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probably due to large-scale forced convection is found 
when considering only the most extreme events (above 
50 mm/day). In this case, even the diurnal cycles of precip-
itation and convection-related indices are similar between 
resolutions, leading to the conclusion that the 7 km model 
sufficiently resolves the most extreme convective events. In 
this region and time periods, the 7 km resolution is deemed 
sufficient for most assessments of near future precipitation 
change. However, conclusions could be dependent on the 
characteristics of the region of investigation.

Keywords Regional climate model · Convection-
permitting resolution · Climate change · COSMO-CLM · 
Convection · Atmospheric processes

1 Introduction

Knowledge of the regional trends of the precipitation pat-
terns under climate change is crucial to develop effective 
adaptation measures. Regional climate models (RCMs) 
help in bridging the gap between global climate models 
(GCMs) and regional planning requirements, and they pro-
vide the possibility for better insight into the future climate. 
Increasing horizontal resolution enables a more detailed 
representation of topographic features and leads to more 
realistic spatial patterns and intensity distributions of pre-
cipitation especially in terms of extreme events (Giorgi 
et al. 2004; Boberg et al. 2010). Recent assessments of 
changes in extreme short-term precipitation have indi-
cated the added value of convective permitting RCMs, as 
opposed to the common parameterised coarser resolution 
RCMs (Kendon et al. 2014).

Independent of the spatial resolution, a strong consen-
sus was reached on the future changes in temperature both 

Abstract To investigate the climate change in the next 
30 years over a complex terrain in southwestern Germany, 
simulations performed with the regional climate model 
COSMO-CLM at convection-permitting resolution are 
compared to simulations at 7 km resolution with param-
eterised convection. An earlier study has shown the main 
benefits of convection-permitting resolution in the hourly 
statistics and the diurnal cycle of precipitation intensities. 
Here, we investigate whether the improved simulation of 
precipitation in the convection-permitting model is affect-
ing future climate projections in summer. Overall, the 
future scenario (ECHAM5 with A1B forcing) brings weak 
changes in mean precipitation, but stronger hourly intensi-
ties in the morning and less frequent but more intense daily 
precipitation. The two model simulations produce similar 
changes in climate, despite differences in their physical 
characteristics linked to the formation of convective precip-
itation. A significant increase in the morning precipitation 
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over Europe and in southwestern Germany, which is the 
investigation area of this paper. A wide-spread increase is 
projected over the whole of Europe for all seasons with the 
largest warming in summer in the Mediterranean region 
(Christensen and Christensen 2007). In Germany, an annual 
increase of ~1 K is projected for the next decades (Wag-
ner et al. 2012). The climate change signal of temperature 
is mainly driven by the selected GCM and emission sce-
nario used, while the role of RCMs becomes crucial when 
dealing with more complex processes such as precipitation, 
especially in summer when convection becomes dominant 
(Déqué et al. 2007; Wagner et al. 2012). Until the end of 
the century, RCMs project a general decrease in summer 
mean precipitation over western and southern Europe, 
which could be due to a northward deflection of Atlan-
tic storms bringing wetter conditions to northern Europe 
(Christensen et al. 2007). Meanwhile, already for the 
end of the twentieth century Boberg et al. (2010) found a 
change in the probability density function (PDF) of simu-
lated precipitation with increase in the more intense events 
and a decrease in light and moderate rain. For Germany, a 
similar trend is confirmed regarding the precipitation inten-
sities for the near future (2021–2050; Wagner et al. 2012), 
while the decrease in mean precipitation is found not sig-
nificant in summer. A consistent reduction in cloudiness, 
snow cover and soil water content is projected over Europe 
together with an increasing trend in atmospheric moisture, 
reaching 10–20 % by the end of the century (Giorgi et al. 
2004). For Germany, Feldmann et al. (2013) hypothesized 
that the changes in extreme precipitation found for the near 
future could be related to changes in the soil moisture, sur-
face energy balance or atmospheric stability. For the same 
period, a rise of ~20 % on the annual scale in the number of 
dry days and dry periods is projected for southwestern Ger-
many in line with the European trend (Wagner et al. 2012).

The choice of RCM becomes of crucial importance 
when investigating the climate change in summer when e.g. 
the parameterisation of convection can impact strongly on 
the results (Giorgi et al. 2004). The limitations of convec-
tion parameterised RCMs in the representation of the diur-
nal cycle of precipitation and the atmospheric conditions 
leading to convection are well-known and documented (e.g. 
Brockhaus et al. 2008; Baldauf et al. 2011; Fosser et al. 
2015). Reaching convection-permitting resolutions allows 
not only to eliminate a major source of uncertainties and 
errors, but also to improve the representation of hourly 
precipitation intensity and spatial distribution (Prein et al. 
2013; Fosser et al. 2015) as well as the representation of 
surface fluxes (Tölle et al. 2014).

At the moment only two studies (i.e. Kendon et al. 2014; 
Ban et al. 2015) investigated the climate change signal of 
precipitation statistics at daily and sub-daily time scale 
using long simulations at convection-permitting resolution, 

and they compared these projections with those from stand-
ard parameterised RCMs. However, the two papers disa-
gree on the final conclusions. For southern UK Kendon 
et al. (2014) found that, while the models agreed on the 
climate change signal in winter, only the high resolution 
model detected future intensification of short-duration rain 
in summer. This investigation pointed out the parameteri-
zation of convection as responsible for the underestimation 
of the precipitation changes due to its deficiencies in the 
representation of convective events. The effects of this 
underestimation on the society could be enormous if, as 
Kendon et al. (2014) mention, the summer extreme events 
intensify above expectations from the Clausius–Clapeyron 
relation (Lenderink and van Meijgaard 2008; Berg et al. 
2013). Ban et al. (2015) investigated climate change signals 
for the Alps region, and found that both daily and hourly 
precipitation extremes intensify according to the Clausius–
Clapeyron relation when considering all days, and that in 
general convection-permitting and coarser resolution agree 
on the magnitude of the changes. The disagreements indi-
cate either a regionally dependent pattern of changes, or a 
model dependency of the results.

In the present study, we investigate differences in cli-
mate change signals for southwestern Germany until the 
mid-century between simulations from a convection-per-
mitting model in contrast to a coarser parameterized RCM. 
Particular attention is put on the understanding of the pro-
cesses leading to future changes in the precipitation field. 
We perform two sets of 30 year long simulations for the 
recent past and near future using COSMO-CLM (COnsor-
tium for Small scale Modelling model—in CLimate Mode, 
here abbreviated CLM); one at 7 km (CLM7) horizontal 
resolution with parameterisation of convection, and one at 
convection-permitting resolution, namely at 2.8 km resolu-
tion (CLM2.8). Note that we chose to investigate the near 
future time period 2021–2050 since this is the typical plan-
ning horizon for most adaptation strategies, even though 
the climate change signals are likely weaker for this period. 
Section 2 presents the investigation area and the model sim-
ulations used to investigate the climate change signal. The 
method is explained in Sect. 3, while in Sect. 4 the results 
are discussed. Section 5 presents the main conclusions.

2  Model simulations and investigation area

The COSMO model is a non-hydrostatic local area model 
for weather predictions (Steppeler et al. 2003) adapted by 
the COSMO-CLM community to perform climatological 
simulations (Böhm et al. 2006). The setup used in this study 
(CLM version 4.8) is the same as in Fosser et al. (2015). 
Namely, a Runge–Kutta time-stepping scheme and the 
radiation scheme of Ritter and Geleyn (1992) called every 
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hour for CLM7, and every 15 min for CLM2.8. For CLM7 
deep convection is parameterised following the Tiedtke 
(1989) scheme based on moisture convergence. Although 
the convection parameterisation leads to the misrepresen-
tation of the diurnal cycle of precipitation (e.g. Brockhaus 
et al. 2008), a parameterisation for deep convection is still 
necessary at 7 km as shown by Fosser et al. (2015). Both 
CLM7 and CLM2.8 use the Tiedtke scheme for shallow 
convection. The Kessler scheme (Kessler 1995) is used for 
the calculation of grid scale clouds, and precipitation con-
siders the following hydrometeor species: water vapour, 
cloud droplets, rain, snow, cloud ice, and for CLM2.8 addi-
tionally graupel. All simulations use 40 vertical levels and 
9 soil layers. More details on CLM can be found in Doms 
et al. (2011).

To reach convection-permitting resolution a triple nest-
ing procedure in rotated coordinates was applied (Fig. 1). 
The coarsest nest at 0.44° resolution (~50 km) comprises 
large parts of Europe (118 × 112 grid points), while the 
next finer nest, CLM7, at 0.0625° (~7 km) covers all of 
Germany and the near surroundings (165 × 200 grid 
points). The finest nest, CLM2.8, at convection-permitting 
resolution, i.e. at 0.025° (~2.8 km, 140 × 116 grid points), 
concentrates on the state of Baden-Württemberg in south-
western Germany. The coarser nest at 50 km resolution 
and CLM7 have already been validated and investigated in 
terms of climate change respectively by Berg et al. (2012) 
and Wagner et al. (2012). They found that the two resolu-
tions perform similarly although added value for CLM7 
was found in terms of spatial pattern and PDF of higher 
precipitation intensities.

The GCM ECHAM, used as driving model, was devel-
oped by the Max Planck Institute for Meteorology and it 
is one of the contributing models for AR4. Its fifth version, 
ECHAM5 (Roeckner et al. 2003), has been widely used for 

studies on the climate change signal (e.g. Reichler and Kim 
2008; Feldmann et al. 2013; Wagner et al. 2012). Here, for 
the recent past only twentieth century anthropogenic green-
house gas forcing is considered (Roeckner et al. 2006), and 
for the future the IPCC SRES A1B forcing scenario is used 
(Nakicenovic et al. 2000). Note that for the selected future 
period, i.e. 2021–2050, the climate change signal is weaker 
than for the period 2071–2100 commonly used in climate 
change studies (Giorgi et al. 2004; Déqué et al. 2005; 
Christensen et al. 2007; Christensen and Christensen 2007; 
Déqué et al. 2007; Boberg et al. 2009). The downscaling 
is performed for two 33-year periods, and the first 3 years 
are considered spin-up time and therefore not included in 
the analysis. Thus, the two 30 year periods investigated are 
1971–2000 for the past and 2021–2050 for the future. Berg 
et al. (2012) investigated three different realizations of the 
ECHAM5 model for the control period, and found lim-
ited differences in mean temperature and precipitation for 
central Europe, although realization one showed slightly 
higher probabilities for the most extreme precipitation 
events and is therefore selected for further downscaling 
here. Wagner et al. (2012) investigated the climate change 
of the three realizations and again found strong similarities 
between the realizations, with some minor spatial differ-
ences in the patterns.

The investigation area, located in the state of Baden-
Württemberg in southwest Germany, was selected because 
of the distinct orographic features that make the region 
meteorologically interesting. Starting from the west, Fig. 1 
shows the flat Rhine valley along the western edge of the 
investigation domain surrounded by the sharp orography of 
the Black Forest, with its two main ridges in a south-west 
to north-east direction. The complex terrain favours oro-
graphically induced convective precipitation, which domi-
nates in the summer period in this region (Khodayar et al. 

a

b

Fig. 1  a Simulation domain for each step of the nesting strategy, 
namely 50 km domain (red), 7 km (blue), 2.8 km (black). b Topo-
graphical features of the simulation domain at 2.8 km (solid box) 

located in Baden–Wüttemberg in southwestern Germany. The black 
dashed-line box indicates the investigation area common to CLM7 
and CLM2.8
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2013). Fosser et al. (2015) found that CLM2.8 represents 
well the diurnal cycle of precipitation as well as the hourly 
precipitation intensities in this region and season.

3  Methodology

The aim of this paper is to compare the climate change sig-
nals from a long-term simulation at convection-permitting 
resolution with the projections obtained from a coarser 
parameterized model. Due to the different resolutions, the 
whole analysis is based on CLM2.8 bilinearly remapped 
to the same grid as CLM7. Tests were performed to check 
on the influence of different remapping techniques (e.g. 
conservative) and no substantial differences were found. 
Note that Fosser (2014) performed a similar analysis on the 
native grid (i.e. 2.8 km resolution) obtaining similar results 
for the precipitation statistics.

The GCM driven control simulation is not validated in 
this paper since the RCM itself was already investigated in 
Fosser et al. (2015) and the control period was validated for 
the period 1971–2000 in Fosser (2014). In particular, Fos-
ser (2014) found that compared to ERA40 driven simula-
tions, ECHAM5 driven simulations highly overestimate the 
number of wet days especially in winter, as also pointed 
out by Berg et al. (2012) and Feldmann et al. (2008). This 
leads to a strong overestimation in daily mean precipitation 
especially at coarser resolution. On daily basis, the proba-
bility distribution of precipitation intensities shows that the 
model is not sensitive to the change of the forcing in win-
ter, while a slight underestimation of higher intensities can 
be found in summer for the 2.8 km resolution. The under-
estimation of higher precipitation intensities appears more 
marked on hourly basis especially in winter and at higher 
resolution (Fosser 2014).

The two ECHAM simulations share similar lateral 
boundary conditions, because CLM2.8 is nested in CLM7. 
This, in addition to the small size of the simulation domain, 
should lead to a similar representation of the large-scale 
events for both resolutions. Nevertheless, substantial dif-
ferences in the representation of precipitation could appear 
when convection becomes dominant. In fact, the main dif-
ference between the two simulations is the treatment of 
deep convection, which is parameterized in CLM7 and 
explicitly resolved in CLM2.8. The weaknesses of CLM7 
in the representation of convective processes and the con-
sequent misrepresentation of the diurnal cycle of precipita-
tion have been highlighted by Fosser et al. (2015). More-
over, convection-permitting resolution better represents 
regional and small-scale characteristics and spatial variabil-
ity, which is highly relevant for convection (e.g. Weckwerth 
2000). A better resolved topography could impact directly 
on the initiation of convection e.g. through an improved 

representation of secondary circulation systems which 
lead to convergence (e.g. Barthlott et al. 2006). The mis-
representation of convective processes at coarser resolution 
could thus lead for example to an underestimation of pre-
cipitation intensities also in the future scenario.

For both resolutions, first the precipitation projections in 
terms of spatial distribution and intensities are presented, 
followed by an analysis of convection-related parameters to 
assess the atmospheric conditions leading to precipitation. 
We expect the main changes being due to short extreme 
events related with convection, in line with previous litera-
ture (Kendon et al. 2014). Therefore, the analysis focuses 
on the summer season, June–July–August (JJA), when con-
vection becomes dominant and the climate change signal 
is more pronounced (Giorgi et al. 2004). Although results 
on daily base are also presented, most of the attention is 
given to the sub-daily timescale where differences between 
the resolutions should become more evident (Kendon et al. 
2014).

Bias maps and probability distribution plots as well as 
diurnal cycles are used to assess the differences between 
past and future in the precipitation pattern and related 
atmospheric fields. To estimate the statistical significance 
of the changes in the spatial distribution of precipitation, 
the Student’s t test was applied, and the 95 % confidence 
level is presented in the figures. In order to have independ-
ent datasets with the same variance, monthly means are 
used for the test. The autocorrelation of the monthly data 
was investigated to justify this choice. For the rest of the 
analysis, the 95 % confidence intervals were calculated 
using the bootstrapping with replacement technique by 
Efron and Tibshirani (1993). In this case, the confidence 
intervals are calculated by randomly selecting 30 years 
between 1971 and 2000 a large number of times (i.e. 1000 
surrogates in this work) and multiplying their standard 
deviation by 1.64485.

The main ingredients required for the occurrence of deep 
convection are, besides a moist atmosphere, the presence 
of an unstable atmosphere and a trigger mechanism allow-
ing the release of the convective available energy (Johns 
and Doswell 1992; Khodayar et al. 2010, 2013). The ver-
tical velocity at different atmospheric levels, 950 hPa and 
500 hPa, is used to evaluate the vertical motion in the low 
atmosphere and upper troposphere, respectively.

The following convection-related indices, namely the 
convective available potential energy (CAPE; Moncri-
eff and Miller 1976) and the KO-index (Andersson et al. 
1989), are used as indicators of the atmospheric stabil-
ity conditions, and thus of the atmospheric predisposition 
to convection and consequent heavy precipitation. Based 
on the temperature and moisture of the ascending parcel, 
the CLM model computes CAPE in each grid point. The 
model initialises the rising parcel using the mean state of 
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the lowest 50 hPa (50 hPa mixed layer method). In the diur-
nal cycle, calculated over 30-years simulations, we expect 
higher CAPE values ahead of the maximum precipitation 
in the afternoon when convection becomes predominant. 
The PDF of CAPE allows assessing the intensity ranges in 
which the main changes take place. CAPE is strongly cor-
related to the atmospheric conditions in the lower boundary 
layer (Khodayar et al. 2013), thus it generally adequately 
represents latent instability conditions prior to deep con-
vection forced by boundary layer. The vertical velocity 
at 950 hPa is used to evaluate the vertical motion in the 
low atmosphere. Khodayar (2009; Khodayar et al. 2014) 
pointed out that atmospheric instability associated to deep 
convection triggered by large-scale forcing is better rep-
resented by the KO-index. The KO-index illustrates the 
modification in the atmospheric potential instability. It uses 
conditions at different levels of the atmosphere, rather than 
conditions in the lower boundary layer such as CAPE to 
infer stability conditions. The KO-index is computed based 
on the equivalent potential temperature, θ, at 500, 700, 850 
and 1000 hPa (following the recommendations by Bolton 
1980) as follow:

Differences in the distribution and intensity of the KO-
index and in the vertical motion field at 500 hPa, i.e. pres-
ence or not of large-scale lifting, determine favourable or 
unfavourable atmospheric conditions for deep convection. 
General notation identifies regions with KO-index < 2 K 
and large-scale lifting as favourable for deep convec-
tion. Both the selected convection-related indices depend 
on temperature and specific humidity and their distribu-
tion (Emanuel 1994). Future changes in temperature and 
humidity are likely to be linked and to directly or indirectly 
affect several atmospheric fields such as cloud cover, radia-
tion and fluxes. Those fields are also investigated and the 
main results reported.

4  Results

4.1  Precipitation statistics

The convection permitting scale simulation, CLM2.8, pro-
jects a decrease in JJA for the daily mean precipitation over 
most of the investigation area, with maximum of ~15 % 
over the northwestern ridge of the Black Forest (Fig. 2 top). 
The coarser resolution, CLM7, provides a similar picture. 
However, the significance test shows that these changes 
are not robust, with less than 3 % (15 %) of the grid points 
above the 90 % level for CLM2.8 (CLM7). Analysis per-
formed for the Wagner et al. (2012) paper (personal com-
munication) shows similar decreases in mean precipitation 

KO = 0.5(θ700 + θ500 − θ1000 − θ850)

in JJA for all three realizations of ECHAM5 downscaled by 
CLM7, and cases of increases in precipitation seems to be 
more related to natural variability than a result of climate 
change. Notice that those differences in the precipitation 
pattern related to the complex orography are not seen in 
Ban et al. (2015), who with a similar model showed con-
sistently decreasing intensities for the current domain.

The number of dry days, defined as days with less than 
1 mm of precipitation, differs substantially between the 
two resolutions, with CLM2.8 being drier than CLM7 
(Table 1). Fosser et al. (2015) showed that CLM2.8 agrees 
well with observations in terms of sub-daily precipitation 
statistics, while CLM7 is too wet as a consequence of too 
frequent drizzle. The use of ECHAM at the lateral bound-
ary compared to using ERA40 (in Fosser et al. (2015)) 
leads to a decrease in the percentage of dry days, especially 
for CLM2.8. The future projections results show increases 
in the percentage of dry days by 4 % and 5 % for CLM2.8 
and CLM7, respectively (Table 1). For both resolutions, the 
increase is almost homogeneous over the investigation area 
(not shown).

When only considering wet days, there is a clear 
increase in the average intensity of precipitation for most 
of the domain, however, only significant for lower elevation 
regions where the signal is also stronger (Fig. 2 middle). 
Thus, the removal of the dry days leads to a constant shift 
of the mean toward wetter conditions and even to a change 
in the sign over the crests, which means that while the days 
with precipitation decrease, the intensities are higher when 
it does rain. Both resolutions project an increase up to 20 % 
in the mean wet day precipitation over the area but with 
differences in the spatial pattern. In particular, CLM2.8 
tends to localise the maximum changes between the two 
main ridges of the Black Forest while for CLM7 the maxi-
mum occurs southeast of the second ridge (south-east of 
the investigation domain in Fig. 2 middle). The differences 
in the spatial pattern between resolutions are probably 
linked to the better resolved orography in CLM2.8, which 
allows accounting for small-scale processes related with 
orographic features, such as orographically-induced wind 
circulations and upward motion over the mountains which 
could favour convective initiation.

The CLM model tends to locate the most intense pre-
cipitation over the western windward side of the first ridge 
of the Black Forest (Khodayar et al. 2013) and the same 
pattern will be maintained in the future (not shown). To 
evaluate any possible future shift in the location of intense 
precipitation, we selected, from both CLM7 and CLM2.8 
remapped at 7 km, the very heavy precipitation days, 
defined as days with precipitation above 20 mm/day (Klein 
Tank et al. 2009). Figure 2 bottom shows the mean precipi-
tation calculated for those days and the significance of the 
changes. The significance is very low for these extreme 
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intensities, and even at the 90 % level only 15 % of the 
grid points shows significant changes for CLM2.8, and 
for CLM7 only 9 %. There is furthermore no consistency 
between the grid points that pass the significance test for the 
two simulations, although the pattern as a whole is rather 
similar. The CLM2.8 simulation projects higher increase in 
the plain area north of the first ridge expanding up to the 
second ridge. These changes, especially for CLM2.8, are 
linked to an increase in frequency and intensity of the most 

Fig. 2  Spatial distribution of the projected changes in daily mean 
precipitation calculated for all days (top), only wet days (middle) and 
for very heavy precipitation days, defined as days with precipitation 
above 20 mm/day (Klein Tank et al. 2009), (bottom) for 2.8 km (left) 

and 7 km (right) resolution in JJA. The contours indicate the topogra-
phy (in m). Gray (black) dots represent significance above the 90 % 
(95 %) level

Table 1  Percentage of dry days (<1 mm/day) and dry hours 
(<0.1 mm/h) for 2.8 and 7 km resolution in the past and future

Dry days (%) Dry hours (%)

2.8 km 7 km 2.8 km 7 km

Past 60 51 85 82

Future 64 56 87 84

Difference 4 5 2 2
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extreme precipitation, i.e. precipitation above 50 mm/day, 
over the same areas (not shown). However, the results can 
hardly be considered significant for either simulation.

4.1.1  Precipitation intensities

The increased percentage of dry days and dry hours 
(Table 1) strongly impacts the distribution of precipitation 

intensities, thus in the following we focus only on wet days 
and hours. Fig. S1 and Fig. S2 in the supplementary mate-
rial show the same figures as Fig. 3 and Fig. 4 but for all 
days and hours. The following intensity distribution func-
tions, called IDF, are weighted by the intensity (i.e. the 
probability of the precipitation intensity of each bin is mul-
tiplied by the intensity of the bin). To make the message 
clearer from the graph, the bins are not of equal size, but 

Fig. 3  IDF of precipitation 
intensities above 1 mm/day 
(0.1 mm/h) for daily (hourly) 
temporal on the left (right) 
for JJA. Dots indicate the bin 
centres. Note the logarithmic 
vertical axis. The dashed lines 
indicate the 95 % confidence 
intervals calculated with a boot-
strapping technique
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Fig. 4  IDF for different time 
periods of the day of precipita-
tion intensities above 0.1 mm/h 
for hour temporal resolution 
for JJA. Note the logarithmic 
vertical axis. The dashed lines 
indicate the 95 % confidence 
intervals calculated with a boot-
strapping technique
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the results hold even using equally spaced bins (not shown). 
For ease of reference we term IDF values probabilities. 

The IDF of daily precipitation intensities shifts toward 
higher intensities at the cost of the lower intensities 
between the control and scenario time periods for both 
resolutions (Fig. 3 left). In particular, there is a signifi-
cant decrease in the probability of precipitation intensities 
between 5 and 10 mm/day (3 and 7 mm/day) as well as 
a significant increase for precipitation intensities above 
50 mm/day (70 mm/day) for CLM2.8 (CLM7). Similar 
results are qualitatively similar when all days are included 
(S. 1). The results are better represented in aggregated sta-
tistics, compared to the spatially resolved information in 
the previous section.

On hourly resolution, the IDF shows an increased prob-
ability of precipitation intensities above about 2 mm/h for 
both simulations but stronger for CLM2.8 (Fig. 3 right). 
Although the change is consistent for the whole intensity 
range above 2 mm/h, the confidence interval indicates 
that the change is not statistically significant. The offset 
between resolutions at both daily and hourly base is the 
same as in Fosser et al. (2015) and it is not related to the 

forcing used but rather to the characteristics of the two 
models. Again, the conclusions remain valid also when all 
hours are included (S. 1).

Subdividing the data in four selected time periods of 
the day (Fig. 4 and S. 2), it becomes clear that the increase 
in the hourly IDFs is mostly due to precipitation in the 
night to morning hours period (00–12). Although the most 
intense events will occur in the afternoon also for the 
future, there are no significant changes in the IDF at this 
time of the day. The two resolutions agree on the sign of 
the projected changes.

4.1.2  Structure of the precipitation events

Similarly to Kendon et al. (2014), we investigate the dura-
tion–intensity characteristics of rainfall. An event is here 
defined as continuous precipitation above 0.1 mm/h and 
the analysis is performed for both peak (Fig. 5) and aver-
age intensities (S. 3) of each duration bin. The event sta-
tistics for CLM2.8 show that the shortest high-intensity 
events (i.e. 1–3 h for 50–100 mm/h), which are probably 
due to convection, are projected to increase in both peak 

Fig. 5  Peak event intensity in JJA as a function of event duration for CLM2.8 (top) and CLM7 (bottom). The white dots indicate significant 
changes at the 95 % level
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(Fig. 5) and average intensity (S. 3) by more than 100 %. 
This change is accompanied by an increased intensity 
also for longer events (5–30 h, intensity above 10 mm/h) 
likely related to stratiform precipitation. The increases 
are stronger than those found in Kendon et al. (2014). 
The frequency of low-intensity events (0.5–5 mm/h) 
with a duration below 7 h, or longer than 30 h seems to 
decrease in line with the increase of both the percentage 
of dry hours (Table 1) and the length and the frequency of 
dry periods, defined as at least five consecutive dry days 
(not shown). CLM2.8 also projects an increase of events 
between 0.1 and 0.25 mm/h with duration between 9 and 
30 h. These events could be a combination of stratiform 
rain and drizzle, which affects especially this resolution, 
creating too long events of overestimated amount (Fosser 
et al. 2015). Surprisingly, CLM7 shows similar signals, 
besides slightly underestimating the more intense events, 
i.e. intensities above 20 mm/h. The agreement in signals 
between CLM2.8 and CLM7 is in contrast with the defi-
ciencies of the parameterised-convection model used by 
Kendon et al. (2014) that was not able to represent the 
changes of more extreme precipitation. This disagreement 
between models could be linked to the relatively high res-
olution of CLM7 that probably allows better resolving the 
larger convective systems, compared to the coarser 12 km 
MetUM model.

4.2  Atmospheric conditions leading to convective 
precipitation

The analysis in the previous sections showed that the simu-
lated future changes in precipitation affect mainly short 
events with high intensity (Fig. 5), which are usually of 
convective nature, but also the morning precipitation that 
is mostly linked with large-scale processes. The purpose of 
this section is to assess some of the atmospheric conditions 
that could explain the aforementioned changes in the pre-
cipitation field.

At both resolutions, a shift of ~1 K toward higher values 
is projected for atmospheric temperature at all atmospheric 
levels (S. 4) in the near future, in line with previous find-
ings for surface temperature over Germany (Wagner et al. 
2012). Both resolutions project an increase in mean inte-
grated water vapour (IWV) of ~2 kg/m2 (not shown). This 
increase affects mainly the lower atmospheric levels (below 
850 hPa) where an increase of about 0.5 g/kg in specific 
humidity is identified (S. 4). Besides the change in mean 
IWV, also its PDF is shifted so that there is an increased 
probability of IWV values above 35 kg/m2 and a slight 
decrease for lower values (i.e. 15–25 kg/m2; Fig. 6 left). 
Note that a similar PDF is found for all four time periods of 
the day (S. 5). Moreover, considering days with precipita-
tion above 50 mm/day, the shift towards higher IWV at the 
cost of the lower values becomes even more pronounced 
(S. 6).

Observational studies indicate changes in convective 
precipitation beyond the 7 %/K Clausius–Clapeyron rate 
(CC-rate; e.g. Trenberth et al. 2003), or rather a super-CC-
rate (Lenderink and van Meijgaard 2008; Berg et al. 2013; 
Westra et al. 2014). When comparing historical to end 
of century projections in the RCP8.5 scenario, Ban et al. 
(2015) found an intensification of the extremes according to 
the standard CC-rate over the Alps and surrounding regions, 
while for the southern UK, Kendon et al. (2014) found that 
the increase in convective precipitation was consistent with 
a super-CC-rate. The scaling between precipitation inten-
sity and temperature is strongly affected by the inclusion or 
not of dry days in the calculation of the extreme percentiles 
(Ban et al. 2015). According to Chan et al. (2015), future 
CC-scaling rate might be different compared to present 
observed scaling for southern UK when the changes in the 
large-scale weather pattern modify moisture availability. 
In the CLM7 and CLM2.8 simulations, when all days are 
considered, even the 99.9th percentile scales well below 
the CC-rate, and the 95th percentile shows negative scal-
ing (Table 2). When only wet days are considered, i.e. a wet 

Fig. 6  On the left, PDF of 
IWV for the JJA period; note 
the logarithmic vertical axis. 
On the right, diurnal cycle of 
total (CLCT), medium (CLCM) 
and low (CLCL) cloud cover. 
The coloured sections indicate 
the 95 % confidence intervals 
calculated with a bootstrapping 
technique
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hour limit of 1/24 mm/h, and temperature differences are 
calculated for all days, the scaling rate increases to close to 
the CC-rate for CLM7, and even beyond that for CLM2.8 
for the 99th and 99.9th percentiles. However, as the scal-
ing of extreme precipitation should be compared to the air 
mass close to the time of precipitation, a better measure of 
the scaling is performed for wet days both for precipitation 
and temperature. This measure increases the scaling rates 
further, with CLM2.8 being close to a two times the CC-rate 
for the highest percentiles, while CLM7 remains close to or 
slightly above the CC-rate.

Changes in temperature and specific humidity are likely 
to indirectly affect also the cloud cover (e.g. Jaeger et al. 
2008). The simulations project a significant decrease by 
almost 5 % in total cloud cover, especially in the morning, 
linked with a decrease at low and medium levels (Fig. 6 
right). Note that the differences between CLM2.8 and 
CLM7 are the same as seen in Fosser et al. (2015), and are 
thus attributable to the model resolution and use, or not, 
of the convection parameterisation rather than to the lat-
eral forcing. This result is in line with findings by Giorgi 
et al. (2004) over central Europe at the end of the century. 
In particular, they found a uniform reduction in cloudiness, 
despite an increase of 10–20 % in atmospheric moisture. 
Our investigation reveals that the decrease in cloud cover 
occurs during dry days, In fact, considering only wet days, 
cloud cover experience an increase by almost 5 % in high 
level clouds that despite the decrease of low level clouds 
leads to a slight increase in total cloud cover (S. 7).

4.3  Diurnal cycle of precipitation 
and convection‑related parameters

So far, we have only identified minor differences between 
the two simulations, CLM7 and CLM2.8. Fosser et al. 
(2015) found significant differences in the diurnal cycle of 
precipitation intensity, with CLM2.8 being closer to obser-
vations, and showing a consistent response of the convec-
tive precipitation to CAPE. Meanwhile, precipitation in 
CLM7 was shown to be disconnected from the atmospheric 
conditions leading to convection, e.g. the diurnal cycle of 
CAPE, and presented a premature precipitation peak. Here, 

we investigate whether the improved physical consistency 
in CLM2.8 compared to CLM7 leads to significant differ-
ences in the projected changes in precipitation.

In the following, the diurnal cycles of precipitation, 
convection-related indices previously described (Sect. 3), 
namely CAPE and KO-index, and vertical velocities (at 500 
and 950 hPa) are discussed depending on the daily precipi-
tation threshold selected. The diurnal cycles of each variable 
are calculated as a spatial mean based on the grid points 
where the daily precipitation is above the selected thresh-
old. The thresholds used are: 0 mm/day i.e. all days; 1 mm/
day, corresponding to the definition of wet day; and 50 mm/
day threshold here considered as a threshold for extreme 
precipitation events. Note that above the latter threshold the 
projected changes in the daily IDF become significant for 
CLM2.8 (Fig. 3 left). It is worth mentioning that the num-
ber of days with precipitation above 50 mm are more than 
double for CLM2.8 compared to CLM7 (479 versus 213 
events) while almost no differences are found between past 
and future (e.g. 479 in the past versus 495 in the future for 
CLM2.8). This large difference between resolutions results 
in a broader confidence interval for CLM7 compared to 
CLM2.8 (see shaded area in Fig. 10).

Each of the following subsections outlines the main 
impacts of using different thresholds on the historical runs 
and then investigates the climate change signal for both 
resolutions.

4.3.1  Diurnal cycles considering all days

When considering all days (Fig. 7), the diurnal cycle of 
both precipitation and CAPE for either resolutions are 
consistent with previous findings by Fosser et al. (2015; 
see also chapter 4.3). This shows that the expected rela-
tionship between the atmospheric instability maximum 
and consequent convective precipitation occurrence is 
maintained only when convection is not parameterised, 
and it is not sensitive to the forcing used. The KO-index 
values close to −2 K from about 15:00 are likely indica-
tive of a potentially unstable atmosphere prone to deep 
convection under the presence of large-scale forcing (i.e. 
maximum vertical velocity at 500 hPa at the same time). 

Table 2  Scaling of different 
percentiles of hourly 
precipitation intensity with 
the change in domain average 
temperature between the control 
and scenario periods

Units are in  %/K

Precipitation All days Wet days Wet days

Temperature All days All days Wet days

Quantile 2.8 km 7 km 2.8 km 7 km 2.8 km 7 km

95 −7.6 −5 5.8 4.5 8.3 5.8

99 1.5 1.5 8.5 6.7 12.1 8.7

99.9 5.2 3.2 9.8 6.7 13.7 8.3
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Therefore, the occurrence in CLM2.8 of events with 
higher intensity in the afternoon could be linked to the 
significantly more unstable atmosphere in this period, 
both latent and potential (i.e. higher CAPE and lower 
KO-index), in conjunction with a favourable large-scale 
environment. Although CLM7 shows a similar poten-
tial instability as CLM2.8 and higher values of vertical 
velocity at 500 hPa between 15:00 and 18:00, convective 
precipitation does not occur at this time (Fosser et al. 
2015).

In the future for both resolutions, the shape of the 
diurnal cycle of precipitation does not change signifi-
cantly besides a general offset due to the decrease in 
average intensity or to an increase in the percentage of 
dry hours (Table 1). The decrease in precipitation in the 
afternoon could be partially explained by the reduction 
in boundary layer forced convection given the slight but 
significant decrease in vertical velocity at 950 hPa, espe-
cially for CLM2.8, in combination with no significant 
changes in CAPE (nor in KO-index and vertical velocity 
at 500 hPa).

4.3.2  Diurnal cycles considering only wet days

To consider only wet days does not significantly affect 
the shape of the diurnal cycle of precipitation in the past 
for either resolution, besides a general increase in the pre-
cipitation intensities due to the removal of the dry hours 
(Fig. 8 top). For CLM2.8, CAPE shows similar behaviour 
as in the case of all days until 15:00 (Figs. 7, 8 top) when 
it decreases sharply. The removal of dry days probably 
excludes those situations in which high values of CAPE do 
not lead to convective precipitation, resulting in the differ-
ences in the diurnal cycle of CAPE in the two cases (all day 
vs. wet days). CLM7 shows a diurnal cycle of CAPE very 
similar to CLM2.8, while it is still not able to correctly 
simulate the diurnal cycle of precipitation thus confirming 
that its inability is not directly linked to drizzle. Compared 
to the all days case, both resolutions show a more stable 
atmosphere (i.e. more positive KO-index) and more intense 
updrafts (i.e. higher vertical velocity at 500 hPa).

For the future, the shapes of the wet day diurnal cycles 
of precipitation are mostly retained at both resolutions but 
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shifted toward higher values (Fig. 8 top) in line with the 
increase of mean wet precipitation (Fig. 2 middle) and the 
precipitation IDF at sub-daily resolution (Fig. 4).

The increase in the precipitation diurnal cycle could be 
linked with an almost homogeneous shift of CAPE toward 
higher values (dashed lines in Fig. 8 top). In particular, 
the occurrence of low to medium intensity precipitation 
events seems to be favoured in the morning, especially 
between 00:00 and 05:00, given the projected higher 
probability of CAPE between 200 and 1000 J/kg in the 
same time period (Fig. 9 left). In the time interval 12:00–
17:00 (Fig. 9 right), the projected increase in CAPE is 
reaching more than 2000 J/kg, which could favour heavier 
precipitation events seen for CLM2.8 in Fig. 4 (bottom 
left). Similar signals, but not significant, are also found 
for CLM7 (S. 8).

The increase in the afternoon precipitation in CLM2.8 
could also be driven by deep convection forced by large-
scale processes. In fact, CLM2.8 projects a time shift of the 
afternoon peak for the vertical velocity at 500 hPa, which 
coincides with the minimum of KO-index (Fig. 8 bottom), 

thus creating favourable atmospheric conditions for the ini-
tiation of deep convection. Also CLM7 shows an intensi-
fication of vertical velocity at 500 hPa at the same time of 
maximum potential instability (i.e. 15:00), but this does not 
match with the maximum precipitation at 12:00.

4.3.3  Diurnal cycles considering days with precipitation 
above 50 mm

Considering a threshold of 50 mm/day, and comparing on 
equal CLM7 resolution, leads to important changes for 
both resolutions and reveals interesting findings (Fig. 10). 
For CLM2.8, the diurnal cycle of precipitation shows the 
afternoon maximum occurring one hour later (at 16:00) and 
lasting longer compared to the previous cases. The diurnal 
cycle of CAPE does not change in shape but the mean val-
ues are much higher compared to the previous cases espe-
cially between 12:00 and 15:00 thus underlining the impor-
tant role of the intense afternoon convective precipitation 
in days with precipitation above 50 mm/day. CAPE shows 
also high values at midnight to then sharply decrease, 
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which could be symptomatic of the occurrence of nocturnal 
convection (Brockhaus et al. 2008).

Imposing such a high threshold for CLM7 leads to 
important changes in the diurnal cycles of both precipitation 

and CAPE that become similar to those at CLM2.8 resolu-
tion, although with lower mean values. These changes for 
CLM7 are probably linked to large convective events that 
are at least partly resolved at the 7 km resolution. However, 

Fig. 9  PDF of CAPE for wet 
days and time period 00–05 
(left) and 12–17 (right) for 
CLM2.8 in JJA. Note the 
logarithmic vertical axis. The 
dashed lines and shaded areas 
indicate the 95 % confidence 
intervals calculated with a boot-
strapping technique
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it is interesting to note that even with a lower threshold of 
20 mm/day CLM7 simulates a diurnal cycle of precipita-
tion and CAPE similar to CLM2.8 (not shown).

For the near future, both CLM2.8 and CLM7 project a 
significant net increase in the morning precipitation, which 
is most probably related to differences in the large-scale 
environment and/or nocturnal convection (Kapsch et al. 
2012) since the morning maximum is usually driven by 
stratiform precipitation (Berg et al. 2013). Moreover, the 
afternoon maximum slightly decreases in intensity espe-
cially for CLM2.8. For events occurring within the same 
day, a too early onset or an overestimation of precipitation 
in the morning could inhibit or constrain the atmosphere 
for more intense events in the afternoon.

The variations in mean precipitation intensities in 
Fig. 10 top could be attributed to the projected changes in 
the atmospheric potential instability (i.e. KO-index) and 
vertical velocity at 500 hPa (Fig. 10 bottom). In particu-
lar, for CLM2.8, where no significant changes in CAPE 
and low-level vertical velocity are observed, KO-index 
indicates a destabilization of the atmosphere in combina-
tion with an increase in the morning vertical velocity at 
500 hPa. This is indicative of favourable atmospheric con-
ditions and an increase of the potential for deep convec-
tion to occur as a consequence of large-scale forcing, in 
agreement with the increase in precipitation found in the 
morning. For CLM7, CAPE is projected not to change in 
the morning but to decrease in the afternoon, while the 
KO-index shows similar performance in the morning and 
a more unstable atmosphere in the afternoon. Meanwhile, 
a strong increase for vertical velocity in the morning and 
slight decrease in the afternoon is seen at 500 hPa in agree-
ment with the identified precipitation changes. The differ-
ences in CAPE between the two resolutions could be traced 
back to significant differences in mean specific humidity 
and temperature in the lower-levels of the troposphere.

The 100 days with the most intense hourly precipita-
tion are selected for each simulation to verify that the 

above-presented results do not depend on the specific 
threshold used and to have a fairer comparison between 
CLM2.8 and CLM7. The so obtained diurnal cycles are 
very similar to Fig. 10 but CAPE and KO-index show much 
higher absolute values (i.e. CAPE to a maximum of 600 J/
kg and KO-index varying between 4 and 6 K in absolute 
value), thus leading to the conclusion that extreme hourly 
precipitation is mainly related to convective precipitation in 
the region and period investigated. Note that in this case the 
two resolutions show the same diurnal cycle for the KO-
index, while they diverge in the climate change signal for 
CAPE as seen in Fig. 10. For the same 100 days, Fig. 11 
shows that for CLM2.8 the daily precipitation above 30 mm 
becomes stronger in the near future in good agreement with 
the daily IDF for wet days (Fig. 3 left). CLM7 provides a 
similar signal but weaker signal with less extreme precipi-
tation. The future changes in hourly precipitation seem to 
be more related to a shift in the timing of the events (more 
in the morning than in the afternoon) rather than in their 
intensity.

5  Summary and conclusions

In the present study, we assess the effects of using simula-
tions from a convection-permitting model in contrast to a 
coarser parameterized RCM on the climate change projec-
tions in summer. In particular, we compared 30-year time-
slice simulations for the periods 1970–2000 and 2021–2050 
for a strong orographically varying region of southwestern 
Germany. The paper presents the future changes in the 
precipitation pattern, and attempts to identify the possible 
drivers for the detected changes by investigating the atmos-
pheric conditions leading to convection.

A decrease in mean precipitation up to 15 % is projected 
in the investigation area for the near future in line with 
previous literature (Ban et al. 2015). However, this result 
seems to be related more to natural variability rather than 

Fig. 11  Scatter plot of pre-
cipitation intensities for all grid 
points and hours of the 100 days 
with the most intense hourly 
precipitation intensities in JJA 
for CLM2.8 and CLM7 for 
daily (left) and hourly (right) 
value sorted in ascending order
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climate change given the small significance of the change, 
and supported by the analysis in Wagner et al. (2012). The 
averaging process for the calculation of mean precipitation 
leads to a compensation of two opposing trends: a decrease 
in the percentage of wet days by ~5 %, and an increase up 
to respectively 20 and 24 % in the mean precipitation cal-
culated for wet days and very strong precipitation days. 
Contrary to Ban et al. (2015), we found considerable dif-
ferences in the spatial pattern of precipitation changes 
between resolutions for all thresholds.

The intensification of the more intense precipitation 
becomes more evident when looking at the IDF of daily 
precipitation intensities. In particular, the models project 
a significant increase for precipitation intensities above 
50 mm/day (70 mm/day) for CLM2.8 (CLM7) at the cost 
of the lower intensities. Similarly on hourly resolution, we 
found for both simulations an increased probability of pre-
cipitation intensities above ~2 mm/h due to an intensifica-
tion of the morning precipitation.

For the near future scenario, the models project a sig-
nificant increase of high-intensity events of both short and 
long durations, while lower intensity events decrease in 
line with the increase in the percentage of dry hours and 
dry periods. The coarser parameterised model, CLM7, well 
represents these changes besides slightly underestimating 
the more extreme events, which is linked to its tendency 
to underestimate hourly precipitation (Fosser et al. 2015). 
The relatively high resolution of CLM7 probably consents 
to represent the larger convective systems, which are not 
resolved at slightly coarser resolutions.

The analysis of the diurnal cycle of precipitation in 
relation to convective-related indices (i.e. CAPE and KO-
index) and vertical velocity at low- and upper-atmospheric 
levels are used to identify possible reasons behind the 
future changes in precipitation. Considering only wet days, 
the models project a general shift towards higher precipita-
tion intensities in line with the increase of mean wet pre-
cipitation and the precipitation intensity IDF at sub-daily 
resolution. A more unstable atmosphere, together with the 
increase in IWV, could justify this increase. In particular 
for CLM2.8, higher probability of CAPE between 200 and 
1000 J/kg between 00:00 and 05:00 and above 2000 J/kg 
in the time interval 12:00–17:00 could lead respectively to 
an increase of low to medium intensity precipitation and 
heavier events as seen for the IDF of precipitation at sub-
daily scale. Meanwhile, the changes in the diurnal cycle 
of vertical velocity at 500 hPa projected for the near future 
seem to indicate a different representation of the large-scale 
environment, in agreement with previous findings (Kunz 
et al. 2009). In particular, the shift of the maximum verti-
cal velocity peak at 500 hPa to the same time as the maxi-
mum potential instability (i.e. KO-index minimum) could 
be a driver for the intensification of deep convection due 

to large-scale forcing. Imposing a higher threshold, e.g. 
50 mm/day, does not affect remarkably the shape of the 
diurnal cycles at convection-permitting resolution and the 
expected relation between CAPE and convective precipi-
tation is well reproduced as seen in Fosser et al. (2015). 
For higher thresholds, CLM7 shows diurnal cycles of pre-
cipitation and CAPE very similar to CLM2.8, suggesting 
that CLM7 is able to resolve some of the larger convec-
tive plumes. Both CLM2.8 and CLM7 project a significant 
net increase in the morning precipitation probably due to 
convection forced by large-scale processes given the more 
potentially unstable atmosphere (i.e. more negative KO-
index), especially for CLM2.8, and the stronger vertical 
velocity at 500 hPa in the morning. The results obtained 
using a daily threshold of 50 mm are confirmed also 
when selecting the 100 days with the most intense hourly 
precipitation.

Unlike previous studies (Kendon et al. 2014; Ban et al. 
2015), the parameterised-convection model, CLM7, and 
the convection-permitting model, CLM2.8, show very simi-
lar climate change signals. The differences between them 
are either not significant as in the case of the diurnal cycle 
of CAPE when considering days with a precipitation above 
50 mm; or attributable to the use of the Tiedtke param-
eterisation like in the representation of the diurnal cycles 
of precipitation, CAPE and cloud cover; or linked to a too 
coarse representation of orography that does not allow to 
accurately simulate small scale processes such as orograph-
ically-induced upward motion that can trigger convection. 
The similar results between the two resolutions obtained in 
contrast with previous literature (Kendon et al. 2014; Ban 
et al. 2015) could be linked to the relatively high resolution 
of CLM7 that seems to be able to resolve the most extreme 
convective events. Moreover, stronger differences between 
resolutions could appear toward the end of the century 
when the climate change signal becomes stronger, rather 
than in the near future, or being regionally dependent. On 
the other hand, also the small size of the 2.8 km domain 
could generate a too strong dependency on the driving 
coarser resolution and thus lead to similar results, although 
this feature is predominant in the winter season (Fosser 
et al. 2015). Furthermore, a small domain size has been 
found to impact negatively on the development of convec-
tion (Brisson et al. 2015), but in initial sensitivity experi-
ments with also larger domain sizes, we have not found any 
significant impact on convection. This is likely related to 
the dominantly orographically induced convection in the 
area of investigation.

We can conclude that for southwestern Germany, and for 
the near future time period, convection-permitting models 
do not seem to bring added value to assessments of cli-
mate change in precipitation. Although the diurnal cycle is 
not well reproduced by the coarser CLM7 simulation, the 
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climate change signals of this model are to a large extent 
consistent with the CLM2.8 simulation, and thus suffi-
cient for most assessments. However, for further use of the 
model results in impact studies, the added value of CLM2.8 
might be important. Moreover, for the region analysed 
here boundary-layer forced convection does not seem to be 
the main driver for changes in future precipitation. This is 
likely to be the main reason for the relatively good perfor-
mance of the coarser resolution model. Other regions and 
future scenarios might be more sensitive. Moreover, the 
added values of convection-permitting resolution in the 
representation of the precipitation field were shown both in 
terms of hourly statistics and representation of the atmos-
pheric fields leading to convective precipitation (Prein et al. 
2015). Thus, convection-permitting resolution is in the long 
term a promising path in the investigation of the climate 
change signal and the base for the impact assessment mod-
els used in the planning of adaptation strategies to climate 
change. However, with the high computational costs at this 
resolution, coarser resolution models can bring more value 
in terms of longer simulation periods and large ensembles.
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