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Abstract. Extreme precipitation is thought to increase with
warming at rates similar to or greater than the water vapour
holding capacity of the air at ~7%°C~!, the so-called
Clausius—Clapeyron (CC) rate. We present an empirical
study of the variability in the rates of increase in precipita-
tion intensity with air temperature using 30 years of 10 min
and 1h data from 59 stations in Switzerland. The analysis
is conducted on storm events rather than fixed interval data,
and divided into storm type subsets based on the presence of
lightning which is expected to indicate convection. The av-
erage rates of increase in extremes (95th percentile) of mean
event intensity computed from 10 min data are 6.5%°C~1
(no-lightning events), 8.9%°C~! (lightning events) and
10.7%°C~1 (all events combined). For peak 10 min inten-
sities during an event the rates are 6.9 % °C~1 (no-lightning
events), 9.3%°C~! (lightning events) and 13.0%°C~1 (all
events combined). Mixing of the two storm types exagger-
ates the relations to air temperature. Doubled CC rates re-
ported by other studies are an exception in our data set, even
in convective rain. The large spatial variability in scaling
rates across Switzerland suggests that both local (orographic)
and regional effects limit moisture supply and availability in
Alpine environments, especially in mountain valleys. The es-
timated number of convective events has increased across
Switzerland in the last 30 years, with 30% of the stations
showing statistically significant changes. The changes in in-
tense convective storms with higher temperatures may be rel-
evant for hydrological risk connected with those events in the
future.

1 Introduction

The water vapour holding capacity of the air increases with
temperature by about 7%°C~1, the so-called Clausius-
Clapeyron (CC) rate. Consequently, precipitation is also ex-
pected to increase with air temperature. While changes in
mean precipitation are constrained by the energy budget at
the Earth’s surface and are typically smaller than the CC rate,
~2-3%°C~1 (e.g. Schneider et al., 2010; Roderick et al.,
2014; Allan et al., 2014), changes in extreme precipitation
from fully saturated air masses have been postulated to occur
at the CC rate, or even higher if local moisture convergence
takes place (e.g. Trenberth, 1999; Trenberth et al., 2003; Lo-
riaux et al., 2013).

Simulations of daily extreme precipitation by climate
models have shown a range of sensitivities to air temperature
globally. Extratropical precipitation was shown to increase
at about the thermodynamically constrained CC rate, while
tropical precipitation change varied widely between mod-
els because of the dependence of tropical rainfall on moist
convective processes in the atmosphere, especially vertical
velocity (e.g. Pall et al., 2007; O’Gorman and Schneider,
20093, b; O’Gorman, 2012). Satellite observations indicate
that the rate of increase in extreme daily rainfall with a warm-
ing climate in the tropics may be greater than that simulated
by some models (Allan and Soden, 2008), while ground ob-
servations have also shown a decrease in extreme rainfall in
some parts of the tropics (Utsumi et al., 2011). Overall, local
responses are strongly dependent on changes in large-scale
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circulation patterns and the physical nature and seasonality
of rainfall regimes (e.g. Berg et al., 2009; Allan et al., 2014).

Analyses of precipitation data at sub-daily resolutions gen-
erally show higher rates of increase in intensity with tem-
perature. Data demonstrations started with the De Bilt data
set, where Lenderink and Van Meijgaard (2008) found that
a CC rate of increase in extreme hourly intensities acceler-
ated to a doubled CC rate of approximately 14%°C~1 for
temperatures above 12 °C. This 2CC rate was attributed to a
positive feedback between water vapour and the dynamics of
precipitation formation in convective clouds (Lenderink and
Van Meijgaard, 2010; Loriaux et al., 2013). The 2CC rates
were subsequently found in other studies using hourly and
higher resolution data. It was also argued that at very high
temperatures the relation between precipitation intensity and
temperature may become negative due to atmospheric mois-
ture supply limitations (e.g. Hardwick Jones et al., 2010;
Lenderink and Van Meijgaard, 2010; Lenderink et al., 2011;
Westra et al., 2014; Panthou et al., 2014).

Available observational evidence to date suggests that
precipitation—temperature scaling rates may vary widely in
space and are time resolution dependent (e.g. Haerter et al.,
2010; Hardwick Jones et al., 2010; Shaw et al., 2011; Mishra
et al., 2012; Westra et al., 2014; Panthou et al., 2014). An al-
ternative (statistical) explanation for super-CC rates has been
put forward, that mixing storm types — stratiform low inten-
sity rainfall at low temperatures and convective high inten-
sity rainfall at high temperatures — may lead to the appear-
ance of super-CC rates (Haerter and Berg, 2009; Berg and
Haerter, 2013a). Berg et al. (2013b) demonstrated on a large
data set in Germany that super-CC scaling is in fact domi-
nated by convective rain, which is more sensitive to increases
in air temperature. Quantifying the effect of storm type mix-
ing remains an important and open problem (e.g. Lenderink
and Van Meijgaard, 2010; Loriaux et al., 2013; Westra et al.,
2014).

In this article we add empirical evidence to the picture of
variability in scaling slopes between intense rainstorm prop-
erties and air temperature from observationsat 10 minand 1 h
resolutions at 59 stations with 30 years of record in Switzer-
land. We focus only on rainfall events, aiming to address
three key questions which complement previous studies:

a. Is the rate of increase in rainfall extremes with temper-
ature affected by storm type (stratiform or convective)
and what is the effect of combining storm types on the
estimated scaling slopes across many stations? For the
storm type separation we used a classification of events
with lightning data (Gaal et al., 2014) and a convectivity
index (Llasat, 2001). We also looked at evidence of pos-
sible changes in the stratiform—convective event split in
the past 30 years.

b. Are super-CC rates evident when integral storm event
properties (e.g. total depth, mean and peak intensity, and
duration) are related to air temperature, as opposed to
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using fixed time intervals (e.g. daily or hourly) like in
most previous studies? It has been cautioned that a fixed
(coarse) time interval may not provide an accurate pic-
ture of rainfall variability (Haerter et al., 2010). Most
notably, the temporal resolution has a strong impact on
event duration, which especially for short heavy rain-
storms can only be resolved accurately by 10 min and
higher resolution data.

c. Are there coherent spatial patterns in the rates of in-
crease in event intensity with air temperature across
Switzerland? With many local orographic effects on
precipitation formation as well as different large-scale
atmospheric moisture flux patterns (e.g. south-north of
the main Alpine divide), Switzerland offers the possibil-
ity to investigate the spatial variability in the relations
of extreme rainfall to air temperature (e.g. Ban et al.,
2014). To address this question we divided the stations
into four distinct geo-climatic regions and looked for
differences between them.

2 Data and methods
2.1 Meteorological data

We used 10min and 1h precipitation, air temperature, and
relative humidity measurements at 59 stations of the Swiss-
MetNet network (MeteoSwiss) for the period 1981-2011
(31years) and 10 min lightning strike data for the period
1987-2011 (25years). The stations were selected based on
adequate record length without missing data, excluding sta-
tions at highest altitudes where precipitation measurement is
less reliable. The stations ranged from 203ma.s.l. (Maga-
dino) to 2287 ma.s.l. (Guetsch) in altitude. The stations were
divided into four geo-climatic regions: Plateau in northern
Switzerland (n = 25), pre-Alps north of the main Alpine di-
vide (n = 10), high Alps (n = 14), and Tessin in southern
Switzerland (» = 10) (Fig. 1).

Precipitation at SwissMetNet stations is recorded by a
heated tipping-bucket rain gauge (Lambrecht) with orifice
area 200 cm? and tip resolution 0.1 mm. The data are qual-
ity checked and have been used in previous studies by the
authors (Molnar and Burlando, 2008; Paschalis et al., 2012,
2013, 2014). Intensity correction is applied, but correction
for wind is not. The wind-driven undercatch is lower for
higher intensity rain (Chvila et al., 2005), and we assume that
it does not affect the correlations of extremes with air temper-
ature appreciably. Air temperature is a standard measurement
by a ventilated thermometer at 2 m height. Relative humidity
is measured by a dew-point mirror (Thygan). Lightning strike
count is derived from the induced electric charge by ground
antennas at the stations. Separation between cloud-to-ground
and intra-cloud lightning is not possible. We use close and
distant (< 30 km) strikes as an indication of convective po-
tential of the atmosphere in the vicinity of the station. More
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Figure 1. Map of the 59 analysed stations in Switzerland divided into four regions: Plateau, pre-Alps, Alps and Tessin. The labels list station
codes. The Tessin region represents all stations that are in valleys facing south of the main Alpine divide.

information about the lightning strike data can be found in
Gaal et al. (2014).

2.2 Selection of rainfall events

Our main unit of analysis in this study is the rainfall event.
We defined independent events as wet periods separated by
a continuously dry interval with duration greater than ¢;. For
each event we determined four main properties: total rainfall
depth R, event duration ¢, mean rainfall intensity 7, = R/d,
and peak (maximum) intensity during the event I, at a given
temporal resolution. In the identification of events we ig-
nored single tips, i.e. intervals with 0.1 mm of measured rain-
fall.

To each event we assigned a mean daily air temperature
and relative humidity on the day of the event, or over several
days if the event was spread over more than 1 day. Because
we are interested in intense rainfall events only and want to
avoid snow and mixed rain—snow events, we limit the analy-
sis to events in the warm season (April-September) and with
temperature during the events exceeding 4 °C. The time in-
terval used to separate events was chosen as ¢; = 2 h follow-
ing the work of Gaal et al. (2014). This separation time is
a balance between statistical considerations of independence
between events (e.g. Grace and Eagleson, 1967; Restrepo-
Posada and Eagleson, 1982) and the need to limit intra-event
gaps and ensure that peak event intensities are indeed related
to the actual storm (e.g. Dunkerley, 2010).
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The temporal resolution has a strong effect on event d and
Ip. Event duration is better resolved with 10 min than with
1h data, and this effect is particularly important for short-
duration convective summer events, which are often shorter
than 1 h. Peak intensity during the event is also greater at
10 min than 1h resolution because of intra-event intensity
fluctuations. In the article we focus mostly on the results with
10 min data, but we also present some results with 1 h data to
quantify the effect of temporal resolution.

2.3 Convective-stratiform rain

We divide all events in the period 1987-2011 into two exclu-
sive subsets: those accompanied by lightning and those that
are not. Overall, between 25 and 50 % of the warm season
events are accompanied by lightning, depending on station
location. Insofar as heavy convective summer thunderstorms
are associated with lightning, we consider the presence of
lightning to be a good first-order discriminator between con-
vective and stratiform rain. In the 10 min data we associated
events with the convective set also if they were preceded by
lightning strikes within 30 min of the beginning of rainfall.
The convective—stratiform rain separation by lightning
is based on observed associations between intra-cloud and
cloud-to-ground lightning and the type and amount of rain
(e.g. Tapia et al., 1998; Petersen and Rutledge, 1998; Price
and Federmesser, 2006; Grungle and Krider, 2006; Yair
et al., 2010). Other methods exist for the identification of
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convective rain from ground synoptic observations of clouds,
state of weather and/or rain intensity fluctuations, radar ob-
servations, and event duration (e.g. PeSice et al., 2003; Lang
et al., 2003; Rigo and Llasat, 2004; Llasat et al., 2005, 2007;
Berg et al., 2013b; Rulfova and Kysely, 2013; Panthou et al.,
2014). We also recognise that embedded convection may also
occur in cold fronts outside of the warm season. Despite
these limitations, we nevertheless think that the occurrence
of lightning is a reasonable discriminator for the presence of
convection in the warm season in Switzerland.

For the entire 1981-2011 record we used an additional
method to classify events by their convective nature using
the convectivity index g of Llasat (2001), which is defined
as the ratio of the rainfall depth that fell with intensities
i > I'* to the total event depth R. We classified events as
non-convective if 8 < 0.2, moderately convective if 0.2 <
B < 0.8 and strongly convective if 8 > 0.8 (Llasat, 2001).
The threshold intensity 7* is a parameter which needs to be
estimated for every station. We adopt the method of Gaal
et al. (2014) which uses the presence of lightning to classify
convective events as those where I > I*. The threshold 7'*
is found with an acceptable error « of non-lightning events
classified as convective (false positives, type | error) from the
period with available lightning data. By choosing the same «
for all stations we have an objective way to compare the prop-
erties of the events and their relation to temperature between
stations. To analyse possible changes in the frequency of con-
vective events we applied a non-parametric Mann—Kendall
trend test (e.g. Fatichi et al., 2009) to the number of events
per year during which 7 exceeded I* over the period 1981-
2011 using 10 min data. For more details on the calibration
of I'*, see Gaal et al. (2014).

2.4 Correlation with air temperature

Most previous studies have investigated precipitation inten-
sities at fixed time intervals (e.g. 10 min, hourly, daily) by
binning the data into temperature ranges, the so-called tem-
perature binning (TB) method. In each temperature bin a
precipitation intensity quantile is found and the intensity—
temperature data pairs are used to search for CC or super-CC
scaling rates for different temperature ranges (e.g. see the re-
view in Westra et al., 2014).

In our article we chose not to search for a perceived change
in the slope of the intensity—temperature relation at a certain
threshold temperature, but rather we find a scaling slope for
the entire range of temperatures above 4 °C at each station.
We do this because we want to avoid the effect of snowfall
at low temperatures, and we have a large difference in tem-
perature ranges between stations covering altitudes from 200
to about 2300 ma.s.l. We also estimated the scaling slope by
the quantile regression (QR) method applied to logarithmi-
cally transformed intensity data. This method does not re-
quire binning and is unbiased with respect to sample size
(Wasko and Sharma, 2014). The results of the QR and the TB
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method computed with exponential regression of intensity—
temperature data pairs were compared and relevant results of
the TB method are presented in the Supplement.

Since we do not use fixed time intervals, we estimate the
scaling slopes for quantiles of event properties (R, d, Im, Ip)
and mean air temperature on the day of the event. Event vari-
ables have been used in some recent studies (Haerter et al.,
2010; Berg et al., 2013b; Mosley et al., 2013; Panthou et al.,
2014) and have the advantage of being statistically indepen-
dent outcomes of the precipitation process at the event scale.
We focus in particular on mean and peak event intensity and
on the 95th percentile, although we report results for other
percentiles as well (50th, 90th and 99th). I, reflects the mean
atmospheric conditions leading to precipitation, while I, rep-
resents short (10 min or 1 h) periods of highest rain intensity
during an event.

3 Results and discussion
3.1 Analysis of all events

Histograms of the estimated scaling slopes fitted to event d,
R, Im and I, with mean daily air temperature for the 95th
percentile of all storms regardless of storm type, i.e. the 5%
largest values in the sample of all events (quantile regression
method), are shown in Fig. 2 for 10 min and 1 h data. There is
a clear and consistent negative relation between event dura-
tion d and air temperature visible in both 10 min and 1 h data,
indicating that shorter storms consistently take place during
warmer days. The total event depth R is poorly related to air
temperature, with large variability among stations (see also
Haerter et al., 2010).

As expected, the strongest relations to air temperature
come from mean and peak event intensity. The average scal-
ing slopes from all stations substantially exceed the CC rate.
For mean event intensity these are 10.7 %°C~! for 10 min
data and 9.5%°C~1 for 1h data (Table 1). For peak event
intensity the scaling slopes are 13.0% °C~! for 10 min data
and 8.9%°C~1 for 1h data (Table 2). Although peak event
intensity increases with temperature at a significantly higher
rate than mean event intensity using 10 min data, this effect
is not visible or is even reversed in the hourly data. This in-
dicates the limitations of the coarse hourly resolution in cap-
turing peak intensity fluctuations during a rainstorm.

3.2 Effect of storm type mixing

One of the key questions here is how storm type contributes
to the rainfall intensity—temperature relation. An example
of the estimated scaling slopes by the quantile regression
and temperature binning methods is shown for the Wynau
station (WYN, Plateau region) for all events and subsets
with and without lightning (Fig. 3). The scaling slopes for
no-lightning and lightning sets are practically identical at
6%°C~1, while when both sets are analysed together we
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Figure 2. Histograms of the scaling slopes in % °C~1 fitted to the 95th percentiles of event duration d, total storm depth R, mean intensity
Im and peak intensity I, for 59 stations computed with the quantile regression method. Data are shown for (a) 10 min and (b) 1 h resolutions.
Vertical dashed lines indicate the mean +1 standard deviation. The same figure for the temperature binning method is in the Supplement.

Table 1. Means of the regression slopes in % °C~1 fitted to the 95th percentiles by quantile regression =1 standard deviation. Slopes are
reported for mean I, event intensity for 10 min and 1 h time resolutions for all events, no-lightning events, lightning events, and storms

grouped by the convectivity index 3.

Im (10 min) Allevents  No lightning  Lightning <02 02<p8<08 pg>038
All stations (n =59) 10.7+1.9 6.5+25 89+25 31+09 32+15 49+41
Plateau (n = 25) 10.1+£1.3 55+14 79422 28+09 27+15 48+31
Pre-Alps (n = 10) 11.2+18 72+20 9.8+23 33+09 33+18 45+48
Alps (n = 14) 99+23 57+21 86+26 34+08 32+13 54447
Tessin (n = 10) 128+1.2 9.4+34 10.9+22 34409 41+1.0 48+55
Im (1h) Allevents  No lightning  Lightning <02 02<p8<08 p>038
All stations (n =59) 9.5+1.9 47+£25 76+27 33+12 3.0+13 6.9+33
Plateau (n = 25) 94+13 444+1.7 78+21 27+08 34413 6.2+3.0
Pre-Alps (n = 10) 10.3+£21 50429 85+32 35+10 3.0+06 73+41
Alps (n = 14) 93+29 41+31 6.2+35 39+13 24+12 7.7+£30
Tessin (n = 10) 94410 59427 81+17 39+13 31415 6.8+3.8

obtain a rate of 10-11%°C~1% at this station by both the
QR and TB estimation methods. This difference between no-
lightning and lightning slopes is evident also when dew-point
temperature is used instead of mean daily air temperature
(see Fig. 3 in the Supplement).

Analysing all stations shows that this is in fact a system-
atic result. In accordance with the findings of Haerter and
Berg (2009) and Berg et al. (2013b), the scaling rates for all
events are systematically higher than those of the individual
lightning and no-lightning subsets because of the mixing of
stratiform events at low temperatures and convective events
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at high temperatures. This is true for both mean (Fig. 4) and
peak (Fig. 5) event intensity and for both 10 min and 1h
resolutions, as demonstrated by the bias in the scatter plots
between the slopes obtained for lightning and no-lightning
subsets and all events. The bias is most evident for the no-
lightning subset, where the rates are substantially lower than
those for all events. Importantly, while the convective light-
ning subset shows slopes for peak intensity from 10min
data generally constrained in the CC-2CC range for individ-
ual stations, mixing events results in several stations having
slopes in excess of the 2CC rate. There are practically no sta-
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tions that exhibit rates greater than 2CC in each individual
storm type subset, despite the variability between stations.

The box plots for all events and the different event subsets
are summarised in Fig. 6 for I, and I, for the 95th percentile
and the station mean and standard deviation are also reported
in Tables 1 and 2. The mean slope for I, for the no-lightning
subset at 10 min resolution is 6.5%°C~1, which is close to
the CC rate, the lightning subset slope is 8.9% °C~1, which
is greater than the CC rate, while for all events the resulting
slope is 10.7 % °C~1. For peak event intensity the rates are
slightly higher, but the same amplification effect of mixing
event types applies. The convective lightning subset slope for
10min I, is 9.3%°C~* and for all events is 13.0%°C~1.

Analysing the different event subsets based on the con-
vectivity index 8 shows that the highest convectivity range
(B > 0.8) approaches the station average of the lightning sub-
set, especially for the 1 h data, but with much higher variabil-
ity in scaling slopes between stations. This suggests that the
index may be used as a first approximation to identify con-
vective events when long-term lightning data are not avail-
able, provided a reliable estimate of 7* can be found.

In summary, the rates for convective events in our data
set are mostly in the CC-2CC range for 10 min data for
both mean and peak event intensities, and slightly lower if
a coarser 1h resolution was used (Fig. 6). The rates are in
agreement with the steady-state entraining plume model of
Loriaux et al. (2013), who showed that the scaling rate in
convective systems can be about 10%°C~1, composed of
7%°C~1 due to thermodynamic effects and 3%°C~1 re-
lated to dynamic effects (vertical updraft velocity). Consider-
ing additional effects of varying vertical velocity and lateral
moisture flux can lead to scaling rates between CC and 2CC
for convective storms (Loriaux et al., 2013), which is sup-
ported by our data.

The results using both slope estimation methods for the
50th, 90th, 95th, and 99th percentiles show that overall the
QR and TB methods provide very similar slope estimates,
with a higher variability between stations in the TB method

Hydrol. Earth Syst. Sci., 19, 1753-1766, 2015

(Fig. 7). Most notably, differences between the QR and TB
methods are smaller than the differences between the light-
ning and no-lightning subsets. The sensitivity of the results
to the 10 min data is reflected in higher overall slopes than
for 1 h data due to the higher accuracy in determining storm
duration and high peak 10 min intensities (see also Haerter
et al., 2010). However, this effect too is smaller than the dif-
ference between lightning and no-lightning subsets. Even for
the highest analysed quantile (99th percentile) it is clear that
the convective set of events provides slopes in the CC-2CC
range, and that we do not observe widespread 2CC rates.

3.3 Regional variability

The results indicate a large variability in precipitation—
temperature relations across Switzerland. The scaling slopes
for the 95th percentile of I, for lightning and no-lightning
events are shown in Fig. 8 and summarised in Tables 1 and
2 for the four studied regions. Overall, the lowest rates in I,
and Ip are found in the Plateau and Alpine stations, while
the highest rates are on average in the pre-Alps and in Tessin
south of the main Alpine divide. This suggests a regional ef-
fect on precipitation intensity influenced not only by tem-
perature but also by general circulation patterns, advection
of moisture conditioned by topography, and local surface—
atmosphere feedbacks (see also Ban et al., 2014).

Some of the lowest rates of precipitation increase with
air temperature are observed in the main Alpine valleys
(e.g. Rhone Valley), where probably both lower temperatures
and common temperature inversions combine with complex
orographically driven patterns of moisture flow, condensa-
tion, and rainfall formation (e.g. Panziera and Germann,
2010). Similarly, high rates in the pre-Alps may be condi-
tioned by moisture convergence and windward ascent, lead-
ing to enhanced orographic effects on precipitation in this
area (e.g. Siler and Roe, 2014). Outliers are also evident, like
the Cimetta (CIM) station in Tessin with very high scaling
rates for non-lightning events. This is a very exposed station
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Figure 4. Scatter plots of station-derived estimates of scaling slopes for mean event intensity I, in lightning and no-lightning events versus
all events at the (a—b) 10 min and (c—d) 1 h resolutions using the quantile regression method (95th percentile). Red dashed lines indicate the
CC rate (7% °C~1) and 2CC rate (14 % °C~1). The same figure for the temperature binning method is in the Supplement.

Table 2. Means of the regression slopes in % °C~1 fitted to the 95th percentile by quantile regression +1 standard deviation. Slopes are
reported for peak I event intensity for 10 min and 1h time resolutions for all events, no-lightning events, lightning events, and storms

grouped by the convectivity index B.

Ip (10 min) All events  No lightning  Lightning B <0.2 02<pB<08 B>08
All stations (n =59) 13.0+2.0 6.9+27 93+26 01+1.0 6.4+22 6.2+5.3
Plateau (n = 25) 126+1.0 71+15 84+14 0.6+06 6.0+16 58+3.6
Pre-Alps (n = 10) 13.7+2.6 76+21 11.0+£26 05411 6.6+1.9 76+6.2
Alps (n = 14) 120+2.6 44433 9.2+35 0.1+0.3 6.6+1.9 7.6+6.2
Tessin (n = 10) 144+1.4 9.0+23 100+27 -14+08 56+32 48+6.8
Ip (1h) Allevents  No lightning  Lightning B <0.2 02<pB<08 pB>08
All stations (n =59) 8.9+1.8 39+23 59+25 0.1+0.6 3.8+21 6.1+3.7
Plateau (n = 25) 9.14+0.9 46+15 6.7+13 01+04 47+1.6 58+4.0
Pre-Alps (n = 10) 95+1.9 53+2.1 70+31 04+06 47+2.4 8.0+3.1
Alps (n = 14) 8.2+3.1 22428 3.7+30 05+05 18+18 58+29
Tessin (n = 10) 8.7+1.2 31415 58+15 —-0.7+0.6 3.7+15 54442
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Figure 5. Scatter plots of station-derived estimates of scaling slopes for peak event intensity /p in lightning and no-lightning events versus
all events at the (a—b) 10 min and (c—d) 1 h resolutions using the quantile regression method (95th percentile). Red dashed lines indicate the
CC rate (7% °C~1) and 2CC rate (14 % °C~1). The same figure for the temperature binning method is in the Supplement.

on a mountain hillslope where we have concerns about the
quality and representativeness of the lightning observations.

The issue of moisture availability has been raised as a pos-
sible limitation on the rates of precipitation increase at high
temperatures (e.g. Hardwick Jones et al., 2010; Lenderink
and Van Meijgaard, 2010; Lenderink et al., 2011; Panthou
et al., 2014; Westra et al., 2014). The relation of mean daily
relative humidity to air temperature for nine stations in our
data set representative of the different regions shows that
there are indeed possible limitations of moisture availability
at higher temperatures when relative humidity on rainy days
drops and follows an almost constant vapour pressure curve
(Fig. 9). Stations in mountain valleys (e.g. Davos, Zermatt)
are typically moisture limited at a lower temperature, which
suggests that there could be an orographic shielding of inner
Alpine valleys, with the moisture content of the warmer air
being depleted before arriving in these valleys. Similar mois-
ture limitations have been described on a larger continental

Hydrol. Earth Syst. Sci., 19, 1753-1766, 2015

scale in the US and Canada (Mishra et al., 2012; Panthou
et al., 2014). As an alternative to using precipitation—dew-
point temperature relations to identify moisture limitations,
it is possible to define moisture-limiting threshold tempera-
tures from data such as presented in Fig. 9 for different daily
rainfall sums and/or event totals.

3.4 Evidence of change in convective events

The presented positive relations of precipitation intensity
to temperature across Switzerland suggest that precipitation
should exhibit some signal of change in a warming climate.
Previous studies have found that precipitation (especially
winter precipitation) and air temperature have increased in
the last century in the wider European Alpine region and in
Switzerland (e.g. Beniston et al., 1994; Widmann and Schaer,
1997; Brunetti et al., 2009). However, changes in extreme
rainfall in Switzerland from daily precipitation records have

www.hydrol-earth-syst-sci.net/19/1753/2015/
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Figure 6. Box plots showing the distributions of scaling slope magnitude for mean event intensity I, at the (a) 10 min scale and (b) 1 h scale,
and for peak event intensity Ij at the (c) 10 min scale and (d) 1 h scale. The slopes were estimated using the quantile regression method for
the 95th percentile. The data are organised into different subgroups (from left) using all events (1981-2011, ALL), three convectivity levels,
all events with lightning data (1987-2011, LiAll), and the division into no-lightning (LiNo) and lightning (LiYes) subsets. The red line shows
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Outliers are plotted as red circles. The horizontal dashed line shows the CC rate (7 % °C~1) and 2CC rate (14 % °C—1). The same figure for

the temperature binning method is in the Supplement.

been rather small and spatially inconsistent (e.g. Frei and
Schaer, 2001; Birsan et al., 2005). In the context of this paper,
it is interesting to know whether changes in the frequency
and intensity of convective events can be demonstrated from
data, since these produce the highest rainfall intensities. The
proportion of convective events, i.e. those accompanied by
lightning, in our data set is strongly dependent on air temper-
ature and varies from 30 % at low temperatures to more than
80 % at temperatures above 25 °C (Fig. 10).

The change in the frequency of estimated convective
events in our study, defined by the number of events per year
during which the peak 10 min intensity exceeded the thresh-
old 7*, shows that 90% of the stations exhibited upward
trends and 30 % were statistically significant in the period
1981-2011 (Fig. 11). Statistically significant trends (Mann—
Kendall test) were distributed across the country, suggesting
that more intense (convective) storms in this part of Europe in
the April-September period over the last 30 years may have
taken place. This increasing tendency may be connected with
a general warming and rise in convective available potential
energy and more lightning (e.g. Romps et al., 2014), but may
also be part of natural variability or trends connected with
large-scale atmospheric circulation patterns (see also Fatichi

www.hydrol-earth-syst-sci.net/19/1753/2015/

et al., 2015). Searching for possible changes in atmospheric
circulation and the occurrence of intense convective rain in
the Alpine area remains an important open research question.

4 Conclusions

This study complements previous data-based investigations
of precipitation increases with air temperature with an anal-
ysis of 30 years of 10 min and 1 h records from 59 stations in
an area with high relief and complex topography. Scaling of
extreme rainfall on an event basis is analysed to find evidence
of super-CC scaling rates. The novelty in our work is that we
used storm event properties, rather than fixed time intervals,
and we separated events into stratiform and convective sets
based on lightning. Our main conclusions are the following.

1. Station mean event intensity I, and peak 10 min inten-
sity I, of extreme rainstorms increased with air temper-
ature at super-CC rates. However, these rates are ampli-
fied by the mixing of storm types as already discussed
by Berg et al. (2013b). Events accompanied by lightning
(convective events) exhibit consistently higher rates of
increase with air temperature than stratiform events, but
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all events as a function of air temperature for the 59 studied stations.
Red lines give bounds +1 standard deviation.
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both storm types have lower rates than when all of the
events are combined. Rates exceeding 2CC observed in
some previous studies are an exception in our data set,
even for the 99th percentiles in convective storms.

. The large spatial variability in precipitation—

temperature relations across Switzerland, especially the
low scaling rates in deep Alpine valleys and high rates
in the pre-Alps, suggests that precipitation—temperature
relations are influenced not only by temperature, but
also by general circulation patterns and local advection
of moisture conditioned by topography. We demon-
strate on some representative stations that there are
possible limitations of moisture availability at high
temperatures.

The number of convective events, identified as those in
which the peak 10 min intensity exceeded a threshold
I'* calibrated with lightning data has increased across
Switzerland in the past 30 years. We found that the ma-
jority of the stations exhibited upward trends in the pe-
riod 1981-2011 and that 30% were statistically sig-
nificant. The changes in intense (convective) storms
at higher temperatures may as a consequence lead to
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Figure 11. Trends in the number of events per year in which Ip > I'*
over the period 1981-2011 estimated by the non-parametric Mann—
Kendall trend test. Upward trends are blue, downward trends are
red, and statistically significant trends at the « = 10 % significance
level have filled markers.

higher hydrological risk connected with short-duration
extreme rainfall.

Overall, our main finding is that 2CC rates of increase in
rainfall with temperature reported by others (e.g. Lenderink
and Van Meijgaard, 2008, 2010; Allan and Soden, 2008;
Lenderink et al., 2011; Loriaux et al., 2013) are rare and
rather an exception in our data set, even for convective rain-
fall. Mixing of storm types has an important impact on
the scaling rates. While increases in convective (lightning)
events are between 8 and 9%°C~! and in stratiform (no-
lightning) events between 6 and 7 % °C~ for mean and peak
10 min intensity, the mixing of events resulted in scaling rates
between 11 and 13%°C~! on average. Which scaling rates
apply to extreme precipitation in a warmer future depends on
the air temperature at which these events will occur and on
the relative proportion of storm types at that temperature.
We also observe large variability in the scaling rates be-
tween stations, which are likely connected with atmospheric
moisture supply dynamics combined with topographic ef-
fects. Uncertainties in the estimate of the slopes from data
and the inherent stochasticity of the rainfall process can be
additional causes of variability. However, we think that the
storm type effects and heterogenous patterns in extreme rain-
fall intensity—temperature relations are robust results indica-
tive of the complex topography and atmospheric moisture
supply patterns in Switzerland and possibly other regions.

The Supplement related to this article is available online
at doi:10.5194/hess-19-1753-2015-supplement.
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