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Abstract Changes in intensity and frequency of daily heavy precipitation and hot temperature extremes are
analyzed in Swiss observations for the years 1901–2014/2015. A spatial pooling of temperature and precipitation
stations is applied to analyze the emergence of trends. Over 90% of the series show increases in heavy
precipitation intensity, expressed as annual maximum daily precipitation (mean change: +10.4% 100 years�1;
31% significant, p< 0.05) and in heavy precipitation frequency, expressed as the number of events greater than
the 99th percentile of daily precipitation (mean change: +26.5% 100 years�1; 35% significant, p< 0.05). The
intensity of heavy precipitation increases on average by 7.7%K�1 smoothed Swiss annual mean temperature, a
value close to the Clausius-Clapeyron scaling. The hottest day and week of the year have warmed by 1.6 K to
2.3 K depending on the region, while the Swiss annual mean temperature increased by 1.9K. The frequency of
very hot days exceeding the 99th percentile of daily maximum temperature has more than tripled. Despite
considerable local internal variability, increasing trends in heavy precipitation and hot temperature extremes are
now found at most Swiss stations. The identified trends are unlikely to be random and are consistent with
climate model projections, with theoretical understanding of a human-induced change in the energy budget
and water cycle and with detection and attribution studies of extremes on larger scales.

1. Introduction

Climate change affects the mean climate, but also weather extremes, which often have large socioeco-
nomic impacts and are of vital importance for an integrated climate risk management [Adger, 2009;
World Meteorological Organization (WMO), 2015]. The frequency and intensity of hot temperatures and
heavy precipitation have increased on global and continental scales [Alexander et al., 2006; Donat et al.,
2013; Klein Tank and Können, 2003; Perkins et al., 2012; Rahmstorf and Coumou, 2011; Fischer and Knutti,
2014; Zwiers et al., 2011] and are projected to increase in the future in most parts of the world [Sillmann
et al., 2013; Kharin et al., 2013; Orlowsky and Seneviratne, 2011; Fischer et al., 2014; Fischer et al., 2013;
Seneviratne et al., 2016] and in Switzerland [CH2011, 2011; Schär et al., 2004; Frei et al., 2006; Rajczak
et al., 2013; Fischer et al., 2015]. Large-scale and subcontinental trends in some extremes have been attrib-
uted to human influence [Stott et al., 2004, 2010;Min et al., 2013;Morak et al., 2013; Fischer and Knutti, 2015;
Zhang et al., 2013; Christidis et al., 2011, 2015]. Also, from a physical perspective there is evidence that hot
temperature and heavy rainfall extremes will become more frequent and more extreme in a warmer world
[Boucher et al., 2013; O’Gorman and Schneider, 2009]. The water content of the atmosphere, for example,
has been found to scale roughly at the Clausius-Clapeyron rate of 6–7% K�1 [e.g., Trenberth et al., 2003].
Many studies investigated the scaling of heavy precipitation with temperature in observations for different
time scales [e.g., Westra et al., 2013; Allan and Soden, 2008; Lenderink and van Meijgaard, 2008]. Most of
them found scalings relatively close to the Clausius-Clapeyron rate, except for subdaily such as hourly rain-
fall where some studies reported higher scaling rates [e.g., Berg et al., 2013; Lenderink and van Meijgaard,
2008;Westra et al., 2014]. At the local scale however, relatively small trends in precipitation extremes could
still be hidden or amplified by large natural variability [Frei and Schär, 2001; Fischer et al., 2013]. Recent stu-
dies found that globally about two thirds of the stations and grid points in gridded data sets experienced
increases in the intensity of extreme precipitation on the annual time scales during the twentieth century
[Westra et al., 2013;Min et al., 2011]. It has also been shown that there is a positive scaling with global mean
temperature [Westra et al., 2013; Min et al., 2011; O’Gorman, 2015]. Hot temperature extremes are increas-
ing in most parts of the world [Alexander et al., 2006; Donat et al., 2013; Perkins et al., 2012], but it is not
entirely clear whether at similar rates as mean temperature [Della-Marta et al., 2007; Yiou et al., 2009;
Donat and Alexander, 2012].
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In this study we present strong evidence that trends in heavy precipitation, and hot temperature extremes
are emerging from natural variability also on the spatial scale of the small country of Switzerland, i.e., are
unlikely to be random. Several earlier studies found some indications for changes in daily Swiss temperature
and precipitation extremes [Courvoisier, 1998; Frei and Schär, 2001; Beniston and Stephenson, 2004; Schmidli
and Frei, 2005; Salzmann et al., 2015]. However, the influence of interannual to decadal variability on trend
evolution was not specifically addressed, and most of the studies on precipitation did not include data of
the most recent 10–20 years. Also, the increasing availability of climate model simulations makes it now
possible to compare the observed trends with modeling results for the same period. We here present maps
and distributions of observed trends in heavy precipitation frequency and intensity in the 1901 to 2014
period as well as hot temperature extremes in the 1901 to 2015 period using climate indices; some of them
proposed by the WMO Expert Team on Climate Change Detection and Indices (ETCCDI) [Zhang et al., 2011].
We quantify how the trends in heavy precipitation and hot temperature extremes scale with global and local
mean temperature. The observed trends and trend scalings are pooled together and finally put into context
of global climate model simulations for the past and the future climate.

2. Data and Methods

In this paper we shed light on the evolution of heavy precipitation and hot temperature extremes in terms of
intensities and frequencies. To analyze changes in heavy precipitation, we use quality-checked but not
homogenized daily precipitation sums from 185 spatially well-distributed MeteoSwiss stations covering the
period 1901 to 2014. Figure 1 shows a map of the precipitation station locations (circles). Considering only
quality-checked daily precipitation data is probably better than using the homogenized daily series since
the homogenization procedure applied was designed to correct monthly precipitation sums and not to
produce correct daily values of heavy precipitation days. A long analysis period of over 100 years has been
chosen to get more clear signals from climate change and to minimize the influence of interannual and
decadal variability. The starting year 1901 was chosen since high-quality data for a large number of Swiss
stations are available since then. The (i) annual maxima of daily precipitation (Rx1day) is used as an index
of changes in heavy precipitation intensity and (ii) the annual number of precipitation days exceeding the
99th percentile of daily precipitation (#R99e, considering days with and without precipitation) as index for
changes in heavy precipitation frequency. The 99th percentile limits (i.e., values of events that occur on

Figure 1. Map of Swiss precipitation stations (circles) andmaximum temperature stations (squares) used. The grey shading
shows the topography of Switzerland in meters above sea level. The three main regions, Jura mountains (~10% of Swiss
area), Plateau (~30% of Swiss area), and Alps (~60% of Swiss area), are marked. The inset in the top left corner shows the
location of Switzerland within Europe (grey square). The four dots in and close to the Swiss square show the four grid points
of the global climate models used.
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average every 100 days) have been determined across all days in the 1961–1990 period. This choice avoids
sampling uncertainties inherent to daily percentiles [Mahlstein et al., 2015] and can be motivated by an only
moderate seasonal cycle in Switzerland for daily precipitation. The 99th percentile threshold of daily precipi-
tation varies between less than 25mmd�1 in northern Switzerland and more than 100mmd�1 at some sta-
tions in southern Switzerland. The number of actual days exceeding these values in a single year varies
between 0 and roughly 10 days in the 1901–2014 series. Precipitation indices are only computed for series
with less than 5 years of missing data in the 1901–2014 period, reducing the number of stations for trend ana-
lysis to about 170 on the annual and seasonal scale.

To investigate changes in hot temperature extremes, homogenized daily maximum temperature data [Begert
et al., 2005] from nine long and complete MeteoSwiss stations covering all major climate regions of
Switzerland are used (cf. Figure 1, squares). The anomalies of all nine temperature series are used to create
a “Swiss” series which is very highly correlated with the official Swiss mean temperatures series used by
MeteoSwiss for national assessments. The official Swiss series is only available for mean temperature and
cannot be used here. A four station mean (stations Zurich, Geneva, Basel, and Bern) is used as a proxy for
the densely populated “Plateau” (cf. Figure 1 and Figure 2, inset). We restrict the analysis to the Swiss and
Plateau series since the series are too similar in order to expect a meaningful spatial pattern.

The observational analysis period for hot temperature extremes is from 1901 to summer 2015. The following
indices are used to investigate changes in hot temperature extreme intensities: the annual temperature maxi-
mum (i.e., the hottest day, abbreviated as TXx) and the annual maximum of averaged daily maximum tempera-
ture over a continuous N day period (abbreviated as TXx[N]d), where [N] is 3 and 7 (i.e., the hottest three day
period and the hottest week). Additional indices are used to estimate changes in hot temperature extreme fre-
quencies: the number days when daily maximum temperature is above the 90th, 95th, and 99th percentile
(abbreviated as TX[P]p, where [P] is 90, 95, and 99). The TX[P]p indices have been computed using the R-package

Figure 2. (a and b) Observed 1901–2014 trends of the annual daily maximum precipitation (Rx1day) and (c and d) the number of days exceeding the 99th percentile
(#R99e) at ~170 Swiss precipitation stations, in % 100 yr s�1. Filled circles and red histogram bars indicate trends that are statistically significant at the 5% level. The
main geographical regions of Switzerland are shown in the inset on the top left corner.
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climdex.pcic, which uses the resampling procedure suggested by Zhang et al. [2005] to avoid inhomogeneities in
the temperature extremes. As reference period the 1961–1990 period was chosen, and only the summer
months June, July, and August have been considered. Note that Rx1day, TXx, and TX90p are indices
proposed by the ETCCDI [Zhang et al., 2011]. A small difference is that we analyze the number of days instead
of the percentage of days in the TX[P]p indices.

In this study, we scale the changes in heavy precipitation and hot temperature extremes to (i) global mean
near-surface temperature (GMT) for ocean and land surface from the HadCRUT4 data set (version 4.3
[Morice et al., 2012]) and (ii) the 30 year Gaussian smoothed Swiss annual mean temperature (sSAT) based
on 12 long Swiss series [cf. Begert et al., 2005]. This scaling with GMT allows to compare the results with other
studies on the larger scale [e.g., Seneviratne et al., 2016; Westra et al., 2013], whereas the comparison with
sSAT allows a somewhat more physical interpretation with the local changes.

For the continuous variables (e.g., Rx1day, TXx[N]d and their scalings) linear trends are computed using the
robust method by Theil-Sen, and the trend significance is determined by the nonparametric Mann-Kendall
trend test [Yue and Pilon, 2002]. For the count variables (e.g., #R99e, TX[P]p and their scalings), logistic trends
are fitted to the data, and the changes are expressed as percentage changes (i.e., the fit for the year 2014
minus the fit for the year 1901 divided by the fit for the year 1901 multiplied by 100). Trends with p values
less than 0.05 are classified as significant. To estimate the effects of interannual to decadal variability, we
show moving-window analyses, i.e., the statistics of all possible consecutive 30 year windows between
1901 and 2014. Also note that we analyze the distribution of the trends but do not perform an emergence
study in the strict sense as described in Kirtman et al. [2013].

In order to put the observed trends into a context with future projections, we also analyze temperature and
precipitation extremes at four grid points of historical climate model simulations for the periods 1901–2005
as well as future projections forced with representative concentration pathway (RCP) 8.5 for the period 2006–
2100. Note that due to differences in spatial scales, caution is needed when intensities of temperature
extremes and particularly of precipitation extremes at a model grid box are compared with in situ station ser-
ies. The absolute values of past precipitation extremes are generally substantially lower at a model grid box
than at a station. However, the long-term relative trend of daily precipitation extremes per degree warming
has been found to be reasonably consistent between model and observations and not strongly affected by
the differences in spatial scales [O’Gorman and Schneider, 2009; Westra et al., 2013]. Since the series here are
still affected by internal variability, and the spatial correlation between neighboring stations is different than
across neighboring model grid boxes, the trend histograms can only be compared in a qualitative way.

We explicitly use the models here to test whether the observed long-term trends are broadly consistent with
model simulations rather than for a rigorous quantitative model evaluation. To assess the uncertainty present
in current global climate models, we analyze one member from each of the 24 Coupled Model
Intercomparison Project (CMIP5) models (cf. Table S1 in the supporting information) that provide the necessary
daily output. The extreme indices are calculated on the native model grid and regridded using bilinear interpola-
tion to a common grid. The regridding procedure has only a minor effect of the relative scaling of the intensity of
precipitation extremes to global mean temperatures (cf. Figure S1). To get a first estimate of how much of the
differences in trends can be explained by internal variability only, the simulations are supplemented with a 10
member ensemble performed with the Community Earth System Model (CESM) version 1.0.4 including the
Community Atmosphere Model version 4 and fully coupled ocean, sea ice, and land surface components
[Hurrell et al., 2013; Fischer et al., 2014]. The 10 members are initialized from different states of the preindustrial
control simulation and differ in their initial conditions of the ocean, atmosphere, sea ice, and land components.
Thereby the 10 CESM members share the exact same setup as the CMIP5 simulations. Note that the quantifica-
tion of internal variability is model dependent, but the CESM estimates for Europe have been found to be con-
sistent with reanalysis [Fischer and Knutti, 2013].

3. Observed Changes in Heavy Precipitation
3.1. Precipitation Intensity

The 1901–2014 trends in annual maximum precipitation intensity (Rx1day) are positive for 91% of the
stations, with a mean trend of 10.4% 100 yr s�1 across all stations. The trends are largest and often significant
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on the Swiss Plateau and the northern and southern slopes of the Alps (cf. Figure 2a). In the inner Alps, the
trends are often relatively small and insignificant, but no clear altitude dependence is found (not shown).
There is a considerable spread in the trends for the different stations, but 31% of the trends are significantly
positive at the 5% level (Figure 2b). The annual and the summer map (Figures 2a and S2c) show similarities,
since for most regions (e.g., Jura, Plateau, and northern slopes of the Alps), the annual precipitation maxima
normally occur in summer. However, this does not mean that increasing trends in intensity in heavy precipi-
tation are purely a summer feature. Increasing trends are found for all four seasons with 75% to 83% of the
stations showing positive trends. Themean trends are +5.6% 100 yr s�1 in spring ( March–May (MAM)), +8.1%
100 yr s�1 in winter (December–February (DJF)), +8.3% 100 yr s�1 in summer (June–August (JJA)) and +9.4%
100 yr s�1 in fall (September–November (SON)) (cf. Figures S3a and S2).

The fraction of 91% of Swiss stations showing positive Rx1day trends on the annual scale in the 1901–2014
period is much higher than the 64% found globally using 8326 worldwide stations in the 1900–2009 period
[Westra et al., 2013] or the 65% of grid boxes with positive trends in the HadEX gridded extremes data set over
the period 1951–1999 [Min et al., 2011]. For the period 1951–1999, 87% of the Swiss stations show positive
Rx1day trends. This is an indication that the Swiss numbers are indeed higher, consistent with the stronger
than average warming and not only due to the different record lengths or periods used in the different data
sets. To put the Swiss number into context, we investigate the fraction of positive and negative Swiss trends
as a function of trend length. Figure 3a shows the percentage of stations showing positive, significantly posi-
tive, negative, and significantly negative trends for the trends staring 1901 and ending in the years between
1950 and 2014. Until the mid-1970s, roughly half of the Swiss trends beginning in 1901 are positive, and half
are negative, and the fraction of significant trends is very small. From the mid-1970s to 2000, the fraction of
positive trends increases relatively quickly to about 90% and then remains stable until 2014. The mean level
of Rx1day values is indeed clearly higher in the period from the late 1970s to 2014 than before with the year
1978 showing by far the largest Rx1day values on a large scale (caused by the 7–8 August 1978 event) [e.g.,
Courvoisier et al., 1979]. We speculate that this nonlinear behavior is a combination of the overlaying effects of
decadal variability and climate change. A detailed analysis however is beyond the scope of this study. Note
that on the seasonal scale Frei and Schär [2001] and Schmidli and Frei [2005] also identified some spatially
coherent and statistically significant trends for indices of heavy precipitation intensity and frequency. It
has to be kept in mind that a smaller region is likely to exhibit more coherent structures in trends due to
the spatial dependencies.

3.2. Heavy Precipitation Frequency

The 1901–2014 trends in annual heavy precipitation frequency (#R99e) are positive for 92% of the stations,
with a mean trend of 26.5% 100 yr s�1 across all stations. The trends show a considerable spread from station

Figure 3. (a) Fraction (percentage) of trends (1901 to year on x axis) for daily heavy precipitation intensity (Rx1day) and (b)
daily precipitation frequency (number of days exceeding the 99th percentile #R99e) at Swiss precipitation stations that
show significant positive (dark blue), positive but nonsignificant (light blue), negative but nonsignificant (light brown), and
significant negative (dark brown) trends (significance level: p< 0.05).
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to station, but 35% of the trends are significantly positive at the 5% level (cf. Figure 2d). No significantly
negative trends are found. Trends tend to be largest toward the northern slopes of the Alps, a region prone
to thunderstorms in summer (Figure 2c). The seasonal trends in summer (JJA) show a similar geographical
pattern (Figure S4c) indicating that the increase in annual #R99e is probably dominated by more strong
summer precipitation events. However, increasing trends are found for all four seasons with 72 to 87% of
the stations showing positive trends. The mean trends are +22.7% 100 yr s�1 in winter (DJF), +26.0%
100 yr s�1 in summer (JJA), +30.9% 100 yr s�1 in spring (MAM), and +37.4% 100 yr s�1 in fall (SON) (cf.
Figures S3b and S4). The percentage of stations with positive and significantly positive trends is very similar
for other quantile limits (e.g., 90th, 95th, 99.5th, and 99.9th quantile) [cf. Figure S5]. Similar to the changes in
heavy precipitation intensity, the fraction of positive and negative trends in heavy precipitation frequency is
roughly 50% each until the mid-1970s. From the mid-1970s, the fraction of positive trends increases strongly
to more than 90% until approximately 2000 to 2010 (cf. Figure 3b). As for Rx1day, the quick increase in the
fraction of positive trends can be explained by the clearly higher annual #R99e since the late 1970s.

3.3. Relation With Local and Global Mean Temperature

Figure 4a shows histograms of the slopes of linear least squares regressions (called scaling below) of local
extreme precipitation intensity (Rx1day) with annual global mean temperature (GMT) in the 1901–2014
period. The scaling with Rx1day is positive for 92% and significantly positive for 22% of the stations with a
mean increase of 10.7%K�1 GMT. The mean scaling is a bit larger than the roughly 7% K�1 GMT found for
global data sets [Westra et al., 2013; Min et al., 2011] and consistent with the local warming being stronger
than on global average. The range of the ~170 Swiss scalings (roughly�5 %K�1 to +35%K�1) is considerably

Figure 4. (a and b) Scaling of annual daily maximum precipitation Rx1day and (c and d) the number of days exceeding the
99th percentile #R99e with global mean temperature (GMT) for Swiss precipitation stations. Figures 4a and 4c: Histograms
of percentage increase per Kelvin for the 1901–2014 period. The vertical dashed line shows the mean; red bars indicate values
that are statistically significant at the 5% level. Figure 4b: GMT versus the all-station mean Rx1day anomaly (with respect to
1901–2014 mean) for all 30 year moving windows in the 1901–2014 period. Figure 4d: Same as Figure 4b but for #R99e.
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smaller than the one of Westra et al. [2013] for the global scale and over 8000 stations (values between
roughly�70%K�1 and>100%K�1, cf. their Figure 10). Figure 4b shows the evolution in GMT anomaly versus
the all-station mean Rx1day anomaly for 30 year moving windows (i.e., 1901–1930, 1902–1931,…, and 1985–
2014). Rx1day anomalies are, in general, positively related with GMT, although the relation is superimposed
by a lot of noise leading in parts to strong increases followed by no changes or even slight negative changes.
There are similarities with the nonlinear behavior in the fraction of stations showing positive trends in
Figure 3. We speculate that also here this is due to natural variability which is typically large for 30 year series
of precipitation. Also, the scaling of seasonal heavy precipitation intensity with GMT is, in general, positive
with a mean scaling between 7.1 and 17.0%K�1 GMT depending on the season (Figure S6a). Finally, we find
that the Rx1day anomalies also scale well with 30 year smoothed Swiss annual mean temperature (sSAT). The
values are quite similar to the one with GMT with a tendency to somewhat lower numbers (mean scaling:
+7.7%K�1 sSAT, which is very close to Clausius-Clapeyron scaling, and 16% of the stations showing signifi-
cantly positive trends, Figure S7a).

The frequency of strong precipitation events (#R99e) also scales well with global mean temperature (cf.
Figures 4c and 4d). The scaling is positive for 92% and significantly positive for 30% of the stations with a
mean increase of 20.6%K�1. The scaling of seasonal heavy precipitation frequency with GMT is, in general,
positive with a mean scaling between 14.5 and 33.5%K�1 GMT depending on the season (Figure S6b). As
for heavy precipitation intensity, the scaling of the changes in frequency with 30 year smoothed Swiss annual
mean temperature is very similar compared to scaling against GMT with a tendency to somewhat higher
numbers (mean scaling: +26.7%K�1 sSAT and 35% of the stations showing significantly positive trends,
Figure S7b).

4. Observed Changes in Hot Temperature Extremes
4.1. Hot Temperature Extreme Intensity

First, we present time series and trends of the three hot period intensity indices TXx, TXx3d, and TXx7d for the
period 1901–2015. Figure 5a depicts the Swiss and Figure 5b the “Swiss Plateau” series. The top 5 years
regarding the hottest days (TXx, red in Figure 5) are 2003, 2015, 1983, 1947, and 1921 for both, the Swiss
and the Swiss Plateau. The 2015 and 2003 show the highest anomalies with very similar values. For the hot-
test week (TXx7d, blue in Figure 5) the top 5 years are 2003, 1947, 2015, 1952, and 1983. The 2003 shows
clearly the highest anomalies, followed by 1947 ranking second and 2015 and ranking third. Using seasonal
mean temperature, 2003 was by far the warmest summer, followed by 2015 (~1 K cooler than 2003) and 1994
which was again about 1 K cooler than 2015. The top ranked years coincide with all major Swiss summer heat
waves andmeteorological droughts documented in Switzerland since 1901 [Calanca, 2007; Schär et al., 2004].

Interestingly, the hottest weeks of the Swiss series shows larger anomalies (~4 to almost 6 K) with respect to
the 1901–2014 mean than the hottest day and 3 days periods in major heat wave years (i.e., 1947, 1952, 1983,
2003, and 2015). Also, the variance of the detrended TXx, TXx3d, and TXx7d series including all years is
slightly increasing from daily to weekly time scales. An additional analysis of the hottest n day period time
series 1901–2015 with n=1 to 31 days shows that the variance is largest for n between about 5 and 12 days.
For n> 12 days, the variance starts to decrease. We speculate that the larger variance of weekly anomalies
might be related to synoptic variability and temperature feedback processes of rare but long-lasting
blocking-like events causing such strong heat waves [e.g., Barriopedro et al., 2011]. It would be worth to inves-
tigate this in detail, but this is beyond the scope of this study.

The 1901–2014 period trends of the hot temperature extreme “intensity” indices are all highly significant. On
average, the increases in hot temperature extremes increase somewhat with the temporal length of the
event (Swiss TXx:+1.9 K, TXx3d: +2.1 K, and TXx7d:+2.3 K) and are slightly larger for the Swiss series compared
to the Swiss Plateau series (Figures 5a and 5b). Also shown in Figure 5a is the time series and trend (+1.9 K) of
the mean temperature Tm. On the Swiss Plateau TXx and TXx7d increased from 31.5°C and 28°C in the early
twentieth century to about 33°C and 30°C on average (Figure 5b).

4.2. Hot Temperature Extreme Frequencies

Beside changes in hot temperature extreme intensities (amplitudes of the hottest periods), also the change in
the frequencies (how often very warm conditions occur during summer) is of interest. Figure 5c shows the
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TX90p, TX95p, and TX99p time series
for the Swiss series. The top 3 years
regarding the TX90p days (red in
Figure 5) are the same as for the inten-
sities (2003, 2015, and 1947). The years
ranking fourth and fifth (2006 and
1998) have not been in the top 5 years
in terms of the hottest periods. For
the rarer TX99p days, 2003, 2015,
1947, and 1983 rank first. Rank 5 is
again a year that did not appear on
the list of the hottest periods, namely,
1998. For all hot frequency indices,
2003 shows clearly the highest number
of days above the percentile limits fol-
lowed by summer 2015 and 1947.

The 1901–2014 period trends of the
hot temperature extreme “frequency”
indices are all highly significant
(p< 0.01). The rarer the events, the
stronger the increase (TX90p: +94% or
+7.8 days, TX95p: +138% or +6.1 days,
and TX99p: +212% or +2.8 days). The
TX95p have more than doubled, and
the TX99p days have more than tripled
since 1901. These numbers are consis-
tent with the findings based on heat
wave indicator by Della-Marta et al.
[2007] for western Europe and the
period 1880–2005.

5. Comparison With Trends in
Climate Models

The observed trends in heavy precipita-
tion and temperature extremes raise
the question whether these are consis-
tent with themodels that project a sub-
stantial future intensification of heavy
precipitation and increasing hot tem-
peratures along with rising global
mean temperatures. Furthermore, it is
interesting to understand whether the
hypothesis that internal variability
may alter existing underlying signals
at certain locations is supported by
climate models. While a direct quanti-
tative model evaluation is hampered

by the different spatial scales represented by model grid boxes and observational stations, we here use
global climate models to put the observed trends in a broader context of large-scale anthropogenic climate
change. We examine whether the observed trends fall within the range of past and future trends in global
climate model simulations. Figure 6 shows the trends scaled with GMT for Rx1day and #R99e and the hottest
day of the year (TXx) for the observations as well as the CMIP5 simulations. The CMIP5 distribution is
composed of a sample of 96 (24 models times four grid points, see section 2 for details).

Figure 5. (a) The 1901–2014 anomalies and trends of TXx (red), TXx3d
(orange), and TXx7d (blue) period of the year plus values of summer 2015
(filled dots) for the Swiss series. Black: annual mean temperature anomalies
Tm. (b) Same as Figure 5a but showing absolute temperatures (in °C) for the
densely populated Swiss Plateau. (c) Same as Figure 5a but showing the
number of days and trends of TX90p (red), TX95p (orange), and TX99p (blue).
The 1901–2014 trends are shown in the top left corner (Figures 5a and 5b: in
K, Figure 5c: percentage and in days). The five record years of TXx and TX90p
(red) as well as TXx7d and TX99p (blue) are labeled.
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The observed trends in Rx1day over the historical period 1901–2014 are broadly consistent with the range of
simulated trends. The simulated mean Rx1day trend across CMIP5 (4.6%K�1 GMT) is substantially smaller
than those of the observations (10.7%K�1 GMT). This is consistent with the finding that the majority of
CMIP5 models underestimate the observed intensification of heavy precipitation over Europe and the globe
[Min et al., 2011; Zhang et al., 2013; Fischer and Knutti, 2014]. However, at the scale of Switzerland the
differences between simulated and observed trends need to be interpreted with caution. The range of
simulated and observed trends cannot be directly compared. The range of the observations is due to spatial
variability, internal variability and sampling uncertainty. The simulated range reflects a combination of model
uncertainty, internal variability, spatial variability across the four grid boxes and sampling uncertainty. Since
the internal variability is strongly affected by the spatial scale, we do not expect that the observations and
simulations show the same range. We find however that even at the relatively coarse grid boxes of the mod-
els internal variability plays an important role for trends longer than a century, since simulated trends across
10 realizations of one single model (CESM) [cf. Figure S8a] show an almost equally wide range of trends as the
whole of CMIP5. Although the evaluation of trends at this scale is hampered by internal variability, we con-
clude that the observed intensification is at the high end of models that project a consistent long-term inten-
sification of heavy precipitation over the period 1901–2100 (cf. Figure 6a; CMIP5 mean trend: 4.7%K�1 GMT,
see also Kharin et al. [2013]). Furthermore, the models confirm the hypothesis that underlying long-term sig-
nals may be masked by internal variability for trend length longer than a century.

In contrast to Rx1day, the mean simulated trend in #R99e of 23.9%K�1 GMT is slightly higher than those of
the observations (20.6%K�1 GMT, cf. Figure 6b). To some extent this may be due to the comparison of trends
over large model grid boxes experiencing comparatively low variability against observed trends at stations
experiencing high variability. While this scale differences is less critical for relative Rx1day changes, it compli-
cates the comparison of trends in threshold exceedances such as #R99e. From the analysis it is difficult to
disentangle the effect of variability and uncertainties coming from statistical trend estimates (especially for
#R99e). Frei and Schär [2001] showed that trend estimation is nontrivial also for moderately rare events such
as #R99e. The 10 realizations of the CESM ensemble for the 1901–2014 period show an even wider range than
the CMIP5 ensemble (Figure S8b). For the 1901–2100 period, the trend ranges of the CESM and CMIP5
ensemble are similar (Figures 6b and S8b). The 1901–2100 CMIP5 trend mean is a bit higher (mean trend:
34.2%K�1 GMT) than in the observational period.

The mean observed TXx trend (+2.1 K K�1 GMT) lies well inside the CMIP5 trend range and relatively close
to the CMIP5 mean estimates (+1.6 K K�1 GMT) for the 1901–2014 period and +2.0 K K�1 GMT) for
1901–2100, Figure 6c). The CESM ensemble TXx trend values are somewhat lower for the 1901–2014
period (mean: +1.5 K K�1 GMT) and a bit higher for the 1901–2100 period (mean: +2.6 K K�1 GMT), but
the observed TXx trend is still inside the CESM trend range. Again, a detailed evaluation at the local scale
is impossible due to the major role of internal variability [Perkins and Fischer, 2013], but the observed trends
are consistent with models, which for a 2 K warmer world, project on average about 4 K warmer hot days
over Switzerland.

Figure 6. (a) Distributions of trends in Rx1day, (b) #R99e, and (c) TXx with GMT as predictor for the observations in the 1901–2014 period (solid black line for Rx1day
and #R99e, black dot for TXx) and CMIP5 models for the 1901–2014 period (blue) and the 1901–2100 period (red). The mean values are shown as dashed lines, the
numbers given in the upper right corner. The distributions show the station sample for observations (n ~ 170 for precipitation) and the model sample times grid
points (n = 96) for the climate simulations. The black dot in Figure 6c is the mean of nine stations across Switzerland. Units: % K�1 GMT or K K�1 GMT.
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6. Summary and Conclusions

Trends in the intensity and frequency of heavy precipitation and hot temperature extremes in Switzerland
have been analyzed for the period 1901–2014/2015. We found that on the annual scale 91–92% of the
Swiss precipitation stations show both trends to more frequent and more intense extreme precipitation with
31% and 35% of the trends, respectively, being statistically significant (p< 0.05). These numbers are much
higher than the global numbers where about 65% of the stations or grid points show positive trends in
precipitation intensity [cf. Westra et al., 2013; Min et al., 2011]. The highest annual 1 day precipitation sums
(Rx1day) increased on average by 10.4% 100 yr s�1, while the number of days exceeding the 99th percentile
of daily precipitation increased on average by +26.5% 100 yr s�1. The intensity of heavy precipitation
expressed as Rx1day increases on average by +7.7%K�1 smoothed Swiss annual mean temperature, which
is close to the Clausius-Clapeyron scaling.

The hottest 1, 3, and 7 day periods of the year have warmed by +1.9 to 2.3 K since 1901 for a Swiss average
and by +1.6 to 2.1 K on the Swiss Plateau, similar to trends of annual mean temperature, which increased by
+1.9 K over the same period. The number of moderate summer temperature extremes (TX90p) has roughly
doubled (+94%); the more extreme TX99p days have more than tripled (+212%) since 1901. Trends over
subperiods of 30 years show strong variations due to internal variability. However, the overall observed
trends in heavy precipitation intensity and frequency as well as hot temperature extremes are well in line with
those simulated by global climate models. The heat wave of summer 2015 will further contribute to this
trend, with TXx values very similar to the record of summer 2003 but also with the second hottest week
(TXx7d) and seasonal mean, exceeded only by the summer of 2003.

Trends in some weather extremes have been attributed to human-induced climate change on continental to
global scales based on spatial pattern-based techniques [Min et al., 2013;Morak et al., 2013; Fischer and Knutti,
2015; Zhang et al., 2013; Christidis et al., 2011], but local trends are often dominated by internal variability.
However, spatial pooling of stations can help to robustly identify emerging trends even in small countries.
For Switzerland, increasing trends in hot days and heavy precipitation are now found at most stations. As
expected from large natural variability on local scales, not all trends are significant but are expected to
become significant as warming continues [King et al., 2015]. This is consistent with earlier model projections
and with the theoretical understanding of a human-induced signal in the energy budget and water cycle
emerging from background variability. While we have not performed a formal attribution study, the trends
over Switzerland as a whole are unlikely to be random and are fully consistent with anthropogenic climate
change as simulated by climate models.
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