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Climate change is expected to increase heavy rainfall with concomitant increasesin
flooding'. Causes of increased heavy rainfall include the higher water-holding capacity
of awarmer atmosphere and changes in atmospheric circulation patterns? which may
translate into future heavy rainfall increases in most of Europe®. However, gathering
evidence on the time evolution of past changes has been hampered by data limitations
and measurement uncertainties, in particular for short rainfall durations, such as1h.
Here we show an 8% increase in daily and 15% increase in hourly heavy rainfall over the
last four decades by analysing a new dataset comprising 883 stations in Austria from
1900t02023. These increases are fully consistent between two independent networks
and occurred after aretarding phase between 1960 and 1980. Hourly heavy rainfall
changes are aligned with temperature increases with the sensitivity of a 7% increase per
1°C of warming, in line with Clausius-Clapeyron scaling. Daily heavy rainfall changes,
however, are aligned with atmospheric circulation indices with little correlation to air

temperature, which suggests a bigger role of atmospheric circulation modes than
previously thought. The daily heavy rainfall changes are remarkably consistent with
observed flood increases of about 8% in large catchments. The hourly heavy rainfall
changes are similarly consistent with flood changes in small catchments, although
the flood increase is stronger (25% over the last four decades). Climate adaptation
measures in flood management may therefore be more pressing for rivers draining
smaller catchment areas than for large rivers.

Heavy rainfall hasbecome amatter of concerninrecentyears because of
the major disruptions to human systems caused by flash floods, regional
floods and landslides*. Climate change is expected toincrease precipi-
tationintensity on time scales from minutes to days, which willimpact
flooding™**. Previous studies have shown that observed heavy rainfall
occurringonadaily basis hasincreased inrecent decades in many parts
ofthe world®. Positive trends of 0.6-1.4% per decade have been found in
Central Europe”, but there is only moderate confidence in their robust-
ness'. For sub-daily time scales, several observation-based studies point
towards a relationship of heavy rainfall and temperature, suggesting
anincrease of about 7% per degree of warming. This percentage is
consistent with the Clausius-Clapeyron relationship that describes
anincrease in the atmospheric water-holding capacity with tempera-
ture>™®, In some areas, such as the Netherlands, larger percentages
have been determined, known as super scaling™'2. However, enhanced
water-holding capacity is only one of the controls of increased heavy
rainfall, and there are still discrepancies between observed trend
magnitudes and changes in potential drivers?. This is mostly due to a
lack of long, high-quality observations. Although recent progress has
beenmade in compiling data®, there s still very low confidence in the
changesinhourly heavy rainfall’. Also, rain gauge instrumentation has
changed inmost countries of the world in the last few decades (floaters,

tipping buckets, weighing gauges). Different error characteristics of
the instruments may have masked any changes or given rise to appar-
ent changes, depending on the error magnitudes™®.

Here we analyse the most comprehensive dataset of heavy rainfall
in Austria from two independent networks, and show, with high con-
fidence, that hourly heavy rainfall has been increasing since 1980,
induced by climate change, and s closely reflected inincreasing floods
in small catchments.

Heavy rainfall observations

We based our analysis on rainfall observations from 883 rain gauge
stations (779 stations with daily resolution, 163 with hourly resolution)
(Extended Data Fig. 1a) from two completely independent measure-
ment networks over the period 1900 to 2023. One network is operated
by GeoSphere Austria (GSA, the National Meteorological Service of
Austria) and the other by the Hydrographic Service of Austria (HYD).
Comparison of the two datasets offered a unique opportunity to
objectively assess the role of measurement uncertainty vis-a-vis
real changes. The full history of instrument types is known, which
allowed us to estimate likely changes in the measurement errors
for both networks (Tables 1 and 2). Heavy rainfall was evaluated on
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Table 1| Station years of daily and hourly rain gauge data for
different registration types from the two networks in Austria

Table 2 | Systematic errors of daily and hourly heavy rainfall
for different registration types of rain gauges

Daily data Hourly data Daily data Hourly data
GSA HYD GSA HYD Ombrometer +0% -
Ombrometer 3,158 74,524 - - Floater - -5%
Floater - - 307 3172 Tipping bucket -2.5% -3%
Tipping bucket 990 103 1,722 775 Weighing gauge -0.5% -1%
Weighing gauge 328 259 149 1,617 Optical sensor - +20%
Optical sensor - - - 120 Negative errors indicate an underestimation of heavy rainfall, positive errors an overestimation.

a station-by-station basis as the 99th percentile in a moving 21-year
window to detect the time evolution of low-frequency changes. We
applied rigorous constraints on missing dataand temporal coverage to
assure robust results, and limited the analysis to the warm season (May
to September), inline with data availability. Because rainfall extremes
in the study region almost exclusively occur in the warm season'®",
there was little loss of information.

Tounderstand the process drivers of change, we compared the tem-
poral evolution of heavy rainfall at daily and hourly scales with potential
explanatory variables. For assessing the dynamic contribution, we used
two indices of atmospheric circulation, representing meridionality
and persistency of the atmospheric flow, derived from daily weather
patterns as well as cyclone tracks. For assessing the thermodynamic
contribution, we evaluated the instantaneous scaling and climate scal-
ing of heavy rainfall with air temperature. There was little temporal
co-occurrence of daily and hourly heavy rainfall (9.0 + 0.4% overlap of
days with hourly and daily heavy rainfall), so clear differences would
be expected in the alignments of the process drivers with daily and
hourly heavy rainfall. In addition, we compared the observed heavy
rainfall evolution with observed warm season flood peak discharges
in 693 catchments, ranging in size from1to 250,000 km? (Extended
DataFig.1b).

Observed changesin heavy rainfall

Our datashowaplateau of daily heavy rainfallin the first half of the twen-
tieth century, lower rainfall in the 1970s and 1980s, a clear increase of
about 8% from1990to 2010 and little change in the last decade (Fig. 1a).
Hourly heavy rainfall at the 99th percentile indicates alow inthe 1960s
and 1970s, followed by a persistent increase of about 15% that extends
to the end of the dataset in 2023 (Fig. 1b). The 99th percentiles shown
in Fig. 1a,b correspond to rainfall intensities of around 30-70 mm d™
and 6-16 mm h™, respectively (inset diagrams). The 90th and 99.9th
percentiles increase by 12% and 18% in the last few decades, suggesting
asomewhat stronger change, with increasing severity of the rainfall
(Extended Data Fig. 2). The data from the two completely independent
network operators (GSA and HYD) give fully consistent results, corrobo-
rating the validity of the observed changes in heavy rainfall at both the
dailyand hourly time scales. Accounting for changesin the registration
type ofthe rain gaugesincreased the consistency between the networks
(Extended DataFig. 3). A transition from manual to tipping bucket gauges
for the daily series from the GSA decreased the trends slightly because
the latter had smaller biases. The transition from floaters to weighing
gauges for the hourly series of the HYD also decreased the trends slightly.

Thereareclear differencesin the evolution of the daily heavy rainfall
changes between north and south of the European Alps (Fig. 1c). In
the north, multidecadal variations are visible, with alow around 1980
and highs around 1940 and 2010, whereas in the south, the oscilla-
tions are somewhat weaker and are followed by anincrease after 2000.
This is consistent with the role of the European Alps as a clear climate
dividein Europe, as has been shown in numerous studies'®?. The hourly
heavy rainfall changes, however, are spatially consistent (Fig. 1d), with
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The effect of these errors on heavy rainfall evolution are shown in Extended Data Fig. 3.

aplateau from 1950-1980 and a clear increase afterwards. There was
little difference in the temporal evolution of either the daily or hourly
heavy rainfall between high-elevation (above 800 m) and low-elevation
(below or at 800 m) stations (Extended Data Fig. 5).

Attribution of heavy rainfall

To explainthese multidecadal variations, we used ameridionality index
and a persistency index as proxies for the dynamic contribution to
change. These were derived from a daily weather-type classification
covering Central Europe based onsea level pressure®. Air temperature
was used as a proxy for the thermodynamic contribution. Daily heavy
rainfall was significantly correlated with the proxies for the dynamic
contribution, whereas hourly heavy rainfall was significantly correlated
with the proxy for the thermodynamic contribution (Table 3).

The evolution of daily heavy rainfall in the north was well aligned
with the meridionality index, with maxima around 1940 and 2010
and a minimum around the 1980s (Fig. 2a) (correlation coefficient
r=0.77,P=0.02in Table 3). Accounting for measurement biases had
little effect on r (Extended Data Table 1). Several studies have shown
the existence of multidecadal variations in meridional (south-north)
atmospheric flow patterns in Europe related to spatial sea surface
temperature gradients and Atlantic multidecadal variability?°~22,
Meridional flow patterns favour the formation of cut-off lows* and
Vb cyclones®, which approach the eastern Alps from the southwest
and turn counter-clockwise. Both are conducive to heavy rainfall gen-
eration in Central Europe®. Vb cyclones had a high re-occurrence rate
in the 1960s and 2010s, with a minimum during the 1980s®, which is
inline with the rainfall evolution illustrated in Fig. 2a (Extended Data
Fig. 6a). The evolution of daily heavy rainfallin the north was also cor-
related (r=0.51, P=0.10) with the persistency index, and so was the
daily heavy rainfall in the south (Fig. 2b) (r=0.61, P=0.02 in Table 3),
whichshowed small variations from 1900 to 1990 and a clear increase
after1990. Theincreased persistency in the last few decades hasbeen
shown toberelated to a decrease inthe temperature difference between
the mid-latitudes and the North Pole” % and other factors® . Higher
persistency implies more slowly moving storm systems and longer
rainfall for agiven area®*, whichis reflected by the daily heavy rainfall
increase in the south of about 7% since 1990. Other potential controls
ondaily heavy rainfall are sulfate aerosols, which tend to reduce heavy
rainfall through their role in precipitation-forming processes, cloud
microphysics and cloud dynamics* . Sulfate aerosols showed a pro-
nounced peak in the 1970s, whereas the minimum in heavy rainfall
occurred in the 1980s, and sulfate concentrations have been rather
uniformin Europe while there hasbeen a clear difference in daily heavy
rainfall betweenthe northand south. Thus, sulfate aerosols are unlikely
a dominant driver of changes in daily heavy rainfall (Extended Data
Fig. 6c,d).

Theevolution of hourly heavy rainfallinboth the north and southis
very well aligned with air temperature, with a hiatus during the 1970s
followed by a steep increase (Fig. 2c) (r=0.84 and 0.94, P=0.04 and
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0.03, respectively, in Table 3). Hourly rainfall extremes are almost
entirely generated by convective processes, which are enhanced by the
increased availability of water vapour, and hence latent energy, under
higher air temperatures®*¢*, Convective storms are local phenomena
that occur under a wide variety of different weather patterns, which
explains the close alignment with temperature increases to both the
north and south of the Alps. Binning the hourly heavy rainfall by air
temperature on the same day (that s, instantaneous scaling) (Fig. 2d)
showed anincrease with air temperature of about 6.8 + 0.1% °C™.. This
is what one would expect from the Clausius-Clapeyron relationship
and, given the small change in relative humidity observed®®®, asimilar
increase in specific humidity. The small differencesinscaling between
the north and south (Extended Data Table 3) may be related to the
variety in weather patterns that produce extreme rainfall and the
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topographic complexity of the study region*. The average hourly
heavy rainfallinthe period 2003-2023 was 14.7% higher than thatin the
period 1950-1970 (Fig. 2e), and the average air temperature was 1.8 °C
higher. These increases correspond toa climate scaling of 8.1+1.2% °C™.
Theinstantaneous and climate scaling of the hourly heavy rainfall were
similar for different time periods and between the north and south
(Extended Data Table 3).

The observed hourly heavy rainfall increases in recent decades in
Austriaare consistent between the twoindependent networksand are
robust relative to measurement biases due to changed instrumentation
over the years. The observed increases of15% both north and south of
the Alpineridge over the last four decades areinline with observations
fromother parts of the world, such asincreases of 10% and 11% in Den-
mark and China, respectively**?, and with the current understanding

Table 3 | Spearman's rank correlation coefficients of daily and hourly heavy rainfall with meridionality index, persistency
index and air temperature for 1901-2020 (daily heavy rainfall) and 1947-2020 (hourly heavy rainfall)

Daily heavy rainfall anomaly

Hourly heavy rainfall anomaly

Entire region North South Entire region North South
Meridionality (dynamic) 0.72(0.02) 0.77(0.02) -0.03(0.92) 0.33(0.40) 0.55(0.13) 0.28(0.48)
Persistency (dynamic) 0.63(0.04) 0.51(0.10) 0.61(0.02) 0.27(0.46) 0.48(0.18) 0.25(0.51)
Air temperature (thermodynamic) 0.22 (0.46) 0.27 (0.39) 0.27 (0.29) 0.94(0.03) 0.84(0.04) 0.94(0.03)

Pvalues in parentheses account for the autocorrelations of the time series®; significant correlations (P < 0.05) are in bold text. Analyses for the entire region and north and south of the Alpine

ridge are separated.
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Fig.2|Attribution of heavy rainfall evolutionin Austria. a, Daily heavy
rainfallanomalies (both datasets) for the north and the meridionality index.

b, Daily heavy rainfall anomalies (both datasets) for the south and the
persistencyindex. ¢, Hourly heavy rainfallanomalies (both datasets) and air
temperature anomalies over the entire domain. d, Instantaneous scaling: hourly
heavy rainfall rates above the 99th percentile binned by daily air temperature
oftheday of occurrence for each month of the warm season. Grey dashed lines
indicate scaling of +7% °C™. A quantile regression of (log-)hourly heavy rainfall
against daily air temperature for 19950-2023 gives aninstantaneous scaling
acrossallmonthsof 6.8 +0.1% °C™. e, Climate scaling: comparison of the periods

of extreme rainfall evolution in a warming climate?**3, The scaling of
hourly heavy rainfall with air temperature of 7.0% °Cis also consist-
entwith otherregions, suchas8.5,7.6and 7.16% °C'in Australia, India
and the United States, respectively**. The scaling found in this study
is lower than the super scaling of about 14% °C™ in the Netherlands",
which may berelated to the orographiceffects of the Alps being more
independent of temperature changes**¢,

Daily heavy rainfall showed more marked decadal variations during
the twentieth century than hourly heavy rainfall, and smallerincreases
inthelast few decades. The decadal variations may explain some of the
inconsistencies in the temporal trends reported in the literature’. Both
the decadal variations and the recent increases in daily heavy rainfall are
aligned with the dynamic contribution to rainfall changes, including a
hiatusintheincrease during the 1980s. The instantaneous scaling with
air temperature is negative (-1.4% °C™ north and -0.5% °C' south of
the Alpine ridge for the period 1950-2023) (Extended Data Fig. 7 and
Extended Data Table 3), implying no relevant thermodynamic contribu-
tion. The negative scaling rates are in line with those of other analyses
of the same region*’, but contrast with those of other regions of the
worldwhere Clausius-Clapeyronscalingrates have beenreported from
(for example, 7 and 6.5% °C™'in the Netherlands and the UK, respec-
tively)™**# The climate scaling found here was larger (2.4% °C ' north
and 2.2% °C™' south of the Alpine ridge) (Extended Data Table 3) and
possibly related to analignment of the evolution of air temperature with
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thatofthedynamicindicesinthe period 1985-2015. This alignment also
resultedinahigher climate scaling for1980-2000 versus 2003-2023
than for1950-1970 versus 2003-2023 (6.9 and 2.6% °C™, respectively).

Animportant findingis that the daily heavy rainfall changes depend
on atmospheric circulation patterns and therefore varied within the
study region, whereas the hourly heavy rainfall changes are more locally
drivenby higher temperatures and, given that temperatureisincreasing
more uniformly around the globe, seem to be more universal.

Implications for flood risk

Changes in heavy rainfall are expected to result in changes in flood
magnitudes. Long rain storms tend to be most relevantin large catch-
ments because of the long travel times of the water in the landscape,
whereas shorter storms tend to be more relevantin smaller catchments.
Thetime evolution of flood peak dischargesin large catchments (areas
greater than 500 km?) is remarkably similar to that of daily heavy rainfall
(Extended Data Fig. 8a). In the north (Fig. 3a), floods showed a simi-
lar hiatus around 1980 and a later increase of 25% (r=0.67, P=0.07)
(Extended Data Table 2).In the south, the increases were smaller at 3%.
Therewasalso aclear correspondence between flood peak discharges
in small catchments (areas less than 50 km?) and hourly heavy rainfall
(Extended DataFig. 8b), but theincreasein floods was greater than that
of rainfall. In the north, floods have increased by about 30%, whereas
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hourly heavy rainfall has increased by 15%. In the south, floods have
increased by about 20%, with hourly heavy rainfall increasing by 15%
(Fig.3b). After accounting for measurement errorsin the heavy rainfall,
correlations between the floods and heavy rainfall showed little change
(Extended Data Table 2).

The close correspondence between floods and rainfall became appar-
ent because of the availability of a very detailed, high-quality dataset
of both heavy rainfall and floods. In the small catchments, floods have
increased more than in the large catchments for two reasons. First,
hourly heavy rainfall hasincreased more than daily heavy rainfall. The
second reason relates to the more nonlinear behaviour of runoff gen-
eration processes in small catchments compared to those in larger
catchments®*¥*, In small catchments, a 1% increase in heavy rain can
translate into an increase in flood peak discharge of at least 2% (that
is, an elasticity or amplification of more than 2% per %), whereas in
large catchments, the elasticity tends to be smaller>*®, The stronger
amplification in the north compared to the south (Fig. 3b) could be
related to a more pronounced increase in soil moisture in the north,
which tends to enhance flooding®. A comparison of flood magnitudes
throughout the year, including winter events, with heavy rainfall gave
asimilarly close alignment, albeit the flood increases were smaller
(Extended Data Fig. 8c,d).

Animportant findingis that daily rainfall changes are the main driver
of flood changes inmedium-sized and large catchments®. Observations
fromaround the world have shown positive and negative flood trends,
dependingonthe region**°"** In Austria, the flood trends in the north
aremuchlarger thanthoseinthe south (Fig. 3a). This lack of universal-
ity is entirely consistent with changesin the daily heavy rainfall and its
drivers,andisalsorelated to therole of other processes, such as snow
melt, soil moisture variations and evaporation®-¢, Consequently, there
is little direct relationship between temperature increases and flood
changes in medium-sized and large catchments.

For floods in small catchments (catchment areas <50 km2), and for
hourly rainfall, the observational database is globally much sparser. Our
study shows that floods in small catchmentsin Austria haveincreased
substantially, and the increases are closely aligned with increases in
hourly heavy rainfall, based on the most comprehensive database from

indicate thereference period. Solid lines indicate the mean over all stations,
theshaded bandsthe 95% confidence interval of the mean, estimated by
bootstrapping (n=1,000). Aremarkable similarity canbe seenbetween the
daily heavy rainfall and floods in large catchments and between the hourly
heavyrainfall and floods in small catchments, whichis related to the travel
times of water within the catchments.

two independent networks. This close alignment can be explained
by the short travel times of water in small catchments. North of the
Alpine ridge, these increases are similar to those in the South. This is
because of similar increases in the hourly heavy rainfall, which in turn
arerelated tolocal convection processes that are, in the study region,
apparently only weakly coupled with the dynamics of the atmospheric
circulation and more associated with increases in the atmospheric
energy content. This finding suggests that the increase in floods in
small catchments may be more universal, not only applying to Austria,
where long-time observations are available, but also to other parts
of the world that are climatologically similar but where data are
scarce. Because of the nonlinearity of the rainfall-runoff process*,
agiven change in hourly heavy rainfall will translate into even bigger
changes in floods in small catchments. With an elasticity of 2% per %
of the rainfall-runoff process"” (Fig. 3b) and an hourly rainfall scaling
of 7% °C™ (Fig. 2e), aregional 2 °C air temperature increase will translate
into a28% increase in flood discharge in small catchments. Further
researchis neededtoassess therole of circulation changes, orographic
processes and moisture sources.

Our study highlights that floods in small and large catchments can
changeinvery different ways. Thisis because of the shorter water travel
timesinsmall catchments and thus the larger role of shorter-duration
heavy rainfall, as well as differences in processes translating rainfall
into runoff. Because of the closer tie of convective precipitation to
energy availability, it seems that the increases in hourly heavy rainfall
of15% and the concomitant flood increases of 30% in small catchments
canbegeneralized to other midlatitude catchments around the world
where air temperature increases and moisture availability are similar.
The implications for climate adaptation in flood risk management
are major, with a need for emphasis on the differences between flood
changes in small and large catchments. This is extremely important
because of the manifold flood impactsin small catchments, including
pluvial flooding in urbanareas and landslides in steep landscapes. Also,
many of the world’s dams have catchment areas of only a few tenths
of asquare kilometre”. Because flood increases in small catchments
seem to be larger and more universal than in large catchments, more
consistent action is needed in the former.
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Methods

Rainfall data

We used rain gauge data from two completely independent network
operators: (1) GeoSphere Austria (GSA), the Federal Geological, Geo-
physical, Climatological and Meteorological Service of Austria (for-
merly known as Zentralanstalt fiir Meteorologie und Geodynamik),
which operates nearly 300 rain gauge stations across Austria; and
(2) the Federal Ministry of Agriculture, Forestry, Regions and Water
Management, Directorate I/3, Water Balance (Hydrological Service,
abbreviated HYD, which operates more than 1,000 rain gauge sta-
tions. In a trade-off between temporal coverage, spatial consistency
and number of stations, atemporal coverage of 1948-2023 for daily
GSA data, 1900-2023 for daily HYD data and 1950-2023 for hourly
data was chosen. Based on the criteria of minimum data availability
(see ‘Statistical analysis of rainfall data’ below), 63 daily GSA stations,
50 hourly GSA stations, 779 daily HYD stations and 163 hourly HYD sta-
tions were selected, totalling 883 stations due to some overlap between
the hourly and daily stations. All records were quality checked and the
daily GSA records were also homogenized***°,

The recording rain gauges of the GSA network were mainly floater
devices before the 1980s. These were gradually replaced by PAAR
AP23 tipping buckets with a 500-cm? collection area (10-s sampling
frequency, 0.1-mmresolution, 1% accuracy, per the manufacturer).
After 2000, some stations were changed to total rain weighing system
(TRWS)-MPS weighing gauges with a 500-cm? collection area (1-min
sampling frequency, 0.06-mm h™' resolution, 0.01-mm (depth) and
0.01-mm min~ (intensity) resolution, per the manufacturer). The
recording rain gauges of the HYD network consist mainly of over-the-
top (OTT) Pluvio2 and Sommer Niwa-505 weighing gauges with col-
lection areas of 200,400 or 500 cm?. There are fewer tipping buckets
(mostly Sommer MR3), with 500-cm? collection areas (1-s sampling
frequency, 0.1-mm accuracy, per the manufacturer) and optical sensors
(mostly OTT Parsivel2). Before the 1980s, the recording rain gauges
were typically taken out of operation during the colder months of the
year (October-April), resulting in data gaps. Additionally, manual rain
gauges (thatis, ombrometers) were in operation. Extended DataFig.3
shows the evolution of the number of stations of each type over the
study period and Table 1 gives the station years for each registration
system.

Error correction of rainfall data due to registration type

Measurements of heavy rainfall are affected by errors due to wind drift
andtheregistration system. Because the registration system changed
during the observation period, it was essential to account for the lat-
ter type of error in the change analyses. Error characteristics from
different automated rain gauges have been extensively evaluated in
numerous field and laboratory experiments, and they differ between
registration type®“%, We assessed plausible errors for each registration
type as described in the following (Table 2). For the ombrometer, we
chose +0%because these were manual measurements where observers
were typically aware of any observation errors. Although noliterature
was available for the floaters, anecdotal evidence from the network
operators suggested frequent issues with the siphons of this system,
so arelatively large error of -5% (underestimation) was chosen. For
thetippingbucket type,a World Meteorological Organization (WMO)
study®* (Annex AP23 PAAR, laboratory test sheet graphic and field cali-
bration sheet table) gave an error of -3% for a typical heavy rainfall
intensity in the study area of 50-80 mm h™, and aslightly smaller error
of —=2.5% was assumed for daily rainfall. For the weighing gauge type,
the WMO study®® (Annex PLUVIO OTT and TRWS-MPS, laboratory test
sheet graphic and field calibration sheet table) gave an error of -1%
(TRWS-MPS) and +0% (PLUVIO OTT) for the same intensity. Here we
chose an error of -1% for all weighing gauges, and a slightly smaller
error of —0.5% was assumed for daily rainfall. For the optical sensor

type, the WMO study® (Annex PARSIVEL OTT, field intercomparison
measurements sheet, upper panel graphic) gave an error of +20% for
the same intensity—that is, a massive overestimation.

Statistical analysis of rainfall data

The heavy rainfall analysis focused on the warm season (May to Sep-
tember) because the floater gauges were not operated during the cold
season. Given that heavy rainfallin the warm season was much higher
than in the cold season'®”, the results are also representative of the
entireyear. Heavy rainfall was defined as the 99th percentile of the rain-
fall time series of wet days (more than 0.2 mm d ™ of precipitation) and
wet hours (more than 0.2 mm h™of precipitation). The 99th percentile
was estimated within a 21-year moving window for robustness and
plotted onthe centre year. At the beginning and end of the series, the
windows were allowed to be shorter, witha minimum of 11years (first
year and the following 10 years, last year and the preceding 10 years).
A sensitivity analysis indicated that modifying the window size
changed the evolution of the heavy rainfall only slightly. To the mini-
mize the effect of missing data, we estimate the percentiles only for
those moving windows for which a threshold of 50% of missing data
was never exceeded in any month within the window, which resulted
inamedian number of estimated percentiles per rain gauge of 36 and
72forthe hourly and daily time series, respectively. Additionally, sta-
tions with fewer than 20 valid percentile estimates within the reference
period 1981-2010 were excluded, resulting in 883 stations. Heavy
rainfall anomalies were calculated by the difference in the percentiles
fromthe moving windows and the average of these percentiles within
thereference period, divided by that average for each station. A sensi-
tivity analysis conducted by randomly subsampling the stationsin the
study area suggested little effect of station density on heavy rainfall
anomalies (Extended Data Fig. 4). To quantify the co-occurrence of
daily and hourly heavy rainfall, we calculated the fraction of days where
the 99th percentile was exceeded in the reference period 1981-2010
on daily and hourly time scales for stations where both series were
available. There was very little co-occurrence (on average, 9.0 + 0.4%
of the days).

We spatially stratified the heavy rainfallanomalies in two ways. The
first stratification was into stations north and south of 47.6° N, repre-
senting the climate regimes of heavy rainfall north and south of the
European Alps.

While the general climate divide coincides with the main Alpine ridge
(47° Nin Austria)'®', the dividing line for the heavy rainfall during sum-
merwasslightly farther north®?*%3, The second stratification was by alti-
tude, with the stations groupedintolowland (less than or equal to 800 m
abovesealevel (a.s.l.)) and mountain (more than 800 ma.s.l.) stations.

Temperature data

We used daily air temperature records from 63 stations in Austria, from
the GSA and HYD networks, for instantaneous scaling of the heavy
rainfall with air temperature changes. We used monthly air temperature
records from 66 stations in Austria, from the Historical Instrumental
Climatological Surface Time Series of the Greater Alpine Region (HIS-
TALP) database®, which were quality checked, outlier corrected and
homogenized. For each year, the warm season (May to September)
averages were normalized by their means over the reference period
(1981-2010), separately for each station, which were then averaged over
the entire study domain to obtain an annual time series of air tempera-
ture anomaly over the study domain. This time series was used for both
climate scaling the heavy rainfall with air temperature changes and for
the correlation analysis between heavy rainfall and air temperature.

Scaling analysis

The instantaneous scaling was based on quantile regression, esti-
mating a linear relationship between the logarithm of the 99th per-
centile of the hourly and daily rainfall (dependent variables) and air
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temperature (independent variable), pooling all stations, years and
months. Quantile regression is more robust against outliers than
more-common regression models on binned temperatures*®*+%,
Uncertainty was assessed via bootstrapping of the coefficients of
the quantile regression model (numbersinFig.2d and Extended Data
Table 3). For visualization, the heavy rainfall was binned by month
(linesin Fig. 2d). For the climate scaling, the spatial averages over all
stations of heavy rainfall anomalies were averaged over two 21-year
sub-periods (1950-1970 and 2003-2023), and the anomaly differ-
ences were evaluated for the hourly and daily heavy rainfall. A simi-
lar difference was calculated for the HISTALP air temperatures. The
ratio between the two represented the climate scaling®®” (numbers
inFig.2e and Extended Data Table 3). The uncertainty was estimated
by bootstrapping.

Atmospheric circulation indices

Two indices of the atmospheric flow conditions (meridionality and
persistency) over Central Europe were used in this study®, which were
based onadaily circulation type classification®®®, The circulation type
classification has seven divisions, three (northeast, indifferent; east,
indifferent; north cyclonic) considered meridional types because they
exhibit astrongnortherly flow component with low-pressure gradients
across the domain’, and two (west-southwest, cyclonic, flat pressure;
westerly flow over Northern Europe) considered zonal types because
they exhibit strong westerly flow components and pronounced pres-
sure gradients. The remaining two denote pure cyclonic/anticyclonic
circulation types.

Themeridionality indexis the difference between the frequencies of
the meridional and zonal circulation types in the summer of the respec-
tive year, scaled by their averages over the period 1900-2023. For compa-
rability, the index was adjusted to azero mean over the reference period
1981-2010. A positive meridionality index indicates the dominance of
meridional flowin the reference period. For each of the seven circulation
types, the probability that the circulation type of any one day was the
same as that of the previous day was calculated. The persistency index is
the average of these probabilities of the seven circulation types for each
year’"’?, adjusted to a unit variance and zero mean over the reference
period. Apositive persistency index indicates stronger persistence than
the average of thereference period. The same 21-year moving averaging
window as for heavy rainfall was applied to both the meridionality and
persistency index to highlight the long-term fluctuations.

Cyclone trackindices

Additional informationincluded the tracks of cyclones moving across
Europe, based on schemes for detecting” and classifying® cyclones by
their origin and paths (6-h time step) over the time period 1960-2017.
Wesingled out two track groups—Vb and X-N, representing heavy rain-
fallinnorthern Austria, and X-S, representing heavy rainfallinsouthern
Austria®. The first cyclone track index was the frequency of Vb and
X-N tracks in each year standardized by its mean over the reference
period 1981-2010 and scaled to unit variance, with the second being
the equivalent index for the X-S tracks. A 21-year moving averaging
window was applied to both indices.

Aerosol data

To explore other effects on the heavy rainfall, we use two datasets of
sulfate aerosol concentrations. The first were sub-annually resolved
reconstructions from the ice cores of the Colle Gnifettiice cap in the
Italian Alps™, the second were annually resolved reconstructions from
the winter snowpack on aglacier field near the Sonnblick Observatory
inthe Austrian Alps™.

Flood peak data and analysis
The flood data were obtained from the pan-European Flood Data-
base’®*’*”7, The dataset consists of the highest discharge (daily mean

or instantaneous discharge) in each calendar year from 8,023 river
gauges in Europe. Here we used flood data from 693 catchments with
centroids within Austria, or no more than 30 km outside Austria, with
atleast 10 years’ worth of datain the reference period 1981-2010. The
catchments ranged in size from 1t0 250,000 km?.

Flood anomalies were calculated by dividing the annual maximum
discharges of each series by their average over the reference period
1981-2010, from which unity was subtracted. The flood anomalies
were then smoothed using a centred moving averaging window of
41years. We chose alonger window than the 21-year window for the
heavy rainfall because the temporal fluctuations of the floods were
larger and the aim was to represent the decadal scale changesina
comparable way. In Extended Data Fig. 8, we used the maximum flood
peaks for the entire year, whereas in Fig. 3, we used the maximum flood
peaks from the warm season, again for comparability with the heavy
rainfall. Across the study region, most of the maximum annual dis-
charges in summer were caused by rainfall, with snow melt account-
ing for only 5% of the summer events (Merz and Bloschl, 2003). In
relating flood discharges to heavy rainfall, we introduced a classifica-
tion into catchments smaller than 50 km? and larger than 500 km?.
A sensitivity analysis suggested that the temporal flood-rainfall cor-
relations were only a little sensitive to the choice of catchment size
threshold.

Correlation analysis

We use Spearman’srank correlation analysis to estimate the strength of
therelationship between the heavy rainfall anomalies and their poten-
tial drivers (meridionality index, persistency index, air temperature)
and between the heavy rainfall and floods. We chose Spearman corre-
lations because not all the relationships were expected to be linear. In
estimating the significance of the correlations, we accounted for the
autocorrelation of the anomalies, exacerbated by the moving averag-
ing window, by a recently developed method*®.

Data availability

All data for conducting the analysis, including raw station data and
external data, are available at Zenodo (https://doi.org/10.5281/
zenodo.12684482)78. External data is available at the Zenodo archive
andviathefollowing resources: monthly air temperature data: https://
www.zamg.ac.at/histalp; aerosol data (Colle Gniffettiice cap): https://
doi.pangaea.de/10.1594/PANGAEA.894788.

Code availability

Allcode for conducting the analysisis available at Zenodo (https://doi.
org/10.5281/zen0do.12684482),
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Extended DataFig.2|Heavy rainfall evolutionin Austriabased on the

90" and 99.9" percentile. a, Daily heavy rainfall (90" percentiles of wet days)
anomalies withrespect to the reference period 1981-2010 calculated from the
GSA (green) and HYD (purple) datasets. Solid lines indicate the mean over all
stations, shaded bands the 95% confidence interval of the mean estimated

by bootstrapping (n=1000). The confidence intervals of the GSA dataare
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Extended Data Table 1| Spearman’s rank correlation
coefficients of daily and hourly heavy rainfall with

meridionality index, persistency index and air temperature

for 1901-2020 (daily heavy rainfall) and 1947-2020
(hourly heavy rainfall)

Daily heavy rainfall anomaly

Hourly heavy rainfall anomaly

Entire
region
Meridionality 0.72
(dynamic) (0.02)
Persistency 0.63
(dynamic) (0.04)

Air temperature 0.22
(thermodynamic) (0.47)

North

0.77
(0.02)

(0.10)

0.26
(0.40)

South

-0.04
(0.87)

0.60
(0.02)

0.26
(0.30)

Entire
region

0.39
(0.31)

(0.40)

0.93
(0.03)

North

0.66
(0.07)

0.56
(0.12)

0.80
(0.05)

South

0.30
(0.46)

0.25
(0.51)

0.95
(0.04)

P-values in brackets account for the autocorrelations of the time series®®. Analysis separately

for the entire region, north and south of the Alpine ridge. Heavy rainfall has been corrected for

errors caused by the registration type, while in Table 3 it has not.



Extended Data Table 2 | Spearman’s rank correlation
coefficients of daily and hourly heavy rainfall (original and
bias corrected) with annual flood peaks in small (<50km?)
and large (>500km?) catchments for 1950-2022

Correlation between floods in
small catchments and
original heavy rainfall data

Correlation between floods in
large catchments and
original heavy rainfall data

Correlation between floods in
small catchments and bias
corrected heavy rainfall data

Correlation between floods in
large catchments and bias
corrected heavy rainfall data

Daily heavy rainfall anomaly

Entire
region

0.42
(0.30)

0.62
(0.09)

0.44
(0.29)

0.63
(0.08)

North

0.33
(0.41)

0.67
(0.07)

0.36
(0.38)

0.68
(0.07)

South

0.54
(0.10)

-0.03
(0.89)

0.53
(0.11)

-0.07
(0.74)

Hourly heavy rainfall anomaly

Entire

region North South
0.92 0.70 0.93
(0.03) (0.08) (0.03)
0.67 0.80 0.07
(0.07) (0.03) (0.72)
0.92 0.71 0.93
(0.03) (0.08) (0.03)
0.67 0.80 0.07
(0.07) (0.03) (0.72)

P-values in brackets account for the autocorrelations of the time series®®. Analysis separately
for the entire region, north and south of the Alpine ridge.
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Extended Data Table 3 | Scaling of heavy rainfall with
respect to air temperature (%/°C)

Daily heavy rainfall

Hourly heavy rainfall

ri’;‘l';ﬁ North  South r'ig‘l'gf] Notth  South
Instantaneous scaling
1950-2023 -0.8 -1.4 -0.5 6.8 7.8 6.5
1980-2023 -0.8 -1.4 -0.4 6.8 7.8 6.6
Climate scaling
1950-1970 vs. 2003-2023 23 24 22 8.0 7.7 8.4
1980-2000 vs. 2003-2023 6.9 10.1 3.7 9.9 10.2 9.7

Instantaneous scaling for 19950-2020 and 1980-2020, and climate scaling for 1950-1970 vs.
2000-2020 and 1980-2000 vs. 2000-2020. Analysis separately for the entire region, north

and south of the Alpine ridge.
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