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Hydrometeorological compound events cause severe economical, societal and environmental damage, but their
investigation is difficult as they occur rarely and are multivariate. Here we use 50 high-resolution climate
simulations from the single model initial condition large ensemble CRCM5-LE to examine two such compound
event types in southern Norway: (1) Heavy rainfall on saturated soil during the summer months (June, July,
August, September; SES) and (2) Concurrent heavy rainfall and snowmelt (rain-on-snow; ROS). We compare
present-day conditions (1980-2009) with future conditions under a high-emission scenario (2070-2099) and
investigate the impact of climate change on the frequency and spatial distribution of SES and ROS events. We
find that the probability of occurrence of SES events during the summer increases by 38% until 2070-2099 over
the whole study area. The areas with the highest occurrence probability extend from the west coast into the
interior. In contrast, the frequency of ROS is projected to decrease by 48% on average, largely driven by de-
creases in snowfall. Moreover, the spatial pattern of ROS are projected to change, with the most frequently
affected areas shifting from the west coast towards the inner country. Our study highlights the benefits of single

model large ensemble simulations for the analysis of compound events.

1. Introduction

A recent study of Berghuijs et al. (2019) has shown that most annual
maximum floods in Europe are not caused by the highest annual rainfall
peaks, but by the co-occurrence of rainfall and snowmelt or rainfall on
saturated soil. These findings also hold for southern Norway as the
combination of rainfall and snowmelt has resulted in the largest floods,
for instance in south-eastern Norway in 1995 and 2013 (Krggli et al.,
2018). Concurrent heavy rainfall and snowmelt can also lead to several
types of mass movements such as landslides, debris flow or slush flow.
This type of event is often referred to as rain-on-snow (ROS) event. ROS
events affect the local climate and hydrology by altering snowmelt,
runoff, and soil temperatures and, therefore, it further affects vegeta-
tion, wildlife and humans (Cohen et al., 2015; Putkonen and Roe, 2003).
Seen globally, ROS events are a relatively rare phenomenon. However,
they are often the main flood generating process in high latitudes (Cohen
et al., 2015) and mountainous areas (McCabe et al., 2007; Merz and
Bloschl, 2003). ROS events are therefore frequently found in the Arctic,
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Scandinavia, Canada, Greenland and Spitsbergen (Putkonen and Roe,
2003). In Norway, ROS events typically occur during spring when the
snow masses accumulated during the winter have not melted yet but
temperature starts to rise (Benestad and Haugen, 2007; Pall et al., 2019).

Heavy rainfall on already saturated soil also regularly causes mass
movements in southern Norway, such as landslides and flash floods
(Dyrrdal et al., 2018). It leads to saturation excess surface runoff, which
is often referred to as Dunne runoff (Zhenghui et al., 2003). In southern
Norway, flood hazards and mass movements often severely impact
infrastructure, economy, personal property, and may even cause fatal-
ities (Krggli et al., 2018).

ROS events and heavy rainfall on saturated soil are excellent exam-
ples for compound events with often severe consequences. Compound
events refer to the combination of multiple drivers and/or hazards that
contributes to societal or environmental risk (Zscheischler et al., 2018).
The individual contributing variables may not have to reach extreme
values, but their joint occurrence may lead to a large impact (Bevacqua
et al., 2017). The Intergovernmental Panel on Climate Change (IPCC)
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has first introduced the term compound events within their Special
Report on Managing the Risks of Extreme Events and Disasters to
Advance Climate Change Adaptation, stressing the need to further
explore the influence of climate change on compound events (Senevir-
atne et al., 2012).

Compound events are rare and multivariate, and observational data
only offer limited coverage and sparse sampling of the corners of a
multidimensional space (Hao et al., 2018; Zscheischler et al., 2018).
Hence, empirical analyses based on observational data are subject to
substantial uncertainties due to the limited amount of available data.
Conventional univariate statistical modeling is also not an appropriate
method to study compound events, as long as there is any dependence
between the contributing variables (Bevacqua et al., 2017; Wahl et al.,
2015). Therefore, advanced multivariate methods are often applied to
investigate the occurrence of compound events as the modeling of these
events is complex (Leonard et al., 2014; Zscheischler and Seneviratne,
2017).

Copula theory and multivariate extreme value theory are frequently
used to study compound events (Hao et al., 2018). These approaches can
handle different types of dependencies between the contributing vari-
ables of compound events and model them together with their marginal
distributions (Bevacqua et al., 2017). Nevertheless, in many applications
the sample size is very small (<< 1000), leading to large uncertainties
(Serinaldi, 2013). To overcome the prevailing limitation of small sample
sizes, ensembles of climate model simulations can be used to analyze
compound events (van den Hurk et al., 2015; Zscheischler and Sen-
eviratne, 2017).

Within this study, we use high-resolution climate simulations from
the single model initial-condition large ensemble of the ClimEx project
(www.climex-project.org) to investigate two different hydrometeoro-
logical compound events in southern Norway and to explore the impact
of a changing climate on these events: (1) Heavy rainfall on saturated
soil during the summer months (June, July, August, September), which
will be referred to as SES events (saturation excess during summer) and
(2) Concurrent heavy rainfall and snowmelt, which will be referred to as
ROS (rain-on-snow) events. The application of large ensembles of high-
resolution climate simulations to study compound events is a relatively
new approach (van den Hurk et al., 2015; Khanal et al., 2019; Zhou and
Liu, 2018) even though they are ideally suited for this task due to their
large sample size. The aim of this paper is to examine the probability of
occurrence of SES and ROS events to map the spatial patterns and to
evaluate the change between the reference period (1980-2009) and the
far future (2070-2099) due to a changing climate under strong
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greenhouse gas forcing.
2. Data and method
2.1. Study area

The study area covers southern Norway and parts of southwestern
Sweden (Fig. 1a). The complex orography of the region is governed by
the Scandinavian Mountains (or Langfjella) reaching from the northeast
to the southwest (see Fig. 1b), whereas the western coastline is deeply
indented by fjords. Southwestern Sweden shows little variation at low
altitude.

Generally, three types of precipitation occur in southern Norway: (1)
frontal, (2) orographic and (3) convective precipitation (Dyrrdal et al.,
2016; Roe, 2005). The west coast is exposed to mainly large-scale frontal
precipitation driven by the low pressure systems in the North Atlantic,
which induce the biggest part of annual precipitation (Heikkila et al.,
2011). Orography adds up to this, whereby the zone of maximum
orographic precipitation is found 50 km inland (Sandvik et al., 2018;
Tjelta and Mamen, 2014) with total annual precipitation above 3000
mm.

As these large weather systems mainly come from the west, the
southeastern parts of the country are lee areas and the annual precipi-
tation drops to 300-800 mm. Despite this, the highest hourly rainfall
intensities occur in the region around the Oslofjord (Hanssen-Bauer
et al., 2015). Convective showers and embedded convective cells within
frontal systems can induce intensities of up to 40 mm/h with convection
mainly occurring during the summer months from June to September
(Dyrrdal et al., 2016; Poschlod et al., 2018). Hence, the precipitation
amounts and intensities vary significantly within the study area
depending on the types of precipitation systems and the orographic
exposure.

The range in annual mean air temperature in southern Norway is
mainly governed by the distance to the sea as well as the altitude
(Hanssen-Bauer et al., 2015). Due to the heat content of the ocean, the
mean temperatures are quite mild despite the high latitudes (Tjelta and
Mamen, 2014). In southern Norway, they range from —6 °C in the
mountainous areas up to 8 °C at the coasts (Hanssen-Bauer et al., 2015).
Soil moisture in southern Norway follows a weak seasonal cycle with
averages around 0.3 m3/m3 (Pan et al., 2019) according to remote
sensing products (ESA Soil Moisture CCI; Gruber et al., 2019) as well as
reanalysis data (ERA-INTERIM; Dee et al., 2011). During winter and
spring (December to May) soil moisture is slightly lower than in summer
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Fig. 1. (a) Location of the study area over southern Norway. (b) Elevation of the study area.
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and autumn (Naz et al., 2019).
2.2. Data

The single model initial-condition large ensemble (SMILE), which is
used for this study, was developed within the ClimEx project (Climate
change and hydrological extreme events — risks and perspectives for
water management in Bavaria and Québec) and is referred to as CRCM5-
LE. For this dataset, 50 members of the global Canadian Earth System
Model (CanESM2) initial-condition large ensemble following the high
emission pathway (Representative Concentration Pathway: RCP 8.5)
were dynamically downscaled with the Canadian Regional Climate
Model (CRCMS5) using the EURO-CORDEX grid specifications (0.11°
horizontal resolution) for transient runs from 1950 to 2099, resulting in
7500 years of historic and future climates (50 x 150 years). The Cana-
dian Land Surface Scheme (CLASS, version 3.5; Verseghy, 1991, 2009) is
implemented within the CRCMS5 setup for the simulation of energy and
water fluxes at the surface. CLASS 3.5 allows for a flexible number of soil
layers and depth of the layers (Martynov et al., 2013). CLASS integrates
the energy and water balances of the land surface forward in time,
making use of atmospheric forcing data by the CRCM5 to drive the
simulation (Verseghy, 2009). As the simulations are coupled with the
CRCMB5, the output of surface energy and water fluxes within the CLASS
model is passed back to the CRCM5 at each time step. The default
configuration of CLASS has been modified applying the ECOCLIMAP
formula for bare soil albedo (Masson et al., 2003) and calculating the
snow thermal conductivity following Sturm et al. (1997). The total soil
moisture content (kg/m?) and surface snow amount (kg/m?) are pro-
vided at daily resolution. The model has been successfully applied to
simulate soil moisture (Bartlett et al., 2003) and snow amount (Bartlett
et al., 2006; Brown et al., 2006; Rutter et al., 2009). Due to the limited
data availability for soil moisture and snowmelt, an additional evalua-
tion of the model performance based on specific past events is provided
in the Supplementary Material.

The detailed setup of the process chain as well as validation with E-
OBS data can be found in Leduc et al. (2019) and a comparison to the
EURO-CORDEX ensemble is given in von Trentini et al. (2019). The
comparison to the E-OBS data for the period between 1980 and 2012
over the whole European domain reveals temperature biases between
—2°C and +2 °C, whereby systematic warm deviations occur mainly in
the mountainous regions due to the underrepresentation of the high
elevation. For precipitation, the CRCM5 shows a wet bias of 1-2 mm/d,
with locally higher biases at the west coasts of most European countries
(Leduc et al., 2019).

The domain over southern Norway features 52 x 49 = 2548 grid
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cells, of which 1722 are on land. For this study, apart from validation of
air temperature and precipitation, only land grid cells are considered.
The time periods of 1980-2009 as well as 2070-2099 are examined as
reference and far future periods, respectively.

To validate the simulations of the CRCM5-LE at the regional scale,
gridded observational data of precipitation and air temperature in 2 m
height are compared with the climate model data during the 30-year
time period between 1980 and 2009. Validation is performed against
the 1 km resolution seNorge2 data set (Lussana and Tveito, 2017; Lus-
sana et al., 2018), which is first resampled to the CRCM5-LE grid (0.11°,
equaling around 12 km). The mean annual precipitation totals of the
seNorge2 dataset between 1980 and 2009 as well as the median of the
mean annual precipitation totals of the 50 members of the CRCM5-LE
are shown in Fig. 2. The CRCMS5-LE is able to reproduce the observed
spatial patterns of annual precipitation with the highest totals near the
west coast (around 50 km towards the inner country) and the smallest
totals at 62° N, 8 — 9° E. The areal average of the bias of annual pre-
cipitation amounts to +45% for the study area. The spatially distributed
precipitation bias is presented in Fig. 3a.

In the seNorge2 data undercatch has not been corrected (Lussana
et al.,, 2018). Hence, the data of the rain gauges contain the usual
measurement errors of pluviometers resulting from splashing drops,
evaporation, wetting and wind effects (Westra et al., 2014). All these
factors lead to an undercatch of precipitation. Dyrrdal et al. (2018) as-
sume a total undercatch of up to 10% for liquid precipitation in Norway.
The wind-induced measurement errors regarding solid precipitation can
be much higher. Kochendorfer et al. (2017) have found a systematic
undercatch of 27% for a Norwegian site. Additionally to the measure-
ment errors, the spatial distribution of the measuring stations is inho-
mogeneous with regard to the terrain height as the majority of the
measuring stations are located at low altitudes. This leads to an under-
estimation of (mainly orographically enhanced) precipitation at eleva-
tions above 1000 m a.s.l. For comparison, the evaluation of the
EURO-CORDEX ensemble against the 0.25° spatial resolution E-OBS
dataset for the period 1989-2008 reveals a precipitation bias of 25%
averaged over the whole of Scandinavia (Kotlarski et al., 2014). In
particular, the regional climate models of EURO-CORDEX have much
larger biases over the Norwegian west coast, which are comparable to
the results of the CRCM5-LE.

The mean annual temperature of the seNorge2 dataset and the me-
dian of the annual mean temperature of the 50 CRCM5-LE members are
shown in Fig. 4. The CRCM5-LE generally reproduces the spatial pattern
over the study area, underestimating the air temperature over the
mountains and slightly overestimating in the southeast. The areal
average of the temperature bias amounts to —0.20 °C. The spatially
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Fig. 2. (a) Annual mean precipitation 1980-2009 of the seNorge2 dataset resampled to the CRCM5-LE grid. (b) Annual mean precipitation of the median of the 50

members of the CRCM5-LE.
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Fig. 3. (a) Bias of the annual mean precipitation of the median of the 50 members of the CRCM5-LE compared to the seNorge2 dataset in 1980-2009. (b) Bias of the

air temperature in 2 m height.
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Fig. 4. (a) Annual mean air temperature in 2 m height 1980-2009 of the seNorge2 dataset resampled to the CRCM5-LE grid. (b) Annual mean air temperature of the

median of the 50 members of the CRCM5-LE.

distributed bias is presented in Fig. 3b. For comparison, the evaluation
of the EURO-CORDEX ensemble against the E-OBS data shows an annual
temperature bias of —0.35 °C over Scandinavia (Kotlarski et al., 2014).
We conclude that the CRCM5-LE performs sufficiently well at repro-
ducing the spatial distribution of precipitation and temperature and that
the data are suitable for analyzing the southern Norwegian climate in
more detail.

2.3. Methods

Because of the uncertainties due to the biases regarding precipitation
and temperature, compound events in the CRCM5-LE cannot be defined
by absolute thresholds derived from observations. The bias of precipi-
tation and temperature can be corrected if the deviations are not caused
by major model errors (Maraun et al., 2017), but would require multi-
variate bias correction if compound events are to be captured adequately
(Zscheischler et al., 2019). Furthermore, for this study, variables apart
from precipitation and air temperature will be used, which cannot be
bias corrected due to the lack of observations, for instance soil moisture
and surface snow amount. We therefore apply a quantile-based
approach to investigate the occurrence of compound events. Due to
the very low compound exceedance of very high or low quantiles,

typically very long time series are required to obtain a sufficiently high
number of events for robust statistical analysis (Zscheischler and Sen-
eviratne, 2017). Here we have such conditions by using the CRCM5-LE
with its 50 members, delivering a database of 1500 years of climate
simulations for each 30-year period respectively.

We choose the 98th percentile Pog for each process contributing to
the respective compound event based on the following considerations:
The 98th percentile threshold includes the most extreme events in the
far tail of the distribution, which are expected to cause the most severe
damages, but it includes also relatively moderate extremes, which are
impact-relevant as well (Martius et al., 2016; Zhang et al., 2011). Using
the data from the CRCM5-LE, this threshold provides a sufficiently large
number of samples for a robust statistical assessment of compound
events (Schar et al., 2016).

The Pgg is calculated for each grid cell separately on the basis of the
daily data and the respective time period including all 50 members of
the CRCM5-LE. The daily sum of liquid precipitation is directly retrieved
from the CRCM5-LE variable for each day d, whereas the soil moisture
content of the previous day d — 1 is gathered from the CRCMS5-LE to
account for the soil state before the heavy precipitation event. Given that
Norway is not in a dry or transitional climate, the soil is assumed to be
very moist or saturated if Pog is exceeded. To estimate the amount of
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melting snow for each grid cell at day d, we calculated the difference of
surface snow amount on day d — 1 and d+ 1. We define two types of
compound events. (1) The SES event is assumed to occur when liquid
precipitation and soil moisture exceed their respective Pgg. (2) The
occurrence of the ROS event is defined by liquid precipitation and
snowmelt exceeding their respective Pog. Being based on percentiles, the
approach is insensitive to any bias in the variable means. The definition
of ROS events based on a daily resolved analysis has also been applied by
Musselman et al. (2018).

If both processes were independent, the probability of a simulta-
neous occurrence would be 0.02 - 0.02 = 0.0004, or 0.04%. In order to
test whether both processes are significantly positively dependent, an
independent reference dataset is created for each raster cell. For this, the
values for one process variable (liquid precipitation) are randomly
shuffled 1000 times and the occurrence probability for the compound
event is calculated. A two-sample t-test with 1% significance level is then
applied to test whether the re-sampled probability distribution and the
original probability distribution of the CRCM5-LE 50 member ensemble
originate from the same population. A statistical test with significance
level o at n locations would yield n-a locations on average, where the
null hypothesis is erroneously rejected, also called false positives
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(Ventura et al., 2004). In our case, even the strict significance level of 1%
would lead to 0.01-1722 = 17.22 false positives on average. We there-
fore correct the false discovery rate (FDR) (Benjamini and Hochberg,
1995) following Wilks (2016). More specifically, we reject Hy at all lo-
cations i for which p; < pppr, where

. i
Pror :iglaxn{z 1Py S Arpr - (;) }7

with py,i=1,...,n as the p-values of the statistical test sorted in
ascending order, pg) = 0, and amppr = 2-a = 0.02 (Ventura et al., 2004;
Wilks, 2016). If the distributions do not originate from the same popu-
lation and the average probability of occurrence in the CRCM5-LE is
higher than in the independent reference data, it is assumed that both
processes are positively dependent.

The comparison of the resulting probabilities of compound event
occurrence between the present day and the far future period will be
carried out in two ways: (1) The 98th percentile of the reference period
(1980-2009) Pog s is used as threshold for the future period and (2) the
98th percentile is re-calculated for the data of the future period (Pog fi)-
The latter variant is a “real” percentile-based method, whereas the first
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Fig. 5. (a) Occurrence probability of SES events in the reference period 1980-2009 calculated with the median of the 50 members of the CRCM5-LE and applying
Pog ref. Crosses denote regions where the underlying processes are significantly positively dependent (p; < prpr). (b) Occurrence probability of SES events in the far
future period 2070-2099 calculated with the median of the 50 members of the CRCM5-LE and applying Pog . (c) Change of the occurrence probability of SES events
between the reference period and far future period. Crosses denote regions where the change is significant (p; < pppr). (d) Occurrence probability of SES events the
far future period 2070-2099 calculated with the median of the 50 members of the CRCMS5-LE and applying Pgg ;. Crosses denote regions where the underlying

processes are significantly positively dependent (p; < prpr).
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way can be classified as threshold-based (see Schar et al., 2016). The real
percentile-based method investigates if the dependence between the two
contributing processes will change in the future, whereas the
threshold-based method is reflecting the climate change induced trends
of the underlying processes (Bevacqua et al., 2019).

3. Results
3.1. Heavy rainfall on saturated soil during summer (SES)

The daily probability of occurrence of SES events during June—Sep-
tember shows a clear spatial pattern for the 30-year reference period
1980-2009 (Fig. 5a). Near the coastlines (i.e. up to 50 km inland), the
number of compound events is higher than in the rest of the domain. In
these areas, the underlying processes are positively dependent, whereas
in large parts of the study area, in particular in the Scandinavian
Mountains and the eastern inner country, no significant dependence is
detected. The areal average of the occurrence probability is 0.041%. The
sum of the areal mean of liquid precipitation of the median of the 50
members amounts to 504 mm.

For the analysis applying Pog s in the far future, a similar spatial
pattern of the SES probability is found, whereby the zone of high
probability at the west coast expands inland by up to 70 km (Fig. 5b).
Overall, the occurrence probability of SES events increases by 38.3% to
0.056% averaged over the domain. Apart from a decrease in the western
areas of the Scandinavian Mountains, the probability of SES events
significantly increases in the western parts of the study area, whereby
the biggest rise is found in the northwest (Fig. 5¢). For large parts in the
east and south, no significant changes in the SES frequency can be
detected. In the far future of 2070-2099, there is only little change in the
amount of rainfall during summer with a total of 526 mm (+4.2%) and a
slight decrease of soil moisture (—4.0%) due to more evapotranspiration
because of higher temperatures. A strong underlying trend in the fre-
quency of intense precipitation significantly increases the number of
rainfall events exceeding Pog s by 45.2%.

Applying Pog s, the spatial pattern of SES probability (Fig. 5d) is
similar to the pattern of Fig. 5a except for an increase of compound
events in the northern mountains. Overall, the occurrence probability
changes in comparison to the previous method (compare Fig. 5d and b).
Not only the frequency of heavy rainfall changes, but also the intensity
itself, which is why Pgg s, for daily rainfall in the future period increases
by 15.3% averaged over the domain. The areal average of the occur-
rence probability of SES events amounts to 0.036%, which means that
this average decreases slightly compared to the reference period
(0.041%). The recalculation of the percentiles based on 2070-2099
(Pog fue) excludes climate change effects on the contributing variables
such as more intense precipitation and decreased soil moisture.
Comparing Fig. 5a and d therefore highlights changes related to the
(temporal) dependence of both contributing processes. Overall, this
dependence decreases slightly in large areas at the southern coast and
the southeast, resulting in less grid cells where compound events occur
due to significant positive dependence of the underlying processes.

In conclusion, the probability of SES events defined by the threshold
calculated with the meteorological and soil hydrological conditions of
the reference period (Pogry) will increase until 2070-2099 as areal
average. The regions with significant increase are located in the west of
the study area. The application of Pog ,, Shows only small changes in the
probability of occurrence for a major part of the study area. Therefore,
we assume that the dependence structure between precipitation and soil
moisture does not change significantly compared to the reference
period. Hence, we conclude that the changes in Fig. 5b result mainly
from the univariate trends in precipitation and soil moisture,
respectively.
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3.2. Heavy rainfall and snow-melt (ROS)

The daily occurrence probability of ROS events is presented in
Fig. 6a. Again, there is a strong spatial inhomogeneity with a high
number of events near the west coast, the luv side of the Scandinavian
Mountains, the Oslofjord and the Swedish west coast, whereas other
areas have a very low probability of ROS events. Heavy rainfall in the
western and coastal areas is mainly governed by large frontal systems
coming from the ocean, which happens throughout the year. Heavy
rainfall events in the south of the inner country are more often caused by
convective systems during the summer. Hence, the probability of heavy
rainfall to occur as amplifier of snowmelt is much higher in the western
parts of the area, whereas snowmelting processes in the inner country
are often triggered by rising air temperature, which can also cause se-
vere floods (Berghuijs et al., 2019; Rossler et al., 2014). Though, we
have to recall that the absolute height of Pgg for snowmelt is significantly
lower at the west coast than in the inner country. The average occur-
rence probability for the entire domain is 0.037%, which means that the
co-occurrence of the processes heavy precipitation and snowmelt is on
average slightly less likely than if both processes were totally
independent.

Applying Pog s on the future period, the spatial distribution changes
completely for the Norwegian west coast, and the number of ROS events
decreases almost to zero (Fig. 6b). The mountainous regions, some parts
of the northern west coast (1-2 grid cells towards the inner country) and
the coastal areas around the Oslofjord still show increased probability of
ROS events. The strong and significant decrease (see Fig. 6¢) is driven by
a strong decrease in mean surface snow amount (—59.2%) due to higher
temperatures. At the west coast, winter temperatures are above 0 °C for
2070-2099. This effect cannot be fully compensated by the increase of
heavy liquid precipitation frequency and intensity. The annual average
of liquid precipitation rises from 1117 mm to 1542 mm for the study
area, and the number of rainfall events greater than Pog s increases by
78.3%. Consequently, the areal average of ROS occurrence probability
decreases by 47.7% to 0.019%.

The application of Pgg gy, for the future period leads to a different
result (Fig. 6d). The spatial pattern is again similar to the pattern from
Fig. 6a, except for the increased number of ROS events near the west
coast being 1-2 grid cells offset towards the inner country. Due to the
decrease in surface snow amount, Pog s, decreases by 32.0% for snow-
melt. The 98th percentile for liquid precipitation increases by 25.7% on
average. The areal mean of the daily occurrence probability amounts to
0.033%.

In summary, the frequency of ROS events exceeding Pog s will
become significantly lower in the future mainly due to strong decreases
of ROS events in the coastal areas. The areal average of ROS event
probability for the recalculated Pogys, remains on a similar level and
shows a spatial distribution analogous to that of the reference period.

3.3. The effect of internal variability

The spread of the ensemble distribution can be expressed via the
standard deviation (SD). The areal average of the SD for SES event
probability increases from 0.030% during the reference period to
0.037% for the far future. For ROS event probability, the areal average
of the SD decreases from 0.012% to 0.010%. In order to illustrate this
internal variability, the ensemble members with the lowest and highest
areal average of occurrence probabilities during the far future period are
presented for SES and ROS events in Fig. 7. The lowest occurrence
probability for SES events features a similar spatial pattern compared to
the median (see Figs. 7a and 5b), whereby the highest SES event fre-
quency is still found near the west coast. The areal average of the SES
occurrence probability amounts to 0.022%, which is 46% lower than the
probability of the median of the 50 ensemble members. The most
extreme ensemble member shows a totally different spatial distribution
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Fig. 6. (a) Occurrence probability of ROS events in the reference period 1980-2009 calculated with the median of the 50 members of the CRCM5-LE and applying
Pog rof. Crosses denote regions where the underlying processes are significantly positively dependent (p; < prpr). (b) Occurrence probability of ROS events in the far
future period 2070-2099 calculated with the median of the 50 members of the CRCMS5-LE and applying Pog . (¢) Change of the occurrence probability of ROS events
between the reference period and far future period. Crosses denote regions where the change is significant (p; < prpr). (d) Occurrence probability of ROS events in the
far future period 2070-2099 calculated with the median of the 50 members of the CRCM5-LE and applying Pgg . Crosses denote regions where the underlying

processes are significantly positively dependent (p; < pgpr)-

with high SES event frequency at the west coast, but also in the south
and east of the study area (see Fig. 7b), resulting in an areal average of
0.087% SES occurrence probability. This is 115% higher than the me-
dian probability. The high variability is only partly driven by the vari-
ability in the intensity of both contributing variables. The rainfall totals
(496 mm and 554 mm; see Fig. 8a) as well as the exceedances of the
Pog s for liquid precipitation (96 and 114 exceedances within four
months of 30 years) differ moderately for both ensemble members. The
areal average of soil moisture varies between 805 kg/m? and 823 kg/m?
(see Fig. 8b), whereby 30 and 37 exceedances of the Pog .y for soil
moisture are simulated, respectively. Hence, the wide range of occur-
rence probabilities for SES events is mainly governed by the variability
in temporal coincidence.

For the ROS event, both members with the lowest and highest event
probability are presented in Fig. 7c and d. In comparison to the median
of all 50 members, these two members, which represent the upper and
lower boundaries of the ensemble, show a smaller variability than the
SES events. The respective areal averages amount to 0.0151% and
0.0279%, which are 21% lower and 45% higher than the median
probability. Also the spatial distribution of these extreme members as
well as the median resemble each other. High ROS event probability is

found at the northern west coast, the western flank of the Scandinavian
Mountains and around the Oslofjord. The member with the highest ROS
event frequency (Fig. 7d) also shows a high event probability in the
center and northeast of the study area. The rainfall totals of both
members do not differ much (1496 mm and 1548 mm; see Fig. 8c) nor do
the number of exceedances of the Pog s (377 and 396). The amount of
snowmelt shows little variation with 425 mm and 440 mm (see Fig. 8d)
as well as the number of exceedances of the 98th percentile (65 and 71).
Therefore, the variability of ROS occurrence probability is also mainly
driven by the variability in temporal co-occurrence of rainfall and
snowmelt. Hence, we conclude that the internal variability of SES and
ROS events occurring is much higher than the variability in the intensity
of the driving processes.

4. Discussion

Heavy rainfall on already saturated or very moist soil is rarely dis-
cussed in studies that investigate the impact of climate change on flood-
generating processes over Scandinavia. Several studies differentiate
between rainfall-driven, snowmelt-driven or rainfall and snowmelt-
driven floods. The latter category corresponds to the ROS event
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Fig. 7. Ensemble members with the most extreme compound event occurrence probabilities during the far future. (a) Occurrence probability of SES events in the far
future period 2070-2099 calculated with the single member number 3 of the CRCMS5-LE and applying Pog res. (b) Occurrence probability of SES events in the far future
period 2070-2099 calculated with the single member number 11 of the CRCM5-LE and applying Pog . (c) Occurrence probability of ROS events in the far future
period 2070-2099 calculated with the single member number 21 of the CRCM5-LE and applying Pog r.s. (d) Occurrence probability of ROS events in the far future
period 2070-2099 calculated with the single member number 48 of the CRCMS5-LE and applying Pog .

Liquid precipitation (mm)

a) SES
560 - max
SES
540
520
| min
500 SES

Soil moisture (kg/m2)

b) SES

max
820 A SES
815 -
810 -

min
805 SES
800 H

8

¢) ROS d) ROS
= 1600
= = 460 1
~ 15751 IS
s max w 4507
= 1550 ROS = max
2 2 440 ROS
'S 1525 T
I ; € 430 min
o 1500 ROE 2 ROS
Fl & 4201
-5 1475

410

Fig. 8. Areal mean of (a) liquid precipitation and (b) soil moisture during June to September of the far future period (2070-2099) and areal mean of (c) liquid
precipitation and (d) snowmelt of the far future period (2070-2099). The boxplots show the range over the 50 members of the CRCM5-LE, whereby the two members
with maximum/minimum SES (a,b) and ROS (c,d) occurrence probability, respectively (Fig. 7), are marked as blue squares. The whiskers extend up to a maximum of
one and a half times the interquartile range, and all values beyond this range are regarded as outliers (marked as a black circle). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

introduced in this study, whereas flood-causing SES events are included
in the category of rainfall-driven events, but represent only a subset of

these events.

Therefore, we can only compare the impact of climate change on the

two driving processes to the outcome of other studies. Generally, soil
moisture in Norway is expected to decrease until 2100 (Hanssen-Bauer
et al., 2015). For the Glomma catchment, which covers big parts of
southeastern Norway, soil moisture during 15 May - 15 October is found
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to decrease moderately until 2070-2099, whereby precipitation stays on
a similar level (Wong et al., 2011). This experiment was carried out
using two different GCMs (ECHAM4 and HadCM3) under the Special
Report on Emissions Scenarios (SRES) A2 and B2. The change of rainfall
totals during June, July and August over southern Norway is estimated
to be between —5% and +15% within the EURO-CORDEX ensemble
under the RCP 8.5 scenario, whereby heavy precipitation is found to
increase by 15-25% (Jacob et al., 2014). These findings regarding soil
moisture and precipitation during summer are consistent with the trends
discovered in this study.

Regarding the change of ROS event frequency until the far future
under RCP 8.5, similar results have been found for other mountainous
regions, for instance by Musselman et al. (2018) for western North
America. They discovered a significant decrease of ROS event frequency
at coastal areas and lower elevations due to snowpack declines. At
higher elevations with seasonally persisting snowcover, ROS is found to
become more frequent due to a shift from snowfall to rain. Though, their
study applies lower thresholds to define ROS events with rainfall greater
than 10 mm/d and snowmelt greater than 2 mm/d. Benestad and
Haugen (2007) investigated the occurrence of heavy rainfall together
with snowmelt in Norway based on 50 km resolution HIRHAM simula-
tions from 1980 to 1999 and 2030-2049. They focused only on spring
time temperature and precipitation and assumed the snow amount to be
constant between the two time periods. They found that spring time
floods due to concurrent rainfall and snowmelt will increase in the
future because of rising temperatures and increasing spring-time pre-
cipitation. We also find rising temperatures and precipitation during
spring, but our findings regarding ROS events challenge the results of
Benestad and Haugen (2007) since a stable surface snow amount is an
unrealistic assumption with continuous warming. In the CRCM5-LE, the
mean snow surface amount averaged over the study area until
2070-2099 decreases by 59.2% in comparison to 1980-2009 for the
median of the 50 ensemble members.

Also, Pall et al. (2019) find a negative trend of ROS event frequency
in historical observational data (1961-2010), whereby Vormoor et al.
(2016) state that the importance of snowmelt as flood driver decreased
between 1962 and 2012. This trend is found to continue within the
CRCM5-LE simulations, as the areal average of the ratio of Pog of
snowmelt divided by Pgg of liquid precipitation almost decreases to half
(Fig. 9). Several hydrological studies report the decreasing importance
of snowmelt as flood driver in the far future as well, whereas increasing
rainfall totals and intensities lead to higher flood magnitudes in
rainfall-driven catchments (Lawrence and Hisdal, 2011; Madsen et al.,
2014; Rojas et al., 2012; Vormoor et al., 2015). Therefore, our findings
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regarding future trends tie in with the results of these studies on past,
present and future climate change induced trends.

In our analysis, the ROS and SES events are defined by the respective
meteorological and hydrological drivers exceeding the 98th percentile.
Zscheischler et al. (2018) propose that the investigation of compound
events should focus on the impact rather than on the drivers, which
would mean in our case that the change in frequency, intensity and
extent of the floods resulting from ROS and SES events should be
assessed. Implementing this focus within the framework of SMILE is a
computationally expensive and labor-intensive task. Although out of
scope for the present study, within the ClimEx project, it is planned to
apply bias adjustment and further spatial downscaling to all 50 members
of the climate simulations of the CRCM5-LE in order to run a hydro-
logical impact model over Bavaria and Québec (Leduc et al., 2019).

As with all analyses based on climate simulations, there are un-
certainties within this study as well. Generally, the overall uncertainty of
climate projections can be addressed to three different sources: (1)
scenario uncertainty arising from the fact that future emissions are un-
known, (2) model or response uncertainty, as different models yield
different climate simulations though driven by the same radiative
forcing and (3) internal or natural variability, which is caused by non-
linear dynamical processes intrinsic to the atmosphere (Deser et al.,
2012; Hawkins and Sutton, 2009; von Trentini et al., 2019). A SMILE
such as the CRCM5-LE does not address scenario or model/response
uncertainties as only one set of global circulation model (GCM: Can-
ESM2), regional climate model (RCM: CRCM5) and emission pathway
(RCP 8.5) is used (Leduc et al., 2019). Nonetheless, the large ensemble
size of 50 members offers a broad database of 50 equally probable
climate simulations, which differ only due to the internal variability of
the climate system (Deser et al., 2012). This enables a robust estimate of
the occurrence probability of very rare events such as compound events
under the assumptions of the chosen emission scenario and the
model-internal representation of the physical processes within the RCM
and GCM. Though one has to keep in mind that the numerical analysis of
occurrence probabilities in section 3 is based on the median representing
only the center of the ensemble, whereas single members at the edges of
the ensemble distribution feature more extreme scenarios.

To better understand the role of internal variability and also extreme
events in current climate projections, several SMILE experiments were
set up in the last years (Leduc et al., 2019; Aalbers et al., 2018; Addor
and Fischer, 2015). They are a particularly powerful tool for the inves-
tigation of compound events. Continuous advances in computational
speed allow to run an unprecedented size of ensemble members. For
instance, the simulations of the Grand Ensemble of the MPI-ESM have
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Fig. 9. (a) Ratio of the Pog s of snowmelt/ Pog s of liquid precipitation for the reference period as relative indicator for the importance as flood driver (Fassnacht
and Records, 2015) (b) Ratio of the Pgg g, of snowmelt/ Pog g, of liquid precipitation for the far future period.
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been recently completed, which include 100 ensemble members for the
historical time period and four different emission scenarios (Maher
et al,, 2019). Therefore, scenario uncertainty can be addressed in
addition to the internal variability of the 100 members though the
broader spatial resolution of GCMs is not suitable for research questions
that relate to features of a regional climate and topography (Giorgi et al.,
2016; Prein et al., 2016). The dynamical downscaling of the CanESM2
runs by CRCM5-LE with a final resolution of 0.11° allows a represen-
tation of the topography to map mesoscale processes such as orographic
precipitation. Especially for the complex topography and different pre-
cipitation types over Scandinavia, Heikkila et al. (2011) and Mayer et al.
(2015) emphasize the value added by dynamical downscaling and
spatial resolutions of 10 km and 8 km, respectively. Though, even higher
resolutions are recommended by Barstad and Caroletti (2013) and
Poschlod et al. (2018) to recreate topographical features on a local scale
and explicitly resolve convectional processes. Within the CRCM5-LE
convection is parameterized as the physical processes leading to
shallow convection can only sufficiently be resolved at resolutions of 4
km or less (Prein et al., 2015; Tabari et al., 2016).

5. Conclusion

We apply a quantile-based analysis on two compound events (heavy
rainfall on saturated soil during summer (SES) and concurrent heavy
rainfall and snowmelt (ROS)) in southern Norway using data from the
single model initial condition large ensemble CRCM5-LE. This analysis
illustrates the impact of a changing climate on the frequency and spatial
distribution of those events. The occurrence probability of heavy rainfall
events on very moist soil increases by 38% from 1980 to 2009 to
2070-2099, whereas the frequency of ROS events decreases by 48% for
the whole study area in a high emission scenario (RCP 8.5). Applying a
regional climate model large ensemble with 0.11° resolution enables the
representation of topographical features and investigation of (hydro-)
meteorological processes at finer spatial scales than are typically avail-
able in global climate models. Hence, spatial patterns and in-
homogeneity relating to regional features and processes could be
mapped. The regions with high occurrence probability for SES events are
located at the Norwegian west coast. Until 2070-2099, these regions
expand towards the inner country, whereby the zone with the highest
probability is found in the northwest. Despite the strong decrease in ROS
event probability over most of the study region due to a reduction in
snowfall, there are still areas of high event frequency in the far future.
These areas are located mainly on the western flanks of the Scandinavian
Mountains, but also at the northwestern coast and around the Oslofjord.
The importance of these three drivers of compound floods will shift
towards a flood regime less governed by snowmelt, but increasingly
triggered by heavy rainfall and saturation excess. Using a large ensemble
with 50 members leads to a sufficiently high number of events with very
rare occurrence probabilities. Therefore, the analysis results in statisti-
cally robust estimations of event probabilities and alterations of these
probabilities due to climate change. We show that for single ensemble
members, the occurrence probabilities of especially SES events, but also
ROS events vary greatly. We attribute this variation to the variability in
the timing of the co-occurrence of the contributing processes, which is
found to be governed by the internal variability of the climate system.
Therefore, a large ensemble size is required to assess the occurrence
probability. A similar approach can be applied to examine other types of
compound events and how climate change affects their occurrence.
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