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Abstract. Rainfall intensity-duration-frequency (IDF) curves are an essential tool in water management, for instance in ur-
ban stormwater handling. They are commonly derived by fitting generalised extreme value distributions to observed annual
maximum rainfall values, a process that requires long-term, high temporal resolution (sub-daily) observations of precipitation
to ensure robust estimates. Alternatively, IDF curves can be approximated with simplified parametric mathematical expres-
sions fitted to empirical data, providing a possibility to avoid the challenging data requirements. In this case, the parametric
expression can be based on two key parameters that specify the shape of the curves: the wet-spell mean precipitation p and the
wet-spell frequency f,. For these two parameters, robust estimates are easier to obtain.

The resulting parametric IDF curves exhibit a fractal dimension and the present study takes a step towards better under-
standing the conditions influencing this fractal dimension and its spatial and temporal variability. To this end, we explore the
dependencies across different timescales, using hourly precipitation data from convection-permitting (3 km) regional climate
model simulations carried out with the HCLIM model over northern Europe. The analysis is applied to HCLIM simulations
driven by boundary conditions from the ERA-Interim reanalysis, as well as from the EC-Earth and GFDL-CM3 global climate
models for current and future climates following the RCP8.5 scenario.

We find that the relationship between wet-spell mean precipitation for different durations, and hence the sub-daily fractal
dimension, is influenced by geographical conditions, as is also the wet-spell frequency. The results are consistent across dif-
ferent boundary conditions representing current climate conditions (reanalysis and global climate models), and showed little
sensitivity to the driving model, indicating that different meteorological phenomena prevail in different regions and that these
are well represented in the models. Future climate projections show changes in the fractal dimension and wet-spell frequency
ratios with a general north-south gradient. Overall, the models indicate a shift towards fewer, but more intense wet-hours per

wet day.

1 Introduction

In terms of the experience and consequences, precipitation characteristics such as intensity, frequency and duration are just as

vital as the total amount of precipitation and are often more apt to global warming than precipitation totals alone (Trenberth
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et al., 2003). Effective adaptation to climate change therefore requires robust and representative information on extreme events
such as heavy downpour intensity lasting from minutes to hours. Intensity-duration-frequency (IDF) curves are widely used
to quantify expected rainfall intensities at sub-daily timescales (Courty et al., 2019; Lutz et al., 2020; Roksvag et al., 2021;
Dyrrdal et al., 2015; Sorteberg, A et al., 2018; Koutsoyiannis et al., 1998). These curves are typically derived using extreme
value theory (EVT). This requires extensive, high-quality data to reliably estimate the tails of the statistical distributions (Coles,
2001). Data paucity can thus pose a challenge when estimating return levels for rare and intense extreme rainfall on sub-daily
timescales.

The use of EVT is often based on the assumption of statistical properties being stationary, whereas climate change inher-
ently implies non-stationary behaviour. In this context, we use the term ’stationarity’ in the meaning that neither statistical
moments (such as the mean and standard deviation) nor probabilities change with time. An additional challenge arises from
potentially inconsistent return levels across different durations, when generalised extreme value (GEV) distributions are fitted
independently to annual maximum rainfall amounts for different durations. To address such inconsistencies, Roksvag et al.
(2021) suggested two post-processing methods based on quantile selection and isotonic regression.

A different approach was proposed by Vinnarasi and Dhanya (2022), using a time sliding-window framework with non-
stationary modelling to study the influence of climatic variables on the distribution of precipitation extremes over Indian cities.
They discovered rainfall intensities to be connected to local temperature changes, diurnal extremes changes, and global mean
temperature in most locations. For Calcutta and Pune, they found additional teleconnections to the Indian Ocean Dipole and
the ENSO-Modoki cycle, respectively.

There have also been efforts to derive information about IDF curves by estimating parameters that describe their shapes
and characteristics (Burlando and Rosso, 1996; Koutsoyiannis et al., 1998; Yu et al., 2004; Nhat et al., 2007; Bara et al., 2009;
Desramaut, 2009; Benestad et al., 2021; Parding et al., 2023), rather than estimating return levels for each duration through EVT
(Rodriguez et al., 2013). Early studies of scaling and multi-scaling models for such IDF curves include Burlando and Rosso
(1996), while Koutsoyiannis et al. (1998) proposed a general formula for IDF curves that is consistent with the theoretical
probability foundation of block maxima. Yu et al. (2004) applied the formula 14 ~ A1, for the annual maximum rainfall
intensity 74 of duration A (in terms of the fraction of 24 hours), and found three "scaling-homogeneous regions" in terms of 3
over Taiwan. Nhat et al. (2007) confirmed the validity of this simple scaling rule for the Yodo River basin in Japan, and Bara
et al. (2009) similarly found the scaling to be valid in Slovakia. Desramaut (2009) further demonstrated the applicability of
this scaling property in Quebec, Canada, and used it for temporal downscaling of IDF curves based on global climate model
output. Usually, the scaling exponent (3 is non-integer, i.e. the temporal scaling has a fractal dimension (Mandelbrot, 1997).

Building upon this work, Benestad et al. (2021) proposed a slightly different expression based on the two key parameters
wet-day mean precipitation y and wet-day frequency f,, to estimate return levels x (in mm per duration) for different return

periods 7 (years) and sub-daily to daily durations L (hours):

¢
Ty RO <L> In(fu7)- (1)
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In this equation, ( and « are empirical scaling factors. The parameter ¢ controls the shape of the IDF-curves, whereas
« compensates for differences between the probability density function’s upper tail of the exponential distribution and the
actual empirical distribution. When ( is non-integer, Equation 1 has a fractal dimension accounting for the fractal behaviour of
precipitation scaling, consistent with earlier findings of different homogeneous scaling regions over Taiwan (Yu et al., 2004).
While Caldas-Alvarez et al. (2023) already investigated the question of how scale-dependencies of thermodynamic processes
influence extreme precipitation in reanalysis-driven high-resolution (3 km) climate simulations over the greater Alpine area,
fractal scaling properties associated with different timescales were not explicitly addressed.

From a physical point of view, ( is expected to reflect the relative contribution of various meteorological precipitation-
generating phenomena operating at different typical timescales, like convective storms or large-scale synoptic systems. Hence,
key questions are how ( varies spatially and temporally, whether it is systematically affected by geographical factors, or
whether there is a more universal quantity of ( ~ 0.4 as indicated in Benestad et al. (2021). They have shown that Equation 1

is a simplification based on the more general expression

¢
cman() sl m 2]

which follows the same functional form as earlier scaling approaches by Yu et al. (2004), Nhat et al. (2007), Bara et al. (2009)
and Desramaut (2009). While the terms p and o here represent the daily mean precipitation intensity and the correction factor
derived from daily precipitation amounts respectively (i.e., L = 24), analyses of sub-daily rain gauge data suggest that the
wet-spell mean precipitation iy, (in mm/duration) varies with duration L according to ptr, = pdaiy (L/ 24)5+1 1In fact, the
derivation of Equation 1 in Benestad et al. (2021) was motivated by the finding of near-linear dependencies between In(y) and
In(L), and between f,, and In(L). Furthermore, with a accounting for how the correction factor o depends on timescales L

following the expression oy, = aqqiry(L/24)%, we can write

where the term 3 accounts for the scaling relation of the wet-spell mean precipitation i, at different durations. Here, 5 €
[—1,0] since 1, = fdairy (L/24)°" and thus 0 < §+ 1 < 1. For clarity, we define 3 = — 3 € [0,1], such that larger 3 values
indicate relatively more intense short-duration precipitation than during longer-lasting events, while small B values correspond
to more even intensities on sub-daily and daily timescales. Note that 3 here is related, but not equivalent to the scaling relation
B (B hereafter) used by Yu et al. (2004), Nhat et al. (2007) and Rodriguez et al. (2013).

For the wet-spell frequencies, Benestad et al. (2021) proposed fy,(L) = fu,daily + vIn(L/24). Hence  describes how the
frequency of events decreases with shorter durations: Large values of v indicate that precipitation is concentrated in few hours
on a wet-day, while v = 0 would indicate precipitation on 24 hours throughout a wet-day.

This framework also provides a useful basis for assessing how IDF curves may evolve under climate change. For instance,

Rodriguez et al. (2013) found that increases in the hourly precipitation intensity were proportionally (slightly) higher than those
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at daily scales, a result that would be reflected in an increase in /3. Their formulation differs slightly though, expressing return
levels per hour rather than per aggregation period, implying that their key scaling parameter 3’ corresponds to (—1 = 3+a. The
interesting parameter in this context is the scaling relation, specified by the parameter 3’ in the expression used by Rodriguez
et al. (2013) and ¢ in Equation 2. We adopt Equation 2 because it explicitly incorporates the dependence of the IDF estimates on
w and f,,, whereas the earlier expressions by e.g. Rodriguez et al. (2013) are based on annual maximum intensity estimates for
different time scales. This new aspect makes it possible to explore dependencies on which the IDF curves rely, even at locations
with short observational records. It furthermore allows us to predict how the shape of the IDF curves change depending on
changes in p and f,,, which can be obtained from downscaled global climate model projections (Oguz et al., 2024; Benestad
et al., 2025).

In summary, physical reasoning suggests that ¢ is influenced by the relative intensity and y by the relative frequency of
different meteorological phenomena including both mesoscale convective systems and synoptic weather systems, such as
weather fronts, mid-latitude cyclones, cut-off lows, and atmospheric rivers. Orographically forced precipitation is also expected
to affect precipitation return levels associated with different timescales. A reduction in ¢ (equivalently, an increase in B) may
reflect a shift toward more intense short-term convective events relative to longer-lasting cyclones (Kahraman et al., 2021), and
an increase in v would reflect that precipitation is concentrated in fewer hours. a shift towards fewer wet-hours per wet-day,

i.e. fewer but more intense precipitation hours on rainy days.

2 Method

We aim to examine how the temporal scaling characteristics of IDF curves depend on location or geographical factors. How-
ever, robust estimation of the return levels underlying IDF curves requires long, high-quality sub-daily precipitation records,
which are only available at a limited number of locations. To overcome this limitation, we use climate model simulations, which
allow us to explore how the scaling relation varies spatially and under possible future climate conditions. Specifically, we use
simulations from the regional climate model HARMONIE-Climate (Belusi¢ et al., 2020, HCLIM hereafter) run at a convection-
permitting resolution of 3 km over Fenno-Scandinavia. A detailed description of the model set-up can be found in Lind et al.
(2020). Using kilometre-scale regional climate simulations has been shown to improve the realism of simulated weather sys-
tems compared to simulations with a coarser (e.g., 12 km) resolution (Coppola et al., 2018). In the 3 km HCLIM simulations
over Fenno-Scandinavia, the representation of precipitation was clearly improved by a reduction of drizzling and more intense
and more frequent high-intensity events (Lind et al., 2020). Further, daily heavy precipitation frequencies, amounts and return
levels are well represented (Médus et al., 2022).

Running a regional climate model at 3 km resolution over multi-decadal time scales remains computationally expensive.
Thus, available simulations for a given domain are typically limited to one or two global climate models and emission scenarios.
For the HCLIM simulations used in our analysis, lateral boundary conditions were derived from the ERA-Interim reanalysis
(Dee et al., 2011) for the period 1997-2018 to simulate the recent past and serve evaluation purposes. For the current and future

climate, lateral boundary conditions from the EC-EARTH (Doscher et al., 2022) and GFDL-CM3 (Donner et al., 2011) global
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climate models were used for the periods 1985-2005, 2040-2060 and 2080-2100. To reduce the resolution jump between the
driving global models and the HCLIM simulations, intermediate simulations with HCLIM at 12 km resolution (HCLIM12)
were employed. EC-EARTH and GFDL-CM3 were selected since they reproduce the current climate with reasonable skill
and cover a spread from medium (EC-EARTH) to large (GFDL-CM3) climate-change responses under the RCP8.5 emission
scenario (Lind et al., 2022). Note that the first year of each simulation period (1997, 1985, 2040, and 2080) should be treated
as a spin-up year and was therefore excluded from our analysis.

To investigate how the fractal scaling parameter ¢ and the concentration of precipitation in time depend on geographical
factors, we analyse the underlying components. However, assessing the full effect on the IDF curves and return values is
challenging since we do not have sufficiently long series to estimate the return levels x and the correction factor exponent a
for long return periods. Thus, we focus on the parameters B and y, assuming that the 20-year simulation periods are sufficient
for estimating wet-day mean precipitation and wet-day frequency. Spatial variations and changes in B and ~y then provide a

guiding framework for differences in the scaling relation ¢ and y of the IDF estimation following Equation 2

3 Results

As an initial step of our analysis, we have used Equation 1 as a conceptual 'toy model’ and explored a range of scenarios
to assess how variations in f,, p and ¢ affect the resulting return level curves (Figure 1). The purpose of this sensitivity
experiment was to identify which modifications have the strongest effect on the outcome. In this particular example, the mean
precipitation intensity u has a direct proportional effect and, thus, the largest influence on the return levels. Variations in the
wet-day frequency f,, have a more moderate effect, while changes in the fractal scaling { affect the shape of the curves.
This simple IDF framework relies on the assumption that |f,,| > |yIn [i] | in Equation 2, which is more accurate for longer
sub-daily durations (L > 9hrs) than shorter ones. For instance Benestad et al. (2021) give v =~ 0.06 and f,, > 0.3.

Figure 2 shows the spatial distributions of hourly and daily wet-spell intensities p and wet-spell frequencies f,, derived
from the high-resolution HCLIM evaluation simulations driven by ERA-Interim boundary conditions. Both are influenced by
geographical conditions, with the highest estimates for (L = 1hr,1day) near the coasts, while the lowest values occur in
mountainous regions and the inland. Wet-spell frequencies are highest along the coast and in high elevation regions. Hourly
intensities generally exceed the corresponding daily values, indicating that precipitation tends to occur in short, intense bursts
rather than being evenly distributed over a full day. Similarly, daily wet-spell frequencies f,, daily are higher than fu, hourlys
implying that precipitation events on a wet-day on average last less than 24 hours.

Geographical patterns of the estimated scaling parameters B and « from the HCLIM evaluation simulations are shown in
Figure 3. Consistent with the findings for p and f,,,, the temporal scaling of precipitation intensity is influenced by geographical
factors. B ranges from 0.1 to 0.4, with lower values (=~ 0.1) in high-elevation regions and higher values over the North Sea
(= 0.4). The latter may be associated with regions of frequent frontal and cyclonic activity, where storm-track density is high.
In contrast, lower B values in mountainous areas may reflect the typical presence of orographic precipitation as opposed to

frontal or cyclonic precipitation.
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Figure 1. Results for 10-year return levels (in mm) for different durations (hours on the x-axis) from the ’toy model’ with combinations of
different input parameters. The black solid line marks the original curve based on station data from Bjgrnholt (Oslo). Red, gray and blue
lines are created using 2, 1 and 0.5 times the original p value of 8.7 mm/day. Dotted, solid and dashed lines are from 2, 1, and 0.5 times
fw from Bjgrnholt (0.36) respectively. The squares, circles and triangles denote curves generated with ¢ values of 0.3, 0.4 and 0.5 (original

value: ¢ = 0.416).

The HCLIM simulations likewise suggest that geographical factors influence how wet-spell frequency depends on duration,
but the spatial patterns differ from those of 1, (Figure 3). Here, v can be interpreted as an indicator of how the frequency of
events decreases with sub-daily timescales, since fo,(L) = fi daity +7In(L/24) and In(L/24) < 0 for L < 24. According to
the model results, v € [0.02,0.09]. The highest values for y can be found off the west coast of Norway, in a region strongly
affected by low-pressure systems. Here, wet-day frequencies are highest (Fig. 2) and the decrease towards shorter duration
frequencies is largest. Thus +y is large and hourly frequencies are much lower than daily ones (Fig. 2), which can be related to
relatively fast-moving (frontal) precipitation systems interspersed with dry hours. Farther inland, particularly in the mountain-
ous regions, v is smaller, indicating more persistent precipitation systems. Here, also the difference between hourly and daily
wet-spell frequencies f,, is smaller (Fig. 2).

Similar geographical patterns appear when HCLIM is driven by boundary conditions from the EC-EARTH and GFDL-CM3
global climate models for the current climate (Figs. S1 and S2), indicating that these patterns are robust and largely independent

of the forcing boundary conditions. Furthermore, a linear regression analysis across all three boundary-condition data sets (Fig.
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Figure 2. Estimates of hourly (left) and daily (right) wet-spell intensities (top) and wet-spell frequencies (bottom) based on the ERA-Interim
driven HCLIM evaluation simulations for the period 1998-2018.

S3) shows that In(uy,) is close to being proportional to 31n(L/24) and that ~ scales linearly with In(L). This provides further
support of the findings in Benestad et al. (2021).

3.1 Future changes

170 The HCLIM simulations were further analysed to assess how the parameters [3 and v may change with global warming. Figure 4
shows the simulated differences in the two parameters between the present period (1985-2005) and the far future period 2081—
2100, based on HCLIM simulations driven by the EC-EARTH and GFDL-CM3 global climate models following the RCP8.5
scenario. The results suggest that B may increase by a factor as large as 1.6 in northern Fennoscandia, while showing a slight
decrease along the southern Norwegian west coast. Although the spatial patterns are generally similar in the two simulations,

175 the more warming GFDL-CM3-driven run exhibits more pronounced changes over several regions, particularly across large



180

185

190

195

https://doi.org/10.5194/egusphere-2026-207

Preprint. Discussion started: 6 March 2026 EG U - N
© Author(s) 2026. CC BY 4.0 License. Sp here
E Preprint repository

BY

0.10

0.08

0.06

(1]

0.04

0.02

0.00

Figure 3. Estimates of the ﬁ (left) and ~y (right) parameter based on the ERA-Interim driven HCLIM evaluation simulations for the period
1998-2018 and the equations p(L) = /.Ldaily(L/24)l_B and fu (L) = fuw,daily +v1In(L/24).

parts of Sweden. Corresponding results for v indicate a similar north-south contrast, with increases in the northern parts of the
domain and decreases in the southern, especially south-western, regions.

Due to the pronounced presence of stochastic decadal variability (Deser et al., 2012, 2020), it is difficult to say whether these
changes represent statistically robust long-term trends connected to global warming. Conventional significance testing is of
limited value in this case, as it does not account for chaotic decadal variability. However, the change signals for the far-future
period closely resemble those in the near-future period (2041-2060; Fig. S4-S6), albeit with more pronounced amplitudes.
Also the similar but stronger change patterns in the GFDL-CM3-driven simulation indicates that at least part of the simulated
changes is related to global warming.

Fig. 5 shows the projected changes in daily and hourly wet-spell mean precipitation p. In most regions, intensities increase
more for hourly than for daily durations, except in areas such as the south-western Norwegian coast, where ﬂA decreases (Fig. 4).
This supports our interpretation of B as a parameter linking precipitation scaling to the wet-spell mean precipitation p: increases
in ﬁ correspond to relatively larger increases in g at shorter durations compared to longer ones.

Projected changes in daily and hourly wet-spell frequencies are presented in Figure 6. Note that especially hourly frequencies
decrease over large parts of the domain. Exceptions can be found extending from the southern to the central Norwegian west-
coast and towards the north-western corner of the domain. For daily frequencies, the GFDL-CM3-driven simulation features a
pronounced area of increase. In the northern half of the domain the daily wet-spell frequencies tend to decrease less, or increase
more, than the hourly wet-spell frequencies, independent of the general sign in the frequency changes. This is consistent with
the simulated increases in y (Fig. 4).

As an example on how changes in 3 and v reflect local intensity and frequency changes, different duration changes for four
locations in Norway (see Fig. 4) are shown in Fig. 7. Increases in B clearly correspond to a larger increase for the shorter

duration intensities (all locations except Bergen), and increases in y (all except Oslo in the HCLIM EC-EARTH simulation)
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Figure 4. Relative changes in B (left) and y (right) for the EC-EARTH (top) and GFDL-CM3 (bottom) driven HCLIM simulation for the far

future period 2081-2100 following RCP8.5 compared do the current climate. The circles show four example locations.

denote a relative decrease in the shorter duration frequencies. For instance for Tromsg, the daily frequency of precipitation
increases, while the hourly decreases. For the estimates of the return levels and IDF curves based on Equation 2, changes in
B and y may act in opposing directions for sub-daily durations: While x4 increases more at short durations (increase in ,@’),
200 yielding larger increases in short duration return levels, smaller increases or decreases in f;, at short durations (increase in )

result in smaller return level increases.

4 Discussion

Although we did not directly assess how the fractal properties of ( depend on geographical conditions, partial insight was
obtained by examining estimates for B . Previous studies (Benestad et al., 2012a, b, 2019) suggested that the divergence between

205 sub-daily rainfall statistics and the tails of the exponential distribution is constant in space (i.e., that a is a constant). However,
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Figure 5. Relative changes in hourly (left) and daily (right) mean wet-spell intensity for the EC-EARTH driven (top) and GFDL-CM3 driven
HCLIM simulation for the far future period 2081-2100 following RCP8.5 compared to the current climate.

since we limited our analysis to /3, and not the full IDF curves, we did not test this assumption. Additionally, the spatial
variability of « provides information on how geographical factors affect the frequency of sub-daily rainfall.

We assume that simulations from the HCLIM model capture the essential atmospheric phenomena and processes, but ac-
knowledge that model deficiencies and systematic biases may result in misrepresentations of precipitation statistics. Neverthe-
less, the model results seem plausible and show only weak sensitivity to the choice of boundary conditions when reproducing
current climate conditions.

An analysis of simulated precipitation for the future was used to estimate the implications of changes in 3 (,@) and y on the
IDF curves based on Equation 2. The resulting future outlooks depend on the choice of the driving global climate model, which
is not surprising, as even a single climate model can produce different long-term climate evolutions from small perturbations
in initial conditions (Deser et al., 2012, 2020). Hence, these results should only be interpreted as a projection of a possible

future climate and mostly serve as illustrative examples of changes in § and - in space and time and the usage of our proposed

10
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Figure 6. Absolute changes in hourly (left) and daily (right) wet-spell frequency for the EC-EARTH driven (top) and GFDL-CM3 driven
HCLIM simulation for the far future period 2081-2100 following RCP8.5 compared to the current climate.

scaling framework for sub-daily to daily wet-spell frequencies and intensity relations. However, the projected patterns seem to
scale with increasing warming, indicating at least some relation between climate warming and the precipitation statistics.

Our results suggest that the magnitude of IDF curves is more strongly affected by the wet-day mean precipitation y than by
the wet-day frequency f,,. The sub-daily scaling factor ¢ and the frequency parameter -y are likely influenced by geographical
factors. This interpretation is consistent with the observation that IDF curves differ from region to region (Parding et al.,
2023). The parameters are changing under continued global warming. A plausible explanation is that precipitation-generating
processes operating on different timescales respond differently to climate change. An alternative approach to test this would be
to explicitly identify different types of precipitation events in the data and analyse how their relative number evolves over time.
However, such an analysis lies outside the scope of the present study. Finally, the picture may change slightly with different
seasons, as summer precipitation is more strongly influenced by convective systems, whereas autumn and winter precipitation

is more often associated with large-scale cyclonic systems.

11
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Figure 7. Relative change in mean wet-spell intensity (left) and absolute changes in frequency (right) for the HCLIM grid-points closest to

Oslo, Bergen, Trondheim and Tromsg.
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5 Conclusions

We demonstrate that insight on how the fractal scaling of sub-daily rainfall may be affected by local conditions can be gained
using high-resolution convective-permitting climate model simulations. The results suggest that the fractal dimension char-
acterising the dependencies across temporal scales vary in space, possibly reflecting the influence of different precipitation-
generating meteorological phenomena. Future climate projections indicate that the relationship between precipitation at dif-
ferent time scales may change in a warmer climate, implying that frequencies and intensities of convection, cyclones, frontal
systems, cut-off lows, and orographic precipitation may respond differently to global warming.

We propose a framework summarizing the scaling of sub-daily to daily wet-spell frequencies and intensities in two single
parameters (B and ~y) making it possible to provide single maps of their geographic dependencies and changes. Our results show
an increase in wet-spell intensities with a general intensification towards shorter durations (increase in [3). For frequencies, we
find mostly a shift towards fewer wet-hours per wet-day (increase in ). Overall this indicates a shift towards fewer but more
intense precipitation hours on rainy days which is in agreement with findings of Guilloteau et al. (2025) over western North
America.

This study also demonstrates the values of high-resolution regional climate model simulations for testing hypotheses in
contexts where consistent, dense, and temporally high-resolved long-term observational networks are lacking. The use of
convective-permitting regional climate model simulations to assess methods associated with empirical-statistical downscaling
(ESD), such as the fractal scaling of IDF curves, illustrates how dynamical downscaling and ESD can be combined. Facilitating

such cross-connecting efforts is a key objective within the EURO-CORDEX programme (Jacob et al., 2020).

Code and data availability. An R markdown script for the "toy model’ used to conduct the return-level sensitivity test is available at https:
//doi.org/10.6084/m9.figshare.31057399. The simple IDF equation (Eq. 1) is part of the R-package ‘esd‘ that is freely available at https:
//github.com/metno/esd.

The convection-permitting NorCP HCLIM data from the EC-Earth RCP8.5 driven simulation covering the time periods 1986-2005,
2041-2060 and 2081-2100 used in this study are available at https://doi.org/10.11582/2025.vSh1gkwp. The corresponding data from the
GFDL-CM3 RCPS8.5 driven simulation is available at https://doi.org/10.11582/2025.1aixk5j6 and the ERA-Interim driven simulation (1998—
2018) at https://doi.org/10.11582/2025.00064. R data files with derived statistics (u, fw,3,7) from the different HCLIM runs are available
at https://doi.org/10.6084/m9.figshare.31057471.
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