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Abstract
Diurnal moist convection is an important element of summer precipitation over Central Europe and the Alps.
It is poorly represented in models using parameterized convection. In this study, we investigate the diurnal
cycle of convection during 11 days in June 2007 using the COSMO model. The numerical simulations are
compared with satellite measurements of GERB and SEVIRI, AVHRR satellite-based cloud properties and
ground-based precipitation and temperature measurements. The simulations use horizontal resolutions of
12 km (convection-parameterizing model, CPM) and 2 km (convection-resolving model, CRM) and either a
one-moment microphysics scheme (1M) or a two-moment microphysics scheme (2M).

They are conducted for a computational domain that covers an extended Alpine area from Northern Italy to
Northern Germany. The CPM with 1M exhibits a significant overestimation of high cloud cover. This results
in a compensation effect in the top of the atmosphere energy budget due to an underestimation of outgoing
longwave radiation (OLR) and an overestimation of reflected solar radiation (RSR). The CRM reduces high
cloud cover and improves the OLR bias from a domain mean of −20.1 to −2.6 W/m2. When using 2M with
ice sedimentation in the CRM, high cloud cover is further reduced. The stronger diurnal cycle of high cloud
cover and associated convection over the Alps, compared to less mountainous regions, is well represented by
the CRM but underestimated by the CPM. Despite substantial differences in high cloud cover, the use of a
2M has no significant impact on the diurnal cycle of precipitation. Furthermore, a negative mid-level cloud
bias is found for all simulations.

Keywords: convection, diurnal cycle, Alps, convection-resolving, satellite observations, cloud validation

1 Introduction
Summertime moist convection over Central Europe and
the Alps is characterized by a pronounced diurnal cycle.
Convective plumes are triggered between the late morn-
ing and sunset, which can lead to the generation of deep
convective cells and thunderstorms that typically peak
in the late afternoon or early evening (Langhans et al.,
2013). During the night most clouds dissipate.

Most global and regional weather and climate models
have low spatial resolutions, and cannot resolve convec-
tion. Consequently, deep convection has to be parame-
terized. A key problem with convection-parameterizing
models (CPMs) is the poor representation of the diur-
nal cycle of moist convection. Most parameterization
schemes generally exhibit a too early precipitation peak,
often around noon (Bechtold et al., 2004; Brockhaus
et al., 2008; Hohenegger et al., 2008). This problem is
well known from numerical weather prediction (NWP)
models. In relation to climate models, it raises ques-
tions regarding the robustness of climate change scenar-
ios, for instance regarding the evolution of convective
∗Corresponding author: Michael Keller, Institute for Atmospheric and Cli-
mate Science, ETH Zürich, Universitätstrasse 16, 8092 Zürich, Switzerland,
e-mail: michael.keller@env.ethz.ch

precipitation in the European summer climate (Chris-
tensen and Christensen, 2003; Rajczak et al., 2013),
or regarding the representation of key feedbacks, such as
the soil-moisture precipitation feedback (Hohenegger
et al., 2009). These feedbacks play an important role in
the interaction between the land surface and the atmo-
sphere, with important implications on the summer cli-
mate (Seneviratne et al., 2010).

Convection-resolving models (CRMs) with a grid
spacing of less than approximately 4 km need no pa-
rameterization for deep convection (Weisman et al.,
1997). Improvement for CRMs is found in more realis-
tic precipitation structures and intensities during convec-
tive periods and/or over mountainous regions (Richard
et al., 2007; Roberts and Lean, 2008; Weusthoff
et al., 2010). Also numerical experiments with long-
term CRM simulations have shown promising results.
Schlemmer et al. (2011) show that their idealized CRM
produces a realistic timing of the diurnal cycle of precip-
itation. Langhans et al. (2013) and Prein et al. (2013)
show this for simulations over the Alps. With increas-
ing computing power it is now also becoming possible
to run decade-long periods with CRMs (Kendon et al.,
2012; Ban et al., 2014). Recent studies over the Alps

© 2015 The authors
DOI 10.1127/metz/2015/0715 Gebrüder Borntraeger Science Publishers, Stuttgart, www.borntraeger-cramer.com

http://www.borntraeger-cramer.de/journals/metz
http://www.borntraeger-cramer.de/journals/metz
https://creativecommons.org/licenses/by-nc/3.0/
http://www.borntraeger-cramer.com


166 M. Keller et al.: Evaluation of convection-resolving models using satellite data Meteorol. Z., 25, 2016

show that this approach significantly improves the mean
diurnal cycles of precipitation, wet-day frequency and
heavy precipitation events, as well as the representation
of the frequency-intensity relation of precipitation (Ban
et al. 2014; 2015).

In the diurnal cycle of moist convection, precipitation
typically occurs during a few hours in the afternoon
and evening, whereas clouds are present during a longer
period. Even on days with no precipitation at all, a
diurnal cycle of clouds can be observed. Comparing
a model with precipitation observations alone, without
considering cloud observations, is only useful for the
validation of the precipitating phase of the diurnal cycle.
Hence, a reasonable next step to investigate the diurnal
cycle of moist convection in models is to compare these
models with satellite observations of clouds. An early
study of this type is Sundqvist et al. (1989).

Satellites have similar spatial footprints as today’s
high-resolution models, and they offer area-integrated
measurements of radiative properties that can be di-
agnosed from and compared with numerical models.
For years, satellites have been used to obtain infor-
mation on the physical state of the atmosphere. Since
the late 1970’s the Advanced Very High Resolution
Radiometer (AVHRR) sensors have been launched on-
board satellites from the NOAA (National Oceanic and
Atmospheric Administration). The sensors have four to
six spectral bands in the visible, near-infrared and in-
frared spectrum. These spectral measurements can be
used to derive cloud physical properties by use of semi-
empirical relationships. Because of its long record, the
AVHRR sensor data is very useful for climate studies as
e.g. in the ESA (European Space Agency) Cloud CCI
project (Hollmann et al., 2013). The AVHRR sensors
on polar-orbiting satellites have the advantage of global
coverage but they pass over each location only approx-
imately twice per day at fixed times (usually one day-
time and one nighttime overpass), depending on lati-
tude. Sensors in geostationary satellites as the Spinning
Enhanced Visible and Infrared Imager (SEVIRI) and
the Geostationary Earth Radiation Budget instrument
(GERB) from the ESA have the advantage of a higher
temporal resolution but a spatial coverage of less than
50 % of the Earth’s surface. A further disadvantage is the
lower spatial resolution, especially at higher latitudes.
The first SEVIRI and GERB instruments were launched
onboard the Meteosat Second Generation (MSG) satel-
lite in 2002. GERB measures top of atmosphere (ToA)
broad-band radiative fluxes. These fluxes can be com-
pared with e.g. the modeled Earth radiative balance,
such as shown by Allan et al. (2007) and Pearson
et al. (2014). SEVIRI measures in 12 narrow-bands.

To match these narrow-bands of SEVIRI, radiative
transfer models (RTM) can be employed to produce syn-
thetic satellite radiances from the state variables of a
NWP or climate model. RTMs can be used to tune at-
mospheric properties (as cloud cover, cloud phase or
cloud types) of a model to get a best state compared
to the satellite data by solving the inverse problem

(Bugliaro et al., 2011). RTMs are also used to gener-
ate forward simulations of synthetic satellite radiances
in order to allow a direct comparison of modeled states
and satellite measurements (Garand and Nadon, 1998;
Chaboureau et al., 2000; Otkin et al., 2009; Cinti-
neo et al., 2014). This approach benefits from a direct
comparison of model states with observed states, with-
out any assumptions about the observed atmosphere.
However, differences between model and observations,
regarding brightness temperatures (BT) and other ToA
spectral radiative fluxes, are more difficult to interpret
than when comparing derived physical states such as
cloud cover. Nevertheless, the tops of deep convective
clouds can easily be detected by this direct comparison
because of their low BTs compared to ground.

Using this approach, Böhme et al. (2011) found for
two years of operational NWP with the COSMO model
at the Deutscher Wetterdienst (DWD) a large positive
high cloud cover bias in a CPM, which is improved but
still positive when changing to a CRM. Already Pfeifer
et al. (2010) speculated about too much high cloud cover
in COSMO-CRM, based on their case study. Langhans
et al. (2013) investigated the diurnal cycle of BT in a
climate run in summer, and found the largest high cloud
cover bias during night. For low and mid-level clouds,
they found negative biases.

This paper extends previous studies of the diurnal cy-
cle of moist convection in CRMs to more comprehen-
sive satellite datasets and a different period. Our case
study covers 11 days in June 2007. The model runs
are compared with three satellite and two ground-based
observation datasets. In addition, the impact of a two-
moment microphysics scheme with ice sedimentation
is assessed. The specific scientific questions addressed
are: how large are the differences between a CPM and a
CRM in the diurnal cycles of BT and outgoing longwave
radiation (OLR)? What are the reasons for these differ-
ences? How is the diurnal cycle of convection impacted
by a two-moment microphysics scheme? Are regional
differences in the diurnal cycle of convection well rep-
resented in the model?

The outline of the paper is as follows. The setup of
COSMO is presented in Section 2. In Section 3, the ob-
servational data are described. The results of the valida-
tion using satellite and ground-based data are discussed
in Section 4. In Section 5, the main results of this paper
are summarized.

2 Experimental setup
2.1 Numerical model

The non-hydrostatic mesoscale model COSMO (Con-
sortium for Small-Scale Modeling) is utilized at kilo-
meter-scale resolution (Baldauf et al., 2011). This
model has been developed for limited-area weather pre-
diction purposes, but it is also employed in climate mode
as coordinated by the CLM-community (and referred to
as COSMO-CLM). For this study, COSMO version 4.25
is used.
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The setup used here follows previous studies (e.g.
Langhans et al., 2013) and operational experience with
convection-resolving NWP at MeteoSwiss (Weusthoff
et al., 2010).

The parameterization package includes a radiative
transfer scheme based on the δ-two-stream approach
(Ritter and Geleyn, 1992), a multilayer land sur-
face scheme (Heise et al., 2003), a turbulent kinetic
energy–based surface transfer and planetary boundary
layer parameterization (Mellor and Yamada, 1982;
Raschendorfer, 2001), a convection scheme for shal-
low and deep convection (Tiedtke, 1989), or alterna-
tively a convection scheme only for shallow convection
(Tiedtke, 1989; Theunert and Seifert, 2006), and a
one-moment bulk cloud-microphysics parameterization
(1M) (Reinhardt and Seifert, 2006), or alternatively a
two-moment bulk cloud-microphysics parameterization
(2M) (Seifert and Beheng, 2006). The 2M employs
mass and number concentrations of hydrometeors and
includes ice sedimentation. The 1M employs only mass
concentration of hydrometeors and has no ice sedimen-
tation.

2.2 Observation operators

For comparison with satellite data, observation oper-
ators are used with COSMO. RTTOV-71 (Saunders,
2002) is used as a diagnostic RTM to produce syn-
thetic satellite radiances from the model state (Keil
et al., 2006). As compared to the radiation scheme in the
numerical model, RTTOV-7 solves the radiative trans-
fer equations for narrow spectral bands, which mimic
satellite specific sensitivities instead of broad bands,
which are used to calculate the energy balance of the
full system. These narrow bands are equivalent to the in-
frared and near-infrared channels of the satellite imager
SEVIRI (Section 3.2). In this study, only the 10.8 µm
channel is considered, because among all channels it is
best suited for measuring cloud top temperature (see e.g.
Wallace and Hobbs, 2006, Figure 4.7). In addition,
outgoing longwave radiation (OLR) and reflected solar
radiation (RSR) are used for comparisons with satellite
data. They are standard outputs of COSMO.

Cloud optical thickness (COT) is defined as COT =

−ln
(

Is
I0

)
where I0 is downward solar radiation at the top

of the atmosphere and IS s downward radiation at the sur-
face. IS is calculated by the radiation scheme of Ritter
and Geleyn (1992), but without considering Rayleigh
scattering or optical thicknesses of aerosols or water va-
por. Cloud top pressure (CTP) is defined after studies of
Karlsson and Johansson (2013) and Stengel et al.
(2013). For passive imagers (as the ones used in this
study), they found a saturation at COT = 0.3 in cloud de-
tection when increasing COT as a threshold for defining
clouds. Further, Stengel et al. (2013) found that sys-
tematic errors in satellite-derived CTP is reduced when

1Radiative Transfer for TIROS Operational Vertical Sounder (TOVS), ver-
sion 7

the uppermost, optically thin cloud layers are neglected,
e.g. layers with COT ≤ 0.3 (from the cloud top to this
height). Accordingly, CTP is defined in the model as the
pressure level at which −ln

(
I
I0

)
= 0.3 where I is down-

ward radiation at that specific pressure level.

2.3 Simulation setup

Four simulations are undertaken in climate mode, one
12 km and three 2.2 km runs. The climate mode differs
from the NWP mode if run over several days. In climate
mode, the simulations are run without any adjustments
inside the domain, while NWP simulations undergo an
assimilation cycle with corresponding assimilation in-
crements. In addition, parameters such as plant cover,
root depth, leaf area index and ozone have a prescribed
seasonal cycle in climate mode, while they are kept con-
stant throughout each NWP integration. Apart from ac-
cumulation effects in the climate run without any adjust-
ment cycle, differences are expected to be small. The
annual cycle of the root depth was used for the 12 km
run, but replaced by a constant root depth for the 2 km
runs. An additional 12 km simulation with the constant
root depth field showed negligible impact on the results.
An overview of all model versions with their names and
specifications is given in Table 1. They are analyzed over
the 2.2 km domain (Fig. 1) from 3 to 13 June 2007. Tak-
ing soil moisture from a ten-year climate run of Ban
et al. (2014) and an eight months long spin-up time for
the 12 km run are used to ensure equilibrated soil mois-
ture conditions. 2km1M is our reference run, because it
is closest to the high-resolution production runs used for
regional climate projections (Ban et al., 2014; 2015).

3 Observations

3.1 Cloud top pressure (CTP) and cloud
optical thickness (COT)

CTP and COT are obtained from level 3 prototype data
of phase 1 of the ESA Cloud CCI project (Hollmann
et al., 2013). This data was derived from measurements
at several visible and infrared channels of the AVHRR
instrument on the NOAA-18 satellite. In our model,
CTP and COT were calculated at 13 UTC to match
the mean NOAA-18 overpass time of 1:30 pm local
time. Studies showed that passive imagers, such as the
AVHRR, miss thin clouds strongest below COT = 0.3,
but also for larger COT values, thin clouds are missed
partially (Karlsson and Johansson, 2013; Stengel
et al., 2013).

3.2 Brightness temperature (BT)

For BT, the 10.8 µm thermal infrared channel of SEVIRI
from level 1.5 image data is used. Level 1.5 products
have no assumptions about the atmosphere in the data
in contrast to the level 3 products from Section 3.1. The
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Table 1: Overview and specifications of the simulations analyzed in this paper.

Name Spatial
resolution

Microphysics
scheme

Convection
scheme

Initial and boundary
conditions

Initial date Domain
(see Fig. 1)

12km1M 12 km one-moment (1M) shallow and
deep

ERA interim1 1 Oct 2006, 00 UTC Europe

2km1M 2.2 km one-moment (1M) shallow 12km1M 1 Apr 2007, 00 UTC Alpine region
2km2M 2.2 km two-moment (2M) shallow 12km1M 1 Apr 2007, 00 UTC Alpine region
2km2M_NoIceSed 2.2 km 2M with disabled

ice sedimentation
shallow 2km2M2 and

12km1M3
1 Jun 2007, 00 UTC Alpine region

1Soil moisture for initial conditions from a ten-year climate run of Ban et al. (2014).
2Initial conditions.
3Boundary conditions.

[m]

Figure 1: Computational domains and topography (shading). The
full domain corresponds to the CPM simulation domain with 12 km
resolution (Europe), and the box in the center to the CRM domain
with 2 km resolution (also referred to as Alpine analysis region). Val-
idation over Switzerland is conducted within the region correspond-
ing to the national borders (thin black lines).

spatial resolution of the data is 3 × 3 km2 at the sub-
satellite point and roughly 4 × 6 km2 over the model
domain (EUMETSAT, 2013). The temporal resolution
is 15 min and the accuracy of BT observations is bet-
ter than 1 K (Schmetz et al., 2002). For this product,
satellite-measured radiances are converted into corre-
sponding temperatures of a black body with the same
radiation intensity at the specific wavelength (Rosema
et al., 2013; EUMETSAT, 2012a,b). Even though nei-
ther the Earth nor clouds are perfect black bodies, BT
is useful to estimate the height from which the signal
is originating. Opaque clouds and ground can be con-
sidered as gray bodies with a high emissivity in the
thermal spectrum (Wylie and Menzel, 1999; Jin and
Liang, 2006). The 10.8 µm wavelength lies in an atmos-

pheric window, which leads to weak gaseous absorption
(cf. Section 2.2), and the BT of deep convective clouds
corresponds closely to cloud top temperature. The satel-
lite data was bilinearly interpolated onto the model grid.

3.3 Outgoing longwave radiation (OLR) and
reflected solar radiation (RSR)

From GERB, the level 2 OLR and RSR data is used. It
was produced at the Royal Meteorological Institute of
Belgium (Dewitte et al., 2008) following the method-
ology of Harries et al. (2005). They report an error of
< 1.0 % for both products. For OLR and RSR, satellite-
measured photon counts at wavelengths of 4.0 to over
100 µm and 0.32 to 4.0 µm, respectively, were converted
into W/m2. The temporal resolution of the GERB data is
15 min and the spatial resolution is 9× 9 km2 at the sub-
satellite point. This spatial resolution becomes roughly
12 × 18 km2 over the model domain. The satellite data
was bilinearly interpolated onto the model grid. RSR
was calculated by a conservative method for dawn and
dusk hours. Therefore, these hours are not shown in
Figs. 2 and 8 (see Sections 4.1 and 4.4).

3.4 Precipitation

The hourly precipitation data used in this study is the
RdissagH (v1.0) product provided by MeteoSwiss. This
gridded dataset is obtained by spatial interpolation from
400 daily rain-gauge measurements and disaggregation
of the resulting daily into hourly precipitation fields us-
ing the time evolution in a radar dataset. RdissagH is
a successor of the dataset described in Wüest et al.
(2010). It is derived from a considerably more reliable
radar product (Germann et al., 2006). The dataset cov-
ers the territory of Switzerland with a grid spacing of
about 2 km. Cross-validation with in-situ hourly mea-
surements revealed that the mean summer diurnal cy-
cle is reproduced within about ±10 % in amplitude and
±1 hour in phase (Wüest et al., 2010).
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Table 2: List of SwissMetNet (Swiss Meteorological Network) sta-
tions used for model evaluation.

Station Height (masl)

Adelboden 1320
Basel/Binningen 316
Bern/Zollikofen 553
Buchs/Aarau 387
Chur 556
Davos 1594
Disentis/Sedrun 1197
Engelberg 1036
Genève-Cointrin 420
Interlaken 577
La Chaux-de-Fonds 1018
Locarno-Monti 367
Lugano 273
Luzern 454
Neuchâtel 485
Payerne 490
Piotta 990
Pully 456
Samedan 1709
Schaffhausen 438
Sion 482
St. Gallen 776
Zermatt 1638
Zürich-Fluntern 556

3.5 Temperature

For temperature, hourly data from the MeteoSwiss
SwissMetNet (automatic monitoring network) is used.
The 24 stations used are listed in Table 2 and are the
same as in Ban et al. (2014). For comparison between
model and observations, nearest neighbor interpolation
and a height correction with a lapse rate of 0.6 K/100 m
are used to interpolate 12km1M to the station locations.
For 2km1M and 2km2M, the grid points with the small-
est weighted distances in horizontal and vertical direc-
tions within a radius of 4 km are used (following Kauf-
mann, 2008) and interpolated to the station heights as
for 12km1M.

4 Results

4.1 A convective period in June 2007

In June 2007, a pronounced convective period was ob-
served. The 11-day period from 3 to 13 June was
characterized by the occurrence of warm temperatures
and numerous thunderstorms, which caused damage in
Switzerland on several days. At the beginning of this pe-
riod, the synoptic situation was governed by warm and
moderately humid air coming from east. This was fol-
lowed by an extraordinarily persistent flat pressure dis-
tribution and a humid westerly flow towards the end of
the period (MeteoSwiss, 2007a,b). Next, the diurnal cy-
cle for a typical convective day within the 11-day period

is presented, before continuing with a systematic inves-
tigation of the entire period.

Fig. 2 shows the temporal evolution of the diurnal
cycle of convection on 5 June 2007, as viewed from
different satellite observations. Turning to BT in the
first row, low temperatures, indicated by bright colors,
are radiated from high clouds with cold tops. Warmer
BTs, but colder than ground, can originate from low
or mid-level clouds and also from thin high clouds,
through which radiation from the warmer ground can
penetrate. At 8 UTC in the morning, no convective
activity can be observed. Clouds with cold tops originate
from convective cells of the previous day. Five hours
later at 13 UTC, convective cells over middle and eastern
Europe stand out because of their thickness and cold
cloud tops. At 18 UTC, the cells have reached their
maximum height and broaden at the top, which leads
to a large extent of low BTs. In the night at 23 UTC,
a large part of the new clouds is already dissipating or
becoming thinner, which is indicated by warmer BTs
than before. In the second row of Fig. 2, the evolution
and patterns of OLR closely resemble BT. One reason
for the similarity to BT is that the measured wavelength
band of BT lies within the one of OLR. RSR in the third
row of Fig. 2 exhibits different patterns and is dominated
by the diurnal cycle of the solar zenith angle. The signal
is independent of cloud top height and therefore strong
signals are also found for low-level clouds.

As a first step to compare model runs with observa-
tions, BT is used. During the period of interest, temper-
atures below −20 °C can be found for cloud tops higher
than 6–7 km. Accordingly, areas with BT < −20 °C can
be attributed to thick high clouds and are called BT_HC.
Clouds with −20 °C < BT < 0 °C can be attributed to
thick mid-level clouds or thin high-level clouds, and are
referred to as BT_MC. For the warmest category with
BT > 0 °C , the definition is more difficult. BT > 0 °C
can originate from very thin high clouds, thin mid-level
clouds, thick or thin low-level clouds or even ground.
Therefore, they are called BT_LCG. Low- and mid-level
cloud categories are only visible from satellite if they are
not covered by higher clouds.

Fig. 3 shows satellite and model BT (the latter from
RTTOV) on 5 June at 13 UTC, when convection is grow-
ing, and on 6 June at 4 UTC the next morning, when
the largest parts of clouds have already dissipated. At
13 UTC, there are much more BT_HC in 12km1M, than
in the observations. This bias is reduced for 2km1M and
further reduced for 2km2M. In the CRMs, the BT_HC
are colder than in observations. Also, the convective
cells are more isolated with stronger temperature gra-
dients at their edges. Further, the BT_MC have a much
larger horizontal extent in the observations than in all
simulations. At 4 UTC, for 12km1M and 2km1M, a
large fraction of the overestimated afternoon BT_HC is
still present, which is again improved for 2km2M.

The biases seen in Fig. 3 are characteristic for the
entire 11-day period. Fig. 4 presents a histogram of
hourly BT over the 11-day period. It confirms that there
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Figure 2: From top to bottom: Brightness temperature (BT) in K, outgoing longwave radiation (OLR), and reflected solar radiation (RSR)
in W/m2 for 5 June 2007 over Central Europe. Due to measurement failures for OLR and RSR at 0800 and 2300 UTC, data from 0815 and
2245 UTC is shown.
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Figure 3: Brightness temperatures (BT) at 10.8 µm at 13 UTC of 5 June and 4 UTC of 6 June 2007 over the analysis domain (Fig. 1, center
box) for observations from SEVIRI and three simulations. Bluish colors indicate BT < −20 °C , white −20 °C < BT < 0 °C and brownish
colors BT > 0 °C. These areas are referred to as BT_HC, BT_MC and BT_LCG, respectively.

are generally too many BT_HC for 12km1M and that
there is a significant (but only partial) improvement for
2km1M and a further improvement for 2km2M. For the
range of BT_MC, all simulations underestimate the fre-
quency of these BTs, which is consistent with findings

from Böhme et al. (2011) for NWP simulations. For the
range of BT_LCG, the two 1M runs have a good dis-
tribution, due to compensating biases in high and mid-
level cloud cover (overestimation of BT_HC and under-
estimation of BT_MC). In contrast, 2km2M has a large
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Figure 4: BT histograms of observations from SEVIRI and three simulations over all hours from 3 to 13 June 2007. The frequency on the
y-axis is in %/K.

ba

0°C

Figure 5: Vertical profiles of (a) cloud ice content (qi), cloud water content (qc) and (b) grid scale vertical velocity from three simulations,
averaged horizontally over the full domain and temporally over all hours from 3 to 13 June 2007. The horizontal black line in (a) indicates
the averaged height of 0 °C for all simulations. Vertical velocity is divided into averages of negative and positive values. Height is indicated
in hPa.

positive bias for BT > 0 °C, because the underestimation
of BT_MC is not compensated by BT_HC. This bias of
warm temperatures will have an impact on ToA OLR
(Section 4.4).

4.2 Vertical profiles

A better insight in the vertical distributions of clouds is
found in vertical profiles of the model runs. In Fig. 5a,
vertical distributions of cloud water (qc) and cloud ice
(qi) content (in g/kg) are shown as means computed
for all simulations from hourly output over the 11 days.

The horizontal black line indicates the average height of
the 0 °C isotherm for all simulations. The averages for
each simulation lay within 3 hPa. For CPM, the cloud
ice maximum is larger than the cloud water maximum,
consistent with the large fraction of high cloud cover.
Furthermore, there is no significant overlap between the
vertical extent of the water and ice clouds, consistent
with the underestimation of mid-level clouds (cf. Fig. 4).
For the CRM runs, the situation is quite different. Maxi-
mum cloud water is larger than maximum cloud ice and
there is a considerable vertical overlap with significant
amounts of cloud water and cloud ice. This indicates an
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Figure 6: Histograms of cloud frequency as a function of cloud optical thickness (COT) and cloud top pressure (CTP) for (a) ESA Cloud
CCI observations derived from the AVHRR on the NOAA-18 and (b, c, d) three simulations at 13 UTC for 3 to 13 June 2007. The two
horizontal black lines indicate the approximate temperature range between 0 °C and −20 °C at 13 UTC. Fractional cloud cover (defined by
COT > 0.3) is indicated in the right upper corner of all panels.
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Figure 7: COT/CTP histograms as in Fig. 6, but for 2km1M at (a) 7, (b) 10, (c) 13 and (d) 16 UTC. Figs. 6c and 7c are the same.

increase in low clouds but gives a weaker indication for
the negative bias in mid-level clouds than for CPM. For
2km2M, nonzero cloud ice values below the 0 °C line
are possible because of ice sedimentation.

In Fig. 5b, vertical profiles of grid scale vertical ve-
locity are shown, where the averaging is performed sep-
arately for updraft and downdraft regions (based on the
sign of w), taking into account the full domain and all
data for the 11 days at hourly resolution. Mean upward
motion (positive sign) is similar to the mean downward
motion (negative sign), but for all runs, the mean up-
ward motion exceed the mean downward motion. This
coincides with strong convective activity found in the
center of the domain (Figs. 2 and 3) and we thus expect
the compensating downdrafts to be partly outside of the
analysis domain.

The vertical velocities in the CPM run are much
weaker than in the CRM runs, because much of the ver-
tical exchange is on the subgrid scale (in the convection
scheme). Fig. 5b thus nicely reveals the fundamental dif-
ference between parameterized and explicit convection.
It also indicates that for CPM, some percentage of the
deep convective activity is explicitly resolved, even at
a grid spacing of 12 km. Among the CRM simulations,
only small differences are found.

Since subgrid clouds do not impact the cloud water
and cloud ice content in the model, the vertical profiles
of Fig. 5 lack information from these clouds. In the

next paragraph we will see that subgrid clouds dominate
specific cloud types, which are important for convection.

4.3 Cloud type frequencies

As it is not possible to distinguish between high thin and
lower thick clouds from BT alone, and as the distribution
of subgrid model clouds cannot be determined from the
cloud water or cloud ice content, the frequency of differ-
ent cloud types as determined from a more complex al-
gorithm is investigated next. The cloud types are defined
by cloud top pressure (CTP) and cloud optical thick-
ness (COT), and shown in two-dimensional histograms.
Fig. 6 shows averages over the 11-day period at 13 UTC
in the model runs and at approximately 1:30 pm local
time in observations. Fig. 7 shows these averages at 7,
10, 13 and 16 UTC but only for 2km1M.

In Fig. 6, clouds with cloud tops higher than 310 hPa
and a COT between 1.3 and 23 are strongly overes-
timated for 12km1M. Cloud tops are in the major-
ity of cases close to the tropopause, even for different
cloud optical thicknesses. This indicates a strong upward
transport of moisture within the convection scheme. The
overestimation of clouds with cloud tops higher than
440 hPa is improved for 2km1M and further for 2km2M.
Below 440 hPa, the categories with the highest frequen-
cies in the observations are underestimated in all simu-
lations. This underestimation of mid-level clouds is con-
sistent with the negative BT_MC bias in Fig. 4. For the
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Figure 8: Spatially and temporally averaged diurnal cycles of (a) BT at 10.8 µm, (b) outgoing longwave radiation (OLR) and (c) reflected
solar radiation (RSR) for observations from SEVIRI and GERB and three simulations for 3 to 13 June 2007.

CRM runs, the highest frequencies at 13 UTC occur for
thin clouds with low cloud tops. This is inside a COT-
range, where cloud detection by passive imagers is un-
derestimated, and therefore a comparison is challenging
(cf. Section 3.1).

To illustrate the diurnal cycle of convection, his-
tograms at 7, 10, 13 and 16 UTC of 2km1M are shown
in Fig. 7. The frequency of the lower left histogram cat-
egory increases from 7 to 10 UTC and decreases after-
wards. This illustrates the start of convective activity in
the lower levels of the model. This category consists of
more than 94 % subgrid clouds, which indicates a dom-
inance of shallow cumulus clouds. The convective ac-
tivity leads to an increase of cloud tops above 310 hPa
between 10 and 16 UTC, which correlates with the over-
estimation of low BTs from Fig. 4.

In the histogram category 680–800 hPa and 0.3–1.3
COT, the frequency decreases from 7 to 13 UTC but
never falls below 7.5 % for the whole day, which in-
dicates a persistent cloud type. Investigations for this
category show a fraction of over 92 % subgrid clouds.
Comparing domain-averaged vertical profiles of this cat-
egory to the full domain at 13 UTC shows a stabilization
in lapse rate of +0.35 K/km around the 0 °C level and
an increase in relative humidity below this height from
74 % to 83 %. Since subgrid clouds in the model are di-
agnosed from humidity, this indicates that the melting
process at this height increases stratification, which in-
hibits vertical motion and causes an increased frequency
of subgrid clouds below. The aforementioned decrease
between 7 and 13 UTC in this histogram category could
thus be associated with the onset of convective activity,
which mixes air vertically and decreases stratification.
Simulations during a less convective period (one month
later) show a much lower frequency in this cloud cate-
gory, which indicates that the prevalence of this cloud
type is not a general feature of the model but linked to
convective activity.

The largest differences between the three model runs
occur for high clouds (CTP > 440 hPa). Therefore, it
is reasonable to compare different model runs by using

area-mean BT and OLR, as these quantities are sensitive
to the prevalence and temperature of deep convective
clouds.

4.4 Diurnal cycles of BT, OLR and RSR

Fig. 8 presents the spatially averaged mean diurnal cy-
cles of BT, OLR, and RSR. BT has a pronounced diur-
nal cycle, summarizing the influence of high clouds, low
clouds and ground emissions (Fig. 8a). In the late morn-
ing hours, radiation from the relatively warm ground and
low-level clouds raises BT. After this increase, there is
a transition to colder BTs, due to the horizontal expan-
sion of high convective clouds. Comparisons of the dif-
ferent curves show a pronounced phase shift with the
CRM runs exhibiting a too late peak by about two hours.
This shift is investigated in more detail in Section 4.5. In
terms of daily means, BT increases from CPM to CRM
to 2M, thus representing an overall improvement of the
CPM bias.

For OLR, the overall behavior is similar as with
BT, especially for the observations and the CRM runs
(Fig. 8b). The CRM peaks are late by about three
hours, and the domain-mean biases are −20.1, −2.6 and
3.5 W/m2 for 12km1M, 2km1M and 2km2M, respec-
tively. Nevertheless, BT has not exactly the same di-
urnal cycle as OLR, because temperature T is related
to emissive power with T 4 after the Stefan-Boltzmann
law, which leads to different emphasis of warm and
cold areas. In addition, OLR is sensitive to water va-
por and CO2, whereas BT at 10.8 µm has weak gaseous
absorption as mentioned in Section 3.2. The largest dif-
ferences between BT and OLR are found for 12km1M.
This could indicate differences in water vapor concen-
trations, or simply different spatial distributions of visi-
ble ground and clouds.

In Fig. 8c, the diurnal cycles of RSR have larger val-
ues than for OLR during the day and values equal to
0 W/m2 at night. Clouds reflect a large fraction of the
solar radiation almost independent of their heights, be-
cause they have higher albedos than most of the ground
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Figure 9: Diurnal cycles of fractional cover of BT at 10.8 µm for (a) high clouds, (b) mid-level clouds and (c) low-level clouds and ground.
Observations from SEVIRI and four simulations, averaged over 3 to 13 June 2007, are indicated in different colors. The sum of all three
contributions is equal to 1.

areas. For 12km1M, this implies that the overestima-
tion of high clouds not only leads to a negative bias
in OLR, but also to a positive bias in RSR. Assuming
that the RSR bias is equal to 0 W/m2 during the dawn
and dusk hours, for which no observation data is avail-
able, the averaged biases are 16.7, −6.4 and −6.9 W/m2

for 12km1M, 2km1M and 2km2M, respectively. There-
fore, compensation effects are found for 12km1M and
2km2M in the ToA energy budget. The sum of the OLR
and RSR biases amounts to −3.4, −9.0 and −3.4 W/m2

for 12km1M, 2km1M and 2km2M, respectively. The
decrease in RSR for both CRM runs compared to the
CPM run implies a decrease in cloud cover, which co-
incides with findings from Prein et al. (2013) and Ban
et al. (2014). For the diurnal cycle, 2km1M and 2km2M
have virtually the same RSR evolution, which indicates
a similar cloud cover evolution, despite differences in
cloud amount at different heights (cf. Fig. 6). Compared
to observations, time shifts indicate different evolutions
in cloud cover for all simulations.

4.5 Timing of convection

In order to investigate the timing of the diurnal cycle
of convection and to identify reasons for the biases and
time shifts in BT and OLR, the diurnal cycles of frac-
tional cloud cover in different BT ranges are investigated
(Fig. 9).

For BT_HC, we investigate mean bias, diurnal range
and timing of the peak (Fig. 9a). The peak in the late
afternoon is a result of the peak convective activity. For
12km1M, a good timing of the peak, but a large posi-
tive mean bias and a smaller diurnal range than in the
observations are found. For 2km1M, the bias and the
range improve, but a temporal shift in the diurnal cy-
cle is found, with a too late peak of about one hour.
Changing to the 2M further decreases the mean bias,
which becomes slightly negative. Also, the diurnal cy-
cle becomes less pronounced and the peak is about one

hour too early. One reason for the late peak of 2km1M
and the early peak of 2km2M could be due to differ-
ent cloud dissipation rates, depending on the micro-
physics scheme. The impact of ice sedimentation is il-
lustrated by the comparison of 2km2M with simulation
2km2M_NoIceSed with suppressed ice sedimentation.
Much more BT_HC is found without ice sedimenta-
tion (leading to a bias of −59 W/m2 in OLR, cf. Sec-
tion 4.4). Therefore, ice sedimentation in 2M strongly
reduces BT_HC. It is thus be tempting to reduce the
remaining BT_HC bias of 2km1M by introducing ice
sedimentation. A new scheme by Köhler and Seifert
(2015) uses two moments only for the ice phase and has
ice sedimentation. This leads to a similar improvement
in BT_HC as with the 2M but also to a similar negative
bias in BT_MC (Eikenberg et al., 2015).

For BT_MC, no strong diurnal cycles are found. The
biases already found in Fig. 4 remain almost constant
throughout the day. After 3 UTC, a decrease in obser-
vations and slight increases for 2km1M and 2km2M
are found, which indicates for 2km1M and 2km2M
an increase of thin high clouds from dissipating con-
vective clouds. Despite large differences in BT_HC,
2km2M_NoIceSed has a similar mean bias as 2km2M.

For BT_LCG, biases and time shifts are similar as
with BT and OLR in Fig. 8. As already mentioned,
BT_LCG are only visible if not hidden by clouds from
the other two categories. This implies that the diurnal
cycle of BT_LCG is defined by the ones of BT_HC
and BT_MC. Therefore, the time shifts of the CRM
runs compared to observations before noon are due to
weaker reductions of fractional cover of BT_HC and
BT_MC during night and a later increase of BT_HC
before noon. The similarity of BT and OLR to BT_LCG
indicates that BT and OLR are primarily impacted by
biases and time shifts from clouds and not from ground
temperatures. The impact of clouds on the diurnal cycle
of 2 m temperature will be investigated in Section 4.8.
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Alps

LMR

Figure 10: The diurnal cycles of fractional cover of BT at 10.8 µm for high clouds (as in Fig. 9a), but for the areas (a) “Alps” and (b) “less
mountainous region” (LMR) as shown on the right-hand side.

4.6 Regional differences in timing and
amplitude

In Fig. 10, the diurnal cycle is investigated for two differ-
ent regions. This is done by comparing the diurnal cycles
of BT_HC over the Alps and an area of the same size
over a less mountainous region (LMR hereafter). These
areas are defined in the right-hand panels of Fig. 10.

The observed timing of the peak is the same for
both areas (17 UTC). 12km1M and 2km1M have earlier
peaks over the Alps than over LMR by approximately
one hour. Compared to the observations, 12km1M has
the best timing over LMR and 2km1M over the Alps.
2km2M has not such a strong diurnal cycle as the 1M
runs and the peaks in both regions are one hour too
early. But consequently, as for the observations, 2km2M
has no timing difference between the Alps and LMR.
Thus, the largest differences in terms of timing are found
between the 1M runs and the 2M run.

For the amplitude ratios between the two areas, the
largest differences are found between the CPM and the
CRM runs. In the observations, the amplitude is approx-
imately 75 % larger over the Alps than over LMR. This
ratio is strongly underestimated by 12km1M, slightly
underestimated by 2km1M, and slightly overestimated
by 2km2M. These ratios indicate a large impact of the
topography on the amplitude of convection in the ob-
servations and the model. Apart from the differences in
the treatment of convection between CPM and CRM,
there are significant differences in the representation
of topography, because of the coarser spatial resolution
in 12km1M. This could explain the smaller amplitude
ratio.

4.7 Diurnal cycle of precipitation

In the following, we shift our attention to the diurnal
cycle of precipitation. Over Switzerland (Fig. 11a), ob-
servations show a pronounced diurnal cycle with a peak
at 17 UTC. For 12km1M, the diurnal cycle is more pro-
nounced and the onset and peak are about three hours too
early. For 2km1M, an improvement in timing is found,
which is in line with previous studies (e.g. Langhans
et al., 2013). Over the full analysis region (Fig. 11b), less
pronounced diurnal cycles are found for all simulations,
which confirms the importance of topography for con-
vection.

The use of a 2M has no significant impact on the di-
urnal cycle and amount of precipitation over the full do-
main (Fig. 11b), despite large differences in high clouds
(cf. Fig. 11d and Section 4.3). The delay in onset over
the smaller area of Switzerland (Fig. 11a) is not a ro-
bust feature and was not found for other simulations
with the same setting (not shown). This similarity of
the two CRM runs in terms of precipitation response
is qualitatively consistent with findings from Seifert
et al. (2012) and Jankov et al. (2011) for daylong, ac-
cumulated precipitation. Overall this underlines the im-
portance of comparing models also with satellite obser-
vations, but at the same time it highlights that tuning
2M with such data has an almost negligible impact on
the diurnal cycle of precipitation, to an extent that has
not been anticipated.

Fig. 11c shows the diurnal cycles of BT_HC over
Switzerland. The timings and amplitudes are similar as
those over the Alps (Figure 10a). However, due to the
smaller area, the mean diurnal cycle is not so smooth,
e.g. around 5 UTC for 12km1M. In comparison to the
Alpine signal (Fig. 10a) and the full analysis region
(Fig. 11d), there are some interesting differences. First,
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Figure 11: The diurnal cycle of precipitation for 3 to 13 June 2007 (a) over Switzerland from radar-disaggregated rain-gauge data (RdissagH)
and three simulations and (b) over the full analysis region without observation data. The diurnal cycle of fractional cover of BT at 10.8 µm
for high clouds (as in Fig. 9a) (c) over Switzerland and (d) over the full analysis region (same as Fig. 9a, but without 2km2M_NoIceSed).

the peak of 2km1M in BT_HC occurs earlier than ob-
served. Second, 2km1M better fits observations than
2km2M, in particular regarding the peak amplitude. The
reasons for these differences are not fully understood.

4.8 Diurnal cycle of temperature at Swiss
stations

The diurnal evolution of cloud cover can also affect 2 m
temperature (T2M). Fig. 12 shows the mean diurnal cy-
cles of observed T2M in Switzerland (average of 24 sta-
tions) and the corresponding model averages (24 grid
points with height-corrected temperatures). 12km1M

has a positive bias in the morning hours and a neg-
ative in the afternoon, which leads to a significantly
underestimated diurnal temperature range. 2km1M and
2km2M have larger diurnal cycles and an excellent rep-
resentation of the noon peak, but larger warm biases at
night. However, despite an improved diurnal tempera-
ture range, the mean biases of the 2 km simulations are
larger (0.9 °C compared to −0.2 °C for 12km1M). The
overall warmer T2M in the CRMs is due to the stronger
insolation (evident from the smaller RSR in Fig. 8c). In-
terestingly, the reduction of BT_HC in 2km2M relative
to 2km1M does not increase longwave cooling during
night. A possible explanation could involve the poten-
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Figure 12: The diurnal cycles of 2 m temperature measured at 24
Swiss stations and taken from corresponding grid points in three
simulations for 3 to 13 June 2007.

tial overestimation of low clouds in 2km2M (see Figs. 6
and 9c). The results regarding the diurnal temperature
range are similar to the findings of Ban et al. (2014) for
10 years. But in that study, there was also an improve-
ment in terms of early-morning minimum temperature
for the CRM run.

5 Conclusions

In this paper, we have evaluated the diurnal cycle of
convection and clouds in a regional climate model us-
ing three satellite products, a raingauge-based precipita-
tion dataset and temperature measurements from surface
stations. The regional climate model is used in differ-
ent configurations including convection-parameterizing
(CPM) and convection-resolving model (CRM) settings,
and one-moment (1M) and two-moment microphysics
schemes (2M), the latter with ice sedimentation.

The CPM simulation exhibits a significant overesti-
mation of high cloud cover, which is in line with previ-
ous studies. This overestimation of high cloud cover is
evident from an underestimation of brightness tempera-
ture (BT) and outgoing longwave radiation (OLR), and
from a comparison with histograms of cloud frequency.
For the same reason, reflected solar radiation (RSR) is
overestimated, which at least partly compensates for the
negative OLR bias in the energy balance.

The high cloud cover and OLR biases are reduced by
the use of CRM simulations, and further reduced with
the use of a two-moment microphysics scheme (2M).
Using both CRM and 2M overcompensates the high
cloud cover and OLR biases. Comparisons of OLR, RSR
and histograms of cloud frequency indicate a similar to-
tal cloud cover but at different heights for the 1M and

2M CRM runs. The RSR biases affect the 2 m tempera-
ture, which for the CRM runs lead to improved diurnal
temperature ranges and noon temperatures, compared
to CPM. The overestimation of night temperatures is at
least partly caused by an increase of low clouds in CRM.

Observations show a stronger diurnal cycle of high
cloud cover and associated convection over the Alps
than over the northern Alpine foreland. The regional
differences are well represented by CRM but underes-
timated by CPM.

An underestimation of mid-level clouds is found for
all simulations. This is evident from an underestimation
of BT in the range of 255–283 K and from a comparison
with histograms of cloud frequency. This bias occurs
irrespective of the microphysics scheme and should be
further investigated in the future.

An additional simulation using 2M but with sup-
pressed ice sedimentation demonstrates that the main
reason behind the high cloud cover and OLR biases is
the lack of ice removal. Ice clouds form when the diur-
nal convection reaches the higher troposphere. The lack
of ice sedimentation implies an extended residence time
of ice particles with a significant impact on high cloud
cover and OLR.

Despite the pronounced impact on clouds and radia-
tive properties, the aforementioned sensitivities to the
2M only marginally affect the diurnal cycle of precipita-
tion in CRM. This indicates that for many applications,
the 2M only becomes relevant if feedbacks associated
with cloud-radiative or aerosol effects are investigated.

The aforementioned conclusions suggest that a new
bulk one-moment microphysics scheme but with two
moments for the ice phase and ice sedimentation, which
is currently developed at the DWD, will potentially be
very useful. This scheme is significantly more efficient
in terms of computer time than the full 2M.
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