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Storm type effects on super Clausius-Clapeyron scaling of intense rainstorm properties with air
temperature

P. Molnar, S. Fatichi, C. Berger, I. Ismail, L. Gaal, J. Szolgay, and P. Burlando

Summary Response to Editor/Reviewers:

The paper has been reviewed in line with our responses provided in the HESS Discussion phase. The
main changes requested/summarized by the Editor have been as follows.

(1) Suggestion: Reanalyse with 10-min data. We have done this and provide now a comparison of 1-
hr and 10-min results, with a focus on the more accurate 10-min results and comparing the results.
The effect of the resolution on the results is in the direction reported by previous studies, i.e. higher
scaling slopes are found for higher resolutions. Indeed as one referee points out, the effect of 10-min
resolution on mean event intensity is only through a more accurate definition of the true event
duration, thereby affecting short events, while the effect on peak 10-min intensity is greater because
at this resolution bursts of high intensity during an event can be captured. We address these issues
now in the revised manuscript in the Section 3.2 Effect of storm type mixing.

(2) Suggestion: Add figures with fitting. We have done this step and present now a new Figure 3
where the fitting for both quantile regression QR and temperature binning TB methods for one
example station are shown (see also answer to question 5). We have also added a new Figure 1
which provides a revised map of all the stations used in our analysis, divided into four geo-climatic
regions.

(3) Suggestion: The analysis on other variables than temperature should be clarified or removed. With
the new 10-min results and the question of J. Loriaux to our HESS Discussion paper on the effect of
mixing event types, we have expanded the discussion of the paper in this direction, i.e. analyzing the
details of the intensity-temperature scaling rates for stratiform and convective subsets. Because of
this new added focus we think the original analysis with atmospheric variables from radio-sounding
data is not adding new information and in fact distracting from the main message. We have decided
to remove this section from the revised paper.

(4) Suggestion: Application of the presented methodology to the dataset used by Lenderink and van
Meijgaard (2009). Our methodology cannot easily be applied to the De Bilt dataset without apriori
knowledge of storm type, or lightning data used to separate convective from stratiform rain, as we
have done. We do not have access to such data for the Netherlands, and it would be better that the
KNMI scientists conduct this analysis should they see it as being important. Furthermore, the station
in De Bilt is close to the sea and we think from the climatic point of view, not really comparable with
our dataset for 59 stations in Switzerland. We think that adding another station from a different part
of Europe to our paper would not really add more clarity. In the revised manuscript we now clearly
show the magnification of slopes that comes from storm type mixing at the Swiss stations. This is a
conceptually a possible explanation of the high 2CC scaling rates at De Bilt as well.

(5) Suggestion: Use of other methods for assessing the scaling coefficients (such as quantile
regression). We have adopted this suggestion and in the revised manuscript now report and compare
results for both quantile regression (QR) and the traditional temperature binning (TB) methods. In
the revised paper we present mostly the QR results, but a comparison between the estimation
methods is also presented in a new Figure 7, and TB results are also shown with new Figures in
Supplementary materials.

(6) Suggestion: The use of the presence of lightning data to discriminate different storm types may
lead to overestimates in scaling coefficients at low precipitation intensities and underestimates at
high intensities. This statement made by J. Loriaux in her comment in the HESS Discussion phase led
us to conduct a station-by-station assessment of the no-lightning, lightning, and combined slopes.



The results are clearly showing the inflation effect by mixing and are now presented as scatter-plots
in new Figures 4 and 5 in our revised manuscript. We have also addressed this issue in depth in our
response in the Discussion phase. We think this information and the discussion thereof in the revised
manuscript answers the question of J. Loriaux.

Additional major changes to the manuscript in the revision were

(7) In light of the stronger focus on storm type mixing we have decided to slightly change the title of
the paper from “Little evidence of...” to ,Storm type effects on the scaling of heavy rainfall event
intensities with air temperature”. Since Section 3.3 with the radio-sounding data was removed, we
also removed the two student co-authors who performed that part of the analysis, and placed them
in the acknowledgement list.

(8) Because of the re-computation with the 10-min data, we decided to expand the station dataset
from 50 to 59 stations. Out of the original dataset of Gaal et al. (2014) we removed only three
stations at highest elevations because the lightning data are not reliable there — the fraction of
lightning strikes in the vicinity of the stations are too high and this gives us an unbalanced no-
lightning-lightning subset division. Apart from these three stations we chose not to remove any
additional stations, even if their scaling slopes were outliers. In fact we point to and discuss the main
outlier in the text in Section 3.3 Regional variability.

(9) We added altogether 5 new figures to the revised manuscript, updated the reference list, and
substantially rewrote Section 1 Introduction and the entire Section 3 Results and Discussion. We also
updated the Conclusions to reflect better the main focus of the paper—which is a demonstration of
the effect of storm type mixing on the rainfall intensity-temperature scaling rates and their spatial
variability in an orographically and climatologically complex region.

P Molnar, S Fatichi, L Gaal, J Szoglay, P Burlando
4.2.2015, ETH Zurich



20

25

30

Manuscript prepared for Hydrol. Earth Syst. Sci.

with version 2014/05/30 6.91 Copernicus papers of the ISTEX class coperni-

cus.cls.
Date: 6 February 2015

Little-evidenee for-Storm type effects on super Clausius-Clapeyron
scaling of intense rainstorm properties with air temperature

Peter Molnar', Simone Fatichi', Ladislav Gaal>>, Jan Szolgay?, and Paolo Burlando'

nstitute of Environmental Engineering, ETH Zurich, Switzerland

2Slovak University of Technology, Bratislava, Slovakia
3now at: Technical University of Vienna, Vienna, Austria

Correspondence to: Peter Molnar
(molnar@ifu.baug.ethz.ch)

Abstract. Extreme precipitation is thought to increase

propertionally-to-therise-in-the-with warming at rates similar

to or greater than the water vapor holding capacity of the
air at reughty-~7%°C~!, the so-called Clausius-Clapeyron

(CC) rate. We present an empirical study of the variabil-
ity in the rates of increase in precipitation intensity with air
temperature us1ng 30 years of hmﬁkyLdﬂf&fr@mé@%&@ﬂ%

stations in Switzerland. The analy51s is conducted on storm
events rather than fixed time-reselutionsinterval data, and
divided into event-storm type subsets based on eencurrent
lightning-strikes—indicating-the presence of lightning which
mconvectlon The average rates of in-
crease in extremes (95th percentile) of mean event intensity
(7-4computed from 10-min data are 6.57% C_! (no-lightning
events), 8.9%°C~! yand peak-hourty-intensity(5-4(lightning
events) and 10.7%°C~! )for90th—pereentiles—are—close
Super-CC-rates-reported-by-otherstudies—are-an-exception
in-our-dataset—Events-accompanied-by-lightning(all events
combined). For peak 10-min intensities during an event the
rates are 6.9 °C 7! (convective cvents bexhibitsieniticantly
higher—rates—of inerease—than—stratiform—rainno-lightning

events), 9.3%°C~! (lightning events) and 13.0%°C " (all
M@gg\mv@ygg). Mixing of the two storm types exaggerates

the relations to air temperature. Doubled CC rates reported
by other studies are an exception in our dataset even in
convective rain, The large spatial variability in scaling rates
across Switzerland suggests that both local (orographic) and
regional effects limit moisture avaitability-and-supplty-supply
and availability in Alpine env1ronments espec1ally in moun-
tain valleys.
ﬂumbemﬁemweeﬁv%vemﬁe%%ﬂ&eﬂanéimg

40

of estimated convective events has steadily increased across
Switzerland in the last 30 years—Fhisstgnifieant-, with 30%

of the stations showing statistically significant changes. The
shift towards more convective storms mﬂwmmgehmafe

fhefefefewnh higher temperatures may be relevant for heav

rain intensities and a higher risk connected with those events
in the future.

1 Introduction

The rise—in—the-water vapor holding capacity of the air at

reughly-increases with temperature by about 7%°C~1, the
So- called Clausius- Clapeyron (CC) rate—ts—%he%&fe—&%whteh
with-. Consequently, precipitation is also expected to increase

with _air temperature. While changes in mean precipita-
tion are constrained by the energy budget at the Earth sur-
face and are typically smaller than the CC rate, e.g. 2—
3%°C~1 (22)(e.g. 22?), changes in extreme precipitation
on-the-ground-from fully saturated air masses have been pos-
tulated to inerease-occur at the CCrate, or higher;-even higher
if local moisture convergence takes place (27)—(e.g. 22?) .
Simulations of daily extreme precipitation by cli-
mate models have shown different—sensitivities—globalty—a
W‘WC air temperature —Mm@emmHy

W&M“CWM%%W
at about the thermodynamically constrained CC rate, while
tropical precipitation change varied widely between models
because of the dependence of tropical rainfall on moist
convective processes in the atmosphere, especially vertical
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velocity (e.g. ?2???). Theseresults—were-complemented-by

supply-e-g—2?)Satellite observations indicate that the rate

of increase in extreme daily rainfall with a warming climate
in_the tropics may be greater than that simulated by some
models (?) , while ground observations have also shown a
decrease in extreme rainfall in some parts of the tropics (2) .
Overall, local responses are strongly dependent on changes
in large scale circulation patterns and the physical nature and

seasonality of rainfall regimes (e.g. 7?) .

rate—which—may—reach—CC—or—even—exceed—itAnalyses of
recipitation data at sub-daily resolutions generally show
strong rates of increase in intensity with temperature. Data

demonstrations started with the De Bilt dataset where ?
found that a CC rate of increase in extreme hourly inten-
sities accelerated to a super-€E€-doubled CC rate of ap-
proximately 14%°C~! for temperatures above 12°C. The
super-CC—relation—was—explained—by—This_2CC rate_was
attributed to a positive feedback between water vapor and
the dynamics of precipitation formation in convective clouds
~—A-super-CCrate-was-(2?) . 2CC rates were subsequently
found in other studies using hourly and higher resolution
datawhere—it-, It was also argued that at very high temper-
atures the relation between precipitation intensity and tem-
perature may become negative due to atmospheric moisture

supply limitations ¢e-g—22)(e.g. 2222?) .

Available observational evidence to-date suggests that

precipitation-temperature scaling rates vary—frem-station—to
statton;may vary widely in space and are time resolution de-
pendent -and-thatsuper-CCsealing-isnotfound-everywhere
(eg 212 —Infact—an—(e.g. 2272222) . An alternative (sta-

tistical) explanation for super-CC rates has been put for-
ward, that mixing storm types—stratiform low intensity rain-
fall at low temperatures and convective high intensity rainfall
at high temperatures—may lead to the appearance of super-
CC rates (??). ? demonstrated on a large dataset in Ger-
many that super-CC scaling is in fact dominated by convec-
tive rain which is more sensitive to increases in air tempera-

ture. Quantifying the effect of storm type mixing remains an
important and open problem (e.g. 2??) .

In this article we add empirical evidence to the pic-
ture of variability in scaling slopes between intense rain-
storm properties and air temperature from observations ef
hourly-preeipitation-and-temperature-at-50-at 10-min and 1-hr
resolutions at 59 stations with 30 years of record in an-Alpine
environment-in-Switzerland. We aim—focus only on rainfall
events, aiming to address three key questions which comple-
ment previous studies:
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(a) Is the rate of increase in_rainfall extremes with
temperature affected by storm type (stratiform or convec-

tive) and what is the frequeney—of-oceurrence-of-super-€C
rateseffect of combining storm types on the estimated scalin

slopes across many stations? For the storm type separation
we used a classification of events with lightning data (?) and

a convectivity index (?). We also looked at evidence of pos-
sible shifts in the stratiform—convective event split in the past
30 years.

(b) Are €C-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
using fixed time resotutions-intervals (e.g. daily or hourly)
like in most previous studies? It has been cautioned that a

fixed temporat-resotution-(coarse) time interval may not pro-
vide an accurate picture of temperatureretations{2)—rainfall
variability (?) . Most notably, the temporal resolution has a
strong impact on event duration, which especially for short
heavy rain spells can only be resolved accurately by 10-min

(c) Is-Are there coherent spatial variability—patterns in
the rates of increase in event intensity {mean—and-extreme)
with air temperature Wegeﬁ—e#eempkﬁepegﬁfp}w—"—We

Oﬁ%h&gfeﬂﬂd—ffef&f&élﬁ%ﬁtmdiﬂg—dﬂﬁggl%wmmmij
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 possibility to investigate the
spatial variability in the relations of extreme rainfall to air
temperature (e.g. ?) . 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 hourly—10-min and 1-hr precipitation, air temper-
ature, relativehumidity-and-lightning—strike-measurements
at-56-and relative_humidity measurements at 39 _stations
of the SwissMetNet network (MeteoSwiss) for the pe-
riod 1982-2011-(36-yrs)-1981-2011 (31 yrs) and 10-min
lightning strike data for the period 1987-2011 (25

The stations were selected based on adequate record length
without missing data, excluding stations at highest altitude
altitudes where precipitation measurement is less reliable.
The stations ranged from 203 m a.s.] (Magadino) to 2287

m a.s.l. (Goetsch) in alt1tudeaﬂd~eevefeé+11e~pfe-A4pme—a%

HMWMMM&@
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four geo-climatic regions: Plateau in northern Switzerland
(= 25), pre-Alps north of the main Alpine divide (n = 10),
high Alps (n = 14), and Tessin in_southern Switzerland zs

Precipitation is-at SwissMetNet stations was recorded by
a heated tipping-bucket raingauge (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 2x0
authors (????). Intensity correction is applied, but correc-

tion for wind is not(?)—Beeause-wefocus-on-high-intensity
ratn-we-are-of the-opinion-that-, The wind-driven undereateh

undercatch is lower for higher intensity rain (?), and we
assume that it does not affect the correlations te-of extremes 2

with air temperature appreciably. Air temperature is a stan-
dard measurement by a ventilated thermometer at 2 m height.
Relative humidity is measured by a dew point mirror (Thy-
gan). Lightning strike count is derived from the induced elec-
tric charge by ground antennas at the stations. Separation be- 24
tween cloud-to-ground and intra-cloud lightning is not pos-
sible. We use close strikes-arotnd-the-station{<-3-km)-and

distant (< 30 km) strikes as an indication of convective po-
tential of the atmosphere in the vicinity of the station. More

information about the lightning strike data can be found in ?. 25

2.2 Selection of Rainfall Events 255

Our main unit of analysis in this study is the rainfall event.
We defined 1ndependent stemrs—wﬁh—a—ﬁ*ed—mfef-amval—&me

events as wet periods separated by a continuously dry zes
interval with duration greater than ¢,. For each defined event

we determined four main properties: total rainfall depth R,
event duration d, mean rainfall intensity I,, = R/d, and
peak (maximum) heurly-intensity during the event I, —at a

given temporal resolution. In the identification of events we 2o
ignored single-tips, i.e. intervals with 0.1 mm of measured
rainfall,

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 spread over more than one day. Be- 27

cause we are interested in intense rainfall events only and
want to avoid snow_and mixed rain-snow eventsespeetally
at-higher—altitudes, we limit the analysis to events in the
warm season only-(April-September) at-all-stations—To-each
event-we-assigned-a-mean-daily-air-temperature-and-relative
hamidi he d . ’ ] | dave if o

event-spread-over-more-than-one-day—and with temperature
during the events exceeding 4°C. The time used to separate
events was chosen as ?; =2 hrs following the work of
?. This separation time is a balance between statistical
considerations of independence between events (e.g. 22) and
the need to limit intra-event gaps and ensure that peak event
intensities are indeed related to the actual storm (e.g. ?) .

we-used-The temporal resolution has a strong effect on event
d and I, Event duration is better resolved with 10-min than
with I-hr data, and this effect is particularly important for
short duration_convective summer events which are often
shorter than 1 hr. Peak intensity during the event is also
greater at 10-min than 1-hr resolutions 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-hr data to quantify the effect of temporal resolution.

2.3 Convective-Stratiform Rain

We_divide all events in the period 1987-2011 into_two
exclusive subsets: those accompanied by lightning and those
that are not. Overall between 25-50% of the 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 as_a_good first order discriminator between
convective_and_stratiform_rain. In_the 10-min data we
associated events to the convective set if they were preceded
by lightning strikes within 30-min of the beginning of

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.22227) . Other methods exist for the identification of
convective rain from ground synoptic observations of clouds,
state_of weather and/or rain_intensity fluctuations, radar
observations, and event duration (e. . We also
recognize that embedded convection may also occur in cold
fronts outside of the warm season. Despite these limitations,

reasonable discriminator for the presence of convection in
the warm season in Switzerland.
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For the entire record 1981-2011 we used an additional
method to classify events by their convective nature using s
the convectivity index 3 of ?, which is defined as the ratio
between the rainfall depth that fell with heurly—intensities
4,—>-4"-intensities 7 > I* to the total event depth R. We then
classified events as non-convective if 5=-05 < 0.2, moder-
ately convective if 0<5<0:8-0.2 < 8 < 0.8 and strongly sss
convective if 5 > 0.8 (?).

The threshold intensity I* is a parameter which needs
to be estimated for every station. We use the method of ?
which uses the presence of lightning to classify convective
events as those where I}, > I*with-a-chosen-misclassification sio
fa{e—fl"—hi%means—%hat—th& The threshold I* is inereased
unti—found with an acceptable error ¢ of non-lightning
events classified as convective is—reached—(false positives,

Type I error) —This-decision-is-based-on-the-argument-that
N o o o
. 151'1 3].]. 'l'g]
cinitv-of arai . . bet_Tn this
we«u%e—&ﬂmeb%rﬁe&&emfafe—a—l%%ﬁm
with available lightning data. By choosing the same o for
all stations we have an objective way to compare the prop- ss
erties of the events and their relation to temperature acress

10-min, hourly, daily) by binning the data into temperature
ranges, the so-called temperature binning (TB) method.
is_found and the intensity-temperature data pairs are used
to_search for CC or super-CC scaling rates for different
temperature _ranges often starting at cold temperatures

In our article we chose not to search for a perceived change
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 stations covering altitudes
from 200 to about 2300 m where it is unreasonable to expect
a break in slope at the same temperature. We estimated the

between stations. To analyze possible changes in storm
fypeﬂﬂdﬂ{%ﬂw—iﬁmeﬁmmeﬂ%fe%m a5
of convective events we applied a non-parametric Mann-
Kendall trend test (e.g. ?) to the number of events per year
during which the—rainfall-intensity—exceeded—the—intensity
threshotd-I,, exceeded I* over the period +982—2042-These
are-events-that-according-to-our-selection-procedure-exhibit s

| : . L bv]

conveetivity-index—of 219812012 using 10-min data. For
more details on calibrating /” see ? .

2.4 Correlation with Air Temperature a7s

Most previous studies have eerrelated—preeipitation
intensities—with—air—temperature—investigated precipitation
intensities at fixed time intervals (resolution)-Event-based

were-explored-directly-on-heurly-data-scaling slope by the
uantile regression (QR) method applied to logarithmicall

ransformed 1ntens1t data. W&ﬂ%edﬁpﬁﬂc—fp}&eempeﬂem

method does not require binning and is unbiased with respect
to_sample size (?) . The results of the QR the TB method
by exponential regression of intensity-temperature data pairs
were compared.

Since we do not use fixed time intervals, we estimate the
scaling slopes for quantiles of event properties (2. d. Iy 15)
and mean air temperature on the day of the event. Event
variables have been used in some recent studies (?22?) and
have the advantage of being_statistically independent
We focus in _particular on mean and peak event intensity
and on the 95th percentile, although we report results for
other percentiles as well. 1, reflects the mean atmospheric
conditions leading to precipitation, while 7, represents short
(10-min _or 1-hr) periods of maximum intensity during an

event.
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3 Results and Discussion 430
3.1 Effeet-Analysis of Storm-TypeAll Events

Histograms of the estimated regression—slopes fitted to the

S0th-pereentite-event d, R, I, and I, with air temperature «s
for the 95th percentile of all storms regardless of storm type,
i.e. -the-10%-threshold-of-the-most-extreme-eventsforeach
temperatire—etass;,from—atl-stations—the 5% largest values
in the sample of all events (quantile regression method) are
shown in Fig. +ferthefourevent-properties2 for 10-min and 4o
1-hr data. There is a clear and consistent negative relation ef
between event duration d to-air-temperature-alsofound-by

2-and air temperature visible in both 10-min and 1-hr data,
indicating that shorter storms consistently take place during

warmer days. The total event depth IR is negatively—poorly s

related to air temperaturebut-thisrelationisnet-as-strongas
the-previous-one-and-is-more-variable-amengstations—When
with large variability among stations (see also ?) .

As expected, the strongest relations to air temperature sso
come from mean and peak event intensity/7;-and-peak-hourly
: L vl lated . ) ”
statton-mean-of-7-4%<. The average scaling slopes from all
stations substantially exceed the CC rate. For mean event
intensity these are 10.7%°C~! for 47—and—-5+%>10-min sss
MG 1 for J—Whieh—afe—e}ese—{e—thﬁGG

A%%@Heﬂﬂw%wﬂﬁ%gmmt
intensity the scaling slopes are 13.0%°C™" are-deteeted
at-some-stations,—we-de—not-observe-widespread—suaper-CC 4o
te-g-2??)—for 10-min data and 8.9%°C_" for l-hr data.
Although peak event intensity increases with temperature at
10-min data, this effect is not visible or is even reversed in s
the hourly data. This indicates the limitations of the coarse
hourly resolution in capturing peak intensity fluctuations.

m . 470

3.2 Effect of Storm e Mixin

One of the key questions here is how storm type contributes
to the rainfall intensity-temperature slope. An example of s
the estimated scaling slopes by the quantile regression and

temperature binning methods are shown for #-and-the-station
mean-and-standard-deviationfor-the 90th-percentile-are-alse

to—air—temperatare—and-ontyfor—tmstation Wynau (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”", while
when _both sets are analyzed together we obtain a rate
10-11%°C" 1% at this station by both QR and TB estimation

methods.

Analyzing all stations shows that this is in fact a systematic
result. In accordance with the findings of ? and ? ;-all-events
eaehfbr&htghefﬂepe%ﬂ%afr}tghfmﬂgevem%eﬂlythe scalin
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 con-
vective events at high temperatures. This implies—that-the
seating-of-is true for both mean (Fig. 4) and peak (Fig. 3)
event intensity and for both 10-min and 1-hr 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 lightning subsets
shows slopes for peak intensity from 10-min data generally
constrained in_the CC-2CC range for individual stations,
excess of the 2CC rate, There are practically no stations that
exhibit rates greater than 2CC in each individual storm type
subset, despite the variability between stations.

The boxplots for all events and the different event subsets
are summarized in Fig. 6 for /,, and I, elose-to-the €€

: A .
and the station mean and standard deviation are also
reported in Tables | and 2. The mean slope for /,, for the
no-lightning subset is 6.5%°C™" srespectively)~and-rates

om—1

Tefoll hat isinely-when-d . .
of—all-eventsare—analyzed—together,—which is close to the

areund—the—CC rate, 41%—6#%%16—9%&&%%%—1‘1—3&1—1‘—8%6@—}%

than—CC-the lightning subset slope is 8.9%°C~! which is
reater than the CC rate, while for all events and-55%for-the

this—supports-thefact-that-super-CC-rates—are-rare-even-the
resulting slope is 10.7%°C~". For peak event intensity the
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rates are slightly higher but the same amplification effect of
mixing event types applies. The convective lightning subset
slope for 10-min T, is 9.3%°C”". Analyzing the different s«
subsets based on the convectivity index [ also shows that
only the most convective range has a strong relation to air
temperature.

The rates for convective events which—finds—support-in
ehma{eﬁede}ﬁmula&eﬂ%e‘ﬂ)‘m our dataset are mostly sss
in_the CC2CC range for 10-min data for both mean and
peak event intensities, and slightly lower if a coarser 1-hr
resolution was used (Fig. 6). The rates are in agreement with
the steady-state entraining plume model of ? who_showed
that the scaling rate in_convective systems can be aboutss
10%°C~",_composed of 7%°C”! due to thermodynamic
effects and 3%°C_" related to_dynamic_effects (vertical
updraft velocity). Considering additional effects of varying
vertical velocity on lateral moisture flux can lead to scaling
rates between CC and 2CC for convective storms (?) , which sss
is supported by our data.

negative The results using both slope estimation methods for
the 50th, 90th, 95th, 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 ses
(Fig. 3)—We-argue-that-this-is-because-forextremestorms;the
mean-event-intensity-better-reflects-the-water-vapor-content
of —the—atmosphere—leading—to—precipitation—including—the
supply-of moisture-than 7). Any differences between the QR
and TB methods are smaller than the differences between s
the lightning and no-lightning subsets. The sensitivity of
the results to the single-maximal-hourly-—rainfall-pulse—The
latter-is-likely-more-affected-by-loecal-conditions-and-cloud
and-preeipitation—physies-beyond-CC-sealingl10-min data is
reflected in_higher overall slopes than for 1-hr data due s
to_the higher accuracy in determining storm duration and
high peak 10-min intensities (see also ?) . However also this
effect is smaller than the difference between lightning and
no-lightning subsets. Even for the highest analyzed quantile
provides slopes in the CC-2CC range and we do not observe
widespread 2CC rates.

3.3 Regional Variability

The results indicate a large variability in precipitation-

temperature relations across Switzerland. A-regional-division ses
of-stations-and-the regression-slopefor-the-90th-The scaling
slopes for the 95th percentile of I, for al—events—is
lightning and no-lightning events are shown in Fig. 4-and
| | ’ orallF . 1 Table_L

8 and summarized in Tables 1 and 2 for the four studied s

regions. Overall, the lowest rates in I,,, and I, are found

in the Alpine—region—and—in—Tessin—south—ofthe—main
Alpine divide t6.1-6.3% €L on the averagePlateau and
Alpine_stations, while the rates—highest rates are on the
average in the pre-Alps and in the-plateau—and-espeeialty
in-the prealpine areaare much greater (~8.3%>C -on the
average)Tessin south of the main Alpine divide. This sug-
gests a regional effect on precipitation intensity strongly
influenced not only by leecal-surface-atmospherefeedbacks
temperature but also by leeal-and-general circulation pat-
ternsand-, advection of moisture conditioned by topography,
and local surface-atmosphere feedbacks (see also 2) .
Ttis-notable-that-Some of the lowest rates of precipitation
increase with air temperature are observed in the main Alpine

valleys (Fig4e.g. Rhone Valley), where probably both
lower temperatures and heating-of-the-atmosphere-common

inversions combine with complex orographically driven pat-
terns of moisture flow, condensation, and rainfall forma-

tion (e.g. ?). Similarly, high rates in the pre-Alps may be
conditioned by moisture convergence and windward ascent
leading to enhanced orographic effects on precipitation in
this area (e.g. ?) . Outliers are also evident, like the station
non-lightning events. This is a very exposed station on
a mountain_hillslope_where we have concerns about the

uality and representativeness of the rainfall and lightnin
measurements.

The issue of moisture availability has been raised as a
possible limitation on the rates of precipitation increase ane
tesg—7yat high temperatures (e.g, ?2??) . The relation of
mean daily relative humidity to air temperature for nine sta-
tions in our dataset representative of the different regions
shows that there are indeed possible limitations of moisture

availability at high-temperatures{>20~Crin-Alpine-climates
(Fig—Shigher temperatures when relative humidity on rainy
days drops (Fig. 9). Stations in the-mountain valleys (e.g.
Davos, Zermatt) are typically moisture limited at a lower
temperature—temperatures which suggests that there could
be an orographic shielding of inner Alpine valleys, with the
moisture content of the warmer air being depleted before ar-
r1v1ng to these valleys. JEhese—afe—sﬁe&Whefe—I—mefe&ses
4
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better—predictors—of —ground—preeipitationSimilar _moisture
limitations have been described on a larger continental scale
in the US and Canada (??) .
TFhe—analysis—ef—radio-sounding—data—and—eground eso

3.4 Evidence of Change in Convective Events

665
The presented positive relations of precipitation intensity to
with temperature across Switzerland, regardless-of-the-actual
rate-of-inerease;-are suggesting that precipitation should ex-
hibit some signal of change in a warming climate. Previous

studies have found that precipitation (especially winter pre- s7o
cipitation) and air temperature have increased in the last cen-
tury in the wider European Alpine region and in Switzerland
(e.g. ???). However, changes in extreme rainfall from daily
precipitation records have been rather small and spatially in-

consistent (e.g. ??). 675
Fhe-Mann-Kendat-trend-test-for-The interesting question
is if there have been changes in the frequency and intensity

of convective events, since these produce the highest rainfall
intensities. In_this_dataset, the proportion of convective
events, ie. those accompanied by lightning, is strongly e
dependent on air temperature and varies between 30% at low
temperatures to more than 80% at temperatures above 25°C
Fig. 10).

The change in the frequency of convective events in our

study quantified by upward or downward trends in the num- ess
ber of events per year during which the preeipitation—peak

10-min intensity exceeded the threshold I* suggests-shows
that 90% of the stations exhibited upward trendsin—this
metrie, and 30% were statistically significant in _the period
19812011 (Fig. 6)—In—this—analysis—we—used—thefull-set e
of-62-stations-and-higherreselution10-minrainfall-data—te
11). Statistically significant trends (Mann-Kendall test) were

distributed across the country, suggesting that a widespread

shift towards more convective storms in a-warming-climate sss

in-this part of Europe in the April-September period over
the last 30 years may have taken place (?). In the US

changes in convective events connected to an increase in the
frequency of lightning strikes have been projected under a
future warmer climate (e.g. ?) . It will be important to assess
if the observed changes in convective events are a signal of
climate change in the Alpine area as well. Further evidenee of

4 Conclusions

This study complements previous data-based investigations
of extreme hourly precipitation increases with air temper-
ature with an analysis of 30 years of heurlyrecordsfrom
50-10-min_and_1-hr records from 59 stations in an area
with high relief and complex topography. Scaling of extreme
preeipitationrainfall on an event basis is analyzed to find
evidence for €€(7%°€—Y-or-super-CC scaling rates. The
novelty in our work eempared-to-previous—stadies,with-the
exeeption-of-2s that we used storm event properties, rather
than fixed time intervalsin—eur—analysis, and we separated
events into stratiform and convective sets based on light-
ningand-quantified-their-degree—of-eonveetivity. Our main
conclusions are:

(1) Mean-Station mean event intensity [,,, and peak hourly
10-min intensity I, of all-the-extreme-events-extremes in-
creased with air temperature at H%@ﬂmm%hﬂgme
of F4% =" Hfor frand 5H%2C=Hor £ whichis-eloseto
the-CCrate—These-are rates-which-are-exaggerated-super-CC
rates. However, these rates are amplified by the mixing of
storm types as already discussed by ?. Events accompa-
nied by lightning (convective events) exhibit significantly
consistently higher rates of increase with air temperature
than stratiform rainevents, but both storm types have lower

rates than when all of the events are comblned A}the&gh
; -1

fer—eefeaiﬂ—%&ﬁeﬂs—wpef-eéfafes—m—euﬁdatase{»m
exceeding 2CC observed in some previous studies are an
exception in_our dataset, even for the 90th—and—higher

pefeeﬂ%r}es—ef—{—aﬂd—%99th ercentiles in _convective
storms.

(2) The large spatial variability in precipitation-
temperature relations across Switzerland, especially the
low scaling rates in deep Alpine valleys and high rates in the
prealpspre-Alps, suggests that precipitation-temperature re-
lations are influenced not only by lecal-surface-atmospherie
feedbaeks-temperature itself but also by general circulation
patterns and local advection of moisture conditioned by
topography. We demonstrate on seteeted-some representative
stations that there are possible limitations of moisture

availability at high temperaturesin-Alpine-climates—Stations
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%&—Ghange%m—%%number of convective events as
identified by lightning across Switzerland in the past 30

years ;insofar-they-are-tdentified-by-our-classification-which
seleets-conveetive-events-as-those-during-which-preeipitation 7%

*

are-an-impeortant-feature-in-a-warming-climatehave changed.
We found that the majority of the stations exhibited up-

ward trends in the number of convective events in the period
19812011 (30% were statistically significant). Our—restlts
suggest-that-this-signifieant-The shift towards more convec-

tive storms at higher temperatures may as a consequence lead 77
to stronger—rainstorms—and—therefore-higher risk connected
with these-eventsshort-duration extreme rainfall.

Overall, our main finding is that super-€€-2CC rates of
increase in rainfall with temperature (~+4%>€—L)-reported

7

775
by others (e-g—22222)(e.g. 2222?) are rare and rather an
exception than-the-normin our dataset, even for extreme-con-

vective rainfall. We—a}%&demeﬂ%tfa{&Mlxm of storm types

has an important impact on the scaling rates. While increases
in_convective (lightning) events are between 8-9%°C " 7
and in stratiform (no-lightning) events between 6-7%°C_!
for mean and peak 10-min intensity, the mixing of events
resulted in_scaling rates between 11-13%°C”7 on the
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 rates-in-space-that
scaling rates between stations, which are likely connected ,,
with }eeal—meiﬁufe—avaﬂ&bihfy—mdﬁeggn\(w

supply dynamics combined with topographic effects. Uncer-
tainties on the estimate of the slopes from seattered—data
and the inherent stochasticity of the rainfall process can be
additional causes of the—variabilityin—the-resultsvariability. 7
However, we argue—that—the—sub-CC—sealing—and—more
think that the storm_type effects and heterogenous pat-
terns in extreme preeipitation—with-temperatare-observed-in
Switzertand-tainfall intensity-temperature relations are ro-
bust results and-can—be—related—to—the—complex—orography

i inreindicative of the complex topograph
and atmospheric moisture supply patterns in Switzerland and
0ssibly other regions.
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Figure 1. Histograms-Map of the regression-slopesfitted-+to-59 analyzed stations in Switzerland divided into 4 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 99th-pereenties
main Alpine divide.
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Figure 2. Histograms of the event-dataforatt-stattons-scaling slopes in %i100°C ™1 —Eventfitted to the 95th percentiles of event duration
dttopleft, total storm depth Rtep-right), mean intensity I,,, tbottom-teft)-and peak intensity I, tbottormrightfor 59 stations with the quantile
regression method. Data are shown for a) 10-min and b) 1-hr resolutions. Vertical dashed lines indicate the mean = 1 standard deviation. The
same figure for the temperature binning method is the Supplementary materials.
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a) Quantile regression
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b) Temperature binning
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Figure 3. Boxplotsshowing-Example of the distributions-estimates of stope-magnitude-scaling slopes by a) the quantile regression method
and b) the temperature binning method for the station Wynau. Slopes for no lightning (green, s(LiNo)) and lightning (red, s(LiYes)) events

as well as all events together (s) are shown and their magnitudes in %°C~! are reported.



Molnar et al.: Relation of intense rainstorm properties to temperature 13

Mean event intensity
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Figure 4. Scatterplots of station-derived estimates of scaling slopes for mean event intensity I, relation-to-temperature-in differentsubgroups:
wstig-lightning and no-lightning events versus all events s-three-conveetivity-tevels-at the a-b) 10-min and events-with-and-witheuttightning
for-c-d) 1 resolution using the guantile regression method (a93th percentile). Red dashed lines indicate the entire sample; CC 1ate
Wandgmmét%oc )the-90th-pereentile-of-the-binned-data. The red-tine-shows-same figure for the median-temperature
binning method is the upper-Supplementary materials.
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Peak event intensity
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Figure 5. Scatterplots of station-derived estimates of scaling slopes for peak event intensity [, in lightning and lewer—beund—are
no-lightning events versus all events at the 25th-a-b) 10:min and 75th-pereentites-c-d). 1-hr resolution using the quantile regression method
(25P-and-75P95th percentile). Fhe-whiskers—are-eatentatedas—wro;=75P++5Red dashed lines indicate the CC rate (75P-25P7%°C_1) 5
wior=25P-+-5and 2CC rate (75P-25P14%°C_"). Outhiers-are-plotted-asred-erossesThe same figure for the temperature binning method is
the Supplementary materials.
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Figure 6. Boxplots showing the distributions of scaling slope

magnitude for mean event intensity I, at the a) 10-min scale
and b) I-hr scale; and for peak event intensity I, relatton—to
percentile. The data are organized into different subgroups (from
left): using all events (19812011, ALL), three convectivity levels;
and—; all events with and-witheut-lightning fer-data (a1987-2011,
L1All)t~h&eﬂﬁfe—samp}e and ng\(j\l/\g\s/l\()\r,l\/lg@vr\l/(\)/\l}&hgl\lj\lg (bLiNo)
the 00¢h-pereentile-of the binned-dataand lightning (LiYes) subsets.

The red line shows the median, the upper and lower bound are the
25th and 75th percentiles (25P and 75P). The whiskers are calcu-
lated as Wiop=75P+11.5(75P-25P);-wior=25P-15(75P-25P). Out-

liers are plotted as red eressescircles.

roughty—The horizontal dashed line shows the division—of—2-~
mean-preeipitationL—inchidingall-eventsin-1CC rate (7%°C ™!
and 2CC rate_ (see—Tab}e—}%). The same figure for the
temperature binning method is the Supplementary materials.
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Figure 7. The mean and + 1 standard deviation of the scaling slope estimates for mean event intensity /,,, for all events (ALL) consistin,
of lightning (LiYes) and no-lightning (LiNo) subsets for the quantile regression method (QR) and the temperature binning method (TB) and

both studied resolutions 10-min and 1-hr. Results are reported for (a) 99th; (b) 95th; (c) 90th; and (d) S0th percentile.
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Figure 8. Spatial maps of scaling slopes for lightning events at the a) 10-min and b) 1-hr resolution; and no-lightning events at the ¢) 10-min

and d) 1-hr resolution for the 95th percentile estimated with the quantile regression method. The color and size of the legend markers indicate

the scaling slope magnitude in %°C ", The same figure for the temperature binning method is the Supplementary materials.
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Figure 9. Relative frequency of mean daily relative humidity as a function of mean daily air temperature for wet days (precipitation larger

than 1 mm day "

at nine representative stations in the four regions in our dataset: (a) Plateau, (b) pre-Alps, (¢) Alps, (d) Tessin. Constant

vapor pressure relations are shown with dashed lines.



Molnar et al.: Relation of intense rainstorm properties to temperature 19

100
£ 80
()]
k=
C
&
2 60
<
E
i)
S 40
>
[}
5
K=l
5 201
o
0 : : .

0 5 10 15 20 25 30
Temperature [C]

Figure 10. The average percentage of lightning events in the set of all events as a function of air temperature for the 59 studied stations. Red
lines give bounds 1 standard deviation.
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Figure 11. Trends in the number of events per year in which the peak 10-min intensity I, > I* over the period 19812011 estimated by the
non-parametric Mann-Kendall trend test. Upward trends are blue, downward trends are red, statistically significant trends at the o« = 10%
significance level have filled markers.
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Table 1. Expected values of the regression slopes in %°C ™" fitted to the 90th-95th percentiles of binned-storm-data-by guantile regression &

Molnar et al.: Relation of intense rainstorm properties to temperature

1 standard deviation. Slopes are reported for mean I,,, and-peak7;-storm-event intensity for &f&feﬂ&eg}eﬂ%i(m
for all events, eenveetivity-index-5no lightning events, lightning events, and storms grouped by the convectivity index /3

1, (10-min) all events A=0-0<$5<085>08no lightning lightning B8<0.2 02<8<
All stations (1 = 59) F410.7 2819 6.5+25 89425 3.1+09 324+ 1.
Plateau (n = 25) 10.1 £ 1.3 5855+ 1.4 79+£22 2.8£0.9 7027 £ 57
pre-Alps (n = 10). 63112+138 12420 98£23 33£09 33 L1
OSexPlatean-Alps (n=14) 8399 +3323 2757+082.1 698.6+£26 7534 41408 2732 + Ho
O:SexPrealps Tessin (= 10) 83128 £ +:5:1.2 3594 £+634 621093422 583413609 3041 £
O-5exAlps- 6+
L (1hD) all events no lightning lightning L£<02 02<8<
All stations (n = 59) 9.5 £2419 3FATEET2S 371642427 7333+£9612 30+47
OSexHeinoPlateau (R =25) 639413 44£ 17 I8£21 27£08 34£ 12
pre-Alps (n =10) 103 £2.1 50£29 8§5£+632  6435+2210 6330k2:
Alps (n=14) 5993 £29 41£31 62£35 39£13 24 L
Tessin (n = 10) 94£ 10 59£27 SIELT 39£13 31E LS

Table 2. Expected values of the regression slopes in %°C”" fitted to the 95th percentiles by quantile regression & | standard deviation.

Slopes are reported for peak /,, event intensity for 10-min and 1-hr time resolutions for all events, no lightning events, lightning events, and

storms grouped by the convectivity index 3.
I, (10-min) all events B=0-0<-<06-8-—>06-8no lightning lightning £<0.2 0.2<
All stations (n = 59) 54+13.0 2420 0:66.9 £ 0927 259342326 3301+5610 +1+64
O:SexPlatensrPlateau (n = 25) 5712632610 6571 +£07L35 84£ 14 06£06 60

re-Alps (n = 10) 137 £2426 4676+422.1 11.0+2.6 0.5+ 1.1 6.6
Alps (n=14) 120£26 44£33 92£35 01£03 66
OSexPrealps Tessin (= 10) 56144 £ +2°14 6:990+2.3 100427 14 £038 28356
2:0-

All stations (n = 59) 89+18 39£23 39£25 3501 £06 38£2.
Plateau (n = 25) +69.1+09 0:84.6 £ +41.5 5567+ 4413  01+£+504  +347+5S
pre-Alps (n =10) 6595 £ 6819 33£21 T0£263.1 04£06 47
Alps (n=14) 0282+ 6931 22+£2328 37£30 05£05 18
texTessin (n = 10) 87£12 3LE LS S8ELS 07£06 37
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