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Abstract

The occurrence of extreme precipitation events causing surface water
excess and flooding is becoming a significant societal expense due to
the rise in precipitation levels. The study of extreme precipitation is
crucial due to its potential impact on various aspects of society, such as
infrastructure, agriculture, and human safety. It is therefore essential
to understand extreme precipitation events, predict their likelihood and
frequency, and estimate robust design values for critical infrastructure.
Extreme precipitation statistics and return value estimates are import-
ant for planning and designing infrastructure. Dams and nuclear power
facilities, which pose a significant threat to society if destroyed, require
risk assessment with sufficiently long return periods for the design val-
ues. The methodology for estimating design values is subject to ongo-
ing research, and there are various methods being used across the field.

To secure water resource infrastructure, the concept of "probable
maximum precipitation" (PMP) is used as a design value. PMP rep-
resents the greatest possible precipitation depth for a given duration,
storm size, location, and time of year. Different hydrometeorological
and statistical methods are employed to estimate PMP. WMO has
recommended, if possible, to use physical-based approaches for estim-
ating PMP in areas where orographic enhancement of precipitation is
considerable, and the methodology for PMP estimation is currently
under scrutiny.

The concept of PMP has been criticized by hydrologists as it as-
sumes a physical upper bound of precipitation amounts possible. At
the same time, extreme value theory indicates that this bound does not
necessarily exist. Today’s methodology for estimating PMP in Norway
is the approach developed at NERC and standardized to fit Norwegian
conditions. This approach is highly sensitive to available observation
data and in addition influenced by which data points are included,
which is a choice made subjectively. The method was developed in
the 1970’s and has not been revised since. Therefore, in addition to
WMO’s recommendation, a reconsideration of the PMP methodology
is due.

This thesis focuses on extreme precipitation in Norway and explores
alternative methods for PMP estimation. The result is a proposal to



combine a physical model-based prediction system with existing grid-
ded observation data to obtain return values with robust estimates for
long return periods.



Sammendrag

Kunnskap om ekstremnedbgr er viktig for flere ulike samfunnsom-
rader, som bl.a infrastruktur, landbruk og sikring av menneskers liv
og verdier. Det er derfor ngdvendig a forsta ekstreme nedbgrshende-
Iser for & kunne forutsi deres sannsynlighet og frekvens og videre gi et
palitelig dimensjoneringsgrunnlag.

Ekstremnedbgr-statistikk og returverdier er viktig for bade plan-
legging og utforming av infrastruktur. Infrastruktur som utgjegr en
betydelig trussel for samfunnet hvis de gdelegges, krever en risikovur-
dering med tilstrekkelig lange returperioder for dimensjonering. Det
forskes stadig pa metodikk for & beregne returverdier, og det finnes
flere ulike metoder som blir brukt innen feltet. For a sikre damanlegg
brukes begrepet "paregnelig maksimal nedbgr' (PMP) som en dimens-
jonerende verdi. PMP representerer den stgrste mulige nedbgrdybden
for en gitt varighet, storm-stgrrelse, sted og tidspunkt pa aret. Det
finnes ogsa forskjellige metoder for a estimere PMP, bade hydromet-
eorologiske og statistiske. WMO har anbefalt a bruke fysiske baserte
tilneerminger for a estimere PMP, seerlig der orografisk forsterkning av
nedbgr er betydelig. Metodikken for & estimere PMP blir derfor for
tiden gransket.

Konseptet PMP er nylig blitt kritisert av hydrologer, siden det antar
en fysisk gvre grense for mulige nedbgrsmengder, mens ekstremverdi-
teori indikerer at denne grensen ikke ngdvendigvis eksisterer. Dagens
metode for & estimere PMP i Norge er basert pa metoden utviklet av
NERC og standardisert for norske forhold. Denne metoden er sveert
avhengig av tilgjengelige observasjonsdata, og i tillegg vil estimatet
pavirkes av hvilke datapunkter som inkluderes i analysen, noe som
velges subjektivt. Metoden ble utviklet pa 1970-tallet og har ikke blitt
revidert siden. Derfor, i tillegg til anbefalingen fra WMO, er det ngd-
vendig & se naermere pa metodikken for & beregne PMP.

Hovedfokuset i denne avhandlingen er pa ekstremnedbgr i Norge,
og pa a utforske alternative metoder for a estimere PMP. Som resultat
foreslas det & kombinere et fysisk modellbasert sesongvarslings-system
med eksisterende gridda observasjonsdata for & oppna palitelige re-
turverdier, ogsa nar det gjelder returverdiene med lange returperioder.
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Chapter 1

Introduction

1.1  Motivation

The study of extreme precipitation is crucial due to its potential impact on various
aspects of society, such as infrastructure, agriculture, and human safety. Norway’s
geography, with its mountainous regions and fjords, makes it particularly vulner-
able to flash floods, landslides, and other weather-related hazards. As an example,
the flood induced by an extreme precipitation event in October 2014 (Schaller et al.
(2020)) led to severe consequences for the towns embedded in the complex terrain
near the west coast of Norway. Accurately estimating design values for infrastruc-
ture such as bridges, roads, and buildings, is a challenge due to the uncertainty
connected to extreme precipitation. Especially for return values with long return
periods, the uncertainty of the estimate is large. The conventional method for
calculating design values is based on a long-term statistical analysis of point-based
precipitation data, which may not accurately reflect the rapidly spatial changing
and highly variable nature of extreme precipitation events related to complex ter-
rain and/or convective precipitation.

The uncertainty in design values can lead to under-designed or over-designed
infrastructure, both of which can have significant consequences for the safety and
sustainability of the built environment. The need for more robust and reliable
design values that account for the uncertainty of extreme precipitation is crucial
to ensure the safety and reliability of critical infrastructure in Norway. As such,
the study of extreme precipitation can help to inform the development of more
effective design methodologies, which can ultimately benefit communities and the
environment.

When designing structures such as dams, reservoirs, and levees, as well as in
the design of infrastructure such as roads and bridges "probable maximum precip-
itation" (PMP) is often used. PMP is a design value that estimates the maximum
precipitation that can be expected to occur at a given point during the lifetime
of a project or structure. PMP is defined as “.. the greatest depth of precip-
itation for a given duration meteorologically possible for a given size storm area
at a particular location at a particular time of year, with no allowance made for

3



Chapter 1. Introduction

long-time climatic trends” (WMO (2009)). By considering the PMP, engineers can
ensure that their designs can withstand the most extreme precipitation events and
provide long-term protection against the impacts of extreme weather.

There are several methods for estimating PMP including different hydromet-
eorological methods (WMO (2009) and Salas et al. (2014)) and the statistical
method by Hershfield (Hershfield (1961)) (see sections 2.4.2 and 2.4.3). At MET
Norway, a standardized statistical approach based on the NERC method is used to
estimate PMP (NERC (1975) and Forland (1992a)). This approach is vulnerable
to data availability that can strongly affect the PMP estimates. A large chal-
lenge when estimating design values, in general, is the dependence on historical
point observation data that may not fully capture the complexity and variability
of extreme weather events. In some areas, precipitation extremes might even be
unprecedented (Kelder et al. (2020)).

In the latest manual for PMP methodology, The World Meteorological Organ-
ization (WMO) recommends applying physically based atmospheric models for
PMP estimates, especially for areas where orographic precipitation is significant
(WMO (2009)). Several studies have investigated the use of numerical weather
prediction models (NWPs) for PMP estimation (Ohara et al. (2011), Ishida et
al. (2015b) and Ishida et al. (2015a)). Ohara et al. (2011) studied PMP for a
catchment in California and applied a regional scale NWP model. Other studies
have also applied NWP-based methods to estimate PMP, where the approach is
based on the physical maximization of a historical extreme rainstorm. Ishida et
al. (2015b) alter boundary and initial conditions to maximize precipitation over
targeted catchments. X. Chen and Hossain (2018) pointed out that there seems
to have emerged a consensus that using a physical numerical model is the way for-
ward for a new PMP methodology, but that there is missing a consensus on how
to physically "maximize" the historical storms within numerical models for PMP
estimation. Maximizing relative humidity is often applied, though the question is
how large an effect this will have when the humidity in an extreme precipitation
case is very high already. Toride et al. (2019) point out that systematic saturation
of all boundaries of the NWP model potentially introduces disturbances to the
fields beyond what is realistic. In addition, a sudden change at the boundaries of
the model domain can induce physical and dynamical inconsistencies.

X. Chen and Hossain (2018) found that different dominant parameters control
the storms at different locations across the continental United States. This study
found that in some regions moisture availability together with vertical wind are
the factors controlling the precipitation outcome, while in other regions instability
controls the magnitude of the storm. The most successful approach for maximiz-
ing precipitation is by altering the parameters that will lead to the largest effect
on precipitation values. A necessity is thus to know what type of atmospheric
conditions lead to extreme precipitation in the area of interest.

The focus of this thesis is to improve our understanding of extreme precipitation
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in Norway and to analyze new methods for determining design values with long
return periods. The scope has been to investigate whether a NWP model approach
can be utilized to estimate PMP for Norway in a physical and dynamically
consistent way. Further, by using a large ensemble data set, aspects of large-scale
circulation patterns related to extreme precipitation events have been analyzed,
to better understand the characteristics and causes of extreme precipitation. The
study of extreme precipitation in Norway provides an opportunity to improve the
accuracy of existing design values so that policymakers and resource managers can
make informed decisions to mitigate and prepare for future events. An important
part of the thesis is to suggest a framework for estimating robust design values
with a decreased uncertainty compared to current estimates.
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1.2 Obijectives

As described above, there is a need to consider a new methodology for estimating
PMP values at MET Norway. The current study was therefore initiated to explore
viable ways of using NWP models to strengthen the estimation of design values,
especially with long return periods. The objectives have been to better understand:

What are plausible ways of using an NWP framework for maximizing
precipitation amounts in a targeted area

What processes control extreme precipitation in Norway

Can a modeling system be exploited to assemble a data set with a large
enough sample size to produce more robust return values

More specific research questions and their relation to the papers of this thesis are
as follows:

1.

Is it possible to alter initial- and boundary conditions in an NWP framework
in a physically and dynamically consistent way to maximize precipitation
amounts in a targeted area (Paper I)?

Can large data sets be utilized to yield more insight about extreme
precipitation in Norway (Paper II)?

Can the same large data set be utilized to derive extreme value analysis
beyond what current observational records can (Paper I1I)?

The remainder of the thesis is structured as follows: Section 2 provides a
general introduction to precipitation in Norway and its connection to atmospheric
large-scale circulation, followed by a general overview of extreme value statistics
as a tool for estimating design values, and existing methods for determining PMP.
Section 3 describes data sets and models used in this thesis. A short presentation
of the main objectives and findings of each of the three journal papers is given in
Section 4, while a discussion and a future outlook are given in Section 5.



Chapter 2

Scientific Background

This chapter covers the basic scientific background necessary to elucidate the work
carried out and the results presented in this thesis.



Chapter 2. Scientific Background

2.1 Precipitation in Norway

The distribution of precipitation in Norway is strongly dependent on the large-scale
atmospheric circulation that will guide the path of frontal systems. Norway’s com-
plex topography and mountain range parallel to the coast serve as a barrier for the
frontal systems, and dependent on the direction of the airflow, different parts of
the country will be in the rain shadow or be exposed to heavy precipitation. The
prevailing direction of frontal systems is westerly and the west coast of Norway
is subject to the largest precipitation amounts in the country. Annual precipit-
ation amounts for Norway are shown in Figure 2.1, where the areas that receive
the most precipitation have annual values of around 6000 mm, which are among
the highest amounts in FEurope. There are however large differences across short
distances, in the rain shadow on the lee-side of the mountain range, areas with
annual precipitation values of 300 mm are found. North of the wettest areas the
amounts decrease northward along the coast, with values up to 2000 mm, and less
than 1000 mm in the northernmost part of the country.

The highest precipitation amounts are associated with large-scale precipitation
connected to frontal systems that are generated over the Atlantic Ocean before
reaching the coast of Norway. These systems occur most frequently during the fall
and winter seasons. Precipitation caused by frontal and orographic processes cov-
ers widespread areas and can in some cases span over several days. Such events can
lead to flooding and problematic excess water in urban areas. Urban area flooding
can also be caused by precipitation with high intensity from convective systems.
These flash-flood events are mainly found during summer, and while intense, the
duration is normally on the scale of minutes to a few hours, and the horizontal
scale on the order of a few kilometers. This thesis focuses on the former type of
processes, with precipitation events having a temporal scale of days, and further
on extreme events, which are by definition rare. Nevertheless, their impacts on
both human society and environmental systems can be severe.

2.2 Atmospheric Large-Scale Circulation

The North-Atlantic region is characterized by a large natural variability, however,
there can be recurrent patterns of atmospheric circulation, known as weather re-
gimes or circulation patterns. D. Chen and Y. Chen (2003) defines atmospheric
circulation patterns as insistent, recurring, and large-scale modes of pressure an-
omalies revealing long-term variability in natural occurrence of chaotic behavior
in regional climatic conditions. Each weather regime is characterized by a specific
large-scale atmospheric circulation pattern, with impacts on regional weather and
extremes over Europe (Fabiano et al. (2020)). Circulation type classification is
a common tool in order to organize the various states of atmospheric circulation
into distinct types. There are several different classification methods (Philipp et
al. (2010)), which fall into two main categories: subjective and objective meth-

8
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Figure 2.1: Annual precipitation for the standard reference period 1991-2020. Figure
from Twveito (2021).
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ods. The Hess—Brezowski Grosswetterlagen (Hess and Brezowsky (1952)), and the
Lamb weather types (Lamb (1972)) are examples of subjective methods, where the
circulation type is manually assigned according to pre-defined sets of circulation
types. At the earliest stage, these classifications were based on the application of
weather maps with subjectively evaluated pressure fields regarding the positions
of pressure systems, airflow characteristics, and weather types in the area of in-
terest. With the capacity to handle large amounts of data by computers advanced,
automated, and objective methods have been developed, such as cluster analysis,
which are general tool for finding groups in data, and eigenvector methods, such as
principal component analysis (PCA) and empirical orthogonal functions (EOF).
In EOF analysis, one projects the original large-scale climate data on an ortho-
gonal basis which is derived by computing the eigenvectors of a spatially weighted
anomaly covariance matrix, so the corresponding eigenvalues provide a measure
of the percent variance explained by each pattern. Often, the first EOF or PCA1
will be the North Atlantic Oscillation (NAO).

2.2.1 Circulation Patterns

The North Atlantic Oscillation is under current climate conditions the leading
mode of atmospheric circulation variability over the North Atlantic region (Hurrell
et al. (2003)). There is no unique definition of NAO, but it is generally measured as
the variations in the pressure difference between the Azores high and the Icelandic
low and presented as an index, which is often also interpreted as an indicator for
the strength of the westerlies over the Eastern North Atlantic. While the pattern
is present during the entire year, it is most important during winter, explaining a
large part of the variability of the large-scale pressure field, being largely determ-
inant for the weather conditions over the North Atlantic basin and over Western
Europe (Pinto and Raible (2012)). The time scales of the NAO range from days
to centuries, but the dominant scales are interannual to decadal. Changes in the
NAO phase are associated with characteristic changes in surface temperature, pre-
cipitation, and storm tracks, not only over the North Atlantic basin and Europe
but also over parts of Northern America, the Mediterranean basin, and Eurasia.

A positive NAO phase is characterized by an intensified Azores High and deeper
Iceland Low leading to a stronger meridional pressure gradient over the North At-
lantic, a more zonal flow regime, and stronger westerlies characterized by a suc-
cession of low-pressure centers embedded in the westerly flow. This NAO phase
is associated with warmer and wetter conditions over Northern Europe and dryer
conditions over Southern Europe. In the reversed case, during a negative phase of
the NAO, the Azores high is weaker and the Icelandic Low is shallower, resulting
in a reduced pressure gradient over the North Atlantic and weaker westerlies. This
brings unstable and wetter than normal conditions over Southern Europe, while
there typically are dryer and colder than normal conditions over Northern Europe.

In addition to the positive and negative phases of the NAO, meteorologists con-

10



2.2. Atmospheric Large-Scale Circulation

ventionally recognize further two Euro-Atlantic regimes: the Scandinavian Block-
ing (SB) pattern, and a North Atlantic Ridge pattern (AR). The four patterns
are shown in Figure 2.2. The Scandinavian Blocking pattern is associated with
a primary circulation center over Scandinavia and weaker centers over western
Europe and eastern Russia (Barnston and Livezey (1987)). During the positive
phase of this pattern, the geopotential height anomaly over Scandinavia is positive,
which can result in a high-pressure blocking system and below-average precipit-
ation across Scandinavia. The Atlantic Ridge pattern is characterized by high
pressure over the central North Atlantic at a latitude of about 55 ° N and ex-
tends towards Scandinavia. During summer, this high-pressure system can block
incoming low-pressure systems from the west, which reduces the amount of precip-
itation that reaches Scandinavia, resulting in dry and warm weather conditions,
particularly in the southern and eastern parts of the region. In contrast, during
winter, the Atlantic Ridge pattern can lead to an increased risk of storms and
heavy precipitation events in Scandinavia, due to the high-pressure system for-
cing low-pressure systems to track further north than usual. This results in an
increased risk of storms and heavy precipitation events affecting the region.

Depending on which type of classification tool is used for the circulation pat-
tern analysis, additional patterns are commonly recognized, as from a study by
Grams et al. (2017), shown in Figure 2.3. Here, a larger number of regimes are used
to ensure sufficient details to fully understand the variability in surface weather
on timescales of several days to weeks. Weather regimes provide a meteorolo-
gical explanation for multi-day fluctuations in climatic conditions. As such, the
understanding of weather regimes and circulation patterns can be important for
the energy and agricultural sector, resource management, and disaster prepared-
ness and is also much used in extended-range and sub-seasonal to seasonal (S2S)
weather forecasts. Certain circulation patterns can indicate the likelihood of severe
weather events and are thus important for both forecasting these events, as well
as understanding the mechanisms behind them (Irannezhad et al. (2017)).

2.2.2 Defining atmospheric circulation patterns by EOF analysis

Due to the large internal variability, the North Atlantic-European climate is dif-
ficult to predict. There are however many studies describing the North Atlantic
variability by persistent and recurrent dynamical configurations, known as weather
regimes, which are described in Chapter 2.2.1.

In Paper II of this thesis, circulation patterns are found and analyzed by the
use of EOF analysis. By performing such analysis on a pressure anomaly field over
the North Atlantic region, the output is a list of orthogonal patterns sorted by their
relative importance for the overall spatial variability. The EOF analysis applied
here was performed using the September-October-November 500 hPa geopotential
height anomalies from the ERAD5 reanalysis (see section 3.3) and the seasonal
forecast from SEAS5 (see section 3.4) over the North Atlantic sector (30 - 88.5°N,

11
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Sc. Blocking

—45 -15 15 45
Geopotential height anomaly (m)

—135 —105 =75

Figure 2.2: Mean pattern of the weather regimes obtained from a combination of
ERA40 and ERAlInterim (1957-2014). (The Euro-Atlantic weather regimes, based on
daily geopotential height data at the 500-mb isobaric level from the FRA40 and ERA-
Interim reanalyses. The four regimes are the positive and negative phases of the North
Atlantic Oscillation (NAO+ and NAO-, respectively), Scandinavian blocking (SB), and
a North Atlantic ridge pattern (AR). Regimes patterns visualized following removal of
the climatological mean seasonal cycle.) Figure from Fabiano et al. (2020).
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2.2. Atmospheric Large-Scale Circulation

Figure 2.3: Mean pattern of the winter weather regimes obtained from ERAInterim (1979-
2015). Figure from Grams et al. (2017).
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Chapter 2. Scientific Background

80°W - 40°E). The first five EOFs from ERA5 SON 500 hPa geopotential height
anomalies were computed using the period from 1979 to 2017. The indexes were
calculated by projecting the 500 hPa geopotential height anomalies from each
SEAS5 ensemble member onto the EOFs from the ERA5 500 hPa geopotential
height anomalies.

2.3 Atmospheric Rivers and their connection to
extreme precipitation

Atmospheric rivers (ARs) are long, narrow corridors of high water vapor content in
the atmosphere. The most common ways of defining atmospheric rivers are areas
where Integrated water vapor transport, IVT > 250kgm~'s~! or integrated water
vapor, IWV > 20 mm are found over a contiguous region > 2000 km in length
(Rutz, Steenburgh and F. Ralph (2014)). Seen from a satellite image, atmospheric
rivers are found as long narrow corridors of high moisture content that resemble
a river, thus the phenomenon has been given its descriptive name. Benedict et al.
(2019) looked at extreme precipitation events in three different regions (North,
West, and East) in Norway, and found that more than 85 % of the events were
connected to ARs. This is collaborated by the study of Michel et al. (2021) who
found that between 70-90 % of extreme precipitation events along the coast of Nor-
way are associated with ARs. This phenomenon is therefore an important factor
for the extreme precipitation climatology of Norway. ARs are found to occur more
frequently during certain weather regimes. The positive phase of NAO is found
to be conducive to high precipitation values over Norway by guiding low-pressure
systems to the west coast of the country and is associated with higher than normal
frequency of ARs (Benedict et al. (2019) and Pasquier, Pfahl and Grams (2019)).
Further, Pasquier, Pfahl and Grams (2019) found that during weather regimes such
as the European Blocking, more effective moisture transport around the ridge of
the high pressure and into Northern Europe was allowed, with the consequence
that AR frequencies are enhanced in a region extending from Iceland to Northern
Scandinavia.

The engine of atmospheric rivers is the low- and high-pressure centers that
steer warm, moist air from the tropics/subtropics northward. More than 90 %
of the meridional water vapor transport in midlatitudes is located in the narrow,
elongated regions related to warm conveyor belts within the warm sector of ex-
tratropical cyclones (Zhu and Newell (1998)). While being responsible for the
majority of water vapor transport polewards, these filaments cover less than 10 %
of the area of the globe. Note that within an atmospheric river, it is not a con-
tinuous flow of moisture, but rather a consecutive incorporation of moisture from
local convergence and evaporation along the track, and only in rare cases mois-
ture from distant source regions in the tropics or subtropics. Atmospheric rivers
are generally found in the vicinity of extratropical cyclones and are one part of a
larger, synoptic-scale dynamical system driving the poleward transport of sensible
and latent heat (Payne et al. (2020)). Over the North Pacific, for example, 85%
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of ARs are paired with extratropical cyclones, consistent with their observed rela-
tionship with baroclinic instabilities and the mid-latitude storm track. However,
this relationship is nuanced; only 45% of extratropical cyclones over the same re-
gion are associated with an AR. Similar non-linear relationships are observed in
the North Atlantic, where the evolution and life cycle of a single AR can span that
of several cyclones.

The "Atmospheric River" term was first denoted in the USA, where the water
balance on the West coast strongly relies on the rainfall produced by landfalling
atmospheric rivers. Thus, features of ARs are well studied in e.g. California, a
region often affected by drought. Atmospheric rivers here are regarded as both
beneficial and destructive, since they are known to have ended drought conditions
but also to have caused substantial socio-economic damage from landslides and
flooding linked to extreme precipitation. Landfalling atmospheric rivers produce
heavy rainfall which can lead to flooding, and landslides and cause substantial
damage, especially where the topography is steep and the flow of moist air is lifted
orographically. In areas where the alignment of the coastline and a high mountain
range along the coast in combination with the high moisture flux of ARs set the
stage for heavy precipitation (F. M. Ralph et al. (2006) and Rutz, Steenburgh
and F. Ralph (2014)). The connection between heavy precipitation events and
subsequent flooding is highlighted in F. M. Ralph et al. (2006) where it was shown
that all major floods in the California Russian River were associated with atmo-
spheric rivers.

In the UK, ARs were demonstrated to be a critical mechanism in extreme
winter floods by Lavers et al. (2011), where they showed that ARs deliver mois-
ture for the 10 largest winter flood events since 1970 in a range of British basins.
In recent years, the awareness of landfalling ARs and their association with ex-
treme precipitation in Norway has increased substantially. A. Stohl, Forster and
H. Sodemann (2008) and Sodemann and Stohl (2013) demonstrate the import-
ant connection between moisture transport and high-impact Norwegian weather.
A. Stohl, Forster and H. Sodemann (2008) show that the extreme weather event
"Kristin" in September 2005 was indeed an atmospheric river rooted in the tropical
western North Atlantic. When impinging upon the mountainous area in southwest
Norway the AR created an extreme precipitation event followed by flooding and
landslides that led to the loss of human life and caused considerable infrastructure
damage. The work of Michel et al. (2021) described regional and seasonal aspects,
and found that for the coastal areas in Norway, autumn is the season where both
most extreme cases occur, and when most cases are connected to ARs.
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Chapter 2. Scientific Background

2.4 Estimation of Extreme Precipitation and Design
Values

Extreme precipitation events can have significant impacts on infrastructure, by
causing flooding, landslides, and erosion. To design infrastructure that can with-
stand such events, engineers use design values for extreme precipitation. The
design values are estimates of the likelihood of exceeding a certain amount of pre-
cipitation, in a given area over specific time intervals. The design values are based
on historical precipitation data and statistical analysis.

The Intensity-Duration-Frequency (IDF) relationship is a tool that helps to
determine the design values for extreme precipitation. It describes the likelihood
of a precipitation amount exceeding a certain level over a specific duration and
frequency of occurrence. For example, an IDF curve can show that a certain level
of precipitation (intensity) is expected to occur once every 10 years (frequency) for
a duration of 1 hour (duration). IDF curves are used in the planning of infrastruc-
ture to ensure that the design values are consistent with the expected precipitation
events in a given area. They are also used to determine the size and capacity of
stormwater management systems, such as detention ponds and culverts, to ensure
that they can handle the expected precipitation events. Design values for extreme
precipitation and the IDF relationship are important tools in infrastructure plan-
ning to ensure the safety and reliability of infrastructure against the impacts of
extreme precipitation events. Critical infrastructure such as dams and nuclear
power facilities, which pose a significant threat to society if destroyed, require a
risk assessment with sufficiently long return periods for the design values, and in
such cases, PMP is often used.

2.4.1 Generalized Extreme Value Distribution

Return values in the form of IDF are most commonly calculated by fitting the
Generalized Extreme Value (GEV) Distribution to a block maxima, as the sea-
sonal or annual maximum precipitation, or "peak over threshold" (POT), then in
the form of a fit to the Generalized Pareto Distribution.

According to the extreme value theorem, appropriately renormalized block
maxima values—such as the annual or seasonal maxima—of a set of independent
and identically distributed random variables will follow a generalized extreme value
(GEV) distribution if a limit distribution exists (e.g. Coles (2001)). As the record
length approaches infinity, the cumulative distribution function converges to G(z)
of the form

exp _{1+£(t“)}1/£} forg;é()andl—l—é(zg—“)>0,

G(z) =
exp —exp{— (T‘)]} for £ = 0.

(2.1)
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2.4. Estimation of Extreme Precipitation and Design Values

Here, the location parameter y determines the position, the scale parameter o
(o0 > 0) determines the width, and the shape parameter £ determines the slope of
the distributions for large values of . Dependent on &£, the distribution can take
three different forms:

o Type I/Gumbel (£ = 0)
o Type II/Fréchet (£ > 0)
« Type III/Weibull (¢ < 0)

For £ < 0, the Weibull distribution, the tail has a finite upper value; for £ > 0,
the Fréchet distribution, the tail is heavy with a power law form; for £ = 0 one
obtains a Gumbel distribution with an exponential form (light tails). The three
different forms are shown in an example of a return level plot in Figure 2.4.
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Figure 2.4: Return level plot showing the GEV distribution with shape parameters
E=-02,£=0and =02

From the GEV distribution, return levels can be derived, where a return level
represents the level of an extreme event that is expected to be exceeded on average
once in a specified time period, often referred to as the return period. The probab-
ility p that a maximum larger than a certain value z, occurs within a year (if the
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block length is a year) is given by P(x > x,) = G(z,) = 1 —p. The value z, is the
return value and the corresponding return period is 7, = 1/p years. Within a year,
the return value z, is exceeded with a probability of p, and thus on average z,
is exceeded only once every T, years. The cumulative distribution function G(x)
in (2.1) is invertible and the quantile function for the GEV distribution thus has
an explicit expression. The return value z, is given by the value of the quantile
function in 1 — p, that is, the quantile that has probability p of being exceeded in a
particular year. As mentioned above, the shape parameter (£) is important for the
tail of the distribution, and therefore for the return values with long return periods.

Dyrrdal et al. (2016) investigated which of the three categories of annual
maximum daily precipitation in Norway belongs to and found that £ is mainly
negative in the western part of Norway, while it is largely positive in the eastern
part, and suggested a dependence on dominating precipitation systems and
orographic enhancement. This is also found in Ragulina and Reitan (2017) who
showed how ¢ decreased with elevation and that ¢ differed between Norway and
other parts of the world.

2.4.2 Probable Maximum Precipitation

When designing hydraulic structures such as dams, reservoirs, and levees, as well
as in the design of infrastructure such as roads and bridges, the design value
"Probable Maximum Precipitation' is a crucial estimate. PMP is also used as
an input for the estimation of probable maximum flood, PMF. There are various
methods for calculating PMP, and the most appropriate method depends on the
climatic and orographic conditions of a specific location. The methods vary with
the amount and quality of data available, basin size and location, basin and
regional topography, storm types producing extreme precipitation, and climate.
The conventional ways of estimating PMP can broadly be categorized into two
groups, physical methods and statistical methods. The WMO manual provides
this list of currently used PMP methods (WMO (2009)):

(a) The local method (local storm maximization or local model:)
The observed maximum storm is used to estimate PMP;

(b) The transposition method (storm transposition or transposition model):
An extraordinarily large storm close by is transposed to the watershed area;

(¢) The combination method (temporal and spatial maximization of storm or
storm combination or combination model):
The creation of artificial storms with prolonged duration is achieved by
combining two or more storms in a specific area. This technique can be
used in extensive watersheds and necessitates meteorological expertise.;

(d) The inferential method (theoretical model or ratiocination model):
A simplified physical equation describing the 3-D spatial structure of a storm
is created. This method can be applied in medium to large watersheds and
requires upper meteorological measurements in the area;
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(e) The generalized method (generalized estimation):
This method entails separating observed rainfall into convergence and
orographic rainfall within a large, meteorologically homogeneous region.
This process is both time-intensive and costly, and necessitates a
comprehensive dataset of long-term rainfall measurements in the area.
Nevertheless, the outcomes are likely to be highly accurate. Referred to
as a storm area approach.;

(f) The statistical method (statistical estimation):
This method is proposed by Hershfield (Hershfield (1961)). The regional
generalized method is combined with data from multiple rain gauges to apply
the hydrological frequency analysis method. The area should be smaller than
1000km? and meteorologically homogeneous. Referred to as a storm area
approach.

In very large watersheds there are in addition two other methods that can be
used:

(a) The major temporal and spatial combination method:
Hydro-meteorological methods are applied on the part of PMP that has the
larger temporal and spatial influence on PMF, while the common correlation
method and flood distribution method are applied on the part of PMP with
a smaller influence. The method combines temporal and spatial conditions.;

(b) The storm simulation method based on historical floods:
Hydrological watershed models are applied in producing a storm with the
potential to create an observed historical flood, and PMP is estimated by
maximizing moisture.

The complex topography and sparse station network in Norway make it
difficult to perform a detailed analysis of extreme precipitation and to transpose a
precipitation event from one location to another. Consequently, it was decided to
apply statistical methods for Norway. In WMQO’s latest manual on PMP estimation
(WMO (2009)), it is suggested to consider whether physical-based approaches can
be utilized in areas with steep topography. As mentioned in the introduction
(Section 1), a number of studies have investigated the use of numerical weather
prediction models (NWPs) for PMP estimation (Ohara et al. (2011), Ishida et al.
(2015b) and Ishida et al. (2015a)). Ishida et al. (2015a) alter boundary and initial
conditions to maximize precipitation over targeted catchments, by aiming to shift
the location of an atmospheric river to hit their area of interest, as illustrated in
Figure 2.5. This is done in combination with increasing humidity at the boundaries
of the model domain. In Norway, and in western Norway in particular, extreme
precipitation is often strongly connected to atmospheric rivers (Azad and Sorteberg
(2017), Benedict et al. (2019) and Michel et al. (2021)). Thus, the method used
by Ishida et al. (2015b) would be natural to employ for Norwegian conditions.
However, as discussed in Toride et al. (2019), there can be introduced disturbances
to the fields beyond what is realistic by systematically saturating all boundaries.
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High

Precipitable water

Figure 2.5: How boundary conditions in a numerical weather prediction model can be
changed to make an AR hit a selected watershed more directly. From Ishida et al.
(2015a).

Recently, there has also been a debate on the concept of PMP itself, and
there are arguments that the upper limit of precipitation cannot be specified in
a deterministic way (Papalexiou and Koutsoyiannis (2006), Micovic, Schaefer and
Taylor (2015) and Rouhani and Leconte (2016)). Koutsoyiannis (1999) examined
the work of Hershfield and concluded that, based on the GEV distribution, the
return value of the estimated PMP by Hershfield’s method corresponds to a return
period of 60 000 years. Papalexiou and Koutsoyiannis (2006) suggested estimating
design values of maximum precipitation using observed data fitted to the GEV,
rather than by the much used moisture maximization method, and thus related the
PMP value to a probability, in contrast to a deterministic PMP estimate. Alaya,
Zwiers and Zhang (2020) advise to distinguish between the “theoretical PMP”
which is an unknown upper limit for precipitation and the “operational PMP”
which involves a number of assumptions, steps, and data that are uncertain and
can be obtained by engineers to provide guidance for design decisions. The PMP
is a rational engineering solution to the problem of establishing a plausible upper
limit to extreme precipitation values that can be used by engineers where scientific
knowledge does not provide the desired guidance.

2.4.3 Estimation of PMP in Norway

Due to challenges connected to sparse observation net in complex topography, not
allowing for a sufficiently detailed analysis of extreme precipitation, the PMP es-
timation option of transposing precipitation events to new locations was regarded
as inadequate for Norway. Alternatively, the estimation was done purely by stat-
istical methods, and a standardized statistical approach based on the method
developed at The National Environment Research Council (NERC) in Great Bri-
tain in 1975 is still used to estimate PMP (NERC (1975) and Fgrland (1992b)).
The method is based on point measurements at meteorological stations and uses
empirical growth factors to derive estimates for longer return periods (Dyrrdal et
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al. (2016)). This approach is also vulnerable to subjective choices, such as which
observation sites to use in the estimate, that can affect the resulting PMP values.
This is in particular the case for areas where access to observations is limited,
and the representativeness of the existing in-situ observation is inadequate due to
complex terrain.

In this method a precipitation value MT can be described as a function of

the precipitation value with a 5-year return period M5, which is estimated by the
Gumbel method (Gumbel (2004)). MT is then calculated by

MT = M5eC[ln(T70.5)71.5] (22)

where T refers to the return period so that MT is precipitation with a T year
return period (e.g. M5 is the precipitation with a 5 year return period). C is a
geographically varying factor empirically derived as a function of M5, and defined
differently for England/Wales and Scotland/North Ireland. When the method
was adopted for use in Norway, it was adjusted to Norwegian conditions (Fgrland
(1992b)). The NERC method is also referred to as the "growth factor method" or
the M5 method, as the MT /M5 ratio is known as the "growth factor'. The M5
is adjusted by a factor of 1.13 (recommended by WMO) to represent an arbitrary
24-h period, as the observation times are between 06 and 06 UTC. The resulting
estimates are point estimates, and to apply them to an area, as a catchment, Areal
Reduction Factors (ARF) must be used.

2.4.4 PMP in a changing climate

According to WMO, PMP estimates should be calculated without considering the
effects of changing conditions. However, as the climate continues to change, it
is becoming increasingly important to review PMP estimates to account for the
rise in global temperature, altered storm tracks and precipitation patterns, and the
intensification of extreme precipitation events (Papalexiou and Montanari (2019)).
The atmosphere’s water-holding capacity is expected to increase at the Clausius-
Clapeyron (C-C) rate by about 7% per 1 °C warming (Collins et al. (2013)),
which may lead to more intense extreme precipitation events and thus directly
affect the PMP (Alaya, Zwiers and Zhang (2020)). X. Chen, Hossain and Leung
(2017) reported an increase in PMP in the Pacific Northwest US of around 50%
+/- 30% by 2099, under the high Representative Concentration Pathway scenario,
RCPS8.5, highlighting the importance of revisiting PMP estimates to ensure the
safety and reliability of critical infrastructure in the face of a changing climate.
In a changing climate, extreme precipitation events are projected to be more
frequent and intense, resulting in unprecedented precipitation events (Trenberth
et al. (2003)), which means that dams and other similar structures are vulnerable
to future climate change (Kunkel et al. (2013)). A change in PMP estimates
will have consequences for the estimation of Probable Maximum Flood (PMF),
for which PMP is an input parameter. The changing climate also has direct
implications for PMF, as the dominant flood-generating process is changing from
snowmelt to precipitation in some areas in the Nordic countries (Vormoor et al.
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(2015)). Along with structural safety, the hydrologic safety of water infrastructures
is therefore gaining more attention, since overtopping or embankment failure would
bring catastrophic human and societal loss (Casagli et al. (2006), X. Chen, Hossain
and Leung (2017), Choi et al. (2020) and Williams (2021)). This means that PMP
estimates may need to be reexamined and updated to reflect the changing climate
and its effects on extreme weather. The recent advancements for modernizing
PMP estimates by employing numerical atmospheric models to enable a more
physics-based estimation of PMP give the possibility to utilize climate models with
future projections as input for PMP studies, and has the potential to quantify the
sensitivity of PMP to climate change (Rastogi et al. (2017), Thuy, Kawagoe and
Sarukkalige (2019) and Sarkar and Maity (2020)).
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Chapter 3

Data Sets and Models

We have applied a range of data products to investigate extreme precipitation in
Norway and to evaluate PMP methodology. This chapter describes different data
sets and models; the global climate model EC-Earth, the high resolution regional
numerical weather prediction model AROME-MetCoOp, the reanalysis data-set
ERAS5, the seasonal forecasting system SEAS5, and the gridded observational
dataset seNorge used in the thesis.

3.1 Climate model: EC-Earth

The global climate model EC-Earth has been used to produce a data set with
30 years of model data for the present climate. The simulation was done with
EC-Earth v2.3 (Hazeleger et al. (2010)) with a horizontal resolution of ~25 km
and 91 vertical hybrid levels (T799 L91). The 30 years of simulation was con-
structed by 6 independent members spanning 5 years (2002-2006). The approach
for generating a data set with ensemble members that can be considered to be
independent is described in Haarsma et al. (2013). Observed greenhouse gas and
aerosol concentrations were used, together with a daily satellite product for sea
surface temperature. The simulations produced by EC-Earth were used as input
for the regional numerical weather prediction model AROME-MetCoOp for ex-
treme precipitation events for the analysis in Paper 1.

The event identified by the highest daily precipitation values over a constraint
area in Western Norway (57.1 °N to 63.2 °N and 2.6 °N to 9.3 °N) from the
30 years of EC-Earth simulations was selected for further study. For this event,
an ensemble of 10 members was established. Each perturbation will represent a
plausible realization of a possible extreme precipitation event over the Norwegian
West Coast. The 10 ensembles were then downscaled using the NWP model
AROME-MetCoOp.
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3.2 Numerical weather prediction model: AROME-
MetCoOp

AROME-MetCoOp is the operational weather prediction model used at the Nor-
wegian Meteorological Institute, and as such has been tuned and adapted to the
specifications of the Nordic model domain (Miiller et al. (2017) and Bengtsson
et al. (2017)). It is based on AROME (Applications of Research to Operations at
Mesoscale) (Seity et al. (2011)), a non-hydrostatic atmospheric model system. It
is run with the standard operational domain for Scandinavia, AROME-MetCoOp,
covering the entire of Norway, as well as Sweden, Denmark, and Finland. The hori-
zontal resolution is 2.5 km, on a 750 by 960 grid, with 65 vertical layers. AROME-
MetCoOp later became the control run of MetCoOp Ensemble Prediction System
(MEPS). The operational AROME-MetCoOp’s ability to predict precipitation is
documented in Miiller et al. (2017) and Frogner et al. (2019), where forecast skills
compared with the global Furopean Centre for Medium-Range Weather Forecast’s
Integrated Forecasting System (ECMWF-IFS) showed that AROME-MetCoOp
clearly adds value to the forecast product for both precipitation and temperature.
It permits convection, though the focus of this study is related to large-scale ad-
vective precipitation. The high horizontal resolution gives a good representation
of the terrain and how it influences the spatial precipitation distribution.

The simulations by AROME-MetCoOp are here initialized and forced by EC-
Earth fields at the lateral and upper boundaries, for the use of the analysis in
Paper 1. 10 ensemble members for one extreme precipitation event were analyzed
in terms of precipitation amounts in two selected catchments in addition to the
importance of position and orientation of the moisture flow between the individual
ensemble members.

3.3 Reanalysis dataset: ERA5

ERA5 is the most recent global reanalysis product from ECMWF, and provides
atmospheric, land, and ocean climate variables from 1950 to present, at hourly
resolution (Hersbach et al. (2020)). It is based on the IFS cycle Cy41r2, and
is the fifth generation reanalysis product from ECMWF. Successive atmospheric
reanalysis has offered a higher horizontal resolution, more sophisticated model
physics core dynamics, and data assimilation. ERAS has a horizontal resolution
of 31 km, whereas its predecessor, ERA-Interim, has 80 km. It also provides
an enhanced number of output parameters, including 3-hourly uncertainty
information derived from an ensemble. Data from ERADJ is used in Paper II of this
thesis. Together with data from the seasonal prediction system SEAS5, the ERAS
data is used in the study of large-scale circulation patterns connected to extreme
precipitation events in Norway.
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3.4 Seasonal Prediction System: SEASS

The 25 member ensemble hindcast data set of the ECMWE’s seasonal predic-
tion system SEAS5 (Johnson et al. (2019)) is utilized in this thesis. SEAS5 is
a coupled atmosphere-ice-ocean model with a horizontal resolution of around 35
km. SEAS5H’s atmospheric component is based on cycle 43r1 of the ECMWF-IFS
(R. G. Owens (2018)). The spectral horizontal resolution is T319 and there are
91 vertical layers. The NEMO ocean model (Nucleus for European Modelling of
the Ocean (Madec et al. (2017))) and LIM2 sea-ice model (Louvian-la-Neuve Sea
Ice Model (Fichefet and Maqueda (1997))) are coupled to the atmospheric system,
and have a horizontal resolution of 0.25-degrees. The atmospheric and ocean-ice
model systems are initialized by the ERA-Interim (Dee et al. (2011)) and OCEAN5
reanalysis (Zuo et al. (2018)), respectively.

The ensemble members are generated from perturbations to the ocean and at-
mosphere initial conditions and from stochastic model perturbations. The SEAS5
seasonal re-forecast consists of 25 members initiated monthly, and each member
spans over 7 months for the years 1981 to present. In this study, we use the hind-
cast data from 1981 to 2018. The individual ensemble member forecasts need to
be independent for the statistical analysis of extreme precipitation. Because of the
chaotic nature of the atmospheric system, we assume that precipitation events are
not predictable more than a few weeks in advance and, thus, a specific first month
of the model run is discarded to avoid dependent events.

May Jul (Sep Nc;f\\l
Jun Aug . Oct

25 members
X 4 init. times
—t x 38 years

. =23800 weather realizations

Figure 3.6: Illustration of how members and initialization times are selected and retrieved
from SEASS.

For the analysis of both Paper II and Paper III we analyze the autumn sea-
son (September, October, and November; SON), and, thus 4 initialization months
(May, June, July, and August) which span over the SON months are used, as are
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illustrated in Figure 3.6. The events for the seasonal 3-day maximum precipita-
tion values are used. This yields 100 seasonal weather realizations for each year
between 1981 and 2018, in total 3800 weather realizations representing the current
climate.

3.5 Observational dataset: seNorge

seNorge is a long-term gridded observational dataset containing daily total
precipitation, daily mean temperature, and daily minimum and maximum
temperatures covering the time period 1957 to present (Lussana et al. (2018)). The
data are provided on a high-resolution grid with 1 km grid spacing. The grids are
based on in situ observation records from the Norwegian Meteorological Institute’s
(MET Norway) station network, which consists of around 600 precipitation
stations. The majority of the stations are owned by MET Norway, but a growing
part is owned by other organizations, such as The Norwegian Public Roads
Administration and other public institutions. The observations are collected and
stored at MET Norway where the data undergo a quality control routine.

Measuring precipitation, especially solid precipitation, in combination with
wind is a challenge due to the wind blowing precipitation over and around the
precipitation gauge preventing the true amount from being measured. The ob-
served precipitation values are therefore corrected for under-catch, according to
the method proposed by Wolff et al. (2015).

The spatial domain covers the Norwegian mainland, plus an adjacent strip of
land extending into Sweden, Finland, and Russia in order to cover catchments
that drain to Norway, and to reduce boundary effects along the Norwegian bor-
der. Two distinct statistical interpolation methods have been developed, one for
temperature and the other for precipitation. They are both based on a spatial
scale-separation approach where, at first, the analysis (i.e., predictions) at larger
spatial scales is estimated. Subsequently, they are used to infer the small-scale
details down to a spatial scale comparable to the local observation density. For
precipitation, in addition to observational data, spatial interpolation makes use
of information provided by a climate model. The analysis evaluation is based on
cross-validation statistics and comparison with a previous seNorge version. The
analysis quality is presented as a function of the local station density.

Even if seNorge is presented on a 1x1 km grid resolution, the resolution rep-
resentativeness is perhaps at 10-40 km scale, due to the distance between in-situ
observation stations on which the grid is based on. The representative resolution
will depend on the observation station density, which is more sparse in high alti-
tudes and in the northern part of Norway. According to Bandhauer et al. (2022)
an effective resolution of 10 km can at best be expected in southern Norway, while
the resolution is around 40 km or larger in the interior of the Norwegian mountain
ridge and in the northern part of the domain (C. Lussana et al. (2019) and Band-
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Figure 3.7: The observational network over the Norwegian mainland for the four variables
daily total precipitation (RR), daily mean temperature (T'G), daily maximum temperature
(TX), and daily minimum (TN). (a) shows the number of observations available over
time. Panels (b,c) show the observational networks for TG (b) and RR (c). The pink
dots mark station locations with more than 1 year of data. The inset graphs in (b,c)
show altitude above mean sea level as a function of latitude (top graph) and longitude
(bottom graph), where the gray area shows the altitude of the terrain at grid points and
the pink dots are the altitudes of stations. Figure from C. Lussana et al. (2019).
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hauer et al. (2022)).

Precipitation data from seNorge is used for the analysis in Paper III of this
thesis, where seasonal maximum precipitation is fitted to the GEV distribution

and further used in combination with data from the seasonal forecasting system
SEASS.
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4.1 Paper I: Changing Lateral Boundary Conditions
for Probable Maximum Precipitation Studies: A
Physically Consistent Approach

Objective

To investigate a new approach for changing lateral boundary conditions in PMP
estimates when a physical numerical model is used. A special focus is on numerical
and dynamical consistency in the PMP experiments.

Summary

We used the ensembles from simulations with the global climate model EC-Earth
as input data for a regional model in order to analyze extreme precipitation on
catchment scale in two selected catchments in Norway. 10 ensembles of one extreme
event were analyzed, where each member will represent a plausible realization of
a possible extreme precipitation event over the Norwegian West Coast.

Author’s contributions

I planned the analysis together with my supervisors and did the analysis and
plotting. The model runs, both EC-Earth and AROME-MetCoOp simulations
were enabled by the project group in the project TWEX (NFR-255037). The text

was written in cooperation with my supervisors.

Main findings

o By using global climate ensemble runs we are able to change boundary- and
initial conditions in a numerical weather prediction model in a physically
and dynamically consistent way.

o The precipitation amount in selected catchments is increased 75 % by the
member that has an AR hitting more directly over the catchment.

« Local orographic effects play an important role in the resulting precipitation
amounts, implying that there is not a linear relationship between AR
intensity and precipitation amounts.

e The precipitation amounts in the selected catchments were altered, but
compared to PMP values estimated by the traditional method, the values
were underestimated.

o While this shows promising results, the approach is computationally costly
and also requires subjective choices, as to which model to use, model set-up,
and how to perturb the ensemble members.
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Main conclusion

This approach enables a physically consistent way to alter lateral boundary- and
initial conditions for extreme precipitation event analysis over targeted catchments,
but at the same time it is costly and perhaps not feasible for deriving PMP

estimates over entire Norway.
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4.2 Paper ll: Recent changes in circulation patterns
and their opposing impact on extreme precipita-
tion at the west coast of Norway

Objective

To investigate whether event sampling by restructuring the SEAS5 seasonal
prediction system ensembles could be utilized for extreme precipitation analysis
over Norway in order to understand recent changes in observed precipitation
amounts. In addition, we seek to find whether the large sample size yields more
robust estimates for return values in terms of smaller confidence intervals compared
to equivalent estimates from ERAS5.

Summary

By the use of a novel approach where all the ensembles of different initialization
times are collected from the seasonal forecasting model SEAS5, we analyze extreme
precipitation events on the west coast of Norway. 3-day maximum precipitation
events are investigated and linked to dominant large-scale precipitation patterns.
The events are also fitted to the GEV distribution and compared to the
corresponding fit for 3-day seasonal maximum events retrieved from ERAS.

Author’s contributions

I planned the analysis in close cooperation with my supervisors. I retrieved the
data and did the majority of the analysis and plotting with guidance from one of
my supervisors. A part of the analysis was done by one of the co-authors. In the
end, I wrote the paper in cooperation with the co-authors.

Main findings
o We find that the confidence interval of GEV analysis is strongly reduced when
using the resampled dataset from SEASH compared to data from ERADS.

e When analyzing circulation patterns connected to extreme precipitation
events on the West coast of Norway, we find that two patterns have trends
over the period 1981-2018, with opposing impacts on the precipitation events.

e The two opposing impacts on precipitation events are concurrent with the
stationary precipitation amounts found for the west coast of Norway for the
autumn season.

Main conclusion

We find two circulation patterns connected to the extreme value statistics for the
West coast of Norway. The patterns exhibit trends over the recent decades with
opposing impacts on the precipitation values.
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4.3 Paper Ill: Towards a new framework for PMP
estimates in Norway by combining an ensemble
data set and gridded observations

Objective

The aim of paper III is to analyze the statistical properties of the parameters
involved in the fit to the GEV distribution for the large ensemble data set used
in Paper II, along with the gridded observational data set seNorge. Further, the
objective is to re-parameterize the GEV distribution in order to derive return

values, with a special focus on return values with long return periods approaching
the level of PMP.

Summary

Data from the seasonal forecast model SEASS are fitted to a GEV distribution and
compared to an equivalent GEV distribution for the gridded observational data
set seNorge. We propose a method to estimate return values by combining the
spatially detailed information in seNorge to estimate the bulk of the distribution
and the longer SEASH data series to estimate the tail behavior. Using a re-
parameterized GEV distribution, the information from the two data sets may
be combined in two ways. First, we considered an independent estimation of the
median parameter 1 based on the seNorge data and the growth curve based on
the SEAS5 data. Alternatively, we considered estimating the shape parameter ()
based on the SEAS5 data, while the location (u) and scale (o) are estimated based
on the seNorge data. In this way, we were able to make use of the long data series
provided by SEAS5 to estimate the tail behavior of the quantile curve.

Author’s contributions

I planned the analysis together with the co-authors and did the data acquisition
and analysis. The paper draft was written in close cooperation with the co-authors.

Main findings
o We demonstrated how the size of the underlying data set used to fit the GEV

distribution influences the estimated parameters.

e We are able to utilize a re-parameterized version of the GEV to combine the
large sample size data from SEAS5 with the gridded observational data set
from seNorge.

o We arrive at return values with a much smaller confidence interval than by
using the gridded observation data set alone, especially for return values with
long return periods.
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Main conclusion

We find that by using the re-parameterized version of the GEV distribution we
can obtain reliable estimates for return values with long return periods for parts
of Norway, where the product is trusted. This re-parameterization is based on
a combination of two datasets, which ensures physical properties are taken into
account for the return value estimation. The approach is thought to be most
reliable in coastal areas, where large-scale precipitation dominates, and the station
density is adequate.
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4.3.1 Summary of answers to the research questions

This section summarizes the answers to the research questions related to this thesis:

1. Can the initial and boundary conditions for numerical PMP studies

be altered in a physically and dynamically consistent way (Paper
I)?
We found that by using an ensemble of simulations from the global climate
model EC-Earth as input for the NWP model AROME-MetCoOp we are able
to change the lateral boundary conditions that result in altered precipitation
amounts in two selected catchments. However, the proposed method is
computation-consuming, and the results will depend on model configuration
choices.

2. Can the large ensemble data set acquired from SEAS5 give insight
on extreme precipitation in Norway (Paper II)?
The study demonstrates the possibility of utilizing SEAS5 as a tool for
investigating extreme precipitation, both in terms of physical properties for
extreme precipitation events and extreme value statistics. We found that
two atmospheric circulation patterns are related to extreme value statistics
for a region on the west coast of Norway. The two patterns exhibit opposing
trends in recent decades, with opposing impacts on the precipitation values.

3. How can a physical model-based ensemble data set be utilized for
estimates with long return periods (Paper III)?
The increased sample size attained from the large ensemble data set SEAS5
strongly reduces the confidence interval for return values. In order to
accommodate the coarse spatial resolution of SEASH, the data set is
combined with the finer resolution gridded observational data set through a
re-parameterization of the GEV distribution.

4. Are we able to propose a method for estimates of PMP (Paper
II)?
We are able to propose a method for retrieving robust return values for long
return periods. By exploiting a modeling system that is able to produce
a large sample size of representative events of the current climate, we are
able to obtain a clearer picture of the spatial distribution of the shape
parameter, which is decisive for a robust estimate of return levels with long
return periods. We are able to make use of the long data series provided
by SEASS to estimate the tail behavior of the quantile curve with the result
that the return values have a much smaller confidence interval than by using
the gridded observation data set alone, especially for return values with long
return periods. This is an exploratory method and a demonstration of how
modeling systems can be exploited in this area of research.
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Chapter 5

Discussion and future perspectives

WMO has recommended, if possible, to use physical-based approaches for estimat-
ing PMP in areas where orographic enhancement of precipitation is considerable,
and the methodology for PMP estimation is currently under scrutiny. Today’s
methodology for estimating PMP in Norway is the approach developed at NERC
and standardized to fit Norwegian conditions. It is highly sensitive to available
observation data and in addition influenced by which data points are included,
which is a choice made subjectively. While the fit to the GEV distribution also is
sensitive to available data, the increased sample size in the methods of Paper II
and Paper III ensures a more robust estimate with a smaller confidence interval
compared to using e.g. ERAbS or seNorge alone. Estimates of return values with
long return periods have previously been extensively extrapolated.

The concept of PMP has been criticized by hydrologists as it assumes a phys-
ical upper bound of precipitation amounts possible. At the same time, extreme
value theory indicates that this bound does not necessarily exist. This thesis ex-
plores alternative methods for PMP estimation and suggests combining a physical
model-based prediction system with existing gridded observation data to obtain
return values with robust estimates for long return periods. In this way, we utilize
the increased sample size derived from a physical model-based product, while at
the same time, we account for the finer-scaled spatial variability by combining
the data with the gridded observational dataset. This involves a shift from the
traditionally deterministic way of regarding the PMP estimate, towards the prob-
abilistic extreme value distribution.

Paper I demonstrated how ensembles from the global climate model EC-Earth
can be used as input data for the regional fine scale AROME-MetCoOp for PMP
estimation in two selected catchments in Norway. The analysis was inspired by
other studies using atmospheric model-based approaches, where PMP is obtained
by modifying the initial and boundary conditions of extreme precipitation events
(Ohara et al. (2011) and Ishida et al. (2015b)). Often in such studies, mois-
ture availability is increased, usually by setting relative humidity to 100%, air
temperature increased, convergent wind fields artificially generated, and initial or
boundary conditions are spatially shifted. However, the physical consistency of
these approaches has been questioned. The method proposed in Paper I is able to
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shift the boundary and initial conditions but with a special focus on a physically
consistent methodology. The use of several ensemble members gives an indica-
tion of how sensitive an extreme precipitation event caused by an atmospheric
river is to shifts in moisture and wind fields. According to X. Chen, Hossain and
Leung (2017) model-based methods in the context of PMP estimates have not
been widely validated, and their physical basis has not been thoroughly estab-
lished. The approaches assume that extreme precipitation is more sensitive to the
variables that are modified in the simulations. For example, the relative humidity
maximization approach assumes that storm magnitude is more responsive to relat-
ive humidity levels, while the wind perturbation approach assumes that moisture
convergence is more critical to the intensity of a storm. Spatially shifting initial
and boundary conditions can be challenging to interpret, as this induces a shift in
land surface conditions, resulting in drastic changes in storm characteristics and
PMP estimation, especially in regions where surface heterogeneity drives precip-
itation variability. By using a model-chain, and utilizing both a global climate
and a regional scale model, relevant variables are jointly altered in a physically
consistent way. Although the study of Paper I showed promising results, it also
revealed a high need for computational resources. Perhaps this approach will be
more plausible when operational forecast centers build longer archives of ensemble
forecasts that can be utilized.

While Paper II had a focus on the large-scale dynamical features connected to
extreme precipitation in Norway, it also demonstrated how a modeling system like
SEASSH can be used to generate plausible current climate weather events from the
different ensembles and lead times, which allows for robust analysis on physical
properties of extreme events, as well as statistical. The study gave insight into
trends in atmospheric circulation patterns, over the period 1981-2018, that are
connected to precipitation amounts on the west coast of Norway.

In Paper III the same data set is further applied, and together with the gridded
observational dataset seNorge, the SEAS5 hindcast is the foundation for estimates
of return values with long return periods. The two data sets are combined through
a re-parameterization of the GEV distribution with a normalized "growth curve',
where the location parameter from seNorge determines the correct level of the
curve for short return periods, while the scale and shape parameter is determined
by the fit to the SEAS5 data. As an alternative, to ensure appropriate levels of
the curve for return values at longer return periods, also the scale parameter is
taken from seNorge, while the shape is from SEAS5. We are thus able to make
use of the long data series provided by SEAS5H to estimate the tail behavior of
the quantile curve with the result that the return values have a much smaller con-
fidence interval than by using the gridded observation data set alone, especially
for return values with long return periods. By utilizing the large sample size of
representative events in the current climate, a clearer understanding of the shape
parameter in the GEV distribution is obtained. This parameter is crucial for a
robust estimation of return levels with long return periods, as it strongly affects
the tail of the frequency curve. The study in Paper III found a negative shape

38



parameter in certain regions of Norway, which indicates an upper limit value in
the resulting curve. This is particularly noticeable in areas heavily affected by
large-scale precipitation processes, as opposed to inland regions where convective
precipitation is more significant. The asymptotic form of the curve means that the
return levels reach a maximum value. If this is a suitable level for design values
such as PMP, depends on the ability of SEAS5 to capture extreme precipitation
caused by small-scale processes. In addition, while the coarse spatial resolution of
the ensemble data from SEASS is taken into account by combining it with seNorge
through a re-parameterized version of the GEV distribution, the underlying spatial
density of observation stations in the gridded product can affect the results. seN-
orge is presented on a 1x1 km grid resolution, but the resolution representativeness
is perhaps at 10-40 km scale, due to the distance between the in-situ observations
used as input data to the spatial interpolation algorithm applied to establish the
gridded values (C. Lussana et al. (2019)). The estimates presented in this thesis
are therefore thought to be most reliable in areas with high station density, and
where the dominating precipitation process is large-scale precipitation, such as the
western coastal areas and mainly in the southern parts of Norway. Although there
is a large station density in the southeast parts of Norway, the mixture of precip-
itation processes complicates the parameter estimation in the fit to the GEV. The
shape derived from SEAS5 is robust, but due to the fact that the precipitation
process is also influenced by convective precipitation, which is parameterized in
the atmospheric model, the estimates are more uncertain in these areas. The seN-
orge dataset fitted to the GEV distribution is in Paper III shown to be influenced
by outliers in the underlying data, which makes the uncertainty high in the same
places.

Both data sets are fitted to the GEV distribution, for 3-day seasonal maximum
precipitation events. A disadvantage of using block maxima is that events that
are the highest value for the season (or year), but not in fact an extreme value, are
part of the data sample fitted to the GEV. At the same time, if there is more than
one extreme during the block length, only the largest is included. By choosing
Peak-Over-Threshold (POT) rather than block maxima, this issue can be avoided.
When using POT, the data are fitted to the Generalized Pareto distribution and
not the GEV (Coles (2001)). For POT the threshold level should be carefully
selected, so that it is high enough to apply the Generalised Pareto distribution,
but low enough to include as many data points as possible (Maraun and Widmann
(2018)). Another disadvantage of POT is the potential clustering of data, which
might lead to the inclusion of events that are not independent, which is the reason
for choosing block maxima in the present analysis.

A preliminary comparison of the return levels, with a return period of 50 000
years, to the traditionally calculated PMP values indicates that estimates found
here are lower, see Figure 5.8 (left panel). The figure shows the fraction between
the original PMP and the 50 000 year return value for points in Norway. The 50
000 year return period values are in some places & (or less) of the original PMP

3
values. A part of the underestimation can be attributed to the coarse model res-
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olution of SEAS5. The topography is heavily smoothed, which gives a reduced
orographic effect and as a consequence lower precipitation estimates. Another no-
ticeable feature of the figure is the large spatial variability in the fraction values.
The original estimates are point estimates, and as they are sensitive to subject-
ive choices as well as data availability, spatial consistency is not guaranteed, in
contrast to the spatially consistent approach presented here. The right panel in
Figure 5.8 shows the fraction between the estimates (in the left panel) normalized
to the normal precipitation sum for SON, and a more spatial consistent pattern
is detectable, indicating that the differences between the estimates are connected
to the climatology. Further, it should be noted that the comparison needs to be
considered with caution, as the original PMP values are point estimates, and the
areal reduction factor is not applied. Exploiting the point-rainfall product for
SEAS5 (Hewson and Pillosu (2021)), would make the comparison of existing PMP
estimates more straightforward, as they are point estimates, and will be a task for
future studies.

The technique proposed here holds great potential, and in future work, it would
be natural to combine the large ensemble with other data sets, such as high-
resolution reanalysis or hindcasts over Scandinavia (e.g. NORA3 (Haakenstad
and Breivik (2022)), CARRA (Schyberg et al. (2020)) and CERRA (Verrelle et al.
(2022))), where convection is treated explicitly, for e.g. statistical downscaling of
SEASS, or developing a correction scheme based on the reanalysis. This could
provide a source for comparison of the findings presented in this thesis and could
also be extended to areas beyond the Norwegian mainland. If operational services
build up archives of precipitation analysis (archive of operational EPS reforecasts),
this could be utilized as initial conditions for regional NWP models (as the method
in Paper I). A more thorough evaluation of the existing PMP estimates, with a
comparison of the estimates proposed here, is also warranted. In addition, a dis-
cussion on the level of today’s estimates is due, as well as whether the concept of
PMP serves the needs of end users.
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Figure 5.8: Left panel: A comparison of original PMP estimates and the new estimated
return values shown as a fraction between the original PMP and the 50 000 year return
value for points in Norway. Both the original PMP values and the return values are for
72 hours duration, in September-October-November. Right panel: The fraction shown in
the left panel normalized to the normal seasonal (SON) precipitation sum. The normal

period 1991-2020 is used.
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Abbreviations

AR
AR
ARF
AROME
ECMWF
EOF
EPS
GEV
IDF
IFS
IVT
IWV
MEPS
NAO
NEMO
NERC
NWP
PCA
PMF
PMP
POT
RCP
SON
SB
WMO

North Atlantic Ridge

Atmospheric River

Areal Reduction Factor

Applications of Research to Operations at Mesoscale
European Centre for Medium-Range Weather Forecast
Empirical Orthogonal Function

Ensemble Prediction System

Generalized Extreme Value Distribution
Intensity - Duration - Frequency

Integrated Forecasting System

Integrated Water Vapour Transport
Integrated Water Vapour

MetCoOp Ensemble Prediction System
North Atlantic Oscillation

Nucleus for European Modelling of the Ocean
The National Environment Research Council
Numerical Weather Prediction

Principal Component Analysis

Probable Maximum Flood

Probable Maximum Precipitation

Peak Over Threshold

Representative Concentration Pathway
September-October-November

Scandinavian Blocking

World Meteorological Organisation
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ABSTRACT: This article presents a conceptual study toward establishing a new method for altering lateral boundary conditions
in numerical model based estimates for probable maximum precipitation (PMP). We altered an extreme event in a physically and
dynamically consistent way in a regional convective-scale weather prediction model (AROME-MetCoOp) by applying fields
from a global ensemble climate model approach based on EC-EARTH. Ten ensemble members are downscaled with the regional
model, which results in 10 different realizations of an extreme precipitation event for the west coast of Norway. We show how the
position and orientation of the moisture flow is different between the individual ensemble members, which leads to relatively large
changes in precipitation values for a selected catchment. For example, the modification of the moisture transport on scales of
several hundred kilometers impacts the extreme precipitation amount by about 75% among the model members. Compared with
historical rainfall records, precipitation changes of 62% and 71% are found for two selected catchments. Although the present
study is restricted to one particular extreme event that is modified 10 times with the ensemble approach, there is a considerable
spread of the moisture transport compared to the spread of the moisture transport of extreme precipitation events of the past
40 years. We conclude that the described approach is a step toward a new method to derive PMP values for a given catchment;
however, a larger amount of events and larger ensembles would have to be considered to estimate PMP values.

KEYWORDS: Extreme events; Precipitation; Numerical analysis/modeling; Numerical weather prediction/forecasting;
Reanalysis data

1. Introduction 2016). Ben Alaya et al. (2018) points out the difference be-
tween theoretical and operational PMP. The theoretical PMP
is an unknown upper limit for precipitation, whereas opera-
tional PMP is a rational engineering solution, meaning not
purely based on scientific knowledge, to provide a possible
magnitude of extreme precipitation values. Hence, whether
the theoretical upper limit exists or not, an operational PMP
can be obtained by engineers to provide guidance for design
decisions. It is important that the theoretically physical upper
limit is not confused with the rational concept, as it reduces its
credibility and usefulness (Klemes 1993). When deciding on
operational PMP values, the best possible knowledge should
be used. The most recent World Meteorological Organization
manual for estimation of PMP (WMO 2009) recommends to
apply physically based atmospheric models, especially for
areas where orographic precipitation is significant. A number
of studies have investigated the use of numerical weather
prediction models (NWPs) for PMP estimation (Ohara et al.
2011; Ishida et al. 2015a,b). Ohara et al. (2011) studied PMP
for a catchment in California and applied a regional-scale high-
resolution physical atmospheric model. Other studies have also
applied NWP-based methods to estimate PMP, where the ap-
proach is based on physical maximization of a historical ex-
treme rainstorm. Ishida et al. (2015a) alters boundary and
initial conditions to maximize precipitation over targeted
catchments. Chen and Hossain (2018) pointed out that there
seems to have emerged a consensus that using a physical nu-
merical model is the way ahead for a new PMP methodology,
but that there is lacking a consensus on how to physically
“maximize” the historical storms within numerical models
Corresponding author: Karianne @demark, karianneo@met.no ~ for PMP estimation. Maximizing relative humidity is often

When designing water management infrastructure, such as
dams, an assessment of the theoretically maximum probable
precipitation (PMP) is necessary. PMP is defined as “the
greatest depth of precipitation for a given duration meteoro-
logically possible for a given size storm area at a particular
location at a particular time of year, with no allowance made
for long-time climatic trends.” (WMO 2009). So far, the
“moisture maximization of extreme rainstorm observations”
approach has been widely applied to estimate PMP. However,
recent studies highlight some underlying deficiencies with the
method, the results are influenced by subjective judgments of
method for moisture maximization and the availability of at-
mospheric moisture measurements (Micovic et al. 2015). At
the Norwegian Meteorological Institute (MET Norway), a
standardized statistical approach based on the NERC method
is used to estimate PMP (NERC 1975; Fgrland 1992). This
approach is also vulnerable to subjective choices that strongly
can affect the PMP estimates. This is in particular the case for
areas where access to observations is limited.

The concept of PMP itself has recently been debated, and
there are arguments that the upper limit of precipitation can-
not be specified in a deterministic way (Papalexiou and
Koutsoyiannis 2006; Micovic et al. 2015; Rouhani and Leconte
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applied, though the question is how large effect this will give
when the humidity in a historical extreme precipitation event is
quite high already. Toride et al. (2019) points out that sys-
tematically saturation of all boundaries potentially introduces
disturbances to the fields beyond what is realistic. In addition, a
sudden change at the boundaries of the model domain can
induce physical and dynamical inconsistencies.

Chen and Hossain (2018) found that there are different
dominant parameters that control the storms at different lo-
cations across the continental United States. This study found
that in some regions moisture availability together with vertical
wind are the factors controlling the precipitation outcome,
while in other regions instability controls the magnitude of the
storm. The most successful approach for maximizing precipi-
tation is by altering the parameters that will lead to the largest
effect on precipitation values. A necessity is thus to know what
type of atmospheric conditions lead to extreme precipitation
in the area of interest.

In Norway, and in western Norway in particular, extreme
precipitation is often strongly connected to atmospheric rivers
(ARs) (Azad and Sorteberg 2017; Benedict et al. 2019). ARs
are long, narrow patches of high vapor transport. The direction
and location of the AR constrains which part of an area re-
ceives the highest amount of precipitation (Rutz et al. 2014).
Ishida et al. (2015a) changed the boundary conditions in a
numerical prediction model in order to place an AR to hit the
selected watershed, and, in turn, increasing the amount of
precipitation over the watershed.

While Tshida et al. (2015a) focused on a watershed in
California, and several of the aforementioned studies are fo-
cused on numerical based methods for estimating PMP for
regions in the United States, there are not yet any studies on
the subject for Norway. The argument for using NWP models
to estimate PMP is especially valid in areas with complex
orography (WMO 2009), and the west coast of Norway has a
steep topography with mountainous areas and long fjords
along the coast. The largest extreme precipitation events,
which are connected to the large-scale moisture flow across the
Atlantic Ocean are found in western Norway (Azad and
Sorteberg 2017), which is the focus area in the present study.

In the present study, we discuss an alternative method to
change the boundary conditions, with emphasis on making the
numerical based approach physically consistent. The aim is to
make a framework with a coherent physical set up for manip-
ulating the initial and boundary conditions. The approach
utilizes synthetic events, with the advantage that we are not
bound by historical events. We use a model chain, where data
from a global climate model (EC-EARTH; Hazeleger et al.
2010) is applied as input to a regional weather prediction model
(AROME-MetCoOp; Miiller et al. 2017) in order to resolve
the spatial characteristics of catchments at the Norwegian west
coast. For a specific extreme precipitation event in a present-
day climate simulation with EC-Earth a set of 10 perturbed
ensemble members are produced and further downscaled with
AROME-MetCoOp. Hence, the boundary conditions for the
regional model are changed and the location of the maximum
moisture flow is altered. The perturbation of the input data
produces 10 ensemble members that can be considered as 10
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possible realizations of a weather situation that can result in an
extreme precipitation event. The realizations are starting from
nearly the same atmospheric state and are equally likely. The
resulting precipitation at two selected catchments are evalu-
ated and put in context with the larger-scale differences be-
tween the ensemble members and their spread with respect to
extreme events which occurred between 1981 and 2018, in
order to describe what setups are conducive for the highest
precipitation values.

2. Data and methods

The global climate model EC-Earth has been used to
produce a dataset with 30 years of model data for present cli-
mate. The simulation was done with EC-Earth v2.3 (Hazeleger
et al. 2010) with a horizontal resolution of ~25km and 91
vertical hybrid levels (T799L91). The 30 years of simula-
tion were constructed by six independent members spanning
5 years (2002-06). The approach for generating a dataset with
ensemble members that can be considered to be independent is
described in Haarsma et al. (2013). Observed greenhouse gas
and aerosol concentrations were used, together with a daily
satellite product for sea surface temperature.

From the 30 years of simulations, the event identified by
highest daily precipitation values over a constraint area in
western Norway (57.1°-63.2°N and 2.6°-9.3°N) was selected for
further study. For this event an ensemble of 10 members was
established. The ensemble was constructed by stochastically
perturbing the model physics tendencies (SPTT) 5 days ahead
of the event, which is similar to the method used for the op-
erational ensemble weather forecast at European Centre for
Medium-Range Weather Forecasts (ECMWF; Owens and
Hewson 2018). Only the lateral initial and boundary conditions
are changed and the surface forcing is kept constant. Surface
forcing, as SST changes, are important for extreme precipita-
tion; however, this study is focused on changes in lateral initial
and boundary conditions. Each perturbation will represent a
plausible realization of a possible extreme precipitation event
over the Norwegian west coast. See Schaller et al. (2020) for
more details on the model setup.

Although the spatial resolution of the global climate model
is considered high in comparison with state-of-the-art climate
model, it is still too coarse to properly resolve the kilometer-
scale orographic effects important for catchment-scale pre-
cipitation estimates. To study precipitation on catchment
scale a regional weather forecast model (AROME-MetCoOp;
Miiller et al. 2017) was used to downscale the 10 ensemble
members. It is based on AROME (Applications of Research
to Operations at Mesoscale; Seity et al. 2011), a non-
hydrostatic atmospheric model system used operationally at
the Norwegian Meteorological Institute. It is run with the
standard operational domain for Scandinavia, AROME-
MetCoOp, covering the entirety of Norway, as well as
Sweden, Denmark, and Finland. The horizontal resolution
is 2.5km, on a 750 X 960 grid, with 65 vertical layers. The
simulations are initialized by the EC-Earth fields 36 h be-
fore the extreme event and are forced by EC-Earth fields at
the lateral and upper boundaries.
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AROME-MetCoOp’s ability to predict precipitation is
documented in Miiller et al. (2017), where forecast skills
compared with the global ECMWFs Integrated Forecasting
System (IFS) showed that AROME-MetCoOp clearly adds
value to the forecast product for both precipitation and
temperature. Since March 2014 when AROME-MetCoOp
became the operational model at MET Norway it has been
tuned and adapted to the specifications of our Nordic model
domain, and as such it is the preferred choice of model to
simulate precipitation in Norway. It permits convection,
though the focus of this study is related to large-scale ad-
vective precipitation. The high horizontal resolution gives a
good representation of the terrain and how it influences the
spatial precipitation distribution. For the 10 members down-
scaled with AROME-MetCoOp, we have analyzed precipita-
tion in two selected catchments, as well as the moisture flow at
larger scales.

To compare the modeled precipitation values and in situ
observations, we have retrieved observations and model data
for an event with heavy precipitation (see Fig. Al in the
appendix). Daily accumulation values from three stations in
the vicinity of each of the catchments are used. The event from
2013 is from the very beginning of the operational setup of
AROME-MetCoOp. In this event the model underestimates
precipitation compared with the observed values. For the event
in 2016, the model values are comparable to the observed
precipitation values. This is an example of the models ability to
estimate high precipitation values, but it should be interpreted
carefully. To say something conclusive about the model pre-
diction ability, there is a need to validate the model over more
than two single cases by the use of skill scores and other suit-
able parameters. This was done in Miiller et al. (2017), and they
showed that for an extreme precipitation event in 2014 and in
the same area as the catchments studied here (west coast of
Norway) the model performed well.

So far, the main approaches discussed in the literature to
maximize precipitation with numerical models, are either to
increase relative humidity, shift the boundary conditions in
space, or a combination of the two (Ohara et al. 2011; Ishida
et al. 2015a,b). When shifting boundary conditions the main
goal is to make a historical rainstorm hit over a targeted area.
To estimate the highest possible precipitation values over a
catchment, the location of vapor flux is decisive.

Figure 1 shows the vertically integrated water vapor trans-
port (IVT) corresponding to an AR simulated by EC-Earth. A
detailed description of the representation of ARs in EC-Earth
is given in Whan et al. (2020), where they show that the sim-
ulation of AR frequency and intensity in EC-Earth is compa-
rable to ERA-Interim. A further evaluation of EC-Earth’s
ability to represent extreme [VT in the North Atlantic area has
been performed in Hegdahl et al. (2020). They found that the
98th percentile of the IVT in EC-Earth is similar to ERA-
Interim, which confirms that results from EC-Earth can be
used to identify atmospheric rivers.

Traditional PMP values are calculated for the two catch-
ments by the current standard method at MET Norway
(Fgrland 1992), a statistical approach based on the NERC
method (NERC 1975). The precipitation values from the
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F1G. 1. Daily mean IVT simulated in EC-Earth for one of the
ensemble members. Inside of the blue box, which represents the
domain of AROME-MetCoOp, the displayed IVT values are from
the regional model. The two red dots indicate where the two
catchments used in the present study are located.

model ensemble are compared with the statistical PMP, as
well as observations and return values from relevant sta-
tions in MET Norway’s station network. The return values
are obtained from a fit to a generalized extreme value
(GEV) distribution. The GEV is fitted to peak over
threshold (POT) values from the observation series, where
the 99.5th percentile threshold is used. The estimates have
been calculated using the extRemes package in R (Gilleland
and Katz 2016).

The IVT values in the ensemble are put in context with
extreme events which occurred between 1980 and 2018.
Observations of precipitation from six stations in and around
the two catchments were used to select events where the daily
precipitation amount exceeds the 99.5 percentile value. Data
from 1980 through 2018 are used for each station. For the
stations in Jglstra the 99.5th percentile values are 66.5, 49.1,
and 58.2 mm, while for the stations located near Opo the values
are 50.0, 76.9, and 47.0 mm. Only the dates that have precipi-
tation values above the threshold and at the same time co-
occur for all three stations in the group are used further. At the
observation sites precipitation is measured from 0600 UTC one
day to 0600 UTC the next day, so it is likely that most of the
precipitation fell on the first of these two dates, but is registered
on the last. Therefore, IVT from the day before the precipi-
tation date is retrieved from ERAS (Hersbach et al. 2018).
ERAS is the recently released reanalysis product from ECMWEF,
which comes with a finer spatial and temporal (hourly) resolution,
uses a more advanced assimilation system, and includes more
sources of observational data than the previous reanalysis prod-
uct, ERA-Interim (Dee et al. 2011). For each extreme precipita-
tion event selected for the two catchments the IVT pattern from
ERAS is analyzed and compared to the AROME-MetCoOp
ensemble.

In the next section, the results in terms of precipitation
amounts, of catchment averages and gridpoint values, of the
position and direction of the IVT, and of the realism of the IVT
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FIG. 2. Map over Norway showing annual mean precipitation and the location of the two
selected catchments, Jglstra and Opo. Rain gauge stations used are indicated with orange dots.
The boxes show the topography within the catchments. The annual mean precipitation is for the
reference period 1961-90 (Lussana et al. 2018).

in the model ensemble are compared to historical extremes and
presented in detail.

3. Results

Although all of the 10 ensemble members have the same
synoptic structure, the perturbations result in variations of the
IVT which in turn change the local-scale precipitation values.
In the following, we will focus on the connection between the
large-scale IVT changes close to the boundary of the regional
model and the precipitation amounts in the two catchments
Jglstra and Opo. These catchments are located in the western
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part of Norway (Fig. 2) and have catchment areas of 717 and
362km?, respectively. The distance between the catchments
are about 180 km and they are both located in regions with
complex mountainous topography. They are therefore repre-
sentative for areas that are strongly impacted by AR induced
precipitation extremes.

Precipitation stations in and near the J@gstra catchment have
annual mean precipitation amounts ranging from 1630 to
2666 mm (annual total, the 1961-90 reference period is used).
The catchments elevation ranges from 0 m MSL at the outlet to
1648 m MSL as the highest elevation, and 43% of the catch-
ment is categorized as bare mountain while 31 % is categorized
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FI1G. 3. Accumulated precipitation (area average) in the two catchments, (a) Jglstra and (c) Opo, and probability density distribution of
the accumulation for all grid boxes within the catchments [(b) Jglstra and (d) Opo] for all ensemble members in the AROME-MetCoOp
simulation. The gridbox values are accumulated over 48 h (during the 48 h with largest accumulation).

as forest. Observation stations in the vicinity of the Opo
catchment have mean annual totals ranging from 1628 to
2685 mm. Opo is also a mountain catchment with 66% cate-
gorized as bare mountain and 20% forest. Its lowest point is
88 m MSL, and the highest is 1635 m MSL. See the inset figures
in Fig. 2 for an elevation model of the two catchments and the
mean annual precipitation in the map of Norway in the
same figure.

Analyzing the evolution of accumulated precipitation (catch-
ment average) for Jglstra and Opo in the AROME-MetCoOp
simulations reveals that some of the ensemble members
have significant different accumulated precipitation values
(Figs. 3a,c). In Jglstra (Fig. 3a), most of the members have
highest precipitation accumulation during the second and
third day of the model run (between hours 30 and 60), after
which the accumulation stops, except member 9 which has a
different timing than the others. The members with highest
precipitation accumulation (members 5 and 9) have about
75 mm higher precipitation than in the two lowest (members
2 and 4), while in Opo (Fig. 3c) the members with highest
and lowest precipitation values have a difference of about 100 mm.

Area averages can conceal the large variations of precipi-
tation values over an area and one single gridpoint value is not
likely to represent the catchment wide rainfall. In Figs. 3b and

3d, 48-h accumulated precipitation values in all the grid boxes
within the catchments are shown. Accumulated values of 247
and 241 mm can be found in Jglstra for two of the members and
values above 300 mm for several of the members in Opo, with
364mm as the highest value. For 24-h accumulation, the
maximum amounts are 183 mm for Jglstra and 203 mm for Opo
(not shown).

Daily accumulation in historical rainfall events for stations
in the vicinity of the catchments show that the 24-h accumu-
lation in the ensemble members are producing precipitation
well above what is recorded (Fig. 4). The maximum model
value for Jglstra is 62% higher than the highest recorded
rainfall, for Opo the model maximum is 71% higher than the
highest recorded rainfall.

Compared to PMP values calculated with MET Norway’s
standardized statistical method, accumulated values from the
model are somewhat lower. In Table 1 PMP estimates are
given for 24,48, and 72 h for Jglstra and Opo. For accumulation
over 48 h (Figs. 3b,d), the highest values are around 250 mm in
the model (for Jglstra), while the original PMP value is
470 mm. For 24 h the model has an accumulation of 183 mm,
while the PMP is 360 mm. For both durations the model results
are about 50% of the statistically derived PMP. For Opo the
model values are closer to the statistical PMP, here the 24-h
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FIG. 4. Historical rainfall records for the 100 highest 24-h events selected from the station’s entire time series, for observation stations
near the (a) Jglstra and (b) Opo catchments.

model value is about 60% of the original PMP, and the 48-h
value is 78%. The return values obtained from a fit to a gener-
alized extreme value (GEV) distribution for the same six sta-
tions as in Fig. 4 are shown in Fig. 5. For 24-h precipitation the
model results have return periods laying between a couple of
thousand years and on the order of 10* years. For the longest
return periods in the figure the values must be read with caution,
as the confidence intervals are very large, but still interesting
as a way to put the model results and original PMP in context.

To understand what is causing the differences in precipita-
tion amounts between the AROME-MetCoOp members, the
IVT location and magnitude is shown in Figs. 6 and 7, where
the left panels in Fig. 6 show the IVT during the time with
largest precipitation accumulation. The map shows the ori-
entation of the IVT and displays where the strongest vapor
transport is positioned and, thus, which coastal area is tar-
geted. The right panels of the figure give more detail of the
AR'’s position and its evolution in time. In Fig. 7 cross
sections upstream and close to each of the two catchments
are used to show the IVT magnitude and its progression in
time near the catchments. Looking at the three ensemble
members in Fig. 6, the AR is located farther north in
member 9 and it hits the Jglstra catchment more directly.
The ARs in members 4 and 6 are located south of this
catchment, which corresponds to member 9 producing the
most precipitation here. For catchments average values,
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member 9 produces the most in Jglstra with 175 mm, while
members 4 and 6 have around 90 and 145 mm (Fig. 3). For
Opo, member 9 produces the least (around 115mm) and
member 6 produces the highest values (220 mm).

In the right panels in Fig. 6 the temporal evolution with
latitude is given, which shows that the IVT in member 9 indeed
is stronger just north of 60°N, while members 4 and 6 are lo-
cated just south of 60°N. This is confirmed by looking at the
IVT magnitude just upstream of the Jglstra catchment (Fig. 7),
where member 9 has a higher magnitude than the other
members, and the duration with such high values extends
longer than in the others members. For Opo, the difference in
the location of the AR is not as pronounced. IVT magnitude
just upstream of the catchment shows that the member pro-
ducing the highest accumulated precipitation is similar to the
IVT values in the member producing least precipitation. This
suggest that there are additional factors that cause differences
in precipitation amounts. The catchment is smaller, and it

TABLE 1. PMP values for Jglstra and Opo calculated by MET
Norway’s standard statistical method.

Catchment 24h 48h 72h
Jglstra PMP (mm) 360 470 560
Opo PMP (mm) 355 465 550
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FIG. 5. Generalized extreme value distribution for three observation stations in (a) the area near the Jglstra catchment and (b) near the
Opo catchment.

might be more sensitive to local orographic effects. When
looking closer at the surface wind patterns during the time
where the accumulation is greatest, the wind in member 6 turns
to a more (steep) southwesterly direction than member 9 does
(not shown). This can explain the precipitation amount in the
member, which has a more preferable wind direction for pro-
ducing precipitation. The catchment is situated downstream
of a southwest-northeast-oriented fjord (Akrafjorden).

Among all the members in the ensemble the distance be-
tween the ARs are not more than 270 km. The AR located
farthest south is at the southern tip of Norway, and the AR
located farthest north is near the point farthest west in Norway.
For Jglstra this results in a change in accumulated precipitation
of about 75% for the member that has the AR more directly
toward the catchment’s location compared to the member with
the AR not as favorable located. Thus, with this approach it is
possible to shift the boundary conditions and, in turn, impact
the areas which receive most precipitation. In general, the IVT
of the ensemble members shows shifts of the AR location, as
well as (in some members) the direction of the moisture flow,
which has an impact of the resulting precipitation.

To better understand the limitations of our approach, due to
the choice of one particular extreme event, we compare the IVT
of the AROME-MetCoOp ensemble members with historical
(1981-2018) extreme events (above the 99.5% threshold) which
occurred in the two catchments (Figs. 8 and 9 ). The composite
map in Fig. 8 reveals that the moisture transport is located farther

north in the events occurring in the catchment here (Fig. 8a), while
there are higher IVT values in the events occurring in the catch-
ment farthest south (Fig. 8b). Although the spatial spread of the
IVT in the AROME-MetCoOp ensemble is as large as several
hundred kilometers, it is still somewhat smaller than the one of the
historical extreme events. The magnitude of extreme IVT, how-
ever, is consistent with the historical one (Fig. 9).

4. Discussion and outlook

One of the advantages of using numerical models for esti-
mating PMP is the capability of producing data in areas where
the observation network is limited. This ensures a complete
spatial coverage, and the level of detail is determined by the
spatial resolution of the model. The model simulations have to
be sufficiently long, in order to get time series for a robust
detection of events with return periods on the order of hun-
dreds of years, which makes the computational cost high. To
estimate PMP, which at least should exceed a return period on
the order of 10 000-40 000 years (O. E. Tveito, MET Norway,
2020, personal communication), the magnitude of computa-
tional cost will make the task unrealistic in practice. A way to
work around this is to select only the most extreme precipita-
tion events and simulate these, as done in literature as well as in
this study. The main approaches to maximize precipitation with
numerical models are either to increase relative humidity, shift the
boundary conditions in space, or a combination of the two. When
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the Hovmoller diagrams on the right. The Hovméller diagrams show IVT in EC-Earth ensemble (b) member 4,
(d) member 6, and (f) member 9. The orange line in the Hovmoéller diagrams indicate the time of the snapshot of

IVT in the left panels, and the dashed gray line indicates the 60°N latitude.

shifting boundary conditions the goal is to make a historical
rainstorm hit over a targeted area. To estimate the highest pos-
sible precipitation values over a catchment, the location of vapor
flux is decisive. The approach presented here is to utilize a global
climate model, which produces a 30-yr present-day climate sim-
ulation and to select the most extreme precipitation event. This
event is perturbed and 10 different ensemble members of the
extreme event are downscaled with a regional weather prediction
model. Thus, we have 10 different alterations of the lateral initial
and boundary conditions for the regional model runs, which in
turn provides 10 different realizations of an extreme precipitation
event. Alteration of the initial and boundary conditions are done
in a physically and dynamically consistent way.

In the present study we performed a detailed analysis on
the effect of the large-scale modification of the IVT on the
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precipitation on catchment scale. Two catchments are selected,
which are frequently impacted by AR induced extreme pre-
cipitation events and are embedded in the complex topography
of western Norway. For one of the catchments we find that the
AR is shifted by about 270 km, which has a downstream impact
on the amount of precipitation by about 75%. For the other
catchment, the main reason for a change of precipitation is not
the translation of the AR, but the change in direction of the
main vapor transport.

The two catchments are situated in complex terrain and, while
this region in Norway is the wettest part of the country, local
differences exist. This is illustrated by Fig. 5 where the generalized
extreme value distributions for two of the stations in each catch-
ment area are shown. In particular, one of the stations in Opo
(Fig. 5b) shows a strikingly different distribution than the other
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FIG. 7. IVT in AROME-MetCoOp upstream of the two catchments, (a) Jglstra and (b) Opo. The evolution of IVT
in time is shown along a 7.5-km-long cross section located west of the corresponding catchment.

two, even though they are located only 25 km apart. Compared
with statistically derived PMP estimates the model results are
lower, but return periods on the order of 10* years are reached.

The comparison with ERAS reanalysis data shows that the
models are capturing the IVT extremes and that the different
ensemble members cover partly the range of IVT extremes
observed in the past 40 years. This is especially true for the
northernmost catchment, where the AROME-MetCoOp well
matches IVT values from the past events farther away from
the west coast of Norway. For the other catchment, the ARs
in the ensemble are not targeting the catchment as successful.
The event detection in the very first step of the model chain
selected events from daily precipitation covering all of the west
coast. In further studies this step should be refined and the
event detection could be done on a more local scale.

Here, we have demonstrated the use of a method that is not
bounded to the relatively short history of observed events, but
utilizes a model chain to create physically consistent synthetic
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events and is giving reasonable results. However, estimating
PMP values takes more than the highest value out of 10 en-
semble members, and the approach presented here is to be
regarded as a step toward a comprehensive method. The sug-
gested approach will modify the boundary and initial condi-
tions in a physical and dynamical way ensuring the physics to
remain realistic.

We conclude that the described approach can be used as a
method to alter the initial and boundary conditions in order to
derive PMP values for a given catchment. To ensure that the
model setup for estimating PMP is done in the most physically
realistic manner, there is a need to investigate how alterations of
one rainfall event changes the precipitation pattern over se-
lected catchments. We can show that small changes in position
and orientation of the moisture flow, induced by the ensemble
approach, lead to relative large changes in precipitation values.

Our study has a specific focus on the large-scale precipi-
tation events caused by ARs and orographic precipitation,
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FIG. 8. Map of IVT composite from the events with precipitation above the 99.5% threshold from the stations in
the (a) Jglstra area and (b) Opo area. Data are taken from the ERAS reanalysis dataset. The blue line indicates the

cross section used in Fig. 9.
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the mean IVT in the events. The colored lines show the IVT values in the AROME-MetCoOp ensemble.

which is the major mechanism for extreme precipitation at
the Norwegian west coast. Convective events producing
heavy precipitation are neglected although, farther inland
convective events can cause extreme precipitation amounts
that result in damages to infrastructure with severe conse-
quences for society. This has not been the focus in this study,
nevertheless, the model in use is a convection permitting
model, and has the ability to be applied in a convective
historical storm.

PMP estimates are, together with snowmelt, input parame-
ters for watershed models when estimating probable maximum
flood (PMF). In this framework, the determination of precip-
itation phase is important. The aim of the study presented in
this paper is to investigate if the ensemble approach can be an
alternative to the physically more inconsistent artificial ma-
nipulations of initial and boundary conditions in the NWP

a)

model, and not in the detail of precipitation phase, though that
would be needed in the determination of PMF.

In general, in order to utilize an ensemble approach for the
estimation of PMP more of the most extreme precipitation
events would have to be resimulated. To meet these chal-
lenges with realistic computational costs, a possible approach
could be to utilize already established ensembles from nu-
merical seasonal or weather forecasting systems. Multiyear
hindcast datasets of seasonal prediction systems are avail-
able; their different ensemble members can provide for a
valuable extreme event dataset. From this dataset there is a
possibility to find the most extreme precipitation events and
to downscale to catchments of interest. This is a proposed
outlook that should be explored, and if it is found feasible, it
has the potential to cover catchments for larger areas than in
this case study.

70
BN 56960_obs
N 56960_model

®
3

601

~
S

50

o
S

w
S

404

N
S

304

Precipitation [mm]

204

15.11.2013 16.11.2013

Date

17.11.2013 15.11.2013

b)

BN 57480_obs
N 57480_model

= 57390_obs
mmm 57390_model

40+

16.11.2013 17.11.2013

Date

17.11.2013 15.11.2013 16.11.2013

Date

. 46450_obs
W 46450_model

1001

80

N
S

601

Precipitation [mm]
w
g

40

N
S

201

=
1S

30.12.2016

31.12.2016
Date

01.01.2017

30.12.2016

N 47820 _obs
mm 47820_model

W 49350_obs
. 49350_model

31.12.2016
Date

31.12.2016 01.01.2017

Date

01.01.2017 30.12.2016

F1G. Al. Comparison of precipitation values from AROME-MetCoOp and observations from three stations near (a) the Jglstra
catchment and (b) the Opo catchment from two extreme precipitation events. Daily accumulated values are shown over three days. The
observations are done from 0600 to 0600 UTC, and the model values are calculated over the same time period.
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APPENDIX

Comparison of AROME-MetCoOp and Observations

A comparison of precipitation values from AROME-
MetCoOp and observations from three stations near the
Jplstra and Opo catchment from two extreme precipitation
events is shown in Fig. Al.
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Understanding recent and future changes of extreme precipitation is essential for climate change adaptation.
Here, we use 3800 extreme precipitation events produced by an ensemble seasonal prediction system. The
ensemble represents the climate from 1981 to 2018 and we analyse 3-day maximum precipitation events in
September-October-November for the west coast of Norway. Two dominant atmospheric patterns, described by
an empirical orthogonal function (EOF) analysis, are related to the results of the extreme value statistics. The
principal components of the second and third mode of EOFs have significant trends over the last 40 years, but
with an opposing impact on the return values of extreme precipitation. This explains the observed stationarity
of extreme precipitation over recent decades at the west coast of Norway, which was also found in previous
studies. The second mode of EOFs also shows a relation to the sea-ice coverage in the Barents and Kara Seas,

which suggests a connection between the decline of sea-ice to the changes in the atmospheric pattern.

1. Introduction

Extreme precipitation events can lead to excess surface water and
floods and are becoming an amplifying societal cost as a result of
urbanization and our warming climate. A warmer climate will lead
to an increase in the intensity (Boucher et al.,, 2013; Kharin et al.,
2013; Fischer and Knutti, 2016) as well as the frequency (Fischer
and Knutti, 2016; Papalexiou and Montanari, 2019) of the heaviest
precipitation events. For example, for each additional degree Celcius
of the global temperature, the most intense precipitation events which
are observed today will likely occur twice as often (Myhre et al.,
2019). Detailed knowledge about extreme precipitation events is im-
portant for advanced predictions on weather-to-climate time scales.
When determining the climatic estimates which critical infrastructures
are designed after, it is crucial to understand potential risks caused by
extreme weather, so the constructions will endure the strain caused by
current and future climate.

For statistical analysis of extreme precipitation events long time
series are required, which is a major challenge when using obser-
vational or reanalysis data. Kelder et al. (2020) have demonstrated
how an ensemble hindcast data set from a seasonal prediction system
can be utilized to retrieve a large number of plausible weather event
realizations. In their case, a 3800 year long data set was constructed
to study extreme precipitation in the period from 1981 to 2018. They
showed that by using this large ensemble the confidence intervals for

* Corresponding author at: Norwegian Meteorological Institute, Oslo, Norway.

E-mail address: karianneo@met.no (K. @demark).

https://doi.org/10.1016/j.wace.2022.100530

the extreme value distribution are considerably smaller than by using
data from a reanalysis only. Hence, the increased number of events
by a factor of 100, provides the opportunity to significantly reduce
uncertainties in the statistical analysis, and in turn, to improve design
values, especially for values with high return periods.

In addition, these large ensemble data sets give us the opportu-
nity to investigate different physical drivers for high impact weather
events and can potentially improve our understanding of the relation
between extreme precipitation with other dynamical components in the
coupled Earth’s system, such as atmospheric weather patterns, sea-ice
variability, or land- and ocean-surface conditions.

Precipitation in Norway is to a large extent dominated by the large-
scale atmospheric circulation (Azad and Sorteberg, 2017) which in
turn is driven by the Earth’s energy balance through complex pro-
cesses. There has been tremendous effort on understanding connections
between atmospheric circulation and various drivers of the coupled
Earth’s system (Vihma, 2014; Bintanja et al., 2020). The poleward shift
in the North Atlantic storm track can through deviations in strength and
location of cyclones lead to changes in regional climate (Wickstrom
et al., 2020). There is still no consensus of the dominant mecha-
nism causing the shift, and several mechanisms may act in paral-
lel (Tamarin-Brodsky and Kaspi, 2017). Reductions of sea-ice and snow
cover is a part of a complex climate system feedback, that together with
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changes in atmospheric and ocean circulation can change the energy
balance (Serreze and Barry, 2011). Several studies connect changes in
mid-latitude weather to changes in atmospheric circulation caused by
the decreasing sea-ice coverage in the Arctic (Screen, 2017; Kolstad and
Screen, 2019). The changes in atmospheric circulation seen is found
to be dependent on the geographical region of sea-ice loss. Specifi-
cally, Sun et al. (2015) found that sea ice loss in the Atlantic sector
caused a weakening of the upper-level westerly winds, whereas sea ice
loss in the Pacific sector caused a strengthening. Other studies highlight
ocean variability as an important mechanism (Sato et al., 2014; Toki-
naga et al., 2017). Some skepticism about the importance of sea-ice in
driving mid-latitude weather extremes has been expressed (Blackport
et al., 2019), however, the comprehensive study performed in the
Polar Amplification Model Intercomparison Project’s (PAMIP) (Smith
et al., 2019) contribution to the sixth Coupled Model Intercomparison
Project (CMIP6) (Eyring et al., 2016) find that simulations from 16
models show a weakening of mid-latitude tropospheric westerly winds
in response to projected Arctic sea ice loss (Smith et al., 2022). The
modelled response is robust among the models, but the response is
weak relative to inter-annual variability.

Weather regimes favourable for precipitation extremes in the North
Atlantic Region are dominated by negative geopotential height anoma-
lies that enhances extratropical cyclone activity as described in Pasquier
et al. (2019). These regimes are associated with higher than normal
frequencies of Atmospheric Rivers (ARs), which are narrow filaments
of high water vapour transport. More than 90% of the meridional
water vapour transport in midlatitudes is located in these narrow,
elongated regions related to warm conveyor belts within the warm
sector of extratropical cyclones (Zhu and Newell, 1998) . While being
responsible for the majority of water vapour transport polewards, ARs
cover less than 10% of the area of the globe (Gimeno et al., 2014). They
transport water at volumetric flow rates similar to those of the world’s
largest rivers. Landfalling atmospheric rivers cause heavy rainfall and
potentially flooding, especially where the flow of moist air is lifted
orographically in areas with steep topography. In the past decades,
the awareness of landfalling ARs and their association with extreme
precipitation in Norway has increased dramatically. Stohl et al. (2008)
and Sodemann and Stohl (2013) provide evidence for the important
connection between moisture transport and high impact Norwegian
weather. Stohl et al. (2008) show that the extreme weather event
"Kristin" in September 2005 was indeed an atmospheric river with a
large flux of warm moist air detectable across the North Atlantic. When
impinging upon the mountainous area in southwest Norway the AR cre-
ated an extreme precipitation event followed by flooding and landslides
and caused a considerable infrastructure damage and loss of human
life. While Stohl et al. (2008) described one particular event, Benedict
et al. (2019) found that more than 85% of extreme precipitation events
on the west coast of Norway during the cold season are connected to
ARs. However, extreme precipitation amounts are not linearly linked to
the strength and intensity of the AR, but local conditions are important
factors influencing precipitation amounts (@demark et al., 2020; Michel
et al., 2021). The southern west coast of Norway is the wettest region
in the country, where the annual precipitation can exceed 3000 mm.
The annual precipitation in this region shows an increasing trend (Kuya
et al., 2021). However, there are inter-seasonal variations. For the fall
season, which is the focus in the present study, no trend is found.
Further, Kelder et al. (2020) analysed variability in precipitation in
autumn at the west coast of Norway and found no trend in extreme
precipitation for this period.

A critical factor determining the intensity of precipitation is the
flow direction of the moisture transport, as it is most efficient when
hitting the mountain range at an perpendicular angle (Michel et al,,
2021). The complex terrain on the Norwegian coast is characterized
by intricate fjords adjacent to steep mountains, which can give rise
to very local weather and climate conditions due to the direction of
the moisture flow (@demark et al., 2020), which in turn is controlled
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by the large-scale atmospheric circulation. Michel et al. (2021) give a
broad overview of the characteristics of the atmospheric environment
during extreme precipitation events in Norway, with both regional
and seasonal aspects. This study investigates how dominant long-term
and large-scale atmospheric patterns relate to extreme precipitation
events in Norway. Several studies have examined the connection be-
tween the probability of extreme events to changes in atmospheric
circulation (Francis and Vavrus, 2012; Coumou et al., 2014; Horton
et al.,, 2015). An increase in the occurrence or persistence of high-
amplitude wave patterns is expected to alter the likelihood of extreme
events. Francis and Vavrus (2012) describes how a slower progression
of upper-level waves associated with Arctic amplification would cause
mid-latitude weather patterns to be more persistent, which may lead to
an increased probability of extreme weather events, such as drought,
flooding, cold spells, and heat waves.

A special emphasis in this study is to investigate whether there are
dominant long-term atmospheric weather patterns that are conducive
for extreme precipitation events, and further whether there are changes
in these patterns over time. In the present study, a sample of 3800
extreme precipitation events, following the method in Kelder et al.
(2020), and the related mean seasonal atmospheric states obtained
from a hindcast data set of a seasonal forecasting system is analysed.
This gives us the opportunity to study the interconnections and changes
of the occurrence of extreme precipitation with dominant seasonal
atmospheric weather patterns over the last 40 years. In the following
section the SEAS5 seasonal prediction system (Johnson et al., 2019)
and the method for constructing the combined data set are described
in more detail together with the method for analysing dominant long
term atmospheric patterns. In Section 3 we elaborate on the results and
a discussion and conclusions follow in Section 4.

2. Data and method

In this study we utilize a 25 member ensemble hindcast data set of
the European Centre for Medium-Range Weather Forecast’s (ECMWF’s)
seasonal prediction system SEASS5. SEASS is a coupled atmosphere-ice—
ocean model with a horizontal resolution of around 35 km. SEAS5’s at-
mospheric component is based on cycle 43rl of the ECMWF-Integrated
Forecasting System (IFS) (ECMWEF, 2016). The spectral horizontal reso-
lution is T319 and there are 91 vertical layers. The NEMO ocean model
(Nucleus for European Modelling of the Ocean, Madec et al. (2017))
and LIM2 sea-ice model (Louvian-la-Neuve Sea Ice Model, Fichefet and
Maqueda (1997)) are coupled to the atmospheric system, and have a
horizontal resolution of 0.25-degrees. The atmospheric and ocean-ice
model systems are initialized by the ERA-Interim (Dee et al., 2011) and
OCEANS reanalysis (Zuo et al., 2018), respectively.

The ensemble members are generated from perturbations to the
ocean and atmosphere initial conditions and from stochastic model
perturbations. The SEAS5 hindcast consists of 25 members initiated
monthly, and each member spans over 7 months for the years 1981
to present. In this study we use the hindcast data from 1981 to 2018.

The members of individual ensemble forecasts need to be indepen-
dent for the statistical analysis of extreme precipitation. Because of the
chaotic nature of the atmospheric system, we assume that precipitation
events are not predictable more than a few weeks in advance and, thus,
the first month of the model run is discarded to avoid dependent events.
It can be argued that due to the slowly varying components of the
atmosphere—ocean system, extreme precipitation events might cluster
beyond the discarded first month of the model run. However, Kelder
et al. (2020) showed that when removing the first month of the
ensemble members they can be considered to represent independent
extreme precipitation events.

In the present study we analyse the fall season (September, October
and November; SON), and, thus 4 initialization months (May, June,
July, August) which span over the SON months are used. This yields
100 seasonal weather realizations for each year between 1981 and



K. @demark et al.

0 25 50 75 100 125 150 175 200 225
Precipitation [mm]

Weather and Climate Extremes 39 (2023) 100530

65°N

10 20 30 40 50 60 70 80 90
Precipitation [mm]

Fig. 1. a The synoptic situation during the extreme precipitation event 26-28 October 2014. Contours show MSLP October 26th at 12:00 UTC and precipitation values are
accumulated from 26th 00:00 UTC to 29th 00:00 UTC. b The 98th percentile of 3-day precipitation in SON, data taken from ERAS5. The white contour line indicates the chosen
study region, defined by the area where the 98th percentile of the 3-day precipitation in ERA5 exceeds 70 mm.
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Fig. 2. a All seasonal max 3-day precipitation events retrieved from SEASS5 (orange dots) and equivalent from ERAS5 (blue dots). b Generalized Extreme Value (GEV) distributions
from SEAS5 (in orange) and ERA5 (in blue). Shaded areas indicate the 95% confidence interval.

2018, and in total 3800 weather realizations representing the current
climate. The region of interest is located on the west coast of Norway,
a region where the highest annual mean precipitation of Europe is
observed and where multi-day heavy precipitation events occur fre-
quently (Lavers and Villarini, 2015; Azad and Sorteberg, 2017). Indeed,
as shown in Michel et al. (2021), this region is subject to the highest
frequency of heavy precipitation events in the country, defined as
the occurrences above the 99.5th percentile of the observed daily
precipitation over the period 1979-2018. Further, they found the fall
season being the season when most heavy precipitation events occur. As
an example, one of the largest extreme precipitation events at the west
coast of Norway occurred in October 2014. The synoptic atmospheric
condition during this extreme precipitation event was characterized by
a low pressure system located over the northern part of the Norwegian
Sea, which brought warm and moist air-masses, associated with an AR,
towards the west coast of Norway (Fig. 1a). Over the course of three
days, the low pressure system moved slowly northeast which led to
persistent precipitation in nearly the same region on the coast. This led
to severe floods in several rivers with considerable damage to buildings
and infrastructures.

In order to detect the extreme precipitation events in the SEAS5
hindcast data, we define our study region by using the 98th percentile
of seasonal (SON) 3-day precipitation from the ERA5 reanalysis within
a domain on the Norwegian south west coast for the period from
1981 to 2018 (Hersbach et al., 2018). The area where the percentile
precipitation values exceed this threshold is highlighted in Fig. 1b. The
area average seasonal maxima for 3-day accumulated precipitation in
the selected region are combined from all relevant ensemble members

and lead times in SEASS5, to construct the data-set used for the following
statistical analysis. This means the data-set consists of 3800 seasonal
maximum 3-day precipitation values that are fitted to a generalized ex-
treme value (GEV) distribution to obtain return values. For comparison,
we have fitted a generalized extreme value distribution to equivalent
data from ERAS5. The GEV-analysis is carried out applying the extRemes
package in R (Gilleland and Katz, 2016).

Kelder et al. (2020) examined SEAS5 and ERA5 precipitation max-
ima over Norway. By comparing 3-day precipitation values with obser-
vational gridded data they concluded to apply a bias correction factor
of 1.74 for precipitation in Norway. We apply the same factor here. The
bias correction is a simple scaling of SEAS5 to ERA5, where we use a
constant ratio between the mean of ERA5 and SEASS5 SON precipitation
maxima.

The seasonal mean state of the atmosphere’s circulation can be char-
acterized by a principal component analysis of the 500 hPa geopotential
anomaly for SON from the ERAS5 reanalysis. The Empirical Orthogonal
Function (EOF) analysis applied here was performed using the SON
500 hPa geopotential height anomalies from ERA5 and SEAS5 over the
North Atlantic sector (30-88.5°N, 80°W-40°E). The 500 hPa geopoten-
tial height anomalies were weighted by the square root of the cosine
of the latitude to ensure equal-area weighting before performing the
analysis (Chung and Nigam, 1999). Then, the first five EOFs from ERA5
SON 500 hPa geopotential height anomalies were computed using the
period from 1979 to 2017. The indices were calculated by projecting
the 500 hPa geopotential heights anomalies from each SEAS5 ensemble
member onto the EOFs from the ERA5 500 hPa geopotential height
anomalies.
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Fig. 3. The 5 first EOFs from a principal component analysis performed on the 500 hPa geopotential anomaly field for the September-October-November season. Variance explained

for each EOF is given in the figure title.

The 3800 SEAS5 SON 3-day precipitation maxima now have asso-
ciated seasonal indices for each of the first 5 EOFs, which can be used
to analyse whether there are seasonal conditions that are connected
to the extreme precipitation events. To attain this, return levels are
evaluated for the different modes of EOFs for all 3800 events. Further,
the main characteristics of the large-scale atmospheric setup during
the extreme precipitation events in the west coast of Norway can be
attained through a composite analysis of the events with the seasonal
maximum 3-day precipitation in the SEAS5 data set. The SON 3-day
precipitation events exceeding the 50 year return value are considered,
and composite maps are made for the events according to the EOF in-
dex. The composite analysis will give the synoptic (short-term) features
of different physical aspects during the extreme events. This means
they will most likely not reflect the regime of the seasonal (long-term)
conditions, due to atmospheric variability, but is merely used as a tool
to investigate the events themselves.
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3. Results

The extracted events from SEAS5 comprise a set of 3800 events,
which surpass ERA5, or an observational record series from an equiv-
alent time period, by a factor of 100. All the seasonal maximum
3-day precipitation events from SEAS5 are shown in Fig. 2a together
with seasonal maximum 3-day precipitation events from ERAS5. The
increased sample size strongly reduces the confidence interval of the
fitted distribution of extreme value statistics, as seen in Fig. 2b. For
a return period of 1000 years the 95% confidence interval is ranging
from 64 mm to 146 mm for data from ERA5, while for SEASS5 it is
between 97 mm and 105 mm, which gives interval ranges of 82 mm and
8 mm, respectively. For a return period of 10 000 years, the confidence
interval for ERAS is —+55% of the estimated value, while for SEAS5 the
interval is +—5%. In general, the confidence interval is reduced by more
than a factor of 10 by using SEAS5 data compared to ERAS5 data.
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Fig. 4. The two EOFs (EOF2 top and EOF3 bottom) with the strongest connection to extreme precipitation return values. In the left panel variations in return values for return
periods of 10, 20 and 50 years in the different EOF modes (positive, neutral and negative). The right panel shows the indices calculated from the EOF analysis for all events in
the constructed SEAS5 data-set (orange dots) together with ERAS data (blue dots). The black line indicates the regression line for the yearly mean of SEAS5 events (black crosses)

and the blue line correspondingly for ERA5 events.
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Fig. 5. Composite maps showing the geopotential height anomaly at the 500 hPa level. The anomaly is calculated relative to the season climatology, and the black dots indicate
where the geopotential height anomaly is significant according to the student t-test 98% confidence, tested with False Discovery Rate approach. Composite maps in a and b show
the 2nd EOF, positive and negative mode, respectively. Correspondingly in ¢ and d for the 3rd EOF.
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Fig. 6. Composite maps for the same events as in Fig. 5 showing sea-ice concentration anomaly calculated as the difference between the selected events and the season climatology,
integrated water vapour (total column) and geopotential height at the 500 hPa level in black contours. The black dots indicate where the sea-ice concentration anomalies are

significant according to the student t-test at the 95% confidence level.

The increased number of extreme events retrieved from SEAS5
opens up the possibility to analyse atmospheric properties linked to
extreme events in a robust way. To identify if there are dominant
circulation patterns conducive for the highest SON 3-day precipitation
events in SEAS5, we are considering the first five EOFs of the 500
hPa geopotential height anomaly principal component analysis (Fig. 3).
The pattern in EOF1 resembles the Scandinavian Pattern (Barnston and
Livezey, 1987) which is associated with a primary circulation centre
over Scandinavia and weaker centres over western Europe and eastern
Russia. During the positive phase of this pattern, the geopotential
height anomaly over Scandinavia is positive, which can result in a
blocking system and below average precipitation across Scandinavia.
The second EOF pattern has a centre of positive anomaly over western
Europe and the UK and a negative anomaly field in the Arctic which
stretches over Greenland and further south. It resembles the European
Blocking weather regime as shown in Grams et al. (2017). There they
found a positive wind speed anomaly along the coast of Norway during
this regime. Further, Pasquier et al. (2019) found that this pattern
allows for a more effective moisture transport around the ridge of the
high pressure and into Northern Europe, with the consequence that
AR frequencies are enhanced in a region extending from Iceland to
Northern Scandinavia. EOF3 shows a pattern with a dipole pressure
centre of positive anomaly over the Azores and negative anomaly
over Iceland, which resembles the zonal regime as shown in Grams
et al. (2017). The pattern has a similarity to the North Atlantic Os-
cillation (NAO) pattern (Barnston and Livezey, 1987; Hurrell et al.,
2001), though the NAO is by definition the leading mode (1st EOF).
A positive phase of this pattern is known to bring warm and wet
conditions over Scandinavia (Uvo, 2003). The NAO is a leading mode
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of atmospheric circulation variability over the North Atlantic region.
The pattern is present during the entire year, but it is more important
during winter (Pinto and Raible, 2012) and relatively weak during
September-October-November. The three first EOFs together explain
about 57% of the variance. The positive phase of both EOF2 and EOF3
are conducive for high precipitation values over Norway by guiding low
pressure systems to the west coast of the country, and are associated
with higher than normal frequency of ARs (Pasquier et al., 2019).

When analysing the return values for subsets of the data correspond-
ing to the respective values of EOF indices, we find that the second
and third EOF (Fig. 3b and c) show a connection to the return values
of extreme precipitation for the west coast of Norway (Fig. 4a and
c). For both EOF’s, using only precipitation extremes for positive EOF
indices results in significantly higher return values than using events
for negative EOF indices (Fig. 4a and c). Note, the sign of an EOF
is ambiguous and, for the sake of simplicity, we defined the sign for
EOF2 and EOF3 to positively correlate the extreme precipitation and
the respective principal components.

Over the 40 year time period both EOF2 and EOF3 exhibit a
trend, but with opposite signs (Fig. 4b and d). The trends were tested
for significance by using the Mann—Kendall test and both trends are
significant, with p-values less than 0.01, yielding a confidence level of
99%. To test the consistency with ERAS reanalysis, the corresponding
trends in EOF indices from ERA5 are included (blue dots in Fig. 4b
and d). They are also significant with p-values for EOF2 and EOF3 of
0.025 and 0.0016, respectively. To test the robustness of the trends
on the choice of domain for the EOF analysis, we have performed a
sensitivity analysis by using five additional domains. These domains are
slightly different from the original, and we perform the EOF analysis in
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Fig. 7. Composite maps for the same events as in Fig. 6, showing the 3-day precipitation values and geopotential height anomaly at the 500 hPa level. The anomaly is calculated
relative to the season climatology, and the black dots indicate where the geopotential height anomaly is significant according to the student t-test 98% confidence, tested with

False Discovery Rate approach.

the same manner as the original to all five. From this we find results
in agreement with the original domain, with similar trends for all the
additional domains for EOF2, and for three out of five for EOF3. The
results for the sensitivity analysis are summarized in Table S2 in the
Supplementary Material.

Due to the difference in return values for positive and negative
modes of EOF, we look closer at the precipitation events to investigate
atmospheric features for events occurring during the separate modes.
Composite maps can reveal characteristics of the atmospheric circula-
tion for the selected precipitation events. Note that the pressure field
during a particular event, or the composite of events, do not necessarily
corresponds to the mean seasonal circulation pattern. This is due to
the fact that we are considering 3-day precipitation events and the
mean circulation pattern represents the whole season. We utilize only
the extreme precipitation events exceeding the 50 year return value.
From this subset, we further divide the events into positive and negative
modes of EOF2 and EOF3 for the composites (Figs. 5 and 6). The 500
hPa geopotential anomaly composites show a dipole structure with
negative anomaly situated over the Greenland and Norwegian Seas and
a positive anomaly centre located over the UK and West Europe. The
main difference between the patterns is seen in the extent and strength
of the negative anomaly and the location of the high anomaly centre
and zero-anomaly line. For the figures with positive EOF indices (Figs. 5
and 6a and c), the negative anomaly is not only deeper, but has a larger
extent than for the figures showing negative EOF indices (Figs. 5 and
6b and d). The more negative geopotential height anomalies for the
positive modes of the EOFs will cause stronger pressure gradients that
leads to stronger flows towards the west coast, where the flow will be
lifted orographically and lead to heavier precipitation.

Over the years from 1981 to 2018 EOF2 has had a negative trend,
towards the indices that are associated with lower return values. The

maps in Figs. 5b and 6b are the composite of events with lowest indices
of EOF2, thus the composite of events which are more frequently
occurring in the most recent years in the data-set. This composite map
stands out from the rest, as the area with negative height anomaly is
more confined than in Figs. 5 and 6a, ¢ and d. Another notable feature
in Fig. 6b is the sea-ice extent in the Barents-Kara Sea, which is smaller
here compared to what is seen in Fig. 6a, ¢ and d. Sea-ice concentration
has had a decreasing trend in recent decades, and the minimum annual
sea-ice extents in 2020 and 2019 are the second and third lowest on
record. Sea-ice extent can influence the energy budget in the Arctic,
and is connected to atmospheric circulation patterns (Vihma, 2014).
Figure S1 (in the Supplementary Material) shows the SST anomaly for
the same events as in Fig. 6. Although it is not significant, there is a
signal of the events in Fig. 6b having higher SST values than the rest,
concurrent with the events that had the lowest sea-ice extent. These
are the events composed by low indices of EOF2, and given the trend
found in Fig. 4b implies conditions that lead to precipitation events
with lower return values on the west coast of Norway in the autumn
season.

Comparing the composites of events occurring during positive and
negative indices for the two EOFs, a difference in the pressure gradient
can be seen in Fig. 7, where the geopotential height anomaly lines
are closer in Fig. 7a and c (positive indices) compared to Fig. 7b and
d (negative indices). The trend in EOF2 is thus towards events with
more frequently occurring circulation with weaker pressure gradient.
The weaker pressure gradient implies a weaker flow, resulting in lower
precipitation amounts over the west coast of Norway. In contrast, the
trend in EOF3 implies events with more frequently occurring circula-
tion characterized by a stronger pressure gradient. This is conducive for
a stronger flow, which results in precipitation events associated with
higher return values.
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4, Discussion and conclusions

The characteristics of extreme precipitation are expected to change
drastically in our warming climate (Myhre et al., 2019). The west
coast of Norway, and especially the south west coast, is subject to the
largest rainfall amounts in Norway, with an annual mean precipitation
exceeding 3000 mm (Lussana et al., 2018). In order to investigate
the recent changes of extreme precipitation along the west coast of
Norway, we are using a large ensemble generated from the SEAS5
seasonal hindcast data-set which represents the climate from 1981 to
2018 (Johnson et al., 2019). From this data-set 3800 annual 3-day
precipitation maxima are extracted for the SON season and for a region
on the west coast of Norway. The extreme precipitation events are
analysed by means of the GEV distribution and by the preconditioning
mean seasonal atmospheric patterns using EOF analysis.

The large data set offers an increased precipitation event sample
size that strongly reduces the uncertainty in design value estimates.
The confidence interval is reduced by more than a factor of 10 when
SEAS5 events are used in a fit to the GEV distribution compared to
using data from ERAS. Design values are frequently used estimates
when planning and designing public buildings or communication struc-
tures, and reliable information is crucial for raising and maintaining
robust infrastructures. The complex topography in Norway gives rise
to large heterogeneities in precipitation extremes for different parts
of the country, and limitations in observational records makes design
value estimation challenging. This methodology gives the opportunity
to reduce uncertainties in areas where already existing design value
estimates are based on sparse observations or time limited reanalysis
data-sets, and it especially strengthens the estimates for long return
periods.

In addition to a more robust extreme value distribution statistics,
the increased sample size allows for a more robust analysis of atmo-
spheric properties connected to extreme events. If there are persistent
and reoccurring weather patterns during a season, the seasonal mean
atmospheric state will be influenced and predominated by this. For
this reason, seasonal EOF indices are used to investigate whether there
are conditions that are favourable for extremes during a season. We
find that the return periods and return values of extreme precipita-
tion are related to two EOF atmospheric circulation modes. The two
EOFs are patterns favourable for higher precipitation amounts on the
west coast of Norway and thus are also related to the probability of
occurrence of extreme events: the pattern of EOF2 is associated with
higher than normal air flow along the coast of Norway, which is also
coupled with a more effective moisture transport into Northern Europe
and enhanced AR frequencies (Pasquier et al., 2019), and the more
zonal regime in EOF3 is associated with warm and wet conditions
over Scandinavia (Uvo, 2003). The principal components of two EOFs
exhibit significant trends over the 40 year time period, however, with
an opposing impact on the extreme precipitation. In total, this leads to
a virtually non-changing extreme precipitation over the west coast of
Norway over the past 40 years.

Our results are consistent with Kelder et al. (2020), who analysed
variability in precipitation in autumn in a similar region at the west
coast of Norway and found no trend in extreme precipitation for this
period. From a climate model analysis Whan et al. (2020) found that
there is only little change from the past (around 1850) to the near-
future periods (around 2030) in the number of Atmospheric Rivers
reaching the west-coast of Norway and the extreme precipitation. How-
ever, drastic increases are found for the far-future (around 2100). Other
studies on the recent changes in mean precipitation from observation
records show increasing precipitation amounts for Norway, and climate
predictions expect further increase in the years to come (Hanssen-Bauer
et al., 2017). The annual total has had an increasing trend, with an
exception for the autumn season (Kuya et al., 2021).

Circulation patterns are driven by the Earth’s energy balance and
are controlled by complex interactions within the coupled

78

Weather and Climate Extremes 39 (2023) 100530

Earth-Atmosphere system. They are thus subject to the currently chang-
ing climate. In order to better understand the interconnected changes in
the coupled ocean-ice-atmospheric system we combined the analysis of
the geopotential height fields, sea-ice extent, and SST for the largest ex-
treme events (exceeding 50 year return value) and, further, sub-divided
them into the predominant EOF conditions. We have found an inherent
connection of the ocean surface temperatures and sea-ice coverage in
the Barents-Kara Sea for EOF2. In other words, extreme precipitation
events which occur in seasons where the mean atmospheric state is
dominated by a positive (negative) EOF2 atmospheric pattern are also
occurring during positive (negative) anomalies of sea-ice in the Euro
Atlantic sector, as well as negative (positive) ocean surface temperature
anomalies.

There are a number of studies on linkages between sea-ice, ocean
surface temperatures and mid-latitude weather patterns (e.g. Magnus-
dottir et al. (2004), Vihma (2014), Tokinaga et al. (2017)). On the one
hand, SST is an important driver in planetary-scale atmospheric circula-
tion which can again transport warm air into the Arctic and contribute
to sea-ice loss (Tokinaga et al., 2017). In particular, the variability
of the SST in the Gulf Stream area is potentially linked to an upper-
tropospheric wave response which causes atmospheric patterns over the
North Atlantic with predominant southerly winds (Sato et al., 2014),
with a subsequent impact on the sea-ice coverage of the Barents-Kara
Sea (Nakanowatari et al., 2014).

On the other hand, sea-ice variability for example in the Barents-
Kara Sea region might have important implications on the state of the
atmosphere. For example Ruggieri et al. (2016) describe a mechanism
which causes an atmospheric blocking like signal over the Barents-
Kara Sea region during low sea-ice conditions. Hence, the statistical
correlation of SST and sea-ice variability to the extreme precipitation
in relation to EOF2 suggests that this change might be connected to
our warming climate. However, a more detailed study on the differ-
ent Earth’s system components will be necessary to disentangle the
processes.

In our study, EOF3 shows a north-south dipole structure with
negative pressure anomaly over Iceland and positive pressure anomaly
over the Azores, thus a zonal regime that is similar to the NAO pattern.
The detected change in EOF3 might be associated with a region south of
Greenland with a slower warming rate than the North Atlantic Ocean
in general (Rahmstorf et al., 2015), which causes a local increase of
the north-south temperature gradient over the ocean surface (Harvey
and Shaffrey, 2021), which again influences the pressure gradient.
In isolation this trend in EOF3 leads to increasing precipitation with
higher return values at the west coast of Norway. This impact is
diminished by the trend in the 2nd EOF and its opposing effect on
extreme precipitation.

We find two seasonal atmospheric patterns which have a connection
to the extreme precipitation, but the patterns themselves have an
opposing trend. Choosing different areas for the EOF analysis might
remove this separation and one thus could argue that this is an artificial
separation into these two patterns by the EOF method. However, for the
two patterns we also find different correlations to the sea-ice extent,
which supports the fact that the separation is meaningful.

The novel extreme event analysis approach presented here has
proven to be useful for studying the relation of extreme precipitation
with other dynamical components. The method reduces uncertainties in
statistical analysis due to the increased sample size, and allows to find
connections between the extreme precipitation events and atmospheric
circulation patterns, sea-ice variability, or ocean-surface conditions. A
natural next step would be to investigate the mechanisms causing this
relationship, which can improve our understanding of the driving forces
for extreme precipitation events.
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Figure S1. Composite maps showing the SST anomaly calculated relative to the season
climatology. The black dots indicate where the SST anomaly is significant according to
the student t-test 95 % confidence, tested with the False Discovery Rate approach.
Geopotential height anomaly at the 500 hPa level is shown in black contours. Composite
maps in a and b show the 2nd EOF, positive and negative mode, respectively.
Correspondingly in ¢ and d for the 3rd EOF.



Table S2. Table showing the results corresponding to Figure 4 in the main manuscript
when using slightly different domains for the EOF analysis. The domains are chosen from
examples found in literature. In the EOF analysis for the new domains, the two relevant
EOF patterns (EOF2 and EOF3) changed order (due to similar amount of variance
explained) in domain ¢ and f, but they are listed according to their corresponding pattern
found in the original EOF analysis for domain a.

EOF2 EOF3
Domain Trend Effect on Trend Effect on
precipitation precipitation
(a) 30N -88.5N, 80W-40E p<0.01 Yes p<0.01 Yes
(b) 10N - 80N, 100W - 40E p<0.01 Yes No p=0.138  Yes
(c) 20N - 80N, 90W - 30 E p<0.01 Yes p<0.01 Yes
(d) 20N - 80N, 90W -40 E p<0.01 Yes p<0.01 Yes
(e) 20N - 90 N, 80W - 40E p<0.01 Yes p<0.01 Yes
(f) 30N — 90N, 90W - 30E p<0.01 Yes* No p=0.379  Yes

*Only for negative indexes (positive indexes has the same return values as
neutral indexes)

References for the selected domains:

(a) Johnson et al., 2019, GMD https://doi.org/10.5194/gmd-12-1087-2019 (500 hPa
geopotential height)

(b) Comas-Bru & Hernandez, 2018, Earth Syst. Sci. Data
https://doi.org/10.5194/essd-10-2329-2018 (SLP)

(c) Van der Wiel et al., 2019 Environmental Research Letters
https://doi.org/10.1088/1748-9326/ab38d3 (500 hPa geopotential height)

(d) Hurrell, 1995, Science DOI: 10.1126/science.269.5224.676 (SLP) and
Wang et al., 2013 Journal of Climate, DOI: 10.1175/JCLI-D-13-00230.1 (SLP)

(e) Gleeson et al., 2019 Adv. Sci. Res. https://doi.org/10.5194/asr-16-11-2019 (SLP)

(f) Weisheimer et al., 2017 Quarterly Journal of the Royal Meteorological Society
DOI:10.1002/qj.2976 (500 hPa geopotential height)
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