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Abstract. Climate models project an increase in heavy precipitation events in response to greenhouse gas forcing. Important
elements of such events are rain showers and thunderstorms, which are poorly represented in models with parameterized
convection. In this study, simulations with 12 km horizontal grid spacing (convection-parameterizing model, CPM) and 2 km
grid spacing (convection-resolving model, CRM) are employed to investigate the change in the diurnal cycle of convection
with warmer climate. For this purpose, simulations of 11 days in June 2007 with a pronounced diurnal cycle of convection
are compared with surrogate simulations from the same period. The surrogate climate simulations mimic a future climate with
increased temperatures, but unchanged relative humidity and similar synoptic-scale circulation. Two temperature scenarios are
compared, one with homogeneous warming (HW) using a vertically uniform warming, the other with vertically-dependent
warming (VW) that enables changes in lapse-rate.

The two sets of simulations with parameterized and explicit convection exhibit substantial differences, some of which are
well known from the literature. These include differences in the timing and amplitude of the diurnal cycle of convection, and
the frequency of precipitation with low intensities. The response to climate change is much less studied. We can show that
stratification changes have a strong influence on the changes in convection. Precipitation is strongly increasing for HW but
decreasing for the VW simulations. For cloud type frequencies, virtually no changes are found for HW, but a substantial reduc-
tion in high clouds is found for VW. Further we can show that the climate change signal strongly depends upon the horizontal
resolution. In particular, significant differences between CPM and CRM are found in terms of the radiative feedbacks, with

CRM exhibiting a stronger negative feedback in the top of the atmosphere energy budget.

1 Introduction

The diurnal cycle of convective clouds and precipitation over Europe is mainly active during summer, when solar radiation

is strongest. The available energy at the Earth’s surface is partitioned into sensible and latent heat fluxes, which in turn are
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redistributed in the atmosphere by convective processes. If the resulting updrafts are strong enough and persistent, this leads to
high cloud tops, which can be detected as cold temperatures in satellite measurements. In these, the diurnal cycle of summertime
convection over Europe is found to be strongest over mountain areas, such as the Alps (Levizzani et al., 2010). A more
conventional indicator for deep convection is surface precipitation. In line with the satellite measurements, pronounced seasonal
maxima are found in summer along the Alpine ridge (e.g. Frei and Schir, 1998).

The diurnal cycle of summertime convection has been investigated by conventional convection-parameterizing models
(CPMs) and high-resolution convection-resolving models (CRMs). Both approaches have specific advantages. Long-term
global climate projections need significantly more computer resources than weather forecasts of a few days. Thus, climate
simulations are typically conducted using CPMs. The CPMs lack a good representation of the diurnal cycle of convection
(Bechtold et al., 2004; Brockhaus et al., 2008; Hohenegger et al., 2008), which is improved in CRMs (Schlemmer et al., 2011;
Langhans et al., 2013; Prein et al., 2013). In addition to the improvement in the diurnal cycle, improvements were also found in
the frequencies of wet days and heavy precipitation events (Ban et al., 2014). In recent years, it has become possible to conduct
decade-long CRM climate projections on regional (Kendon et al., 2014; Ban et al., 2015) and continental scales (Leutwyler
et al., 2016, 2017). A review on climate simulations with CRMs can be found in Prein et al. (2015).

Projections of the summer climate over central Europe have found an increase in daily heavy precipitation events despite
reductions in mean precipitation amounts (Christensen and Christensen, 2003; Frei et al., 2006; Rajczak et al., 2013). An
intensity increase is also found for hourly heavy precipitation events, both by CPM and CRM simulations (Ban et al., 2015).
Past research has indicated that changes in precipitation extremes are limited by the water vapor content in a warmer climate.
This limitation follows the Clausius-Clapeyron relation (6-7 % K') (e.g. Allen and Ingram, 2002). This argumentation is
supported for daily events in a number of studies.

One important limitation of the mentioned climate change studies is the uncertainty introduced by circulation changes. There
are large differences between different GCMs (Woollings, 2010; Bony et al., 2015), and internal variations are substantial in
particular in the near-term (Deser et al., 2012). Therefore it would be beneficial to separate between robust thermodynamic
changes and uncertain circulation changes. This separation can be achieved by conducting surrogate experiments (Schir et al.,
1996). In these regional climate model (RCM) experiments, the temperature distributions at the lateral boundaries are changed
consistent with the expected large-scale warming, but relative humidity and circulation are held constant. Experiments of this
type have revealed significant changes in mean precipitation and precipitation statistics when applying a vertically homogenous
warming (HW) for mid-latitude conditions (Frei et al., 1998; Seneviratne et al., 2002; Im et al., 2010; Attema et al., 2014).
However, climate change studies also show that there are pronounced stratification changes. More specifically, the upper
troposphere is projected to warm at a faster rate than the surface (Santer et al., 2008; Collins et al., 2013). This implies that a
vertically-dependent warming (VW) is closer to what is expected for the future. Kroner et al. (2017) found that the associated
stratification (or lapse-rate) effect explains one third of the projected changes in north-south 2 m temperature gradient of the
European summer climate. Furthermore, they showed that the stratification changes strongly modulate convective precipitation.

For completeness it should be mentioned that a further surrogate approach exists, which is called pseudo-global warming (e.g.
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Figure 1. (a) Computational domains of the convection-parameterizing simulations (CPM, full domain, 12 km resolution) and convection-
resolving simulations (CRM, box in the center, 2 km resolution). Topography (m) is indicated in gray shading. The inner box also corresponds
to the analysis domain. (b) Height profiles of the temperature differences for homogeneous warming (HW) and vertically-dependent warming
(VW) relative to the control at the lateral boundaries of the CPM simulation domain, averaged over the investigated period (taken from Kroner
et al. (2017)). Height is indicated in km on the left-hand side, and pressure values at particular heights, averaged over the 11-day period, are

indicated in hPa on the right-hand side.

Rasmussen et al., 2011; Prein et al., 2016). There, the main difference to VW is that the temperature change is not only a
function of height but also of the spatial coordinates.

In the current study, we will use the surrogate methodology and address thermodynamic and stratification effects in the
framework of CPM and CRM simulations. The possibility to exclude circulation changes makes the surrogate approach very
interesting for CRM simulations. They are often restricted to relatively short case studies because of the computational ef-
fort, hindering full climate change studies. The surrogate approach allows studying the same cases but in a warmer climate.
Further we can study the dependence of the climate change signal on the horizontal resolution by combining CRM and CPM
simulations.

In this paper, an 11-day period in June 2007 with a pronounced diurnal cycle of convection is investigated. It builds on a
previous study (Keller et al., 2016) in which the same period was evaluated with satellite data. Here we expand the previous
work with surrogate simulations (HW and VW) for the same period. Apart from a small change in the setup (see Sect. 2.1),
the control simulations are identical to the simulations in Keller et al. (2016), but restricting attention to simulations using
one-moment microphysics scheme. We address the following three questions: How will the diurnal cycle of convection and

the associated precipitation and clouds change in a warmer climate? How large is the impact of different temperature change
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profiles (HW versus VW)? How do the simulated changes depend on the modeling framework, in particular on the horizontal
resolution (CPM versus CRM simulations) ?

The paper is structured as follows: In Sect. 2, the COSMO setup, the surrogate setup, the analysis methodology, and the
observations used for evaluation are introduced. The results are presented and discussed in Sect. 3, and finally the conclusions

are presented in Sect. 4.

2  Methods and data
2.1 Model and surrogate setup

This study uses the COSMO model (Consortium for Small-Scale Modeling) in climate mode (referred to as COSMO-CLM)
at kilometer-scale resolution (Baldauf et al., 2011). The setup is close to previous studies (e.g. Ban et al., 2014; Keller et al.,
2016) and convection-resolving simulations in numerical weather prediction (NWP) mode at MeteoSwiss (e.g. Weusthoff
et al., 2010). For this study, CPM simulations (at a grid spacing of 12 km) and CRM simulations (at a grid spacing of 2.2 km)
are conducted, following the setup of Keller et al. (2016). The CPM simulations are conducted over Europe and initialized
and driven by ERA interim, with the exception of initial soil moisture conditions, which are taken from a ten-year climate
run of Ban et al. (2014). The CRM simulations are conducted over an extended Alpine area and are initialized and driven by
the CPM simulations. All simulations use a one-moment microphysics scheme (1M) (Reinhardt and Seifert, 2006). The only
significant difference to the setup of Keller et al. (2016) is that both CRM and CPM simulations use the same root depth. The
root depth defines the lowest level from which plants can take water and use for transpiration (Doms et al., 2011). The analysis
is performed over the CRM domain (Fig. 1a) for all simulations.

In addition to the control (CTRL) simulations mentioned above, six surrogate simulations are conducted. Within these
surrogate simulations, two different ways of surrogate warming are applied: a homogeneous warming (HW) and a vertically-
dependent warming (VW) (Fig. 1b). The specifications of all simulations are summarized in Table 1. Schir et al. (1996) showed
that for a pressure-dependent but spatially independent temperature change AT (p), the same flow fields satisfy the hydrostatic
set of governing equations. As the model levels of COSMO are not expressed in pressure coordinates, a height-dependent
change AT(z) is specified for simplicity, but the resulting change in the mass balance is negligible.

In applying the methodology, we follow Kroner et al. (2017): For calculating the temperature difference profiles AT of HW
and AT (z) of VW, one of the core simulations of the CMIP5 project (Taylor et al., 2012) was used. The simulation follows
the RCP 8.5 scenario (representative concentration pathways) (Moss et al., 2010). This scenario represents a relatively high
greenhouse gas emissions pathway with an expected radiative forcing of 8.5 W m at the end of the century (Riahi et al.,
2011). This high emission scenario was chosen for this study to amplify potential differences between present and future
climates. The simulation chosen for this study is from the Max Planck Institute (MPI). It was calculated with an earth system
model (ESM), which couples an atmospheric model with an ocean model and a vegetation model. The atmospheric part of the
model is the ECHAM6 model (Stevens et al., 2013), which includes a carbon cycle model, and has a "low" vertical resolution

(LR, 47 layers). The full model is called MPI-ESM-LR (Giorgetta et al., 2013). The HW and VW profiles were calculated
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Table 1. Overview and specifications of the simulations analyzed in this paper.

Name Spatial Convection Initial and boundary Initial date Domain
resolution scheme scheme conditions (see Fig. 1a)
CTRL_12km 12 km shallow and  ERA interim* 1 Oct 2006,  Europe
deep 00 UTC
CTRL_2km 2.2 km shallow CTRL_12km 1 Apr 2007,  Alpine region
00 UTC
HW_12km 12 km shallow and  ERA interim® + HW 1 Oct 2006,  Europe
deep 00 UTC
HW_2km 2.2 km shallow HW_12km 1 Apr 2007,  Alpine region
00 UTC
VW_12km 12 km shallow and  ERA interim® + VW 1 Oct 2006,  Europe
deep 00 UTC
VW_2km 2.2 km shallow VW_12km 1 Apr 2007,  Alpine region
00 UTC

#Soil moisture for initial conditions is from a ten-year climate run of Ban et al. (2014).

by averaging MPI-ESM-LR (ensemble member rlilpl) over the EURO-CORDEX domain (Jacob et al., 2014). This domain
is slightly larger than the area of the 12 km simulations of this study. For the profiles, a mean annual cycle of the difference
between the spatially averaged 30-year means of 1971 to 2000 and 2070 to 2099 was considered. This annual cycle was
smoothed using the spectral smoothing method of Bosshard et al. (2011). The resulting time and height-dependent profile was
taken for VW. For the profile of HW, the temperature values at 850 hPa were applied over the full height. The SST change
signal is equal to the AT change signal of the lowest atmospheric level, which neglects a possible change in the land-sea
temperature contrast.

For comparison to observations, cloud top pressure (CTP) and cloud optical thickness (COT) are calculated after the method-
ology used in Keller et al. (2016). The other variables analyzed, e.g. outgoing longwave radiation (OLR) and reflected solar
radiation (RSR), are standard outputs of COSMO.

2.2 Observations

Precipitation data

For this study, the gridded precipitation dataset EURO4M-APGD (Isotta and Frei, 2013) is employed, which is based on rain-

gauge measurements across the European Alps and adjacent areas (Isotta et al., 2014). EURO4M is a collaborative project of
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the European Union. The dataset has a daily temporal and 5 km spatial resolution. Known limitations of this product are an

underestimation of high precipitation intensities and an overestimation of low precipitation intensities (Isotta et al., 2014).

Satellite data

Cloud properties of the Cloud_cci MODIS-Aqua dataset (Stengel et al., 2017) are used in our study, i.e. Level-3U data which
contains unaveraged, pixel-based retrievals sampled on a regular longitude-latitude grid with a resolution of 0.02° covering
Europe. The scientific content of these data is described in Stengel (in prep.). Cloud variables used in our study are cloud
top pressure (CTP) and cloud optical thickness (COT). As the actual cloud detection value (cloudy or clear) comes with an
uncertainty estimate on pixel level, we used the latter to only collect CTP and COT for pixels with a low uncertainty in cloud
detection. We rejected all cloudy pixels for which the detection uncertainty exceeded 35 %. This value is somewhat arbitrary
but mainly based on analyzing the relative frequency of cloud detection uncertainty which yielded a bimodal distribution when
including all cloudy pixels, with 35 % being approximately the value separating the more certain from the more uncertain
clouds. It needs to be noted that the omitted, more uncertain cloudy pixels are associated with mostly high CTPs, thus low-
level clouds. This potentially biases the satellite data used and needs to be kept in mind for the comparison with model data.
All satellite data outside the analysis domain (Fig. 1a) is omitted. Model equivalent CTP and COT values are selected from
model at 13 UTC to match the Aqua satellite overpass time of approximately 1:30 pm (local time).

The Geostationary Earth Radiation Budget (GERB) radiometer is onboard the Meteosat Second Generation (MSG) satellites.
These satellites are geostationary, enabling a temporal resolution of 15 min. Outgoing longwave radiation (OLR) and reflected
solar radiation (RSR) data are used in this study, which was produced at the Royal Meteorological Institute of Belgium (RMIB)
(Dewitte et al., 2008) after the methodology of Harries et al. (2005), who state an error of < 1 % for both products. The
spatial resolution of 9x9 km? at the sub-satellite point at the equator becomes approximately 12x18 km? over the Alps (cf.
EUMETSAT, 2013).

3 Results

Our study period is June 3 to 13, 2007, which was characterized by a pronounced diurnal cycle of convection over the Alps and
surrounding areas with a maximum of precipitation and high cloud cover in the afternoon (Keller et al., 2016). This synoptic
situation makes the time period ideal to study the diurnal cycle of convection under relatively undisturbed conditions. The
changes in this diurnal cycle due to surrogate climate change are investigated in this section. First, differences between the
introduced temperature profiles at the lateral boundaries (Fig. 1b) and the resulting profiles inside the domain are studied.
Second, the impact of the surrogate warming on precipitation and clouds is investigated for the two horizontal resolutions.
We are aware that an 11-day period is very short from a climatological perspective. However, as the large-scale flow is
constrained the internal variability becomes smaller than in classical climate studies and shorter periods can be investigated.

The advantage of the surrogate approach in this case is that we can investigate changes in the diurnal cycle of convection under
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Figure 2. Vertical profiles, averaged spatially inside the analysis domain and over all hours from 3 to 13 June 2007, with respect to the control
simulations. (a) Temperature differences of HW (red) and VW (orange) simulations, and at the lateral boundaries of the CPM simulations
(green), (b) same but for specific humidity, and (c) same but for relative humidity for all six simulations (control in blue). Dashed lines

indicate 12 km runs and solid lines 2 km runs . Height is indicated in km on the left side and in hPa on the right side of every graph.

the same synoptic condition, while conventional climate studies require averages over extended periods with different synoptic

conditions to ensure an appropriate sampling.
3.1 Vertical temperature and humidity profiles

Fig. 2a shows the differences of HW and VW with respect to control (CTRL) of the spatially and temporally averaged tem-
perature profiles inside the analysis domain during the 11-day period. Differences are taken for the 12 km and 2 km runs . The
differences imposed at the CPM-boundaries are indicated in dark green (HW) and light green (VW). Overall, the profiles of the
two HW and the two VW runs, respectively, resemble each other. This indicates similar surrogate conditions for the two HW
and VW simulations, respectively. Below 4.5 km, the profiles of HW and VW are quite similar, despite the large differences
in the initial profiles. From 4.5 to 11 km, the differences between HW and VW increase, and for all VW profiles an enhanced
warming with height is found. Above 11 km, the profiles approximate the lateral boundary profiles (green) with height, since
temperature is relaxed to the driving model toward the upper boundary. In comparison to the lateral boundary profiles, a cooling
is found below 6.5 km for HW and below 8.5 km for VW. Above these heights and below 12 km, the atmosphere becomes
warmer than the originally introduced warming. The vertical redistribution of temperature, in comparison to the prescribed
boundaries, must largely be caused by convection and boundary layer processes.

Vertical profiles of specific humidity differences are shown in Fig. 2b. These differences are positive, as expected. Similar
to temperature, a decrease is found compared to the initial profiles (green) below a certain height, and an increase above this
height. Here, this height is at about 3 km and a little bit lower than with temperature.

Vertical profiles of relative humidity are shown in Fig. 2c. One can notice that the biggest difference is not between CTRL,
HW and VW but between the 2 resolutions. Further, VW has lower values than HW between 6 and 12 km, where water vapor

content is similar to HW but temperatures are higher.
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Figure 3. Total accumulated precipitation for 3 to 13 June 2007 over the analysis domain for observations EURO4M-APGD and six simula-
tions. The area with observations is smaller than the model domain and the border is indicated in red. The upper row shows observations and

two simulations for the present climate (CTRL), the middle row the two HW simulations, and the lower row the two VW simulations.

3.2 Precipitation

Before investigating vertical structures of wind and clouds, we document the impact of the surrogate climate change on pre-
cipitation, a key component of the hydrological cycle and indicator of convective activity. To give an overview, the spatial
distribution of total accumulated precipitation for the 11-day period is shown in Fig. 3, for the observations and the six simu-
lations. The observations are limited to a region of the European Alps and adjacent areas. Maxima of accumulated observed
precipitation are mainly found in the western part of the domain. In the control simulations, precipitation to the east of the Alps
is overestimated, in particular in CTRL_12km. For all CRM runs, more fine-scale structures are found than for the CPM runs.

The mean diurnal cycle of precipitation, is shown in Fig. 4. Large differences are found between the 12 km and 2 km runs,

such as a time shift of three hours . This is in line with previous work (e.g. Langhans et al., 2013) more detail on possible
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Figure 4. (a) Spatially and temporally averaged diurnal cycles of precipitation for 3 to 13 June 2007 (b) Frequency of hourly precipitation
intensity for 3 to 13 June 2007 for the three 12 km runs (dashed lines) and three 2 km runs (solid lines). Control runs are indicated in blue,

HW runs in red, and VW runs in orange.

Table 2. Relative changes in total accumulated precipitation with surrogate warming compared to control in %. The calculations consider

spatial means over the analysis domain accumulated for 3 to 13 June 2007.

12km  2km

HW 9.7 184
A -6.9  -45

reasons can be found in (e.g. Fosser et al., 2015). A validation of the diurnal cycle of precipitation against surface observations
can be found in Keller et al. (2016, see Fig. 11a). The mean precipitation amount of the CPM simulations increases by +9.7 %
for HW and decreases by -6.9 % for VW, respectively (Table 2). These changes are twice as large as for HW than those found
in Kroner et al. (2017) in 30 years of summer climate. This difference is not surprising as our study focuses on a specific
weather situation with a pronounced diurnal cycle of convection and not on the mean summer climate. Of larger interest are
the differences between 12 km and 2 km simulations. The signs of the changes are the same for the 2 km simulations, with
increasing precipitation in HW and decreasing precipitation VW (Table 2). Fig. 4a is showing that in the 12 km HW case
precipitation is increasing during most of the day, whereas in the 2km simulation precipitation is mainly increasing during the
night but not during the day. In comparison to HW, VW shows decreasing precipitation below the amounts of CTRL although
the air is much warmer and contains more moisture than in CTRL. This emphasizes the importance of the stratification effect
included in VW, which is stabilizing the atmosphere and suppressing convection. The precipitation changes for VW are in line
with previous studies using full climate change scenarios, which also found a decrease in mean summer precipitation for the
same area studied here (Ban et al., 2015).

So far, total accumulated precipitation and the mean diurnal cycle have been investigated. Next, hourly precipitation inten-

sities are analyzed. In Fig. 4b shows the frequency of grid points and hours with precipitation exceeding a certain threshold.
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Different dependencies are found for higher and lower thresholds. At low intensities between 5 mm h™' and 35 mm h'!, the
simulations depend strongly upon resolution (2 vs 12 km) whereas at higher intensities >35 mm h™! the atmospheric condition
(CTRL, HW, VW) become important. For HW the 12 km and 2 km simulations are very close together and exhibit an increase
in the incidence of heavy events. Interestingly for the VW simulations the resolution plays an important role, with the 12 km

simulation showing a reduction of heavy events, and the 2 km simulation an increase.
3.3 Vertical profiles and clouds

In the following, the formation of clouds is investigated. In Fig. 5a, vertical profiles of grid-scale vertical velocity are shown,
which are split into averages over the negative and positive components. Mean upward motion is slightly larger than mean
downward motion, but the values are comparable for the two sets of simulations (12 and 2 km). In Fig. 5a, large differences
are found between CPM and CRM simulations. This is because for CPM, the vertical redistribution of energy and moisture is
accomplished inside the convection scheme, and not represented by the grid-scale vertical wind component. Apart from this
difference, the values for all CPM simulations, and all CRM simulations, are comparable. The most pronounced difference is
found for VW below near the positive maximum near 10 km, where mean vertical motion is slightly weaker.

Fig. 5b shows vertical profiles of cloud ice (g;) content and Fig. 5c of grid-scale cloud water (g.). In comparison to the
2 km simulations, the 12 km simulations show systematically higher values for g;, and lower values for g.. Also in the 2 km
simulations the vertical overlap between ¢; and q. is increased. A more detailed discussion of this effect can be found in Keller
et al. (2016). Figure 5b also allows to assess the effects of thermodynamic and lapse-rate changes. Overall it is evident that
differences due the atmospheric conditions are weaker than differences due to resolution. For all simulations, the amounts of

q; and g, are similar for CTRL and HW. The amounts for VW are reduced especially for g;. This is the case for both the 12 km

10
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table 2. Note that subgrid-scale clouds are not considered in the calculation of ¢, and g;.
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Figure 6. Histograms of cloud frequency as a function of cloud optical thickness (COT) and cloud top pressure (CTP) arranged as in Fig. 3
but showing averages at 13 UTC (for each model) over the period of 3 to 13 June 2007. For the observations, the average is taken the time

of the Aqua satellite passage (approx. 01:30 pm). Fractional cloud cover is indicated in the right upper corner of all panels. Cloud free

and 2 km simulations. The reduction in ¢; and ¢, for the VW simulations is in line with the precipitation decrease shown in

The influence of thermodynamic and lapse-rate changes on clouds (including subgrid-scale clouds) is also investigated with
two-dimensional histograms of cloud optical thickness (COT) and cloud top pressure (CTP) at 13 UTC (cf. Keller et al., 2016).
These histograms define several cloud types. After Rossow and Schiffer (1999), high, middle, and low clouds are distinguished
at 440 and 680 hPa, further cloud optical thickness (COT) is used to distinguish between thin (<3.6 COT), middle (3.6-23
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Figure 7. Spatially and temporally averaged diurnal cycles of top of the atmosphere (a) outgoing longwave radiation (OLR) and (b) reflected
solar radiation (RSR) for observations from GERB and six simulations for 3 to 13 June 2007. Observations are indicated in black, control

runs in blue, HW runs in red, VW runs in orange, 12 km runs with dashed lines, and 2 km runs as well as observations with solid lines.

COT), and thick (>23 COT) clouds. In Fig. 6, a positive bias in high clouds and a negative bias in mid-level clouds are found
for CTRL_12km and CTRL_2km compared to the observations. The negative bias in mid-level clouds coincides with the low
values of ¢, and ¢; around 6 km height in Figs. 5b and c. Note that the histogram calculated from observational satellite data,
shows some differences with respect to a previously published version (Keller et al., 2016). This is partly due to the use of raw
data from a different satellite sensor, but mainly due to a revised algorithm to produce the dataset (version 2.0 versus version
1.0).

Between control and HW, only small differences are found, but a substantial reduction in high clouds is found for VW.
Therefore, the thermodynamic effect (CTRL to HW) is small in this case, but the lapse-rate effect (HW to VW) is large. The
strong similarity between CTRL and HW is a surprising result, since higher amounts and intensities in precipitation were
found for HW than for control. The reduction of high clouds in VW cannot be explained completely with the reduction of
vertical velocity for heights below 310 hPa (Fig. 5a) because this reduction is very small. Moreover higher vertical velocity is
found above this height compared to control. But the reduced relative humidity, found for VW compared to control and HW
at these heights (Fig. 2¢) due to higher temperatures (Fig. 2a) and similar specific humidity (Fig. 2b), may explain the reduced
frequency of high clouds. We assume that the similar amounts of specific humidity of HW and VW close to the ground, where
most water vapor is found, lead to similar absolute water content in convective updrafts of both cases but in VW convective
condensation is reduced due to the higher temperatures at higher levels.

The diurnal cycles of cloud cover and ground temperature impact outgoing longwave radiation (OLR) (Fig. 7a). While
ground temperature has its minimum in the morning, cold cloud tops are mainly present during the afternoon in the convective

period. The minimum of OLR in the afternoon is expected to be some hours later than the maximum of precipitation, since
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Table 3. Changes in the ToA energy budget (OLR + RSR) with surrogate warming compared to control in W m™.

| 12km  2km

HW 38 11.1
VW 20 131

clouds form faster than they dissipate. The maximum in OLR for noon is caused by rising ground temperatures during day
until around 12 UTC enough convective clouds are formed which decrease OLR again. Negative mean biases for CTRL_12km
and CTRL_2km as well as a delay in the diurnal cycles are found compared to the observations, but the overall bias is much
larger for CTRL_12km. The timing of OLR stays the same with the surrogate runs, which indicates a similar timing in the
diurnal cycle of clouds. Large OLR mean values compared to control are seen for the surrogate runs which have several
reasons: (1) warmer cloud temperatures due to the increased surrounding air temperatures, (2) warmer ground temperatures,
and (3) a reduction of high cloud cover for VW. Reflected solar radiation (RSR) is mainly impacted by changes in cloud cover
(Figs. 7b). It is underestimated in CTRL_2km but overestimated in CTRL_12km. In addition, all control simulations show a
too early peak, which corresponds to the OLR minima in the morning. With the surrogate simulations, the diurnal cycles do
not change in timing but in amplitude, particularly for VW_12km due to the reduced cloud cover.

For the energy budget at the top of the atmosphere (ToA), consisting of the sum of OLR and RSR, rather small changes
are found for HW_12km and VW_12km compared to CTRL_12km with 3.8 and -2.0 W m?2, respectively. For HW_2km and
VW_2km compared to CTRL_2km, much larger changes are found with 11.1 and 13.1 W m2, respectively. These values of
the ToA energy budget are summarized in Table 3. Therefore, the CPM runs suggest that the surrogate warming has no or
only a small impact on the ToA energy budget during this period. In contrast, the CRM runs suggest a much larger increase in
outgoing energy fluxes, and therefore a cooling of the heated atmosphere. These differences are crucial, as they would influence

the results of long-term climate simulations.

4 Conclusions

The impact of surrogate climate change on precipitation and clouds has been investigated for an 11-day period with a pro-
nounced diurnal cycle of convection. Two different warming scenarios are considered: a homogenous warming (HW) and a
vertically-dependent warming (VW) with an increase in mid-tropospheric stratification (lapse-rate). The surrogate approach
has been successfully applied to convection-resolving model (CRM) simulations. The CRM simulations at 2.2 km resolution
are complemented by convection-parameterizing model (CPM) simulations at 12 km resolution. To our knowledge, this is the
first application of the surrogate approach for Alpine summer climate using CRM simulations. Note that the VW simulations
are more representative to the full climate change signal, and will below be compared against conventional climate change

simulations.
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The differences between the CTRL simulations at 12 and 2 km resolution are generally consistent with previous studies. In
particular, the mean diurnal cycle of precipitation is strongly affected by the horizontal resolution, with the 2 km convection-
resolving simulation producing a more realistic late-afternoon precipitation peak. Also the distributions of hourly precipitation
are very different, with the 2 km simulation producing less drizzle and more intense events.

In comparison to these differences, the thermodynamic (HW) and the lapse-rate changes (VW) have comparatively small
effects on the diurnal cycle of precipitation. However, mean precipitation shows consistent changes for both resolutions, with
precipitation increasing for HW, and decreasing for VW, respectively. Already Kroner et al. (2017) found a strong influence of
stratification changes on precipitation, but their finding was not as clear because they could not discriminate between convective
and other types of precipitation. The decrease in precipitation is also seen in full climate change studies over the same area
(Ban et al., 2015). The decreases of mean precipitation in climate change projections over Central and Southern Europe are
often attributed to large-scale circulation changes, like an expansion of the Hadley Cell (Seager et al., 2014). The current study
highlights the role of externally driven stratification changes. Conventional climate change simulations also show an increase
in heavy events (despite decreases in mean), which is also consistent with the results of the 2 km VW simulation.

The vertical structure of the warming, represented by HW and VW, also has a significant impact on the clouds associated
with the diurnal cycle of convection. On one hand the clouds of HW experience virtually no change compared to control, apart
from changes in their temperature. On the other hand, in VW the amount of high clouds is significantly reduced. This change
in cloud cover is consistent with the role of the lapse-rate for convection.

We have also shown that for some variables the response to the warming depends on model resolution. An especially strong
dependence was found for the energy budget at the top of the atmosphere. Both surrogate simulations with 2 km resolution
found a cooling effect at the top of the atmosphere amounting to 11.1 and 13.1 W m™? compared to control, and this represents
a negative feedback on the regional warming. The corresponding changes in the energy budget of the 12 km simulations were
much smaller, and amount to merely between -2 and 3.8 W m2. This finding could have important consequences for long-term
high-resolution climate change studies and merits further attention.

It should be mentioned that the surrogate method as used in the current study excludes circulation changes, and such changes
will also contribute to future precipitation and cloud changes. Therefore our approach needs to be complemented by conven-
tional climate change simulations.

However, the significant differences in the response to the HW and VW forcing between the two resolutions also under-
line the importance to complement conventional climate scenario with convection-resolving simulations, although long-term

simulations are computationally still very expensive.

5 Data availability

The Cloud_cci data is publicly accessible at www.esa-cloud-cci.org. The EURO4M-APGD data can be ordered from Me-
teoSwiss at dx.doi.org/10.18751/Climate/Griddata/APGD/1.0. The GERB data can be accessed after a registration is accepted
at http://gerb.oma.be/ — "Data Access (ROLSS)" — "Register to the ROLSS mailing list". The model output from all the
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numerical simulations is stored on the Swiss National Supercomputing Centre (CSCS, Lugano) and available on request from

the corresponding authors.
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