can stretch as long as the tropopause in the vertical dimension. A cumulonimbus
cloud is characterized by its anvil shape, where the cloud top spreads and sheared
out due to stronger upper level winds and are often associated with thunderstorms.

Convective precipitation, also known as showers, are normally short lasting (minutes
to an hour). These precipitation events are typically local and can be quite intense.
Hail and lightning are both weather phenomena closely linked/related to convective
precipitation. In the mid to high latitudes, during summer is CP normally initiated
from solar heating of the surface, which heats the air near the surface and initiates
lift. During winter can convection be initiated when cold air flows over relatively
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warm oceans, often related to cold out breaks of air from the Arctic [Køltzow et al.
(2018)].

Large-scale precipitation (LSP), also called stratiform precipitation, is precipi-
tation related to large-scale motions in the atmosphere. In the mid to high latitudes
is large-scale precipitation is often associated with extratropical cyclones as they
co-exist with weather fronts. A warm front is when warm air masses advancing and
the warm and moist air gets lifted over the more dry and dense cold air in-front,
initiate cloud formation often stratiform clouds. Stratiform clouds are characterized
by their large horizontal extent, and relatively small vertical extent, with relatively
low vertical speed. Precipitation associated with a warm front is often light and
long-lasting, covering a large area. A cold front is when the cold air is advancing
and lifts the warm less dense air ahead of the front. The boundary between the cold
and warm air masses found in the cold front is often steeper, leading to more rapidly
vertical lift. Precipitation associated with a cold front is therefore often convective.
The figure 4, shows the concept of a) cold and b) warm front.
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a)

b)

Figure 4: General concepts of how precipitation is generated by cold
front a) and warm front b). Black arrows indicate the direction of
motion. Small arrows airlift and large arrow front

2.3.2 Orographic precipitation

Orographic precipitation is generated as moist air is advected towards a mountain or
hill (an elevated area), and the air is forced over the topography, initiating vertical
motion. This initial vertical motion forms low stratus clouds, which generally lead
to no precipitation or light precipitation (drizzle), but it can in some situations give
rise to more thick clouds with precipitation near the mountain. Further enhanced
precipitation can occur when these low-level clouds, is combined with frontal pre-
cipitation. This process is known as the seeder-feeder mechanism. It occurs often
when the warm sector of an ETC encounters topography, and in combination with
precipitation from the high-level clouds related to the fronts [Dacre et al. (2015)].
Precipitation (Raindrops, sleet, or snow) from the high-level clouds (seeder) fall
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through the low-level cloud (feeder) and interact with cloud droplets or ice crystals
not large enough to fall, to grow large enough by colliding and merges together
(Growth by collection). This enhances the precipitation near the mountain or hill.
The seeder-feeder mechanism does not alter the precipitation amount associated
with ETC, but can redistribute and concentrate precipitation near mountainous ar-
eas [Dacre et al. (2015)]. Growth by collection processes are in more detail below,
section 2.3.3. The efficiency of this process is dependent on the low-level moist ad-
vection towards the mountain/hill, to maintain available cloud water in the feeder
cloud, and continuous precipitation from the seeder cloud [Dacre et al. (2015)].

Typically do most of the precipitation fall on the side the air is advected towards,
leading to minimal or no precipitation on the lee side of the mountain/hill. This
leaves the area on the lee side with minimal precipitation and is known as the rain
shadow effect. Sometimes the precipitation can reach over the mountain top, and
precipitation occurs on the lee side of the mountain. This is known as the spillover
effect, and this can occur when there is strong advection over the topography. The
figure 5, shows the two concepts of orographic precipitation without and with seeder-
feeder effect, a) and b) respectively.
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a)

b)

Figure 5: The general concept of orographic precipitation a) and
the seeder-feeder effect b). Arrows indicate air movement and the
color for the temperature of airmass red warmer and blue colder.

The shorter distance from the low-level cloud base to the ground also affects the
amount of precipitation. Due to the short distance, less precipitation has time to
evaporate, and more precipitation reaches the surface [E. Førland et al. (1997)].
Note that the low-level clouds have much larger water contents than the clouds at
higher levels. There is therefore a larger potential of increasing the precipitation
rates at the surface.

2.3.3 Formation of Precipitation

All precipitation is formed through complex micro-physical processes within clouds.
In this section, we only touch the surface of the micro-physics. The motivation for
including this subsection, is to describe some of the processes leading to formation
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of precipitation, since the micro-physics in ERA5 have improved compared to its
predecessor ERA-interim. This is discussed later in the Data & Method chapter.

To form clouds it requires that air must become saturated, which is almost entirely
related to the physical process causing vertical motion in the atmosphere [Steiner
& Smith (1998)]. Three main processes leading to vertical motion are the three
discussed above, convection (buoyancy forces), orographic (topography forces air
upwards) or frontal boundaries (different air masses pushes against each other). If
an air parcel is lifted adiabatically, it will cool as it expands in the lower ambient
pressure higher in the atmosphere. When cooled sufficiently, the air parcel can hold
less vapor and gets saturated. The available water vapor condenses on atmospheric
particles that serve as Cloud Condensation Nuclei (CCN) to form cloud droplets
and Ice Nuclei (IN) to form ice crystals (like sand, dust and sea salt). When tem-
peratures are below zero, water vapor can also deposit on Ice Nuclei (IN) to form ice
crystals. Supercooled cloud drops (below 0 ◦C) can freeze with the aid of IN, and if
temperatures are below -38 ◦C, all supercooled cloud water will freeze, without the
aid of IN. This process is known as homogenous freezing.

When ice is present in a cloud, the cloud is defined as a cold cloud. At the latitudes of
Svalbard, the ice usually is present, and therefore are there generally cold clouds. A
cold cloud could still have liquid within, then we say these clouds have mixed-phase
region. To form precipitation, cloud droplets and ice crystals need to grow large
enough to fall. Processes of growth occur through “growth from vapor” and “growth
by collection”. Growth from vapor (molecule by molecule) is an accumulation of
individual water molecules as vapor condenses (liquid) and depose (solid, ice) on a
CCN or IN. Growth of collection occurs when droplets and ice crystals have grown
large enough and starts to interact with other smaller droplets and ice crystals, see
figure 6. Both of these processes occur simultaneously within the cloud.
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Collision – coalescence Riming Capture nucleation Aggregation

Figure 6: Growth by collection processes, figure adapted by figure
9.1 [Lamb & Verlinde (2011)]

“Collision-Coalescence” is the primary mechanism that rain develops in the warm
cloud (only liquid phase present in the cloud). A larger collector droplet collides with
a smaller droplet and merges together. “Riming” occurs as a relatively large ice crys-
tal (might have grown from deposition of vapor) collides with a supercooled droplet
(A droplet below 0 deg C), and rapidly freezes on the surface of the ice crystal. This
process could lead to graupel and hail if the conditions are appropriate. “Capture
nucleation” is kind of the same process reversed, as a relatively large supercooled
droplet (might have grown by collision-coalescence) collects a small ice crystal and
freezes. And finally, “Aggregation” is when a larger ice crystal collects a smaller one.

The processes, including ice, are often responsible for forming precipitation in cold
clouds. A key process for the growth of ice crystal within a cold cloud, mixed-
phase, is the Wegener-Bergeron-Findeisen process. In this process are ice crystals
growing at the expense of liquid cloud droplets. This is due to that the saturation
vapor pressure is lower relative to ice, than water. Vapor is removed from the cloud
as the ice crystals grow thorough deposition (molecule by molecule). This causes
droplets to evaporation, which again leads to more vapor in the cloud, meaning that
in mixed-phase clouds deposition process acts as a sink of cloud liquid and a source
of ice cloud. [Lamb & Verlinde (2011), Forbes et al. (2011)].
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3 Area of Interest

Svalbard is an Arctic Archipelago situated in the northernmost part of the Atlantic
Ocean. Svalbard consists of several islands, where the largest being Spitsbergen. The
largest settlements are located on the west side of Spitsbergen, where Longyearbyen
is the most populated. Figure 7 shows the topography of Svalbard, and the four
weather stations we chose for this study. The reason for choosing these is more
discussed in the result section 5.1.1.

Figure 7: The topography of Svalbard, and four weather stations
Ny-Ålesund, Longyearbyen (Svalbard Airport), Sveagruva and Horn-
sund. Thanks to Malte Müller for the figure

3.1 Climate of Svalbard

The climate in Svalbard is strongly affected by the ocean current West Spitsbergen
Current (WSC), an extension of the North Atlantic Drift Current. This current
transports warm water from lower latitudes, causing the ocean west of Svalbard
to be relatively warm, affecting the sea ice cover and atmosphere-ocean heat and
moisture exchanges. This effect is strongest during winter when the temperature
gradients of the atmosphere-ocean are larger[Hanssen-Bauer et al. (2019)]. Atmo-
spheric circulations also influence the climate on Svalbard. Svalbard lies near the
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North Atlantic Cyclone Track. This is an average pathway of cyclones traveling
over the North Atlantic Ocean. The highest density of cyclones are from the region
located near the south-east tip of Greenland, over the North Atlantic ocean into the
Barents sea[Wickström et al. (2019)]. The regions south-east tip of Greenland is
known as the Icelandic low region, an area known for cyclone genesis and deepening
[Tsukernik et al. (2007)].

Throughout the year, cyclonic activity (anti-clockwise) is more frequent than anti-
cyclonic (clockwise), and the cyclonic activity increases during autumn and winter.
This causes the air mass flow to come more often from the east sector, as most the
cyclones are traveling between Norway and Svalbard and into Barents sea [Hanssen-
Bauer et al. (2019),Wickström et al. (2019)]. Cyclones play an essential role in the
large-scale transfer of heat and moisture, controlling Svalbard’s climate [E. J. Før-
land et al. (2011)].

3.1.1 Temperature and Precipitation

The climate in and around Svalbard is milder and wetter than the average for the
latitude [Hanssen-Bauer et al. (2019)]. During the winter and early spring, the
mean monthly temperatures are at their lowest, whereas February is the coldest
month with temperatures between -10◦Cand -15◦C. Summer temperatures are over
0◦C, and the warmest month is July, around 6◦C[Hanssen-Bauer et al. (2019)]. In
comparison to the Canadian Archipelago located at approximately the same lat-
itudes as Svalbard, have almost the same summer temperatures, but the coldest
temperatures in January are around -30◦C [Serreze & Barry (2014)]. This reflects
the impact the atmospheric and ocean circulation have on Svalbard during winter.

Annual precipitation from daily records from Longyearbyen (Svalbard Airport), Ny-
Alesund, Hornsund and Sveagruva, is shown in table 1
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Annual Precipitation at Svalbard
Longyearbyen Ny-Alesund Hornsund Sveagruva
199 mm/year 449 mm/year 426 mm/year 267 mm/year

Table 1: Annual precipitation from precipitation records, between
1981-2018 for Longyearbyen and Ny-Alesund. 1981-2001 Sveagruva.
1996-2018 Hornsund, but do not include from 2000-2001 and 2009-
2011. Records downloaded from www.eklima.no

From the table 1, we can see that there is quite a difference between some weather
stations. Both Ny-Ålesund and Hornsund has more than twice the amount than
Longyearbyen. It is most likely due to that Longyearbyen lies in a rain shadow area,
as Longyearbyen lies on the leeward side of the mountains around [Hanssen-Bauer
et al. (2019)]. The Canadian Archipelago is the annual precipitation around 250
mm [Serreze et al. (2015)], which is more similar to Longyearbyen. The monthly
distribution of precipitation (mm/month), from the weather stations on Svalbard
shows the seasonal differences, where the summer is the driest, and autumn is the
wettest followed by winter [Hanssen-Bauer et al. (2019)]. This reflects on the
influence of the moisture transport via cyclones, which is more active during winter
and autumn [Serreze et al. (2015),Hanssen-Bauer et al. (2019)].
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4 Data & Method

4.1 Data

4.1.1 ERA5

ERA5 is the newest climate reanalysis from the European Center for Medium-range
Weather forecast (ECMWF) that will provide atmospheric, land, and ocean climate
variables globally from 1950 till present, with an hourly resolution. The newest
extension available for this thesis (in 2019-2020) was released in January 2019 and
includes data from 1979 till present, the period including satellite observation.

ERA5 is taking over for the predecessor ERA-Interim reanalysis [Dee et al. (2011)]
and has improved in many aspects. ERA5 provides higher spatial resolution (31
km x 31 km) and temporal resolution (hourly), compared to ERA-interim spatial
resolution (79 km x 79 km) and temporal resolution (6-hourly). ERA5 is produced
by a more recent and advanced version of ECMWF’s atmospheric and data as-
similation model, Integrated Forecast System (IFS) cycle “cy41r2”, which benefits
from a decade of developments in model physics, core dynamics, data assimilation
methodology and the evolution of computer power [Hersbach et al. (2018)]. Some
of the specs of ERA5 and ERA-Interim are shown in the table 2. Müller et al.
(2017) compared the vertical pressure levels distribution between a non-hydrostatic
model, European Arctic (AROME-Arctic), with three configurations of ECMWF’s
configurations of ECMWF’s global model system, shown in figure 8. The vertical
distribution of pressure levels in the atmosphere are shown for, ERA5’s 137 vertical
pressure levels (L137) from the surface to 0.01 hPa and ERA-interim’s 60 vertical
pressure levels (L60) from the surface to 0.1 hPa. There is quite an improvement in
the distribution throughout the atmosphere.
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ERA5 ERA-interim
Spatial Resolution
horizontally 31km(TL639) 79km(TL255)

Vertical 137 pressure levels 60 pressure levels
from surface till 0.01
hPa(≈ 80km)

from surface till 0.1 hPa
(≈ 65km)

Temporal Resolution Hourly 6-hourly
Atmospheric Data
Assimilation 12h 4D-Var ensemble 12h 4D-Var
Uncertainty estimate From 4D-Var ensemble None
Output frequency Hourly 6-hourly

(3h-hourly uncertainty)

Table 2: Some of the improvements of ERA5 compared to ERA-
Interim. In detail Hersbach et al. (2020)

Figure 8: show the distribution of vertical levels in four forecasting
systems AROME-Arctic and three products from ECMWF, HRES,
ENS and ERA-Interim. Here represents L137 HRES the vertical
levels in ERA5 and L60 the vertical levels in ERA-Interim. x-axis
vertical level in model and y-axis height in atmosphere (km). Figure
is adapted from Müller et al. (2017)

Generally, ERA5 made use of more observations in the data assimilation. The qual-
ity of historical observations have been refined by the different data providers in
terms of coverage and accuracy. The assimilation of improved reprocessed conven-
tional datasets and several reprocessed satellite datasets, all are listed and detail in
[Hersbach et al. (2020)].
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ERA5’s atmospheric analysis is based on the hybrid incremental 4-dimensional vari-
ational data assimilation (4D-Var) [Bonavita et al. (2015)], with the purpose to
determine (based on available observations) the best initial state in a 12 hourly
analysis window which it operates. The 12-hour window is from 09:00 UTC to
21:00 UTC and from 21:00 UTC to 09:00 UTC. Within these windows, the model
output is stored hourly [Hersbach et al. (2020). The data gathered within these
windows, is then used by a short forecast, initiated from the analysis nine hours
into the window (18:00 UTC and 06:00 UTC). This is used to set the next initial
state of the atmosphere (first guess) for the next assimilation [Hersbach et al. (2020)].

For further information about ERA5, see Hersbach et al. (2020), the documentation
of IFS cycle “cy41r2” (https://www.ecmwf.int/en/publications/ifs-documentation),
and ECMWF’s website (https://www.ecmwf.int/).

The increase in spatial and temporal resolution in ERA5, allows for more details to
be represented in both space and time, which is beneficial for this study. For exam-
ple, the representation of strong low-pressure systems and the spatial distribution of
precipitation is improved. All variables retrieved from ERA5 are shown in table 3.
Improvements in ERA5 precipitation is discussed in more detail below, subsection
4.1.2.

ERA5-Variables Short name
Daily mean sea level pressure MSLP
Daily Total precipitation TP
Daily Large-scale precipitation LSP
(X) Daily & Monthly Geopotential
height (At 500 hPa level)

Z500

(X) Interagted vapor transport IVT

Table 3: Show the variables from ERA5 we have used in this study.
Variables marked with (X), indicate that these are not variables in
ERA5, but derived from ERA5 variables.

The representation of strong low-pressure systems has proven to be quite better.
Dr Hans Hersbach compares ERA5 and ERA-Interim, by representing the two low-
pressure systems, typhoon Halong on 3th of August 2014, and Hurricane Florence
September 2018. Shown in figure 9 and figure 10, respectively.
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Figure 9: Comparison of representation of Typhoon Halong (3 Au-
gust 2014) between left ERA5 and right ERA-Interim. Contour lines
2 hPa. Adapted from [Hersbach (2017)]

Figure 9 shows the representation of Typhoon Halong between ERA5 and ERA-
Interim. The contour lines that represents sea level pressure is in 2 hPa intervals.
There is a clear difference in how ERA5 and ERA-Interim represents the strength
of the low-pressure system.

Figure 10: Different representation of the Hurricane Florence, USA
September 2018. Pressure (hPa) and accumulated rainfall (mm).
Left ERA5 and right ERA-Interim. The figures show the situation
at 09 UTC. Adapted from Hersbach (2019)

Figure 10 shows how ERA5 and ERA-Interim represents Hurricane Florence. The
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contour line represents sea level pressure, and the intervals are in 5 hPa. Again we
can see that the low-pressure system is stronger in the ERA5 representation than
with ERA-interim. Precipitation is also included in figure 10. ERA5 shows higher
precipitation amounts, and the distribution is quite different. In the precipitation
distribution, the size of the grid cell is also visible.

4.1.2 ERA5 Precipitation

In ERA5, the precipitation products are separated into convective (CP), large-scale
precipitation (LSP), and total precipitation (TP), where TP is the sum of both LSP
and CP. CP is produced in the IFS model convective scheme, which represents con-
vection at spatial scales smaller than the grid box. LSP is produced in the cloud
scheme, representing the formation and dissipation of clouds and large-scale precip-
itation due to changes in atmospheric quantities, like pressure, temperature, and
moisture. This parameterization scheme is predicted directly at spatial scales of the
grid box or larger. Both LSP and CP includes rain and snow. In this study, we do
not attempt to separate snow from liquid precipitation.

We assume in the present study that LSP is the main contribution of precipitation
in ERA5 during the extreme daily precipitation events. Serreze et al. (2015) showed
that extreme daily precipitation events in Svalbard can be associated with AR-like
features. We can therefore argue that the these events are mainly orographically
forced and thus represented by LSP. In section 5.2 we additionally compare CP and
LSP, annually and during extreme events.
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Figure 11: show a schematic of the IFS, a) previous cloud scheme,
with three moisture related prognostic variables, and b) updated
cloud scheme , with six moisture related prognostic variables. Figure
adapted from Forbes et al. (2011)

.

In the large-scale cloud and precipitation scheme there was a major upgrade in the
representation of the moist physics in the IFS model in cycle 36r4. This upgrade
was implemented in ERA5, as it is based on a more recent cycle "cy41r2". Before the
major update (before IFS cycle 36r4), the parameterization scheme for large-scale
clouds and precipitation, known as the Tiedtke scheme figure 11 a), had two prog-
nostic parameters (Cloud condensate and Cloud Fraction). Cloud condensate is the
mass mixing ratio of total cloud condensate separated as ice and liquid based on the
temperature, and cloud fraction is the horizontal cloud cover of the grid box. This
is fully described in Tiedtke (1993). The new prognostic bulk microphysics scheme
for the IFS in figure 11 b) is still based on Tiedtke scheme, but now instead of two
prognostic variables there are five. This includes cloud fraction, cloud water (liquid),
cloud ice, rain and snow, which has enabled a more physically based representation
of mixed-phase cloud (liquid and ice phase) and precipitation processes (rain and
snow). By including more prognostic variables, the microphysics has been revised
and improved [Forbes et al. (2011)]. Some of them are highlighted below.

The new scheme does no longer use the artificial threshold temperature at -23◦C,
separating the water and ice phase in the cloud. This allows supercooled liquid wa-
ter to exist at temperatures warmer than the homogeneous freezing threshold of -38
◦C. Both the liquid and ice phase is allowed (mix-phase cloud), in the temperature
interval 0◦C to −23◦C. When both phases are present, they are assumed to be well
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mixed and uniformly distributed in the cloud. This has allowed for the Wegener-
Bergeron-Findeisen process to occur [Forbes et al. (2011)], a key process for growth
of ice crystal within in the cloud, see section 2.3.3. At latitudes near Svalbard,
there are normally cold cloud, and therefore are the representation of mixed-phase
clouds important.

Precipitation is stored for each timestep (hourly for ERA5), and in the new scheme
precipitation is affected by the 3D wind in the atmospheric layers as precipitation
falls. There is no longer an instantaneous response to microphysical processes in the
local atmospheric grid column to the surface. Both rain and snow precipitate with
different terminal fall velocity, which has improved the precipitation distribution
because now it can be “blown” by the wind over multiple timesteps, improving the
precipitation skill, and orographic effect as it can be seen in the model [Forbes et
al. (2011)].

4.1.3 Observations

In Svalbard there are seven meteorological stations operated by the Norwegian Me-
teorological Institute (MET Norway) today (01.06.2020), measuring daily precipi-
tation according to (https://seklima.met.no/observations/). Daily precipitation at
each station is accumulated within the last 24 hours measured at 06:00 UTC, and
it recorded as measured. This means that daily precipitation for 15.July, is the
precipitation accumulated from 06:00 UTC 14.July to 06:00 UTC 15.July. Daily
precipitation from ERA5 for 15.July, is the precipitation from 15.July 09:00 UTC
to 16.July 09:00 UTC. All observational precipitation are therefore shifted by one
day. We have not accounted for the hourly difference.

All daily precipitations records were downloaded from eklima ( www.eklima.no ),
MET Norway’s website for meteorological observational data, which is open access.
We extracted precipitation records from three operational stations, Ny-Ålesund,
Longyearbyen (Svalbard airport), and Hornsund. In addition, a non-operational
station Sveagruva was downloaded. Records are downloaded from 1981-2019, but
only Ny-Ålesund and Svalbard airport includes data for the full period. Sveagruva
records end 30th January 2003. Hornsund records start 2nd November 1995, but
have large gaps in the records. How this is handled is in more detail in section 4.2.5.
These four stations were chosen based on their location, more on this in the result
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chapter (section 5.1.1).

Note that Longyearbyen is Svalbard airport, and for the rest of the thesis we refer
to Longyearbyen.

4.1.4 Data collection and tools for process of data

We have used Jupyter Notebook to process all the data in this thesis. Jupyter Note-
book is an open-source web application with an interactive computing environment
where the users can easily create and share documents that contain code, equations,
visualizations (plots), and text. It can use many different programming languages.
For this analysis, we have used Python programing language. The reason for using
Jupyter notebook is the cell structure, which makes analysing and applying changes
in the different figures less time-consuming. There is no need to run every cell every
time (the full script), as it stores variables and data arrays in each cell. Jupyter
notebook files (.ipynb) can easily be exported to PDF files or Python files (.py),
which is quite useful when sharing and comparing codes.

Most of the data used in this thesis were provided by my supervisor Malte Müller.
ERA5 variables were downloaded as NetCDF files, and when requesting files in
NetCDF format, interpolation to a regular grid is mandatory (1440x720). The hor-
izontal grid T639, which gives a 31 km resolution, is used in this analysis. ECMWF
website provides guidelines for downloading their datasets. To open/read NetCDF
files, python package “xarray” is used. Xarray is tailored to working with netCDF
files and is inspired by python package Pandas, which is the python package that
is mostly used to handle the data in this thesis. Observation data is downloaded as
“.csv” files, and to read these files, we used Pandas.

Note that ERA5 precipitation products (TP and LSP) have the unit meter. We
have in all calculations multiplied by 1000 to get millimeters (mm).
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4.2 Method

4.2.1 Extreme event selection

First, in order to select extreme events, the areas with high precipitation are iden-
tified for the Svalbard Archipelago. These areas are identified by analysing the 98-
percentile threshold for daily large-scale precipitation (LSP) from ERA5 between
1981-2018. When areas of high precipitation were located, a spatial mask around
the area of interest is applied to define the regions. From these regions, we selected
extreme events.

The masks were made in two steps. First, we created new regional datasets for
ERA5 LSP, where the area of data coverage is limited by selecting coordinates (lon-
gitudes and latitudes) around each high precipitation region. Each dataset included
one high precipitation region from the 98-percentile threshold field (from the origi-
nal dataset). In the next step, the 98-percentile was derived for each of the regional
datasets. Then we applied a threshold value for the 98-percentile, which marks
the geographical area of interest and defines the regions we selected extreme events
from. We chose different threshold values for the different regional datasets due to
variations in both size and values in the 98-percentile of the regions. Each of the
threshold values was chosen based on the area covered in the 98-percentile LSP field
over Svalbard Archipelago. The regions and the threshold values are shown in the
result chapter section 5.1.1.

Extreme events are selected by using the spatial masks to extract daily LSP from
within each of these regions, and then the averaged for all grid cells is derived,
within. This results in a time series for the respective region, and the daily LSP
values exceeding the 99.9-percentile are then defined as an extreme event.

4.2.2 Large-scale vs convective precipitation in Svalbard

We assumed that LSP is the main contribution in ERA5-precipitation during the
extreme daily precipitation events in Svalbard.

To test this, we derived the convective precipitation (CP) for the average contri-
bution to the extreme events for each region. We also included the annual precipi-
tation, to see the general contribution of CP to the TP in ERA5 for the Svalbard
Archipelago. To derive the annual CP, we summed up the precipitation between
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1981-2018 for both TP and LSP and divided them by the total number of years (38).
The annual CP is then derived by subtracting the annual LSP from the annual TP.

To derive the CP contribution during the extreme events, we used the time series
for each of the regions extremes (99.9-percentile) and used the timesteps (dates)
to select TP- and LSP-values from the original ERA5 dataset. Then we derived
the average for both TP and LSP, and subtracted LSP from TP to get the CP
contribution to the extreme events for each region.

4.2.3 Composite analysis

In meteorology, a composite analysis can be a quite useful tool to gain insight and
to analyse characteristics of a weather phenomenon. Making a composite analy-
sis involves gathering several events related to the meteorological phenomenon and
analysing averages for meteorological variables.

In this study, we analyse the large-scale setup favoring extreme daily precipitation
in Svalbard and if these events can be characterized with AR-like features. Our
composite analysis is based on averages for extreme events, from each high pre-
cipitation region. We used daily mean sea level pressure (MSLP), 24-hour mean
Integrated Vapor Transport (IVT), and daily mean geopotential height anomalies.
The analysis is split into two parts, one focuses on the day of the extreme event, and
another where the analysis is over a six-day period, five days in advance of the event.

Daily MSLP can directly be extracted from ERA5. Daily MSLP in ERA5 is com-
puted as a daily mean over all surfaces, land, sea, and inland water, and is a measure
of the weight of all the air in the atmospheric column above a point located at mean
sea level. Daily MSLP in ERA5 has the unit Pascal (Pa), but all calculations in this
study are converted from Pa to hPa, by dividing by 100.

Integrated vapor transport (IVT), is a measure of the amount of water vapor trans-
ported horizontally in the atmospheric columns (kg/m/s). IVT is not a variable in
ERA5 but can be derived from specific humidity, and horizontal wind field between
two different pressure levels in ERA5. In this study the IVT is derived for all 137
pressure levels from 1000 hPa to 0.1 hPa. See equations 1 and 2

27



−−−→
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1000
q × v dp (2)

In equations 1 and 2, g is the average surface gravitational acceleration, q is the
specific humidity, and u and v are the horizontal wind (zonal and meridional). The
IVT dataset is in 6-hourly intervals, but for this composite analysis, we derived daily
means (24-hours) for the extreme events for each region.

ERA5 provides geopotential (m2/s2), a measure of the work needed to lift a unit
mass up to a pressure level, against the gravitational force. From geopotential,
geopotential height can be derived by dividing the geopotential with the average
gravitational acceleration (g=9.80665 m/s2). We chose to use geopotential for the
500 hPa pressure field, which is very common to be used to identify weather systems
that control much of our surface weather (cyclones and anticyclones, troughs and
ridges). Troughs and ridges are associated with regions of relatively low and high
heights, respectively.

Geopotential height anomalies were derived by subtracting an average from a six-
month period from daily geopotential height average during extreme events for each
of the regions, between 1981-2018. The six month period is from August to January
and was chosen since this is the period with the most extreme daily precipitation
events. This is further explained in the result chapter. Note that for the six-monthly
mean, ERA5 monthly averages were used instead of daily values.

4.2.4 Case studies

We have selected three different extreme events for a more in-depth analysis. The
selection of these events was based on that each of them had different synoptic char-
acteristics and area of impact. The analysis split into two parts, one that focuses
on the evolution over six days, which includes, four day in advance, the day of the
event, and the day after. The second part focuses more on the day of the event.
For the evolution analysis daily MSLP, geopotential height (not anomaly), and 24-
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hourly IVT are analysed. The day after the event was added to analyse if weather
systems continue to move or if the systems dissipates.

The more in-depth analysis of the day of the event, the daily large-scale precipitation
(LSP) from ERA5 and daily precipitation from the four stations were analysed.
ERA5 LSP provides a spatial distribution of precipitation, and by observing the
amount of precipitation between the stations, the distribution of the ERA5 LSP
can be compared. 6-hourly IVT is also included in the case study analysis. It is
analysed from 12:00 UTC the day before the event, to the day after at 12:00 UTC.
By including 6-hourly IVT, we can observe transport of vapor that might have been
underestimated in the 24-hourly IVT in the composite analysis.

4.2.5 Yearly and seasonal maximum

A comparison between yearly and seasonal maximums between ERA5 LSP and ob-
servation of precipitation was performed. This was done to see if ERA5 LSP captures
maxima and how well these are represented compared to observations. To do this
analysis, daily ERA5 LSP time series, from the grid cell closest to the coordinates
of the four met stations Ny-Ålesund, Longyearbyen, Sveagruva and Hornsund is
extracted and compared to in situ records.

Yearly and seasonal maximum precipitation between 1981-2018 was compared. As
mentioned before, there are gaps in the records for both Hornsund, and Sveagruva.
Hornsund has records from 1995 and onward, but some years are incomplete. The
years 1995, 2000, 2001 and the period from 2009 to 2011 are removed. The years
2002 and 2012 are not complete, but are included because both have records for
autumn and winter when the precipitation is highest [Hanssen-Bauer et al. (2019)].
For Sveagruva, daily precipitation is extracted for the period 1981-2002.

Since some of the in-situ observations records have gaps, we first select the yearly
maximum from the observation records, and then use this timestamp (date) to select
ERA5 LSP. The same is done for the seasonal maximum.
Note that we do not attempt to separate rain and snow for both ERA5 and obser-
vations. This will lead to some uncertainty, and comparing a point observation to
average precipitation in a grid cell, also leads to some uncertainty. This is further
discussed in the discussion chapter.
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5 Results

5.1 Extreme events

5.1.1 Extreme event selection

Extreme daily precipitation (EDP) events are selected from regions associated with
high precipitation. The analysis of the 98-percentile threshold for daily large-scale
precipitation (LSP) from ERA5 between 1981-2018, revealed that there are two
regions where the largest amount of precipitation is located. Both are located on
the main island Spitsbergen. One region lies north-west near Ny-Ålesund weather
station, and one lies south-east. Both are located near the coastal line, marked
by the red contour lines in figure 12. The regions north-west and south-east are
recognized as RW and RE, respectively, for the rest of the thesis.
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Figure 12: The location of the four MET station, Ny-Ålesund,
Longyearbyen, Sveagruva and Hornsund with the 98-percentile daily
ERA5 large-scale precipitation (mm/day) field, in and around Sval-
bard, between 1981-2018. Region West and East marked by the red
contour lines are the two heavy precipitation regions, with threshold
values 12.5mm and 14mm, respectively.

This result laid much of the basis for how we chose to approach this study. Both
regions are located on each side of Spitsbergen (East and West), which brought the
interesting question of how the large-scale setup of the atmosphere and transport of
moisture towards these two regions are characterized.

One thing to notice in figure 12 is where the high precipitation (98-percentile) is
concentrated. When comparing to the topography of Svalbard, figure 7, the distribu-
tion follows the topography which implies that the orographic effects are displayed.
Figure 12 also includes the locations of the four met stations we chose for this study.
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These stations were chosen due to their location near these regions (RE and RW).
Important to note that these regions are not based on the location of the weather
stations.

The red contour lines in figure 12, are the spatial masks that mark the geographical
regions (RE and RW). RW is marked with a threshold value of 12.5 mm and RE
with 14 mm. The average ERA5 daily LSP field is derived within these masks,
and extreme events are defined as the values from the averaged field, exceeding the
99.9-percentile. This resulted in 14 events for each region, shown in table 4.

Region East Region West
1983-08-23 1983-03-02
1984-01-11 1986-03-11
1984-04-21 1990-09-11
1986-10-07 1991-02-27
1988-10-16 1993-11-30
1990-10-05 1995-12-03
1990-12-27 1996-03-12
1998-10-27 2002-01-07
2004-08-21 2012-01-29
2005-11-29 2012-01-30
2011-03-09 2016-10-14
2012-08-27 2016-11-07
2016-11-07 2018-01-13
2016-12-29 2018-11-18

Table 4: Extreme daily precipitation events from each of the regions
RE and RW.

These threshold values (12.5 mm and 14 mm) were chosen based on the size of the
area region covered. The idea was to use 10mm since Dobler et al. (2019) used
this threshold to classify high rainfall amounts, but the regions were quite large.
Choosing too large areas for the regions could lead to some extreme events being
underestimated, and as Serreze et al. (2015) stated, extreme events are typically
local, so the regions could not be too small. Therefore it was essential to see if
extreme events captured in these regions have been documented. There is also a
difference in the gradients between the regions in the 98-percentile field. To make
the area of coverage relatively similar, we chose to set different threshold values for
the regions. From the table 4, we can see that, the extreme events 2012-01-29 (and
2012-01-30) [Serreze et al. (2015), Hansen et al. (2014)], 2018-01-13 [Dobler et al.
(2019)] and 2016-11-07 [Lien (2017),Humlum et al. (2016)], were captured.
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Interestingly, although regions are relatively close together, the individual extreme
events for the respective regions are not the same, with the only exception for the
2016-11-07 event. In figure 7, we can see that the topography of Svalbard separates
the two regions. This is consistent with what Serreze et al. (2015) states, that the
topography of Svalbard strongly influences these EDP events.

The regional datasets mentioned in the method section 4.2.1, are shown in the
appendix figure A 1

5.1.2 Seasonality
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Figure 13: Annual distribution of daily extreme events (99.9-
percentile) from the two regions, 14 events for each region. Blue
= RE and Red = RW, Darker red indicates both RE and RW. y-axis
number of events, x-axis month.

Figure 13 shows how the 14 most EDP events between 1981-2018 are spread through-
out the year for each region. All events are spread from late summer August to spring
April, while there are no events during May, June, and July. The distribution of the
two regions indicates a difference in the seasonality in the number of EDP events,
where there are several events for RW during winter/late winter, and for RE there
are more during autumn/winter.

In order to provide a more statistical robust analysis of the seasonal variations
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between the regions more events can be included by lowering the threshold for
detecting extreme precipitation, to 99.8- and 99-percentile. The distributions of
daily LSP from ERA5 for 99.8- and 99-percentile, shown in figure 14 a) and b)
respectively.

a) b)

Figure 14: Annual distribution of daily extreme events a) 99.8-
percentile, 28 events, for each region RE and RW. b) 99-percentile,
139 events, for each region RE and RW. Blue = RE and Red = RW,
Darker red indicates both RE and RW. y-axis number of events, x-
axis month.

From the 99.9-percentile figure 13, the seasons which included the most events for
RW, is either November, December, January (NDJ) or January, February and March
(JFM), with 8 events out of 14. For RE, its October, November, and December with
8 events out of 14.

The 99.8-percentile (figure 14 a)) includes twice the amount of events. The seasons
with the most events for RW is JFM with 15 out of 28, and for RE is NDJ with 11
out of 28, while season OND has 10 out of 28.

Lastly, we have 99-percentile, figure 14 b)) with almost ten times more than for
99.9-percentile. The seasons with the most events for RW is JFM with 57 out of
139, and for RE is OND with 62 out of 139. These results are summarized in the
table 5 below with number of occurrences in percentage. OND is included for 99.8
percentile due to it is the season with most events for 99.9- and 99-percentile.
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Percentile Season Region East/West Percent Region East/West
99.9 OND/JFM 57% / 57%
99.8 NDJ & OND/JFM 39% & 36%/ 53%
99 OND/JFM 44% / 41%

Table 5: Summary of seasons with most extreme events for each
region (RE and RW). First column: which threshold percentile. Sec-
ond column: which season with most extremes, plus OND for 99.8-
percentile. Third column: percent of occurrence for each seasons.

These results suggest that EDP events, with different indices, can be associated with
the autumn and winter season, which is consistent with the highest cyclone activity
during autumn/winter [Serreze et al. (2015), Hanssen-Bauer et al. (2019)]. Based
on which season, including the most event for each region, we see that RE-events are
more related to the autumn/late autumn/early winter season, while for RW-events
are more related to the winter season. We can also see an indication of a shift in the
number of events for the different regions based on which percentile, meaning that
RW is more pronounced in “middle” extreme cases (99.8-percentile), while RE is
more pronounced in less extreme (99-percentile), but for the 14 most extreme they
are equally pronounced.

5.2 Convective precipitation contribution to annual and ex-
treme events

Our focus in this thesis has been on the ERA5 large-scale precipitation (LSP) since
we assumed that LSP is the major contributor to the extreme daily events (see
section 4.1.2). We analysed the contribution of convective precipitation (CP) and
large-scale precipitation (LSP), in the total precipitation (TP) from ERA5. For
annual precipitation, and during the extreme events (both regions), in and around
Svalbard Archipelago.
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Figure 15: ERA5 annual precipitation (mm/year), in and around
Svalbard for a) total (TP), b) large-scale LSP c) convective (CP),
between 1981-2018. Note that the range of the colorbar for TP is
different. It starts at 300 mm/year instead of 1 mm/year.

Figure 15 a) shows the annual TP between 1981-2018 in ERA5, and the contribu-
tion of LSP and CP, 15 b) and 15 c) respectively. Note the colorbars range for
LSP and CP are the same, but for TP it starts from 300 (mm/year) instead of 1
(mm/year).

The contribution of CP precipitation over the Svalbard Archipelago is minimal (fig-
ure 15 c). The contribution of the CP is mostly concentrated over the ocean. We
have not included sea surface temperature (SST) in this study, but it is conceivable
that this can be related to the West Spitsbergen Current (WSC), where relatively
warm ocean temperatures are located. Combined with lower temperatures in the
atmosphere and warmer ocean can initiate convection (See section 2.3.1).
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Both TP (figure 15 a)) and LSP (figure 15 b), shows similar distribution over Sval-
bard Archipelago. The annual precipitation is mostly concentrated on Spitsbergen’s
south-east coast, followed by the area near Ny-Ålesund station, north-east. This is
also where we found the location of both our regions (RE and RW). That there is
more precipitation on the east side of Svalbard is consistent with whats stated by
Hanssen-Bauer et al. (2019).

a)

b) c)

Figure 16: Average daily precipitation (mm/day) from ERA5, for
all extreme event in RE , in and around Svalbard for a) total (TP),
b) large-scale LSP c) convective (CP). Note that the colorbar range
for CP is very small compared to LSP and TP which are equal.
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a)

b) c)

Figure 17: Average daily precipitation (mm/day) from ERA5, for
all extreme event in RW , in and around Svalbard for a) total (TP),
b) large-scale LSP c) convective (CP). Note that the colorbar range
for CP is very small compared to LSP and TP which are equal.

Figure 16 and figure 17, shows the TP (a)), LSP (b)) and CP (c)) for the averaged
EDP events for RE and RW respectively, but note that the colorbar range for CP
is much smaller than for TP and LSP. From these figures, we can see that the CP
contribution is minimal during the extreme events for both regions. Another thing
to notice from the figures is how the daily averaged precipitation during the EDP
events is spatially distributed for the respective region, for LSP and TP. The area of
impact is quite large, and for both regions, the precipitation is concentrated on the
side where the region is located, which shows that Svalbard’s topography (figure 7)
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influences these extreme events.

5.3 Yearly and seasonal maximum comparison (Observation
vs Model)

Figure 18: Scatter plot of daily maximum precipitation for each
year, between 1981-2018 from the four met station (Observation),
compared to nearest grid cell in ERA5 (Model) to coordination of
stations.

Figure 18 shows a scatter plot of the daily maximum for each year in the period
between 1981-2018 for ERA5 LSP (Model) and observations for the four different
stations, Ny-Ålesund, Svalbard airport (Longyearbyen) Sveagruva and Hornsund.
As mention in the method chapter (section 4.2.5 ) yearly and seasonally maximums
values from ERA5 are selected based on the date for the yearly maximum in the
observation records. Some of the precipitation records have gaps, and we have not
separated between rain and snow for both observation and ERA5.

From the figure 18, we can see that ERA5 LSP generally underestimates daily max-
imums, especially for the highest values. There are differences between the stations.
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ERA5 overestimates the maximums for Hornsund and Longyearbyen, while under-
estimates for Sveagruva and Ny-Ålesund.
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Figure 19: Scatter plot of daily maximum precipitation for each
season, between 1981-2018 from the four met station (Observation),
compared to nearest grid cell in ERA5 (Model) to coordination of
stations.

Figure 19, shows the yearly daily maximums for each the season DJF, MAM, JJA,
and SON. Winter (DJF) and autumn (SON) are the seasons with the highest values,
followed by spring and then summer. For the winter (DJF) season, Ny-Ålesund sta-
tion dominates the highest maximums, also for Spring (MAM). For summer (JJA)
and autumn (SON), there are more variations but still Ny-Ålesund generally is the
station with the highest maxima.
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There are also several uncertainties associated with this type of analysis. First of
all, we compare daily in-situ records to a model, meaning that we compare a point
observation in space and time, with average accumulated precipitation in a grid cell
(31 km x 31 km). Values are not directly comparable. There is also an uncertainty
link to observation measurements. There is no attempt to separate rain and snow in
this analysis, and in the Arctic region precipitation records are exposed to different
issues [Hanssen-Bauer et al. (2019)]. Undercatch of precipitation, which is partic-
ularly related to solid precipitation (snow), when not all precipitation is captured
in the gauges. The precipitation is affected by strong winds, and therefore gets
underestimated.

ERA5’s resolution (31 km X 31 km) might be too coarse for the complexity of Sval-
bard’s topography. Maturilli et al. (2013), illustrates the complexity surrendering
Ny-Ålesund station, influencing atmospheric processes. This is further discussed in
the discussion chapter.

These uncertainties would need to be accounted for in an impact analysis. However,
this thesis is not an impact study. We were more interested in seeing if ERA5
was able to capture these maximums values, which ERA5 does. When observation
shows maxima, ERA5 does as well. There are some exceptions, but generally, ERA5
captures maxima.

5.4 Composite analysis

5.4.1 Day of the event

Based on the regional location in high precipitation region (figure 12) and the oro-
graphic influence on precipitation distribution, it is conceivable that it can be asso-
ciated with the different synoptic patterns for the respective region. There is most
likely very strong transport of moisture towards the regions, as these EDP events
occur during autumn and winter when the average temperatures are generally low,
and Serreze et al. (2015) stated the most extreme daily event can be associated with
atmospheric like features.
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Figure 20: Composite map of the 14 extreme events for MSLP and
24-hour IVT, for each of the regions RE and RW. MSLP range 980
to 1040 hPa, contour lines 2 hPa. IVT range 100 to 400 kg/m/s,
colorbar in 20 kg/m/s bins.

Figure 20 shows the 14 events composite map of daily MSLP and 24-hour IVT for the
respective regions. There are two different synoptic situations favoring EDP events
for their respective region. The synoptic situation favoring RE-events is dominated
by a low-pressure system south-west of Svalbard, with the center of the system lo-
cated 75◦N and 5◦E. The contour lines southeast of Svalbard are close, showing a
strong pressure gradient, which is associated with strong wind-flow. Since the flow
of low-pressure systems is anti-clockwise, we conclude that there is a strong flow
directed towards RE during the day of RE-events. There is also a strong transport
of moisture towards RE during the day of RE-events, and the maximum IVT is
located near and over RE.

The synoptic situation favoring RW-events is different compared to RE. During the
RW-events, a high-pressure system dominates over Scandinavia. At the same time,
there is a low-pressure region along the east coast of Greenland, starting from the
region associated with the Icelandic low and the top of Greenland into the Fram
Strait. The combination of the high-pressure system over Scandinavia and low-
pressure east of Greenland creates a dipole pattern with a steep pressure gradient.
This sets up a very strong wind-flow towards RW. During the RW-events, there is
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very strong moisture transport towards the RW. Compared to RE-events, there is
more moisture being transported. The maximum IVT on the east side of Svalbard
during RE-events is between 200-210 kg/m/s, while on the west side during RW-
events it is between 330-340 kg/m/s. Figure A 2 in the appendix shows the same
as figure 20, but the intervals for MSLP is 5 hPa, which might make it easier to
see these values. For a comparison of these IVT maximums, Hegdahl et al. (2020),
computed from ERA-Interim between 1976-2016, the daily IVT 98-percentile for
Svalbard Archipelago, to be between 200 and 300 kg/m/s. Since there is gener-
ally low moisture content in the atmospheric column in the polar regions, Guan &
Waliser (2015), sat a lower limit for these regions for detection of ARs. The lower
limit is 100 kg/m/s, in polar regions, which is the lowest value shown for IVT in
the composite maps. Hence, we conclude that these events, for both regions, can be
associated with AR-like features. Important to note that this lower limit does not
alone define an AR event.

The synoptic situation, in composites maps, is based on the 14 most extreme events
for both regions (RE and RW). By lowering the 99.9-percentile, which we used
to define our extreme events, we analysed the synoptic situation favoring the two
regions with more events, and we used the same thresholds, like in section 5.1.2,
the 99.8- and 99-percentile, 28 and 139 events. And what we found was that the
synoptic situation was very similar for both regions. These figures is displayed in
the appendix figure A 3 (the 99.8-percentile) and figure A 4 (the 99-percentile).

5.4.2 Evolution composite analysis

The composite analysis of the evolution is over six days, of which five days in ad-
vance of the day of the event. By analysing the days in advance, we can gain more
knowledge of how these large-scale setups evolve over time and analyse how these
large amounts of moisture are transported towards Svalbard Archipelago. Included
for evolution composites is the 500 hPa height geopotential anomaly (500GHA),
to analyse negative and positive anomalies, which can be associated with troughs
and ridges, respectively. It is shown with the six-monthly average (ASONDJ) the
period with most extremes for both regions, which is the average used for deriving
anomalies.
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Region East

Figure 21: Composite map of the 14 extreme events, six day evolu-
tion up to the day of the event for MSLP and 24-hour IVT, for RE.
MSLP range 980 to 1040 hPa, contour lines 4 hPa. IVT range 100
to 440 kg/m/s, colorbar in 20 kg/m/s bins.
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Figure 22: Composite map of the 14 extreme events, six day evo-
lution up to the day of the event for 500 hPa geopotential height
anomaly, for RE. Yellow contour lines are the mean for six month
period (ASONDJ), which the anomaly is based on

Figure 21, shows the composite map for RE-events, of daily MSLP and 24-hour
IVT, and figure 22 shows the 500GHA. Both over a six-day period. The figures
reveal that there is not until two days in advance where the large-scale situation
leading to EDP events starts to take shape. In figure 21, there is a deepening of the
low-pressure system located in the Icelandic low region two days in advance. This
low-pressure system continues to deepen further as it moves towards Svalbard until
the day of the event. As the low-pressure deepens and moves towards Svalbard, over
the period (day -2 to Day of event figure 21), it transports large amounts of moisture
from the south, which on the day of the event reaches the east side of Svalbard.

In the 500GHA (figure 22), the low-pressure deepening is also shown. Two days in
advance, there are negative anomalies reaching over Greenland, and over Scandi-
navia, there are positive anomalies. Over the next day until the day of the event,
the negative (positive) anomalies continued to decrease (increase). The positive
anomalies moved north-eastward, and the negative anomalies moved eastward.
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Interestingly, during this whole six-day period, there is strong transport of moisture
towards northern Europe, which seems to be a key feature. The low-pressure system
is transporting moisture from the region with strong transport of moisture towards
northern Europe.

These results show that the evolution of large-scale setup of the atmosphere favour-
ing EDP events in RE, is the strong deepening of the low-pressure one day in advance
of the day of the event. The deepening of the low-pressure is also seen the 500GHA
as a trough reaching over Greenland, and further over the Atlantic ocean. In com-
bination with the ridge east of Scandinavia, sets up a flow towards Svalbard in the
500 hPa height. The key features seems to be the combination of transport of mois-
ture towards northern Europe, and deepening of the low-pressure, leading to large
amounts of moisture being transported towards Svalbard’s east coast.
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Region West

Figure 23: Composite map of the 14 extreme events, six day evolu-
tion up to the day of the event for MSLP and 24-hour IVT, for RW.
MSLP range 980 to 1040 hPa, contour lines 4 hPa. IVT range 100
to 440 kg/m/s, colorbar in 20 kg/m/s bins.
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Figure 24: Composite map of the 14 extreme events, six day evo-
lution up to the day of the event for 500 hPa geopotential height
anomaly, for RW. Yellow contour lines are the mean for six month
period (ASONDJ), which the anomaly is based on

Figure 23, shows the composite map for RW-events, of daily MSLP and 24-hour
IVT, and figure 24 shows the 500GHA. Both over a six-day period. The figures
reveal that the synoptic situation is very different then from RE. During the whole
period, there is a high pressure located near or over Scandinavia. But there is not
until two days in advance, when the low-pressure located in the Icelandic low re-
gion and high-pressure over Scandinavia intensifies, the strong transport of moisture
starts towards Svalbard. The combination of the low-pressure and the high-pressure
creates a dipole pattern, with strong flow directed poleward. From a day in advance
till the day of the event, the low-pressure moves along the east side of Greenland,
transporting moisture over the North Atlantic ocean. The high-pressure over Scan-
dinavia is stationary while it continues to strengthen.

In the 500GHA (figure 24), the anomalies are strong compared to RE. There are
negative anomalies west of Greenland. Over time the trough moves eastward and
intensifies. Two days in advance, it is located all over Greenland. The most notable
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feature is the increase and expansion of the positive anomalies over Scandinavia.
These anomalies are very strong for this period of time (ASONDJ), and there is
quite clear that these RW-events can be associated with a ridge over Scandinavia.

These results show that the evolution of large-scale setup of the atmosphere favoring
EDP events in RW, is the strong deepening of the low-pressure in the Icelandic low
region two days in advance. In combination with the protracted and strengthening
of the high-pressure system over Scandinavia. This leads to a very strong intrusion
of moisture over the North Atlantic ocean, and the low-pressure system transports
moisture towards the west side of Svalbard, reaching RW.

5.5 Case Studies

In the case studies are events analysed individually. Three events were chosen based
on that each of the events had different synoptic characteristics and affecting each
region. For the case studies we included the daily 500 hPa Geopotential height
(500GH) (not anomaly), as it has less noise than MSLP, and combined with MSLP
we can observe ridges and troughs.

5.5.1 Event 2016-11-07

The 2016-11-07 event is the event we found that had the most impact on Spitsbergen
(Svalbard), as this event was captured in both regions (RE and RW) see table 4.
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Figure 25: Daily MSLP, range 970-1040 hPa, contour line 4 hPa
and 24-hour IVT, range 150-850 kg/m/s, colorbar bins 50 kg/m/s.
From 2016-11-03 to 2016-11-08.
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Figure 26: Daily 500 hPa geopotential height, range 4500-6100 m,
bins 50 m. From 2016-11-03 to 2016-11-08.

This event is analysed from 2016-11-03 to 2016-11-08. Figure 25 show the 24-
hour IVT and daily MSLP and figure 26 show the 500GH. During this period, the
synoptic situation is characterized by a ridge over the North Atlantic ocean and
with a trough located just east of the ridge (figure 26). Over time this pattern is
propagating eastward, and the trough is becoming more and more pronounced over
Greenland. On the day of the event, the ridge is located between Norway and south
of Svalbard, and trough is located over Greenland. This pattern sets up a flow to-
wards Svalbard in the 500 hPa height. On the surface (figure 25), there is a similar
situation. A high-pressure region dominates the North Atlantic ocean, and a day
in advance, the high-pressure region moves eastward and does no longer covers the
whole North Atlantic ocean. A day in advance, there is also a low-pressure region
over Greenland. The pressure gradient between the low region over Greenland and
high region to the east, sets up a wind flow towards Svalbard. This further intensi-
fies the day of the event as the low-pressure deepens significantly along the east side
of Greenland and the high pressure over Scandinavia strengthens. The transport of
moisture towards Svalbard during this event was very high. Three days in advance
of the event, we can see that there is transported moisture towards the southern tip
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of Greenland, which is also seen the day after. It is when the high pressure is moved
eastward, and no longer reaches the east side of Greenland when the strong moisture
is transported towards Svalbard. And on the day of the event, there is transport
all the way from Iceland. The day after the event, we can see that the low-pressure
system continues poleward transporting quite large amounts of moisture into the
deeper Arctic. And the high-pressure region over Scandinavia strengthens further.

Meteorological report of the event 7 and 8 November 2016 [Lien (2017)], described
the synoptic situation of the day of the event. A strong low-pressure located in the
Fram Strait and a corresponding high pressure over Northern Scandinavia. The syn-
optic situation led to very strong winds (up to 60 knots in 925 hPa height) towards
the west side of Svalbard. The south-westerly airflow stretched far south-west into
the ocean, transporting warm and moist air, which originated in the Atlantic Ocean.
This is consistent with our findings.
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Figure 27: IVT in 6-hour intervals, from 12:00 UTC 2016-11-06 to
12:00 2016-11-08, range 150-850 kg/m/s, bins 50 kg/m/s.

Figure 27 shows the IVT in 6-hourly intervals, from 12:00 UTC a day in advance
till 12:00 UTC a day after. We can see there is a very strong transport of moisture
towards the west side of Svalbard. The transport gets stronger till mid day (12:00
UTC) day of the event. After this the transport gets weaker, but still strong, and the
direction get shifted more south. The transport on the day of the event, is mostly
concentrated over west coast, and we can see that the transport which is advected
over Svalbard is not as strong the as following day. This indicates that vapor is
released as precipitation. Guan & Waliser (2015), have reported some requirements
for AR detection, and one of the requirements is the lower limit for polar regions,
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100 kg/m/s. Another is the geometric requirements, which are length >2000 km,
length/width ratio >2. Based on these requirements, we conclude that this event
can be associated with AR like features.
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Figure 28: Spatial distribution of daily LSP the day of the event
2016-11-07

The spatial distribution and amount of precipitation from ERA5 LSP, on the day of
the event, are shown in figure 28. The spatial distribution shows that all the west
coast of Svalbard is effected. In addition, we can see that there is high precipitation
concentrations located in both regions (RE and RW, figure 12), but the area near
Ny-Ålesund and Longyearbyen is affected the most. Observation records from the
stations shows: Ny-Ålesund 86.8 mm, Longyearbyen (Svalbard Airport) 41.7 mm
and Hornsund 36.8 mm. There is no record from Sveagruva as the records stopped
in 2002. The precipitation the day after (2016-11-08), was measured at: Ny-Ålesund
3.7mm, Longyearbyen 3.7 mm, and Hornsund 61.2 mm. There is a similar shift in
precipitation distribution shown in the ERA5 LSP in the figure 29 below, but not
at the same magnitude as in the observation records. The shift towards the south
we observed in the IVT 6 hourly intervals (figure 27), is most likely the reason for
this. Observation data is from https://seklima.met.no/observations/.
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Figure 29: Spatial distribution of daily LSP the day of the event
2016-11-07.

The MET report of this event, Lien (2017), stated that most of the precipitation was
due to orographic lifting. The very strong advection of moisture, led to that very
high precipitation moved more inland, from coastal areas than usual, and therefore
affecting Longyearbyen. Lien (2017) describes this event as a very rare event, with
a return period of several hundred years. The event was forecasted in advance by
MET Norway, and a danger warning was issued.

5.5.2 The event 2012-08-27

The 2012-08-27 event was an event captured by ERA5 in the RE. We chose this
event due to that it was different from the composite analysis. In addition, it is this
an early autumn event (August), which is the month with only RE-events, see figure
13.
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Figure 30: Daily MSLP, range 970-1040 hPa, contour line 4 hPa
and 24-hour IVT, range 150-850 kg/m/s, colorbar bins 50 kg/m/s.
From 2012-08-23 to 2012-08-28.
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Figure 31: Daily 500 hPa geopotential height, range 4500-6100 m,
bins 50 m. From 2012-08-23 to 2012-08-28.

This event is analysed from 2012-08-23 to 2012-08-28. Figure 30 show the 24-hour
IVT and daily MSLP and figure 31 show the 500GH. During this period, the synop-
tic situation has some characteristics not shown in the composite map for RE. Four
days in advance there is already a low-pressure system located near Svalbard. The
next day (2012-08-24), we can see that the low-pressure system deepens just south
of Svalbard. Over the next two days, the low-pressure system is almost stationary,
until the day of the event when it weakens and the day after it dissipates. The
day after the deepening and onwards, there seems to be a poleward transport of
moisture over Scandinavia, but the IVT is a 24-hour average, and the low boundary
threshold we have set is quite high for a polar climate, at 150 kg/m/s. On the day
of the event, we can see clear signs of AR-like features, as the transport is stretching
all the way from Europe to Svalbard. A feature we found in the composite analysis
associated with EDP RE-events, was the transport of moisture towards northern
Europe. This feature is seen for this event.
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An advantage of selecting an autumn event is that satellite images for Arctic areas
are available from NASA worldview Application
(https://worldview.earthdata.nasa.gov). This app from NASA’s EOSDIS provides
full-resolution satellite imagery layers. Many of the layers are updated daily, showing
the Earth as it looks “right now”. We used an Arctic stereographic projection to get
the pictures.

Figure 32: Satellite imagery from NASA’s EOSDIS. Figure shows
the satellite imagery the evolution of the event 2012-08-27, over same
time period (2012-08-23 to 2012-08-27). Credit to NASA worldview
Application (https://worldview.earthdata.nasa.gov)

Figure 32 displays the evolution of the event 2012-08-27 with satellite imagery from
NASA. From the satellite imagery we can see large clouds bands, on the day in
advance of the event (2012-08-26), over Scandinavia towards south of Svalbard.
The day of the event (2012-08-27) the cloud band gets directed more south-east,
towards RE. And the day after, we can see that the low-pressure is dissipating. The
satellite imagery is consistent with what we found in our analysis. Additionally, we
can see the typical extratropical cyclone comma shape on day 2012-08-24.
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Figure 33: IVT in 6-hour intervals, from 12:00 UTC 2012-08-26 to
12:00 UTC 2012-08-28, range 150-850 kg/m/s, bins 50 kg/m/s.

Figure 33 shows the IVT in 6-hourly intervals during this event, from 12:00 UTC a
day in advance to 12:00 UTC a day after event. There is strong moisture transport
towards RE during this period, and we can see AR like features. The transport of
moisture directed towards east of Svalbard and shift northwards during the period.
On the day of the event, the transport no longer reaches over Svalbard. This again
indicates that the moisture is released as precipitation, but now over the east coast.

Interestingly the amount being transported towards Svalbard is not as significant
as the 2016-11-07 event. This is also seen in the composite maps for the respective
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region, further discussed in the discussion chapter.

Figure 34: Spatial distribution of daily LSP the day of the event
2012-08-27

Precipitation distribution for the 2012-08-27 event is shown in figure 34. There is
a direct hit on RE, with most of the precipitation located near the coast. We can
see here signs of the topography in ERA5, due to it is concentrated near relatively
high mountains, see in figure 7. Observation records shows: Ny-Ålesund 1.8mm,
Longyearbyen (Svalbard Airport) 5.8mm, and Hornsund 3.1mm. The highest pre-
cipitation values in ERA5 LSP are concentrated in RE, but ERA5 LSP does over-
estimate the precipitation near the weather stations Hornsund. This is most likely
related to that the spatial resolution of ERA5 is still too coarse for the complex
topography of Svalbard. The day before the event on the 2012-08-26, Hornsund
weather station measured much higher values, 28.8 mm. This is also shown in
ERA5 LSP precipitation as the precipitation is more concentrated over the Horn-
sund area, shown in the figure 35 below. Observation data in this section is from
https://seklima.met.no/observations/.
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Figure 35: Spatial distribution of daily LSP the day before the
extreme event (2012-08-26)

5.5.3 Event 2018-01-13

The 2018-01-13 event was an event captured by ERA5 in the RW. We chose this
event due to it being relatively new and a January event, which is the month with
most RW-events (see figure 13).
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Figure 36: Daily MSLP, range 970-1040 hPa, contour line 4 hPa
and 24-hour IVT, range 150-850 kg/m/s, colorbar bins 50 kg/m/s.
From 2018-01-09 to 2018-01-14.
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Figure 37: Daily 500 hPa geopotential height, range 4500-6100 m,
bins 50 m. From 2018-01-09 to 2018-01-14.

This event is analysed from 2018-01-09 to 2018-01-14. Figure 36 show the 24-hour
IVT and daily MSLP and figure 37 show the 500GH. During this period, the syn-
optic situation is characterized by a ridge over Scandinavia, which is present over
the period, with a trough located over Greenland (figure 37). Over the four days in
advance of the event, trough which stretches out in the North Atlantic ocean inten-
sifies, and it gets more concentrated near the south-east tip of Greenland. During
the same period, the ridge over Scandinavia intensifies, and shifts slightly eastward,
and gets more concentrated over Scandinavia. On the day of the event, the trough
over Greenland and the ridge over Scandinavia, further intensifies more, setting up
a strong flow towards Svalbard in the 500 hPa height. At the surface (figure 36),
the synoptic is very similar to what we found in the composite analysis for RW, the
strengthening of the high-pressure over Scandinavia and the strong deepening of the
low-pressure near the Icelandic low region two days in advance. The strengthening
of this dipole pattern continues the next day, leading to large amounts of moisture
being transported into the North Atlantic ocean. On the day of the event, the low-
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pressure moves along the east side of Greenland, till the Fram Strait, transporting
large amounts of moisture towards the west coast of Svalbard.

Figure 38: IVT in 6-hour intervals, from 12:00 UTC 2018-01-12 to
12:00 UTC 2018-01-14, range 150-850 kg/m/s, bins 50 kg/m/s.

Figure 38 shows the IVT in 6-hourly intervals during the 2018-event, from 12.00
UTC a day in advance to 12:00 UTC a day after event. Again there is large amount
of moisture being transport towards the west side of Svalbard, similar as the 2016-
event. The transport is strongest and the direction mostly concentrated over the
west side during the day of the event. Again we can see that the transport that the
large amount of moisture is not advected over Svalbard, indicating vapor is released
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as precipitation. And we see AR-like features.

Figure 39: Spatial distribution of daily LSP the day of the event
2016-01-13

The spatial distribution and the amount of precipitation from ERA5 LSP are shown
in figure 39. The spatial distribution show that Ny-Ålesund is the area that is af-
fected the most. There is not much precipitation concentrated on the east side. This
again shows that ERA5 LSP is affected by Svalbard topography, as spatial distribu-
tion of precipitation follows the topography shown in figure 7. Observations show a
similar spatial pattern with Ny-Ålesund 65.5 mm, Longyearbyen 18.6 mm, and Horn-
sund 11.2 mm. Observation data is from https://seklima.met.no/observations/.

From the IVT and precipitation figures in the case studies, it is very conceivable
that these events can be associated with AR-like features making landfall at the
respective regions. The transport is not advected "as much" over Svalbard during
the day of the event, indicating orographically induces precipitation as the precip-
tation distribution also follows the topography (figure 7). By comparing ERA5 to
observation, we see that ERA5 performs quite well in the spatial distribution of
precipitation. This is further discussed in the discussion chapter.
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6 Summary & Discussion

6.1 Short Summary

The thesis aimed to analyse the large-scale setup of the atmosphere leading to ex-
treme daily precipitation in Svalbard. Earlier studies have related EDP’s in Sval-
bard to a south-westerly flow towards Svalbard, bring large amounts of moisture
from southerly sources, and also linked the EDP events to AR like features. These
studies have been based on selecting EDP from in-situ records, and used an atmo-
spheric reanalysis to analyse atmospheric conditions[Serreze et al. (2015),Dobler et
al. (2019)]. Other studies have stated that in-situ records of precipitation are not
representative for Svalbard land area[Vikhamar-Schuler et al. (2019), Wickström et
al. (2020)]. In contrast to other studies, we used the atmospheric reanalysis ERA5
to select EDP, as this distributes the precipitation field over Svalbard from 1979 till
“now”. We have shown that ERA5 captures the largest events observed in Svalbard,
and is thus suitable for extreme precipitation analysis.

The main result from our is that there are two large-scale setups of the atmosphere
leading to EDP events at the east and west side of Svalbard (Spitsbergen). These
events are characterized by strong transport of moisture towards the regions, which
originates from lower latitudes. That can be associated with AR-like features. The
most important feature we found for RE, was a strong transport of moisture towards
Europe (northern Europe). The synoptic situation favoring EDP events for RE, is
a strong low-pressure deepening south-west of Svalbard. For RW we found that the
synoptic situation favoring EDP events was a high-pressure over Scandinavia, in the
combination of strong deepening of a cyclone located in the Icelandic low region,
leads to strong moisture transport towards Svalbard west coast. In addition to this,
we reported a seasonal variation between the regions RE and RW. RE events are
more related to autumn/early winter, while RW events are more related to winter.

6.2 Detailed summary & Discussion

This section is divided into two parts. In the first part, we discuss the procedure of
the thesis, while in the second part, the main results are discussed.
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6.2.1 Procedure

We have, in our analysis, taken a different approach to how we choose extreme
daily precipitation events than what we have seen in other studies [Serreze et al.
(2015), Dobler et al. (2019)]. Instead of using observation records to select extreme
events, we used the atmospheric reanalysis ERA5 to locate high precipitation ar-
eas in Svalbard Archipelago. It was from these regions, that we selected the EDP
events. The different approach, by utilizing ERA5, we aimed to advance our un-
derstanding of the large-scale setup of the atmosphere leading to EDP in Svalbard
Archipelago. The motivation for using a reanalysis to analyse EDP event is due to
that the in-situ observation is not providing a good representation of precipitation
in Svalbard, as these are sparse, and the network of stations is mostly located on the
west coast [Wickström et al. (2020), Vikhamar-Schuler et al. (2019)]. In addition,
to this all stations are located below 40 m.a.s.l [Hanssen-Bauer et al. (2019)], and
as Killingtveit et al. (2003) proposed, an average increase (gradient) around 14 %
per 100 m in Svalbard, related to orographic precipitation, and therefore can in-situ
observations underestimate precipitation. Due to that, the stations are not sufficient
to provide a representative description of precipitation over Svalbard archipelago.
We can, by utilizing ERA5 analyse precipitation in observation sparse areas. We
chose to use ERA5 because it was recently released, at the start of the thesis, and
the improvements in the representation of large-scale precipitation (LSP), and the
high spatial and temporal resolution, compared to its predecessor ERA-Interim.

We found two high precipitation areas by analysing the 98-percentile threshold of
daily LSP precipitation over Svalbard Archipelago (figure 12). One was located at
the north-west on Spitsbergen and the other south-east. We selected EDP events
from these two areas, by creating geographical spatial masks based on a threshold
value in the 98-percentile field. The area within these masks is the regions we defined
as Region East and West (RE and RW). From the grid cell within these regions, we
computed the spatial averaged daily LSP, where the output was daily time series
from 1981-2018, with the average precipitation in these regions. EDP events were
defined as the precipitation exceeding the 99.9-percentile threshold. This resulted
in 14 events for each of the regions (table 4).

These threshold values, marking the geographical area of the regions, were cho-
sen based on the size of the area in the 98-percentile threshold field. Therefore,
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it was essential that extreme daily events that have been documented were cap-
tured. Four events were captured: the 2012-01-29 (and 2012-01-30) [Serreze et al.
(2015), Hansen et al. (2014)], 2018-01-13 [Dobler et al. (2019)] and 2016-11-07 [Lien
(2017),Humlum et al. (2016)]. All these events were captured in RW, except the
2016-11-07, which were captured in both. We did not find any events related to RE.
Dobler et al. (2019) showed several heavy rain events for Longyearbyen. They also
the five most heavy events for the five weather stations: Bjørnøya, Hopen, Horn-
sund, Longyearbyen (Svalbard airport) and Ny-Ålesund. None of these events were
captured in RE, but several were captured in RW. This is most likely related to
that these events are from observations (Ny-Ålesund, Longyearbyen, and Hornsund
on Spitsbergen) and that there is a bias in the stations location [Wickström et al.
(2020), Vikhamar-Schuler et al. (2019)]. Since Hopen lies to the east and Bjørnøya
lies south of Spitsbergen, we looked further into these 5 top events Dobler et al.
(2019) showed. By analysing the monthly time series of precipitation from seklima
(https://seklima.met.no/observations/) for the month of the event, we found one
event most likely related to the EDP event in RE. The 4th most extreme event
at Bjørnøya occurred 2004-08-20. The day after, 2004-08-21, Hornsund station
measured quite high precipitation, which was captured in RE as an EDP event.
Hornsund’s location is quite close to the east region (figure 12), and since the event
occurred the day before in Bjørnøya, it is conceivable that this event was caused
by a low-pressure system moving towards Svalbard. First affecting Bjørnøya, and
the day after affecting Hornsund. This is consistent with the synoptic situation we
found to be favoring extreme events in RE (figure 20, figure 21), and also what we
showed in the case study of the event 2012-08-27 (section 5.5.2). This was an RE
event, and we saw that the day before (2012-08-26), that both ERA5 and Horn-
sund records showed very high precipitation amounts, meaning that a low-pressure
system located south-west of Svalbard can lead to quite high precipitation at Horn-
sund. Hence, by selecting extreme precipitation events from these two regions, we
have confidence that EDP events are captured.

Even if in-situ observation does not represent the precipitation over Svalbard, they
can be useful when comparing values from a reanalysis to observation near the sta-
tions. One should never use a reanalysis alone as the “truth”, because it is not
an observation. We compared yearly and seasonal daily maximum betweem ERA5
and Observations for each year between 1981-2018. We found that ERA5 generally
underestimates values, and especially the highest values. Some maxima were not
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captured, but most of them were. As mentioned, there are several uncertainties re-
lated to this type of analysis. Generally, comparing point observation in space and
time with a spatial average of a grid box in a model, one should always be careful
since the areal precipitation is smaller than the maximum point precipitation. To
compare the grid box to point, often so-called “Areal reduction Factors”, are deter-
mined to relate the grid precipitation to point observations [Dyrrdal (2012)]. For
an impact study of these events, it would be essential to account for this, but this is
not the scope of this thesis. Observations in the harsh Arctic climate is affected by
several issues [Hanssen-Bauer et al. (2019)]. Undercatch of precipitation is one of
them and is dependent on precipitation type and air temperature, and is especially
related to solid precipitation (snow), as wind affects the snow more leading to un-
dercatch [E. J. Førland & Hanssen-Bauer (2000)]. E. J. Førland & Hanssen-Bauer
(2000) reported that the “true” annual precipitation could be 50% higher than what
is measured at Ny-Ålesund. In this analysis we have not made any attempt to sep-
arate precipitation types (rain and snow), and our in-situ records could therefore be
affected by undercatchment. But during these extremes events, related to AR-like
features, there have been shown that precipitation fell as rain in the lower altitudes
(2012-01-29 [Hansen et al. (2014)], 2018-01-13 [Dobler et al. (2019)] and 2016-11-07
[Lien (2017)]). Since the weather stations are located at altitudes below 40 m.a.s.l.
it is conceivably that observations during these events are more accurate, as the
undercatch is more related to solid precipitation (snow).

Orographic effects have a strong influence on the distribution of precipitation in
Svalbard [E. Førland et al. (1997), Serreze et al. (2015), Vikhamar-Schuler et al.
(2019), Hanssen-Bauer et al. (2019), Wickström et al. (2020)]. Orographic effect
in ERA5 is also seen, when comparing to the topography shown in figure 7, to
precipitation distribution for: 98-percentile field (figure 12, annual precipitation TP
and LSP (figure 15 a) and b)), during the extreme events (figure 16 a) and b),
and figure 17 a) and b)).

In the case studies, we also saw that ERA5 LSP for these extremes represented
the precipitation distribution fairly good when compared to the four stations used in
this thesis. The event 2012-08-27 (section 5.5.2) showed that ERA5 did overestimate
precipitation near Hornsund station, which implies that ERA5 spatial resolution is
too coarse for the complex topography of Svalbard.

Both Wickström et al. (2020) and Vikhamar-Schuler et al. (2019) used a more
high-resolution model and dataset, showing the annual and seasonal distribution
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of precipitation over Svalbard. Wickström et al. (2020) used the AROME-Arctic
model [Müller et al. (2017)] with 2.5 km x 2.5 km spatial resolution, and Vikhamar-
Schuler et al. (2019) used the downscaled dataset "Sval-Imp" [Østby et al. (2017)]
with 1 km x 1 km spatial resolution. And compared to these studies, ERA5 does
display the spatial distribution quite good for having a coarser resolution (31 km
x 31 km), since the precipitation is mostly concentrated near the coastline, similar
to these studies. Annual ERA5 LSP (figure 15 b) seem to agree more with what
Wickström et al. (2020) showed, as precipitation amount in near RE were higher
than what Vikhamar-Schuler et al. (2019) showed. It is important to mention that
this is just based on a visual comparison of the figures and that there is also uncer-
tainty related to the different time periods used in the respective studies. However,
generally ERA5 LSP does represent the overall spatial distribution during extreme
events rather good.

Orographic effects play an important role in extreme daily precipitation events in
the mid and high latitudes, when ARs, long narrow bands of vapor are lifted over
the topography in mountainous areas [Ralph et al. (2006), Lavers & Villarini (2013),
Azad & Sorteberg (2017)]. The EDP events in Svalbard can be associated with AR-
like features [Serreze et al. (2015)], hence did we use ERA5 LSP to analyse EDP
events in Svalbard. We assumed that extreme daily precipitation events are caused
by orographic precipitation, rather than convective. We tested the contribution of
convective precipitation (CP) in ERA5 annually, and for the extreme events for
both regions. We found the contribution to be minimal for both annual and the
extreme events (figure 15 c), figure 16 c) and figure 17 c)). Annually the contri-
bution of CP was mostly concentrated over the ocean, south-west of Svalbard. We
have not included sea surface temperatures in the analysis. However, this area of
the North Atlantic ocean is associated with the West Spitsbergen Current (WSC)
[Hanssen-Bauer et al. (2019)] and normally associated with relatively higher ocean
temperatures, which together with cold Arctic air, can initiate convective processes.
This is most likely the reason for the contribution of CP in this area. To fur-
ther test the significance of CP, we also tested using TP instead of LSP to select
EDP from the two regions (RW and RE), but it where the same events as in table 4.
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6.2.2 Results

We found two large-scale setups of the atmosphere favoring extreme daily precip-
itation events at each side (south-east and north-west) of Spitsbergen (Svalbard).
The synoptic situation favoring RW-events is consistent with what we have seen
in other studies and met reports [[Serreze et al. (2015), Lien (2017), Dobler et al.
(2019)]. To our knowledge, the synoptic situation favoring RE-events has not yet
been related to extreme daily precipitation events. By utilizing ERA5, has allowed
us to analyse precipitation in observation sparse areas and therefore were able to
link the synoptic situation to extreme daily precipitation events. This is consistent
with the statement in Wickström et al. (2020): "The model also allows us to study
regions outside the observational network. This is especially valuable in the central
and eastern parts of Svalbard, as the majority of the observation network is concen-
trated along the west coast".

An interesting result was that although there is a relatively short distance between
the two regions, there is only one event occurring in both regions simultaneously
(table 4). This is consistent with what we discussed above that the topography
of Svalbard has a strong influence on the precipitation distribution. Figure 16
and figure 17 shows the averaged precipitation during the events for RE and RW,
respectively, and we can see that in both cases that the precipitation is concentrated
on each side of Svalbard. This reflects the importance of how these two synoptic
situations affect the distribution of extreme daily events on Spitsbergen (Svalbard).

The composite map of daily MSLP and 24-hour average IVT (figure 20), is based
on the 14 most extreme events for each region (RE and RW) and the two synoptic
situations on the day of the event shows that these events consist of a strong direct
flow towards the respective region. The synoptic situation favoring RE-events is
a low-pressure located south-west of Svalbard, setting up a strong south-easterly
flow towards Svalbard. For RW, there is a dipole pattern, with a low-pressure lo-
cated near Greenland’s east coast, stretching all along the coast up to Fram Strait,
and a high-pressure system located over Scandinavia, setting up a very strong south-
westerly flow. Dobler et al. (2019) stated that the general weather situation favoring
heavy precipitation events, is a strong south-westerly flow.

Extreme daily precipitation events were selected by using the averaged daily LSP
of the grid cells within the regions and selecting events that exceeded the 99.9-
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percentile threshold. Interestingly by selecting a lower threshold, meaning that we
including more events, the synoptic situation favoring extreme events, changed min-
imally. We changed the threshold to 99.8- and 99-percentile, which resulted in 28
and 139 events, respectively, for both regions. This further supports our findings,
that these synoptic situations are the preferred atmospheric setups that lead to ex-
treme precipitation for the respective region, since these do not only apply to the
most extreme events

A daily atmospheric circulation (AC) dataset, known as the “Niedźwiedź Classifi-
cation” is a dataset made for AC-types for Svalbard. The synoptic situations is
classified into 21 different AC types. It is based on MSLP geostrophic wind balance
and categorizes the flow towards Svalbard, for example, N = northerly or SW =
south-westerly. If the flow is driven by cyclone (low-pressure system) or anticyclone
(high-pressure system) is marked by small capital letters “c” and “a” respectively.
This classification also include non-directional types, Bc = cyclonic trough, Cc = Cy-
clone over Svalbard, Ka = Anticyclonic ridge and X = unclassified flow [Wickström
et al. (2020)]. Wickström et al. (2020) found that the different weather stations in
Svalbard do have a higher percentage of precipitation for a given flow type. This
is again addressing the influence Svalbard’s topography has on local precipitation
and the importance of atmospheric circulations to the distribution of precipitation
on Svalbard.

The synoptic situation we have found for RE-events are likely associated with
a south-easterly or a southerly flow, driven by a cyclone, AC-types, “SEc” or “Sc”.
While for RW it is clearly dominated by a south-westerly flow. However, if the flow
is driven by a cyclone (low-pressure system) or anticyclone (high-pressure system),
it is difficult to state. Wickström et al. (2019) showed the average frequency of
rain-on-snow events during winter (DJF), for different AC types. The one favoring
rain on snow events in RW, is "SWa", while rain on snow events in RE is "SEc".
The AC-types is consistent with the large-scale setup we found in composite map
(figure 20). Since the EDP events are associated with strong moisture transport
from the lower latitudes, and Lien (2017), Hansen et al. (2014) and Dobler et al.
(2019) reported that during EDP events precipitation fell as rain. Therefore it is
most likely that precipitation precipitate as rain during RE and RW events, and con-
sistent with the finding by Wickström et al. (2020). Łupikasza & Niedźwiedź (2019)
have linked AC types to warming and cooling periods on Svalbard (Spitsbergen).
Łupikasza & Niedźwiedź (2019) showed two cases of warming, which were very sim-
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ilar to the two synoptic situations for RE and RW. One of the cases was the event
2012-01-29, an event captured in RW. This event was related to "SWa", showing
that the south-westerly flow is driven by the high-pressure over Scandinavia. The
other case, with the synoptic situation favoring RE-events, was classified as "SEc".
This event Łupikasza & Niedźwiedź (2019) showed (2006-12-10), was not registered
as an extreme event in RE. Łupikasza & Niedźwiedź (2019) analysed temperature,
while we are focusing on EDP. Low-pressure systems are quite frequent below Sval-
bard during winter [Wickström et al. (2019), Tsukernik et al. (2007)], transporting
heat and moisture [E. J. Førland et al. (2011) ,Wickström et al. (2019) ], but we
found that extreme events are associated with very strong transport of moisture
towards the respective regions. And one of the key features for RE-events is the
strong transport of moisture towards northern Europe during the days in advance
of the event, which is transport via low-pressure systems towards Svalbard. That
there is not strong transport of moisture towards northern Europe during this event
Łupikasza & Niedźwiedź (2019) showed, could explain why the event is not captured
as a RE-event. This is beyond the scoop of this thesis, but it would be interesting to
analyse this event and look further into the importance of the transport of moisture
towards northern Europe, see outlook.

During autumn, the temperature in Svalbard typically shifts from temperatures
above to below zero, while in winter, the temperature is typically below zero [Hanssen-
Bauer et al. (2019)]. The amount of precipitable water in the atmosphere is generally
low during this period (following the Clausius-Clapeyron relation), but in some spe-
cial weather situation, is strong advection of moist air from southerly sources leading
to heavy precipitation events [ Dobler et al. (2019)]. From the composite map of
daily MSLP and 24-hour average IVT (figure 20) we found that events occurring in
both regions are associated with strong transport of moisture towards the respective
regions during the day of the event. The synoptic situation related to RW, leading
to strong transport moisture, is consistent with what both Serreze et al. (2015),
Dobler et al. (2019) showed.

On the day of the events, the 14 events averaged transport of moisture towards
the respective region is different. For RE, it is around 200-210 kg/m/s located on
east-south of Svalbard, directed towards RE. For RW its around 330 to 340 Kg/m/s
located south-west of Svalbard, directed towards RW. The 98-percentile daily IVT
for Svalbard Archipelago, is between 200-300 kg/m/s [Hegdahl et al. (2020)]. Guan
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&Waliser (2015) reported a lower limit for polar regions for detection of ARs, setting
the limit to 100 kg/m/s, due to the low moisture content in these regions, but this
limit applies for a single event. The RE and RW events are averaged over 14 events
for both regions and still show above 100 kg/m/s, and are between or over the daily
IVT 98-percentile for Svalbard Archipelago [Hegdahl et al. (2020)]. Therefore we
conclude that these events are associated with very strong transport of moisture and
can be associated with AR-like features.

We chose to use IVT to analyse moisture transport towards Svalbard, and see
if these EDP events can be associated with AR-like features. Both Integrated Wa-
ter Vapor (IWV) and integrated vapor transport (IVT) are often used to observe
transport of moisture and usually the tools used for AR detection [Guan & Waliser
(2015)]. IWV is a measure of the amount of water content in the atmospheric col-
umn, while IVT is the amount of vapor being transported horizontally. We chose
IVT since we wanted to analyse the amount of vapor being transported towards
Svalbard during the extreme events and that IVT has a direct relationship with
orographically induced precipitation [Guan & Waliser (2015)].

The composite analysis, days in advance of the event, showed a difference in the
evolution of large-scale setup leading EDP events, for the two regions. The analysis
was over six days, where the last day is the day of the event. The evolution, related
to RE-events, we found that it is not until two days in advance that the synoptic
situation takes shape when a low-pressure system deepens near Iceland (figure 21).
But the most notable feature is the strong deepening of the low-pressure system a
day in advance. In the 500hPa geopotential height anomaly (figure 22), we see a
very negative anomaly, which indicates that the low-pressure system stronger than
usual, compared to the period with the most extreme events (ASONDJ). When
the strong deepening of the low-pressure occurs a day in advance, large amounts of
moisture are being transported poleward. As the system continues to deepen on the
day of the event, we see the moisture being transported towards RE. During the
six-day period, there are also large amounts of moisture being transported towards
northern Europe. The combination of this and the strong low-pressure deepening is
what we found most likely leading to EDP events in RE.

The evolution of the large-scale setup, related to RW-events, is characterized by
a dipole pattern over the North Atlantic ocean (figure 23). A low-pressure system
located in the south-eastern tip of Greenland, and a high-pressure system over Scan-
dinavia. Two days in advance, there is a strong deepening of the low-pressure, and
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the high-pressure over Scandinavia strengthens, and large amounts of moisture are
transported in over the North Atlantic ocean. The high-pressure over Scandinavia
continues to strengthen further until the day of the event, and the low-pressure
stretches along the east coast of Greenland into the Fram Strait, which transports
large amounts of moisture towards RW. In the 500hPa geopotential height anomaly
(figure 24), there are very strong anomalies, positive anomalies over Scandinavia,
and negative over Greenland. The most notable feature is the strong increase and
expansion in the positive anomalies over Scandinavia and negative anomalies over
Greenland, evolving over time. The positive anomalies over Scandinavia are present
over the six-day period, which indicates that these events can be associated with
high-blocking features. This is consistent with what Woods et al. (2013) reported,
that the high-blocking feature, east of the poleward moisture transport is the large-
scale pattern favoring extreme moisture intrusion into the Arctic.

From these results, it is quite clear that the moisture transported towards Svalbard
originates in the lower latitudes, but there seems to be a difference in where. For RE,
the transport towards northern Europe seems to be an essential feature, as the low-
pressure transports moisture from this area. This can be related to the positive phase
of the North Atlantic Oscillation (NAO), which is associated with an increase in
storm and precipitation in northern Europe, as the storm track is more zonal oriented
[Wickström et al. (2019)]. NOAA (2020) defines the NAO index as: "The NAO index
is a measure of the pressure gradient between surface sea level pressure difference
between the Subtropical (Azores) High and the Subpolar Low (Icelandic low ). The
positive phase of the NAO reflects below-normal heights and pressure across the
high latitudes of the North Atlantic and above-normal heights and pressure over the
central North Atlantic". And in the geopotential height anomaly (figure 22 "Day
-5"), five days in advance (RE), we can see negative anomalies over the high latitudes
across the North Atlantic and positive anomalies over the lower parts of the North
Atlantic. We have not included NAO index, but it would be interesting to include.

For RW, the moisture seems to originate further south, as five days in advance,
there is not much moisture being transported over the north Atlantic. Serreze et
al. (2015) reported for one of his case studies, that the extreme event was related
to the remnant of Hurricane Hugo. In the six-day composite map for RW (figure
23) we can see that three days in advance a low-pressure system from the Atlantic
ocean splits at the southern tip of Greenland, and further deepens the day after.
This can be related to a low-pressure which is travelling over the Atlantic ocean,
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transporting moisture into the North Atlantic. This is beyond the scoop of this
thesis, but it would be interesting to further analyse this by expanding the area of
interest (North Atlantic), by including the Atlantic ocean.

Both evolutions of the individual synoptic situation leading to EDP, we found to be
associated with strong low-pressure deepening, but at different locations. One was
located south-west of Svalbard, and the other was located near the south-east tip of
Greenland (Icelandic low region). Low-pressure deepening processes are beyond the
scope of this thesis, but it is important to notice that both these areas where we saw
low-pressure deepening has been shown to be associated with strong low-pressure
deepening [Tsukernik et al. (2007)].

One of the differences in the large-scale setup leading to EDP for the respective re-
gions, RE and RW, was the amount of moisture being transported. We found IVT
maxima around 200-210 kg/m/s south-east of RE, during RE-events, and around
330 to 340 kg/m/s south-west of RW, during RW-events. In the composite map of
the evolution (figure 21 and figure 23), we see that most of the transport related
to RW-events occurs over the ocean, while for RE-events the transport occurs rela-
tively close to and over the shoreline of Norway. Azad & Sorteberg (2017) mentions
the importance of ARs being transported over the ocean to retain moisture. Since
Scandinavia mountain ranges, and especially Norway’s mountainous shoreline, can
lead to that some of the moisture precipitates before it reaches Svalbard. The case
study for the event 2012-08-27 shows that during the event, and the day before,
there is precipitation occurring over Norway. Meaning that some of the moisture
transported from southerly sources could already have precipitated, leading to less
moisture being transported towards RE. This has not been analysed, but could be
one of the reasons we see less moisture transport towards RE during the EDP events.

In the case studies, we selected three individual events based on the synoptic situa-
tion and the region the event impacted. We chose the event 2012-08-27, 2016-11-07,
and 2018-01-13. The analysis is over a six-day period, including four days in ad-
vance, the day of the event, and the day after. The day after the event was added
to analyse if weather systems continue to move or if the systems dissipate.

The RE-event (2012-08-27), was the only autumn event analysed. This event
was quite interesting since it was different from the composite evolution analysis
for RE (figure 21), but still had the main characteristics. Where the low-pressure
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is deepening south-west of Svalbard, and transport of moisture towards northern
Europe during this period. But difference from the composite analysis, the low-
pressure system was already located near Svalbard, four days in advance. Over the
next two days, it moves south-west of Svalbard and deepens, and on the day before
the event, setting up a strong south-easterly flow transporting quite large amounts
of moisture towards the east coast of Svalbard. The system seems to weaken on the
day of the event, which is different from what we see in the composite analysis, but
still we can see quite strong transport of moisture towards the east coast. The day
after the event, the system dissipates. Satellite images over the same period, from
NASA (figure 32), are consistent with the analysis.

The 2016-11-07 and 2018-01-13 events do have some similar characteristics. Both
can be characterized by a ridge stretching quite far north, but during the 2016-event,
the ridge is situated over the North Atlantic, while the ridge during the 2018-event
is situated more over Scandinavia. On the day of the event, the synoptic situation
at the surface is quite similar with the high-pressure region over Scandinavia and a
low-pressure located near the east coast of Greenland, near the Fram Strait. This
is setting up a very strong south-westerly flow, transporting moisture towards the
west coast of Svalbard.

These three case studies have in common that there is very strong transport of
moisture towards the respective regions, shown in the IVT 6-hour intervals figures
(figure 27, figure 33, figure 38). By using the polar limit (100 kg/m/s) and geomet-
ric requirements (length >2000 km, length/width ratio >2) from Guan & Waliser
(2015) to detect ARs, these events can likely be classified as ARs.

The annual distribution of the 14 most extreme events for both regions, shows that
these extreme events occur from August to April and non from May to July (figure
13). The highest number of events is during winter and autumn. As discussed
above, low-pressure systems transport moisture towards the respective regions, and
since autumn and winter are the seasons with the highest frequency of low-pressure
systems over the North Atlantic, and air pressure is lowest [Serreze et al. (2015),
Hanssen-Bauer et al. (2019)], which is consistent with our findings.

We found that the number of occurrences of events between 1981-2018, for the
respective region, had a seasonal variation. RE-events were more frequent during
autumn (OND), and RW-events were more frequent during winter (JFM). This
distribution is based on the 14 most extreme events from each region, which are
not that many events. We included several events to analyse whether the same

77



seasonal distribution remained the same. We lowered the threshold for selecting
extreme events for the two regions to the threshold values, the 99.8- and 99-percentile
threshold, who has similar synoptic situations as the 14 most extreme events. 28
and 139 events, respectively.

We found that the seasonal distribution of the seasons with the most events
stayed mostly the same (figure 14), for both 28 and 139 events. The only exception
was for the 28 event distribution, where NDJ was the season with most events, but
OND only had one less event. Comparing the distribution for all three, we see that
events get more spread out throughout the year the more events we include. Table 5
shows the percentage of occurrence in the seasons with the most extreme events, for
each region for the different percentile (number of events). For the 14 most extreme
events, both RE-events and RW-events, have the same percentage of occurrence.
57% in OND and JFM, respectively. But by including more events, the percentage
of occurrence changes in the seasons OND and JFM. For the 99.8-percentile distri-
bution, 53% of all extreme events related to RW occurred in JFM, and in contrast,
“only” 39% and 36% of all extremes related to RE occurred in NDJ and OND,
respectively. For the 99-percentile distribution, 41% of all extreme events related
to RW occurred in JFM, and 44% of all extremes related to RE occurred OND.
Meaning that when including more events, RE-related events get more pronounced.
This is most likely related to the North Atlantic cyclone track, that the frequency
of low-pressure systems is mostly located south of Svalbard instead of west.

Wickström et al. (2019) shows that the area where we found the location of
the center of the low-pressure system in the composite map (figure 20), related to
RE-events, have higher Cyclone Activity Index (CAI = cyclone density cyclone
intensity) during SON, than for DJF. And for low-pressure systems located west
of Svalbard (Fram Strait), related to RW-events, had higher CAI for DJF than for
SON. Although these seasons are not the same, it supports the seasonal difference
between the regions RE and RW that we found. That RE events are more related
to autumn, and RW-events are more related to winter.

Wickström et al. (2019) also reported a trend from a zonal storm track (North
Atlantic cyclone track) to a more meridional storm track during winter (DJF). The
cyclone (low-pressure system) density around Svalbard increased, while there was a
decrease in cyclone densities in the south-eastern Barents Sea, between 1979-2016.
This shift was reported to be associated with a positive trend in the positive phase
of the Scandinavian Pattern (SCA). The SCA is a large-scale atmospheric state, and
the positive phase is associated with a high-pressure ridge over Scandinavia. This
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pattern is associated with "high-blocking" features, steering cyclones into the Fram
Strait. This is similar to the large-scale setup we found to favor RW-events. Trends
between RW-events and RE-events are not analysed in this thesis, but with what
Wickström et al. (2019) reported, it is conceivable that there could also be a trend
in heavy and extreme precipitation event in RW (west coast of Svalbard).

7 Conclusion & Outlook

7.1 Conclusion

In this thesis, we aimed to advance our understanding of the large-scale setup of
the atmosphere leading to extreme daily precipitation in Svalbard. We used the
atmospheric reanalysis ERA5 to select extreme events from two high precipitation
regions in the Svalbard Archipelago. We have concluded with two large-scale setups
leading to extreme daily precipitation (EDP). The large-scale setup favoring EDP
on the west coast of Svalbard (Spitsbergen) was a strong low-pressure deepening
near the south-eastern tip of Greenland two days in advance of the event. Over the
next days, the system moves along the east coast of Greenland and into the Fram
Strait on the day of the event. In combination with a persistent high-pressure system
over Scandinavia, which over the same period strengthened, created a dipole pattern
over the North Atlantic ocean, transporting large amounts of moisture towards the
west coast of Svalbard. The large-scale setup favoring EDP on the east coast of
Svalbard (Spitsbergen) was a strong low-pressure deepening south-east of Svalbard
one day in advance, which further deepens on the day of the event. A key feature
associated with these RE-events is the strong transport moisture towards northern
Europe during these events, which gets transported via the low-pressure systems
towards Svalbard’s east coast. The synoptic situation leading to EDP events on the
east coast of Svalbard, has to our knowledge, not yet been related to extreme daily
precipitation. We also concluded that these EDP events can be characterized by
Atmospheric River like features, "A long, narrow, and transient corridor of strong
horizontal water vapor transport".

The annual distribution of extreme daily precipitation events between 1981-2018
showed that the most extreme events are related to winter and autumn. We also
found a seasonal difference in the number of events between the two regions. EDP
events related to RE-events were related to the season (OND), while RW-events
were related to the season (JFM).
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We assumed the ERA5’s large-scale precipitation (LSP) parameter to be the
main contribution of precipitation during these EDP events in Svalbard, rather than
ERA5’s convective precipitation (CP) parameter. This due to the assumption that
precipitation is mainly orographically forced. We can conclude that both annually
(between 1981-2018) and during EDP events, the CP contributed minimally to the
precipitation in Svalbard Archipelago. We can also conclude that ERA5 LSP does
represent the spatial distribution of extreme precipitation rather good on Svalbard.

The comparison of yearly and seasonal maxima between observations and the
grid cell closest to the weather station in ERA5 showed that ERA5 is able to capture
maxima, but precipitation is underestimated.

7.2 Outlook

The study of extreme precipitation is important, and studies of extreme daily pre-
cipitation in Svalbard are few. These events are projected in climate models to be
more frequent in a warming climate, and it is therefore important to advance our
understanding of these events. The large-scale setup of the atmosphere is closely
related to weather and climate on Svalbard. It is important to analyse these setup,
to advance our understanding of extreme daily precipitation events in Svalbard.

This study could be further expanded by a stronger focus on the seasonal dif-
ferences and identify trends in extreme daily precipitation events related to the two
regions. Wickström et al. (2019) reported a positive trend in cyclone densities near
Svalbard during winter. This was associated with a positive trend in the Scandi-
navian pattern, which favors cyclones near the Fram Strait. It is conceivable that
there will be a similar trend in the distribution of extreme daily precipitation events,
that RW-events are becoming more frequent during winter.

By including the climate indices, the SCA, NAO and the Arctic Oscillation (AO)
like Wickström et al. (2019), would also further expanded our study. The positive
phase of NAO and AO favors a cyclone track from near Iceland towards the Bar-
ent Sea. As discussed in the discussion chapter, we linked the synoptic situation
related to RE-events to the atmospheric circulation-type "SEc", which is associated
with cyclones located south-west of Svalbard. Another key feature we found to be
related to RE-events was the strong transport of moisture towards northern Europe.
Both features are related to the positive phase of the NAO, and therefore, it would
be interesting to include the NAO index to further expand the study. The event
Łupikasza & Niedźwiedź (2019) showed, leading to a warming event which was as-
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sociated with atmospheric circulation-type "SEc", were not captured as an extreme
event in RE. There could be several reasons for that. One of the reasons could be
related to that there is quite strong moisture being transported towards northern
Europe. It would be interesting to test the significance of this feature.

It would also be interesting to expand the area of interest, by including the Atlantic
ocean and analyse low-pressure systems coming into the North Atlantic. Serreze et
al. (2015) reported that one of the events was related to Hurrican Hugo, and we
saw in the composite analysis that cyclones appeared near south-east of Greenland
and deepens along the east coast of Greenland. If there is any correlation between
low-pressure systems entering the North Atlantic, and RW related extreme events
could also be done to expand this study further.

It would also be interesting to analyse how much these EDP events contribute to
the annual precipitation in Svalbard. For example, the event 2012-01-29 [Serreze et
al. (2015)], where the daily precipitation was measured to 98 mm at Ny-Ålesund
station. Compared to the annual precipitation at Ny-Ålesund, this events accounts
for about 21% of the annual precipitation. (Derived from Observation, Ny-Ålesund,
between 1981-2018).

In the winter case studies (2016-11-07 and 2018-01-13), we saw that the day after
the event, the cyclones continued deeper into the arctic, with a strong transport of
moisture. Transport of moisture (vapor) into the Arctic is also transport of latent
heat, as vapor condenses, releasing latent heat. Therefore, it would be interesting to
investigate how much these two large-scale setups related to RE and RW, contribute
to winter warming in the Arctic. In addition, how much the contribution of latent
heat is compared to sensible heat in the low-pressure systems, and ocean currents.

Moreover, with the future high-resolution reanalysis, the study of regional patterns of
precipitation in Svalbard can be further refined. In 2021 it is planned to be released
a convective-scale regional reanalysis for the Arctic regions as a part of the Coperni-
cus Climate Change Service (C3S)(https://climate.copernicus.eu/copernicus-arctic-
regional-reanalysis-service). It will have a similar setup as the operational AROME-
Arctic weather prediction system [Müller et al. (2017)], with a spatial resolution of
2.5km x 2.5km and cover the period from July 1997 to June 2021. Wickström et al.
(2019), concludes that AROME-Arctic is suitable for studying spatial variability on
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a local scale, and therefore it would be interesting to use this reanalysis for a future
study on extreme daily precipitation events at Svalbard.
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A Appendix

Figure A 1: The location of the four MET station, Ny-Ålesund,
Longyearbyen, Sveagruva and Hornsund with the 98-percentile daily
ERA5 large-scale precipitation (mm/day) field, in and around Sval-
bard, between 1981-2018. Region West and East marked by the red
contour lines are the two heavy precipitation regions, with threshold
values 12.5mm and 14mm, respectively. Black and brown squares
marks the area of data coverage for the two different regional datasets.
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Figure A 2: Composite map of the 14 extreme events for MSLP
and 24-hour IVT, for each of the regions RE and RW. MSLP range
980 to 1040 hPa, contour lines 4 hPa. IVT range 100 to 400 kg/m/s,
colorbar in 20 kg/m/s bins.

45°N

50°N

55°N

60°N

65°N

45°N

50°N

55°N

60°N

65°N

70°N 70°N75°N 75°N80°N 80°N85°N 85°N

0° 5°E 10°E 15°E 20°E 25°E25°W 20°W 15°W 10°W 5°W

990.000

99
5.0

00

10
00

.00
0

10
05

.00
0

1010.000

1015.000

10
20

.00
0

1020.000

1020.000

Region EAST

985 990 995 1000 1005 1010 1015 1020 1025
[hPa]

45°N

50°N

55°N

60°N

65°N

45°N

50°N

55°N

60°N

65°N

70°N 70°N75°N 75°N80°N 80°N85°N 85°N

0° 5°E 10°E 15°E 20°E 25°E25°W 20°W 15°W 10°W 5°W

996.000

996.000

1002.00010
08

.00
0 1008.000

10
14

.00
0 10

20
.00

0

1026.000

1032.000

Region WEST

990 996 1002 1008 1014 1020 1026 1032 1038
[hPa]

Figure A 3: The composite map of MSLP favouring extreme events
selected from 99.8-percentile of daily ERA5 LSP, for both regions.
The number of events are 28 for both regions.
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Figure A 4: The composite map of MSLP favouring extreme events
selected from 99-percentile of daily ERA5 LSP, for both regions. The
number of events are 139 for both regions
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