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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
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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 (ECMWEF’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 43r1 of the ECMWF-Integrated
Forecasting System (IFS) (ECMWF, 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
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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 ERA5 (blue dots). b Generalized Extreme Value (GEV) distributions
from SEAS5 (in orange) and ERAS (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 SEASS, 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 ERAS 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 SEAS5 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 ERAS 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.

3. Results

The extracted events from SEAS5 comprise a set of 3800 events,
which surpass ERAS, 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 ERAS5, while for SEASS 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 ERA5 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 ERAS5 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 ERAS5 events.

. |
20°W  10°W

20°W

10°wW

200

150

100

50

=50

G500 Anomaly

-100

—150

—200

—250

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

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
). 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 ERA5 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
SEASS events are used in a fit to the GEV distribution compared to
using data from ERAS5. 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
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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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