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S1 Feasibility of dynamical downscaling

Statistical and dynamical downscaling provide complementary approaches to generating high-resolution precipitation data.
Statistical downscaling, as applied in this study, is computationally efficient but has limitations in representing small-scale con-
vective extremes. Dynamical downscaling, in contrast, explicitly resolves physical processes and provides spatio-temporally
consistent results, making it particularly relevant for small-scale convective precipitation events. However, its high computa-
tional cost restricts its applicability for exceedingly long datasets such as the nearly 10000 years of RF data considered here,
which would require pre-selection of extreme events for dynamical downscaling.

We tested the feasibility of dynamically downscaling the ECMWF RFs to the convection-permitting scale (~3 km grid spac-
ing), which would improve the representation of short local extreme precipitation events and be valuable for small catchments.
To model rapid regional weather changes such as those associated with small-scale extreme events, the raw data (in our case
RFs) should be available at high temporal resolution. Typically, these data (e.g., reanalyses or data from global climate models)
are stored every 6 or 3 hours and must be interpolated to the required temporal resolution. The ECMWF RFs we used were
stored at 6-hour resolution for the first two forecast weeks, but only at 12-hour resolution for the extended range beyond day
15. This raised the concern that short-term extreme events lasting only a few hours would not be captured. This risk arises
due to the methodology of dynamical downscaling: the limited-area regional model requires atmospheric driving data at each
model time step (20 seconds) along its lateral boundaries. These driving data are linearly interpolated in time from the available
RF data. Hence, if the RF data are available only at 12-hour resolution, processes beyond this resolution are poorly resolved,
although the regional model is partially capable of reintroducing sub-daily processes.

We therefore tested whether dynamical downscaling driven by 12-hourly input data could reproduce the local extreme
events produced when hourly input data were used. Since the RF data are only available at a coarse temporal resolution, ERAS
reanalysis data (Hersbach et al., 2020) with a grid spacing of 25 km and a temporal resolution of 1 hour were used as a surrogate
to test the sensitivity to input temporal resolution. The ECMWF forecast model underlying ERAS is very similar to that used
for the RFs. Dynamical downscaling was performed with the CCLM model (Rockel et al., 2008; Schittler et al., 2021).

The two extreme events of 8 July 1996 and 23 June 2021 were considered. While the simulations driven by 1-hourly input
produced realistic results, simulations driven at 12-hour intervals showed a marked reduction in simulated extreme precipita-
tion and spatial distortions in the precipitation field. As a result, extreme events driven by fast convective processes may be
substantially underestimated or lost entirely.

In summary, it was not possible to identify the relevant extreme events for dynamical downscaling because the link between
the scales was not pronounced enough, especially with the limited 12-hour resolution available. Higher temporal and spatial
resolution of ECMWEF RF data would be required to reliably identify relatively small-scale extreme precipitation events for
catchments of approximately 500 km? or smaller. While dynamical downscaling remains suitable for large-scale extreme
events, it offers no clear advantage over stochastic downscaling at these scales. In the future, dynamical downscaling could
substantially improve the representation of short-duration convective events, provided that RF data become available at a higher
temporal resolution.
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Figure S1. Annual mean ECMWF reforecast precipitation (left) and temperature (right) for selected grid points over Switzerland, plotted by
forecast time (days 11 to 45) and by initialization year.
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Figure S2. Mean (left) and maximum (right) 6-hourly raw temperature difference at the intersection time of concatenated single ECMWF
RFs. Dashed lines are for RFs initialized between 2009-2012, dotted lines for RFs initialized between 2013-2014, and solid lines for RFs
initialized between 2016-2020. A running mean of 11 selection steps was applied.
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Figure S3. Time series of temperature (TAS) for the second half-year of an example year (year 9920) with an extreme temperature jump at
the station Adelboden (ABO) in the Kander River catchment (at approximately hour 7900). The stitching points between single reforecasts
are indicated by vertical dotted lines.
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Figure S4. Evaluation of reforecast (RF) precipitation for large catchments: Aare at Bern, Aare at Thun, Sarine, Thur at Andelfingen, Thur
at Jonschwil. From left to right: Annual cycle of mean monthly precipitation for observations (1991-2019, black) and RF (grey, shading
p25-p75; dashed line based on 360-day calendar); histogram of annual daily p90 precipitation for RF, and observations (black circles);
return levels for annual maximum daily and maximum 3-day precipitation for RF (black) and observation (grey circles) using the Gringorten
plotting position. For observations, return values have additionally been fitted using a Gumbel distribution (using a GEV distribution resulted
in overly broad confidence intervals) and maximum likelihood estimates, confidence intervals are based on 5000 bootstrap samples (mean in
dark grey, p2.5-97.5 grey shading).



Maggia Kleine Emme Kander Inn

Minster

mm month~! mm month~! mm month~! mm month~!
100 150 200 250

mm month~t
100 150 200 250 300

100 150

50

50

100 150 200 250

50

200 300 400

100

F CONEBRID ©O @ 8
by o~
o
] o S A
o 0 A - m
T M
n
1 % 5‘ o
o T Q | T S A
£a o
2 £
— €
<] €
o | 8
3 - ol =
=}
o
5] o T T T T o T T T T
° 10 15 20 10! 102 103 104 10t 102 103 104
mm day~! return period (years) return period (years)
Q
o CO OmmBDm® OO @ .
o
o o M
N 4 v
S - ~ E
0 - )
~ P 28
o T S TR
T = o
m O
=} £ \n
1 £ €~
° o £8
e 0 —
S
IS 21
o
S - o T T T T o T T T T
S 10! 102 103 104 10t 102 10° 10*
return period (years) return period (years)
o
n S A o
e o 1
S o °
S - &7
° - T8
A 5 2 &7
5] S8 33
o g~ m A
= 3 s
<] € S
o 4
8- o ol
o n
o
o - o T T T T o T T T T
© 10t 102 103 104 10t 102 103 104
return period (years) return period (years)
o
2 R 3
o 8 1
© o
S 1 Ea -
o ¥ w 8
© >0 > ©
3 T S ©
4 T @R o
5] € (o) ng
3 £ 84 g <+
c’ ~N
o
o | o | o
g g ?
o
o - o T T T T o T T T T
© 10! 102 103 104 10t 102 103 10
return period (years) return period (years)
©o
~ 8 - S -
o o~ m
~ - o T
— 4 I J wn
-3 ? A g S
=~ o T &
o © E o m
<1 £ 97 1S
o — £ o
< S
o 4 o i\
o- n
o
T T o - o o
o

month

10t 10?2 10° 104

return period (years)

10t 102 10° 104

return period (years)

Figure S5. Same as Fig. S4, but for medium-sized catchments: Inn, Kander, Kleine Emme, Maggia, and Minster.
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Figure S6. Same as Fig. S4, but for small catchments: Allenbach, Drance de Bagnes, Isorno, Lonza, Rein da Sumvitg and Thur at Alt St.

Johann.




Krummbach Goneri Saltina

Riale di Calneggia

mm month~t
40 60 80 100 120 140

mm month~t

mm month~!

20 40 60 80 100 120 140

mm month~!

150 200 250 300

100

200 300

100

o
~ O O CoEmIOOCmDd O 2
™4 o
S S 4
S <
< N -
N — 19
e L3 23
~ T 9 ©
gte) kel o
fo Nt € m o
. o o 1
IS] £ S £ R
= £
©
S =g
S 31 =
o
o o T T T T o T T T T
° 10t 10?2 10° 104 10t 102 103 104
mm day~! return period (years) return period (years)
O@@WOOAED OO0
o
B o
9 8 g
S o
o -
g T 2 8
= © ® 2 ©
- 0 °
o M o
] Eo ER
© £ 3 £ ~
=
g g
S 21 =
o
o o T T T T o T T T T
o 10t 102 103 104 10t 102 103 104
mm day~! return period (years) return period (years)
o
o
o m
n 8
°© 3 <
< o~
o~
o o S T8
o > N 2m
== T o &
a © Sl m Q
~ € e R
= IS=N
<} S €
© o
o ol S
o‘ n
o
o o T T T T o T T T T
o 10t 102 103 104 10! 10? 103 104
mm day ! return period (years) return period (years)
3
o [ewTee . ) ) esle) o S
— o o 1 —
S o ]
o
8 81 .8
o Lo g2
©o
=8 g8 g8
o o m o
2 Eg E§
S I EY
~N o =]
S g R
o
T o o T T T T o T T T T
© 10 20 30 40 10t 102 10° 104 10t 102 103 104
mm day~! return period (years) return period (years)

Figure S7. Same as Fig. S4, but for very small catchments: Saltina, Goneri, Krummbach and Riale di Calneggia.
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Figure S8. Average intensity-duration-frequency (IDF) curves (1h to 24h) for different return periods (colors) in large catchments: Aare
at Bern, Aare at Thun, Sarine, Thur at Andelfingen and Thur at Jonschwil. Reforecast results are shown with dashed lines, observations
spanning 1981-2019 and used for the analog method are shown with solid lines. The IDFs have been derived using the Gumbel method
(Ponce, 1989), and a 360-day calendar was used.
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Figure S9. Same as Fig. S8 but for medium-sized catchments: Inn, Kander, Kleine Emme, Maggia and Minster.
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Figure S10. Same as Fig. S8 but for small catchments: Allenbach, Drance de Bagnes, Isorno, Lonza, Rein da Sumvitg and Thur at Alt St.
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Figure S11. Same as Fig. S8 but for very small catchments: Saltina, Goneri, Krummbach and Riale di Calneggia.
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Figure S12. Average intensity-duration-frequency (IDF) curves (1-day to 7-day) for different return periods (colors) in large catchments:
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(Ponce, 1989), and a 360-day calendar was used.
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Figure S13. Same as Fig. S12 but for medium-sized catchments: Inn, Kander, Kleine Emme, Maggia and Minster.
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Figure S14. Same as Fig. S12 but for small catchments: Allenbach, Drance de Bagnes, Isorno, Lonza, Rein da Sumvitg and Thur at Alt St.
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Figure S15. Same as Fig. S12 but for very small catchments: Saltina, Goneri, Krummbach and Riale di Calneggia.
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Figure S19. Same as Fig. S16, but for very small catchments.
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Figure S21. Highest ten annual maximum floods simulated using reforecast (RF) and weather generator (GWEX) input, presented separately
for large river basins. Maximum observed floods in the corresponding large river basin (dark grey) and Switzerland (light grey) as per Kienzler
and Scherrer (2018) (grey dots) are shown for context, along with an envelope curve for the corresponding large river basin (solid line: all
data; dashed line: 95™ percentile). Also shown is the envelope curve for maximum floods worldwide (Herschy, 2003). For catchment IDs see
Table 1.
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Figure S22. The Atlantic Multidecadal Oscillation (AMO) index compared with the total days of the sampled reforecasts within the 9920
RF years processed. The AMO data were obtained from NCAR and are based on Trenberth and Shea (2006) and HadISST1 (NCAR, 2023).
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