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Abstract

During the last decades, the Arctic has warmed faster than the rest of the globe. This
phenomenon is known as Arctic amplification (AA). Many processes contribute to
changes in the Arctic, including the increased poleward moisture transport. The
poleward moisture transport increases the cloud cover and water vapor content in
the Arctic which amplifies the near-surface warming and sea ice melting. In ad-
dition, the increased water vapor transport influences the precipitation in the Arc-
tic. Precipitation is a key climate variable and plays a crucial role in the Arctic cli-
mate system. It can affect the atmosphere due to thermodynamic processes and
surface characteristics such as the surface mass balance, surface energy budget, sur-
face albedo, and also the formation of sea ice. As a warmer atmosphere has a higher
moisture capacity, it is expected that Arctic precipitation will increase in the future.
Further, a phase transition from snow to rain will lead to a rain-dominated Arctic
which could accelerate the sea ice melting and consequently near-surface warming
(the so-called ice-albedo feedback).

In this thesis, the goal is to investigate the influence of poleward moisture trans-
port related to atmospheric rivers (ARs), cyclones, and fronts on precipitation in
the Arctic. For the analyses, the ERA5 global reanalysis data with its high spatial
and temporal resolution is used. The ERA5 data is initially evaluated by compar-
ing it with ground-based and spaceborne remote-sensing measurements for two AR
events. For the first AR event, the vertical profile of radar reflectivities and hydrom-
eteors are compared, while for the second AR event, the focus was on the surface
snowfall rate. Generally, ERA5 reanalyses represent the vertical structure of the pre-
cipitation systems very well. There are also deviations, especially over complex ter-
rain, and in representing small-scale features. Nevertheless, ERA5 represents larger
precipitation features and AR positioning that are related to synoptic features in a
satisfying way.

Within the framework of this thesis, a new methodology has been established
to distinguish between AR-, cyclone-, and front-related precipitation. This method
takes into account whether these synoptic features are co-located or separated (not
co-located) from each other. First, the method is applied for two distinct periods
from two airborne campaigns: ACLOUD (Arctic Cloud Observations Using airborne
measurements during polar day; May/June 2017) and AFLUX (Aircraft campaign
Arctic Boundary Layer Fluxes; March/April 2019). The contribution of ARs, cy-
clones, and fronts to precipitation differs between the periods. During the early
summer campaign, the precipitation is mainly associated with AR- (40%) and front-
related (55%) components, especially when they are co-located. The early spring
campaign shows another pattern. During this campaign, the precipitation was mainly
concentrated in the cyclone-related components (62%), especially when they were
not co-located. The difference in contribution during the early summer and early
spring campaigns was later confirmed in the climatological analyses.

Throughout the ERA5 period (1979 — 2021), the precipitation is not evenly dis-
tributed over the Arctic. 45% of the total precipitation is concentrated over the Arctic
North Atlantic sector and the Kara and Barents Seas. The remaining precipitation
(55%) is more evenly distributed over the other regions. The analyses showed also
spatio-temporal variations in the total accumulated precipitation. During summer,
the precipitation is evenly distributed over the entire Arctic and has its maximum
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in August. In the other seasons, the Arctic North Atlantic and the Kara and Barents
Seas are most affected by precipitation. Further, there are differences in the type
and form of precipitation. Considering the type of precipitation, 86% is classified as
large-scale precipitation, and only 14% is convective precipitation. 70% of the pre-
cipitation is in the form of snow, while 30% is in the form of rain. Generally, snowfall
is the dominant type of precipitation from October to May, and rainfall in July and
August. Further, rainfall is located mostly over the Arctic North Atlantic.

Slightly more than half of the total precipitation (56%) is attributable to ARs, cy-
clones, and fronts. The precipitation is mainly associated with cyclones (30%). Only
13% of the total precipitation is associated with ARs and 19% with fronts. The sum
of these values exceeds the 56% mentioned, as part of the precipitation occurs when
the synoptic features are co-located. The AR-, cyclone- and front-related precipita-
tion shows also spatio-temporal differences as well as differences between rain and
snow. Throughout the year, cyclones contribute similary to the total precipitation,
while ARs and fronts become more effective in summer. During winter, the cyclone-
related precipitation is mainly concentrated over the Arctic North Atlantic and the
Kara and Barents Seas. In summer, the AR-, cyclone-, and front-related precipita-
tion is more evenly distributed with a higher contribution over the Barents, Kara,
and Laptev Seas. Generally, cyclones and fronts contribute more to precipitation
than ARs. This correlates with the frequency of their occurrence. Cyclones occur
three times and fronts two times more often than ARs, and they also cover a greater
area. Nevertheless, AR-related precipitation is more intense compared to cyclone-
and front-related precipitation.

It is worth noting that 44% of the precipitation cannot be assigned to any of the
synoptic features. This amount is classified as residual. The residual is higher for
snowfall (50%) than for rainfall (24%) and has its maximum in winter over the Arc-
tic North Atlantic. Further analyses reveal that the residual over the Arctic North
Atlantic can mainly be attributed to marine cold air outbreaks (CAQOs). Consider-
ing CAOs, the occurrence of the residual would decrease from 15% to 5% over this
region. The residual over the other regions is less affected by CAOs. Applying a
threshold of 0.1 mm hr~! has shown that these regions are mainly affected by light
precipitation rates which are not associated with synoptic features. Especially over
the Arctic Ocean, up to 50% of the total precipitation has precipitation rates lower
than 0.1 mm hr~!. This highlights the importance of light precipitation, especially
with regard to snowfall. Applying a threshold would not only decrease the residual,
but it would also increase the contribution rates of synoptic features, especially ARs,
to the total precipitation in the Arctic.

Trend analyses show a significant increase in convective and large-scale rainfall
over the Arctic North Atlantic and the Kara and Barents Seas. The positive trend
over the Arctic North Atlantic is mainly related to ARs and fronts, while the posi-
tive trend over the Kara and Barents Seas is mainly related to cyclones and CAOs.
There are also differences between convective and large-scale precipitation. A signif-
icant increase in convective precipitation over the Kara and Barents Seas is evident
which could be associated with sea ice retreat leading to local evaporation. For the
large-scale precipitation, the significance is less pronounced because of compensat-
ing trends, i.e., a negative trend in snowfall and a positive trend in rainfall. This
highlights a phase change from snow to rain in these regions and no increase in total
precipitation.



Zusammenfassung

In den letzten Jahrzehnten hat sich die Arktis schneller erwdrmt als der Rest der
Welt. Dieses Phanomen wird als arktische Amplifikation (Arctic amplification, AA)
bezeichnet. Zu den Verdnderungen in der Arktis tragen mehrere Prozesse bei, darunter
ein verstarkter polwirts gerichteter Feuchtetransport. Dieser verstarkt die Wolk-
endecke und den Wasserdampfgehalt in der Arktis, was die oberflichennahe Er-
warmung und das Abschmelzen des Meereises verstiarkt. Dariiber hinaus beein-
flusst der verstarkte Wasserdampftransport den Niederschlag in der Arktis. Nieder-
schlag ist eine wichtige Klimavariable und spielt eine entscheidende Rolle im arktis-
chen Klimasystem. Er kann durch thermodynamische Prozesse die Atmosphéare und
Oberflacheneigenschaften wie die Massenbilanz der Oberfldche, den Energiehaushalt
der Oberfldche, die Oberflichenalbedo und die Bildung von Meereis beeinflussen.
Da eine warmere Atmosphédre mehr Feuchtigkeit aufnehmen kann, ist zu erwarten,
dass der Niederschlag in der Arktis zukiinftig zunehmen wird. Auflerdem wird
ein Phasentibergang von Schnee zu Regen zu einer von Regen dominierten Arktis
fithren, was das Abschmelzen des Meereises und damit die oberflichennahe Erwér-
mung beschleunigen kénnte (so genannte Eis-Albedo-Riickkopplung).

In der vorliegenden Arbeit soll der Einfluss des polwirts gerichteten Feuchtigkeit-
stransports im Zusammenhang mit atmosphérischen Fliissen (atmospheric rivers,
ARs), Zyklonen und Fronten auf den Niederschlag in der Arktis untersucht werden.
Fiir die Analysen werden ERA5-Reanalysedaten verwendet, die eine hohe rdaum-
liche und zeitliche Auflosung bieten. Die ERA5-Daten werden zunéchst durch einen
Vergleich mit bodengestiitzten und Fernerkundungs-Messungdaten zu zwei ARs
bewertet. Fiir das erste AR-Ereignis wird das vertikale Profil der Radarreflexion und
der Hydrometoren verglichen, wahrend bei einem zweiten AR-Ereignis der Schw-
erpunkt auf der Oberflichenschneefallrate gelegt wird. Grundsitzlich bilden die
ERAb5-Reanalysen die vertikale Struktur der Niederschlagssysteme sehr gut ab. Ins-
besondere iiber komplexem Geldnde und bei der Darstellung kleinrdumiger Merk-
male treten jedoch Abweichungen gegentiber den tatsdchlichen Gegebenheiten auf.
Dennoch stellt ERA5 grofiere Niederschlagsmerkmale, die mit synoptischen Merk-
malen verbunden sind, zufriedenstellend dar.

Im Rahmen dieser Arbeit wird eine neue Methode enwtickelt, um zwischen
AR-, zyklonen - und frontenbedingtem Niederschlag zu unterscheiden. Bei dieser
Methode wird berticksichtigt, ob diese synoptischen Merkmale zusammen oder ge-
trennt voneinander auftreten. Zunéchst wird die Methode fiir zwei unterschiedliche
Zeitraume aus zwei Flugzeugkampagnen angewandt: ACLOUD (Arctic Cloud Ob-
servations Using airborne measurements during polar day; Mai/Juni 2017) und
AFLUX (Aircraft campaign Arctic Boundary Layer Fluxes; Mérz/April 2019). Der
Beitrag von ARs, Zyklonen und Fronten zum Niederschlag ist in den beiden un-
tersuchten Zeitraumen unterschiedlich. Wahrend der Frithsommerkampagne war
der Niederschlag hauptsdchlich mit AR-(40%) und frontbezogenen (55%) Kompo-
nenten verbunden, insbesondere wenn diese zusammen auftreten. Die Kampagne
im Friithjahr zeigte ein anderes Muster. Wahrend dieser Kampagne zeigte sich der
Niederschlag hauptsdchlich im Zusammenhang mit Zyklonen (62%) — vor allem,
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wenn diese einzeln auftraten. Der unterschiedliche Beitrag der synoptischen Merk-
male zum Niederschlag in den beiden Kampagnen wurde spéiter durch die klima-
tologischen Analysen bestétigt.

Wiéhrend des gesamten ERA5-Zeitraums (1979 - 2021) ist der Niederschlag nicht
gleichmafiig iiber die Arktis verteilt. 45% des Gesamtniederschlags konzentrieren
sich auf den arktischen Nordatlantik sowie die Kara- und Barentssee. Die Analysen
zeigten auch rdumliche und zeitliche Schwankungen des akkumulierten Nieder-
schlags. Im Sommer ist der Niederschlag gleichméfiig tiber die gesamte Arktis
verteilt und hat sein Maximum im August. In anderen Jahreszeiten sind der ark-
tische Nordatlantik sowie die Kara- und Barentssee am starksten von Niederschlag
betroffen. Dartiber hinaus treten Unterschiede in der Art und Form des Nieder-
schlags zutage. Bei 86% des Niederschlags handelt es sich um grofsrdumigen Nieder-
schlag und nur 14% sind konvektiver Niederschlag. 70% des Niederschlags fallen
in Form von Schnee, wihrend Regen 30% des Niederschlags ausmacht. Bei der
vorherrschenden Niederschlagsart handelt es sich von Oktober bis Mai um Schnee;
im Juli und August hingegen um Regen. Die Untersuchung zeigt weiter, dass die
Niederschldge hauptsachlich tiber dem arktischen Nordatlantik fallen.

Etwas mehr als die Halfte des Gesamtniederschlags (56%) ist auf ARs, Zyklonen
und Fronten zurtickzufiithren. Dabei ist der Niederschlag hauptsédchlich mit Zyk-
lonen verbunden (30%). Nur 13% des Gesamtniederschlags werden mit ARs und
19% mit Fronten in Verbindung gebracht. Die Summe dieser prozentualen Werte
tibersteigt den zuvor genannten Anteil von 56% am Gesamtniederschlag, da Nieder-
schlag, der mit mehreren gleichzeitig auftretenden synoptischen Merkmalen zusam-
menhéngt, in der Einzelauswertung bei jedem dieser Merkmale — mithin doppelt —
erfasst wird. Im Hinblick auf den Niederschlag im Zusammenhang mit ARs, Zyk-
lonen und Fronten treten ebenfalls raum-zeitliche Unterschiede sowie Unterschiede
zwischen Regen und Schnee auf. Zyklonen tragen das ganze Jahr tiber in dhnlicher
Weise zum Gesamtniederschlag bei, wiahrend der Einfluss von ARs und Fronten im
Sommer zunimmt. Im Winter konzentrieren sich die zyklonenbedingten Nieder-
schlage hauptsdchlich auf den arktischen Nordatlantik sowie die Kara- und Bar-
entssee. Im Sommer sind die AR-, zyklonen - und frontenbedingten Niederschldge
zwar insgesamt gleichmafliiger verteilt; ein Schwerpunkt liegt gleichwohl tiber der
Barents-, Kara- und Laptewsee. Grundsitzlich tragen Zyklonen und Fronten mehr
zum Niederschlag bei als ARs. Dies korreliert mit der Haufigkeit ihres Auftretens.
Zyklonen treten dreimal und Fronten zweimal hdufiger auf als ARs; dariiber hin-
aus bedecken sie ein grofieres Gebiet als ARs. Gleichwohl sind AR-bedingte Nieder-
schldge im Vergleich zu zyklonen - und frontenbedingten Niederschldgen intensiver.

Es ist weiter erwdhnenswert, dass 44% der Niederschldge keinem der synoptis-
chen Merkmale zugeordnet werden kénnen. Dieser Niederschlag wird als Residuum
eingestuft. Das Residuum ist bei Schneefall (50%) hoher als bei Regen (24%) und
hat sein Maximum im Winter tiber dem arktischen Nordatlantik. Weitere Analysen
haben gezeigt, dass das Residuum iiber dem arktischen Nordatlantik auf marine
Kaltluftausbriiche (cold air outbreaks, CAOs) zuriickgefiihrt werden kann. Unter
Berticksichtigung der CAOs wiirde das Residuum {iiber dieser Region von 15% auf
5% sinken. Das Residuum tiber anderen arktischen Regionen wird durch CAOs
weniger beeinflusst. Die Festsetzung eines Schwellenwerts fiir den Niederschlag
von 0.1 mm hr~! hat gezeigt, dass diese Regionen hauptsédchlich von leichten Nieder-
schlagsmengen betroffen sind, die nicht mit synoptischen Merkmalen verbunden
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sind. Insbesondere {iber dem Arktischen Ozean stehen bis zu 50% des Gesamt-
niederschlags mit Niederschlagsmengen von weniger als 0.1 mm hr~! in Verbindung.
Dies unterstreicht die Bedeutung der leichten Niederschldge, insbesondere im Hin-
blick auf Schneefall. Die Anwendung des Schwellenwerts verringert nicht nur den
Anteil des Residuums , sondern auch den prozentualen Anteil des Beitrags, den die
synoptischen Merkmale , insbesondere ARs, zum Gesamtniederschlag in der Arktis
leisten.

Trendanalysen zeigen eine signifikante Zunahme des konvektiven und grofirau-
migen Regens tiber dem arktischen Nordatlantik und der Kara- und Barentssee. Der
positive Trend iiber dem arktischen Nordatlantik hdngt im Wesentlichen mit ARs
und Fronten zusammen, wihrend der positive Trend tiber der Kara- und Barentssee
hauptsdchlich mit Zyklonen und CAOs in Verbindung steht. Es treten ferner Un-
terschiede zwischen konvektivem und grofiraumigem Niederschlag auf. Auf der
Grundlage der ERA5-Daten ist eine signifikante Zunahme des konvektiven Nieder-
schlags tiber der Kara- und Barentssee erkennbar. Dies konnte mit einem Riickgang
des Meereises zusammenhédngen, der lokale Verdunstung begiinstigt. Bei grofsrdu-
migen Niederschldgen ist die Signifikanz weniger ausgeprédgt, da zum einen ein
negativer Trend beim Schneefall, zum anderen ein positiver Trend beim Regen zu
verzeichnen ist. Dies deutet auf einen Phasenwechsel von Schnee zu Regen in diesen
Regionen hin und nicht auf eine Zunahme des Gesamtniederschlags.
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Chapter 1

Introduction

The Arctic cryosphere is an integral part of the Earth’s climate system. In recent
decades, the Arctic has changed significantly due to climate change (Cohen et al.,
2014; Turner and Marshall, 2011; Yang and Kane, 2021; Wendisch et al., 2023). The
higher temperatures in the Arctic have caused the retreat of glaciers, the thawing of
permafrost as well as a decline in sea ice extent and thickness (Overland et al., 2019).
The rapid loss of sea ice is one of the most important reasons for the recent Arctic
warming. These changes in the Arctic have consequences for the Arctic itself and
the mid-latitudes (Turner and Marshall, 2011).

In general, the warming amplifies the hydrological cycle and increases the pre-
cipitation in the Arctic (Bintanja, 2018; Box et al., 2019; Bintanja et al., 2020). Ac-
cording to the Clausius-Clapeyron relation, an increase in temperature enhances the
atmospheric water vapor which is one of the most effective greenhouse gases by
roughly 7% per degree warming (Bintanja and Selten, 2014). There are two main
moisture sources for enhanced water vapor in the Arctic. These are the locally en-
hanced evaporation due to the missing insulation effect of sea ice (Bintanja and Sel-
ten, 2014) and the poleward moisture transport from lower latitudes (Zhang et al.,
2013). The increased moisture content in the atmosphere contributes to cloud for-
mation in the Arctic and could affect near-surface Arctic warming in two different
ways. First, water vapor and clouds increase the downward longwave radiation
to the surface, which amplifies the near-surface warming and sea-ice decline (Sejas
et al., 2014; Naakka et al., 2019). Second, it enhances the precipitation in the Arctic
(Bintanja and Selten, 2014; Bintanja, 2018).

Precipitation is a critical component in the Arctic climate system. It plays an es-
sential role in the Arctic hydrological cycle and has a direct impact on the Arctic
ocean and land freshwater budget (Vihma et al., 2016). It influences atmospheric
thermodynamics due to phase changes (Bintanja, 2018) and surface characteristics
like snow depth, mass balance, and surface albedo (Naakka et al., 2019; Vihma et al.,
2016). In the Arctic, snow is the predominant type of precipitation and contributes
significantly to the mass balance of the Greenland ice sheet, the ice caps, and the
glaciers. Further, it influences sea ice growth and decay through different mecha-
nisms (Leppédranta, 1993; Cheng et al., 2008). In contrast, rain on sea ice decreases
the albedo and is related to sea ice melting (Gimeno-Sotelo et al., 2019). However,
it also provides a source for superimposed ice formation which temporally favoring
the thickness of the Arctic sea ice (Vihma et al., 2016; Gimeno-Sotelo et al., 2019).

Climate models project a strong increase in Arctic precipitation (Bintanja and
Andry, 2017; McCrystall et al., 2021; Bintanja et al., 2020). Bintanja et al., 2020 ar-
gued that the precipitation in the Arctic increases by 4.2% per degree warming. An
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increase in precipitation could affect the Greenland and Antarctic ice sheet, weaken
the thermohaline circulation, and intensify the ice- and snow-albedo feedback which
modulates the growth and melt of sea ice throughout the year. In the future, rain will
be the dominant type of precipitation (Bintanja, 2018). In a warmer climate, there
will be a phase transition from snow to rain. The largest changes will be in spring
and autumn. Therefore, the snow-rain transition will be earlier in spring and the
rain-snow transition will be later in autumn (Vihma et al., 2016). This local warming
does explain 70% of the increase in rainfall (Bintanja et al., 2020). The other 30% is
due to the higher moisture capacity of the warmer atmosphere (Bintanja et al., 2020).
The phase change from snow to rain could have significant consequences on sea ice
and Arctic warming.

Further, Bintanja et al., 2020 suggest that the increase in precipitation is mainly
related to an increase in poleward moisture transport. The role of poleward mois-
ture on precipitation for the past climate in the Arctic has not yet been investigated.
As the poleward moisture transport is often associated with extratropical cyclones
and atmospheric rivers (ARs) (Sorteberg and Walsh, 2008; Woods et al., 2013; Woods
and Caballero, 2016; Rinke et al., 2017), the overarching goal of this thesis is to gain
a better understanding of the extent to which these synoptic features contribute to
precipitation in the Arctic.

1.1 Arctic Amplification

As early as the 19th century, the Swedish scientist Svante Arrhenius predicted that
changes in carbon dioxide (CO;) concentrations would lead to changes in the Earth’s
near-surface temperature. These changes in surface temperature would be particu-
larly pronounced in the polar regions (Arrhenius, 1896). This has been particularly
evident in recent decades. Over the last four decades, the increase in near-surface air
temperature in the Arctic has been almost four times higher than that of the global
average (Rantanen et al., 2022) (Fig. 1.1). This phenomenon is known as Arctic am-
plification (AA) (Serreze and Barry, 2011). The AA is more pronounced in autumn
and winter and over the Arctic Ocean than in spring and summer and over land
(Serreze and Barry, 2011; Cohen et al., 2014). The lower warming occurs in summer
because most of the absorbed solar energy is used for melting processes (Turner and
Marshall, 2011). The additional heat absorbed by the ocean is released back into the
atmosphere in autumn and early winter, contributing to the warming in these sea-
sons (Jeffries et al., 2013).

In the 2004 Arctic Climate Impact Assessment (ACIA) report (Berner et al., 2005),
they highlight some possible causes for the faster warming in the Arctic than in the
lower latitudes:

* The melting of snow- and ice-covered surfaces exposes darker surfaces. These
snow- and ice-free surfaces absorb much of the solar radiation, leading to the
warming that drives further melting.

* In the Arctic, much of the radiation absorbed by greenhouse gases contributes
directly to atmospheric warming, while at lower latitudes, some of the energy
is used for evaporation.
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FIGURE 1.1: Regional map highlighting warming in the Arctic. Left:

Annual mean temperature trends for 1979-2021; right: Local amplifi-

cation ratio calculated for the period 1979-2021. Source Rantanen et
al., 2022.

* The atmosphere in the polar regions is thinner than in the rest of the world. It
therefore heats up more quickly.

¢ The heat exchange between the ocean and the atmosphere increases as the ice
cover decreases. As a result, the ocean releases more heat energy into the at-
mosphere during the winter months.

¢ Changes in the atmospheric and oceanic circulation could increase the warm-
ing in the Arctic.

Several factors contribute to Arctic winter warming. These include feedback
mechanisms such as the lapse-rate and snow- and ice-albedo feedback, the pole-
ward heat and moisture transport and the associated increasing downward long-
wave radiation caused by clouds and water vapor, the poleward heat and moisture
transport, and reduced summer sea ice (Kim and Kim, 2017; Serreze and Barry, 2011;
Bintanja and Van Der Linden, 2013; Cohen et al., 2014; Pithan and Mauritsen, 2014;
Sejas et al., 2014).

The poleward moisture transport increases the water vapor concentration and
cloud cover. The greenhouse effect of water vapor and clouds increases the down-
ward longwave radiation leading to higher near-surface air temperatures (Jeffries
et al., 2013). The increase in the near-surface air temperature slows the growth and
thickness of sea ice in winter. As a result, the thinner sea ice in spring is more suscep-
tible to melting (Cohen et al., 2014). This melting creates open, dark ocean surfaces
that absorb incoming radiation and consequently enhance the sea ice melt in sum-
mer (Jeffries et al., 2013; Cohen et al., 2014). In addition, meltwater ponds and soot
deposition could cause further melting of sea ice and snow (Jeffries et al., 2013). Due
to the lack of insulation from sea ice, the Arctic Ocean absorbs more solar radiation in
summer (Kim et al., 2016). The warmer ocean in turn limits the formation of sea ice
in the following autumn and winter. In autumn, the ocean is warmer than the atmo-
sphere, so the heat absorbed in summer is released to the atmosphere via radiative
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and turbulent fluxes, warming the lower Arctic troposphere (Francis and Hunter,
2007; Serreze and Barry, 2011; Graversen et al., 2008). Thus, the rapid warming and
sea-ice loss have had significant local impacts, particularly in late summer and early
autumn (Cohen et al., 2014). These described processes highlight the importance of
poleward heat and moisture transport, in particular the effect on sea ice.

However, not only the sea ice but also the snow cover in spring and summer has
decreased (Cohen et al., 2014). Melting snow and ice exposes darker ocean and land
surfaces, reducing the surface albedo. These ice- and snow-free surfaces absorb the
incoming solar radiation and warm the oceanic mixed layer and land surface. Thus,
the combination of sea ice loss and snow cover retreat in spring and summer ampli-
fies Arctic warming (Cohen et al., 2014).

1.2 Arctic precipitation

Water is a fundamental component of the Earth. While the oceans contain 97% of
the world’s water, the rest is stored in lakes, rivers, ground reservoirs, ice caps, and
snow. The atmosphere, in particular, holds only 0.001% of all water (Chahine, 1992),
whereby only 1.5% of the atmospheric moisture is concentrated in the Arctic (Vihma
et al.,, 2016). This highlights the dry conditions in the Arctic. Globally, the water is
exchanged between the ocean, the atmosphere, and the biosphere due to evapora-
tion and precipitation. Arctic precipitation plays a vital role in the water and energy
cycles that sustain the ecosystem of the Arctic (Yang and Kane, 2021). Precipitation
influences atmospheric thermodynamics due to phase changes (Bintanja, 2018) and
surface characteristics like snow cover and depth, mass balance, and albedo (Vihma
et al., 2016; Naakka et al., 2019). Over the Arctic Ocean, precipitation has an impact
on the Arctic freshwater budget, ocean circulation, surface energy budget, and the
sea ice cover (Serreze and Hurst, 2000).

In general, snow increases the albedo over land and sea ice. As snow is a thermal
isolator, it separates the underlying surface from the atmosphere above. Depending
on the season, snow over sea ice has a positive and negative effect. In winter, the
snow cover over sea ice enhances the thermal insulation. Consequently, the snow
cover over sea ice reduces the sea ice growth (Gimeno-Sotelo et al., 2019). However,
snow on sea ice can also enhance the sea ice growth via snow-to-ice transforma-
tion. Here, sea water floods into the snow layer and refreeze to slush (Vihma et al.,
2016). In summer and spring, snow increases the surface albedo. The higher surface
albedo prevents the sea ice from melting (Gimeno-Sotelo et al., 2019). Over land,
snow also has a thermal insulation effect for permafrost. Thus, snow is responsible
for both the persistence and decay of permafrost (Yang and Kane, 2021). In contrast,
rain on sea ice reduces the surface albedo. The lower albedo contributes to sea ice
melting (Gimeno-Sotelo et al., 2019). However, rain also provides a source for super-
imposed ice formation, which temporally favors the Arctic sea ice thickness (Vihma
et al., 2016; Gimeno-Sotelo et al., 2019). Further, rain melts the terrestrial snow cover
(Vihma et al., 2016).

Due to the different effects of snow and rain on the surface characteristics, a fu-
ture phase change from snow to rain would affect the sea ice albedo and the surface
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mass balance (Vihma et al., 2016). Climate models simulate a later autumn freeze-
up leading to less snow that remains on sea ice in spring and summer (Vihma et al.,
2016). Thus, a decrease in summer snowfall and an increase in rain will significantly
contribute to the Arctic sea ice decline (Vihma et al., 2016). As mentioned above, a
decrease in snow on sea ice decreases the albedo. The lower albedo causes the melt-
ing of sea ice and the forming of melt ponds on sea ice, further lowering the albedo
(Vihma et al., 2016).

Light rain and snowfall that is not measurable is called trace precipitation. Trace
precipitation mainly occurs in regions with extremely low temperatures, and is very
common in the Arctic (Yang and Kane, 2021). Since the total precipitation amount in
the Arctic is very small, the sum of all trace amounts makes up a significant propor-
tion of the total Arctic precipitation (Yang and Kane, 2021). Thus, trace precipitation
increases the amount of total precipitation by 20% (Yang and Kane, 2021). In terms
of total wet days in summer and winter, 51% and 69% of the total wet days, respec-
tively, have precipitation rates below 1 mm (Yang and Kane, 2021). This highlights
how important it is to improve the measurements for light precipitation rates.

Due to the cold conditions in the Arctic, snow is the dominant type of precipita-
tion. For a warmer climate, climate models simulate a phase transition from snow
to rain. Consequently, there will be a rain-dominated Arctic in the future (Bintanja,
2018; McCrystall et al., 2021). Precipitation derived from reanalysis data, however,
does not increase with time as expected (Boisvert et al., 2018; Barrett et al., 2020).
However, a decrease in snowfall is found (Boisvert et al., 2018) which is compen-
sated by an increase in rainfall amount and frequency. This phase transition from
snow to rain can be related to a warming Arctic climate and is especially pronounced
over the North Atlantic which is the region most affected by cyclones (Boisvert et al.,
2018).

1.2.1 Challenges in precipitation measurements

Precipitation is one of the most critical variables for the Arctic terrestrial hydrol-
ogy but is also one of the most challenging variables to measure due to various
reasons: the cold snow-dominated environment, the sparsely distributed in-situ ob-
servations, low precipitation amounts, the scarcity of long-term records, the hetero-
geneity of the landscape, and the difficulties in remote sensing over sea ice (Serreze
and Hurst, 2000; Yang et al., 2005; Boisvert et al., 2018).

The main challenge concerns sparse and accurate in-situ observations. The sparse
in-situ observations are a problem, particularly over the Arctic Ocean (Vihma et al.,
2016). Figure 1.2 shows the uneven and sparsely distributed precipitation measuring
stations in the Arctic. Since 1990, there has been a substantial decrease in the number
of precipitation stations in the Arctic (Yang and Kane, 2021). North of 65°N, there are
only 38 radiosonde stations over land that measure the vertical profiles of air (Vihma
et al., 2016; Nygéard et al., 2014). Consequently, representative measurements due to
the northern regions’ sparse observation systems are impossible (Walsh, 2022).

Solid precipitation which is the dominant type of precipitation in the Arctic, is
difficult to measure accurately - especially windy conditions that favour the under-
catchment of blowing or drifting snow (Vihma et al., 2016; Walsh, 2022; Yang and
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FIGURE 1.2: Distribution of precipitation measuring stations north of
40° N with at least ten years of records for the period 1960-89. Source:
Serreze and Barry, 2014.

Kane, 2021). Therefore, measurements have to be bias-corrected. Thus, during the
last decades, bias corrections have been developed (Vihma et al., 2016). The bias cor-
rection factor depends on the choice of the correction method (Fuchs et al., 2001). It
is largest for solid precipitation and ranges up to 300% (Fuchs et al., 2001). Another
problem with measuring Arctic precipitation is that the instruments can be affected
by ice if they are unheated or unventilated (Vihma et al., 2016).

Over the Arctic Ocean, the snowfall is measured by the Russian North Pole (NP)
drifting stations since 1930. They provide measurements of the amount, occurrence,
and phase of precipitation as well as the snow cover. As for ground-based mea-
surements over land, they undercatch the snowfall due to the harsh and windy con-
ditions in the Arctic. There are also uncertainties due to evaporation from gauges,
condensation on the inside of gauges, neglect of trace precipitation, and false precip-
itation due to blowing snow (Barrett et al., 2020). Despite these uncertainties, they
are the best data source over the Arctic Ocean.

In addition to the sparse ground-based measurements, satellites can provide full
aerial coverage — for land and ocean. Similar to ground-based measurements, satel-
lite remote sensing measurements also contain significant uncertainties (Behrangi et
al., 2012). This is particularly true in high latitudes, as satellites do not continuously
cover the whole Arctic (Vihma et al., 2016; Behrangi et al., 2012). For example, the
polar-orbiting satellite CloudSat does not reach further than 82° of the respective
hemisphere. Furthermore, the temporal sampling of repeated ground tracks every
16 days is too coarse to analyse short-lived precipitation events.

Additionally, satellites have problems distinguishing the signal originating from
the snow /ice-covered Earth’s surface and the atmosphere (Vihma et al., 2016). This
reduces the accuracy of satellite remote-sensing observations on cloud water and ice
contents. As satellites do not measure the precipitation directly, they use retrieval
products to measure precipitation which also include errors (Serreze et al., 2005).
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On board of satellites, four major types of sensors make precipitation estima-
tion possible. These are infrared (IR) and microwave (MW) imagers, sounders, and
radars. IR imagers have problem with precipitation on fine spatiotemporal scales
and for warm rain events (Behrangi et al., 2009; Yang and Kane, 2021). Compared
to IR, MW imagers are more closely related to precipitation (Yang and Kane, 2021).
The advantage of MW imagers is that they operate during the night, and thus during
polar night in the Arctic, and they can penetrate clouds. Therefore, they are able to
detect hydrometeors throughout the atmosphere. MW imagers are sensitive to lig-
uid water (at low frequencies) and ice particles (at high frequencies) (Wilheit, 1986;
Yang and Kane, 2021). However, MW imagers also have limitations: MW sensors are
not sensitive enough to light rain and snowfall, they lack knowledge of the surface
emissivity over snow and frozen ground, and they have problems distinguishing
light rain from clouds (Ferraro et al., 2013; Berg et al., 2006; Lebsock and L'Ecuyer,
2011).

Further, there are difficulties with MW-based retrievals of precipitation at high
latitudes due to the poor knowledge of the microphysics of precipitation and, thus,
of the precipitation phase (Petty, 1997; Liu, 2008; Yang and Kane, 2021). Compared
to IR and MW imagers, radars typically provide the most direct and fine-scale ob-
servations of precipitation (Yang and Kane, 2021). However, they are not sensitive
enough to retrieve light rain and snow (Yang and Kane, 2021).

1.2.2 Uncertainties in reanalysis data

The sparse ground-based observations and the lack of continuous satellite observa-
tions make it difficult to analyse the poleward moisture transport and its influence
on precipitation. Reanalyses are therefore an important tool for analysing climate in
data-poor regions such as the Arctic. Reanalysis data assimilate information from
various sources, e.g. surface stations, radiosondes, satellites, buoys, ships, and air-
craft. The estimation of precipitation over the Arctic Ocean depends on the quality
of the input precipitation fields (Barrett et al., 2020).

The uncertainties in measuring snowfall also affect the precipitation products
from reanalyses. In the last decade, several studies compared reanalysis-derived
precipitation with observations from the Russian NP drifting stations (Serreze et al.,
2005; Boisvert et al., 2018; Boisvert et al., 2021; Barrett et al., 2020). Serreze et al.,
2005 found that reanalyses (e.g. ERA-40) performed better than satellite-retrieved
precipitation from the Global Climatology Project (GPCP) compared to NP stations.
In 2011, Cullather and Bosilovich, 2011 compared MERRA reanalyses precipitation
with NP stations and found that MERRA overestimates the precipitation by 11%.
Further, MERRA estimates for 56% of the observations precipitation, while NP sta-
tions reported no precipitation.

In recent years, precipitation from different reanalysis products has been com-
pared. Boisvert et al., 2018 focused on the period from 2000-2016. Generally, the in-
terannual variability is similar among all reanalyses, through there are deviations in
magnitude, frequency, and phase of precipitation. In another study, Boisvert et al.,
2021 focused on wintertime precipitation over the North Atlantic from 2000-2019,
including ERAS reanalysis data. Here, they found that large differences in the mag-
nitude occur especially in areas with higher precipitation rates. They conclude that
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observations and reanalyses agree in regions with lower precipitation rates and not
in areas with higher rates. A similar pattern has been found for mid-latitudes and
tropics for which most reanalyses underestimate the magnitude of heavy precipita-
tion events (Boisvert et al., 2021).

Barrett et al., 2020 extend the period from 1979 to 2019 and also include ERAS.
Similar to Boisvert et al., 2018, the time series of annual precipitation over the cen-
tral Arctic Ocean correlates between all reanalyses and they capture the spatial and
seasonal pattern of Arctic precipitation. However, they differ strongly concerning
the amount of precipitation. Comparing different reanalyses, MERRA2 and CSFR
are wetter, while MERRA is drier. In general, ERAS is similar to ERA-Interim and
JRAS55, however it overestimates the precipitation compared to NP stations.

In general, reanalyses have difficulties in producing accurate precipitation in the
Arctic. The discrepancies in the magnitude, frequency, and phase of precipitation
over the Arctic Ocean are related to the difficulty and complexity of modeling pre-
cipitation processes in the atmosphere. This includes the representation of cloud mi-
crophysical properties and boundary layer processes at higher latitudes, large-scale
atmospheric circulations, and limited reliable observations (Boisvert et al., 2018). Es-
pecially, the cloud microphysical scheme that produces modeled precipitation varies
between each reanalysis (Boisvert et al., 2018).

The difficulty of accurately determining precipitation also influences modeling
of sea ice. For instance, if too much or too little snowfall or rainfall is estimated,
this affects the depth of the snowpack, the albedo, and insulating properties which
have an influence on the snowpack and underlying sea ice throughout the year. The
amount of snow on top of the Arctic sea ice is an important factor in the growth and
decay of Arctic sea ice (Boisvert et al., 2018). Despite these deviations, Barrett et al.,
2020 argue to use ERA5 as a basis scheme to obtain snow over sea ice to enable im-
proved retrievals of sea ice thickness from satellite data. Further, Lavers et al., 2022
evaluated ERA5 precipitation against observations and recommended to use ERA5
for extratropical regions.

1.3 Poleward moisture transport and associated weather sys-
tems

In the Arctic, two main moisture sources could affect the water vapor content and
therefore the precipitation in the Arctic (Fig. 1.3). These are the enhanced local evap-
oration due to the missing insulation of sea ice and the poleward moisture transport
from lower latitudes (Bintanja and Selten, 2014).

The poleward moisture transport results from the global radiative imbalance be-
tween the tropics and poles. Throughout the year, the Arctic surface reaches less
solar energy due to the high albedo and the Earth’s geometry. This poleward mois-
ture transport from lower to higher latitudes increases the local moisture content in
the Arctic. As water vapor is one of the most important greenhouse gases, poleward
moisture transport is a crucial process that affects the surface and mid-tropospheric
Arctic warming (Graversen et al., 2008; Vihma et al., 2016; Nash et al., 2018). The
increased water vapor content and cloud cover enhance the downward longwave
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FIGURE 1.3: Schematic of moisture sources for Arctic precipitation.

radiation and warm the Arctic surface (Curry et al., 1996; Francis and Hunter, 2007).
Gong et al., 2017 found that the downward longwave radiation associated with the
poleward moisture flux is responsible for the majority of the winter warming trend
north of 70°N. The surface warming has consequences for the sea ice extent (Vazquez
et al., 2018). The poleward moisture transport is related to sea ice decline (Gimeno-
Sotelo et al., 2018). Further, the additional moisture has consequences for precipi-
tation (Vihma et al., 2016). Changes in Arctic precipitation can modify the snowfall
onto the nearby continents and ice sheets (Liu and Barnes, 2015). The effects of Arctic
precipitation on the surface depend strongly on the type of precipitation and the sea-
son (Gimeno-Sotelo et al., 2018; Vihma et al., 2016). Generally, rainfall is associated
with sea ice melting. Snowfall has different effects: Snowfall on sea ice enhances the
thermal insulation which reduces the growth of sea ice in cold seasons (Leppéaranta,
1993). In the warm season, it increases the albedo and prevents sea ice from melting
(Cheng et al., 2008).

Previous studies identified major pathways for the meridional and latent energy
transport into the Arctic. These are the North Atlantic and the North Pacific. The
moisture transport from the North Atlantic affects the Baffin Bay and Labrador Sea
east of Greenland and the Fram Strait, the Norwegian, Barents, and Kara Seas west
of Greenland. In summer, continental areas over North America and Siberia become
important moisture sources (Naakka et al., 2019).

Gimeno et al., 2019 confirm that the poleward moisture transport is related to
specific Arctic modes. These are the Arctic Dipole (AD), the Arctic Oscillation (AO),
and the North Atlantic Oscillation (NAO). In the case of AD, the high pressure over
the Arctic regions of North America and the low pressure over Eurasia favors the
moisture transport from the Pacific into the Arctic. During the positive AO lower air
pressure over the Arctic is paired with higher pressure over the North Pacific and
North Atlantic. This shifts the jet stream further north and consequently associated
storms. During the positive NAO, there is a strong pressure gradient between the
Icelandic low and the Azores high which leads to a northeast shift of the Atlantic
storm track. This situation is more intense if the positive NAO is coupled with the
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Ural Anticyclone blocking which often occurs in winter (Luo et al., 2016). Further
blocking events that lead to increased poleward moisture transport are the Beaufort
Sea High in summer (You et al., 2022) and the Greenland blocking in summer and
winter (Barrett et al., 2020). In general, these blocking patterns result from a dis-
rupted polar vortex (Fig.1.4). In a warmer climate, it is expected that these blocking
events will increase which would favor a stronger poleward moisture transport.

stable disrupted
polar vortex polar vortex
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\\\Q:__ . >~ & surface m \_d

FIGURE 1.4: Schematic of the Arctic polar vortex when it is stable
(left) and weaken (right). Source NOAA, 2024.

The poleward moisture transport is directly related to the cyclones (Crawford
and Serreze, 2017; Fearon et al., 2021). Therefore, the interannual variability of mois-
ture transport toward the Arctic is primarily accomplished by the variability of cy-
clone activity over Greenland and the Eastern Siberian Sea (Sorteberg and Walsh,
2008; Rinke et al., 2017). Extreme transport events are closely related to Rossby
wave breaking (Liu and Barnes, 2015). These events are so-called moisture intrusions
(Woods et al., 2013) and are often known as atmospheric rivers (Hegyi and Taylor,
2018; Komatsu et al., 2018; Vazquez et al., 2018).

1.3.1 Atmospheric fronts

Atmospheric fronts are fundamental components to describe the weather. The con-
cept of atmospheric fronts dates back to the Norwegian meteorologist Wilhelm Bjerk-
nes (Bjerknes, 1919). An atmospheric front is a boundary between air masses of
different temperatures or densities (Bjerknes, 1919; Niebler et al., 2022). Generally,
they are associated with changes in temperature, wind, humidity, and pressure (Sim-
monds et al., 2012; Schemm et al., 2015). They are frequently associated with extrat-
ropical cyclones (Simmonds et al., 2012) and play a significant role in the formation
of extreme precipitation (Catto et al., 2012; Catto and Pfahl, 2013; Hénin et al., 2019).

Although fronts play an important role in the weather and climate, no univer-
sally accepted definition of fronts exists (Riidistihli et al., 2020; Niebler et al., 2022).
Consequently, detecting fronts often relies on different approaches, as described by
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Schemm et al., 2018 and Thomas and Schultz, 2019.

In the past, fronts were described manually over a specific location (Riidistihli et
al., 2020). Therefore, understanding frontal systems’ behavior from a climatological
perspective is still missing (Simmonds et al., 2012). During the last years, differ-
ent methods have been developed to automatically detect fronts based on reanalysis
data (Schemm et al., 2015). Schemm et al., 2015 describe two common methods to
detect fronts automatically. These methods rely on detecting strong gradients in ei-
ther humidity and temperature fields or wind fields.

The first method is a thermal approach. It is based on a framework established
by Hewson, 1998 and introduced by Renard and Clarke, 1965. This approach was
applied in previous studies (Kaspar, 2003; Jenkner et al., 2010; Berry et al., 2011). It
explores the structure of the so-called "thermal front parameter” (TFP). This param-
eter describes the position of the fronts and can be derived from thermodynamic
variables such as the equivalent potential temperature or the wet bulb temperature.
In contrast to dry fields, these moist variables have a stronger and sharper gradient
and deliver a more precise location (Jenkner et al., 2010). Further, the equivalent
potential temperature acts as a good airmass tracer, especially over land and close
to orography, and allows a realistic description of the air mass properties (Kaspar,
2003). In addition, it is a useful variable to detect large-scale mobile fronts (Schemm
et al., 2018). The thermal approach can identify warm and cold fronts in baroclinic
cases (Schemm et al., 2015).

The second method is based on the temporal changes in the 10m wind field. It
was introduced by Simmonds et al., 2012, who studied fronts for the southern hemi-
sphere. The method is particularly suited for strongly elongated meridionally ori-
ented moving fronts but has limited ability to identify zonally oriented warm fronts
(Schemm et al., 2015).

Previous studies (Serreze et al., 2001; Berry et al., 2011; Schemm et al., 2015) ex-
amined the global climatology of atmospheric fronts based on the thermal approach.
In 2001, Serreze et al., 2001 applied the NCEP /NCAR reanalysis from 1979-1998 and
studied the seasonal frontal activity in the northern hemisphere. They highlight
the high maximum in frontal activity over Eurasia in summer, which was already
identified in Dzerdeevski (1945) (from 1937-1939) and Reed and Kunkel, 1960 (1952-
1956) (Serreze et al., 2001). This high-latitude frontal feature is known as the Arctic
frontal zone. Dzerdeevski (1945) considered the Arctic frontal zone as a summer
feature resulting from differential heating between the snow-free land and the cold
Arctic Ocean. Further, it is associated with orography (Serreze et al., 2001). Ser-
reze et al., 2001 also found higher frontal activity over Alaska but to a lesser extent.
This Alaskan feature occurs throughout the year, with its maximum in summer. In
winter, they are more common over the North Atlantic and North Pacific, with a
maximum over the North Atlantic and at the east coast of Greenland. They called
this ‘Greenland wintertime Arctic frontal.” The frontal activity decreases in spring
over the North Atlantic and the North Pacific and in autumn over Eurasia.
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1.3.2 Extratropical cyclones

The poleward moisture transport is also related to extratropical cyclones (Sorteberg
and Walsh, 2008). They are low-pressure systems associated with cold, warm, and
occluded surface fronts.

Two conceptual models describe the development of extratropical cyclones. These
are the Norwegian model (Henry, 1922) and the Shapiro-Keyser model (Shapiro and
Keyser, 1990). In both models, the cyclone develops along the polar front due to the
temperature gradient between the polar regions and the lower latitudes. A distur-
bance then develops at the polar front. In the eastern part of this disturbance, warm
air moves northwards. Meanwhile, in the western part, cold air moves south. Sub-
sequently, a frontal system consisting of a warm and a cold front develops, with a
warm sector located in between. Due to the Coriolis force, the warm air at the warm
front moves over the cold air, and the cold air at the cold front slides under the warm
air. These vertical movements lead to the formation of clouds and precipitation. The
result is a sharp drop in pressure at the center.

In the Norwegian model, the cold front begins to catch up with the warm front,
causing the warm sector to shrink. The stage when the cold front catches up with
the warm front is called occlusion. The cyclone reaches its peak intensity at this
point. This occlusion marks the new polar front, where a new cyclone begins to form
(Henry, 1922). In contrast to the Norwegian model, in the Shapiro-Keyser model the
cold front does not catch up with the warm front. Therefore, no occlusion develops.
Instead, the “T-bone” structure is formed where the cold front is perpendicular to the
warm front. During this process, the warm front curves around the cyclone’s center.
This phase, known as seclusion, isolates the warm air in the cyclone’s center from
the surrounding colder air (Shapiro and Keyser, 1990).

Based on the conveyor belt model (Carlson, 1980), three air currents are charac-
teristic of a low-pressure system. These are the ‘warm conveyor belt’, the ‘dry air
intrusion” (or dry conveyor belt), and the ‘cold conveyor belt’. For this thesis, the
warm conveyor belt is of importance. The warm conveyor belt is located ahead of
the cold front. It has a poleward direction and ascends the warm and moist air of the
warm sector above the warm front. During this ascend, stratiform clouds and pre-
cipitation are formed. Therefore, the warm conveyor belt is accompanied by heavy
precipitation.

1.3.2.1 Influence in the Arctic

Extratropical cyclones are responsible for 74% of the annual poleward moisture trans-
port (Fearon et al., 2021). After reaching the polar regions, extratropical cyclones
modulate the Arctic weather (Rinke et al., 2017), affect the sea ice cover (Graham
et al., 2019b), and impact the surface energy balance (Boisvert et al., 2016). In winter,
they could affect the sea ice decline in two ways. First, they increase the water vapor
content in the atmosphere and enlarge the cloud cover (Schreiber and Serreze, 2020).
The enhanced water vapor and cloud cover increase the downward longwave radi-
ation towards the surface and lead to surface warming and sea ice melting (Graham
et al., 2019). Graham et al. (2017) have shown that intense cyclones can cause large
anomalous warming over the Arctic Ocean in winter. These intense cyclones lead to
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temperatures around 0 °C, when normally -30 °C is expected. Second, extratropical
cyclones cause snowfall on sea ice. The snowfall isolates the sea ice from the cold
atmosphere which suppresses the ice growth during the winter season (Graham et
al., 2019b). In contrast, Schreiber and Serreze, 2020 found that winter cyclones sup-
port sea ice growth. Further, they found that cyclones in summer seem to reduce the
melting as they cause cooler conditions and reduce the incoming shortwave radia-
tion (Schreiber and Serreze, 2020).

Strong winds often associated with cyclones break the sea ice into smaller frag-
ments which then are more vulnerable to melt. Further, the cyclone could push the
sea ice further north which exposes greater open ocean surfaces that are relevant for
the interaction between the atmosphere and ocean. Thus, cyclones alter the sea ice
thermodynamically and dynamically (e.g. through wave action and ice drift) (Fran-
cis et al., 2020). This plays an important role in winter, when cyclones are thought to
be the primary transporter of heat and moisture into the polar regions (Francis et al.,
2020).

1.3.2.2 Occurrence and trends of extratropical cyclones

During the last decades, several cyclone identification and tracking algorithms have
been used to analyse cyclones in the Arctic (Sorteberg and Walsh, 2008). Although
there are regional differences among the different reanalyses, there is an agreement
on the large-scale distribution of cyclones. The cyclone activity is most pronounced
in the Atlantic sector (Greenland and Norwegian Seas), the Barents and Kara Seas,
the East Siberian, and the Chukchi Sea. For all seasons, the number of cyclones
traveling onto the Arctic is approximately the same. The average residence time of
cyclones in the Arctic is on average 2.6 days, while cyclones coming from the Pacific
Ocean stay 20% longer in the Arctic than cyclones entering from the Atlantic.

Overall, the most intense Arctic cyclones are observed in the Atlantic sector over
the Greenland and Norwegian Seas and Baffin Bay in winter. This is the season
where the changes in the Arctic are the largest (Rinke et al., 2017). On average, cy-
clones in these regions are 20% more intense when they cross 70°N compared to the
East Siberian and Chukchi Seas (Sorteberg and Walsh, 2008).

In summer, cyclone activity is higher over the central Arctic Ocean and land
(Zahn et al., 2018). There is a peak in the cyclone frequency close to the North Pole
which is described as cyclone convergence from many regions over the central Arc-
tic (Zahn et al., 2018). During this time of the year, the cyclones are less intense but
live longer than during winter (Zhang et al., 2004). From July-September the cyclone
activity is about 50% higher than in February-April. However, the annual course of
deep cyclones is the opposite, they are more than 3 times more frequent in winter
than in summer (Zahn et al., 2018). Therefore, the intense cyclones are more frequent
in winter, the number of weak cyclones peaks in summer (Chang et al., 2012; Vavrus,
2013).

Rinke et al., 2017 found that 20-40 extreme cyclone events (also called ‘weather
bombs” (Rinke et al., 2017) occur in the Arctic North Atlantic per winter season.
Based on 6 hourly station data from Ny-Alesund in Svalbard, the occurrence in-
creased by 6 events per decade over 1979-2015. This trend is mostly pronounced
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in November and December (3-4 events more per decade) and is consistent with
winter warming. This indicates, that the meridional heat and moisture transport as-
sociated with cyclones is responsible for a rising in temperature (Rinke et al., 2017).
Zahn et al., 2018 confirm this significant increase over the northern part of the North
Atlantic around Spitsbergen in winter. This positive trend stretches also from the
North Pole into the Beaufort Sea toward northern Canada, northern Laptev, and the
Eastern Siberian Seas. From December to January, there is a negative trend over the
Barents and Kara Seas (Rinke et al., 2017; Zahn et al., 2018).

In summer, the pattern is opposite: Thus in the Barents Sea region where the
largest decline is found in winter, cyclone frequency increases in summer, and the
increase in cyclone frequency between the North Pole and the Beaufort Sea in winter
turns into a strong decline in summer (Zahn et al., 2018).

1.3.3 Atmospheric Rivers

Atmospheric Rivers (ARs) — also known as ,rivers in the sky’ — are one of the key
mechanisms of the global moisture transport. They are long (> 2000km length) and
narrow (300-500 km width) corridors in the lower troposphere that transport anoma-
lous amounts of moisture meridionally from lower to higher latitudes. Newell et al.,
1992 first introduced the term ‘tropospheric rivers’. In 1994, Zhu and Newell, 1999
changed it to atmospheric rivers. Over the past few decades, a wide range of alter-
native terms have been used for this meteorological phenomenon, including moist
conveyor belts (Bao et al., 2006) and tropical moisture exports (TMEs) (Knippertz
and Wernli, 2010). In 2018, the American Meteorological Society published a precise
definition of ARs in the Glossary of Meteorology:

“A long narrow and transient corridor of strong horizontal water vapour transport that
is typically associated with a low-level jet stream ahead of the cold front of an extratropical
cyclone. The water vapor in atmospheric rivers is supplied by tropical and/or extratropical
moisture sources. Atmospheric rivers frequently lead to heavy precipitation where they are
forced upwards — for example, by mountains or by ascent in the warm conveyor belt. Hori-
zontal water vapor transport in the mid-latitudes occurs primarily in atmospheric rivers and
is focused in the lower troposphere. Atmospheric rivers are the largest ‘rivers’ of fresh water
on Earth, transporting on average more than double the flow of the Amazon River.”

Thus, ARs are often accompanied by extratropical cyclones (Zhu and Newell,
1998). They are filaments of large amounts of water vapor (between 1 to 2.5 km al-
titude), which are fuelled by the transport from (sub-) tropical to higher latitudes
and/or the moisture convergence along the pre-cold frontal low-level jet of extrat-
ropical cyclones, which is identified in the warm sector of the extratropical cyclone
(Fig. 1.5) (Ralph et al., 2004). Thus, the moisture in an AR has two origins (Bao
et al., 2006): the local moisture convergence along the cold front of the extratropical
cyclone and the poleward transport of tropical moisture.

Newell et al., 1992 found that 4 to 5 ARs occur at the same time in each hemi-
sphere. They are responsible for more than 90% of the poleward moisture transport
while covering only 10% of the Earth’s circumference at midlatitudes (35 °N) (Zhu
and Newell, 1998). They mostly affect the coasts of North America, South Amer-
ica, Europe, Russia, China, New Zealand, and the Polar Regions (Guan and Waliser,
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FIGURE 1.5: Schematic summary of the structure and strength of a
typical AR. The magnitudes of variables represent an average mid-
latitude atmospheric river (a) Plan view shows the position of the AR
in relation to an extratropical cyclone with its cold (black triangles),
warm (black semi-circles), and warm-occluded (black triangles and
semi-circles). The AR core is located ahead of the cold front with the
strongest moisture transport in the warm sector. (b) Vertical cross-
section (A-A’ in (a)) shows the location of the pre-cold frontal low-
level jet which forms due to the temperature gradient between the
cold air of the cold front and the warm sector of the extratropical cy-
clone. The red contour lines characterise the AR core, the green con-
tour lines the water vapor mixing ratio, and the blue contour lines the
wind speed. Source Ralph et al., 2004

2015a; Gimeno et al., 2016). When a vapor-rich AR reaches coastal and mountainous
terrain, it is forced upwards. The orographic enhancement can produce extreme pre-
cipitation events and catastrophic flooding (Ralph et al., 2006; Dettinger et al., 2011;
Lavers et al., 2013; Leung and Qian, 2009). Previous studies have shown that they
contribute up to 30% of precipitation in California and European countries (Guan
and Waliser, 2015a), 20% in Australia (Reid et al., 2022), and about 70% in New
Zealand (Prince et al., 2021). In California, for example, they are a significant source
of water resources and provide 25-50 % of California’s water supply (Dettinger et al.,
2011). Thus, ARs play a substantial role in the global hydrological cycle (Guan and
Waliser, 2015a).

As ARs are responsible for the poleward moisture and heat transport, they affect
the atmospheric water budget in higher latitudes. The extratropical atmospheric
water budget for a region north of 60°N is shown in Fig. 1.6. It highlights that the
change of water vapor in this region depends on the source of water vapor from sur-
face evaporation (E), the loss of water vapor due to condensation and precipitation
P, and their moisture input from latitudes south of 60°N (A IVT) (Nash et al., 2018).

Figure 1.6 shows the common pathways of ARs. These are the Atlantic and Pa-
cific pathways. In 2018, Komatsu et al., 2018 identified ARs coming from Siberia in
summer. In summer, the Siberian continent heats up. The warm air coming from
Siberia glides up over the cold air dome above the sea ice and cools. Through con-
densation of water vapor, the air provides the upper troposphere with extra heat.
This heating drives increased buoyancy and further strengthens the ascent and heat-
ing of the mid-troposphere. This form of ARs is known as Siberian Atmospheric
Rivers (SAR). Vazquez et al., 2018 published a climatology of ARs over the Arctic
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FIGURE 1.6: (a) Scheme of the atmospheric water budget for a region
north of 60°N. The red arrows indicate the integrated water vapor
transport (IVT), the green arrows the surface evaporation (E), and the
clouds and rain indicate the water vapor loss due to condensation or
precipitation (P). All these terms describe the change in water vapor
storage. (b) Top-down view of IVT flux at 60°N. The red line indicates
the common pathways of IVT fluxes and ARs. Source Nash et al., 2018

from 1997 to 2014 based on ERA-Interim reanalyses. They have shown that there
are regional and seasonal differences. Over the Atlantic Ocean and Pacific Ocean,
the ARs are more frequent during autumn and summer, respectively. Along the
Atlantic pathway, the ARs are mainly located over the Norwegian Sea. Along the
Pacific pathway, the ARs are mainly located in the Gulf of Alaska. Further, they
have shown that the main moisture sources are the North Atlantic and North Pacific
Oceans. These are the regions with a maximum AR frequency. During winter, the
moisture source is the evaporation from oceans, while during summer the moisture
has its origin in the continental areas (Vazquez et al., 2018). The evaporation from
the surface of the North Atlantic and North Pacific Oceans accounts for much of the
moisture in this poleward transport.

Extreme moisture transport events which are frequently associated with ARs oc-
cur during blocking events (Woods et al., 2013; Liu and Barnes, 2015; You et al.,
2022). These blocking events divert the moisture flux northward into the Arctic. For
example, Woods et al., 2013 examined the poleward moisture transport across 70°N
during boreal winter and found that ARs account for 28% of the poleward moisture
transport.

The large amounts of heat and moisture transported within an AR have signifi-
cant consequences for the near-surface temperature, surface mass balance, and sea
ice. Earlier studies that have focused on ARs in Antarctica found that ARs have
both a positive and negative effect on the surface mass balance. Gorodetskaya et al.,
2014 reported that ARs contribute to anomalous snowfall events in East Antarctica.
In contrast, Wille et al., 2019 have shown that ARs increase the water vapor green-
house effect. The increase in water vapor and the formation of clouds enhance the
downward longwave radiation and warm the surface. Further, rainfall increases the
surface melt and decreases the surface albedo. A recent study (Francis et al., 2020)
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found that ARs cause sea ice melt, leading to open water and thin ice in the vicinity
of thicker ice. This involves the formation of two large Wedell Polynya in 1973 and
2017.

In the Arctic, ARs have a great influence on the Greenland ice sheet and sea ice.
ARs over Greenland lead to increased melting of the Greenland ice sheet due to en-
hanced longwave radiation and warm air advection (Neff et al., 2014; Neff, 2018;
Mattingly et al., 2018; Mattingly et al., 2020). Box et al., 2023 analysed an AR event
that reached the Greenland ice sheet in mid-August 2021. This AR event was of
particular interest as it delivered rainfall on the Greenland ice sheet. However, the
condensation or sensible heat flux from the warm air has contributed more to melt-
ing. Hegyi and Taylor, 2018 found that ARs were responsible for the low sea-ice
volume between October 2016 and March 2017. The advected water vapor within
the ARs increased the downward longwave radiation and induced sea ice melting
in winter. The 2016/17 ice season had one of the lowest end-of-season Arctic sea ice
extent and volume values ever recorded.

Changes in sea ice can be driven dynamically or thermodynamically. The dy-
namic changes are due to strong winds associated with ARs. This favors the sea ice
to move. The thermodynamic changes are due to the enhanced downward long-
wave radiation, heat advection, or precipitation (Li et al., 2022). Zhang et al., 2023
have found that more frequent ARs (driven by thermodynamics) in early winter
slow down sea ice formation over the Barents and Kara Seas and in the central Arctic.
The increased downward longwave radiation and rainfall caused a stronger melting
and slowed the seasonal recovery of sea ice. They found that ARs accounted for 34%
of the sea ice cover decline in the Barents and Kara Seas. In addition to the down-
ward longwave radiation and rainfall, snowfall associated with ARs can influence
sea-ice growth due to the insulation effect at the sea-ice surface (Merkouriadi et al.,
2017).

These studies provide the first evidence that ARs make an important contribu-
tion to Arctic warming. Therefore it is of interest to understand possible changes in
the frequency and intensity of ARs and how they contribute to precipitation in the
Arctic.

1.4 Thesis overview

As described in previous studies (Sorteberg and Walsh, 2008; Woods et al., 2013) and
already mentioned in Section 1.3 the poleward moisture transport is mainly associ-
ated with extratropical cyclones and ARs. However, there is still a lack of knowledge
of the extent to which they contribute to precipitation in the Arctic. In order to gain a
better understanding therefore, the following questions are addressed in this thesis:

1. How do synoptic features contribute to precipitation in the Arctic?

2. To what extent do trace precipitation and marine cold air outbreaks affect the
residual?

3. Are there trends in synoptic feature-related precipitation?
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To answer these questions, the fifth generation of the European Centre for Medium-
Range Weather Forecasts (ECMWF) global climate and weather reanalysis ERA5
(Hersbach et al., 2020b) is used. The high spatial and temporal resolution allows
a detailed analysis of precipitation in the Arctic. ERA5 provides hourly data from
different types and phases of precipitation. This allows to distinguish between con-
vective and large-scale snowfall and rainfall.

Previous studies have compared ERA5 reanalysis data with other reanalysis data
sets and observations and have found that ERA5 data is confident products for the
Arctic region (Graham et al., 2019a; Barrett et al., 2020). Nevertheless, it is impor-
tant to analyse the extent to which ERA5 can be trusted. For this purpose, the ERA5
reanalysis data is compared with space-borne and ground-based remote measure-
ments for three AR events detected during two field campaigns (Chapter 2).

After this evaluation, a new method is introduced that was established to anal-
yse the precipitation related to ARs, extratropical cyclones, and fronts. This method
is based on the ERAb5 reanalysis and different detection algorithms for ARs and ex-
tratropical cyclones. It is applied for two airborne campaigns that were carried out
in 2017 and 2019 within the framework of the Transregional Research Center 172 Arctic
Amplification: Climate Relevant Atmospheric and Surface Processes and Feedback Mecha-
nisms (AC)* (Chapter 3).

This method is then applied to the ERA5 climatology. In this thesis, the inves-
tigated period ranges from 1979-2021. First, there will be an overview of the spa-
tiotemporal variation of precipitation in the Arctic. This is the first study that also
distinguishes between convective and large-scale precipitation. Subsequently, the
spatiotemporal variations in the influence of ARs, cyclones, and fronts on precipita-
tion are analysed (Chapter 4).

Precipitation that is not associated with ARs, cyclones, and fronts is classified as
residual. The reasons for the residual should therefore be addressed. Here, the focus
is on the so-called trace precipitation and marine cold air outbreaks (CAO) (Chapter
5).

Finally, Chapter 6 will provide first insights into the trends of synoptic feature-
related precipitation during the last four decades.

The thesis will conclude with a summary and give recommendations for future
research (Chapter 7).
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Chapter 2

Evaluation of ERAS5 reanalysis

The analyses in this thesis mainly rely on ERA5 reanalysis data. Therefore, this chap-
ter compares ERAS5 reanalysis and ground-based and remote-sensing observations
for three AR events. In this way, confidence in using ERA5 should be gained, and
possible limitations should be revealed. The first AR event occurred at the end of
May 2017 during the Arctic Cloud Observations Using airborne measurements dur-
ing polar Day (ACLOUD) (Wendisch et al., 2019) campaign, and the second and
third ones in April 2020 during the Multidisciplinary drifting Observatory for the
Study of Arctic Climate (MOSAIC) expedition (Shupe et al., 2022). Since each cam-
paign had a specific measurement setup, this chapter is divided into two subchap-
ters.

2.1 PartI: AR event during ACLOUD May/June 2018

The ACLOUD campaign, which was carried out as part of the (AC)? project, took
place in May/June 2017 and was performed over the sea ice and the Arctic Ocean
north-west of Svalbard and the Arctic Ocean (Ehrlich et al., 2019; Wendisch et al.,
2019). The main focus of this campaign was to gain a better understanding of clouds
in the Arctic. The meteorological conditions during the campaign are described in
Knudsen et al. (2018). Of particular interest for this study are the intense intrusions
of warm and humid air, which are categorized as ARs (Viceto et al., 2022; Lauer
et al., 2023b). These AR events were mainly concentrated over the Kara, Barents,
and Norwegian Seas. As the airborne measurements were limited to the area north-
west of Svalbard, no airborne measurements exist to analyse one of these events.
After thoroughly reviewing the existing datasets, the first AR event was selected to
compare ERA5 data with observational data. This AR event was detected by the
global detection algorithm (Guan et al., 2018) and from the polar-specific algorithm
(Gorodetskaya et al., 2020) from 28 — 31 May 2017 (Viceto et al., 2022; Lauer et al.,
2023b). It originated in Siberia and traveled along the Kara and Barents Seas towards
Svalbard. The AR was detected at the research site Ny—Alesund, Svalbard, 29 May
2017 from 9 to 23 UTC. The analyses, therefore, focus on 29 May.

Ground-based measurements from the Arctic Research Base AWIPEV at Ny-
Alesund and space-borne measurements from the polar orbiting satellite CloudSat
are used to analyse this AR event. The ground-based measurements allow a tempo-
ral analysis of the AR event, while the space-borne measurements allow an analysis
of a cross-section of the AR. Comparing these measurements with the ERA5 reanal-
ysis, the classical observation-to-model and model-to-observation approaches are
used (Lerber et al., 2022). For the observation-to-model approach, ERA5 variables
are directly compared with observations. The comprehensive Passive and Active
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Microwave TRAnsfer operator PAMTRA (Mech et al., 2020) is used in the model-to-
observation approach. PAMTRA simulates passive and active observations in the
microwave frequency region based on a given atmospheric state. The radar reflec-
tivity factor Ze is derived from ERA5 output for this study.

This study provides an overview of the vertical structure of the hydrometeors
within an AR and their spatial and temporal structure in order to analyse how well
the hydrometeorological properties are represented in ERA5. The data and methods
used for this purpose are presented in Sections 2.1.1 and 2.1.2. This involves ground-
based measurements by cloud radar and microwave radiometer at Ny—Alesund and
by the Cloud Profiling Radar (CPR) on-board CloudSat together with corresponding
ERADJ reanalysis data. Further, PAMTRA, which enables the model-to-observation
approach, and the AR detection algorithms are introduced. Section 2.1.3 first puts
the AR event into the long-term climatological perspective regarding precipitation.
Subsequently, the AR cross-section derived from the CloudSat path and the tem-
poral development of the AR after reaching Ny-Alesund is analysed. The analyses
include the vertical structure of the radar reflectivity, the hydrometeors, and ground-
based analyses such as accumulated precipitation. These findings are compared
with ERAS reanalyses. The study concludes with a summary.

2.1.1 Data
2.1.1.1 ERADJ5 reanalysis

Throughout the entire thesis, the fifth generation of the European Centre for Medium-
Range Weather Forecasts (ECMWF) global climate and weather reanalysis ERA5
(Hersbach et al., 2020b) is used. A large number of atmospheric, land, and oceanic
climate variables are available from 1940 onwards. As satellite measurements, which
are essential for the Arctic due to the scarcity of ground-based observations, have
been included since 1979, the thesis uses data from 1979 onwards. The reanalysis is
provided by the Copernicus Climate Change Service (C3S, 2024).

ERADJ reanalysis data have a temporal resolution of 1h and cover the Earth on a
~31 km grid (0.25° x 0.25°). In the vertical, 137 model levels resolve the atmosphere
from the surface up to 80 km. Further, the data are also available on 37 pressure
levels from 1000 hPa to 1 hPa. In this part, both model and pressure levels are used.
The higher vertical resolution of model levels is used for the comparison between
observations and reanalysis, while the pressure levels are used for the detection of
ARs. There are two reasons for this: First, the AR detection applied for previous
reanalysis (Gimeno et al., 2015) also used pressure levels. Second, the high temporal
and spatial resolution would require too much computing time. Table 2.1 provides
an overview of the ERA5 variables and for which purpose they have been used. To-
tal precipitation includes both large-scale and convective precipitation.

The ERAS5 reanalysis data has been chosen for this study due to its high spa-
tial and temporal resolution on a global scale. This is an advantage for the highly
variable precipitation, one of the most important variables in this thesis. Previous
studies have also shown that ERA5 provides high-quality reanalysis for the Arctic
region (Mayer et al., 2019; Graham et al., 2019a). Further, a study focused on ARs
in Antarctica (Gorodetskaya et al., 2020) has shown that ERA5 performs better than
ERA-Interim reanalysis (Dee et al., 2011).
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TABLE 2.1: Overview of ERA5 variables. The table contains the vari-
able, the variable name, the level, and the purpose for which the vari-
ables were used.

Variable Variable name Level Purpose
ul0 10 m u-wind (zonal) component Single PAMTRA input
v10 10 m v-wind (meridional) component Single PAMTRA input
sp Surface pressure Single PAMTRA input
Surface pressure Single AR detection (Guan, Gorodetskaya)
tciw Total column cloud ice water Single precipitation analyses
tclw Total column cloud liquid water Single precipitation analyses
terw Total column rain water Single precipitation analyses
tcsw Total column snow water Single precipitation analyses
tewv Total column vertically-integrated water vapour Single precipitation analyses
tp Total precipitation Single precipitation analyses
sf Snowfall Single precipitation analyses
sicon Sea ice are fraction Single PAMTRA input
z Orography Single PAMTRA input
skt Skin temperature Single PAMTRA input
Ism Land-Sea mask Single PAMTRA input
Land-Sea mask Single AR detection (Guan)
ciwe Specfic cloud ice water content Model PAMTRA input
clwe Specfic cloud liquid water content Model PAMTRA input
crwce Specfic rain water content Model PAMTRA input
cswe Specfic snow water content Model PAMTRA input
q Specfic humidity Model PAMTRA input
Pressure | AR detection (Guan; Gorodetskaya)
t Temperature Model PAMTRA input
Pressure | AR detection (Guan; Gorodetskaya)
U U (zonal)-component of wind Pressure AR detection (Guan)
\Y% V (zonal)-component of wind Pressure AR detection (Guan)

2.1.1.2 Measurement site: Ny-Alesund

This study uses ground-based measurements from the French-German Arctic Re-
search Base AWIPEV. The Arctic Research Base is jointly operated by the Alfred
Wegener Institute for Polar and Marine Research (AWI, Germany) and the Polar
Institute Paule Emile Victor (IPEV, France). AWIPEV is located on the west coast of
Svalbard, in the research station Ny-Alesund (79°N, 11.9°E). Ny-Alesund is located
13m above sea level along the coast of Kongsfjorden - a fjord on the west coast of
Svalbard, surrounded by mountains reaching from 500-1000 m height and several
glaciers. This characterizes the complex terrain around the research station.

At AWIPEV, various continuously running measurements of passive and active
remote sensors provide information about the thermodynamic state, clouds, and
precipitation. In the past, several studies used observations from this location to
analyse the vertical structure of clouds (Nomokonova et al., 2019; Vassel et al., 2019;
Gierens et al., 2020; Ebell et al., 2020). In this thesis, observations from the cloud
radar JOYRAD-94 (Kichler et al., 2017) and the microwave radiometer HATPRO
(Rose et al., 2005) are used. As part of the (AC) project, the Jiilich Observatory for
Cloud Evolution (JOYCE) Radar-94 GHz (JOYRAD-94) has been deployed at AW-
IPEV from June 2016 to July 2017 and again from June 2019 onwards. JOYRAD-94
is a Frequency Modulated Continuous Wave (FMCW) radar manufactured by Ra-
diometer Physics GmbH (RPG, Germany). It is a single-polarization, zenith-pointing
W-band radar operating at 94 GHz in a vertical pointing mode. In addition to the ac-
tive radiometric channel at 94 GHz, it has a passive radiometric channel at 89 GHz,
which is sensitive to liquid water clouds. Technical features and details on data pro-
cessing, in particular noise removal and Doppler aliasing correction, are described
in detail by Kiichler et al., 2017, In this thesis, the vertical profiles of radar reflectivity
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(Ze), mean Doppler velocity (V,;), and Doppler spectral width from 150 m to 10 km
above ground are used. The measurements have a temporal resolution of 2-3 s, and
the vertical resolution ranges from 4 to 6.7 m (100-400 m: 4 m, 400-1200 m: 5.3 m,
1200-3000 m: 6.7 m). The minimum detection height is 100 m above the ground.

The Humidity and Temperature Profiler (HATPRO) is a microwave radiometer.
In total, it has 14 channels that measure atmospheric brightness temperatures (TBs)
at K-band (22.24-31.40 GHz) and V-band (51.25-58 GHz) frequencies with a tempo-
ral resolution of 1-2 s and an accuracy of 0.5 K. As the K-band channels are located
at the water vapor absorption line (22 GHz), TBs measured at the K-band are used
to retrieve the integrated water vapor (IWV), the liquid water path (LWP), and the
humidity profile. The V-band channels are located along the oxygen absorption line
(60 GHz). The TBs of these channels are used to retrieve the vertical temperature
profile. A multivariate linear regression algorithm is routinely applied to the TB
observations to derive LWP and IWYV, temperature, and humidity profiles. Uncer-
tainties for LWP are typically 20-25 g m~2 and for INV smaller than 1 kg m 2. HAT-
PRO provides continuous measurements throughout the day, except during heavy
precipitation. Nomokonova et al. (2019) give more details on the retrieval, technical
aspects, and uncertainties.

2.1.1.3 Satellite remote-sensing

CloudSat is a polar-orbiting satellite launched in April 2006 as part of NASA’s A-
Train constellation of satellites (Stephens et al., 2002). CloudSat is in a sun-synchronous
orbit with an inclination of 98.2°. The high inclination angle makes it possible to
achieve almost global coverage, reaching 82.5° from north to south (Tanelli et al.,
2008). CloudSat carries the Cloud Profiling Radar (CPR), a microwave radar op-
erating at 94 GHz. CPR is the first satellite-based radar instrument that provides
vertically resolved measurements sensitive enough to detect clouds, light precipita-
tion, and falling snow in the Arctic (Stephens et al., 2008; Kulie and Bennartz, 2009).
Therefore, CloudSat is an essential source of information for the characterization of
snowfall in the Arctic (Edel et al., 2020). In addition to better interaction with hy-
drometeors, another advantage is that microwave frequencies are independent of
sunlight. Cloudsat can, therefore be used during polar night and provides informa-
tion throughout the year in the Arctic.

The CPR has a horizontal resolution of 1.7 km in the along-track direction and
1.4 km in the cross-track direction. Between the surface and 30 km altitude, the ver-
tical resolution is 480 m. As the CloudSat products oversample the return power
by a factor of 2 and the height of the CloudSat range bins are slightly variable over
time, the data are mapped to a homogeneous grid. Thus, each vertical reflectiv-
ity profile consists of 125 bins each 240 m thick (Stephens et al., 2002; Tanelli et al.,
2008). The minimum detectable reflectivity of CPR depends on several factors such
as the cloud cover, the surface type, and atmospheric attenuation. Generally, the
minimum detectable signal of the CPR is -30 dBZ. This low detection threshold al-
lows observing light precipitation rates typical of the Arctic (Mitrescu et al., 2010).
Regarding noise, the measurement uncertainties range from 3 dBZ for a reflectivity
of - 30 dBZ to around 0.1 dBZ for reflectivities above - 10 dBZ (Wood and L’Ecuyer,
2018b). According to Stephens and Haynes, 2007 and Haynes et al., 2009, reflectivity
values between -30 and -15 dBZ represent non-precipitating clouds, values between
-15 and 0 dBZ typically characterise drizzle or light rain, and values greater than 0
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dBZ indicate rain with increasing intensity. Unattenuated near-surface reflectivity
values greater than 0 dBZ and -5 dBZ are almost certainly associated with surface
rain or snow, respectively, of at least 0.03 mm hr 1.

CloudsSat observations suffer from clutter contamination. The ground clutter
prevents the detection of precipitation close to the surface. This is known as the
so-called blind zone most pronounced below 1.2 km height (Maahn et al., 2014). In
particular, observations over complex terrain such as mountains and fjords are af-
fected (Kulie and Bennartz, 2009; Palerme et al., 2019).

The relevant CloudSat products used in this study are the 2B-GEOPROF (Marc-
hand, 2018) and the 2C-SNOW-PROFILE (Wood and L'Ecuyer, 2018b) version R05.
These products give information about the vertical distribution of the radar reflec-
tivity and snowfall rate. In all products, the ground clutter effect is considered. The
2B-GEOPROF product contains the non-attenuated vertical radar reflectivity profile.
The 2C-SNOW-PROFILE product provides information on the vertical distribution
of snowfall rates and the associated uncertainties. The precipitation phase is first
determined by ECMWF operational analyses based on the near-surface air tempera-
ture to determine the snowfall rate. The snowfall rate is estimated when the melted
fraction of the assessed precipitation is below 10% (Woods and Caballero, 2016).
Herein, the blind zone is defined as the two lowest bins over the open ocean and the
four lowest bins over land and frozen surfaces, excluding sea ice. Therefore, the next
highest bin at an altitude of 750 m (1250 m) over the ocean (land) is considered for
snowfall retrieval (Wood and L'Ecuyer, 2018a).

The so-called blind zone can lead to a deviation from the true snowfall rate
near the surface. For example, evaporation and microphysical processes below this
height could lead to over- or underestimation of the near-surface snowfall rate. Us-
ing ground-based observations. Maahn et al. (2014) showed an underestimation of
about ~ 10% in the snowfall rate for Ny-Alesund. Furthermore, there is an uncer-
tainty in the retrieval that derives the snowfall rate from the measured radar reflec-
tivity factor due to several assumptions, e.g., the type of ice particles considered
(Kulie and Bennartz, 2009). Nevertheless, comparing the snowfall retrieval from
the 2C-SNOW-PROFILE product with ground-based radar networks has shown that
Cloudsat performs well for light precipitation, but tends to underestimate snowfall
rates for moderate and heavy snowfall, e.g. Norin et al., 2015. Also, over the Arctic
and Antarctica, the derived snowfall climatology has shown good agreement with
observations from the ground (e.g. Souverijns et al., 2018).

2.1.2 Methodology
2.1.21 PAMTRA

To compare the ERA5 reanalysis with ground- and satellite-based remote sensing
observations, the forward operator PAMTRA (Passive and Active TRAnfer; Mech et
al., 2020) is used. This section provides a brief overview of PAMTRA; more detailed
information can be found in Mech et al. (2020).
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PAMTRA is a Fortran-Python model framework suitable for simulating passive
and active observations in a plane-parallel, one-dimensional, and horizontally ho-
mogeneous atmosphere for the microwave frequency range. It allows the transfor-
mation of the atmospheric state into synthetic observations. In order to be able to
apply the model, input parameters such as the boundary conditions (surface/space),
atmospheric state, and hydrometeor settings are needed.

For the atmospheric state, the vertical temperature, pressure, and humidity pro-
file from the ERAS reanalysis is used as input to PAMRTRA. The gaseous absorp-
tion coefficient of oxygen, water vapor, and nitrogen are calculated as described in
Mech et al. (2020). For the hydrometeors, PAMTRA needs information about the
microphysical (particle size distribution, mass-size relation, velocity-size relation)
and scattering properties (Lorenz-Mie, Reyleigh-Gans). The microphysical proper-
ties are described according to the microphysical scheme of the ECMWEF Integrated
Forecasting System (IFS). The scattering properties depend on different types of hy-
drometeors. ERA5 provides the four hydrometeor species cloud water, cloud ice,
rain, and snow. As the cloud water and rain particles are assumed to be spherical,
the Lorenz-Mie theory is used. In contrast, cloud ice and snow have a more com-
plex structure and are assumed to be non-spherical. For non-spherical particles, the
self-similar Rayleigh-Gans approximation (Hogan and Westbrook, 2014) is used as
the spherical approximation would not provide realistic scattering characteristics at
94 GHz.

Once all the necessary input information is compiled, the simulations provide
brightness temperatures for the passive part and the full radar Doppler spectrum
and its moments (such as radar reflectivity, mean Doppler velocity, skewness) for
the active part (Mech et al., 2020). In this study, the radar reflectivity at 94 GHz
is forward simulated to compare the ERA5 reanalysis with the ground-based radar
(JOYRAD-94) and satellite (CloudSat, CPR) observations.

2.1.2.2 Detection of Atmospheric Rivers

AR detection algorithms have been developed for specific regions (west coast of the
US, Great Britain, Antarctica) (Shields et al., 2022). However, there is a lack of de-
tection algorithms adapted to ARs in the Arctic. At the current time, two detection
algorithms for the Arctic exist. These are the global detection algorithm introduced
by Guan and Waliser (2015b) - refined by Guan et al. (2018) - and the detection algo-
rithm developed by Gorodetskaya et al. (2014) and Gorodetskaya et al. (2020) for a
specific application for the cold and dry troposphere of Antarctica and adapted for
AR identification in the Arctic (Viceto et al., 2022). As neither detection algorithm
has yet been applied to the ERA5 reanalysis, this was done as part of this work.

Guan’s AR algorithm

The first version of the global AR detection algorithm is described in detail in Guan
and Waliser, 2015a. Generally, this algorithm is based on the integrated water vapor
transport IVT. The IVT is determined by the zonal (x) and meridional (y) compo-
nents of the IVT:

1 p
IVTy = —— qudp (2.1)
8 Im
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1w
IVT, = —- / qodp (2.2)
8

IVT = /IVT2 + IVT2 (2.3)

with the zonal (u) and meridional (v) wind, the specific humidity (q) profiles
from p1 (1000 hPa or nearest surface level) to p2 (300 hPa), the gravitational acceler-
ation g (= 9.81 m s~2), and the pressure p.

For the identification of an AR, different requirements have to be considered.
These include the intensity, direction, and geometry of IVT. For the IVT intensity,
a combination of a specific percentile and a fixed lower limit is used. In their first
version, Guan and Waliser, 2015a determined the monthly-based 85" percentile of
IVT for each grid cell from 1997-2014. The percentile for each month is calculated by
using the concerned month and the two months before and after the corresponding
month (e.g., for March: January to May). For each grid cell, the IVT must exceed the
85" percentile of IVT and the lower limit of 100 kg m~! s~2. In their second version
(Guan et al., 2018), they set the lower limit to 50 kg m~! s=2 in the polar regions due
to their lower moisture capacity. If this requirement is fulfilled, the IVT direction and
geometry are analysed. For the IVT direction, the IVT direction at individual grid
cells has to be coherent, and the direction of the object-mean IVT must be within 45°
of the AR shape orientation, with a significant poleward component. For the IVT ge-
ometry, the considered object has to be larger than 2000 km, and the length-to-width
ratio should be higher than two.

If the IVT intensity criterium is fulfilled but not the geometrical (e.g., too short or
too wide) and directional criteria, the object is not considered as an AR. In this case,
the requirements in terms of percentile are modified in the second version (Guan et
al., 2018) following the concept by Wick et al. (2013). The object is rejected if the IVT
exceeds the 85! percentile but does not fulfill the geometrical or directional criteria.
Then, the process is repeated for higher IVT thresholds. The 87.5" percentile is to be
considered in the following. If the IVT intensity requirement is fulfilled, however,
the geometrical and directional criteria are still not met, the process is repeated for
the 90", 925", and 95" percentile. In case the intensity requirement is not met at
the 95 percentile no AR is identified.

In the framework of this thesis, the second version (Guan et al., 2018) is applied to
ERAS5 reanalysis at hourly resolution. Compared to other reanalyses (ERA-Interim,
MERRA2, NCAR-NCEP) for which an AR catalog already existed, the application to
the ERAS5 reanalysis was pursued to allow a better spatial and temporal resolution
of ARs. This is particularly beneficial for precipitation, which is highly variable in
both time and space.

All relevant variables, i.e. the zonal and meridional components of the IVT
(IVTy and IVT,), as well as the IVT percentiles (85" - 95", in 2.5 steps) for each
grid cell from 1979-2020 for the whole globe have to be calculated. This calculation
required considerable computing time due to the high temporal and spatial resolu-
tion of ERA5. Due to the large amount of data, the data processing was carried out
on the high-performance computer Mistral (since September 2022: Levante) from
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the German Climate Computing Centre (Deutsches Klimarechenzentrum, DKRZ) in
Hamburg. In the following, the individual steps for data processing are described:

* Remapping required variables from the reduced Gaussian grid (N320) to a reg-
ular latitude-longitude grid with an ERAS resolution of 0.25° (using the Cli-
mate Data Operators cdo). The required variables are the specific humidity,
the zonal and meridional wind, the geopotential, the land-sea-mask, and the
surface pressure.

¢ Calculating the zonal, meridional, and total components of IVT (as in Equa-
tions 2.1-2.3).

* Dividing the whole globe into 1296 boxes (latitude: 36 x 5° boxes, longitude:
36 x 10° boxes).

e Calculating the 85" — 95! percentiles for each month and grid cell in the indi-
vidual boxes. The relevant months are selected by using cdo. The percentile is
calculated with the numpy.percentile() function in Python.

¢ Assembling the individual boxes in one output file.

* Applying the second version of Guan’s algorithm to the calculated variables
(IVTx, IVTy, land-sea-mask, 85"-95" percentile of IVT). The hourly detected
ARs for the entire globe on a 0.25° grid and the ERA5 period from 1979-2021
are available on PANGEA (Lauer et al., 2023a).

Gorodetskaya’s AR algorithm

The detection algorithm of Gorodetskaya et al., 2014; Gorodetskaya et al., 2020 was
developed for the cold and dry conditions of Antarctica. It takes into account the re-
duced saturation capacity of the polar atmosphere compared to lower latitudes. The
detection of ARs is based on the integrated water vapor IWV). It considers a combi-
nation of a saturated IWV (IWV) related threshold and geometric constraints. In
this study, only the so-called potential ARs are used as the geometric part was not
finished at the time of the work.

The threshold is based on the zonal mean and maximum values of (IWV,;; and
on an AR coefficient (AR, s = 0.2) that determines the relative strength of an AR,
which is explained in detail in Gorodetskaya et al. (2014). For the AR algorithm, the
IWV and IWV; are computed from 1000 hPa (or nearest surface level, p;) to 300 hPa

(p2):

1 [
WV = —= / qdp (2.4)
8 Jp
1 P2
WV =~ ["a(m)dp (2.5)
S JIm

where g is the gravitational acceleration, p is the pressure, T is the air temper-
ature, and s is the saturated specific humidity. As in Gorodetskaya et al., 2020,
the variable g5 is calculated from the saturated vapor pressure e; following Bolton
(1980). Here, the saturation vapor pressure over water is used as the water vapor
can be saturated in equilibrium with liquid or ice for T < 0°C:
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1767« T
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where € (=0.622) is the ratio between the specific gas constant for dry air R; (287
] kg~1) and the specific gas constant for water vapor R, (461 ] kg 1).

The threshold is then calculated:

IWV > IWVs,mean + ARcoef : (IWVS,mux - IWVs,mean) (2~8)

where IWV ¢4, is the zonal mean IWV; along each latitude, and IWV 4y is
the maximum values of IWV; along the same latitude. If IWV is equal to or higher
than this threshold: the advected moisture within the object exceeds the mean IWV;
along the same latitude. Consequently, the object can be classified as a potential AR.

Viceto et al., 2022 applied this algorithm for the Arctic for three case studies.
For the Arctic, ARs are classified as an AR if the object reaches and crosses 70°N,
and the IWV has to be continuous above the threshold for at least 2000km within
a maximum width of 40° longitude. The axis of an AR is defined as the maximum
values of IWV at each latitude. Within the framework of this thesis, the potential
ARs are calculated for the ERA5 period (1979-2021).

2.1.3 Results

This study focuses on an AR event that occurred at the end of May during the
ACLOUD campaign. Figure 2.1 shows the daily precipitation rate averaged for 28
- 31 May 2017, for which the AR was detected by Guan’s AR algorithm based on
ERADJ reanalysis. The AR starts to precipitate when it moves from Siberia over the
sea ice of the Kara Sea towards Ny-Alesund. In this area, the daily average precipi-
tation rates reach between 10 and 15 mm day~!. The highest precipitation rates (up
to 25 mm day ') are concentrated on the east coast of the northern part of Novaya
Zemlya. Here, the mountainous terrain with up to 800 m height favors orographic
precipitation. After passing Novaya Zemlya, the AR moves along the Barents Sea to
Svalbard, where the daily average precipitation rates drop to 3-5 mm day!. Setting
the same period in a climatological perspective, the precipitation rates are about 10
and 22 mm day ! higher over the Kara Sea and on the east coast of Novaya Zemlya,
respectively. Although the precipitation rates decrease over the Barents Sea, they are
still up to 5 mm day ! higher compared to the climatology. The comparison of the
daily averaged precipitation for this AR with the climatology highlights the impor-
tance of ARs in terms of precipitation (Fig. 2.1).

The comparison between ground-based and space-borne observations for the AR
event at the end of May during the ACLOUD campaign focuses on 29 May 2017. On
this day, the AR was first detected by Guan’s algorithm at 9 UTC in Ny-Alesund.
Shortly before the AR reached Ny-Alesund, it was captured by CloudSat (8:30-8:40
UTC) east of Svalbard. Figure 2.2 illustrates the AR shape approaching Ny-Alesund
and the CloudSat overpass. As the AR is captured by CloudSat before it reaches Ny-
Alesund, first the cross-section of AR (space-borne measurements), then the tempo-
ral development of the AR (ground-based measurements) are analysed.
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(@) Case Study (b) Climatology
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FIGURE 2.1: Daily precipitation averaged for 28 — 31 May 2017 (left)
and deviation from climatology (right).

May 29, 2017
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FIGURE 2.2: Hourly precipitation on 29 May 2017 between 8 and 9
UTC. AR contour (orange), CloudSat track (green) and location of
Ny-Alesund (red) are shown.
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2.1.3.1 Comparison between CloudSat and ERA5

CloudSat encountered the AR on 29 May at 8:34 UTC for about two minutes east of
Svalbard. The radar reflectivity from the 2B-GEOPROF product (CloudSat) ranges
from -20 dBz up to 15 dBZ within the vertical AR cross-section (Fig. 2.3 top). The
highest radar reflectivity values are concentrated at the southern edge of the AR and
extend from about 4 km altitude down to the layer that is affected by the ground
clutter effect. In the lowest 2 km, there is a sharp decrease in the radar reflectivity
between the precipitation core within the AR and the northeast coast of Svalbard (at
8:36 UTC). The latter can be attributed to the ground clutter effect, which extends
up to an altitude of 1.5 km. The increase in near-surface radar reflectivity in front
of the northeast coast of Svalbard points at orographic ascend favoring precipitation
formation. North of Svalbard, there is no radar reflectivity in the lower layers.
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FIGURE 2.3: Vertical cross-section of the radar reflectivity [dBZ] for
the CloudSat overpass (see Fig. 2.3) on 29 May from 8:30-8:38 UTC.
Top: CloudSat; bottom: forward simulated radar reflectivity based
on ERAS5 reanalysis for the nearest CloudSat grid cell. Vertical lines
indicate the location of AR as given by the AR detection algorithm.

The comparison of the radar reflectivity derived from the 2B-GEOPROF prod-
uct with the radar reflectivity simulated by PAMTRA for ERA5 is performed for the
nearest grid point to the CloudSat path (Fig. 2.3 bottom). The coarser resolution
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of ERAS is clearly evident in the vertical profiles, showing jumps in radar reflectiv-
ity when the track passes from one into another grid cell. Generally, the shape of
the CloudSat and forward-simulated ERA5 profiles is quite similar: a major precip-
itating system with radar reflectivities higher than 0 dBZ and reaching up to 10 km
height is visible within the AR shape. Also, the magnitude of the radar reflectivities
is comparable. Looking at the average vertical profile of hydrometeors along the
CloudSat path (Fig. 2.4) the vertical profile of hydrometeors corresponds very well
with the vertical profile of the CloudSat radar reflectivities. Both CloudSat and ERA
show the highest reflectivities with more than 0 dBZ at 3km height. The decrease
towards the surface and towards the troposphere is slightly stronger for CloudSat.
Especially in the center of the ERA5 hydrometeors are mainly composed of high-
reaching ice and snow, and no liquid rain is evident (Fig. 2.5).
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FIGURE 2.4: Vertical profile of mean radar reflectivity averaged from
8:30-8:38 UTC for CloudSat (solid yellow), CloudSat interpolated on
ERAS5 height (dashed yellow), and ERAS reanalysis (solid cyan).

However, there are minor deviations compared to CloudSat. First, the coarser
resolution of ERA5 leads to a slightly broader precipitation system. Secondly, ERA5
slightly underestimates the radar reflectivity (2-3 dB), especially in the precipitation
core of the AR, which could be due to errors in the assumptions on ice particle habit.
Similarly, the difference in radar reflectivities in the upper troposphere (Fig. 2.4)
could be due to problems in the ice microphysics of ERA5’s underlying model. Fur-
ther differences occur for low clouds below 2 km south of Svalbard (Fig. 2.3) at the
beginning of the overpass from 8:32 to 8:34 in the south. During this time, the radar
reflectivities are less than 0 dBZ, which usually characterizes drizzle or light precip-
itation (Stephens and Haynes, 2007; Haynes et al., 2009). The ground clutter effect
of CPR makes it difficult to interpret this result. However, small signals can also
be recognized here. The model-to-observation approach allows the identification of
the different contributions to radar reflectivity (Fig. 2.5). Clearly the reflectivities in
ERADJ are caused by continuous clouds composed of liquid water. However, Cloud-
Sat shows isolated reflectivities indicative of more convective clouds. This illustrates
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the difficulties of ERA5’s ca. 30km resolution for which grid-scale clouds appear.
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FIGURE 2.5: Vertical profiles of different hydrometer species for the
ERADS grid cells nearest to the CloudSat overpass on 29 May 2017.
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FIGURE 2.6: Time series of snowfall along the CloudSat path on 29
May 2017 for CloudSat (yellow dots), and ERA5 (cyan).

To shed more light on this AR case, in the following, the CloudSat snowfall rate
is compared with the ERA5 precipitation (Fig. 2.6). It becomes obvious that snow-
fall rates up to 2 mm hr~! are concentrated within the AR shape (Fig. 2.3). The
higher snowfall rates are mainly concentrated between 1.5 and 4 km altitude. In
the beginning of the overpass, especially light snowfall rates below 0.2 mm hr~! are
detected. The location of the light snowfall rates is consistent with the low cloud
water and the reflectivity of less than 0 dBz (Fig. 2.3). Thus ERA5 shows a low
precipitation amount of less than 0.1 mm hr~! (Fig. 2.6). The precipitation rates
strongly increase within the AR while CloudSat has more isolated events indicative
of convective precipitation. In the near-surface bin of the 2C-SNOW-PROFILE, the
snowfall rate ranges from 0.4 to 1.8 mm hr~!. Although, the time for which the
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maximum snowfall rate is detected is the same for CloudSat and ERA5, the ERA5-
related snowfall does not exceed 0.8 mm hr—1. Nevertheless, both CloudSat and
ERADS reveal two precipitation maxima along CloudSat’s path. ERA5 has lower and
wider maxima, illustrating the effect of its coarser resolution smoothing localized
(convective) features resolved by CloudSat.

2.1.3.2 Comparison between JOYRAD-94 and ERA5

The AR event hit Ny-Alesund on 29 May 2017 at 9 UTC (Fig. 2.2). The warm and
moist air concentrated within the AR was also recorded by HATPRO. During this
day, the temperature increases from 266 up to 272 K and IWV from 4 to 12 kg/m?2
(Fig. 2.7). The arrival of the AR around 9 UTC corresponds to the strongest rise
in IVW. This is even more pronounced in the independent HATPRO measurements
confirming the quality of the ERA5 AR detection. However, none of the precipita-
tion sensors at AWIPEV (Pluviometer, Parsival) detected precipitation during this
day. Therefore, the temporal development of the radar reflectivity for JOYRAD-94
and ERAS is examined (Fig. 2.8).
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FIGURE 2.7: Time series of the near-surface temperature and IWV for
HATPRO (yellow) and ERAS5 (cyan).

The radar reflectivities in Ny-Alesund start to increase after the AR has arrived.
Especially between 2 and 4 km altitude the radar reflectivities reach up to 10 dBZ.
The high values maintain until around 20 UTC. In particular, the time window from
16 to 20 UTC is of interest when the AR core passed AWIPEV. At 16 UTC, the higher
radar reflectivities reach from the surface up to 6 km altitude. Then, from 16 to 20
UTC, they are again mainly located between 4 and 6 km altitude.

Comparing the radar reflectivity factor of JOYRAD with the forward simulated
radar reflectivity for ERA5, the general structure of the vertical distribution appears
comparable (Fig. 2.8). However, similar to the CloudSat comparison, ERA5 shows
much broader and smoother structures due to its coarser resolution. However, there
are also deviations. Especially in the beginning, when the AR arrived (9-12 UTC),
radar reflectivities below 0 dBZ are simulated from the surface up to 8 km height
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while only an ice anvil is visible from the ground. Further, PAMTRA simulates
higher radar reflectivities, especially in the lowest 2 km from 12 to 21 UTC. Though
the radar reflectivities are of the same magnitude with up to 10 dBZ in the mid-
troposphere, JOYRAD does not show any reflectivities reaching all the way down to
the surface. Around 18 UTC, radar reflectivities up to 10 dBZ are measured. This is
also the time window for which ERA5 simulates precipitation at the surface. How-
ever, the maximum does not exceed 0.2 mm hr—! (Fig. 2.9). Thus, both ERA5 and
the measurements show a strong reduction of hydrometeors towards the surface,
possibly due to sublimation. It is likely that due to the strong blocking of Svalbard’s
mountain range, snowfall is concentrated on the eastern side of the archipelago and
AWIPEYV is affected by lee effects. Both HATPRO and ERA5 show low LWP values
(<50g m~2) indicative of thin supercooled clouds (Fig. 2.9). While no surface precip-
itation is measured at Ny-Alesund (not shown) ERA5 shows light snowfall rates as
subzero temperatures prevail throughout the day (Fig. 2.7).
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FIGURE 2.8: Time series of the radar reflectivity factor [dBZ] derived
from JOYRADY4 at Ny-Alesund (red dot in Fig. 2.3 and for ERA5
(forward simulated).

Generally, the forward simulated radar reflectivities based on the ERA5 data are
well represented. Local details which appear strongest in the high-temporal reso-
lution column observations at Ny-Alesund and also in CloudSat with its roughly 2
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km resolution can naturally not be captured by ERA5 with its about 30 km resolu-
tion. Further, one has to note that the measurements at Ny-Alesund are influenced
by complex terrain and sub-grid processes can further lead to deviations between
ERAS5 and the measurements.
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FIGURE 2.9: Tin}e series of the LWP [g m 2] derived from HATPRO

(yellow) at Ny-Alesund (red dot in Fig. 2.3 and for ERAS5 (forward

simulated) (cyan) and (top) and the precipitation for ERA5 on 29 May
2017.

2.2 PartII: AR events during MOSAiC mid-April 2020

This thesis also contributed to the Cross-Cutting Activity 4 (CCA4: Air mass trans-
port and transformation) of (AC)3, which analyses the transformation of air masses
with emphasis on anomalous moisture transport and its effect on surface properties
such as surface energy budget and precipitation. Kirbus et al., 2023 summarized ini-
tial results of CCA4 for two AR events that occurred within a very short time during
the MOSAIC expedition in mid-April 2020. A major focus was to investigate the
influence of ARs on surface snowfall based on ERA5 reanalyses and ground-based
and space-borne observations. These analyses were carried out as part of this thesis
and are presented in this section.

The largest Arctic expedition, MOSAIC, took place from September 2019 to Septem-
ber 2020. The aim of this expedition was to collect data from the ocean, ice, and
atmosphere to gain a better understanding of changes in the Arctic and their global
impact. In mid-April, the research vessel Polarstern was affected by two AR events
(detected by Guan et al. (2018); based on ERA5). The first AR event originated in
Siberia. The positive pattern of the North Atlantic Oscillation pattern pushed this
AR towards the high Arctic. The second AR event originated over the Atlantic. A
Scandinavian blocking pattern favored the transport of AR-related warm and moist
air across the Fram Strait into the Arctic (Kirbus et al., 2023).
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During MOSAIC, the snowfall rates were measured by two ground-based in-
struments: the Ka-Band Zenith Radar (KAZR) and the weighing bucket precipita-
tion gauge Pluvio (Matrosov et al., 2022). The KAZR is a zenith-pointing radar that
operates at 35GHz. The KAZR was designed for cloud observations and is used
for snowfall measurements (Matrosov et al., 2022). The snowfall rate S has been re-
trieved using the Z-S relation: Z = 63 S~2. The snowfall rates have a temporal resolu-
tion of 30 s and are available at 0.17 and 0.23 km above the surface layer. The data are
available from the ARM user facility archive (http://dx.doi.org/10.5439/1498936).
Pluvio is a weighing bucket precipitation gauge. To reduce the influence of blow-
ing snow, Pluvio was sheltered by a double windshield. The estimated precipitation
rates from Pluvio are available at 1-min resolution. The Pluvio data are online avail-
able from the ARM user facility archive (http://dx.doi.org/10.5439/1338194).

In addition to the ground-based measurements, the surface snowfall rate is avail-
able from the Snow retrieval Algorithm fOr gpM-Cross Track (SLALOM-CT) (Sano
et al., 2022). This machine learning-based algorithm exploits Advanced Technology
Microwave Sounder observations (ATMS). The high-frequency channels of ATMS
are sensitive to falling snow and have been trained using concurrent CloudSat mea-
surements. This study uses the ATMS observations from the near-polar orbiting
satellites Suomi National Polar-orbiting Partnership (SNPP) and NOAA-20. The
snowfall rates from these observations are compared with the ERAS reanalysis. For
ERA5 and SLALOM-CT, the nearest grid cell or the nearest pixel to the RV Polarstern
will be used.
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FIGURE 2.10: Time series of surface snowfall rate (SSR) at the research

vessel Polarstern from 14 April, 0 UTC until 21 April, 23 UTC for the

ground-based measurements KAZR at 170 m above ground (yellow

dots) and Pluvio (turquoise dots), the satellite ATMS measurements

(SNPP: blue dots; NOAA: red dots) with standard deviations on a 3x3

pixel window, and for ERA5 (cyan solid line) as published in (Kirbus
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In the time series of the surface snowfall rate at the RV Polarstern, the two peri-
ods in which the ARs occurred at the MOSAIC site can be identified. Both AR events
brought a considerable amount of snowfall into the high Arctic. During the first pe-
riod (15-16 April), snowfall rates up to 2 mm hr! are observed. During the second
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period (19-21 April), the snowfall rates increased up to 2.5 mm hr—1.

Comparing the snowfall rates from the different measurement platforms and
ERAD5 reanalysis, it becomes obvious that snowfall has strong variability and is dif-
ficult to measure/model (Fig. 2.10). For the first AR event, the ERA5 snowfall rate
and ground-based measured (KAZR, Pluvio) snowfall agree relatively well. How-
ever, the snowfall rate measured by satellites is about a factor of two higher. For the
second AR event, the temporal evolution of the ERA5 snowfall rate is similar to the
ground-based measurements. However, ERA5 tends to underestimate the snowfall
slightly and provides a much smoother distribution. The satellite product both over-
and underestimates the snowfall rate by a factor of two. This discrepancy can arise
from the difficulty of retrieving precipitation from passive measurements over sea
ice. Also, it could partly be due to the fact that the precipitation rates in the area
around RV Polarstern are spatially very different, resulting in different precipitation
values for the nearest satellite pixels (Kirbus et al., 2023). Higher snowfall rates com-
pared to the ground-based measurements could be the consequence of the nearest
grid box, including precipitation rates that are not measured from the ground-based
measurements. Further, ERA5 tends to underestimate the snowfall slightly com-
pared to ground-based measurements. For the reanalyses, the precipitation is accu-
mulated over the whole grid box. Therefore, strong events limited to a specific area
cannot be represented.

2.3 Conclusions

In this section, the ERA5 reanalyses data were evaluated with various ground-based
and space-borne observations based on two case studies. None of these observations
were assimilated into ERA5 and are, therefore, completely independent. In the first
case study, the focus was mainly on the vertical profile of radar reflectivities and the
distribution of hydrometeors. For the second study, surface snowfall rates are anal-
ysed.

Generally, ERA5 reanalysis data agrees well with the observational data with
respect to the general structure of the precipitation systems. However, there are
also deviations, especially over complex terrain. Although ERAS5 is the global re-
analysis with a higher spatial and temporal resolution than other reanalyses, it is
still too coarse to represent small-scale features, as shown for the time series for
snowfall rates. In particular, strong precipitation events could be underestimated
by ERAS reanalysis as large-scale precipitation is spread over the respective grid
box. Cloud radar measurements from the ground and space indicated that smaller
convective clouds (and precipitation), for example, evident in cold air outbreaks,
might be missed by ERA5. Nevertheless, ERA5 successfully represents AR timing
and larger precipitation features related to AR shapes and is therefore used in the
following studies. on.
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Chapter 3

Influence of Atmospheric Rivers
and associated weather systems on
precipitation in the Arctic

In this study, the influence of ARs, cyclones, and fronts on precipitation in the Arctic
is analysed for two airborne campaigns. Based on these case studies a new method-
ology is established that allows to distinguish the precipitation related to ARs, cy-
clones, and fronts. The study was published in the journal Atmospheric Chemistry and
Physics (Lauer et al., 2023b) .

3.1 Abstract

In this study, we analyse the contribution of Atmospheric Rivers (ARs), cyclones,
and fronts to the total precipitation in the Arctic. We focus on two distinct periods
of different weather conditions from two airborne campaigns: ACLOUD (May/June
2017) and AFLUX (March/April 2019). Both campaigns covered the northern North
Atlantic sector, the area in the Arctic that is affected by the highest precipitation
rates. Using ERA5 reanalysis, we identify pronounced regional anomalies with en-
hanced precipitation rates compared to the climatology during ACLOUD due to
these weather systems, whereas during AFLUX enhanced precipitation rates occur
over most of the area.

We have established a new methodology, that allows us to analyse the contribu-
tion of ARs, cyclones, and fronts to precipitation rates based on ERA5 reanalysis and
different detection algorithms. Here, we distinguish whether these systems occur
co-located or separately. The contributions differ between the two periods. During
ACLOUD (early summer), the precipitation rates are mainly associated with AR-
(40%) and front-related (55%) components, especially if they are connected, while
cyclone-related components (22%) play a minor role. However, during AFLUX
(early spring) the precipitation is mainly associated with cyclone-related compo-
nents (62%). For both campaign periods, snow is the dominant form of precipitation,
and the small rain occurrence is almost all associated with ARs. About one-third of
the precipitation can not be attributed to one of the weather systems, the so-called
residual. While the residual can be found more frequently as convective than as
large-scale precipitation, the rare occasion of convective precipitation (roughly 20%)
can not completely explain the residual. The fraction of precipitation classified as
residual is reduced significantly when a precipitation threshold is applied that is of-
ten used to eliminate "artificial" precipitation. However, a threshold of 0.1 mm h~!
reduces the total accumulated precipitation by a factor of two (ACLOUD) and three
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(AFLUX) especially affecting light precipitation over the Arctic Ocean. We also show
the dependence of the results on the choice of the detection algorithm serving as a
first estimate of the uncertainty.

In the future, we aim to apply the methodology to the full ERA5 record to in-
vestigate whether the differences found between the campaign periods are typical
for the different seasons in which they were performed and whether any trends in
precipitation associated with these weather systems can be identified.

3.2 Introduction

During the last four decades, the increase in the Arctic mean near-surface air tem-
perature is nearly a factor of four higher than that of the global mean (Rantanen et
al., 2022). This phenomenon is known as Arctic Amplification (Serreze and Barry,
2011; Wendisch et al., 2017). Evidence that the Arctic is warming includes the melt-
ing of sea ice, the retreat of glaciers, and the thawing of permafrost (Overland et al.,
2019). The Arctic warming is forced by many processes and feedback mechanisms
such as the lapse rate and snow- and ice-albedo feedback, the increasing downward
longwave radiation caused by clouds and water vapour, the reduction of sea ice in
summer, and the poleward heat and moisture transport (Serreze and Barry, 2011;
Bintanja and Van Der Linden, 2013; Pithan and Mauritsen, 2014; Sejas et al., 2014).
However, the knowledge of the involved processes and the relative importance of
the feedback mechanisms is still limited.

In general, Arctic warming affects the hydrological cycle and leads to an increase
in the precipitation in the Arctic (Bintanja, 2018; Boisvert and Stroeve, 2015; Vihma
et al., 2016; McCrystall et al., 2021). This results in an increased total amount of
water vapor (Rinke et al., 2019), related to increased moisture holding capacity by
warmer air (Bintanja, 2018), enhanced local evaporation due to the reduced sea ice
cover (Bintanja and Selten, 2014), and increased poleward moisture transport from
lower latitudes (Zhang et al., 2013; Gimeno et al., 2015; Bintanja et al., 2020).

Although precipitation plays a key role in the Arctic climate system, an accu-
rate Arctic-wide observational assessment of rain and especially snowfall is still a
challenge nowadays (Von Lerber et al., 2022) which particularly holds for the iden-
tification of trends (McCrystall et al., 2021). The consequence of the warming in the
Arctic is not only an increase in precipitation but also a phase change from snow to
rain (Bintanja and Andry, 2017; Lupikasza and Cielecka-Nowak, 2020). Therefore,
rain is expected to be the dominant type of precipitation in the Arctic (Bintanja and
Andry, 2017). Consequently, an increase in rain on snow and ice surfaces leads to a
lower albedo that forces the snow-albedo feedback and causes sea ice melting (Per-
ovich et al., 2002).

Poleward moisture transport is often associated with Atmospheric Rivers (ARs).
ARs are long (>2000 km in length) and narrow (<1000 km in width) bands of anoma-
lous moisture amount and transport, which can rapidly transport moisture and heat
from lower latitudes to the mid-latitudes and polar regions (Ralph et al., 2020).
Although ARs only cover about 10% of the Earth’s surface circumference at mid-
latitudes, they are responsible for more than 90% of the poleward moisture trans-
port in and across these latitudes (Guan and Waliser, 2015a). ARs play an important
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role in many regions” hydroclimate (Lavers and Villarini, 2015; Waliser and Guan,
2017; Viale et al., 2018). In the Arctic, ARs can bring extreme warming events both
via strong heat advection and increase longwave cloud forcing (Neff et al., 2014;
Komatsu et al., 2018; Mattingly et al., 2018; Bresson et al., 2022), as well as strong
precipitation, including both snowfall and rainfall (Mattingly et al., 2018; Viceto et
al., 2022).

Formation and existence of the ARs have been related to extra-tropical cyclones
(Ralph et al., 2020; Dacre et al., 2015), warm conveyor belts (WCBs) (Dacre et al.,
2019), and tropical moisture exports (TMEs) (Bao et al., 2006; Hu and Dominguez,
2019). While ARs, WCBs, and TMEs are interrelated, they also have distinct features:
ARs can exist without WCB or TME, but they can also co-exist with TME feeding an
AR with moisture, while WCB being the moisture sink due to the isentropic ascent
and precipitation formation (Ralph et al., 2018). ARs can also influence the forma-
tion of extra-tropical cyclones (Sodemann and Stohl, 2013; Zhang and Ralph, 2021;
Eiras-Barca et al., 2018). Guo et al. (2020) and Zhang et al. (2019) also highlighted
the strong association of AR events to extratropical cyclones pointing to specific fea-
tures such as the importance of anticyclone and the role of pressure gradient in the
AR strength. Mo (2022) reviewed the history of the evolution of the WCB and AR
concepts and their relationship to the earlier developments of a "moisture tongue"
theory.

The core of the water vapour transport is concentrated in the first 2-2.5 km above
ground typically in the pre-cold-frontal part of the extra-tropical cyclone (Ralph et
al., 2017). At the same time, precipitation formation is often triggered by uplift along
fronts and by WCBs and thus can form above the AR core. Catto et al. (2015) in-
vestigated the relation between WCBs and frontal features with respect to extreme
precipitation. They found that about 70% of WCBs are linked to cold fronts during
winter, and about 50% of WCBs are associated with warm fronts in the northern
hemisphere. However, their study excluded the high Arctic (> 80° N), while in our
study the focus is on the Arctic, and the association of precipitation to ARs, cyclones,
and fronts.

The purpose of our study is to determine the origin of Arctic precipitation on the
synoptic scale. For this purpose, we aim to identify which precipitation is mainly
associated with ARs and compare its association with cyclones and frontal zones.

We exemplary focus on two periods coinciding with airborne campaigns re-
cently performed in the northern North Atlantic sector of the Arctic. This region
encompasses the Atlantic pathway which is prone to the strongest moisture intru-
sions (Nash et al., 2018). The campaigns were performed at and around Svalbard
within the framework of the Collaborative Research Center TR172 “Arctic Amplifi-
cation: Climate Relevant Atmospheric Surface Processes, and Feedback Mechanisms
(AC)®" (Wendisch et al., 2017). While the ACLOUD (Arctic Cloud Observations Us-
ing airborne measurements during polar Day) campaign (Wendisch et al., 2019) took
place in early summer (May/June) in 2017, the AFLUX (Aircraft campaign Arctic
Boundary Layer Fluxes) campaign (Mech et al., 2022) was performed in early spring
(March/April) in 2019. For both campaigns, we investigate the occurring ARs in
depth and develop a methodology to detect individual contributions to precipitation
which can be applied to the long-term reanalysis data set in the future to investigate
long-term changes in synoptical precipitation characteristics, and thus the role of air
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mass transport into the Arctic.

The main objective of this study is to quantify the relative contribution of ARs,
cyclones, and frontal systems to precipitation in the Arctic. For this purpose, we use
ERADS5 data (Hersbach et al., 2020b) and develop a new method to separate the pre-
cipitation within the AR shape from the precipitation related to cyclones and fronts
(Sec. 3.3). After a comparison of the specific campaign conditions to the long-term
climatology (Sec. 3.4.1), we quantify the precipitation associated with each of these
systems and its variability for both periods (Sec. 3.4.2 - 3.4.4). Furthermore, we eval-
uate the precipitation types and phase partitioning of precipitation (Sec. 3.4.5) and
assess the impact of different detection algorithms for ARs and cyclones (Sec. 3.4.6).
The study concludes with a discussion and outlook to future work (Sec. 3.5).

3.3 Data and Methods

We chose two time periods with frequent AR occurrences that were encountered
during the two campaigns performed at different seasons, i.e. 28 May - 11 June 2017
(ACLOUD, 14 days) and 18 March - 6 April 2019 (AFLUX, 19 days). Both campaigns
took place around Svalbard within the Atlantic moisture pathway and stormtrack
including major AR corridor (Nash et al., 2018) which is also associated with some
of the highest precipitation rates of the Arctic (McCrystall et al., 2021). However, as
earlier studies pointed to the importance of the Siberian origins of ARs (Komatsu
et al., 2018; Viceto et al., 2022), we select the area 70°N to 90°N and 50°W to 80°E
for our study (Fig. 3.1). For the detection and analysis of ARs and the associated
weather systems, we use reanalysis data and apply different algorithms which are
described in the following sections. Their performance is illustrated in a case study
on 20 March 2019 at 00UTC, where moist air from the south was steered northward
over the North Atlantic driven by a cyclone located in Eastern Greenland (Fig. 3.1).

3.3.1 Reanalysis Data

All analyses in this study are based on the global reanalyses dataset ERA5 (Hersbach
et al., 2020b) from the European Centre of Medium Weather Forecast (ECMWEF). The
data for this reanalysis is available from 1979 to the present. They have a temporal
resolution of 1 hour and a spatial resolution of 0.25° x 0.25° corresponding to ~31
km. Specific humidity from 1000 (or the nearest surface level) to 300 hPa is used to
calculate the integrated water vapor (IWV), and together with horizontal wind com-
ponents the integrated water vapor transport (IVT). Precipitation type (rain/snow)
is provided as well as total, convective, and large-scale precipitation. ERA5 gives
surface precipitation as total accumulated precipitation in mm over the last hour for
each grid point. For better comparability also with other studies, this is converted to
mm per day [mm day '] (for ACLOUD 14 days, for AFLUX 19 days) for most of the
analysis. Because the area of an ERA5 grid cell decreases towards the North Pole,
we take this effect into account when precipitation over larger areas is considered.
Therefore, if noted otherwise, the area-wide precipitation averages are computed as
an area-weighted average.



Chapter 3. Influence of Atmospheric Rivers and associated weather systems on

B . 41
precipitation in the Arctic
AR Cyclone Fronts
(a) AR_Gu (b) cyc.s
(f)
9 =
28
) <
) =
2 N
&
g3
10- A 0
W ip-g 30'E
—————— | O-AR o-cYC
00 02 04 06 08 1.0 12 14 16 18 20 mmmm AR-FRONTS mmmm CYC-FRONTS
precipitation [mm h~1] s AR-CYC EEm O-FRONTS
mm AR-CYC-FRONTS residual

FIGURE 3.1: Precipitation rate in mm h™~! on 20 March 2019 at 00UTC
from ERAS over our study area. The detected areas of ARs (cyclones)
are hashed in blue (yellow). AR detection by Guan et al. (2018) (a,
AR_Gu) and Gorodetskaya et al. (2014) and Gorodetskaya et al. (2020)
(d, AR_Go), and cyclone detection from Sprenger et al. (2017) (b,
CYC_S) and Akperov et al. (2007) (e, CYC_A). The black bold lines
represent the detected fronts and the purple hashed areas represent
the area of these fronts (c). The dotted black line indicates the sea ice
edge based on 15% sea ice concentration, and the sea level pressure
(hPa) is shown in grey isolines in (a) - (e). Classification (f) according
to the GuS (AR_Gu and CYC_S) standard configuration.
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3.3.2 Methods: Detection of atmospheric rivers and associated weather
systems

For the detection of ARs, cyclones, and fronts (Sec. 3.3.2.1 - 3.3.2.3) we use existing
detection algorithms. As ARs are dynamically linked to extratropical cyclones and
fronts, we make a final classification in which we define co-located and separately
occurring components (Sec. 4.2.1.1).

3.3.2.1 Detection of Atmospheric Rivers

During the last years, different AR algorithms were developed (Shields et al., 2022).
In this study, we apply the global AR detection algorithm originally introduced by
Guan and Waliser (2015a) in its second version (Guan et al., 2018) (AR_Gu in the
following) for our standard setting as it is a frequently used algorithm for world-
wide application. Furthermore, we test the sensitivity of the results using the AR
algorithm developed by Gorodetskaya et al. (2014) and Gorodetskaya et al. (2020)
(AR_Go in the following) for a specific application for the cold and dry troposphere
of Antarctica and adapted for AR identification in the Arctic (Viceto et al., 2022).

The AR_Gu detection algorithm considers a combination of intensity thresholds
of IVT and geometry. The zonal (x) and meridional (y) components of the IVT are
calculated by using the zonal (1) and meridional (v) wind, the specific humidity (g)
profiles (from p; (1000 hPa, or the nearest surface level) to 300 hPa), the gravitational
acceleration g and the pressure p:

1 p
IVT, = _7/ w-q-dp (3.1)
8 Jpi

and

1 [P
IVTy:—f/ v-q-dp. (3.2)
8/m

For the IVT threshold, a combination of a specific percentile and a fixed lower
limit is used. In the first version of their algorithm, Guan and Waliser, 2015a first cal-
culate the monthly-based 85th percentile of IVT for each grid cell from 1997-2014.
The IVT must exceed this percentile and the lower limit of 100 kg m~! s~!. How-
ever, due to the lower moisture capacity of the polar regions, the lower limit in these
regions is set to > 50 kg m~! s7! in their second version (Guan et al., 2018). These
lower IVT threshold criteria make the AR_Gu algorithm too permissive in the polar
regions compared to the polar-specific algorithms (Shields et al., 2022). Further re-
quirements to detect the object as an AR are the IVT direction and geometry. The
IVT direction has to be within 45° of the detected AR axis, the length has to be larger
than 2000 km, and the length-to-width ratio should be higher than two.

In case an object exceeds the IVT percentile threshold but does not fulfill geo-
metrical (e.g. too wide, or too short) or directional criteria, AR_Gu includes a modi-
fication of this part of the algorithm in their second version (Guan et al., 2018). This
modification is similar to the concept by Wick et al., 2013. A more stringent criterium
is applied if the geometrical criteria reject the detected object as an AR that has been
detected via the 85th percentile. First, the 87.5th percentile threshold is used to iden-
tify the possible AR grid cells. In case the geometrical criteria are still not met, the
process is repeated for the 90th, 92.5th, and 95th percentile.
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Because we want to perform our analysis with 1 h resolution we could not make
use of any existing AR catalogue. Therefore, we applied the AR_Gu algorithm to
ERADS reanalysis. To do so we calculated all relevant variables, i.e., the zonal and
meridional components of the IVT (IVT, and IVT,), as well as the IVT percentiles
for each grid cell from 1979 - 2020. Subsequently, we apply the algorithm to these
variables and we can detect ARs for the entire ERAS5 period. Figure 3.1 (left) illus-
trates the shape of an AR event detected during AFLUX on 20 March 2019 00UTC
together with the surface precipitation field from ERA5.

In order to investigate the sensitivity of our results to the AR detection technique,
we perform the same analyses using the AR_Go detection algorithm. This algorithm
considers a combination of threshold applied to IWV and geometry constraints. The
threshold is calculated by comparing the IWV to the difference between the zonal
mean and maximum values of the saturated IWV (IWV,,) thus taking into account
the lower saturation capacity of the polar troposphere with an AR coefficient (AR . f
= 0.2) determining the relative strength of an AR (Gorodetskaya et al., 2014; Gorodet-
skaya et al., 2020). For the AR analysis, we first calculated INV and IWV,; between
pressure levels from 1000 (or nearest surface level) (p;) to 300 hPa (p2):

1
IWV = _7/ q-dp (3.3)
8 Jp
and
1 m
IWVsat = - Gsat - dP (34)
8 J/m

where g, is the saturation mixing ratio calculated using air temperature at each
vertical level.

AR_Go determined an object as a potential AR when IWV is equal to or higher
than this threshold:

IWV Z vasat,mean + ARcoef : (vasat,max - IWVsat,mean> (35)

where IW Vst imean is the zonal mean IWV,,; along each latitude, and IW Vsat yax
is the maximum value of IWV;; along the same latitude. Further, the object has to
reach and cross 70° N and the IWV is continuous at all latitudes for at least 200 km
within a maximum width of 40° longitude (Viceto et al., 2022).

3.3.2.2 Detection of Cyclones

The cyclones used in this study are derived from two different detection algorithms
which apply the sea level pressure (SLP)-based method. The detection algorithm
from Wernli and Schwierz (2006) and refined by Sprenger et al. (2017) (CYC_S in the
following) is used in our standard configuration, while the algorithm from Akperov
et al. (2015) (CYC_A in the following) is used for sensitivity testing.

For the detection of cyclones in CYC_S, a local SLP minimum is determined. If
the SLP minimum is smaller than the value of the eight surrounded grid points, the
grid point with the SLP minimum is considered a cyclone center. For every local SLP
minimum, the outermost closed SLP contour is determined. For this purpose, the al-
gorithm searches for every local SLP minimum enclosing contours with a pressure
interval of 0.5 hPa. Further, they applied an elevation filter of 1500 m. The detected
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cyclones are available on a 0.5° grid, and we interpolated them to the 0.25° ERA5
grid.

CYC_A is based on Bardin and Polonsky (2005) and Akperov et al. (2007) with
some modifications for the Arctic. As CYC_S, the algorithm is based on SLP and
identifies the cyclone center by the minimum in SLP. To detect the outermost closed
isobar they used a pressure interval of 0.1 hPa. If the pressure no longer increases,
the points are defined as the outermost closed isobar. For the Arctic, the following
conditions are applied: All cyclones with a size less than 200 km or a depth less than
2 hPa have been excluded. In addition, cyclones that appear or pass over regions
with surface elevations higher than 1000 m are also excluded (Akperov et al., 2018).

3.3.2.3 Detection of frontal systems

The identification of fronts is based on previous studies by Jenkner et al. (2010) and
Schemm et al. (2015), who mainly focused on mid-latitudes but developed a world-
wide dataset. For the detection of fronts the horizontal gradient of the equivalent
potential temperature (V6,) at 700 hPa is determined and a threshold of 4 K 100
km~! is applied. It needs to be noted that the threshold is arbitrary and that Riidis-
iithli et al. (2020) considered different thresholds to account for the strong seasonal
cycle of humidity. Thus a test on the sensitivity is provided below. Though a classi-
fication into warm or cold front is also provided, we do not use this information due
to the frequent occurrence of occluded fronts in the Arctic.

Once the frontal line is defined the question remains which area around the
frontal line should be considered to be associated with frontal precipitation. The as-
cent along the surface front typically covers more than 100 km and depends strongly
on the airmass. Thus, we test various distances using residual precipitation, i.e. pre-
cipitation that is not attributed to ARs, cyclones, or fronts, as a measure of the im-
pact. Here the reasoning is that a too-short distance would provide a large residual.
Accordingly, we test areas between 139 and 250 km in all directions to the front.
Figure 3.2 illustrates how the residual precipitation declines if larger frontal areas
are considered. Figure 3.2 illustrates how the residual precipitation declines if the
frontal area, defined by the distance from the frontal zone, is reduced. Extending
the distance from its shortest (139 km) to its largest (250 km) value, a drop in the
residual of 8% for ACLOUD, and by 5% for AFLUX can be seen. This is basically
independent of the precipitation threshold and the potential temperature gradient.
Based on these results, we decided on a mean distance of about 200 km.

The residual is also used to study the dependence on V6., where we test 4, 5 and
6 K 100 km~!. Figure 3.2 illustrates that the residual varies less for this gradient than
for the frontal distance. Therefore we stay with the original value of 4 K 100 km™!.

3.3.2.4 Final Classification

For each ERAS time step the techniques to detect ARs (Sec. 3.3.2.1), cyclones (Sec.
3.3.2.2), and frontal areas (Sec. 3.3.2.3) are applied to assign the appropriate system
to each grid cell. Figure 3.1 shows exemplarily the results of the different detec-
tion schemes for 20 March 2019 at 0OUTC. An AR produces precipitation along the
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FIGURE 3.2: Fraction of residual precipitation for ACLOUD (a) and
AFLUX (b) for different thresholds of precipitation [mm h~!] related
to the gradient of the equivalent potential temperature (blue: 4 K 100
km~1, red: 5 K 100 km™1, green: 6 K 100 km™1), and the distance
(139, 166, 194, 222 and 250 km) from the detected front line (distance
increases from dark to light shaded dots). In the calculation of the
residual the standard configuration, GuS (AR_Gu and CYC_S) was
used.

Atlantic pathway and is detected by both AR algorithms with some differences in
the position such as a slightly more northern extent produced by AR_Go than in
AR_Gu (Fig. 3.1a,d). The AR is steered by an intense cyclone in the west which
covers a larger region in CYC_S than in CYC_A (Fig. 3.1b,d). Connected to that are
frontal regions over northeast Greenland (Fig. 3.1c).

We classify each grid cell using our standard configuration AR_Gu and CYC_S
(GuS in the following). From Fig. 3.1, it becomes obvious that certain grid cells can
be assigned not only to one but to multiple weather systems. Only in the region 15 -
25° E south of Svalbard, the AR is solely responsible (O-AR) for precipitation while
in the western part, it is connected with a cyclone (AR-CYC), frontal areas (AR-
FRONTS), and all systems together (AR-CYC-FRONTS). Considering all weather
systems, we can identify in total seven different components which further include
only cyclones (O-CYC), cyclones co-located with fronts (CYC-FRONTS), and only
fronts (O-FRONTS).

Due to the fact that ARs, cyclones, and fronts are dynamic features associated
with strong winds, precipitation may fall outside the identified shapes. Further-
more, we can see that the shapes of the detected weather systems can differ among
the algorithms (Fig. 3.1). Precipitation outside of the area of the detected weather
systems is classified as residual. The residual depends on the precipitation thresh-
old: A drastic decrease of the residual with increasing precipitation threshold can
be noted (Fig. 3.2). Because atmospheric models are known to produce very light
precipitation, often thresholds of up to 0.1 mm h~! are considered (Boisvert et al.,
2018; Yang and Kane, 2021). The fact that the residual is roughly reduced by 30%
during ACLOUD, and 16% during AFLUX by applying a threshold of 0.1 mm h™1,
highlights the importance of light precipitation for the Arctic. Therefore, we decided
not to apply a threshold for our analyses. However, we discuss in Sec. 3.4.4 the sen-
sitivity of the results by applying different precipitation thresholds.



Chapter 3. Influence of Atmospheric Rivers and associated weather systems on

e . 4
precipitation in the Arctic 6

3.4 Results

The influence of different weather systems (ARs, cyclones, and fronts) on the precip-
itation in the Arctic is analysed in this section for the early summer (ACLOUD) and
early spring (AFLUX) campaigns. First (Sec. 3.4.1), we investigate how precipitation
during both campaigns relates to long-term climatology. Second, we investigate the
contribution of ARs, cyclones, and fronts to the total precipitation. For this purpose,
we analyse their spatiotemporal evolution and the contribution of these weather
systems (Sec. 3.4.2). Furthermore, we address the role of precipitation intensity (Sec.
3.4.3), the sensitivity of threshold (Sec. 3.4.4), the issue of precipitation phase (Sec.
3.4.5), and assess the impact of the choice of detection algorithms (Sec. 3.4.6).

3.4.1 Precipitation during the campaigns compared to climatology

How intense was the precipitation during the campaigns compared to the clima-
tological perspective? To answer this question, we calculate the daily precipitation
rate averaged over the two campaign periods (Fig. 3.3) as well as for the climatology
(1979 - 2021) over the respective period. The climatology for both periods shows a
strong north-south gradient with the lowest values in the central Arctic (and also
Greenland) (not shown). Low precipitation values in the central Arctic (north of 80°
N) are in agreement with (McCrystall et al., 2021) who find between 0.2 and 0.8 mm
day~! for the annual average based on ERA5.

ACLOUD AFLUX

v =
=) o©

o

precipitation [mm day~!]

o

o N MO ® O

anomaly [mm day~1]

FIGURE 3.3: Daily precipitation rate [mm day~!] averaged for

ACLOUD (left) and AFLUX (right). For the campaign year ((a) and

(b)), the anomaly with respect to the climatology period, and the de-
viation from the climatology as contour lines ((c) and (d)).

During ACLOUD (AFLUX), the amount of precipitation in the studied area is
12% (39%) higher compared to the climatological mean. For both campaigns, we
can identify hot spots with enhanced precipitation likely originating from weather
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systems. During ACLOUD, two clearly defined regions one on the east coast of
Greenland and the other in the Kara Sea and the northern part of Novaya Zemlya
show precipitation rates of more than 4 mm day !, which corresponds to anomalies
of 8 mm day~! (Greenland) and 5 mm day ! (Kara Sea) with respect to the climato-
logical value. The precipitation maximum over Novaya Zemlya is associated with
an AR originating from Siberia, while maximum precipitation over eastern Green-
land is associated with the Atlantic moisture pathways (Viceto et al., 2022). During
AFLUX, the Atlantic corridor stands out with the highest values and a clear positive
anomaly of precipitation in the Fram Strait. In contrast to ACLOUD, the enhanced
precipitation rates are distributed over most of the area, also over the central Arc-
tic (> 80° N) (Fig. 3.3d). The most enhanced precipitation compared to climatology
(by a factor of three), however, is identified in northeast Greenland. The regionally
distinct maxima in precipitation already indicate that transient synoptical features
might determine the precipitation distribution on the time scale of weeks.

3.4.2 Contribution of ARs, cyclones, and fronts to the total precipitation

How much do ARs, cyclones, and fronts contribute to the precipitation during the
two campaigns in the Arctic, especially to the hot spots shown in Fig.3.3? To answer
this question, we use the methodology from Sec. (4.2.1.1) with the standard config-
uration GuS (AR_Gu and CYC_S) and analyse these contributions concerning their
temporal variation (Fig. 3.4), spatial patterns (Fig. 3.11) and latitudinal dependency
(Fig. 3.12).
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FIGURE 3.4: Time series of domain-accumulated hourly precipitation

rate [mm h™1] (a,b), the size of the area [km?] (c,d), and the ratio be-

tween the precipitation rate and the area [mm h~! km~?2] (e,f) for dif-

ferent weather systems for ACLOUD (left, 28 May - 11 June 2017) and

AFLUX (right, 18 March - 6 April 2019). The colors represent the co-
located and separated components.

During ACLOUD, the daily averaged precipitation rate accumulated over the
whole study domain amounts to 7.6 x 10°> mm day ! (Table 3.1). Most of the pre-
cipitation was located between 70° and 80° N (Fig. 3.12). Considering the whole
period, 40% (co-located: 31%, only: 9%) of the total precipitation can be explained
by ARs, while only 22% (co-located: 14%, only: 8%) is related to cyclones. However,
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with 55% (co-located: 40%, only: 15%) the majority of precipitation is associated
with frontal signatures in both cases, i.e. when co-located with ARs and cyclones
and also if regarded if occurring alone.

In total, we identify three ARs, two originated from Siberia (AR1 and AR2), and
one from the Atlantic (AR3) (Table 3.2). Note, that AR_Gu does have a gap in the
detection of AR1 and AR2 (Fig. 3.4, Tab. 3.2). During this detection gap of AR1 and
AR2, the precipitation is then associated with fronts only. The temporal develop-
ment of these ARs is visualized as movies in the supplement (see video supplement
Lauer (2023a)). All of them reached at least 77° N (Table 3.2) and have been de-
scribed in detail by Viceto et al., 2022. These ARs, especially in connection with
other weather systems contributed to the enhanced precipitation rates over the Kara
Sea and northern Novaya Zemlya (AR1) and at the east coast of Greenland (AR3),
when they made landfall (Fig. 3.11). The slightly higher precipitation rates over the
southern part of the Barents and Norwegian Seas are caused by AR2. AR1 and AR2
were mainly co-located with fronts and cyclones (AR-FRONTS, AR-CYC-FRONTS),
whereas AR3 was co-located with fronts (AR-FRONTS) or occurred alone (O-AR).
Thus, most precipitation is generated when ARs are collocated with cyclones and /or
fronts (Table 3.1, Fig. 3.4).

TABLE 3.1: Daily averaged area-weighted precipitation rate over the
study domain [mm day~!] and total precipitation area (km?) as av-
erage over the ACLOUD and AFLUX periods. The contribution of
ARs, cyclones, fronts as well as of the residual (res) is given in per-
cent for all classes involving the respective feature ("total" as t), for
their co-location ("co-located" as ¢ — I) and for their individual oc-
currence ("only" as 0). Numbers are given for the different combina-
tions of AR detection algorithms by Guan et al. (2018) (AR_Gu) and
Gorodetskaya et al. (2014) and Gorodetskaya et al. (2020) (AR_Go),
and the cyclone detection from Sprenger et al. (2017) (CYC_S) and
Akperov et al. (2007) (CYC_A): GuS (AR_Gu & CYC_S), GuA (AR_Gu
& CYC_A), GoS (AR_Gu & CYC_S), and GoA (AR_Go & CYC_A)

ACLOUD AFLUX
daily precipitation
(x10%) [mm day~!] 7.6 12,5
ARs cyclones fronts res ARs cyclones fronts res
t/cl/o t/cl/o t/cl/o t/cl/o t/cl/o t/cl/o
GuS 40/31/9 | 22/14/8 | 55/40/15 | 29 16/12/4 | 62/15/47 | 19/14/5 | 25
GuA 40/32/8 | 28/18/10 | 55/42 /13 | 28 16/8/8 41/8/33 19/12/7 | 38
GoS 19/16/3 | 22/14/8 | 55/27 /28 | 35 40/32/8 | 62/33/29 | 19/15/4 | 22
GoA 19/17/2 | 28/17/11 | 55/30/25 | 33 | 40/22/18 | 41/21/20 | 19/13/6 | 30
area
(x107) [km?] 189 257
ARs cyclones fronts res ARs cyclones fronts res
t/cl/o t/cl/o t/cl/o t/cl/o t/cl/o t/cl/o
GuS 8/4/4 6/2/4 28 /13 /15 | 65 5/3/2 38/5/33 | 18/11/7 | 47
GuA 8/4/4 10/3/7 28 /13 /15 | 62 5/2/3 25/2/23 18/10/8 | 57
GoS 4/3/1 6/2/4 28 /11/17 | 68 13/7/6 38/11/27 | 18 /11/7 | 45
GoA 4/3/1 10/2/8 28 /12 /16 | 65 13/6/7 25/6/19 18/10/8 | 53

The picture changes strongly for AFLUX. During this period, the daily averaged
precipitation rate of 12.5 x 10> mm day~! accumulated over the study domain is
more than 60 % higher than during ACLOUD. The main source of precipitation is
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TABLE 3.2: Detected Atmospheric River (AR) events during the
ACLOUD (May/June 2017) and AFLUX (March/April 2019) cam-
paigns. For each event, the start, the end, the origin (region in which
the AR was first detected), and the most northern grid point of the
AR, and affected areas are specified.

#of AR start end origin furthest affected areas
(date / time [UTC]) | (date / time [UTC]) point (°N)
AR1 28 May / 05 29 May / 23 Siberian 83.00 Kara Sea, Barents Sea
31 May / 00 31 May / 19 Norwegian Sea
02 June / 06 02 June / 21 Norwegian Sea
AR2 03 June / 18 05 June / 20 Siberian 77.00 Kara Sea, Barents Sea
Norwegian Sea
AR3 07 June / 16 10 June / 06 Atlantic 85.25 Greenland, Norwegian Sea
AR4 18 March / 12 21 March / 02 Labrador Sea 86.75 Greenland, Norwegian Sea
22 March / 15 25 March / 08 77.75 Barents Sea, Kara Sea
AR5 19 March / 01 20 March / 08 Europe 72.00 Kara Sea
AR6 25 March / 17 26 March / 09 Atlantic 77.00 Greenland, Norwegian Sea
AR7 26 March / 05 27 March / 22 Africa 77.75 Kara Sea
ARS8 27 March / 04 28 March / 20 Labrador Sea 76.50 Greenland, Norwegian Sea
Barents Sea
AR9 30 March / 02 31 March / 23 Siberia 84.75 Kara Sea
AR10 02 April / 15 05 April / 03 Greenland 81.50 Greenland, Norwegian Sea
Barents Sea

also different compared to ACLOUD (with dominating fronts). For AFLUX precip-
itation is mainly associated with cyclones (62%; co-located: 15%, only: 47%), es-
pecially if they occur separately (O-CYC) whereas the contribution of fronts (19%;
co-located: 14%, only: 5%) and ARs (16%; co-located: 12%, only: 4%) is comparably
small (Fig. 3.4, Table 3.1, Fig. 3.12). Thus, although seven ARs were detected during
AFLUX, their contribution to the total precipitation rate is a factor of 2.5 lower com-
pared to ACLOUD (Table 3.1).

In contrast to ACLOUD, the ARs came mainly from the Atlantic or Labrador
Sea (Table 3.2) and were first meridionally orientated with a subsequent zonal align-
ment over the studied area (see supplement Lauer (2023a)). Although the majority
of the ARs (5 out of 7) reached 77° N or higher, their contribution did not exceed
16%. These ARs precipitated mostly out in the lower latitudes between 60° and 67°
N (Fig. 3.12). At higher latitudes, the AR-related precipitation rates were mainly
associated with AR4 that reached up to 87° N (Table 3.2). This AR4 was mainly asso-
ciated with cyclones (AR-CYC) and contributed to the enhanced precipitation over
the Norwegian Sea and Fram Strait (Fig. 3.3, Fig. 3.11).

In summary, we can highlight two differences between the campaign periods.
First, the precipitation during ACLOUD was mainly associated with ARs and fronts,
whereas during AFLUX, the precipitation was mainly concentrated within cyclones.
Second, during ACLOUD, the systems were more effective when occurring in con-
cert, i.e. the contribution of ARs and fronts is about three times higher if they occur
together or with cyclones, compared to when occurring alone (Table 3.1). While this
is also valid for ARs during AFLUX, it is not the case for cyclones whose contribu-
tion is highest when occurring alone.
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3.4.3 Area and time-dependent precipitation intensity

The differences in the contribution of ARs, cyclones, and fronts betwee both cam-
paign periods can be explained, among others, by the area of the individual sys-
tems. In percentage terms, ARs and fronts cover a greater area during ACLOUD
than during AFLUX, while cyclones cover a smaller area during ACLOUD than dur-
ing AFLUX. This applies to both co-located and separate components (Table 3.1).
However, a larger area does not necessarily mean higher precipitation rates (Fig.
3.4, Table 3.1, Fig. 3.12 ). During ACLOUD, the area covered by fronts is a factor of
3.5 (co-located: 3.3, only: 3.8) higher than the area covered by ARs. However, the
precipitation rate associated with fronts is only a factor of 1.4 (co-located: 1.3, only:
1.6) higher than that associated with ARs. The same behavior is also seen during
AFLUX (Table 3.1). In general, higher precipitation rates related to ARs are con-
centrated within a smaller area - independent of whether co-located or separated.
Therefore, the precipitation rate with respect to the area is dominated by ARs, es-
pecially in conjunction with fronts and cyclones, during both campaigns (Fig. 3.12).
This is surprising for fronts (during ACLOUD) and cyclones (during AFLUX) which
affect a greater area than ARs (co-located and separated). Consequently, we demon-
strate that the front and cyclone-related precipitation rates, during ACLOUD and
AFLUX, respectively, are not as intense as AR-related precipitation rates.

To further investigate precipitation intensity, we look at how the average precipi-
tation is distributed over the different hourly precipitation rates. Note, that for these
distributions we do not weigh precipitation rates by the area of the respective grid
point (Fig. 3.5). By treating each ERA5 grid point equally more emphasis is put on
the central Arctic. The snowfall which is the dominating precipitation type during
both campaigns (see Sec. 3.4.5) can be classified as light (< 1 mm h™!), moderate (1 -
2.5 mm h~!) and heavy (> 2.5 mm h~!) precipitation (DWD, 2023). The light precip-
itation rates are mainly associated with components that are not co-located (O-AR,
O-FRONTS, O-CYCQ). In contrast, the occurrence of the highest precipitation rates in
the Arctic is most likely when different weather systems occur in conjunction. This
mainly concerns precipitation associated with ARs. Especially in connection with
fronts (ACLOUD) and cyclones (AFLUX), we observe moderate precipitation (1 —
2.5 mm h™!) amounts. More than 92% of the AR-related precipitation can be classi-
fied as moderate precipitation during ACLOUD and AFLUX. Only a small amount
of light precipitation (< 6%) is related to AR-related components. The reason for the
rare occurrence of light precipitation might be the strict AR detection focusing on
the innermost AR area. Precipitation that is still connected to the AR but occurring
outside the AR shape is likely lower than precipitation in the core area. This would
be a similar effect as for fronts where a reduced frontal area leads to an increase in
the residual (Fig. 3.2). As the detection of ARs depends on the moisture content, the
moisture might be too low to be detected as an AR. For example, the gap in the de-
tection of AR1 on 30 May during ACLOUD (Fig. 3.4) might hint at this phenomenon.

Comparing both campaigns, there are differences regarding AR-related precipi-
tation intensity. During ACLOUD, AR events caused several maxima in precipita-
tion rate while for AFLUX only AR4 brings significant precipitation into the studied
domain (Fig. 3.4). AR4 was a meridionally orientated AR and reached up to 87° N. It
crossed a strong temperature gradient when crossing the sea ice edge around 77° N.
Thus, it experienced a strong drop in moisture saturation, which led to the release
of precipitation. While other ARs during AFLUX were also meridionally orientated,
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they did not reach that far north or touched the studied domain only marginally.
Therefore, their contribution to the total precipitation in the studied region is com-
parable low. The higher precipitation amount during ACLOUD is mainly due to the
higher number of ARs at higher latitudes — two of them (AR1 and AR2) were zonally
orientated (see videos in the supplement (Lauer, 2023a)). Together, ACLOUD and
AFLUX provide a variety of AR appearances to test our methodology, but long-term
studies are needed to detect seasonal differences.

3.44 Residual Contribution and Threshold of Precipitation

During ACLOUD and AFLUX, 29 and 25%, respectively, of the precipitation cannot
be associated with any of the weather systems (Tab. 3.1). Especially in the central
Arctic (> 80° N), where the weather systems are quite rare or are difficult to detect,
the residual explains up to 100% of the precipitation for individual grid cells (Fig.
3.11). However, the occurrence of the residual decreases with higher latitudes (Fig.
3.12). Fig. 3.5 shows that more than 95% (85%) of the residual precipitation has rates
lower than 0.1 mm h~! during ACLOUD (AFLUX).

Imura and Michibata (2022) have shown that dynamic models produce too light
and too frequent precipitation, especially in the Arctic. Therefore, in several studies a
precipitation threshold of 0.1 mm h~! is used to suppress this ‘artificial precipitation’
(Boisvert et al., 2018). However, others argue that light precipitation rates, especially
drizzle over the Arctic Ocean would be underestimated by using this threshold (Bar-
rett et al., 2020). For our study, the introduction of such a threshold would not only
affect the residual but also suppress the lower precipitation rates for other categories
such as AR-FRONTS, O-CYC, CYC-FRONTS, and O-FRONTS during ACLOUD, as
well as AR-CYC, CYC-FRONTS, and O-FRONTS during AFLUX. Especially during
AFLUYX, this light precipitation is important as can be seen in the case of cyclones.
Here, cyclones have mostly precipitation rates below 0.1 mm h~! but contribute
most (47%) to the total precipitation (Fig. 3.5).

Section 3.3.2 has already shown the sensitivity of the residual to the introduction
of a precipitation threshold. Figure 3.2 has shown that a threshold of 0.1 mm h~!
instead of 0 mm h~! would roughly lead to a reduction of the residual fraction by
one-third. But still, the question remains how the weather systems are affected by
the threshold in particular for lightest precipitation. Figure 3.6 shows how drasti-
cally precipitation is reduced when the threshold is increased stepwise to 0.1 mm
h~!. Daily precipitation decreases from 7.6 x 10° to 3.9 x 10> mm day~! during
ACLOUD, and from 12.4 x 10° to 4.5 x 10> mm day ! during AFLUX. Consequently,
the precipitation rate decreases by 50% during ACLOUD and 64% during AFLUX.
Furthermore, the contribution of AR-related components (ACLOUD: +21%; AFLUX:
+ 15%), cyclone-related components (ACLOUD: +5%; AFLUX: +12%), and front-
related components (ACLOUD: +20%; AFLUX: +8%) increases, whereas the resid-
ual decreases (ACLOUD: - 19%; AFLUX: -14%). In summary, the contribution of
ARs connected with fronts (ACLOUD) and cyclones (AFLUX) would become much
more dominating if a threshold would be introduced.
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FIGURE 3.5: Contribution of different precipitation rates [mm h~!] to
the daily averaged precipitation [mm day '] for co-located and sepa-
rated components (a-h) during ACLOUD (top) and AFLUX (bottom).
The accumulated daily precipitation rate [mm day '] is shown by
the dotted line and their value is given by the y-axis. Note, that each
0.25 x 0.25 grid cell is not area-weighted. Thus, the sum of the cumu-
lative precipitation deviates from Table 3.1 which includes the area-
weighted precipitation. The same analysis for area-weighted precipi-
tation is shown in Fig. 3.13.
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FIGURE 3.6: Daily averaged precipitation ((a) and (b)) and the frac-
tion of ARs, cyclones, and fronts (co-located and separated) ((c) and
(d)) for different precipitation thresholds [mm h~!].

3.4.5 Type and form of precipitation

We now analyse the phase composition of total precipitation and its distribution
for the different weather systems (Table 3.3). At the same time, we also investi-
gate whether any differences with respect to convective and large-scale rain and
snow exist. Snow is the dominant type of precipitation for both campaigns with
67% for ACLOUD and 90% for AFLUX which took place in March/April exhibiting
colder temperatures than ACLOUD. Considering the snowfall rates of the different
weather systems we again see the stronger effect of ARs for ACLOUD (co-located:
26%, only: 7%) compared to AFLUX (co-located: 11%, only: 3%) and the clear dom-
inance of cyclones for AFLUX (co-located: 14%, only: 48%) compared to ACLOUD
(co-located: 12%, only: 7%). Nevertheless, ARs are even more important for rain
than for snowfall with even higher percentages, i.e. AR fraction amounts to 54%
(co-located: 42%, only: 12%) for ACLOUD, and 42% (co-located: 29%, only 13%)
for AFLUX. However, the result needs to be interpreted carefully as also the AR_Gu
detection algorithm is too permissive in the polar regions which are more prone to
snowfall. One indication of this hypothesis is the lower residual for rain (ACLOUD:
20%, AFLUX: 12%) than for snow (ACLOUD: 34%, AFLUX: 27%).

TABLE 3.3: Daily averaged, area accumulated total (tot), convective

(con), and large-scale (l-s) rain and snowfall rate, as well as total pre-

cipitation (tot pres) expressed in 10°> mm day ! during ACLOUD and

AFLUX. The contribution of ARs, cyclones, fronts as well as of the

residual (res) is given in percent for all classes involving the respec-

tive feature ("total" as t), for their co-location ("co-located" as ¢ — )
and for their individual occurrence ("only" as o).

ACLOUD AFLUX

total ARs cyclones fronts res | total ARs cyclones fronts res

rate t/cl/o t/cl/o t/cl/o rate t/cl/o t/cl/o t/cl/o
con snow 0.6 9/4/5 17 /4 /13 17/10/7 66 2.2 4/3/1 62/3/59 6/5/1 34
I-s snow 4.5 37/29/8 20/13/7 57/40/17 29 9.0 16/12/4 62/17/45 | 21/15/6 25
tot snow 5.1 33/26/7 19/12/7 52/36/16 34 11.0 14/11/3 62/14/48 | 18/13/5 27
con rain 0.8 33/22/11 | 25/10/15 | 42/30/ 12 33 0.7 21/12/9 72 /14 / 58 9/7/2 17
I-s rain 1.7 63/51/12 | 26/21/5 | 70/57/13 | 14 0.6 67/49/18 | 73/50/23 | 31/30/1 5
tot rain 2.5 54 /42 /12 26/18 /8 61/49 /12 20 1.3 42/29/13 | 72/30/42 | 20/19/1 12
tot precip 7.6 40/31/9 22/14/8 | 55/40/15 | 29 12.5 16/12/4 62/15/47 | 19/14/5 | 25
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Looking at the precipitation formation mechanism it becomes clear that large-
scale precipitation prevails for both campaigns (Tab. 3.3) which is not surprising as
the focus of this study is on dynamical weather systems. Furthermore, the campaign
periods were selected for AR occurrence. For snowfall, the large-scale component
dominates compared to the convective component, which contributes less than 3%
and 25% for ACLOUD and AFLUX, respectively. The fraction of rain to the total pre-
cipitation is higher for ACLOUD (33%; convective: 10%, large-scale: 23%) than for
AFLUX (10%; convective: 5%, large-scale: 5%). Regarding the contribution of ARs,
cyclones, and fronts, we can see that ARs and fronts mainly contribute to the large-
scale than to the convective rain and snow, whereas the contribution of cyclones to
the convective and large-scale rain and snow is quite similar. The residual is higher
for the convective than the large-scale component, which is reasonable as large-scale
precipitation should be explained by synoptic features. Thus, large-scale residuals
might be connected to problems in the detection algorithms or related to dynamical
features producing precipitation by vertical displacement outside the object shape.

O-AR W AR-FRONTS  mmmmm AR-CYC mmmmm AR-CYC-FRONTS O-CYC mmmm CYC-FRONTS mmmmm O-FRONTS residual
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FIGURE 3.7: Time series of hourly rain (dotted) and snowfall (solid)

[mm h~1] ((a) and (b)) and the fraction of convective ((c) and (d)) and

large-scale ((e) and (f)) rain and snow to the total precipitation for

ACLOUD (left) and AFLUX (right) and for co-located and separated
components (colors as in Fig. 3.1)

The temporal development (Fig. 3.7) shows that during ACLOUD a brief phase
during 3-6 June occurs when rain becomes the dominant type of precipitation al-
though snowfall is the dominant precipitation overall. In this period, the rainfall is
mainly associated with AR2 with some convective contribution. As described in the
previous section, this AR moved over the southern part of the Barents and Norwe-
gian Seas. Thus, the rainfall was mainly concentrated in the lower latitudes (70 -
75° N) (Fig. 3.8). On 6 June, no AR was detected and the rainfall was more related
to O-FRONTS and O-CYC. During this day, there was a slight increase in snowfall.
In general, the major precipitation events during ACLOUD occur when ARs were
connected with fronts (Fig. 3.7). In between the AR events occurrences, precipita-
tion is low but prominently associated with residual snowfall, which might be due
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to weak/fading synoptical systems not detected by the algorithms.
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FIGURE 3.8: Latitudinal dependence (60 - 90° N) of daily averaged
rain (dotted) and snowfall (solid) [mm day_l] (a,b) for ACLOUD
(left) and AFLUX (right). The fraction of convective (c,d) and large-
scale (ef) precipitation to the total precipitation is shown for co-
located and separated components. The dashed vertical line at 70°
N represents the minimum latitude that we use for all other analyses.

Throughout AFLUX, significant rainfall occurs mainly during the event of AR4
(Fig. 3.7). Also here, the rainfall is concentrated below 75° N (Fig. 3.8). Thus, for
both campaigns, snow is the dominant type of precipitation north of 75° N (Fig. 3.8).
The residual for the convective snow and rain as well as for the large-scale snowfall
is about two times higher during ACLOUD than during AFLUX (Table 3.3, Fig. 3.7).

The differences in the latitudinal distribution of precipitation between the early
spring AFLUX and early summer ACLOUD campaigns are shown in Fig. 3.8. While
rain occurs up to 75°N for both periods, significant amounts of snow reach higher
latitudes during AFLUX (up to 85° N) compared to ACLOUD (up to 78° N). For
ACLOUD, ARs together with fronts bring snow into the Arctic up to 80° N while
during AFLUX, cyclone-affected precipitation reaches up to the pole. The residual
for the convective and large-scale snow is mainly found in the central Arctic, a re-
gion where weather systems occur rarely. During AFLUX 100 % of the precipitation
above 80° N is large-scale with the residual getting more important close to the pole.
For the warmer ACLOUD campaign already up to 50 % of the residuals close to the
pole is convective. Nevertheless, the total precipitation amount is very low above
85° N and thus the question arises whether this is a real effect or due to model insta-
bilities (see previous section).
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3.4.6 Sensitivity of the results to the detection algorithms

All results discussed up to now have been achieved using the standard configura-
tion with AR_Gu and CYC_S (GuS). But, how strongly do these results depend on
the choice of algorithms? First, we investigate the difference between the two AR
algorithms keeping CYC_S also in combination with AR_Go (GoS) (Fig. 3.9, top).
During ACLOUD, we can see that the area which is affected by ARs is greater for
AR_Gu than AR_Go (Tab. 3.1, Fig. 3.4 and 3.14). Therefore, much less precipitation
is related to AR for GoS (19%; co-located: 16%; only: 3%) compared to GuS (40%;
co-located: 31%; only: 9%). In Fig. 3.9, we can see that the precipitation which
is related to AR-FRONTS for GuS is mainly attributed to fronts only (O-FRONTS)
for GoS. This is possible because the threshold in AR_Go is based on the IWV, thus
only on the moisture content that is reduced by precipitation. Since the AR is typi-
cally found in the pre-cold frontal zone, the precipitation associated with the AR is
defined as frontal precipitation at the time when the AR is longer defined. Further-
more, precipitation only related to ARs (O-AR) in GuS is classified as residual by
GoS, especially at the end of the campaign. However, while GuS led to a gap in the
detection of AR1 on 30 May this is not the case for GoS which detects the AR contin-
uously (Fig. 3.14). This implies that IVT decreases within the AR and therefore the
criteria in GuS to detect the AR are not fulfilled anymore but the IWV criterium still
holds. During AFLUX, we see the opposite behaviour. The precipitation related to
ARs is lower for GuS than for GoS for all events during this campaign. Thus, GuS
produces the strong precipitation contribution by cyclones discussed before, while
for GoS precipitation is most frequently related to AR-CYC (Fig. 3.9). Thus, the con-
tribution of the AR- and cyclone-related components differ among the algorithms.
Consequently, for GoS the contribution of ARs is 24% (co-located: 20%, only: 4%)
higher, whereas the contribution of O-CYC is 18% lower compared to GuS.

Regarding the latitudinal dependence (Fig. 3.10, top), we can see that the higher
precipitation rates for GuS during ACLOUD, and GoS during AFLUX depend on
the size of the area. Thus, during ACLOUD, the area of ARs detected by GuS is a
factor of two higher than the area of ARs detected by GoS (Table 3.1). The largest
deviation is between 70 and 75° N which are the latitudes with the greatest precip-
itation rates (see Fig. 3.8). In this area, the higher precipitation rates are associated
with O-FRONTS or none of these systems (residual). During AFLUX, we can see
the opposite effect. Applying the detection algorithm by GuS, ARs do not have a
strong effect in higher latitudes (Fig. 3.9). In general, the greatest amount of pre-
cipitation during AFLUX is classified as light precipitation (Fig. 3.5). Therefore, we
assume that the moisture content is too low and the threshold of AR_Gu cannot be
exceeded in the higher latitudes (Fig. 3.10). Consequently, the precipitation in the
higher latitudes is mainly associated with O-CYC. However, when we apply the de-
tection algorithm GoS, we can see that O-CYC is replaced by AR-CYC. Thus, the
total contribution of ARs would increase from 16 (GuS) to 40% (GoS).

Second, we compare the two cyclone detection algorithms keeping AR_Gu for
the AR detection (Fig. 3.9, top) (Fig. 3.9 and 3.10, bottom). The difference between
GuS and GuA in terms of precipitation rate is not as strong as for the choice of the AR
algorithm except AR4 where GuS has the AR connected with a cyclone while GuA
attributes the precipitation to AR only. The reason lies in the much larger area which
cyclones occupy in GuS compared to GuA during AFLUX. Here we can see a strong
difference between both campaigns. During ACLOUD, the area of cyclones north
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FIGURE 3.10: Latitudinal dependence for ACLOUD (left) and

AFLUX (right) regarding the difference of the affected area by using
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(d)) for co-located and separated components (colors as in Fig. 3.1).

The zigzag pattern in (c) and (d) is caused by the interpolation to the
0.25° ERAS5 grid.
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of 70° N detected by GuS is smaller compared to GuA whereas, during AFLUX, the
area of cyclones is higher compared to GuA.

The area detected by the algorithm also influences the classification of the resid-
ual. This is best illustrated in the meridional distribution (Fig. 3.10). Up to 85° N a
large part of the precipitation is assigned to be residual by GuA while it is contained
in the cyclone category in GuS during AFLUX raising trust in the latter algorithm.
However, we see the opposite albeit weaker behaviour during ACLOUD. Here, GuS
produces some residual precipitation while this is assigned to cyclones in GuA.

The choice of the algorithm has a strong effect on the assignment of different cat-
egories of precipitation. Table 3.1 illustrates how the distribution of precipitation to
the different categories changes in terms of daily precipitation rate and area when
different combinations of algorithms are considered. For all combinations, the area
residual is larger than the precipitation residual. For ACLOUD our standard con-
figuration (GuS) produces the lowest precipitation residual (28%) and is among the
lower ones in terms of precipitation area. For AFLUX, GoS features the lowest resid-
ual for both precipitation and area. For this campaign period, CYC_A produces a
rather small cyclone area which especially in conjunction with AR_Gu (GuA) leads
to a high residual of 38 % in precipitation rate and 57% in area. As already men-
tioned before, ACLOUD shows different behaviour. Here the residual precipitation
area is especially high but does not vary too much between the different algorithms
(62-68 %). This might indicate that weather systems are less important here and
precipitation might also be produced locally as visible by the higher likelihood of
convective precipitation for ACLOUD (Tab. 3.3).

3.5 Conclusions

We analysed the contribution of ARs, cyclones, and fronts to the total precipitation
during two different periods, namely ACLOUD (early summer, May/June 2017) and
AFLUX (early spring, March/April 2019). Both campaigns covered the northern
North Atlantic sector which exhibits the highest precipitation rates in the Arctic.
The two campaign periods differed from climatology in so far as localized hotspots
of positive precipitation anomalies due to the weather systems and a drier central
Arctic occurred for ACLOUD, while AFLUX showed enhanced precipitation over
most of the area.

We have established a new methodology that allows us to analyse the contribu-
tion of ARs, cyclones, and fronts to Arctic precipitation. As these features can be con-
nected, we have defined seven different components: O-AR, AR-CYC, AR-FRONTS,
AR-CYC-FRONTS, O-CYC, CYC-FRONTS, and O-FRONTS. Further, the precipita-
tion rate which is not associated with any of these systems (so-called residual) is
also taken into account. In its standard configuration the AR detection algorithm
by Guan et al. (2018) and the cyclone detection algorithm by Sprenger et al. (2017)
is used. We tested the method over the two campaign periods in detail, having an
application over the full ERA5 period in mind.

Although the campaign periods were chosen around the occurrence of ARs, we
find that the precipitation related to ARs is not the main contributor to precipitation.
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During ACLOUD, precipitation is mainly associated with front-related components
(55%) followed by AR-related components (40%), while cyclone-related components
(22%) play a minor role. During AFLUX, however, the precipitation is mainly asso-
ciated with cyclone-related components (62%) and already 47 % of precipitation is
only due to cyclones. AR and front-related components, 16%, and 19%, respectively
play a minor role. While precipitation associated to cyclone related components is
rather light during AFLUX, it shows a much higher daily averaged, area accumu-
lated precipitation rate (12.5 x 10> mm day ') compared to ACLOUD (7.6 x 10°> mm
day~!) due to their frequent occurrence. Snow is the dominant form of precipita-
tion being nearly exclusive for the colder AFLUX period (90%) than for ACLOUD
(68%). Because ARs contribute more to rain than snowfall during both campaigns,
any changes in AR characteristics might be important for Arctic precipitation.

Several studies employ thresholds such as 0.1 mm h~! (Boisvert et al., 2018) to

eliminate "artificial”" precipitation generated by numerical models. Here, we did not
use any threshold. However, we performed a sensitivity study in which we tested
different thresholds.
In accordance with Boisvert et al. (2018), we stress the importance of trace precip-
itation (precipitation < 0.1 mm h™!) for the Arctic; the introduction of a 0.1 mm
h~! threshold drastically reduces the total accumulated precipitation by a factor of
2 (ACLOUD) and 3 (AFLUX). The higher the threshold the more light precipitation
especially over the Arctic Ocean disappears. Thus, the contribution of ARs con-
nected with fronts and cyclones increases (by a factor of two), whereas the residual
decreases (by a factor of three) with higher thresholds, which might also hint at lim-
its in the detection algorithms as they are often not adapted to the Arctic.

We investigated the impact of the AR detection algorithm by comparing the
standard setting (AR_Gu) with the AR_Go algorithm by Gorodetskaya et al., 2014;
Gorodetskaya et al., 2020. Comparing both algorithms, we can highlight two differ-
ences. First, AR_Gu uses IVT (humidity and wind), whereas AR_Go uses IWV and
IWVg (humidity and temperature). Second, although both algorithms make use of
a threshold, these thresholds differ conceptually. Due to the different concepts of
the algorithms, we can see differences in the time period, the area, and the precipi-
tation amount associated with ARs (Tab. 3.1, Figs. 3.4, 3.9, 3.10, and 3.14). During
ACLOUD, the area, as well as the amount of AR-related precipitation, is a factor
of two higher for AR_Gu compared to AR_Go (Tab. 3.1). Especially precipitation
rates associated with ARs and fronts are affected (Figs. 3.9 and 3.10), e.g. for AR2,
AR_Go detects a more confined AR area, while AR_Gu broadened this AR area by
the comma head of the cyclone and the frontal precipitation. For AFLUX, the oppo-
site effect occurs. During this campaign period, the precipitation rate, as well as the
area is more than a factor of two higher for AR_Go than AR_Gu. Here, especially
precipitation rates associated with ARs and cyclones are affected (Figs. 3.9 and 3.10).
Here, we assume that the moisture content is too low and the threshold of AR_Gu
cannot be exceeded in the higher latitudes (Fig. 3.10), while AR_Go is specifically
tailored to the relatively dry conditions of the high latitudes.

In summary, based on the limited campaign periods, we cannot conclude about
the generality of the differences. Therefore, a long-term statistical analysis is needed.

Comparing the contribution of cyclones when using the algorithm CYC_A by
Akperov et al. (2007), we can also see strong differences during the campaigns.
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During ACLOUD, cyclones detected by CYC_A cover a greater area, which results
in higher cyclone-associated precipitation compared to the standard configuration.
The opposite effect occurs during AFLUX: Here precipitation within cyclones de-
tected by the standard configuration is higher compared to CYC_A. These differ-
ences could be the consequence of different pressure intervals to detect the outer-
most closed isobar and elevation filters. Generally, the higher (coarser) pressure in-
terval for CYC_S (0.5 hPa) could reduce the size of the cyclone, compared to CYC_A
which uses a smaller pressure interval of 0.1 hPa. This explains, that CYC_A detects
larger cyclones and cyclone-associated precipitation during ACLOUD. In addition,
different elevation filters in CYC_S and CYC_A affect cyclone detection and related
precipitation. These results highlight the importance of understanding the limita-
tions of the underlying detection algorithms.

For the early spring period (AFLUX) we found much higher importance of cy-
clones for precipitation, while ARs dominate in the early summer period (ACLOUD).
However, for drawing robust conclusions about these seasonal differences, a long-
term assessment exploiting the full ERA5 record is planned in the future. Within this
exercise, it might be possible to identify changes in precipitation (phase) associated
with different weather systems supporting a better understanding of the role of air-
mass transport in the Arctic.
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3.6 Appendix
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FIGURE 3.11: Daily averaged precipitation rate [mm day~!] for
ACLOUD (left) and AFLUX (right). The dots represent for each pixel
the contribution of ARs (turquoise) ((a) and (b)), cyclones (yellow) ((c)
and (d)), and fronts (purple) ((e) and (f)) to the total precipitation. The
grey dots indicate the residual fraction ((g) and (h)) which is not clas-
sified either as ARs, cyclones, or fronts. The increasing magnitude of
the contribution (0-25%, 25-50%, 50-75%, and 75-100%) is shown by
the increasing size of the dots.
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The dashed vertical line at 70° N represents the minimum latitude
that we use for the other analyses.
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FIGURE 3.13: Contribution of different precipitation rates [mm h~!]

to the daily averaged precipitation [mm day~!] for co-located and

separated components (a-h) during ACLOUD (top) and AFLUX (bot-

tom). The accumulated daily precipitation rate [mm day '] is shown

by the dotted line and their value is given by the y-axis. Note, that
each 0.25 x 0.25 grid cell is area-weighted.
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resent the co-located and separated components.
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Chapter 4

Influence of Atmospheric Rivers
and associated weather systems on
precipitation in the Arctic - A
Climatological Perspective

This study addresses the climatology of Arctic precipitation and investigates the ex-
tent to which the precipitation is associated with ARs, cyclones, and fronts. For this
purpose, ERAS reanalysis data and the method (described in Chapter 3) that allows
to distinguish precipitation associated with ARs from precipitation associated with
cyclones and fronts are used. While Chapter 3 focused on the Arctic North Atlantic
and the Kara and Barents Seas, the climatological study will cover the entire Arctic.

4.1 Introduction

The Arctic warms faster than the rest of the globe (Serreze and Barry, 2011; Wendisch
et al., 2019). The warming in the Arctic affects the hydrological cycle, and therefore
the precipitation in the Arctic (Vihma et al., 2016; Bintanja, 2018; Bintanja et al., 2020).
Previous studies (Bintanja and Van Der Linden, 2013; Bintanja and Selten, 2014; Mc-
Crystall et al., 2021) have shown that climate models simulate an increase in precipi-
tation. They particularly predicted the rain-dominated Arctic in the future (Bintanja
and Andry, 2017). The increase in rain has two reasons: First the warmer atmo-
sphere can hold more moisture (Clausius-Clapeyron relation) which could increase
the amount of precipitation (Bintanja and Selten, 2014). Second, warmer tempera-
tures favor the transition from snow to rain. Further, the models simulate a longer
rain period. That means, the rain will start earlier and last longer in the year (Vihma
et al., 2016; Bintanja et al., 2020). However, the changes in precipitation variability
and the processes involved are unknown and require further research (Bintanja et
al., 2020).

Although it is of particular interest to analyse the future change of precipitation
in the Arctic, it is also important to analyse the past change of precipitation. While
previous studies focus mainly on the total precipitation (Gimeno-Sotelo et al., 2018;
Boisvert et al., 2021), in this study, the precipitation is divided into convective and
large-scale total precipitation, snowfall, and rainfall. Further, the focus is on differ-
ent synoptic features such as ARs, cyclones, and fronts and how they affected the
precipitation in the Arctic during the last four decades.
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Although observational data are available for the Arctic, they are not sufficient
for the climatological analysis. First, the ground-based observations are not well dis-
tributed over the Arctic (Vihma et al., 2016). Second, satellites can cover the Arctic
Ocean and reach further north, however, they also contain significant uncertainties
in retrieving precipitation from the measured electromagnetic signal (Behrangi et
al., 2012), further they do not cover a specific area for the whole day (Behrangi et al.,
2012; Vihma et al., 2016). As ARs-, cyclones-, and fronts are dynamical systems, it
is possible that the satellites miss these synoptic features. Third, high-quality mea-
surements such as those by CloudSat (launched in 2006) are too short. The ERA5
reanalysis data has a high spatial (~ 30 km) and temporal (hourly) resolution and
has shown a better performance compared to other reanalysis (Graham et al., 2019a;
Barrett et al., 2020). The long-term data set allows climatological analyses for the
last four decades which is advantageous when investigating whether any relative
changes have occurred with respect to Arctic warming. Therefore, the results in this
study are based on the ERA5 reanalysis data. Since the type of precipitation can af-
fect surface characteristics such as mass balance and albedo as well as the formation
of sea ice, the ability of ERAS5 to distinguish between convective and large-scale pre-
cipitation, snow, and rain is also a key reason for using the ERA5 reanalysis data.

In Chapter 3, the temporal differences in the contribution of ARs, cyclones, and
fronts become apparent for the first time. During the ACLOUD campaign, which
took place in May/June 2017, ARs and fronts contributed more to the precipitation
than cyclones. Cyclones contributed more to precipitation in March/April 2019 dur-
ing the AFLUX campaign. Thus, a main objective of this study is to investigate
whether there are seasonal differences in the distribution of precipitation and the
precipitation associated with ARs, cyclones, and fronts.

As shown in previous studies, Arctic warming and wettening is not uniform over
the entire Arctic (Serreze and Barry, 2011; Cohen et al., 2014; Gimeno-Sotelo et al.,
2018). Therefore, the climatological study will cover the entire Arctic region. This
will provide a better understanding of seasonal and regional differences in precipi-
tation and the influence of different synoptic features on precipitation in the Arctic.
In order to achieve a better understanding, the monthly precipitation distributions
are analysed first. Based on an analysis of previous studies, this also appears to be
the first study to differentiate between forms and types of precipitation.

4.2 Data and Methods

4.2.1 ERAS5 reanalysis data

For the climatological analyses, the ERA5 reanalysis data from the ECMWEF (Hers-
bach et al., 2020b) is used (described in Sec. 2). The investigated period ranges from
1979 to 2021. The available ERA5 period from 1950 to 1978 is not used as it does
not contain satellite observations. Satellite observations are important for the Arc-
tic due to the scarcity of ground-based measurements. The ERA5 reanalyses data
have a temporal resolution of one hour and a spatial resolution of 0.25° x 0.25° (~
31km). Of especially interest are the precipitation-related variables such as the con-
vective, large-scale, and total precipitation and snowfall. The rainfall is calculated
by subtracting snowfall from the total precipitation. The data are retrieved from the
German Climate Computing Center in Hamburg.
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4.2.1.1 Classification of AR-, cyclone, and front-related components

To analyse the influence of ARs, cyclones, and fronts on precipitation in the Arctic,
the methodology described in Chapter 3 is applied for the respective period and the
entire Arctic north of 70° N. Thus, it is possible to analyse, for which grid cells, the
systems are co-located or not co-located (separated) from each other. Grid cells with
precipitation not assigned to any of the synoptic features are classified as residual.

For the climatological analysis, only one detection algorithm for ARs and cy-
clones, respectively, is used. Gorodetskaya’s algorithm was not yet available for
the entire ERA5 period. Consequently, the detection algorithm by Guan (Guan and
Waliser, 2015a; Guan et al., 2018) introduced in Chapter 2 is used for the climato-
logical analyses. Regarding the cyclones, the algorithm by Akperov et al., 2007 was
only available with a six-hourly resolution for the entire ERA5 period. Therefore,
cyclones retrieved from the detection algorithm (Sprenger et al., 2017) are used. The
uncertainty between the different algorithms was quantified in Chapter 3.

4.2.1.2 The whole Arctic divided into 8 subregions

Previous studies have shown that there are regional differences in AA (Serreze and
Barry, 2011; Cohen et al., 2014), the poleward moisture transport (Nash et al., 2018;
Komatsu et al., 2018; Gimeno et al., 2019), and precipitation (Gimeno-Sotelo et al.,
2018). Therefore, the Arctic is divided into 8 sub-regions: Arctic Ocean Pacific, Arctic
Ocean Atlantic, Arctic North Atlantic, Kara and Barents Seas, Laptev Sea, Chukchi
and Beaufort Seas, Canadian Archipelago, and Greenland. The regions are shown
in Figure 4.1 and the associated coordinates are listed in Table 4.1. In this study, the
focus is on the entire Arctic northerly than 70°N.

FIGURE 4.1: Entire Arctic divided into 8 equally sized subregions:
Arctic Ocean Pacific (green), Arctic Ocean Atlantic (cyan), Arc-
tic North Atlantic (blue), Kara and Barents Seas (purple), Laptev
Sea (dark red), Chuckchi and Beaufort Seas (bright red), Canadian
Archipelago (orange), and Greenland (yellow).
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TABLE 4.1: The coordinates of the defined subregions in Sec. 4.2.1.2

Region Latitude Longitude

Arctic Ocean Pacific 80°-90°N | 90°E - 90°W

Arctic Ocean Atlantic 80°-90°N | 90°W -90°E

Arctic North Atlantic 70°-80°N | 20°W -40°E

Kara and Barents Seas 70°-80°N | 40°E - 100°E
Laptev Sea 70°-80°N | 100°E - 160°E
Chukchi and Beaufort Seas | 70° - 80°N | 160°E - 140°W
Canadian Archipelago 70°-80°N | 80°W - 140°W
Greenland 70°-80°N | 20°W - 80°W

4.3 Results

In this part, the precipitation over the entire Arctic is analysed for the ERA5 period
from 1979 to 2021. It will be distinguished between convective, large-scale, and to-
tal precipitation as well as between snow and rain. Subsequently, the influence of
ARs, cyclones, and fronts is investigated, and possible reasons for the residual are
discussed.

4.3.1 Regional patterns of annual precipitation

The daily averaged precipitation for the investigated ERA5 period (1979 - 2021) is
shown in Figure 4.2. There are regional differences, as well as differences among the
type and form of precipitation. Regarding the total precipitation (Fig. 4.2a), the pre-
cipitation rates are not evenly distributed across the Arctic. The highest precipitation
rates in the lower latitudes are concentrated over the North Atlantic and on the south
coast of Greenland (< 70°N) (Fig. 4.2a). Over the North Atlantic, the precipitation
consists mainly of rain, while in the area around the south east coast of Greenland,
both snow and rain occur. At the south east coast of Greenland, there is a steep gra-
dient in daily averaged precipitation rates from the ocean (> 3.5 mm day ') towards
land (< 1.5 mm dayil) (Fig. 4.2a). Here, the mountainous terrain prevents mois-
ture from being transported inland by the formation of orographic precipitation.
Consequently, the daily averaged precipitation rates over land decrease towards the
north. Over Greenland, snow is the dominant type of precipitation (Figs. 4.2b and
4.2c). However, the southwest coast of Greenland can also experience temperatures
above the freezing point, which can lead to rainfall (Fig. 4.2c). Apart from the North
Atlantic, northern Europe, western Siberia, the Chukchi Sea, and Alaska are also af-
fected by higher total precipitation rates (up to 2.5 mm day!). Depending on the
season, precipitation in these regions consists of rain and snow with the rain being
more pronounced (Fig. 4.2b,c).

The high precipitation amount over the North Atlantic and Northern Europe ex-
tends up to 75°N (Fig. 4.2a). The daily averaged precipitation rates range from 2
mm day ! over the open ocean of the Norwegian, Laptev, and Barents Seas to 1 mm
day ! over sea ice and the open ocean of the Kara Sea (Fig. 4.2a). In Fig. 4.2a, the
precipitation gradient from open ocean to sea ice clearly reveals the sea ice edge.

Almost 44% of the total precipitation is concentrated over the Arctic North At-
lantic (27%) and the Kara and Barents Seas (17%) (Fig. 4.3a). The remaining pre-
cipitation (56%) is evenly distributed over the other subregions (Fig 4.2a, 4.3a). In
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FIGURE 4.2: Daily averaged precipitation [mm day '] for the entire

ERADS period (1979-2021). For the total precipitation (a), snowfall (b),

and rainfall (c), as well as for convective (d-f), and large-scale (g-i)

total precipitation, snowfall, and rainfall. The grey shades repre-

sent daily averaged precipitation between 0 and 0.1 mm day~!, the

turquoise shades between 0.1 and 1 mm day‘l, and the blue shades
higher than 1 mm day .
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these subregions, the daily averaged precipitation rates do not exceed 1 mm day .
In particular, the precipitation rates over the northern part of Greenland (< 0.1 mm
day 1) are comparable low. This is because Greenland’s cold and dry conditions do
not favour high precipitation (Fig. 4.2a).
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FIGURE 4.3: The percentage amount of the subregions of total pre-

cipitation, snowfall, and rainfall (a-c), as well as for the convective (d

— f), and large-scale (g — i) total precipitation, snowfall, and rainfall

for the entire ERA5 period from 1979-2021. The colors indicate the 8
subregions defined in Fig. 4.1.

The total precipitation can be divided into convective and large-scale snow- and
rainfall (Fig. 4.2d-i). In general, the amount of large-scale precipitation (86%) is
around six times higher compared to the convective precipitation (14%) (Figs. 4.3d
and g), which highlights the importance of synoptic features. The distribution of
the large-scale precipitation is similar to the total precipitation. Around 40% of the
large-scale precipitation is concentrated over the Arctic North Atlantic (22%) and the
Kara and Barents Seas (17%). This corresponds to 19% and 15% of the total precipita-
tion, over the respective region. While convective precipitation in these two regions
accounts for only 11% of the total precipitation, 74% of the convective precipitation
is concentrated here (Arctic North Atlantic: 55%, Kara and Barents Seas: 19%). The
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convective precipitation is most pronounced over the Norwegian Sea south of Sval-
bard. This convective precipitation could be attributed to marine cold air outbreaks
that favour convective precipitation (Mateling et al., 2023). The proportion of con-
vective rain- (70%) and snowfall (80%) is similar in this area (Fig. 4.2e and f). In
the other sub-regions, the daily averaged convective rain- and snowfall rates do not
exceed 0.1 mm day ! (Fig. 4.2d).//

In contrast to convective rain- and snowfall, there are differences between large-
scale rain- and snowfall (Fig. 4.2h and i), and consequently between total rain- and
snowfall (Fig. 4.2b and c). The large-scale and total rainfall rates are highest between
60° and 70°N (especially over the North Atlantic and the southeast coast of Green-
land) (Fig. 4.2i). Northerly than 70°N, the rainfall rates strongly decrease towards
the Arctic Ocean which is consistent with the temperature decrease towards higher
latitudes. The large-scale snowfall has its maximum over the Fram Strait (up to 1.5
mm day—1). Comparing the total snow and rainfall over the Arctic North Atlantic
and Kara and Barents Seas, the transition zone from rain to snow at around 75°N is
recognizable (Fig. 4.2b and c).

4.3.2 Spatiotemporal variation in total precipitation and its phases (snow

and rain)
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FIGURE 4.4: Daily averaged precipitation (black dots), snowfall (dark

grey dots), and rainfall (light grey dots) [mm day~!] for the entire

Arctic (north of 70° N) as well as for each subregion based on ERA5

(1979-2021) for January to December. The colors indicate the subre-
gions as defined in Fig. 4.1

Across the Arctic, there are not only regional differences (Section 4.3.1). There
are also temporal differences in the amount and type of precipitation (Figs. 4.4 and



Chapter 4. Influence of Atmospheric Rivers and associated weather systems on

precipitation in the Arctic - A Climatological Perspective 73

45).

For the whole Arctic, the precipitation rates are similar from January to May (Fig.
4.4a). During this time more than 50% of the total accumulated precipitation is con-
centrated over the Arctic North Atlantic and the Kara and Barents Seas (Fig. 4.4b).
The remaining precipitation is distributed among the other regions. Although snow
is the dominant type of precipitation during this season, part of the precipitation
over the Arctic North Atlantic (between 70 and 75°N — south of Svalbard) consists of
rain (Fig. 4.4c and Fig. 4.4d).
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FIGURE 4.5: Daily averaged convective (left) and large-scale (right)
precipitation (black dots), snowfall (dark grey dots), and rainfall
(light grey dots) [mm day '] for the entire Arctic (north of 70° N)
as well as for each subregion based on ERA5 (1979-2021) for January
to December. The colors indicate the subregions as defined in Fig. 4.1

During the summer months (June, July, August), the amount of precipitation in-
creases to an overall maximum in August (Fig. 4.4a). While in June the amount of
rain and snow is similar, rain dominates in July and August. Compared to the pre-
vious months, no specific region with enhanced precipitation rates can be identified
(Fig. 4.4b). Although precipitation is fairly evenly distributed in all regions during
this period, there are differences between rain and snow (Figs. 4.4c and d). While
accumulated snowfall is higher over the central Arctic Ocean and Greenland (Fig.
4.4c), rain is the dominant type over the Arctic North Atlantic, the Kara, Barents,
and Laptev Seas (Fig. 4.4d).
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Later in the year, from September to December, precipitation - especially rain -
begins to decrease (Fig. 4.4a). However, the amount of precipitation is higher than
at the beginning of the year. In September, snowfall is slightly higher than rainfall.
From October to May, snow remains the dominant form of precipitation (Fig. 4.4a).
During this time of the year, the precipitation is mainly concentrated over the Arctic
North Atlantic and the Kara and Barents Seas.

In summary, the high precipitation rates over the Arctic North Atlantic and Kara
and Barents Seas occur from September to April. Of particular interest is the rainfall
over these regions in September and October which could influence the fraction and
refreeze of sea ice.

Since precipitation consists mainly of large-scale precipitation, it is not surprising
that the annual cycle of large-scale precipitation is the same as that of total precipita-
tion (Figs. 4.4a and 4.5b). The annual cycle of the convective precipitation is slightly
different than that for large-scale and total precipitation. The convective precipita-
tion decreases from January to April when it reaches its minimum. Although the
convective amount starts to increase in May, it is only slightly higher than in April.
In July, the convective amount reaches its maximum and then declines again slightly
until the end of the year. As for the large-scale and total precipitation, convective
snow is the dominant type of convective precipitation from October to May, rain in
July and August, and in June and September, snow is higher than rain, however, the
amount of rain is not negligible. This annual cycle is visible in all regions, except
the Arctic North Atlantic. However, there are differences between convective snow
and rain. The convective snowfall has its minimum in summer, and its maximum in
winter, while the convective rainfall has its maximum in September. This could be
the consequence of the local evaporation due to the missing insulation effect of sea
ice. To shed light on the large-scale phenomena, the next section will investigate the
influence of ARs, cyclones, and fronts on Arctic precipitation.

4.3.3 Precipitation related to ARs, cyclones, and fronts

The subject of this section is to investigate the influence of ARs, cyclones, and fronts
on Arctic precipitation by using the method described in Chapter 3.

After a general overview that covers the contribution of ARs, cyclones, and fronts
to precipitation in the entire Arctic and for the ERA5 period from 1979-2021 (Section
4.3.3.1), the regional and temporal differences are analysed (Section 4.3.3.2)

4.3.3.1 Annual contributions and differences for precipitation forms and types

The precipitation over the entire Arctic can be assigned with ARs, cyclones, and
fronts (Fig. 4.6). In summary, 56% of the total, convective and large-scale precipita-
tion is associated with at least one of these components (Figs. 4.6a, d, g). Considering
the total precipitation across the Arctic, it is largely - to nearly 40% - associated with
cyclones (Fig. 4.6). This corresponds to 70% of the component-related total precip-
itation. More than half of the cyclone-related precipitation (58%) is concentrated in
the area where cyclones are separated from ARs and fronts.
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AR-related precipitation accounts for the smallest proportion of total precipita-
tion (19%), while fronts contribute 25% to the total precipitation. In contrast to cy-
clones, the AR- and front-related precipitation is higher when they are associated
with other components. Only about a third of the AR- (26%) and front- (32%) re-
lated precipitation is separated from the other components (Fig. 4.6).

The general pattern is similar for convective and large-scale precipitation, but
there are differences between convective and large-scale precipitation. In percentage
terms, ARs and fronts contribute slightly more to large-scale (ARs: 19%; fronts: 27%)
than to convective (ARs: 15%; fronts: 20%) precipitation, while the contribution of
cyclones is slightly higher for convective (42%) than large-scale precipitation (39%)
(Fig. 4.6).
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FIGURE 4.6: Fraction of the synoptic features on total precipitation,

snowfall, and rainfall (a-c), as well as for the convective (d-f) and

large-scale (g-i) precipitation, snowfall, and rainfall. The colors indi-

cate the different synoptic features (co-located or separated) and the
residual (grey) as described in Fig. 3.1.
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However, there are also regional differences as shown in Fig. 4.7. In this figure,
the black diamonds represent for each subregion the fraction of the synoptic fea-
tures to the total Arctic precipitation (Fig. 4.7 top). Together with the residual, this
gives the total precipitation percentage for the entire Arctic. For each region, more
than 50% of the precipitation is associated with at least one of the synoptic features.
The highest precipitation fractions are concentrated within ARs, cyclones, and fronts
over the Arctic North Atlantic and the Kara and Barents Seas. Around 70% of the
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FIGURE 4.7: Top: Regional fraction [%] of ARs (turquoise), cyclones
(yellow), fronts (indigo), and residual (grey) on total Arctic precip-
itation. Darker colors indicate precipitation which is related to co-
located synoptic features, while brighter colors indicate precipitation
for the individual occurrence. The black diamond represents the re-
gional fraction of the synoptic features on the total Arctic precipita-
tion. Note that the total amount of synoptic feature-related precipita-
tion is lower than the sum of the three colored bars because precipita-
tion associated with multiple synoptic features is represented in each
of the respective colored bars. Middle: Area of ARs, cyclones, fronts,
and residuals covered with precipitation. Bottom: Precipitation inten-
sity within ARs, cyclones, fronts, and residuals for each subregion.

synoptic feature-related precipitation is confined to these two areas. The other 30%
are evenly distributed over the other subregions. Before analysing the contribution
of ARs, cyclones, and fronts in detail, it needs to be clarified that Fig. 4.7 illustrates
the total fraction of ARs, cyclones, and fronts. The co-located precipitation fractions
are highlighted in darker colors, and the non-co-located precipitation fractions are
highlighted in brighter colors. Consequently, the sum of all three synoptic features
exceeds the fraction of the synoptic features (black diamond). The contribution of
the individual components is shown in Fig. A.1.

Depending on the region, 60-70% of the synoptic feature-related precipitation is
concentrated within cyclones, 40-60% within fronts, and 30-40% within ARs (Fig.
A1, Table 4.2). In general, the fronts-related precipitation is higher than the AR-
related precipitation. Precipitation over Greenland is an exception. In this region,
40% of the synoptic-feature-related precipitation is concentrated within ARs. About
half of this is concentrated within O-AR.

In each region, the contributions for non-co-located precipitation are higher for
cyclones (O-CYC) and the co-located precipitation is higher for ARs and fronts.
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TABLE 4.2: Regional fraction of all synoptic features (Fraction), of

ARs, cyclones, fronts, and the residual is given in percent for all

classes involving the respective feature ("total" as t), for their co-

location ("co-located" as ¢ — I) and for their individual occurrence
("only" as o) to the total precipitation.

Region Fraction ARs Cyclones Fronts residual
t/cl/o | t/cl/o | t/cl/o

AO Pacific 5 30/21/9 | 65/25/40 | 47/30/17 4
AO Atlantic 5 31/20/11 | 63/25/38 | 46/28/18 5
North Atlantic 16 34/26/8 | 72/32/40 | 45/33/12 9
Kara-Barents Seas 11 32/25/7 71/31/40 | 48/35/13 6
Laptev Sea 6 30/25/5 | 65/31/34 | 56/36/20 4
Chukchi-Beaufort Seas 5 37/26/11 | 60/25/34 | 49/30/19 4
Canadian Arch. 5 34/26/8 | 64/29/35 | 51/33/18 5
Greenland 5 42/23/19 | 60/22/38 | 36/22/14 5

Therefore, the AR- and front-related precipitation is mainly confined to areas for
which the synoptic features occur at the same point in time and space. For AR-
related precipitation, the precipitation fraction is higher when they are co-located
with fronts (AR-FRONTS, AR-CYC-FRONTS). In the case of the fronts, this applies
more to the components that are connected to the cyclones (CYC-FRONTS) (Fig.
A.1). The higher precipitation fraction concentrated within cyclones and fronts is
because they occur more frequently and cover a larger area than ARs (Figs. A.1 and
4.8). In general, cyclones and fronts are 2 to 4 times and 2 to 3 times larger than ARs,
respectively; and they occur 2-3 times more often than ARs.

0 0.2 0.4 0.6 0.8 1
occurrence

FIGURE 4.8: Occurrence of ARs, cyclones, fronts, and residual based
on ERAS period from 1979-2021.

Although the AR-related precipitation rates are lower compared to cyclones and
fronts, they are more intense. ARs are most intense over the Arctic North Atlantic
(5.5 mm day~!), the Kara and Barents Sea (4.8 mm day '), and Greenland (6 mm
day~!). Compared to cyclones and fronts, ARs are 2-3 times more intense. Regard-
ing the individual components, it becomes obvious that ARs, cyclones, and fronts
are most intense when they are co-located (Fig. A.1). The AR-related components
are most intense for AR-CYC and AR-CYC-FRONTS. Therefore, it is expected that
ARs are most intense along the low-level jet. Here, the temperature gradient be-
tween the warm AR and the cold front could force the AR to precipitate out. Over



Chapter 4. Influence of Atmospheric Rivers and associated weather systems on

e . . . . 78
precipitation in the Arctic - A Climatological Perspective
I ARs cyclones [ fronts residual | co-located [ separated
< 5 -
=
c o c .
S O 0 p——— — p—— —
=2
30 c
£E°p
S 5
T T T T T T T T
5 -

snow

comp. fraction [%]
large-scale
o
1
i
[ |
|
|}
I
I
1
]
]
[ |
|
 §
[ |

£
©
—
5_
T T T T T T T T
c c S} ] © (] o k]
© © B © (] T © [=lie)} c
[0S} o.L c TV %) c o © © ©
= = us® cn > c¥ =] =
oG o5 =53 ) o = G Qo 0]
VU © VS € ©c e o O c = [
= — o fas o — © pust
=] < ] c U © v [§]
O O + o 5 2 o= ()
et fut s ¥ G — c® <
<< < ] o ]
= Om

FIGURE 4.9: Regional fraction [%] of ARs- (turquoise), cyclones- (yel-
low), fronts- (indigo), and residual- (grey) related convective and
large-scale rainfall and snowfall on total Arctic precipitation. Darker
colors indicate precipitation which is related to co-located synoptic
features, while brighter colors indicate precipitation for the individ-
ual occurrence. Note that the total amount of synoptic feature-related
precipitation is lower than the sum of all three colored bars.

the Arctic North Atlantic, Kara and Barents Seas, and Greenland the AR-related in-
tensity reaches 10-12 mm day!. In addition to the AR-related intensity, the intensity
related to CYC-FRONTS should be emphasized. The higher intensities in this area
could be connected to the WCB related to the cyclone when the warm moist air as-
cends above the warm front.

In addition, there are differences between rain and snow. For the entire Arctic,
only half of the snowfall (total: 50%, convective: 54%, large-scale: 50%) can be as-
signed to one of the synoptic features (Fig. 4.6). As snow is the dominant type of
precipitation, it is no surprise that the contribution of the synoptic features to snow-
fall is similar to their contribution to the total precipitation (cyclones: 37%, ARs: 13%,
fronts: 19%). The largest deviation concerns the AR-related convective snowfall for
which only 4% of the convective snowfall is concentrated within ARs. However,
the patterns change in terms of rainfall. Up to 78% (total: 76%, convective: 69%,
large-scale: 78%) of rainfall is concentrated within the synoptic features (Fig. 4.6).
In contrast to snowfall, rainfall is more influenced by AR and front-related compo-
nents (cyclones: 44%, ARs: 36%, fronts: 44%). In percentage terms, they contribute
2-3 times more to rainfall than to snowfall. Therefore, the precipitation is concen-
trated differently in the synoptic features. This concerns both the non-co-located
and co-located synoptic features. The higher rainfall fraction associated with ARs
could be the consequence as ARs transport warm and moist air. The warmer tem-
peratures could lead to a phase change from snow to rain.
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Figure 4.9 highlights once again the dominance of large-scale precipitation over
the entire Arctic. The distribution of the large-scale snowfall is similar to the to-
tal precipitation. For each region, the large-scale snowfall is mainly concentrated
within O-CYC and is most pronounced over the Arctic North Atlantic and the Kara
and Barents Seas. Although the fraction of convective snowfall is comparable low it
is mainly concentrated over the Arctic North Atlantic and the Kara and Barents Seas.

Regarding the large-scale rainfall, the differences among the synoptic features
are minor compared to large-scale snowfall. While for large-scale snowfall, cyclones
play a dominant role, ARs and fronts become more effective for large-scale rainfall.
Consequently, the large-scale rainfall is mostly concentrated within fronts over all
regions, except over the Arctic North Atlantic and Greenland. Over the Arctic North
Atlantic and Greenland, cyclones and ARs, respectively, become more apparent.

Based on these results it can be concluded that the synoptic features are mainly
concentrated over the Arctic North Atlantic and the Kara and Barents Seas. Al-
though the Pacific Ocean is also a common pathway for ARs and cyclones, they
are less effective in this region. It is expected that ARs over the Arctic North Atlantic
can reach the Arctic more effectively than ARs coming from the Pacific. Over the Pa-
cific side, the transition from the Bering Strait to the Chukchi Sea is a narrow band
of open ocean. Therefore, the synoptic features already precipitate when reaching
the land of Russia and Alaska.

However, 44% of the total precipitation (convective: 44%, large-scale: 43%) can-
not be attributed to any of the synoptic components (Fig. 4.6). This amount of pre-
cipitation is classified as residual. As with the synoptic features, there are regional
differences as well as differences between convective and large-scale snowfall and
precipitation. For almost all subregions except the Arctic North Atlantic and the
Kara and Barents Seas, the fraction of the residual is similar to the component-related
precipitation fraction (black diamond). In these two subregions, the residual is only
half as large as the component-related precipitation (Fig. A.1). In these subregions,
the synoptic features are more common than in the other subregions (Fig. 4.8). Nev-
ertheless, in absolute terms, the residual is higher and also more intense over the
Arctic North Atlantic and the Kara and Barents Sea than in the other subregions
(Fig. A.1). In contrast to the synoptic features, the residual is much less intense.
Except over the Arctic North Atlantic, the intensity does not reach 1 mm day ! (Fig.
Al).

Comparing the residual for the convective and large-scale snowfall and rainfall,
it is - in percentage terms - higher for convective snowfall and rainfall than for large-
scale snowfall and rainfall, respectively (Fig. 4.6). Half of the snowfall (total: 50%,
convective: 54%, large-scale: 50%) and only one-fourth of the rainfall (total: 24%,
convective: 31%, large-scale: 22%) is classified as residual. Generally, the convective
rainfall- and snowfall-related residual is most pronounced over the Arctic North
Atlantic (Fig. 4.9). For the large-scale components, the large-scale snowfall residual
ranges between 3 and 5% over all regions, with its maximum in Greenland, while
the large-scale rainfall has its maximum over the Arctic North Atlantic.
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the total snowfall and rainfall for the entire Arctic as well as the indi-
vidual subregions (see Fig. 4.1).
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4.3.3.2 Seasonal cycle and related regional differences

Snowfall and rainfall related to ARs, cyclones, and fronts and classified as residual
are temporal and regional different (Fig. 4.10). For a better overview, the focus is
on four different periods: October to May (snow dominant), June (transition from
snow to rain), July to August (rain dominant), and September (transition from rain
to snow).

During October to May, more than half of the synoptic features-related precipi-
tation (ARs: 55 — 80%; cyclones: 50 — 70%; fronts: 60 — 65%) is concentrated over the
Arctic North Atlantic and the Kara and Barents Seas (Fig 4.10). However, they are
most pronounced over the Arctic North Atlantic. Over the Arctic North Atlantic, the
AR- and front-related precipitation is 3 — 4 times, and the cyclone-related precipita-
tion is 2 times higher than over the Kara and Barents Seas (Fig 4.10).

In general, the precipitation over the Arctic North Atlantic and the Kara and
Barents Seas is mainly associated with cyclone-related components (Fig. 4.10). In
percentage terms, cyclones contribute similarly to snowfall and rainfall (Fig. 4.11).
However, there are differences between the cyclone-related components. The cyclone-
related snowfall is mainly concentrated in areas for which cyclones are not co-located
with ARs and fronts. Over the Arctic North Atlantic and the Kara and Barents Seas,
O-CYC accounts for 65% and 75% of cyclone-related snowfall, respectively. For rain-
fall, however, the contribution of cyclones over the Arctic North Atlantic is quite
similar, whether co-located or not.

For ARs and fronts, it is different: In percentage terms, they contribute more to
rainfall (ARs: 30-40%; fronts: 16-31%) than snowfall (ARs: 9-13%; fronts: 13-28%). In
general, ARs and fronts contribute more to precipitation if they are co-located with
at least one other synoptic features.

Further, there are differences between convective and large-scale snowfall and
rainfall (Figs. A.2, A.4). In general, the large-scale precipitation is around a factor of
two higher compared to the convective precipitation. The large-scale precipitation
is distributed over both regions, while the convective precipitation is mainly con-
centrated over the Arctic North Atlantic and to a certain extent over the Barents Sea
(Figs. A.2, A.4). This convective precipitation (snow and rain) is either associated
with O-CYC (30-40%) or classified as residual (40-50%) (Fig. A.5). In contrast, the
AR- and front-related convective snowfall and rainfall are comparably low (< 25%)
(Fig. A.4).

For large-scale snowfall and rainfall, however, the contributions are different. In
percentage terms, cyclones contribute similarly to convective and large-scale precip-
itation. While for convective precipitation, cyclones are more effective if they are not
co-located with one of the other synoptic features (for both snowfall and rainfall), for
large-scale precipitation (especially for rainfall), cyclones are more effective if they
are co-located. In contrast to convective precipitation, ARs and fronts contribute
more to large-scale precipitation. In percentage terms, the ARs and fronts contribute
up to 3 times more to large-scale rainfall than convective rainfall. For snowfall, the
contribution of ARs and fronts is 5 to 7 and 3 to 4 times higher for large-scale snow-
fall, respectively. Generally, ARs and fronts are more effective when they are co-
located - whether convective or large-scale snowfall and rainfall.
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The residual is up to a factor of two higher over the Arctic North Atlantic than
over the Kara and Barents Seas. In percentage terms, the residual is higher for snow-
fall than for rainfall (for both regions) as well as the residual for convective precipi-
tation is higher than for large-scale precipitation.

In June, the total amount of precipitation starts to increase. This primarily affects
the ARs-, fronts-, and cyclone-related rainfall over the Kara, Barents, and Laptev
Seas (Fig. 9e, f) and is, to a lesser extent, also the case over the Chukchi and Beaufort
Seas and the Canadian Archipelago (Fig. 4.10).

Generally, the synoptic features are more effective in the regions mostly affected
by rainfall. Consequently, 87% of the total rainfall over the Kara and Barents Seas,
82% of the total rainfall over the Laptev Sea 82% can be assigned to ARs (Kara and
Barents Seas: 44%, Laptev Sea: 36%), cyclones (Kara and Barents Seas: 43%, Laptev
Sea: 46%), and fronts (Kara and Barents Seas: 66%, Laptev Sea: 62%). Although over
both regions, the rainfall is mainly associated with fronts, 67%, and 77% of the front-
related rainfall over the Laptev Sea and the Kara and Barents Seas, respectively, is
mainly concentrated in areas for which fronts are co-located with ARs, cyclones, or
both ARs and cyclones (Fig. 4.11). The increased rainfall over the Kara, Barents, and
Laptev Sea related to ARs is due to the fact, that during this time of the year, ARs
come from Siberia.

In the summer months July and August, the amount of precipitation reaches its
maximum and it is more evenly distributed over the entire Arctic. During this time,
rain is the dominant type of precipitation (Jul: 73%; Aug: 64%). As already seen
for June, the ARs and fronts become more effective. Compared to the previously
studied period (Oct-May), the fronts (Jul: 49%; Aug: 42%) and ARs (Jul: 34%, Aug:
30%) are 3 times more effective. As the contribution of cyclones is quite similar for
each month, the increased contribution of ARs and fronts results in a decrease of the
residual from 50% (Oct-May) to 30% (Jul-Aug).

In September, the phase transition from rain to snow occurs. That means snow-
fall starts to increase and rainfall starts to decrease. The rainfall in September is
mainly concentrated over the Kara and Barents Seas and over the Arctic North At-
lantic. Over the Arctic North Atlantic and the Kara and Barents Seas, 77% and 76%
of the rainfall, respectively, are associated with ARs, cyclones, and fronts. In contrast
to the summer months, the rainfall is mainly associated with cyclones. In percentage
terms, almost half of the precipitation over the Arctic North Atlantic (53%) and the
Kara and Barents Seas (49%) is associated with cyclones. For both regions, 43% of
the cyclone-related rainfall is concentrated in the regions for which the cyclones are
not co-located with ARs and fronts. Over both regions, 35% of the rainfall is asso-
ciated with ARs and 40% with fronts. Also here, they are more effective if they are
co-located with at least one of the other synoptic features.

In summary, there are temporal and regional differences. In autumn, winter, and
early spring, the precipitation is mainly associated with cyclones, whereas in sum-
mer the precipitation is mainly associated with fronts. ARs seem to play a minor
role compared to cyclones and fronts. The next step is to examine why cyclones and
fronts contribute more to precipitation than ARs. For this purpose, the occurrence of
ARs, cyclones, and fronts, as well as the residual for the entire year and each month
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is shown (Figs. 4.8, A.6, and A.7). Regarding the whole year (Fig. 4.8), differences
in the occurrence of ARs, cyclones and fronts are visible. While ARs only occur up
to 10% of the total time, fronts contribute up to 20%, and cyclones up to 30%. In the
area with the greatest precipitation rates, cyclones occurred by a factor of 2-3 more
often than ARs, and a factor of 2 more than fronts. Therefore, it is no surprise that
cyclones contribute more to rainfall than ARs and fronts. As seen in Figure 4.8, the
residual is highest over Greenland and the central Arctic — the regions also identi-
tied with the lowest accumulated amount of precipitation and in percentage terms
the highest residual in precipitation.

Also on the occurrence of the synoptic features, there are temporal differences.
The occurrence of ARs increases from January to July and decreases until December.
From January to May, the highest occurrence of ARs is over the Arctic North Atlantic
and Norwegian Sea, in June is nearly evenly distributed over the entire Arctic, ex-
cept over Greenland. In July, the AR occurrence reached its maximum with around
12%. During this month, the Arctic Ocean is also affected by ARs. In August, how-
ever, the occurrence of ARs starts to decrease. However, in August and September,
the occurrence of ARs over the Arctic North Atlantic and over the Kara and Barents
Seas is still up to 12%. Later in the year, most of the ARs did not reach higher than
70°N. Therefore, they precipitate out outside of the investigated area. Compared to
ARs, cyclones occurred more often. Throughout the year, cyclones occurred over
the most parts of the Arctic and reached up values up to 60%. Compared to ARs, cy-
clones can also reach up to 90°N. Throughout the year, cyclones occurred especially
over the Arctic North Atlantic, over the Kara and Barents Seas, as well as over the
Laptev Sea.

Compared to ARs and cyclones, fronts have a strong seasonal cycle. From Jan-
uary to April, they are mainly located in the Arctic North Atlantic as well as over
the Kara and Barents Seas. In the summer months (June — August) they cover the
entire Arctic. Here, especially the Laptev Sea is affected. From October to December,
the fronts are again more located over the Arctic North Atlantic and the Kara and
Barents Seas.

The seasonal fraction of ARs, cyclones, and fronts can be explained by the occur-
rence of these systems (Figs. A.6, A.7). Generally, cyclones occur more often than
ARs and fronts from October to May.

Despite the fact, that cyclones and fronts occur more often, the AR-related com-
ponents are much more intense than the cyclone- and front-related components (Fig.
4.12). The ARs are more intense in the colder months than in summer. Therefore, the
temperature gradient in winter favors the AR to precipitate out on its way towards
the Arctic.

4.3.4 Latitudinal dependence

As shown there are spatiotemporal variations in the contribution of ARs, cyclones,
and fronts on precipitation in the Arctic. In autumn, winter, and spring, the synoptic
feature-related precipitation is mainly concentrated over the Arctic North Atlantic
and the Kara and Barents Seas between 70° and 80° N, while in summer they also
reach the central Arctic (>80° N). Figure 4.13 shows the latitudinal change of the
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FIGURE 4.12: Monthly precipitation intensity for co-located and non-
co-located synoptic features.

synoptic feature-related precipitation for each component from 60° - 90°N for Jan-
uary and July. Here, only these two months are depicted as they show the strong
difference between winter and summer. The entire year is shown in Fig. A.8.

For both months, it becomes obvious that the daily averaged zonal precipita-
tion decreases along higher latitudes. In January, the precipitation over the Arctic
is mainly in the form of snow and in July, rain is the dominant type of precipita-
tion. Comparing the latitudinal dependence, it becomes obvious that the contribu-
tion of ARs, cyclones, and fronts decreases towards higher latitudes. In January,
snow and rainfall are mainly concentrated within O-CYC. Although below 70°N,
ARs contribute nearly 10% to the total snowfall, their infleunce in higher latitudes is
comparable low. Higher than 60°N, the snowfall is mainly concentrated in O-CYC.
In general, the contribution of the synoptic features in the higher latitudes does not
reach 50%. That means that more than half of the precipitation in the central Arctic
is not affected by ARs, cyclones, and fronts. This effect is mainly seen over latitudes
higher than 75°N. Along these latitudes, more than 80% of the time none of the syn-
optic features is detected.

In summer, it is different. Here the dominant type of precipitation is rainfall.
Up to 75°N, rain is the dominant type of precipitation and is mainly concentrated
within the synoptic features. In these latitudes, only 25% of the precipitation cannot
be assigned with one of the synoptic features. At 75°N, snowfall starts to increase.
Between 80 and 90°N, the precipitation is in the form of rain and snow, whereby the
rainfall is mainly concentrated within AR-related components and snowfall with O-
CYC. Compared to January, the synoptic features contribute more to precipitation in
the higher latitudes.
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FIGURE 4.13: Latitudinal dependence (60 - 90° N) of daily averaged

rain (dotted) and snowfall (solid) [mm day1] for the entire Arctic in

January (left) and July (right). The fraction of total precipitation is

shown for co-located and non co-located components. The dashed

vertical line at 70° N represents the minimum latitude that is used for
all other analyses.

4.3.5 Residual

In Section 4.3.3, it is shown that there are intra-annual and regional differences in
the contribution of ARs, cyclones, and fronts on Arctic precipitation. Further, there
is a significant amount of precipitation (~ 44%) that cannot be associated with one
of these synoptic features. For the residual, there are differences between snow and
rain. While 24% of the rainfall, 50% of snowfall is classified as residual. This results
in higher residual rates for snow-dominated months (Jan - May, Sep-Dec). During
these months, the residual amounts to 50%. Here, the question arises where the
residual comes from. There are possible answers to this question:

1. In ERAS5, each grid box contains the precipitation accumulated in each hour.

The detected shapes of ARs, cyclones, and fronts, however, are instantaneous.
This means, that the area covered by the ARs, cyclones, and fronts between
two hours is not taken into account.

The synoptic features are not detected with the detection algorithm. In the sec-
ond study (Section 3.4.2), there are some gaps in the detection of ARs. Further,
there are differences in the detection algorithms. This shows, the sensitivity of
the results by applying another detection algorithm.

Trace precipitation could affect the residual and also the fraction of ARs, cy-
clones, and fronts to total precipitation (see Section 3.4.4).

The precipitation can be assigned to another synoptic feature. As shown in
Mateling et al., 2023, marine cold air outbreaks (CAQOs) are common over the
Arctic North Atlantic sector, the Barents Sea, and the Baffin Bay and mainly
occur in autumn, winter, and spring. These are the seasons, for which the
residual is higher over the Arctic North Atlantic and the Kara and Barents
Seas.
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Chapter 5

Importance of trace precipitation
and cold air outbreaks

As already mentioned in Section 3.4.4, some studies did not include light precipita-
tion rates (e.g. lower than 0.1 mm hr~!) in their analyses to avoid trace precipitation.
Trace precipitation could arise due to numerical instabilities within simulations. In
the Arctic, however, where cold and dry conditions lead to a lower moisture capac-
ity of the atmosphere, sensible precipitation rates below 0.1 mm hr~! could occur
and can be classified as drizzle (Boisvert et al., 2018). Barrett et al., 2020 have shown
that 34-55% (different reanalysis products) of the total precipitation in the Arctic has
precipitation rates below 0.1 mm hr~!. One also has to note that ERA5 precipita-
tion rates represent an average over a 30 km wide grid cell. Thus, locally occurring
precipitation is averaged on a wider scale and the occurrence of higher precipitation
rates is reduced compared to high-resolution reanalysis (Wahl et al., 2017). In Section
3.4.4, it was illustrated based on case studies that the consideration of a precipitation
threshold decreases the total amount of precipitation by a factor of 2-3. However, ap-
plying a threshold would not only reduce the total amount of precipitation but also
the residual fraction. Thus, it would increase the contribution of ARs, cyclones, and
fronts to the total precipitation. This section quantitatively analyses the impact of a
threshold on precipitation and the contribution of synoptic features on precipitation
for the ERAS climatology. For this purpose, a threshold of 0.1 mm hr1is applied
for all forms and types of precipitation.

5.1 Impact on precipitation

Applying a threshold of 0.1 mm hr~! for all forms and types of precipitation mainly
concerns precipitation in the Arctic higher than 70°N (Fig. 5.1). However, this differs
according to the form and type of precipitation. In percentage terms, the total and
large-scale precipitation decreases by 50 to 60% over the Arctic Ocean, the Laptev,
Chukchi, and Beaufort Seas, while the decrease over the Arctic North Atlantic and
the Kara and Barents Sea is only 20-40%. In contrast, the decrease of convective pre-
cipitation reaches between 50 to 80% and strongly affects the central Arctic Ocean
and Greenland (Fig. 5.1).

Comparing all types and forms of precipitation, there are differences between
convective, large-scale, and total snowfall and rainfall. Generally, in percentage
terms, the decrease in large-scale and total snowfall is comparable with the large-
scale and total precipitation. For the convective component, this is different. Al-
though the percentage decrease is similar over the central Arctic Ocean, there is a
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stronger decrease in convective snowfall in the lower latitudes (70-80°N). The de-
crease in the convective precipitation and snowfall extends over the entire Arctic,
with the lowest decrease over the Arctic North Atlantic. This shows that this is the
region least affected by light precipitation. The decrease in rainfall is mainly concen-
trated over the central Arctic Ocean (70-80%) and Greenland (up to 100%).

snowfall rainfall

convective total

large-scale

0 20 40 60 80 100
percentage decrease (no threshold - threshold) [%]

FIGURE 5.1: Percentage decrease of precipitation by applying a
threshold of 0.1 mm hr~! for all forms and types of precipitation: con-
vective, large-scale, total precipitation, snowfall, and rainfall.

In general, the Arctic North Atlantic and the Kara and Barents Seas are the re-
gions mostly affected by precipitation (Fig. 4.2). They are less affected by light pre-
cipitation rates. This shows that the precipitation in these regions is more intense.
Further, in these regions, there are more ground-based observations that could im-
prove the precipitation output for ERA5 reanalysis.

5.2 Seasonal and regional differences

The seasonal and regional differences are focused on the total precipitation. The to-
tal precipitation thresholds from 0.01 to 0.1 mm hr~! (with 0.01 mm hr~! steps) are
analysed for the entire Arctic (north of 70°N) and each defined subregion (Fig. 4.1).
For the entire Arctic, the amount of total precipitation is around 30% higher with-
out applying a threshold of 0.1 mm hr~!. The strongest decrease in precipitation
for individual grids occurs over the central Arctic Ocean, the Laptev, Chukchi, and
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Beaufort Seas, and over the Canadian Archipelago (Fig. 5.1). Over these regions, the
total precipitation without a threshold is 35 - 50% higher than the total precipitation
with a threshold of 0.1 mm hr—!. Over Greenland, the Kara and Barents Seas, and
over the Arctic North Atlantic, the difference is lower and reaches up to 25%. How-
ever, the lower decrease in Greenland only affects the coastal regions (see Fig. 5.1).
Focusing on the range for different thresholds from 0.01 to 0.1 mm hr~!, it becomes
obvious that the greatest differences occur at low threshold levels. That means, that
a great part of the light precipitation is in the range between 0.01 and 0.06 mm hr~!
(Fig. 5.2). For thresholds higher than 0.06 mm hr™!, the ranges decrease and the
precipitation rates are more equal.
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FIGURE 5.2: Relative difference (no threshold - threshold /no thresh-

old) in precipitation between original precipitation amount and

threshold applied precipitation for the ERA5 period (1979-2021).

Here the threshold increases from 0.01 to 0.1 mm hr~! (with 0.01 mm

hr~! steps). The relative difference is given for the entire Arctic (north
of 70° N) and the defined subregions (see Fig. 4.1).

5.2.1 Spatiotemporal differences

There are also seasonal differences (Fig. 5.3). First, the focus is on the entire Arc-
tic. For all months, a higher threshold decreases the amount of the total accumu-
lated precipitation. The decrease is higher from October to May (37-45%) than in
the summer months (July and August: ~ 25%). Further, also the range between
the different thresholds is lower in summer (5-25%) compared to the other seasons
(5-45%). The lower decrease and range between individual thresholds in summer
may be the consequence of the fact that a warmer atmosphere has a higher moisture
capacity (Clausius-Clapeyron relation) and produces therefore higher precipitation
rates. During the other seasons, cold and dry conditions dominate which reduces
the moisture capacity of the atmosphere. From October to May, all regions are af-
fected by precipitation rates lower than 0.1 mm hr~!. In particular, the Arctic Ocean,
the Laptev, Chukchi, and Beaufort Seas, and the Canadian Archipelago are affected.
In these regions, there is a stronger decrease in total precipitation (50-70%) and a
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higher range between 0.01 and 0.1 mm hr~! (35-55%). Comparing all regions, the
Arctic North Atlantic is less affected by a threshold. Generally, only 20-30% of the
total precipitation over this region has precipitation rates below 0.1 mm hr~!. Fur-
ther, the range between 0.01 and 0.1 mm hr~! is lower compared to the other regions.
This shows that the higher daily averaged precipitation rates over the Arctic North
Atlantic are the result of higher hourly precipitation rates. Over all the regions, the
decrease from June to September is lower than the decrease from October to May:.
During this time of the year, rain is the dominant type of precipitation. From this, it
can be concluded that snowfall is mostly affected by light precipitation rates.
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FIGURE 5.3: Relative difference (no threshold - threshold/no thresh-
old) in precipitation between original precipitation amount and
threshold applied precipitation for the ERA5 period (1979-2021).
Here the threshold increases from 0.01 to 0.1 mm hr~! (with 0.01 mm
hr~! steps). The relative difference is given for the entire Arctic (north
of 70° N) and the defined subregions (see Fig. 4.1) for each month.

5.2.2 Impact on the contribution of the synoptic features to precipitation

Comparing the results for the overall threshold (0.1 mm hr~1) with the contribution
of ARs, cyclones, fronts, as well as the residual, it becomes obvious that light precip-
itation is mainly associated with cyclone-related components and with the residual
(Fig. 5.4). This means that a huge amount of light precipitation cannot be assigned
to one of the synoptic features. Thus, the light precipitation is either not inside the
shape of the synoptic features, or it is locally produced or artificial precipitation. As
seen, especially the snowfall over the Arctic Ocean, the Laptev, Chukchi, and Beau-
fort Seas, and the Canadian Archipelago are affected. These are regions for which
fewer ground-based observations exist. Further, the complex terrain over Canada
could be a problem for the model and lead to artificial precipitation.
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FIGURE 5.4: Relative change between the ARs,- cyclones-, and fronts-
related precipitation with varying threshold up to 0.1 mm hr~! and
without a threshold.

In summary, applying a threshold has a great impact on the total precipitation.
In particular, regions with lower daily averaged precipitation rates are mainly af-
fected by precipitation rates below 0.1 mm hr~!. Further, these are also the regions
for which most of the precipitation is classified as residual. In Chapter 3, it is shown
that applying a threshold would decrease the residual, and increase the contribution
of ARs, cyclones, and fronts. This result is based on two case studies and a specific
region. In the next section, the effect of a threshold is analysed for the entire Arctic
and the whole ERA5 period.

5.2.3 Impact on the contributions of the synoptic features

Applying a threshold of 0.1 mm hr~! would generally increase the contribution of
ARs, cyclones, and fronts to precipitation, and consequently decrease the residual
(Fig. 5.5). In general, the increase is higher for ARs and fronts than for cyclones.
Here, the increase is shown for different thresholds from 0.01 up to 0.1 mm hr—!.
While for the lower thresholds, the changes for ARs, cyclones, and fronts are quite
similar, the differences between the contribution of these components to precipita-
tion increase with higher thresholds (Fig. 5.4). Whereby the contribution of ARs is
most pronounced, followed by the contribution of fronts and cyclones. Further, the
threshold mainly affects the co-located components (AR-CYC-FRONTS, AR-CYC,
AR-FRONTS, and CYC-FRONTS) (Fig. A.9). The lowest increase is related to O-
CYC. Regarding the entire Arctic, the contribution of ARs and fronts would increase
by 45% and 39%, respectively, while the contribution of cyclones would increase
by 22%. Considering the individual components, in particular, the components
for which ARs are co-located with cyclones and fronts increase by up to 50% (Fig.
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5.4). The increase of these components occurs throughout the year and is more pro-
nounced from October to May (Fig. 5.5).
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FIGURE 5.5: Relative change [%] between the ARs,- cyclones-, and
fronts-related precipitation with threshold and without a threshold
of 0.1 mm hr~1.

There are also regional and temporal differences. Comparing the relative changes
for the different regions, it becomes obvious that the contribution of ARs, cyclones,
and fronts mainly increases in regions which are mainly affected by light precipita-
tion rates (< 0.1 mm hr~!). Therefore, the central Arctic Ocean, the Laptev, Chukchi,
and Beaufort Seas, and the Canadian Archipelago are mostly affected (Fig. ??)). In
these regions, the increase in the contribution of cyclones to precipitation ranges
from 24-36%, for fronts from 49-70%, and for from 57-86%. This results in a decrease
of the residual by 40%. However, not only the regions with the highest amount of
light precipitation but also the seasons, especially from October to May are affected
(Fig. 5.5). Here, in particular over the Laptev Sea and the Canadian Archipelago, the
AR-related components increase by 200%. This shows how much the light precip-
itation rates influence the contribution of the different synoptic features, especially
the AR- and front-related components, to the total precipitation.

5.3 Cold air outbreaks

Another source of precipitation that could be included in residual precipitation are
marine cold air outbreaks (CAQOs) which are common over the Arctic North Atlantic,
the Barents Sea, and the Baffin Bay. They mainly occur in autumn, winter, and spring
(Mateling et al., 2023). In contrast to warm air intrusions, CAOs advect cold and dry
air from cold land or sea ice over relatively warmer open water. The interaction
between the warmer water and the colder air leads to convection, cloud formation,
and consequently to precipitation (Mateling et al., 2023). For the detection of CAOs
the so-called MCAO-index M has to be determined. For this index, the difference
between the sea surface potential temperature Ogsr at the potential temperature at
850 hPa Ogsy is calculated:

M = OgsT — Ogsp (5.1)
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®= T(’;f’)f? (5.2)

with pg = 1000 hPa and R/c;, = 0.286. To identify the grid cell as a marine cold air

outbreak, further assumptions are necessary. First, M has to be higher than 0. Fur-

ther, only grid cells with open water have to be taken into account (Mateling et al.,

2023). In this study, open water is defined as grid cells in which the sea ice concen-
tration is below 0.15%.

The focus of this section is to analyse how far CAOs contribute to the residual.
For this purpose, the amounts of precipitation within the CAOs are set in relation to
the residual precipitation. For this purpose, grid cells for which CAOs are co-located
with the residual are considered. The relation between the CAO-related precipita-
tion and the residual is shown in Fig. 5.6. CAOs contribute mainly to the residual
over the Arctic North Atlantic and the Kara and Barents Seas. This especially affects
the convective and large-scale snowfall.
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FIGURE 5.6: Fraction of CAO-related precipitation on residual of total
precipitation, snowfall, and rainfall (a-c), as well as for the convective
(d-f) and large-scale (g-i) precipitation, snowfall, and rainfall.

Figure 5.7 shows the seasonal cycle for the CAO-related precipitation and the



Chapter 5. Importance of trace precipitation and cold air outbreaks 93

new residual. From October to March, the CAOs contribute up to 20% to the total
precipitation in the Arctic. This reduces the residual from around 50% to around
38%. They mainly contribute to the precipitation over the Arctic North Atlantic and
the Barents Sea (Kara Sea excluded (Fig. 5.6). This reduces the residual over the
North Atlantic to less than 5%.
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FIGURE 5.7: Fraction of CAO-related precipitation and the new resid-
ual over the entire Arctic, the Arctic North Atlantic, and the Kara and
Barents Sea on the total Arctic precipitation.
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Chapter 6

Trends in Arctic precipitation and
the associated synoptic features

In a warmer climate, an increase in extratropical cyclones and AR is projected (Rinke
et al., 2019; Zhang et al., 2023). This is largely driven by thermodynamic changes.
According to the Clausius-Clapeyron relation, higher temperatures lead to an in-
crease in the water vapor content of saturated air. In general, it is expected an in-
crease in AR and cyclonic frequency and a poleward direction of ARs over the North
Atlantic, and an equatorward shift of ARs due to wind changes over the North Pa-
cific. How far this would affect the Arctic precipitation is analysed in this section.

For the climate trends, the Mann-Kendall test is used (Mann, 1945). The Mann-
Kendall test is a non-parametric to analyse the significance of positive or negative
trends. In this study, the annual trends in Arctic precipitation and the synoptic
features-related precipitation is analysed. The trends are significant at a 0.05 signif-
icance level. For a better overview, only the significant trends are visualized. First,
the focus is on in Arctic precipitation, then the trend of the synoptic features-related
precipitation is analysed.

6.1 Trends in Arctic precipitation for the entire ERA5 period

The trend in Arctic precipitation for the total ERA5 period (1979 — 2021) differs
among the type and form of precipitation (Fig. 6.1). For the entire ERA5 period,
the total precipitation significantly increased over the Norwegian, Barents, and Kara
Seas. The positive significant trend is most pronounced at 75°N along the sea ice
edge and decreases towards the north. Thus, the positive trend in total precipitation
is mainly concentrated in the region where the Arctic warming is most pronounced.
It becomes obvious that the trend in total precipitation is a product of all types and
forms of precipitation. That means, there are differences between convective and
large-scale precipitation. Although the trend for large-scale precipitation is quite
similar distributed as for the total precipitation, it is less pronounced. Compared
to large-scale precipitation, convective precipitation increased significantly over the
Arctic North Atlantic, the Barents, Kara, Laptev, and also over the Chukchi and
Beaufort Seas. The strongest positive trend, however, is at the sea ice edge.

Further, there are differences between convective, large-scale, and total snow and
rain. For snow, a dipole structure over the Arctic North Atlantic sector exists. Snow
significantly decreased over the Norwegian Sea, and increased higher north over
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some parts of sea ice. While the negative trend over the Norwegian Sea is also re-
lated to convective and large-scale snowfall, the positive trend is mainly related to
convective snowfall. As for convective precipitation, the positive trend in convective
snowfall is most pronounced at the sea ice edge. For rainfall, there is a positive sig-
nificant trend over the Arctic North Atlantic, the Kara, Barents, and also over parts
of the Laptev Seas. Thus, over the Arctic North Atlantic, there is a negative trend
in snowfall and a positive trend in rainfall. The lack of a significant trend in total
precipitation in this region is an indication of the phase change from snow to rain as
a result of warmer temperatures.
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FIGURE 6.1: Significant trend of total precipitation, snowfall, and
rainfall (a-c), as well as for the convective (d-f) and large-scale (g-i)
precipitation, snowfall, and rainfall.

Comparing the trends for all types and forms of precipitation, it becomes clear
that the negative trend for snow and the positive trend for rain offset each other.
This mainly affects the trend in the total and large-scale precipitation. However,
this is different for convective precipitation, snowfall, and rainfall. Here, especially
the positive trend in convective snow and rain over the Barents, Kara, and Laptev
Seas results in a positive significant trend in convective precipitation. These results
have shown that the trend in precipitation depends strongly on the type and form of
precipitation. Further, the total precipitation over the Arctic North Atlantic has not
increased significantly. In the last few decades, there has been a phase change from
snow to rain. Further, the trend is more pronounced for convective than large-scale
precipitation. It becomes clear how important it is to distinguish between convective
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and large-scale snow and rain.

6.1.1 Trends in AR~ cyclone-, front-related and residual precipitation

How far the AR-, cyclone-, and front-related precipitation has changed during the
last four decades is analysed in this section. There are also differences between con-
vective and large-scale precipitation as well as between snow and rain.
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FIGURE 6.2: Significant trend of AR-related total precipitation, snow-
fall, and rainfall (a-c), as well as for the convective (d-f) and large-
scale (g-i) precipitation, snowfall, and rainfall.

First, the focus is on AR-related precipitation (Fig. 6.2). There is a significant
trend over the Arctic North Atlantic in convective total precipitation as well as for
total, convective, and large-scale rainfall. This positive trend is confined in a narrow
band that reaches from southeast Greenland to Svalbard. This shows that the AR-
related precipitation is mainly concentrated along the east coast of Greenland and
the sea ice edge. This increase in AR-related rainfall is associated with an increase
in AR occurrence (Fig. 6.6). Regarding the occurrence trend, there is also a signifi-
cant increase in ARs over the Pacific side and also over the Canadian Archipelago.
In these regions, there are smaller significant patterns in AR-related precipitation
compared to the ARs over the Arctic North Atlantic. The strongest increase over the
Pacific Ocean is concentrated over the Bering Strait. Therefore, it is expected that
the ARs precipitate out when they reach the narrow corridor between Eurasia and
North America. Consequently, their influence on precipitation is weaker compared
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to ARs coming from the Atlantic sector.
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FIGURE 6.3: Significant trend of Fronts-related total precipitation,
snowfall, and rainfall (a-c), as well as for the convective (d-f) and
large-scale (g-i) precipitation, snowfall, and rainfall.

The front-related precipitation trends are similar to the AR trend. Thus, there is
a significant trend in convective precipitation. In contrast to ARs, however, the pos-
itive significant trend in convective precipitation is not only concentrated over the
Arctic North Atlantic, it is also concentrated over the Barents Sea. The positive trend
in large-scale rainfall is similar to AR. Regarding the trend in frontal occurrence,
there is no significant trend over the Arctic North Atlantic. As the front-related pre-
cipitation is mainly associated with ARs, it is expected that the positive trend in
frontal-related precipitation is associated with the increase in ARs.

The cyclone-related precipitation trends (Fig. ??) are similar to the trends in total
precipitation (Fig. 6.1). In contrast to ARs, the positive trend in convective precipi-
tation is more concentrated over the Kara, Barents, and Laptev Seas - in particular,
along the sea ice edge. This increase in convective precipitation is associated with
an increase in cyclone occurrence (Fig. 6.6). The significant trend in convective pre-
cipitation is related to convective snowfall and rainfall. In contrast to ARs, there is
no significant trend of convective precipitation over the Arctic North Atlantic. The
trends in convective snowfall and rainfall are opposite. While there is a significant
decrease in convective snowfall, there is a positive trend in convective rainfall. This
change from snowfall to rainfall could be the consequence of warming. Thus, in to-
tal, there is no trend in total convective precipitation, however, a phase change from
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snow to rain. This is also the case for total and large-scale snowfall and rainfall.

In addition, there is a positive trend of CAO-related precipitation along the sea
ice edge which is most pronounced at Baffin Bay, the east coast of Greenland, south
of Svalbard, and the Barents Seas. This concerns the convective, large-scale, and total
precipitation and snowfall. In contrast to the total precipitation, there is a negative
trend in snowfall over the Norwegian Sea which is related to an increase in rainfall.
Therefore, a phase transition from snow to rain due to higher temperatures is ex-
pected. In general, the increase in CAO precipitation is associated with an increase
in CAO occurrence.
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FIGURE 6.4: Significant trend of CAO-related total precipitation,
snowfall, and rainfall (a-c), as well as for the convective (d-f) and
large-scale (g-i) precipitation, snowfall, and rainfall.

Further, the trends of the residual precipitation are analysed. There is a signifi-
cant trend of convective precipitation over the Kara, Barents, Laptev, Chukchi, and
Beaufort Seas, especially related to rainfall. An increase is also seen in total rainfall
over the Norwegian Sea which is mainly due to the transition from snow to rain.
The positive significant trend in precipitation is mainly associated with a decrease
in the residual occurrence. Therefore, a significant trend in the precipitation inten-
sity related to the residual is expected.
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FIGURE 6.5: Significant trend of residual-related total precipitation,
snowfall, and rainfall (a-c), as well as for the convective (d-f) and
large-scale (g-i) precipitation, snowfall, and rainfall.
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FIGURE 6.6: Significant occurrence trend of ARs, cyclones, fronts,
CAQOs, and residual.

6.2 Interpretation of the findings

Analysing the significant trends of precipitation has shown a positive significant
trend in total precipitation over the Norwegian Sea south of Svalbard and over the
Barents and Kara Seas. This is also the region mostly affected by Arctic warming.
Further, the analyses have shown that it is important to distinguish between con-
vective, large-scale, and total precipitation, snow, and rain. Although there is no
significant trend in total precipitation, there is a negative trend in snowfall and a
positive trend in rainfall. Both, the negative and positive trend offset each other.
Thus, the warming in the Arctic favors the transition from snow to rain.

The increase in large-scale rainfall over the Arctic North Atlantic is mainly as-
sociated with ARs and fronts. The increase in AR-related rainfall is related to a
significant increase in the AR occurrence. These positive trends could be related
to blocking systems that favor the poleward shift of ARs into higher latitudes. Al-
though the frontal occurrence also increases in this region, there is no significant
trend in this context. The positive trend in large-scale rainfall over this region could
have consequences for the Arctic sea ice and therefore, for the Arctic warming.

In contrast to ARs and fronts, the cyclone-related precipitation mainly increases
over Kara and Laptev Seas. This is related to an increase in cyclone activity in these
regions. The increase in cyclone-related precipitation in this region mainly affects
the convective component. Therefore, it is expected that an increase in cyclone oc-
currence favors the convective precipitation over these regions. The increase in con-
vective precipitation could be related to changes in sea ice. In contrast to ARs and
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fronts, the large-scale increase is more shifted to the east and is concentrated over
the Kara and Barents Seas.

The CAO-related precipitation will mainly increase along the sea ice edge. A
possible reason for this increase could be that the temperature gradient increases
due to an increase in the near-surface air temperature. This enhances the thermody-
namical processes and therefore the convective precipitation.

Comparing all trends with each other, it becomes obvious that the large-scale
rainfall trend over the Norwegian Sea is mainly associated with ARs and fronts,
while over the Kara and Barents Seas, it is mainly associated with cyclones and
fronts. There is also an increasing trend along the sea ice edge. Therefore, it is ex-
pected that when the synoptic features reach sea ice, they begin to precipitate out
due to the lower moisture capacity of the atmosphere over the colder sea ice. Fur-
ther, there is an increase in convective precipitation mainly related to cyclones and
CAOs. The increase is due to an increase in the occurrence of these features. For
both, cyclones and CAOs, the positive trends are mainly located in areas that are
usually covered or surrounded by sea ice. It can therefore be assumed that the con-
vective precipitation is also related to sea ice changes.
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Chapter 7

Conclusion and outlook

This thesis’s overarching goal was to understand how far different synoptic fea-
tures contribute to precipitation in the Arctic. Therefore, the influence of ARs, cy-
clones, and fronts on Arctic precipitation was analysed for the entire ERA5 period
from 1979-2021. Currently, ERA5 reanalysis provides the best spatial and tempo-
ral resolution information on a global scale for the last four decades. Specifically, it
has been shown that ERA5 is a high-quality reanalysis for the Arctic region (Gra-
ham et al.,, 2019a), and it is recommended for precipitation analyses in the Arc-
tic (Barrett et al., 2020). Within the framework of this thesis, ERA5 performance
was further evaluated by comparing it with independent ground-based and space-
borne remote sensing observations for three different AR case studies. The com-
parison with different snowfall observations highlighted the difficulties in the ac-
curate measurement of snowfall rates. In general, the observation-to-model and
model-to-observation approaches showed a good agreement of ERA5 with observa-
tions in representing spatiotemporal structures of large-scale precipitation systems.
However, problems in resolving small-scale features like convective clouds and lo-
cal geographic effects were revealed. Further, it seems that ERA5 tends to over-
estimate/underestimate weaker/intense precipitation events due to its grid-scale
smoothing. Although ERAS reanalysis data has some uncertainties in representing
local precipitation, it is the best dataset for analysing long-term changes in precipi-
tation caused by synoptic systems over the Arctic.

After successfully evaluating the ERA5 reanalysis data, a new methodology was
established to distinguish between AR-, cyclone-, and front-related precipitation. To
apply this method, the synoptic features first had to be detected. Cyclones and fronts
based on ERAS reanalysis data were provided by Dr. Merseid Akperov (Russia) and
Dr. Michael Sprenger (Switzerland). In contrast to cyclones and fronts, however, no
established data base of AR shapes was available. For this purpose, two detection
algorithms were implemented and applied. The first AR detection algorithm was
provided by Bin Guan (USA) and the second by Irina Gorodetskaya and Carolina
Viceto (Portugal). Within the framework of this thesis, a global AR detection cata-
log based on Guan’s detection algorithm (Guan et al., 2018) was established for the
ERAS5 period from 1979-2021. The catalog is available online and can be accessed at
PANGEA (Lauer, 2023b).

AREs, cyclones, and fronts are often connected and therefore cover the same areas.
This had to be taken into account, as otherwise, the precipitation over a specific area
would be counted for more than one system. Therefore, so-called co-located and
non-co-located components were defined. In total, there were eight components
classified: O-AR (only AR), AR-CYC (AR co-located with cyclones), AR-FRONTS
(AR co-located with fronts), AR-CYC-FRONTS (AR co-located with cyclones and



Chapter 7. Conclusion and outlook 103

fronts), CYC-FRONTS (cyclones co-located with fronts), O-CYC (only cyclones), O-
FRONTS (only fronts), and residual (no synoptic feature). Subsequently, this method
was applied to answer the research questions defined at the beginning (Chapter ??)
and addressed in the following.

How do synoptic features contribute to precipitation in the
Arctic?

This method was first applied to two distinct periods during two airborne cam-
paigns (ACLOUD: May/June 2017 and AFLUX: March/April 2019). Here, the focus
was on the European Arctic and, therefore, on the poleward moisture transport from
the North Atlantic and in summer from Siberia. The contribution of ARs, cyclones,
and fronts differed between the two periods. During ACLOUD, the precipitation
was mainly confined in areas for which ARs and fronts are co-located, while cyclone-
related components play a minor role. However, during AFLUX, precipitation was
mainly associated with cyclone-related components, especially with O-CYC. During
both campaigns, snow was the dominant type of precipitation. However, during
the ACLOUD campaign, AR-related rainfall was also detected. For both campaigns,
about one-third of the precipitation could not be attributed to one of the synoptic
features. In addition, it was found that the results are sensitive to the choice of the
detection algorithm.

Applying the new methodology to the ERA5 climatology, it becomes obvious
that there are spatiotemporal differences in the contribution of the synoptic fea-
tures. From October to May, the precipitation is mainly concentrated over the Arctic
North Atlantic and the Kara and Barents Seas, whereby the Arctic North Atlantic has
higher precipitation values. During this time of the year, snowfall is the dominant
type of precipitation and is mainly associated with cyclone-related components. For
both regions, the non-co-located cyclone component O-CYC dominates. This affects
the large-scale and convective snowfall. Additionally, the Arctic North Atlantic is
also affected by rainfall. Although the rainfall, which is mainly associated with ARs
and fronts, is comparably low, it could have consequences for the Arctic. The effect
of rain on sea ice is not yet fully understood. However, it is expected that rain can
lead to sea ice melting, which would enhance the ice-albedo feedback and, therefore,
the Arctic warming,.

In summer, the precipitation is more evenly distributed over the entire Arctic.
From June to September, rain is the dominant type of precipitation. In contrast to
autumn, winter, and spring, ARs and fronts become more effective, while the con-
tribution of cyclones is quite similar. Although in summer the contribution of the
synoptic features is quite similarly distributed, they are more pronounced over the
Kara, Barents, and Laptev Seas. However, this is no surprise as these regions are also
known as the "Arctic frontal zone’ (Serreze et al., 2001) due to the high occurrence of
fronts during this time of the year. Further, it is expected that the AR-related rainfall
is associated with the so-called ‘Siberian Atmospheric Rivers’ (described in Komatsu
etal., 2018).

Although ARs, cyclones, and fronts contribute to precipitation in the Arctic, there
is also a noteworthy amount of precipitation that was classified as residual. Gener-
ally, the residual is higher from October to May, mainly associated with snowfall.
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The residual is mainly concentrated over the Arctic North Atlantic and the Barents
Kara Seas. There are some hypotheses to explain the high occurrence of the residual.
First, the synoptic feature-related precipitation is a product of the detected ARs, cy-
clones, and fronts. These detected shapes depend on the detection algorithm. There-
fore, it could be possible that precipitation is not concentrated within the detected
shape. Further, there may be gaps in the detection of the synoptic features, as seen
for the AR event at the end of May 2017 during the ACLOUD campaign. Second, the
precipitation in ERA5 is a product of accumulated precipitation over one hour. The
shapes, however, are instantaneous. That means that precipitation rates accumu-
lated between two hours are not counted as synoptic feature-related precipitation.
Third, other features producing localized precipitation, such as marine cold air out-
breaks, could play a role. Fourth, the residual frequently includes trace precipitation
which is usually not related to synoptic features. It is not clear to which degree this
very light precipitation is real or is caused by numerical effects in the underlying
model of ERAS.

To what extent do trace precipitation and marine cold air out-
breaks affect the residual?

Due to the cold and dry conditions, the Arctic is affected by light precipitation rates,
also known as drizzle or trace precipitation. Based on ERA5 data, 30% of the Arc-
tic precipitation has precipitation rates less than 0.1 mm hr~!. Further, there are
spatiotemporal differences. It mainly affects the Arctic Ocean, the Laptev, Chukchi,
Beaufort Seas, and the Canadian Archipelago from October to May. In these regions,
50% - 70% of the total precipitation is lower than 0.1 mm hr~!. This shows that snow
is mainly affected by light precipitation. Applying a threshold also has consequences
for the synoptic feature-related precipitation. Generally, the residual over the entire
Arctic would decrease by 40%. Consequently, 27% of the Arctic precipitation would
be classified as residual. Applying a threshold would not only decrease the residual,
but it would also increase the fraction of the synoptic features on the total precipita-
tion. This mainly concerns the AR-related components. However, the results have
shown that the Arctic North Atlantic and the Kara and Barents Seas, which are most
affected by the residual, are less affected by light precipitation rates.

Marine CAOs which are most common in the North Atlantic and the Kara and
Barents Seas regions, and their contribution in total precipitation is analysed. The re-
sults showed that CAOs contribute between 10% and 20% to the total precipitation in
the Arctic from October to March and are mainly concentrated over the Arctic North
Atlantic. Considering CAOs, the residual for the entire Arctic would decrease from
50% to 40%. Over the Arctic North Atlantic, however, the effect is much stronger
with a decrease from around 15% to 5%.

Are there trends in synoptic feature-related precipitation?

The trend analysis showed that it is important to distinguish between the form and
type of precipitation. Generally, the significant increase in Arctic total precipitation
was mainly concentrated over the Barents Sea. Distinguishing between convective
and large-scale snowfall and rainfall, it becomes obvious that there is a significant
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decrease in snowfall recently, which is related to a significant trend in rainfall over
the Norwegian Sea. This indicates a phase change from snow to rain. The signif-
icant increase in rainfall extends over the Arctic North Atlantic and the Kara and
Barents Seas. The increase in rainfall over the Arctic North Atlantic is mainly as-
sociated with ARs and fronts while over the Barents and Kara Seas, the increase in
rainfall is mainly related to CAOs and cyclones. In general, the increase in synoptic
feature-related precipitation is associated with a significant increase in occurrence
rather than intensity.

The analyses in this thesis showed that the precipitation in the Arctic can be
mainly attributed to ARs, cyclones, fronts, and marine CAOs. Thus, these features
influence the surface characteristics not only through the downward longwave ra-
diation but also through precipitation. Depending on the type and form of precip-
itation, this could have consequences for the sea ice, the ice-albedo feedback, and
therefore the Arctic warming.

Future research

This study provides new findings in many respects and gives a detailed overview
of the influence of ARs, cyclones, and fronts on precipitation in the Arctic. It is the
first study that distinguishes between AR-, cyclone- and front-related precipitation.
Based on the current knowledge, it is also the first study to investigate the influ-
ence of atmospheric fronts in the Arctic. However, a more detailed sensitivity study
would be necessary to quantify the uncertainties due to the reanalysis data set and
the detection algorithms for the synoptic features. Further research opportunities
are given in the following.

1. Sensitivity studies with other detection algorithms or reanalyses

The climatological analysis in this thesis is performed with ERA5 reanalysis
and for one detection algorithm for each of the synoptic features only. As de-
scribed in the beginning, there are still uncertainties in the definition of the syn-
optic features. Each detection algorithm applies different approaches. Based
on case studies in Chapter 3, the sensitivity of the results by comparing dif-
ferent detection algorithms could be demonstrated. In the future, the analysis
could at least be extended to the whole year to see if there are seasonal differ-
ences and to any new emerging algorithm.

2. Modification of the methodology

A further possibility could be to modify the established methodology. In the
current state, the method did not consider that the synoptic features cover a
certain distance within an hour. Therefore, it could be possible that precipita-
tion rates accumulated over one hour are not inside the detected shape. There
are some possibilities: First, one could include a wind field that allows one to
analyse the direction and velocity of the individual system. Second, it could
be possible to include the detection of precipitation systems connected to AR
shapes defined mainly by their water vapor content.

3. Extended analysis in trend
In this study, the trends were shown for the entire ERA5 period. Prelimi-
nary seasonal analyses revealed seasonal differences. For example, the pos-
itive trend in large-scale rainfall over the Arctic is mainly related to ARs in
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September. Thus, the ARs bring warm, moist air and rainfall into the Arctic,
which could enhance the decrease in sea ice. Therefore, also compound events
could be studied.

4. Influence of synoptic features on sea ice
Trend analyses have shown that rainfall will increase in the future. Therefore,
the question arises in how far this rainfall will affect the sea ice and, therefore,
the Arctic warming.
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FIGURE A.1: Top: Regional fraction [%] of co-located and non-co-

located ARs, cyclones, fronts, and residual on total Arctic precipita-

tion. Middle: Area of co-located and non-co-located ARs, cyclones,

fronts, and residuals covered with precipitation. Bottom: Precipi-

tation intensity within co-located and non-co-located ARs, cyclones,
fronts, and residuals for each subregion
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FIGURE A.6: Occurrence of ARs, cyclones, fronts, and residual from
January to June.
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FIGURE A.7: Occurrence of ARs, cyclones, fronts, and residual from
July to December.
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