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ABSTRACT

The increased risk of flooding due to global warming and subsequent heavy rainfall events in the Nordic-Baltic region, call for recommendations directed at long-term
planning. One example of such recommendations are climate change allowances. These are often based on expected changes in design precipitation as given by
climate model simulations, and are used as a buffer on top of current design values to avoid a future increased damage potential as a consequence of climate change.
We here compute expected changes in precipitation design values, so-called climate factors (CFs), for the Nordic-Baltic region, based on 3 km convection permitting
simulations from the Nordic Convection Permitting Climate Projections project. These have the advantage of explicitly resolving convection, which has been shown
to be the main contributor to increased rainfall. We assess the dependence of the CFs on rainfall duration, return period, and geographical location, focusing on the
summer (convective) season, short durations and the high emission scenario RCP8.5. We also compare these CFs to those computed from a non-convection permitting
regional climate model ensemble.

We found higher CFs for the longer return period, with only few exceptions, and distinctly higher CFs going from daily to sub-daily durations. However, the
different simulations give conflicting results for very short-duration rainfall (<3 h). The huge difference in the climate sensitivity of driving GCMs dominates the
magnitude of estimated return levels. Our analysis is shaped by the high computational costs of running convection permitting models, resulting in a very limited
ensemble (3 members) representing a single emission scenario (RCP8.5). Therefore, we believe that combining results from convection permitting simulations with a
larger ensemble (21 members) of non-convection permitting simulations adds value to the assessment of robust climate change allowances for heavy precipitation in
the Nordic-Baltic region.

1. Introduction average recurrence interval in years of a certain event. To describe how

expected future changes in precipitation may affect design values,

Climatic changes lead to increased heavy precipitation and subse-
quent pluvial flooding and landslides due to overloading of e.g. urban
water infrastructure (Willems et al., 2012). Societies in general, and
urban planners and water engineers in particular, need to be informed
about the size of these changes in order to develop policies and best
practices to manage the enhanced risk associated with more intense and
more frequent rainfall (Madsen et al., 2018). Precipitation design values
are most often estimated as a function of a return period, indicating the
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so-called “climate factors” for heavy rainfall may be computed (Arnb-
jerg-Nielsen, 2012). A climate factor (CF) is defined as the relative
change in design values, in our case for precipitation, between a past and
a future climate period. Some Nordic countries have implemented rec-
ommendations for the design of infrastructure and long-term planning
based on climate factors, often referred to as climate change allowance.
In Finland a general climate change allowance of 1,20 is suggested
(Kuntaliitto, 2012), in Sweden 1,20-1,25 is recommended depending on
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the duration of the intensity considered (Svenskt Vatten, 2016), in
Norway 1,30-1,50 is recommended depending on duration and return
period (Sorteberg et al., 2018; klimaservicesenter. no), and in Denmark
1,20-1,40 is recommended depending on the return period (Spilde-
vandskomiteen, 2014). All of these recommendations are based on
Regional Climate Models (RCMs) with a spatial resolution of 10-25 km
or Global Climate Models (GCMs) of coarser resolution, except for a few
RCM simulations in Denmark using a spatial resolution of 6 km. To this
date, the Baltic countries do not recommend the use of climate change
allowances. In this paper we study expected future changes in heavy
precipitation over the entire Nordic-Baltic region, as given by a novel set
of high resolution climate model simulations.

In the Nordic-Baltic region, an increase in annual maxima of both
daily (Dyrrdal et al., 2021) and sub-daily (Olsson et al., 2022; Tamm
et al., 2023) precipitation has been observed during the last decades and
for the daily duration also changes in seasonal occurrences were
observed. Global and regional climate models indicate that these
changes in seasonality will continue into the future (Marelle et al., 2018;
Christensen et al., 2022). Myhre et al. (2019) indicate that the increase
in total precipitation is mainly explained by an increase in the frequency
of heavy precipitation events, and that the increase of mean intensity is
less significant. Others have found a pronounced intensification in heavy
precipitation events (e.g. Fischer and Knutti, 2014; Benestad et al.,
2019). In Benestad et al. (2022), the spatial extent of individual pre-
cipitation systems over the globe was shown to have decreased while
becoming more intense throughout the period 1950-2020, suggesting
an acceleration of the rate of the global hydrological cycle. This, in turn,
indicates a transition to more intense small-scale precipitation events.
Conflicting conclusions are brought forward by Matte et al. (2022) when
studying future precipitation events from regional climate simulations.
They found that larger systems become more frequent and larger, while
smaller systems become less frequent.

According to the most recent assessment report (AR6) from the
Intergovernmental Panel on Climate Change (IPCC) human-induced
climate change is likely the main driver of recent past increases in
heavy precipitation, and they state that under additional global warm-
ing more intense and frequent heavy precipitation events are very likely
in most regions (IPCC et al., 2021). Northern Europe is, according to this
report, among the regions with the most confident precipitation in-
crease. Fisher and Knutti (2016) point out that the response of precipi-
tation to increased greenhouse gas concentrations and consequent
warming is complex, and different rainfall intensities often respond
differently to warming. Sillmann et al. (2019) also showed that the ex-
tremes respond differently depending on the climate driver (e.g.
greenhouse gasses vs. aerosols).

Many studies have shown that short-duration, high-intensity events,
often resulting from convection, increase more as the atmosphere
warms, compared to lower intensity events (Fowler et al., 2021; Hod-
nebrog et al., 2019; Myhre et al., 2019). Such convective events are often
local and fast evolving, and traditional Regional Climate Models at
scales of 10 km or more cannot resolve this behavior explicitly (Westra
etal., 2014). Instead so-called convection permitting (CP) models with a
spatial scale of a few kilometers are suggested (e.g. Prein et al., 2015;
Kendon et al., 2017; Ban et al., 2021). CP models applied at 1-4 km grid
spacing have in many cases proven to give added value compared to
coarser-scale models (Lind et al., 2020; Lucas-Picher et al., 2021; Olsson
et al., 2021). The Nordic Convection Permitting Climate Projections
project (NorCP; Lind et al., 2020) uses the HARMONIE-Climate regional
climate model, cycle 38 (HCLIM38), to run at a convection-permitting
scale of 3 km grid spacing over Northern Europe, with an intermediate
nesting step at 12 km grid spacing (Belusic et al., 2020). According to
Lind et al. (2020), the 3 km simulations strongly improve the repre-
sentation of precipitation compared to the 12 km simulations, mostly
through reduced “drizzle” and more frequent high intensity events. In a
reanalysis study Médus et al. (2022) found that HCLIM38 well repre-
sents daily heavy precipitation amounts and frequencies, as well as daily
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return levels over the Nordic region. Further, the 3 km simulation is able
to capture the most intense hourly precipitation events and their fre-
quency with a slight overestimation, while these are underestimated at
12 km.

Within the NorCP project, two GCMs were dynamically downscaled
with HCLIM38 to 12 km and 3 km. The two GCMs; EC-EARTH (Haze-
leger et al., 2011) and GFDL-CM3 (hereby GFDL; Griffies et al., 2011;
Donner et al., 2011) were selected to cover a spread from medium to
large climate change response in terms of temperature, respectively
(Lind et al., 2022). Due to the high computational costs of running a
climate model at a spatial resolution of 3 km covering the whole of
Fennoscandia, the downscaling is limited to three 20-year time slices;
1986-2005, 2041-2060 and 2081-2100, and to the high emission sce-
nario RCP8.5 (both GCMs) and the medium emission scenario RCP4.5
(only one GCM). Lind et al. (2022) studied climate change over Fen-
noscandia as projected by these NorCP simulations. They found that the
warmer and wetter climate conditions simulated in the GCMs lead to
increased precipitation in fall, winter and spring, while in summer, small
changes or even decreases are seen in the southern parts of Fenno-
scandia. Both daily and sub-daily intense precipitation becomes more
frequent at the expense of low-intensity events, and HCLIM38 at the CP
scale (3 km) gives a significantly stronger increase in summer hourly
precipitation extremes compared to the 12 km simulations.

The new simulations used in this paper are compared to an EURO-
CORDEX RCM ensemble of 21 members (~12 km). To assess the de-
gree of model dependency on the differences between HCLIM38 and
EURO-CORDEX, we also compare CFs for Southern Norway to CFs from
independent simulations by the Weather Research and Forecasting
(WRF) model (Skamarock and Klemp, 2008) at 3 km resolution. In
addition to the effect of model resolution (CP or not), we address the
spatial distribution of CFs and how CFs change with duration and return
period. According to Lind et al. (2022), there is a smaller GCM control of
summer precipitation compared to other variables, and as urban
flooding often results from heavy rainfall over short durations, we here
focus on heavy summer precipitation on minute-to-hour scales.

2. Data and method
2.1. Climate simulations

In the current paper we focus on changes between the reference
period 1986-2005 and the end of the century; 2081-2 100 under the
high emission scenario RCP8.5. This is also adequate for the long
planning horizon of infrastructure design (e.g. DMI, 2018). The avail-
able temporal output resolution for precipitation from the HCLIM38
simulations is 15 min for 3 km and 1 h for 12 km. Based on the different
model configurations used (see Belusi¢ et al., 2020) we refer to the
convection-permitting 3 km HCLIM38 simulations as AROME and the
12 km HCLIM38 simulations as ALADIN in the following. The ALADIN
and AROME simulations downscaled from EC-EARTH are referred to
AladinE and AromeE, while those downscaled from GFDL are referred to
as AladinG and AromeG. Details on the model simulations addressed in
the current paper are presented in Table 1. Between 1986-2005 and
2081-2100, EC-EARTH projects a warming of 3.57° over North Europe
for the calendar summer (June-July-August; hereby JJA). GFDL repre-
sents the high end of projected climate change, with a warming of 6.76°,
more than two degrees higher than the global mean.

From Table 1 we also find that EC-EARTH projects a 9.71% increase
in average total summer precipitation in North Europe. GFDL projects a
change of only 3.74% during summer over North Europe, while for the
whole year a very large change of 23.79% is projected. This strong in-
crease was also noted in Lind et al. (2022) showing increases of around
40% in the RCP8.5 scenario for autumn and winter, mainly over
Fenno-Scandinavia, the North Sea and the British Isles. These changes
are consistent with intensified zonal flow and synoptic activity in the
regions in the AladinG simulation (Lind et al., 2022). In summer, Lind
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Table 1
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Description of climate simulations. CP = convection permitting. Temperature change (AT) and precipitation change (AP) from the driving GCM represents mean
annual and summer changes between 1986-2005 and 2081-2100, globally (upper) and over North Europe (lower) under the emission scenario RCP8.5. North Europe is
defined in IPCC ARS5 (van Oldenborgh et al., 2013). Grid & output refers to the grid spacing and temporal output resolution. For HCLIM38 and WRF we also report the

computing time step of the model (dt).

Acr. RCM GCM Grid & AT from GCM AP from GCM Reference
resolution ©) (%)

EC EURO-CORDEX ensemble of 21 members (see list in See Appendix 12 km - - Jacob et al. (2014)

Appendix) 1h

AladinE HCLIM38-ALADIN EC-EARTH 12 km 3.57/3.38 6.58/6.75 Lind et al. (2022)
1hdt=2300s 3.98/3.57 11.63/9.71

AladinG HCLIM38-ALADIN GFDL-CM3 12 km 4.72/4.67 8.41/8.97 Lind et al. (2022)
1hdt=300s 6.13/6.76 23.79/3.74

AromeE HCLIM38-AROME EC-EARTH 3 km (CP) 3.57/3.38 6.58/6.75 Lind et al. (2022)
15mindt=75s 3.98/3.57 11.63/9.71

AromeG  HCLIM38-AROME GFDL-CM3 3 km (CP) 4.72/4.67 8.41/8.97 Lind et al. (2022)
15mindt=75s 6.13/6.76 23.79/3.74

WRF WRF CESM1- 3 km (CP) 3.12/3.08 5.07/4.68 Hodnebrog et al.

CAM4 10 mindt=20s 2.21/2.37 3.75/-12.7 (2019)

et al. (2016) show that humidity in AladinG is not increasing along with
the strong warming over southern parts of Fenno-Scandinavia, leading
to a limited moisture availability and thus a smaller change in summer
precipitation.

In a recent review of CP modeling by Lucas-Picher et al. (2021)
several concerns were raised, two of them relating to the short periods
over which simulations are obtained (time slice mode) and few
ensemble members as a result of heavy computational requirements.
This is also true for the NorCP simulations. To address the concern of few
ensemble members, we include a simulation from the WRF model
(Skamarock and Klemp, 2008) in our study, which is run on a
convection-permitting 3 km scale nested from 15 km to 45 km resolution
domains (Hodnebrog et al., 2019) with boundary conditions provided
from CESM1-CAM4 (Gent et al., 2011). Available temporal output res-
olution for precipitation is 10 min. According to Table 1, CESM1-CAM4
projects summer temperatures to increase by 2.37° over North Europe,
somewhat smaller than the global mean. This is most likely due to a
strong North Atlantic warming hole in CAM4 (Meehl et al., 2012). A
relatively large decrease of 12.7% in summer precipitation is projected
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over North Europe. WRF simulations do not cover the whole
Nordic-Baltic domain, but are here analyzed for Southern Norway
(Fig. 2).

Fig. 1 is downloaded from the GCMeval tool online (Parding et al.,
2020) and places the three driving GCMs; EC-EARTH, GFDL and CCSM4
(replacing CESM1-CAM4) among other RCP8.5 simulations.
CESM1-CAM4 is not available in GCMeval, but we assume CCSM4 to
give comparable changes as the two model versions are essentially the
same. The green color of our three GCMs imply that they all evaluate
well over North Europe, compared to other models. Note that the pe-
riods compared in GCMeval (1981-2010 and 2071-2 100) differ from
periods used in this study.

2.2. Computing climate factors

A climate factor (CF) can be expressed as follows

P ut.1.d,s
CFr g =t (1)

Prisir.ds

Fig. 1. Average a) annual and b) summer tempera-
ture and precipitation change in North Europe be-
tween 1981-2010 and 2071-2 100 for different GCMs
under the RCP8.5 emission scenario. Driving GCMs
for simulations used in this study are shown as
“selected models” (from GCMeval). Figures are
created in GCMeval (gcmeval.met.no) and colors
refer to model ranking according to their represen-
tation of the climate of the past given default evalu-
ation criteria of the GCMeval tool (green: high rank,
pink: low rank). (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)

GFDL
¢
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Fig. 2. Map of the domain covered by AROME (green) and WRF (black) sim-
ulations. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

where Pr refers to the precipitation design value in terms of return
levels, the return period, T, duration, d, and season, s, and with fut
denoting the future period and hist the historical period. A precipitation
return level is the precipitation intensity with a specified probability of
occurrence. For instance, a 10-year return level has a 10% probability of
occurring each year. The climate factor will also in general depend on
the emission scenario and climate model.

To estimate return levels, it is common practice to fit an extreme
value distribution (e.g. Coles, 2001), namely a Generalized Extreme
Value (GEV) or a Generalized Pareto (GP) distribution, depending on the
extreme selection method. A GEV distribution, used here, is fit to block
maxima; either annual or seasonal maxima. To estimate the three pa-
rameters location, scale and shape, that describe the GEV distribution,
we apply a modified Maximum-Likelihood-Estimation (MLE), similar to
Medus et al. (2022). The modification lies in restraining the challenging
shape parameter according to the method in Martins and Stedinger
(2000), to prevent unrealistic values when time series are short. As also
noted in Médus et al. (2022), the L-moments method was tested and
yielded very similar results to the modified MLE estimates.

Climate factors are computed from the following steps for each
available simulation.

1. Re-grid to a common EURO-CORDEX grid (0.11°).

2. Compute annual and seasonal maxima series for the selected dura-
tions for each grid point for historical and future periods separately.

3. Fit a GEV distribution to annual/seasonal maxima and estimate
design values corresponding to selected return periods for each grid
point for historical and future periods separately.

4, Calculate the CF based on the future period (2081-2 100) and the
historical period (1986-2005) for each duration, return period, and
season for each grid point.

Note that values for longer durations are computed from hourly data,
with fixed durations (not sliding). Annual maxima from sliding dura-
tions would have given slightly higher values (e.g. Olsson et al., 2019),
and different durations might be differently impacted by the underes-
timation due to the non-sliding approach. However, since the future and
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historical series are both impacted we assume that the influence on
estimated CF-values is small.

For the EURO-CORDEX ensemble (hereby; EC-ensemble) and NorCP
simulations, we computed CFs over the Nordic-Baltic region (see map in
Fig. 2) for the whole year and each season, for durations 15 min (only
AROME), 1 h, 3 h and 1 day and for different return periods up to 100
years. The same computation, restricted to the Southern Norway domain
(see Fig. 2) and the summer season, was undertaken for the three con-
vection permitting simulations (AromeE, AromeG and WRF).

2.3. Analysis

In the current paper we focus on the annual and summer (June-July-
August; JJA) maxima, daily and sub-daily durations and two return
periods; 2 and 100 years. Annual maxima are often input to design value
estimation, while summer maxima are of special interest as they often
result from convective activity causing intense rain showers. Selected
maps for the winter season (December-January-February; DJF) are
available in the Appendix. The long return period of 100 years implies
an extrapolation far beyond the time series length, resulting in large
estimation uncertainty. Short time series is a well known challenge in
extreme value estimation, but we chose the 100 year return period
because this is, in some regions, the required risk level in stormwater
management (e.g. Norway; NVE, 2022; Copenhagen; Arnbjerg-Nielsen
et al., 2015).

We assess the magnitude and geographical distribution of CFs from
the two AROME simulations and compare these to the non-CP ALADIN
simulations and the EC-ensemble, from which climate change allow-
ances have been outlined in some countries, in terms of their depen-
dence on return period and duration. In the comparison we present the
spatial median and the interquartile range (25th and 75th percentiles)
representing the spatial spread. Since the EC-ensemble is a collection of
21 model simulations which are to be compared to single simulations
from AROME and ALADIN, we use two approaches to compute the
ensemble spread: 1. The interquartile range of the spatial means from
the 21 ensemble members, 2. The mean of the 21 percentiles (25th, 50th
and 75th). The latter is referred to as field interquartile range.

We address model dependency through highlighting CFs from
ensemble members within the EC-ensemble using the same GCM or RCM
as used in NorCP, namely three EC-EARTH driven simulations and two
simulations from ALADIN (see Table Al). Model dependency is also
addressed when comparing CFs from AROME and WREF. In this exercise
we scaled the CFs according to the following equation

CF
CFsmIed :E (2)
where AT is the projected global or northern Europe 2 m temperature
increase between 1986-2005 and 2081-2 100 from the driving GCM (see
Table 1).

3. Results and discussion
3.1. Reference climate

The 2-year and 100-year return levels for precipitation in the refer-
ence period 1986-2005, according to AromeE and AromeG, are shown
in Fig. 3. A similar map of interpolated 10-year observation-based return
values in Olsson et al. (2021) reveals a comparable pattern, but with the
higher values over Denmark and southern Norway slightly skewed to-
wards the east. The 100-year levels in Fig. 3 range between 10 and 20
mm in the northern parts to more than 50 mm in the Baltic region, while
the 2-year level stays below 20 mm everywhere. Both spatial distribu-
tion and values are very similar between AromeE and AromeG, but
AromeG gives slightly higher values. Lind et al. (2022) (for example
their Fig. 4) shows that GFDL simulates similar summer (JJA) daily
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Fig. 3. 2-year (upper) and 100-year (lower) return levels for 1 h summer (JJA) precipitation in the reference period, from AromeE (left) and AromeG (right).

average precipitation amounts as EC-EARTH over Fennoscandia in
1986-2005, while AladinG/AromeG are slightly wetter than Aladi-
nE/AromekE. Fig. 3 indicates only minor differences in the 2-year return
levels for 1 h precipitation, with slightly larger values in AromeG
compared to AromeE over parts of the southern region.

Return levels computed from WRF simulations are presented in
Fig. 4, revealing wetter conditions in the reference period compared to
AROME. The spatial pattern over Southern Norway is similar between
all three simulations.

3.2. Climate factors - comparison between CP and non-CP simulations

In Figs. 5-8 we compare NorCP simulations to the EC-ensemble
through boxplots (median and 25-75 percentiles) of CF values for the
entire study domain, representing the whole year (Figs. 5 and 6) and
summer season only (Figs. 7 and 8). The 2-year return period is shown in
Figs. 5 and 7 and the 100-year return period in Figs. 6 and 8. Note that
the bars of the EC-ensemble represent the field interquartile range of the
21 ensemble members, as explained under Analysis above, while other

bars represent the spatial variability of single simulations.

All simulations give higher median CF-values for longer return pe-
riods, although the spread is considerably larger for the 100-year
compared to the 2-year return period. The EC-ensemble mean
(ECmean) shows increasing CF-values for shorter durations and longer
return periods. Higher CFs for longer return periods are in line with the
current recommended climate change allowances in Norway and
Denmark. Contradicting conclusions were however made for Sweden in
Olsson et al. (2017), based on EURO-CORDEX simulations of hourly
precipitation, stating no dependency of CFs on the return period. Still,
climate factors that are comparable to results in the current paper
(RCP8.5, end of the century) are consistently higher for the longer return
periods, but given the large uncertainties the authors in Olsson et al.
(2017) considered the relatively small differences to be insignificant
(personal communication). NorCP simulations also show increasing CFs
between 24 h and sub-daily durations, however, values seem to flatten
out or even decrease between 1 h and 15 min, except summer 2-year
return levels. A larger increase in precipitation for durations around 1
h, if real, might have practical significance as large urban flooding
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Fig. 4. A) 2-year and b) 100-year return levels for 1 h summer (JJA) precipi-
tation in the reference period from WRF. White spots represent lakes.
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Fig. 5. Annual CFs for the 2-year return level and durations 15 min, 1 h, 3h
and 24 h. Bars represent the spatial interquartile range with the median marked
as a plus sign. For the EC-ensemble (grey) bars represent the field interquartile
range of the ensemble, while black lines represent the 25th and 75th percentile
of the 21 model means.

® ECmean
® AladinE |-
® AladinG
® AromeE
| ® AromeG

Climate factor
3 = 5
1 1 1
+ P
- ——
ol i e 1 e

24 hours

15 min 1 hour 3 hours

Fig. 6. Similar to Fig. 5, for annual CFs for the 100-year return level and du-
rations 15 min, 1 h, 3 h and 24 h.

events tend to require intense rainfall over a longer time period. The
highest CFs are, by far and not surprisingly, seen in the AromeG simu-
lations. In fact, all median CFs are within the spread of the EC-ensemble,
as represented by the field interquartile range, except AromeG medians
being above the 75th percentile in two thirds of the cases. The inter-
quartile range of the EC model means are, in all cases, much smaller than
the field interquartile range.

While AromeG exhibits much higher medians than the ECmean in all
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Fig. 7. Similar to Fig. 5 for summer CFs for the 2-year return level and dura-
tions 15 min, 1 h, 3 h and 6 h.
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Fig. 8. Similar to Fig. 5 for summer CFs for the 100-year return level and
durations 15 min, 1 h, 3 h and 6 h.

cases, medians of AromeE and ECmean are often comparable. The
largest exception is for the annual 100-year return level where AromeE
gives smaller medians for the 1 and 3 h durations. The variability,
represented by the 25th to 75th percentile bars, are similar between the
compared simulations, although AromeG has a larger spread overall.

The three EC-EARTH driven simulations from the EC-ensemble are
relatively similar for the 24 h duration, however, going to shorter du-
rations they deviate substantially, covering a similar span to the inter-
quartile range of the whole ensemble. This indicates a significant
sensitivity to the choice of RCM for precipitation in the Nordic-Baltic
region.

The two ALADIN simulations in the EC-ensemble, on the other hand,
give relatively similar summer return values over our region. They lie on
the higher end of the AromeE range and on the low end of the AromeG
range.

Table 2, presenting country-specific spatial average CFs for summer
season, the two shortest durations and for all model simulations, reveal a
pattern of low CFs from AROME and ALADIN in Denmark, Latvia and
Lithuania. The EC-ensemble (ECmean) gives relatively low CFs in
Denmark, but values in Latvia and Lithuania are comparable to other
countries. Generally, ALADIN simulations give lower values than
AROMLE, in fact, over Fennoscandia values are much lower in AladinG
compared to AromeG. Table 2 also provides the EC-ensemble median
(ECmed), giving smaller values in all countries compared to ECmean.
ECmed have similar CF-values as AromeE (1 h), but are somewhat larger
in Denmark and the Baltic countries, except for the 2-year return period
in Estonia.
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Table 2
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Spatial mean CFs for each country for summer (JJA), 10 min (WRF), 15 min (AromeE, AromeG) and 1 h duration. 2/100 year return periods.
White (grey) background refers to (non-)convection permitting simulations. Darker blue refers to higher CFs. Italic: CFs for the 100-year return
period < CFs for the 2-year return period. *Only southern Norway.

Finland Sweden Norway Denmark Estonia Latvia Lithuania
WRF* 10m 116  1.24
AromeE 15m 1.25 - 1.25 -
AromeG 15m 117 1.22 1.10
WRF* 1h
AromeE 1h 1.23 1.22
AromeG 1h 1.11 1.06
AladinE 1h 1.18 1.22
AladinG 1h 1.13 1.15
ECmed 1h
ECmean 1h

Fig. 9. Climate factors for 2-year (upper) and 100-year (lower) return levels for 1 h summer (JJA) precipitation, from AromeE (left) and AromeG (right).
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3.3. Climate factors - comparison between three CP simulations

Fig. 9 presents maps of CFs for the summer (JJA) season and the 2
and 100-year return levels, computed from the two 3 km NorCP simu-
lations with AROME. There is a north to south gradient with higher CFs
in the north and lower CFs in the south, and CFs are mostly higher than 1
(indicating increased design precipitation). A slight eastward decrease is
also evident when assessing the region as a whole. Given that GFDL has a
stronger climate change signal compared to EC-EARTH, AromeG
generally exhibits much higher CFs than AromeE. Also, a distinct
gradient with very high values are evident in the northeast (northern
Norway) while values are very low in the southeast (Latvia and
Lithuania). The patchy pattern of the 100-year return level maps (Fig. 3
c and d) implies larger uncertainties, probably associated with the
extrapolation to longer return periods. Overall, CFs computed from the
100-year return level are higher than for the 2-year return level in both
simulations, implying a stronger increase in summer precipitation ex-
tremes. This is in line with former studies as outlined in the Introduction,
stating that high-intensity events are expected to increase more
compared to the more average low-intensity events. There is however an
exception in the northern regions for AromeG, where CFs for the 2-year
return period are somewhat higher than for the 100-year return period.
In Table 2 we find that this is true for Finland, Sweden and Norway, and
partly Estonia. This could be a consequence of the extrapolation to
longer return periods given only 20 years of data, and perhaps the larger
variability seen in AromeG. To answer the former we investigate the
underlying data, i.e. the summer maxima. Considering that the more
average summer maxima give basis for the shorter return periods, while
the highest summer maxima to a larger degree influence the longer re-
turn periods, we compute changes in the median and the highest sum-
mer maximum of hourly precipitation at each grid point from AromeG
(Table 3). Averaged over Denmark, Latvia and Lithuania, respectively,
the largest increases are apparent in the highest summer maxima. The
same countries have higher CFs for the 100-year return period compared
to the 2-year return period for both 15 min and 1 h (Table 2). In Finland,
Sweden, Norway and Estonia however, there is a larger increase in the
median of the 20 summer maxima, which corresponds to the smaller CFs
for the longer return period.

As the same behavior is seen in the underlying data (Table 3), the
decline of CFs with longer return periods seems not to be a feature of the
extrapolation in the GEV estimation. To further investigate the some-
what unexpected decline in CFs for the shortest durations, we have
separated the AromeG data into its convective, stratiform and
orographic-stratiform parts using the algorithm developed by Poujol
etal. (2020) for convection permitting models. The separation (Table A2
and A3) shows that the changes in the stratiform part of the summer
maxima is generally higher than in the convective part, and contrary to
convection, also larger for the highest values than for the median.
However, stratiform precipitation contributes only about 10-20% to the
median and 5-10% to the highest summer maxima (not shown). As a
result, the overall changes are dominated by changes in the convective
contributions, especially for the highest, least frequent values.

Fig. 10 reveals a strong dependence between the 2-year return levels
of 1-h precipitation estimated for the reference period 1986-2005 and
the CFs for the same return period and duration, in both AromeE and
AromeG simulations. CFs decrease with increasing return levels, and in
areas that already experience high return levels CFs are constrained

Table 3
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Fig. 10. Comparison between the summer 2-year return level for the reference
period 1986-2005 and 1 h duration, as estimated from AromeG (dark green)
and AromeE (light green) simulations, and the CFs for the same return period,
duration and models. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

below ~1.5. A similar relationship is found for other durations and re-
turn periods (results not shown). A consequence of these changes might
be more uniform 2-year return levels within the region. AromeG gives a
larger spatial spread, with both higher values of the 2-year return levels,
and higher CFs. This implies that AromeG not only projects a larger
precipitation increase, probably due to higher climate sensitivity, but
also simulates slightly larger heavy precipitation amounts in the current
climate as seen in the maps in Fig. 3, at least for the 1 h duration.

Fig. 11 compares scaled CFs (see Equation (2)) based on AromeE,
AromeG and WRF over Southern Norway. The similarity between CFs
from AromeG and AromeE when scaled by North Europe AT reveals the
high climate sensitivity of GFDL in this area. CFs scaled by the global AT
are, however, much higher for AromeG. WRF estimates are lower for all
durations when scaled by global AT, which could be related to the
relatively strong decrease in summer precipitation projected by the
driving GCM (CESM1-CAM4) compared to other CMIP5 models (Hod-
nebrog et al., 2019). CFs scaled by North Europe AT for the shortest
durations are similar or higher compared to AromeE and AromeG.

In Fennoscandia, AROME gives lower CFs for 15 min compared to 1
h, while the opposite is true over the Baltic countries (Table 2) This is
also evident from the scaled CFs in Fig. 11. WRF simulates a relatively
linear increase in CFs with shorter durations, similar to the EC-ensemble.
The difference between WRF and NorCP simulations in regards to
duration dependence might lie in the use of shallow convection
parameterization schemes. In Ban et al. (2021), CPM simulations that
only differ in the choice of shallow convection parameterization scheme
show very different magnitudes of heavy daily and hourly summer
precipitation. The WRF simulations used here do not apply a shallow

Median/maximum of the summer maxima of hourly precipitation from AromeG in the historical and future period and the resulting factor. The values have been
calculated at each grid-point and averaged over the whole domain and for each country. Italic: factor for the maximum < factor for the median.

JJA max [mm/h] Finland Sweden Norway Denmark Estonia Latvia Lithuania
1986-2005 9.5/22.6 9.8/21.9 8.7/19.7 11.4/26.3 12.1/30.0 14.3/31.8 15.7/34.9
2081-2 100 16.2/36.1 16.1/35.1 14.6/31.9 13.4/32.5 17.2/41.6 16.1/41.6 16.7/41.2
Factor 1.7/1.6 1.6/1.6 1.7/1.6 1.2/1.2 1.4/1.4 1.1/1.3 1.1/1.2
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Fig. 11. Summer CFs for the 2-year and 100-year return levels scaled by the
North Europe (left) and the global (right) 2 m-temperature increase from the
driving GCM. CFs represent the limited domain over Southern Norway (Fig. 2)
and the three convective permitting simulations; AromeG (dark green), AromeE
(light green) and WRF (black). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

parameterization scheme, while HCLIM38-AROME uses a shallow con-
vection parameterization based on the eddy diffusivity mass-flux
framework (EDMFm; de Rooy and Siebesma, 2008; Bengtsson et al.,
2017).

Our results imply that changes with duration are mainly due to the
CP model, while the overall magnitude of the climate factors is heavily
influenced by the driving GCM.

This is supported by the results in Christensen and Kjellstrom (2020),
Sgrland et al. (2020) and Sgrland et al. (2021) who found that the choice
of GCM has the largest influence on the climate change signal. However,
over complex terrain the choice of RCM starts to play a larger role as
physical processes that e.g. influence the precipitation signal, are being
(partly) resolved.

An increase in CFs with longer return periods is quite obvious in WRF
simulations, with the exception of similar values for the 20 and 100-year
return period and 24 h duration. AromeE simulates continuously
increasing CFs with longer return periods, while AromeG simulates a
slight decrease with longer return periods for the shortest duration.
Apart from this the variability between durations is very similar between
AromeE and AromeG.

4. Conclusions

As given in the Introduction, recommended climate change allow-
ances for heavy precipitation in the Nordic countries vary between 1.20
and 1.50, somewhat depending on duration and return period. Results in
the current study clearly suggest higher CFs with longer return period,
with only few exceptions. The feature of lower CFs with longer return
period is most evident in the AromeG simulation which also shows the
most pronounced climate change signal. We suggest that this might be a
result of projected changes being dominated by changes in the convec-
tive contributions, especially for the highest, least frequent values. We
encourage a more detailed analysis of the convective and stratiform
contributions in the RCM and CP simulations which could shed light on
the underlying processes and reduce the uncertainty in the results.
Particularly, some of the unexpected features in AromegG, like the strong
latitudinal dependency of the CFs and the decline with longer return
periods, should be further investigated. Also the role that moisture
availability is playing in limiting summer maximum precipitation in the
southern parts of the domain, as indicated in Ye et al. (2014) and Lind
et al. (2022), should be subject for future research.

As to the dependence on duration, we found distinctly higher CFs
going from daily to sub-daily durations, however, the different simula-
tions give conflicting results for very short-duration rainfall (<3 h).
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NorCP simulations give increasing CFs between 24 h and sub-daily du-
rations, but an overall decrease between 1 h and 15 min. Country-
specific numbers show that this rather surprising feature is seen in the
whole of Fennoscandia, representing the largest area, while in the three
Baltic countries the CFs increase between 1 h and 15 min.

The heavy computational requirements of convection permitting
simulations, resulting in small ensembles over a limited area and time
period, is the case also for the NorCP simulations. The huge difference in
the climate sensitivity of driving GCMs dominates the magnitude of
estimated return levels. An ensemble of two model simulations, or three
in the case of Southern Norway, will not encapture true model uncer-
tainty. Nor will uncertainty in future emissions be represented by only
one emission scenario. However, we argue that a holistic assessment of a
combined dataset, with their different strengths and weaknesses, is a
valuable exercise to reach robust climate change allowances.

CFs based on AromeE are similar to the median of the EURO-
CORDEX ensemble, while CFs based on AromeG are much higher in
some areas. An exception is Denmark, where AromekE is on the low side
compared to the EC-ensemble, while AromeG gives CFs of around
1.20-1.30, similar to the current recommended climate change allow-
ances. CFs for 1 h in Finland, Sweden and Norway given by AromeE and
the EC-ensemble, lie around 1.30 for short return periods and around
1.40 for long return periods. In comparison, current climate change al-
lowances in Finland (1.20) and Sweden (at least 1.20) appear on the low
side, but one important difference is the consideration of lower emission
scenarios in these countries’ CF estimates (RCP4.5 for Sweden and A2
for Finland). The Norwegian climate change allowances are, on the
other hand, based on the same emission scenario used here (RCP8.5), as
the Norwegian government recommends using the high emission sce-
nario (based on the precautionary principle) when assessing the effect of
climate change. According to AromeG, particularly Latvia and Lithuania
lie in areas of lowsmall CFs, suggesting limited changes in design
precipitation.

Now, let’s say we pursue one recommended number (climate change
allowance) based on the following.

1. Two sets of simulations (convection permitting and non-convection
permitting)

2. The two NorCP ensemble members; AromeE and AromeG, provide
very different results

3. AromeE results are similar to the median of the non-convection
permitting ensemble (EC-ensemble).

If we, in addition, take into account the enormous costs associated
with adaptation measures that minimize future risk, i.e.considering the
high end of estimated changes, and assume that the EURO-CORDEX
ensemble properly simulates non-convective precipitation which dom-
inates heavy precipitation over longer durations (>3 h), the CFs given by
AromeE seem adequate. Furthermore, given the reduced damage risk
already lying in the choice of a high emission scenario (RCP8.5), it seems
reasonable not to determine climate change allowances based on a
model with a significantly larger climate change signal (GFDL)
compared to other models.

What happens at the very short durations is still not well understood
and should be subject to further research. At what rate the most harmful
downbursts, with very intense rainfall over a short amount of time, will
intensify in the future, compared to the less intense events, is not clear.
However, despite the limitations and, to a certain degree, conflicting
results, we recommend that each country in the study region oversee
their CF estimates and recommended climate change allowances, if any,
in the light of new results from the current study.
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Appendix A
Table Al
EURO-CORDEX models and modeling groups providing 1-h precipitation data.
GCM RCM
RCA CCLM RACMO HIRHAM REMO COSMO ALADIN RegCM
MIROC-MIROC5 r1/v1!
CCCma-CanESM2 r1/v1?
CNRM-CERFACS-CNRM-CM5 r1/v2? rl/v2*
ICHEC-EC-EARTH rl/vls rl/vie r3/v17
MOHC-HadGEM2-ES rl/vies rl/v2e* rl/vitex
IPSL-IPSL-CM5A-MR rl/vit
MPI-M-MPI-ESM-LR rl/vial? r1/vite rl/vi's rl/vite ri/vil rl/vite
r3/vlle
NCC-NorESM1-M rl/vite r1/v3% ri/vi%

1+2 cCLM4-8-17: CLM-Community/Deutscher Wetterdienst (DWD).

3 HIRHAMS: Danish Meteorological Institute (DMI).

4 ALADIN63: Centre National de Recherches Meteorologiques (CNRM).
ste+llelo RCA4: Swedish Meteorological and Hydrological Institute (SMHI).
¢ RACMO22E: Koninklijk Nederlands Meteorologisch Instituut (KNMI).

+l4 HIRHAMS: DML
® RACMO22E: KNML.

o ALADIN63: CNRM.

12 RCA4: SMHI.

13 CCLM4-8-17: CLM-Community/Wegener Centre for Climate and Global Change (WEGC).
1s REMO 2009: Climate Service Centre Germany (GERICS).

16 REMO 2015: GERICS.
17:21 cOSMO-crCLIM-v1-1: CLM-Community/Eidgenodssische Technische Hochschule (ETH) Zurich.

ls RegCM4-6: International Centre for Theoretical Physics (ICTP).

20 HIRHAMS: DML

*Note that all HadGEM-driven RCMs include only 2081-2099.
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Fig. Al. Climate factors for 2-year (upper) and 100-year (lower) return levels for 1 h winter (DJF) precipitation, from AromeE (left) and AromeG (right).

Table A2

Median/maximum of the convective part of the summer maxima hourly precipitation in the historical and future AromeG simulation and the resulting CFs. The values
have been calculated at each grid-point and averaged over the whole domain and for each country. Italic: CFs for the maximum < CFs for the median.

JJA-max [mm/h] All Finland Sweden Norway Denmark Estonia Latvia Lithuania

1986-2005 9.74/21.73 9.58/22.80 9.90/22.06 9.18/20.15 11.43/26.43 12.10/30.07 14.36/31.88 15.68/34.96

2081-2 100 13.31/31.45 16.30/36.17 16.18/35.23 14.80/31.99 13.40/32.51 17.19/41.66 16.10/41.50 16.73/41.18

CF 1.37/1.45 1.70/1.59 1.63/1.60 1.61/1.59 1.17/1.23 1.42/1.39 1.12/1.30 1.07/1.18
Table A3

Median/maximum of the stratiform part of the summer maxima hourly precipitation in the historical and future AromeG simulation and the resulting CFs. The values
have been calculated at each grid-point and averaged over the whole domain and for each country. Italic: CFs for the maximum < CFs for the median.

JJA-max [mm/h] All Finland Sweden Norway Denmark Estonia Latvia Lithuania
1986-2005 6.05/13.56 9.14/20.67 9.67/21.14 7.97/17.84 11.15/24.46 11.73/27.07 14.04/30.99 15.36/33.87
2081-2 100 10.28/26.01 15.85/35.33 15.76/34.16 13.96/31.77 12.95/31.54 16.91/40.07 16.06/43.26 16.40/40.56
CF 1.70/1.92 1.73/1.71 1.63/1.62 1.75/1.78 1.16/1.29 1.44/1.48 1.14/1.40 1.07/1.20
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