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Abstract

Possible aerosol-cloud-precipitation effects over Germany are investigated using the
COSMO model in a convection-permitting configuration close to the operational
COSMO-DE. Aerosol effects on clouds and precipitation are modeled by using an
advanced two-moment microphysical parameterization taking into account aerosol as-5

sumptions for cloud condensation nuclei (CCN) as well as ice nuclei (IN). Simulations
of three summer seasons have been performed with various aerosol assumptions, and
are analysed regarding surface precipitation, cloud properties, and the indirect aerosol
effect on near-surface temperature. We find that the CCN and IN assumptions have a
strong effect on cloud properties, like condensate amounts of cloud water, snow and10

rain as well as on the glaciation of the clouds, but the effects on surface precipitation
are – when averaged over space and time – small. This robustness can only be un-
derstood by the combined action of microphysical and dynamical processes. On one
hand, this shows that clouds can be interpreted as a buffered system where significant
changes to environmental parameters, like aerosols, have little effect on the resulting15

surface precipitation. On the other hand, this buffering is not active for the radiative ef-
fects of clouds, and the changes in cloud properties due to aerosol perturbations have
a significant effect on radiation and near-surface temperature.

1 Introduction

Understanding aerosol-cloud interactions is a major scientific challenge in current cli-20

mate research. Interactions that involve microphysical effects and response as well as
cloud-dynamics feedbacks on multiple scales are especially hard to quantify (Solomon
et al., 2007). Global climate and earth system models which suffer from very coarse
horizontal resolution are unable to represent such feedbacks explicitly, especially those
involving convective clouds, and need to rely on sensitivities emerging from the sub-grid25

parameterizations. Process studies as well as regional and convective-scale modeling
are therefore necessary to clarify, evaluate and quantify those complex interactions.
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The response of clouds to changes in the ambient aerosol, i.e. the indirect aerosol
effect, is complex and may differ quantitatively and qualitatively depending on the cloud
type or aerosol regime. One example of such complex behavior is the non-monotonic
dependency of cloud fraction on aerosol concentration (Xue et al., 2008). In general,
at least three different aerosol indirect effects can be distinguished (Lohmann and Fe-5

ichter, 2005; Solomon et al., 2007):

1. Cloud lifetime effect: More CCN lead to smaller droplets, decreasing precipitation
efficiency and prolonging cloud lifetime (Albrecht, 1989).

2. Glaciation indirect effect: More IN lead to a more efficient glaciation of clouds and
an increased precipitation efficiency (e.g. Lohmann, 2002; Lohmann and Hoose,10

2009).

3. Aerosol cloud dynamics effect (thermodynamics effect): More CCN lead to
smaller cloud droplets, which delays formation of raindrops and leads to more
supercooled water freezing at higher altitudes. The additional latent heat release
invigorates the clouds resulting in an increase in surface precipitation (Seifert and15

Beheng, 2006b; Khain et al., 2005; Koren et al., 2005; van den Heever et al.,
2006; Fan et al., 2009).

To unravel aerosol indirect effects it is necessary to quantify those processes and feed-
backs, and to understand which cloud regimes are affected in which manner by which
chain of processes.20

During the 1950s and ’60s many aerosol-cloud-precipitation studies were done in the
context of cloud seeding, i.e. the attempt to deliberately modify the microstructure of
clouds with the aim of precipitation enhancement or hail suppression, topics which are
still very controversial (Cotton, 1982; Garstang et al., 2005; Levin and Cotton, 2008;
Cotton, 2009). Today, in the broader context of climate change, the impact of unin-25

tentional anthropogenic changes of the atmospheric aerosol and the microstructure of
clouds and precipitation are probably even more important (Borys et al., 2003; Rosen-
feld and Givati, 2006; Alpert et al., 2008; Levin and Cotton, 2008; Ayers and Levin,
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2009). Also in some recent suggestions for intentional anthropogenic climate changes,
often called geo-engineering, aerosol-cloud effects play a major role (Cotton, 2009).

Here we explore aerosol-cloud-precipitation effects using methods and data from
operational numerical weather prediction. This has the advantage that the modeling
system we use is validated on a day-to-day basis, and we simply have to extend this5

system with a more sophisticated microphysical parameterization to be able to repre-
sent some important aspects of aerosol indirect effects. The disadvantage is that we
ignore the variability and feedbacks of atmospheric chemistry and aerosol, i.e. by as-
suming low or high aerosol (CCN, IN) load in our experiments we just aim to capture the
sensitivity of clouds and precipitation to a large-scale perturbation of the atmospheric10

aerosol. This exercise may be seen as an attempt at bracketing the aerosol effects by
estimating an upper and lower bound, i.e., we do not strive to represent the full com-
plexity of all chemistry-aerosol-cloud interactions, but to give a reasonable estimate for
the sensitivity of the system taking into account the full meteorologically driven cloud
regime variability. To make this feasible this study focuses on summertime convective15

conditions in mid-latitudes, in particular in Germany.
The paper is organized as follows: In Sect. 2 we give an overview of the modeling

systems and setup with details about the cloud microphysical parameterization used.
Section 3 presents our results, followed by some conclusions in Sect. 4. Additional
material is provided in an online Supplement.20

2 Model description

2.1 COSMO-DE

The non-hydrostatic compressible COSMO model1 is a limited-area numerical weather
prediction (NWP) model developed by Deutscher Wetterdienst (DWD) and the COSMO
consortium (Steppeler et al., 2003). COSMO-DE is an operational implementation of25

1The model formerly known as Lokal Modell (LM).
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the COSMO model at DWD as a convective-scale shortest-range NWP model (Bal-
dauf et al., 2011). With 421×461 grid points the COSMO-DE domain (Fig. 1) cov-
ers about 12004×1300 km2 of central Europe including Germany, Switzerland, Aus-
tria, the Netherlands, Belgium, some parts of the neighboring countries and most of
the Alps. It uses 50 model layers with a stretched vertical grid. The lowest layer is5

placed in 10 m a.g.l., and the model top is located at 22 km a.s.l. The data assimila-
tion system of COSMO-DE uses a nudging approach which includes the assimilation
of high-resolution radar data by means of latent heat nudging (Stephan et al., 2008).
Boundary conditions for COSMO-DE are provided by a 7 km grid-spacing COSMO
model, called COSMO-EU, which itself is nested into a global model, the GME (Ma-10

jewski et al., 2002). The COSMO-DE model configuration is based on an efficient
Runge-Kutta solver following Wicker and Skamarock (2002), but with a vertically im-
plicit solver which allows a time step of ∆t=25 s. The one-moment cloud microphysics
scheme used operationally predicts the mixing ratios of cloud water, rain water, cloud
ice, snow and graupel and is combined with a simple mass-flux parameterization of15

non-precipitating shallow convection based on the Tiedtke (1983) scheme. No param-
eterization of precipitating deep convection is used, i.e. all precipitation processes are
explicitly represented by the bulk microphysics scheme. For more details we refer to
Baldauf et al. (2011).

2.2 Two-moment microphysics20

In this study we use the two-moment mixed-phase bulk microphysical parameterization
of Seifert and Beheng (Seifert and Beheng, 2006a, SB hereafter) which predicts both
the number densities and mass mixing rations of the various hydrometeor types. This
scheme has been especially designed to be able to represent aerosol effects on the
microphysics of mixed-phase clouds. It has been successfully validated against a com-25

prehensive spectral bin microphysics cloud model (Seifert et al., 2006). As most other
advanced microphysics schemes, the SB scheme can simulate a strong response of
cloud microphysics and precipitation to changes in the ambient aerosol for individual
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clouds (Seifert and Beheng, 2006b; Seifert et al., 2006). Hydrometeor size distribu-
tions are described by generalized Gamma distributions (parameters are given in Ta-
ble 1). The raindrop size distribution is a Gamma distribution with a shape parameter
depending on mean diameter (Seifert, 2005, 2008), and all warm rain processes as,
e.g., autoconversion, accretion, etc., are parameterized as in Seifert (2008) based on5

Seifert and Beheng (2001).
The SB scheme has recently been extended to include a separate hail class consid-

ering wet growth processes and a spectral partitioning of freezing raindrops (Blahak,
2008). This hail-version of the SB scheme, which predicts the water mixing ratios qx
and number densities nx of cloud droplets, rain, cloud ice, snow, graupel, and hail10

(x ∈ {c,r,i ,s,g,h}) has successfully been applied to the simulation of a hail storm by
Noppel et al. (2010). Important parameters of the SB scheme and the chosen values
are summarized in Tables 1 and 2.

In the COSMO model the SB scheme is consistently coupled with the radiation
scheme, i.e. effective radii of ice particles and cloud droplets are calculated in the mi-15

crophysics scheme and passed to the radiation scheme. Optical properties are taken
from Edwards et al. (2007) for ice particles and Hu and Stamnes (1993) for water
clouds (Zubler et al., 2011).

2.3 Aerosol assumptions and nucleation parameterizations

In mixed-phase clouds aerosol particles can act as cloud condensation nuclei (CCN)20

or they may become ice nuclei (IN).
Activation of CCN from aerosol particles is computed using pre-calculated activation

ratios stored in a look-up table (Segal and Khain, 2006). The activation ratios depend
on the vertical velocity at cloud base and the properties of the aerosol (Noppel et al.,
2010). All condensation nuclei (CN) are assumed to be soluble and follow a bi-modal25

size distribution. To calculate the look-up tables the number density NCN, mean radius
of the larger aerosol mode r2, and the logarithm of its standard deviation log(σ) have
to be prescribed. To be able to adjust the number of nucleated droplets to particles
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that possess different soluble fractions an additional simple correction factor ε varying
between 0 and 1 is used. We assume that the number of CN is constant up to 2 km
and decreasing exponentially above.

In order to elucidate the effect of different aerosol and CCN concentrations, respec-
tively, on precipitation we have performed simulations with low CCN (NCN = 100 cm−3,5

log(σ) = 0.4, r2 = 0.03 µm, ε = 0.9) and high CCN assumptions (NCN = 3200 cm−3,
log(σ)=0.2, r2 =0.03 µm, ε=0.7, cf. Table 1 of Noppel et al., 2010).

Heterogeneous ice nucleation of aerosol particles to IN is parameterized following
Phillips et al. (2008, PDA08 hereafter) and the parameters given there serve as our
standard configuration called “low IN”. Further experiments with an increase (decrease)10

of IN by one order in magnitude are performed as “high IN” (“very low IN”) sensitivity
studies. The dependency of the number of activated IN by immersion freezing on tem-
perature is shown in Fig. 2. For the present study, the details of the ice nucleation
scheme are in fact rather unimportant, i.e. it does not make any difference whether the
IN are due to soot, dust or organics. Nevertheless, we have used the PDA08 scheme,15

because it compares well with recent observations (Eidhammer et al., 2009, 2010),
and would allow a coupling with a prognostic aerosol model in the future. Deposition
nucleation is taken into account in PDA08, but does not seem to play a major role in
our simulations. Contact nucleation is neglected. The immersion freezing of raindrops
is parameterized by a volume-dependent empirical relation (see Seifert and Beheng,20

2006a). The coefficients of this parameterization are re-scaled depending on the as-
sumed IN concentration. Activated heterogeneous IN are limited to 100 per liter in all
simulations.

Ice nucleation via homogeneous freezing of aqueous solution droplets has recently
also been included in the SB microphysics scheme following Kärcher and Lohmann25

(2002) and Kärcher et al. (2006). The competition of heterogeneous and homogeneous
ice nucleation is explicitly taken into account as a fictitious downdraft velocity which
reduces the number of homogeneously nucleated particles (Kärcher et al., 2006). The
radius of the aqueous solution droplets is assumed as rhom = 0.25 µm but, as shown
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by Kärcher and Lohmann (2002), homogeneous nucleation depends primarily on the
updraft velocity, and is rather insensitive to the details of the aerosol size distribution.

Note that we do not apply a prognostic aerosol model in this study, i.e. the CCN and
IN perturbation experiments do only vary as constant “background” aerosol. Effects
and feedbacks like scavenging, cloud chemistry etc. are not modeled. Nevertheless,5

this approach can be used to investigate the effect of order-in-magnitude changes in
aerosol particle concentrations.

2.4 Numerical simulations

We have performed hindcasts for June, July, August (JJA) of the years 2008, 2009 and
2010. For each day simulations have been initialized at 00:00 UTC and 12:00 UTC from10

the operational COSMO-DE analysis and run for 48 h. The extended simulation time
of 48 h (compared to only 21 h of the operational COSMO-DE forecasts) was used to
identify spin-up effects in the simulations which would point towards unbalanced initial
or boundary conditions or problems in the model physics.

We performed on set of hindcasts with the operational system and six sensitivity15

experiments using the two-moment microphysics with high and low CCN, as well as
low, high, and very low IN (Table 3).

This sums up to 3864 individual simulations. Hourly output was saved including
most three-dimensional variables like cloud and precipitation mixing ratios, number
concentrations, vertical velocity etc.20

3 Results

3.1 Analysis

Here we focus on the statistical behavior of the model and the response of clouds
and precipitation to the changes in CCN and IN assumptions. More detailed analysis
and validation is planned in future, e.g., using remote sensing data as in Pfeifer et al.25

(2010).
20210
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As has been found in many previous studies of aerosol effects on clouds (Khain et al.,
1999, 2005; Seifert et al., 2006), the mixing ratios of cloud water, cloud ice, graupel,
etc. do change significantly in different CCN and IN regimes. The time series of the
mean integrated water column of the cloud and precipitation species (Fig. 3) show an
increase of more than a factor 2 in the cloud water path between low and high CCN5

assumptions, the snow water path increases, but cloud ice and graupel/hail decreases
(Fig. 3a). This can be explained by the suppression of the warm rain processes in the
high CCN regime: Due to the slow growth from cloud droplets to raindrops in a high
CCN regime, cloud water is not as efficiently removed, hence, the larger cloud water
content. An increase in IN, e.g. between experiments 1 and 3, leads to a reduction of10

the cloud water path, because cloud water freezes more efficiently, and consequently
the snow water path increases (Fig. 3b).

Assumptions about CCN and IN do have a strong impact on the glaciation of mixed-
phase clouds. Figure 4 shows the probability density function (PDF) of the ratio of ice
water content IWC and total water content TWC, i.e. ice fraction IWC/TWC. The PDF15

is evaluated for a given temperature T for mixed-phase clouds with cloud mixing ratio
qc >0 and TWC>1×10−6 kg m−3. The PDFs of the ice fraction for the six experiments
with different CCN/IN assumption show that more IN do, as expected, lead to a more
rapid, more efficient glaciation of the clouds. At high CCN, high IN conditions virtually
all clouds are completely glaciated at −25 ◦C, at lower IN concentrations significant20

liquid water may exist in updraft cores even at lower temperatures. Reducing CCN
leads also to a more efficient glaciation, because drizzle drops and raindrops make the
cloud freeze more rapidly due to the volume dependency of the freezing of such large
drops. The different glaciation characteristics of the clouds depending on CCN/IN have
a pronounced effect on the dynamics by modifying the latent heat release, and also25

affect the precipitation efficiency of the clouds.
So far we have seen that changing the assumed CCN/IN concentrations in the model

does have a significant effect on the microstructure of the clouds, but how strongly does
this modify the precipitation amounts at the surface? Figure 5 shows the monthly mean
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precipitation amounts for experiments2 1–4; area averages of monthly mean accumu-
lated precipitation over different regions are given in Table 4. The spatial pattern is
largely driven by orography with the highest precipitation amounts in the Alpenvorland,
i.e. the foothills of the Alps. Also the German lower mountain ranges, like the Black
Forest, the Harz, etc., lead to a pronounced orographic precipitation effect.5

The differences between the four experiments are subtle, but some effects are clearly
visible, e.g., experiment 2 with “low CCN” gives more precipitation at the Black Forest
and the Harz compared to experiment 1 with “high CCN”. This becomes much more
obvious in Fig. 6 which shows the relative difference in monthly mean precipitation
comparing different experiments. The CCN sensitivity correlates well with the mountain10

ranges like the Black Forest, the Brocken and the Röhn.
That the “low CCN” assumptions lead to more precipitation on the mountain ranges

(Fig. 6a) is easily understood because the fast rain formation of a low CCN cloud is
immediately coupled to the dynamical forcing of the orography while the much slower
rain formation in a high CCN environment reduces the impact of mesoscale orographic15

obstacles. Interestingly, this increase of precipitation on the mountain top at “low CCN”
is overcompensated by a decrease in the lee of the mountains, i.e. averaged over a
larger area the “high CCN” experiments have slightly higher precipitation amounts than
the corresponding “low CCN” simulations. IN sensitivities, on the other hand, do not
correlate much with the orography (Fig. 6c, d). Mixed-phase precipitation formation,20

especially during summertime, seems to be too slow, and is maybe too complex, to
respond immediately to mesoscale orographic obstacles. Increasing the number of
IN leads, on average, to an increase in precipitation amounts, especially for the “high
CCN” assumptions (Fig. 6c, Table 4). The experiments with different CCN assump-
tions (Figs. 6a, b) show that “low CCN” leads to more rain in the western part, while25

“high CCN” increases precipitation in the eastern part. In a dominantly westerly flow
this suggests that, in a low CCN environment, moist air masses rain out faster, and

2The corresponding Figs. for Exps. 5–7, and observations are provided in the online
Supplement.
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less moisture is transported eastwards over continental Europe, although some part of
this effect might be an unphysical response to the lateral boundary conditions (cf. dis-
cussion in online Supplement). Before we go into the further details of the IN- and
CCN-sensitivities, we extend the analysis to the mean diurnal cycle of hourly precipita-
tion rate as given in Fig. 10.5

During summer, daytime development of deep convection leads to a strong diurnal
cycle in precipitation rate. The maximum is around 16 UTC when averaged over the
full evaluation domain (Fig. 10a), and close to 18:00 UTC in the southern subdomain
(Fig. 10b). The model is able to reproduce the diurnal cycle reasonably well as shown
by the comparison to precipitation rates derived from radar data, and even the diurnal10

cycle on day two of the simulations is well captured. The model shows some spin-down,
i.e. during the first 6 hours of the simulation the precipitation rate is overestimated.
This is to some extent due to the inconsistency of the initial condition: the operational
COSMO-DE analysis uses the one-moment microphysics scheme which yields higher
hydrometeor mixing ratios, especially for snow. Some part of the spin-down can also15

be attributed to the latent heat nudging being too active during the night. This spin-
down might affect the simulations and the CCN/IN sensitivities, but since the “day 2”
shows similar behavior to “day 1” we argue that those effect are small. The diurnal
cycle analysis confirms the findings from the monthly mean accumulations, i.e. the
effect of the CCN/IN assumptions is small and complex. For the “low IN” experiments20

with high and low CCN assumptions the mean diurnal cycles are very similar (the blue
dotted and dashed lines fall onto each other in large parts). The same applies to the
“very low IN” experiments (green lines), although they show a reduction of precipitation
compared to the “low IN” experiments. For the “high IN” regime there is a significant
difference between low and high CCN assumption with the high CCN case showing a25

stronger diurnal cycle (red lines). This difference in CCN sensitivity at different levels
of IN concentrations is also revealed by Table 4 for the monthly mean precipitation
accumulation. The high IN regime shows a stronger sensitivity to CCN (Exps. 3 vs. 4)
than the simulations with “low” or “very low” IN assumptions (1 vs. 2, or 5 vs. 6).
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The difference in the response to CCN changes at different levels of IN concentra-
tions may be explained as follows. For clouds with high CCN an increase in IN can
lead to a small but significant increase in surface precipitation, mostly because more
condensate becomes available for collection processes, and, due to the more efficient
glaciation with increasing IN (cf. Fig. 4), more latent heat is released which invigorates5

the dynamics (see Fig. 8 and next paragraph). For clouds in a low CCN atmosphere, on
the other hand, an increase in IN can lead to a decrease in surface precipitation (Teller
and Levin, 2006). This behavior of the low CCN clouds can be explained by the fact
that some part of the condensate rains out early by warm rain processes, leaving less
condensate behind for the mixed-phase precipitation formation. Thus the mixed-phase10

region of the low CCN clouds is more likely to be dominated by microphysical bottle-
necks, i.e. having small ice crystals which form precipitation more slowly. Adding IN to
such a cloud can lead to a reduction of the precipitation efficiency. The opposite is true
in a high CCN environment where mixed-phase processes are the only efficient rain
formation mechanism. The balance between those feedbacks may differ from cloud to15

cloud, but, for example, in the evening hours (19–22 h simulation time) all experiments
with “high CCN” show higher precipitation rates than their corresponding “low CCN”
counterparts. A temporal shift in the diurnal cycle is most significant in case of the
IN sensitivity, with lower IN numbers leading to a delay in precipitation (this is most
pronounced for the southern evaluation domain, Fig. 10b).20

Further evidence for the invigoration of convective clouds in a high CCN environ-
ment is provided by an analysis of the convective cloud core depth (Fig. 8). Here the
convective cloud core depth is defined as the height between cloud base and cloud
top (given by a threshold of qc+qi = 10−3 g kg−1) of cloud cores with an maximum up-
draft velocity wmax >1 m s−1 in the column and qc+qi >0.5 g kg−1 at the location of the25

maximum updraft velocity. This shows that convection cores do indeed grow deeper
in the “high CCN” environment compared to “low CCN”. The cloud cores also become
deeper when fewer IN are available for the glaciation of the cloud.
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So far we have, for clarity and simplicity, only analyzed the (simulated) climatological
mean summertime precipitation, either as monthly mean or as mean diurnal cycle. To
extend the analysis to the variability of 12-h accumulated precipitation Fig. 9 provides a
box-whisker plot of the statistics of area-averaged precipitation amounts. This shows,
on one hand, that CCN or IN perturbations can induce a significant variability even on5

the meso-β-scale (as represented by the evaluation sub-domains), i.e. depending on
the meteorological situation aerosol variations may lead to an increase or decrease of
up to 20 % in the 12-h accumulated surface precipitation. On the other hand, some of
the variability might be caused by relatively small spatial shifts of precipitation systems
into and out of the evaluation subdomains. The mean and median of the differences10

are small, most relevant is maybe the increase in precipitation between Exp. 3 (low
CCN, high IN) and Exp. 4 (high CCN, high IN), which is much larger than the differ-
ence between Exps. 1 and 2. Both experiments with “very low IN” show a significant
reduction in the 12-h precipitation amounts. For most days the variability induced by
the aerosol-microphysics perturbations, i.e. the spread of all 6 experiments, is smaller15

than 10 %. Compared to the uncertainty of measurements of area-averaged precipita-
tion, and also compared to the uncertainties in NWP, this aerosol-induced variability is
therefore small or even negligible.

3.2 Buffering

Our analysis confirms the concept of clouds as a buffered system (Stevens and Fein-20

gold, 2009). As we have shown, cloud depth acts as a macroscopic cloud buffer,
i.e. by growing deeper the dynamical feedback counteracts the inefficient microphysics
in high CCN (low IN) conditions. Following the concept of microscopic and macro-
scopic buffers as formulated by Stevens and Feingold (2009), we may also take a
second look at Fig. 3: In this sense the strong response of the cloud and snow wa-25

ter path to changes in CCN (or IN) does not indicate a similar change in precipitation,
but just the opposite. The cloud microstructure (as well as macrostructure) changes
because the area-averaged precipitation rate is imposed by the large-scale forcing,
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and to counteract the slowed-down precipitation processes under high CCN condi-
tions the cloud water path (and cloud depth) increases. The response to changes in
IN is even more complex, because the microphysical sensitivity already depends on
the microstructure on the cloud, i.e. increasing IN can either slow down or enhance
precipitation formation depending on the cloud regime.5

We have seen that aerosol effects on accumulated surface precipitation are small,
and we have explained this by the micro- and macrophysical buffers. Does the near-
surface temperature exhibit a similar robustness? To quantify the indirect aerosol effect
in our simulations Fig. 7 shows the mean diurnal cycle of the 2 m-temperature for the
experiments 1–7. Compared to an average over all synop stations in the evaluation10

domain all simulations show a large warm bias during the night, which is caused by
problems in the representation of the stable nocturnal boundary layer, a common and
well-known problem in the COSMO model which is not relevant for aerosol-cloud ef-
fects. More interesting are the differences in the maximum 2 m-temperature around
noon. Different CCN and IN assumptions result in differences of about 0.5 K when15

averaged over the three summer seasons, i.e. differences on individual days can be
much larger. This suggests that the radiative aerosol indirect effects are more relevant
than effects on precipitation and are not as well buffered as the hydrological response
of the system.

The operational one-moment microphysics scheme leads to an even stronger posi-20

tive bias in maximum 2 m-temperature, and this difference between the two-moment
simulations and the operational one-moment scheme may partly be explained by
the different cloud-radiation coupling, which in case of the two-moment microphysics
makes use of prognostic effective radii of cloud water and cloud ice.

3.3 Regime dependency of susceptibility25

We have already seen that in a long-term average the precipitation amounts are ro-
bust to changes in aerosol assumptions, but are there cloud regimes that show a pre-
ferred susceptibility in either one direction? Following Feingold and Siebert (2009) and
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Sorooshian et al. (2009, 2010) we define the precipitation susceptibility to changes in
aerosol concentration as

S =− d lnR
d lnNCN

(1)

i.e. the relative change in precipitation rate depending on CN number with the minus
sign being a convention to get positive values of S for a reduction of precipitation with
increasing CN number. Here we specify R as 12-h area-averaged precipitation rate. In
marine boundary layer clouds S is positive (i.e. precipitation decreases with increased
aerosol loading) and depends on liquid water path (LWP) with a maximum susceptibility5

for intermediate values of LWP Sorooshian et al. (2009, 2010).
For our simulation of summertime mid-latitude precipitation S scatters around zero

(Fig. 11), corresponding to the overall robustness discussed above. The dependency
on total water path (TWP) reveals only a decrease of |S | for increasing TWP, something
which can be explained by the fact that clouds with high water content are dominated by10

growth by accretion making them less susceptible to aerosol concentrations (Stevens
and Feingold, 2009; Seifert and Stevens, 2010; Seifert and Zängl, 2010). The hydro-
logically more relevant events with R > 1 mm/(12 h) show only a weak sensitivity to
aerosol concentrations with |S | below 0.3 for most events (Fig. 11a). Changing the IN
assumptions from “low IN” to “high IN” results in a decrease of S (Fig. 11b), especially15

for the stronger events with R > 1 mm/(12 h). This, again, shows that for mixed-phase
clouds the sensitivities to CCN and IN cannot easily be separated.

Seifert and Beheng (2006b) and others have postulated that certain regimes of deep
convection, like multicells or supercells, which develop mostly as a function of CAPE
and vertical wind shear, may show a different response to changes in aerosol proper-20

ties. Figure 12 shows S as a function of CAPE. “Low IN” simulations shows mostly pos-
itive values of S for high CAPE (Fig. 12a), but the experiment with “high IN” (Fig. 12b)
shows a more equal partitioning of S. Nevertheless, for the stronger events (red dots)
with R > 1 mm/(12 h) a weak increase of S with CAPE is visible in both plots. The
decrease of the variability of |S | for larger CAPE might be explained by the high TWP25
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in these cloud systems. Even when taking into account vertical wind shear (Fig. 13),
here simply approximated by a wind speed in 5 km height above ground, it seems im-
possible to isolate distinct convective regimes as in Seifert and Beheng (2006b). Thus,
although Fig. 13 is indeed an attempt to reproduce Fig. 12a of Seifert and Beheng
(2006b) it fails to reveal a clear sensitivity to CAPE and wind shear in the COSMO5

data. The difficulties in isolating certain cloud regimes in the current study might to
some extent be attributed to our coarse view of area-averaged 12h-accumulated pre-
cipitation amounts, in contrast to individual convective storms analysed by Seifert and
Beheng (2006b). Maybe a more detailed investigation of some individual events could
lead to a better understanding of the regime dependencies. This will be tackled in10

future studies.

4 Conclusions

We have presented a 3-year climatology of aerosol effects on summertime precipitation
over Germany as simulated by the COSMO model. The simulations make use of the
COSMO-DE model setup which is an operational convective-scale numerical weather15

prediction model. A sophisticated two-moment microphysics scheme is applied to rep-
resent effects of order-in-magnitude aerosol perturbations on the accumulated surface
precipitation. We find that, on average, the possible aerosol effects on 12-h accumu-
lated area-averaged precipitation are small (below 5 % for CCN, and below 10 % for
IN). This robustness of the precipitation confirms the concept of clouds as a buffered20

system as formulated by Stevens and Feingold (2009). Such a robustness has been
found by earlier studies, e.g. Grabowski et al. (1998), and also more recently, e.g., by
van den Heever et al. (2011). The advantage of our present study is in the application
of a more realistic NWP-like model setup and a long time series, while all earlier and
many recent studies use idealized and often two-dimensional model configurations or25

focus on individual case studies.
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Our results and their interpretation show that it might be useful to distinguish three
different cloud buffering feedbacks:

1. In a high CCN environment the decrease in rain formation (autoconversion) can
be compensated by an increase in liquid water content (LWC), i.e. the LWC in-
creases until it yields a similar precipitation efficiency as in the clean CCN case.5

2. Depending on environmental conditions other microphysical pathways take over if
one microphysical process is strongly suppressed, e.g., mixed-phase processes
become dominant when warm rain is suppressed in a polluted CCN regime at
cold temperatures.

3. If the microphysical growth processes are suppressed, then dynamical feedbacks,10

e.g. an invigoration of convective dynamics, can compensate a slowed-down mi-
crophysical precipitation formation, e.g., in polluted CCN case.

Those three types of buffers correspond to (1) the nonlinear character of the micro-
physics, (2) the complexity of the microphysical system with many possible process
pathways, and (3) to the multi-scale coupled dynamics-microphysics nature of the sys-15

tem.
This study also shows that studying the aerosol impact on clouds based on single

case studies or even individual clouds, as it is often done, can yield misleading results,
because the important mesoscale feedbacks are not taken into account when using
small domains and/or short time periods. Therefore the interpretation of such studies20

should be done very carefully, and simulation strategies that allow for such feedbacks
should be preferred over approaches which do not.

The model setup of our study does also have some drawbacks, e.g. lim-
ited domain size and lateral-boundary conditions which are inconsistent with the
aerosol/microphysics assumptions. There is no simple way around those problems of25

multiscale feedbacks, because larger domains become computationally expensive, and
two-way nesting in a coarser model is not an option due to the problem to parameterize
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aerosol effects on deep convection. A possible alternative is the so-called multiscale
modeling framework (MMF) also known as “super-parameterization” (Grabowski and
Smolarkiewicz, 1999; Khairoutdinov and Randall, 2001; Tao et al., 2009; Wang et al.,
2011).

In our simulations we do find a pronounced indirect aerosol effect on near-surface5

temperature with an amplitude of approximately 0.5 K. Currently we see those results
as preliminary, because of the lack of an in-depth validation of the cloud properties
in our simulations. This needs further investigation, especially using a combination
or high-resolution convective-scale modeling, as in the present study, with the use of
remote sensing data to constrain the properties of the simulated cloud fields.10

Possible or even necessary future research includes to repeat such a set of simu-
lations with a regional climate model, i.e. instead of performing individual day-by-day
simulations each summer would be run in one 3-month long simulation. This would
allow for additional long-term feedbacks, but poses additional challenges for the model
physics. Maybe even more important is to extend the model system to a full chemistry-15

aerosol-cloud model (e.g., by using the COSMO-ART framework Vogel et al., 2009).
Only such a complete modeling system would eventually allow a fully quantitative eval-
uation of the aerosol-cloud interaction. From an NWP perspective it would also be
valuable to compare the variability and uncertainty introduced by the (unknown) aerosol
distribution with other sources of uncertainty, e.g., by using the COSMO-DE ensemble20

prediction system (Gebhardt et al., 2010).
Nevertheless, we expect that the main result of this study, the robustness of the area-

averaged precipitation amounts, will prove to be robust. We conclude that the effects
of aerosols on precipitation are highly nonlinear, very complicated, hardly understood,
highly variable and, when averaged over space and time, very small.25

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/20203/2011/
acpd-11-20203-2011-supplement.pdf.
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Table 1. Power law coefficients for the maximum diameter D(x) = axb and the terminal fall
velocity v(x)=αxβ of particles with mass x as well as coefficients of the generalized Gamma
distribution f (x) = Axνexp(−Bxµ) and maximum and minimum values for the mean particle
mass x̄ for the various hydrometeor types as used in the SB two-moment microphysics scheme.
Below cloud base the raindrops follow the size-dependent Gamma shape parameterization of
Seifert (2008).

a b α β ν µ x̄min x̄max

(m kg−b) (m s−1 kg−β) (kg) (kg)

cloud droplets 0.124 1/3 3.75×105 2/3 1 1 4.2×10−15 2.6×10−10

raindrops 0.124 1/3 114.0 0.234 0 1/3 2.6×10−10 3.0×10−6

cloud ice 32.69 0.481 3447.0 0.630 0 1/3 1.0×10−12 1.0×10−6

snowflakes 2.400 0.455 8.800 0.150 1 1/2 1.0×10−10 2.0×10−5

graupel 0.142 0.314 33.00 0.187 1 1/3 1.0×10−9 5.0×10−4

hail 0.134 1/3 39.30 0.167 1 1/3 2.6×10−9 1.0×10−4
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Table 2. Some important parameters and coefficients as used in the current version of the SB
two-moment microphysics scheme. Notations refers to SB, except for hail parameters which
refer to Blahak (2008).

Notation Description Value Unit

α◦ space filling constant 0.1
σi variance of fallspeed for cloud ice 0.0 m s−1

σs variance of fallspeed for snowflakes 0.1 m s−1

D̄c,0 constant in collisions efficiency for cloud droplets 10×10−6 m
D̄c,1 constant in collisions efficiency for cloud droplets 40×10−6 m
D̄g,0 constant in collisions efficiency for graupel 100×10−6 m
D̄h,0 constant in collisions efficiency for hail 100×10−6 m
D̄i,0 constant in collisions efficiency for cloud ice 150×10−6 m
D̄s,0 constant in collisions efficiency for snowflakes 150×10−6 m
Dfrz,ig rain below this diameter freezes to cloud ice, above to graupel 1.00×10−3 m
Dfrz,gh rain below this diameter freezes to graupel, above to hail 1.25×10−3 m
D̄shed,g graupel above this diameter starts shedding 3.0×10−3 m
D̄shed,h hail above this diameter starts shedding 5.0×10−3 m
Ēg,max maximum mean collision efficiency for graupel 1.0
Ēh,max maximum mean collision efficiency for hail 1.0
Ēi,max maximum mean collision efficiency for cloud ice 0.8
Ēs,max maximum mean collision efficiency for snowflakes 0.8
kcc constant in cloud-cloud kernel 9.44×109 m3 kg−2 s−1

kcr constant in cloud-rain kernel 5.78 m3 kg−1 s−1

krr constant in rain-rain kernel 4.33 m3 kg−1 s−1
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Table 3. Experiments performed for this study. The data can be accessed from DWD using the
database IDs given here for individual experiments and years.

No. ID in database microphysics CCN IN

2008 2009 2010 scheme

1 7544 7451 7895 two-moment high low
2 7545 7452 7899 two-moment low low
3 7547 7454 7954 two-moment high high
4 7907 7906 7955 two-moment low high
5 7546 7453 8013 two-moment high very low
6 8056 8055 8026 two-moment low very low
7 7483 7450 7897 one-moment – –
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Table 4. Area-averaged monthly mean accumulated precipitation amounts in mm for the do-
mains denoted in Fig. 1, i.e. Germany, as well as southern, central, northern and full evaluation
domain.

No. CCN IN Germany southern domain central domain northern domain full domain

1 high low 83.9 99.8 77.2 71.7 82.9
2 low low 83.1 97.2 76.9 70.9 81.6
3 high high 86.2 103.0 78.7 73.3 85.0
4 low high 83.3 97.7 76.3 70.5 81.5
5 high very low 79.9 94.9 73.8 68.6 79.1
6 low very low 79.1 92.5 73.2 67.4 77.7
7 one-moment 79.4 91.3 71.2 70.2 77.6
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2 Seifert et al.: Aerosol-cloud-precipitation effects over Germany

During the 1950s and ’60s many aerosol-cloud-
precipitation studies were done in the context of cloud
seeding, i.e. the attempt to deliberately modify the mi-
crostructure of clouds with the aim of precipitation
enhancement or hail suppression, topics which are still very
controversial (Cotton, 1982; Garstang et al., 2005; Levin and
Cotton, 2008; Cotton, 2009). Today, in the broader context
of climate change, the impact of unintentional anthropogenic
changes of the atmospheric aerosol and the microstructure of
clouds and precipitation are probably even more important
(Borys et al., 2003; Rosenfeld and Givati, 2006; Alpert et al.,
2008; Levin and Cotton, 2008; Ayers and Levin, 2009). Also
in some recent suggestions for intentional anthropogenic
climate changes, often called geo-engineering, aerosol-cloud
effects play a major role (Cotton, 2009).

Here we explore aerosol-cloud-precipitation effects using
methods and data from operational numerical weather pre-
diction. This has the advantage that the modeling system we
use is validated on a day-to-day basis, and we simply have to
extend this system with a more sophisticated microphysical
parameterization to be able to represent some important as-
pects of aerosol indirect effects. The disadvantage is that we
ignore the variability and feedbacks of atmospheric chem-
istry and aerosol, i.e. by assuming low or high aerosol (CCN,
IN) load in our experiments we just aim to capture the sensi-
tivity of clouds and precipitation to a large-scale perturbation
of the atmospheric aerosol. This exercise may be seen as an
attempt at bracketing the aerosol effects by estimating an up-
per and lower bound, i.e., we do not strive to represent the
full complexity of all chemistry-aerosol-cloud interactions,
but to give a reasonable estimate for the sensitivity of the
system taking into account the full meteorologically driven
cloud regime variability. To make this feasible this study fo-
cuses on summertime convective conditions in mid-latitudes,
in particular in Germany.

The paper is organized as follows: In section 2 we give
an overview of the modeling systems and setup with details
about the cloud microphysical parameterization used. Sec-
tion 3 presents our results, followed by some conclusions in
section 4. Additional material is provided in an online sup-
plement.

2 Model description

2.1 COSMO-DE

The non-hydrostatic compressible COSMO model1 is a
limited-area numerical weather prediction (NWP) model de-
veloped by Deutscher Wetterdienst (DWD) and the COSMO
consortium (Steppeler et al., 2003). COSMO-DE is an oper-
ational implementation of the COSMO model at DWD as a
convective-scale shortest-range NWP model (Baldauf et al.,
2011). With 421 × 461 grid points the COSMO-DE domain

1The model formerly known as Lokal Modell (LM).

Fig. 1. COSMO-DE model domain, with insertions of coverage of
the German radar composite (grey), and the three evaluation sub-
domains with the model orography.

(Fig. 1) covers about 1200 x 1300 km2 of central Europe
including Germany, Switzerland, Austria, the Netherlands,
Belgium, some parts of the neighboring countries and most
of the Alps. It uses 50 model layers with a stretched verti-
cal grid. The lowest layer is placed in 10 m above ground,
and the model top is located at 22 km above mean sea level.
The data assimilation system of COSMO-DE uses a nudging
approach which includes the assimilation of high-resolution
radar data by means of latent heat nudging (Stephan et al.,
2008). Boundary conditions for COSMO-DE are provided
by a 7 km grid-spacing COSMO model, called COSMO-EU,
which itself is nested into a global model, the GME (Majew-
ski et al., 2002). The COSMO-DE model configuration is
based on an efficient Runge-Kutta solver following Wicker
and Skamarock (2002), but with a vertically implicit solver
which allows a time step of ∆t = 25 s. The one-moment
cloud microphysics scheme used operationally predicts the
mixing ratios of cloud water, rain water, cloud ice, snow and
graupel and is combined with a simple mass-flux parameter-
ization of non-precipitating shallow convection based on the
Tiedtke (1983) scheme. No parameterization of precipitating
deep convection is used, i.e. all precipitation processes are
explicitly represented by the bulk microphysics scheme. For

Fig. 1. COSMO-DE model domain, with insertions of coverage of the German radar composite
(grey), and the three evaluation sub-domains with the model orography.
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Seifert et al.: Aerosol-cloud-precipitation effects over Germany 3

more details we refer to Baldauf et al. (2011).

2.2 Two-moment microphysics

In this study we use the two-moment mixed-phase bulk mi-
crophysical parameterization of Seifert and Beheng (Seifert
and Beheng, 2006a, SB hereafter) which predicts both the
number densities and mass mixing rations of the various
hydrometeor types. This scheme has been especially de-
signed to be able to represent aerosol effects on the micro-
physics of mixed-phase clouds. It has been successfully
validated against a comprehensive spectral bin microphysics
cloud model (Seifert et al., 2006). As most other advanced
microphysics schemes, the SB scheme can simulate a strong
response of cloud microphysics and precipitation to changes
in the ambient aerosol for individual clouds (Seifert and Be-
heng, 2006b; Seifert et al., 2006). Hydrometeor size distribu-
tions are described by generalized Gamma distributions (pa-
rameters are given in Table 1). The raindrop size distribution
is a Gamma distribution with a shape parameter depending
on mean diameter (Seifert, 2005, 2008), and all warm rain
processes as, e.g., autoconversion, accretion, etc., are param-
eterized as in Seifert (2008) based on Seifert and Beheng
(2001).

The SB scheme has recently been extended to include a
separate hail class considering wet growth processes and a
spectral partitioning of freezing raindrops (Blahak, 2008).
This hail-version of the SB scheme, which predicts the water
mixing ratios qx and number densities nx of cloud droplets,
rain, cloud ice, snow, graupel, and hail (x ∈ {c,r,i,s,g,h})
has successfully been applied to the simulation of a hail
storm by Noppel et al. (2010). Important parameters of the
SB scheme and the chosen values are summarized in Tables
1 and 2.

In the COSMO model the SB scheme is consistently cou-
pled with the radiation scheme, i.e. effective radii of ice par-
ticles and cloud droplets are calculated in the microphysics
scheme and passed to the radiation scheme. Optical prop-
erties are taken from Edwards et al. (2007) for ice particles
and Hu and Stamnes (1993) for water clouds (Zubler et al.,
2011).

2.3 Aerosol assumptions and nucleation parameteriza-
tions

In mixed-phase clouds aerosol particles can act as cloud con-
densation nuclei (CCN) or they may become ice nuclei (IN).

Activation of CCN from aerosol particles is computed us-
ing pre-calculated activation ratios stored in a look-up table
(Segal and Khain, 2006). The activation ratios depend on
the vertical velocity at cloud base and the properties of the
aerosol (Noppel et al., 2010). All condensation nuclei (CN)
are assumed to be soluble and follow a bi-modal size dis-
tribution. To calculate the look-up tables the number density
NCN , mean radius of the larger aerosol mode r2, and the log-

Fig. 2. Number density of activated ice nuclei (IN) as a function
of supercooling in K. Shown are the relations for the Phillips et al.
(2008) parameterization with three different aerosol assumptions,
and the Meyers et al. (1992) parameterization.

arithm of its standard deviation log(σ) have to be prescribed.
To be able to adjust the number of nucleated droplets to parti-
cles that possess different soluble fractions an additional sim-
ple correction factor ε varying between 0 and 1 is used. We
assume that the number of CN is constant up to 2 km and
decreasing exponentially above.

In order to elucidate the effect of different aerosol and
CCN concentrations, respectively, on precipitation we have
performed simulations with low CCN (NCN = 100 cm−3,
log(σ) = 0.4, r2 = 0.03 µm, ε = 0.9) and high CCN assump-
tions (NCN = 3200 cm−3, log(σ) = 0.2, r2 = 0.03 µm, ε =
0.7, cf. Table 1 of Noppel et al., 2010).

Heterogeneous ice nucleation of aerosol particles to IN is
parameterized following Phillips et al. (2008, PDA08 here-
after) and the parameters given there serve as our standard
configuration called ’low IN’. Further experiments with an
increase (decrease) of IN by one order in magnitude are
performed as ’high IN’ (’very low IN’) sensitivity studies.
The dependency of the number of activated IN by immer-
sion freezing on temperature is shown in Fig. 2. For the
present study, the details of the ice nucleation scheme are
in fact rather unimportant, i.e. it does not make any dif-
ference whether the IN are due to soot, dust or organics.
Nevertheless, we have used the PDA08 scheme, because it
compares well with recent observations (Eidhammer et al.,
2009, 2010), and would allow a coupling with a prognostic
aerosol model in the future. Deposition nucleation is taken
into account in PDA08, but does not seem to play a ma-
jor role in our simulations. Contact nucleation is neglected.
The immersion freezing of raindrops is parameterized by
a volume-dependent empirical relation (see Seifert and Be-
heng, 2006a). The coefficients of this parameterization are

Fig. 2. Number density of activated ice nuclei (IN) as a function of supercooling in K. Shown
are the relations for the Phillips et al. (2008) parameterization with three different aerosol as-
sumptions, and the Meyers et al. (1992) parameterization.
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6 Seifert et al.: Aerosol-cloud-precipitation effects over Germany

a) CCN sensitivity at low IN b) IN sensitivity at high CCN

Fig. 3. Time series of integrated water path in kg m−2, averaged over the evaluation domain and over all simulations of each experiment,
comparing the CCN experiments at low IN (left), and IN perturbation experiments at high CCN (right). Abbreviations are TQC: cloud liquid
water, TQI: cloud ice, TQR: rain, TQS: snow, TQG: graupel and hail.

Table 4. Area-averaged monthly mean accumulated precipitation amounts in mm for the domains denoted in Fig. 1, i.e. Germany, as well
as southern, central, northern and full evaluation domain.

No. CCN IN Germany southern domain central domain northern domain full domain

1 high low 83.9 99.8 77.2 71.7 82.9
2 low low 83.1 97.2 76.9 70.9 81.6
3 high high 86.2 103.0 78.7 73.3 85.0
4 low high 83.3 97.7 76.3 70.5 81.5
5 high very low 79.9 94.9 73.8 68.6 79.1
6 low very low 79.1 92.5 73.2 67.4 77.7
7 one-moment 79.4 91.3 71.2 70.2 77.6

lations. IN sensitivities, on the other hand, do not correlate
much with the orography (Fig. 6c,d). Mixed-phase precip-
itation formation, especially during summertime, seems to
be too slow, and is maybe too complex, to respond immedi-
ately to mesoscale orographic obstacles. Increasing the num-
ber of IN leads, on average, to an increase in precipitation
amounts, especially for the ’high CCN’ assumptions (Fig. 6c,
Table 4). The experiments with different CCN assumptions
(Figs. 6a,b) show that ’low CCN’ leads to more rain in the
western part, while ’high CCN’ increases precipitation in the
eastern part. In a dominantly westerly flow this suggests that,
in a low CCN environment, moist air masses rain out faster,
and less moisture is transported eastwards over continental
Europe, although some part of this effect might be an un-
physical response to the lateral boundary conditions (cf. dis-
cussion in online suppl.). Before we go into the further de-

tails of the IN- and CCN-sensitivities, we extend the analysis
to the mean diurnal cycle of hourly precipitation rate as given
in Fig. 7.

During summer, daytime development of deep convection
leads to a strong diurnal cycle in precipitation rate. The max-
imum is around 16 UTC when averaged over the full evalu-
ation domain (Fig. 7a), and close to 18 UTC in the southern
subdomain (Fig. 7b). The model is able to reproduce the di-
urnal cycle reasonably well as shown by the comparison to
precipitation rates derived from radar data, and even the diur-
nal cycle on day two of the simulations is well captured. The
model shows some spin-down, i.e. during the first 6 hours of
the simulation the precipitation rate is overestimated. This
is to some extent due to the inconsistency of the initial con-
dition: the operational COSMO-DE analysis uses the one-
moment microphysics scheme which yields higher hydrom-

Fig. 3. Time series of integrated water path in kg m−2, averaged over the evaluation domain
and over all simulations of each experiment, comparing the CCN experiments at low IN (left),
and IN perturbation experiments at high CCN (right). Abbreviations are TQC: cloud liquid water,
TQI: cloud ice, TQR: rain, TQS: snow, TQG: graupel and hail.
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Seifert et al.: Aerosol-cloud-precipitation effects over Germany 7

a) high CCN, high IN b) high CCN, low IN c) high CCN, very low IN

d) low CCN, high IN e) low CCN, low IN f) low CCN, very low IN

Fig. 4. Probability density function of ice fraction in mixed-phase clouds in % as a function of temperature. Shown are the six experiments
with different CCN and IN assumptions. Data is from the full evaluation domain using 00 and 12 UTC simulations sampled every 3 hours
from 6-15 h simulation time. Grey areas indicate insufficient number of mixed-phase grid points to calculate a probability density function.

eteor mixing ratios, especially for snow. Some part of the
spin-down can also be attributed to the latent heat nudging
being too active during the night. This spin-down might af-
fect the simulations and the CCN/IN sensitivities, but since
the ’day 2’ shows similar behavior to ’day 1’ we argue that
those effect are small. The diurnal cycle analysis confirms
the findings from the monthly mean accumulations, i.e. the
effect of the CCN/IN assumptions is small and complex. For
the ’low IN’ experiments with high and low CCN assump-
tions the mean diurnal cycles are very similar (the blue dot-
ted and dashed lines fall onto each other in large parts). The
same applies to the ’very low IN’ experiments (green lines),
although they show a reduction of precipitation compared to
the ’low IN’ experiments. For the ’high IN’ regime there is
a significant difference between low and high CCN assump-
tion with the high CCN case showing a stronger diurnal cy-

cle (red lines). This difference in CCN sensitivity at different
levels of IN concentrations is also revealed by Table 4 for
the monthly mean precipitation accumulation. The high IN
regime shows a stronger sensitivity to CCN (Exps. 3 vs 4)
than the simulations with ’low’ or ’very low’ IN assumptions
(1 vs 2, or 5 vs 6).

The difference in the response to CCN changes at differ-
ent levels of IN concentrations may be explained as follows.
For clouds with high CCN an increase in IN can lead to a
small but significant increase in surface precipitation, mostly
because more condensate becomes available for collection
processes, and, due to the more efficient glaciation with in-
creasing IN (cf. Fig. 4), more latent heat is released which
invigorates the dynamics (see Fig. 8 and next paragraph).
For clouds in a low CCN atmosphere, on the other hand, an
increase in IN can lead to a decrease in surface precipita-

Fig. 4. Probability density function of ice fraction in mixed-phase clouds in % as a function of
temperature. Shown are the six experiments with different CCN and IN assumptions. Data is
from the full evaluation domain using 00:00 and 12:00 UTC simulations sampled every 3 h from
6–15 h simulation time. Grey areas indicate insufficient number of mixed-phase grid points to
calculate a probability density function.
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8 Seifert et al.: Aerosol-cloud-precipitation effects over Germany

a) Experiment 1: high CCN, low IN b) Experiment 2: low CCN, low IN

c) Experiment 3: high CCN, high IN d) Experiment 4: low CCN, high IN

Fig. 5. Monthly mean precipitation amount of JJA 2008-2010 for experiments 1-4 combined from 06-18 h hindcasts initialized at 00 and 12
UTC.Fig. 5. Monthly mean precipitation amount of JJA 2008–2010 for experiments 1–4 combined

from 6–18 h hindcasts initialized at 00:00 and 12:00 UTC.
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Seifert et al.: Aerosol-cloud-precipitation effects over Germany 9

a) Sensitivity to CCN (low-high) at low IN (Exp. 2 - Exp. 1) b) Sensitivity to CCN (low-high) at high IN (Exp. 4 - Exp. 3)

c) Sensitivity to IN (high-low) at high CCN (Exp. 3 - Exp. 1) d) Sensitivity to IN (high-low) at low CCN (Exp. 4 - Exp. 2)

Fig. 6. Relative difference in % of the monthly mean accumulated precipitation of JJA 2008-2010 comparing different experiments.Fig. 6. Relative difference in % of the monthly mean accumulated precipitation of JJA 2008–
2010 comparing different experiments.
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10 Seifert et al.: Aerosol-cloud-precipitation effects over Germany

a) full evaluation domain b) southern evaluation subdomain

Fig. 7. Time series of hourly rain rate averaged over the (a) the full evaluation domain, and (b) the southern evaluation domain. Shown are
the radar data, the six two-moment microphysics experiments, and the simulation using the operational one-moment scheme (all simulations
initialized at 00 UTC).

tion (Teller and Levin, 2006). This behavior of the low CCN
clouds can be explained by the fact that some part of the con-
densate rains out early by warm rain processes, leaving less
condensate behind for the mixed-phase precipitation forma-
tion. Thus the mixed-phase region of the low CCN clouds
is more likely to be dominated by microphysical bottlenecks,
i.e. having small ice crystals which form precipitation more
slowly. Adding IN to such a cloud can lead to a reduction
of the precipitation efficiency. The opposite is true in a high
CCN environment where mixed-phase processes are the only
efficient rain formation mechanism. The balance between
those feedbacks may differ from cloud to cloud, but, for ex-
ample, in the evening hours (19-22 h simulation time) all ex-
periments with ’high CCN’ show higher precipitation rates
than their corresponding ’low CCN’ counterparts. A tempo-
ral shift in the diurnal cycle is most significant in case of the
IN sensitivity, with lower IN numbers leading to a delay in
precipitation (this is most pronounced for the southern eval-
uation domain, Fig. 7b).

Further evidence for the invigoration of convective clouds
in a high CCN environment is provided by an analysis of the
convective cloud core depth (Fig. 8). Here the convective
cloud core depth is defined as the height between cloud base
and cloud top (given by a threshold of qc +qi = 10−3 g/kg)
of cloud cores with an maximum updraft velocity wmax > 1
m/s in the column and qc + qi > 0.5 g/kg at the location of
the maximum updraft velocity. This shows that convection
cores do indeed grow deeper in the ’high CCN’ environment
compared to ’low CCN’. The cloud cores also become deeper
when fewer IN are available for the glaciation of the cloud.

Fig. 8. Time series of convective cloud core depth averaged over
the full evaluation domain for the different model experiments.

So far we have, for clarity and simplicity, only analyzed
the (simulated) climatological mean summertime precipita-
tion, either as monthly mean or as mean diurnal cycle. To
extend the analysis to the variability of 12-h accumulated
precipitation Fig. 9 provides a box-whisker plot of the statis-
tics of area-averaged precipitation amounts. This shows, on
one hand, that CCN or IN perturbations can induce a sig-
nificant variability even on the meso-β-scale (as represented

Fig. 7. Time series of 2 m-temperature averaged over the full evaluation domain. Shown are
synop measurements, the six two-moment microphysics experiments, and the simulation using
the operational one-moment scheme.
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10 Seifert et al.: Aerosol-cloud-precipitation effects over Germany

a) full evaluation domain b) southern evaluation subdomain

Fig. 7. Time series of hourly rain rate averaged over the (a) the full evaluation domain, and (b) the southern evaluation domain. Shown are
the radar data, the six two-moment microphysics experiments, and the simulation using the operational one-moment scheme (all simulations
initialized at 00 UTC).

tion (Teller and Levin, 2006). This behavior of the low CCN
clouds can be explained by the fact that some part of the con-
densate rains out early by warm rain processes, leaving less
condensate behind for the mixed-phase precipitation forma-
tion. Thus the mixed-phase region of the low CCN clouds
is more likely to be dominated by microphysical bottlenecks,
i.e. having small ice crystals which form precipitation more
slowly. Adding IN to such a cloud can lead to a reduction
of the precipitation efficiency. The opposite is true in a high
CCN environment where mixed-phase processes are the only
efficient rain formation mechanism. The balance between
those feedbacks may differ from cloud to cloud, but, for ex-
ample, in the evening hours (19-22 h simulation time) all ex-
periments with ’high CCN’ show higher precipitation rates
than their corresponding ’low CCN’ counterparts. A tempo-
ral shift in the diurnal cycle is most significant in case of the
IN sensitivity, with lower IN numbers leading to a delay in
precipitation (this is most pronounced for the southern eval-
uation domain, Fig. 7b).

Further evidence for the invigoration of convective clouds
in a high CCN environment is provided by an analysis of the
convective cloud core depth (Fig. 8). Here the convective
cloud core depth is defined as the height between cloud base
and cloud top (given by a threshold of qc +qi = 10−3 g/kg)
of cloud cores with an maximum updraft velocity wmax > 1
m/s in the column and qc + qi > 0.5 g/kg at the location of
the maximum updraft velocity. This shows that convection
cores do indeed grow deeper in the ’high CCN’ environment
compared to ’low CCN’. The cloud cores also become deeper
when fewer IN are available for the glaciation of the cloud.

Fig. 8. Time series of convective cloud core depth averaged over
the full evaluation domain for the different model experiments.

So far we have, for clarity and simplicity, only analyzed
the (simulated) climatological mean summertime precipita-
tion, either as monthly mean or as mean diurnal cycle. To
extend the analysis to the variability of 12-h accumulated
precipitation Fig. 9 provides a box-whisker plot of the statis-
tics of area-averaged precipitation amounts. This shows, on
one hand, that CCN or IN perturbations can induce a sig-
nificant variability even on the meso-β-scale (as represented

Fig. 8. Time series of convective cloud core depth averaged over the full evaluation domain for
the different model experiments.
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Seifert et al.: Aerosol-cloud-precipitation effects over Germany 11

Fig. 9. Box-whisker plot of relative change of 12-h accumulated
area-averaged precipitation of JJA 2008-2010. Shown are anoma-
lies relative to the mean of Exps. 1-6. The precipitation data has
been averaged over either one of the three subdomains. The bottom
and top of the boxes are the lower and upper quartiles, the line near
the middle of the boxes is the median, whiskers are the 5th and 95th
percentiles and the stars represent the mean value.

by the evaluation sub-domains), i.e. depending on the me-
teorological situation aerosol variations may lead to an in-
crease or decrease of up to 20% in the 12-h accumulated
surface precipitation. On the other hand, some of the vari-
ability might be caused by relatively small spatial shifts of
precipitation systems into and out of the evaluation subdo-
mains. The mean and median of the differences are small,
most relevant is maybe the increase in precipitation between
Exp. 3 (low CCN, high IN) and Exp. 4 (high CCN, high IN),
which is much larger than the difference between Exps. 1
and 2. Both experiments with ’very low IN’ show a signif-
icant reduction in the 12-h precipitation amounts. For most
days the variability induced by the aerosol-microphysics per-
turbations, i.e. the spread of all 6 experiments, is smaller
than 10 %. Compared to the uncertainty of measurements of
area-averaged precipitation, and also compared to the uncer-
tainties in NWP, this aerosol-induced variability is therefore
small or even negligible.

3.2 Buffering

Our analysis confirms the concept of clouds as a buffered
system (Stevens and Feingold, 2009). As we have shown,
cloud depth acts as a macroscopic cloud buffer, i.e. by grow-
ing deeper the dynamical feedback counteracts the inefficient
microphysics in high CCN (low IN) conditions. Following
the concept of microscopic and macroscopic buffers as for-

Fig. 10. Time series of 2m-temperature averaged over the full evalu-
ation domain. Shown are synop measurements, the six two-moment
microphysics experiments, and the simulation using the operational
one-moment scheme.

mulated by Stevens and Feingold (2009), we may also take a
second look at Fig. 3: In this sense the strong response of the
cloud and snow water path to changes in CCN (or IN) does
not indicate a similar change in precipitation, but just the
opposite. The cloud microstructure (as well as macrostruc-
ture) changes because the area-averaged precipitation rate is
imposed by the large-scale forcing, and to counteract the
slowed-down precipitation processes under high CCN con-
ditions the cloud water path (and cloud depth) increases. The
response to changes in IN is even more complex, because the
microphysical sensitivity already depends on the microstruc-
ture on the cloud, i.e. increasing IN can either slow down
or enhance precipitation formation depending on the cloud
regime.

We have seen that aerosol effects on accumulated surface
precipitation are small, and we have explained this by the
micro- and macrophysical buffers. Does the near-surface
temperature exhibit a similar robustness? To quantify the
indirect aerosol effect in our simulations Fig. 10 shows the
mean diurnal cycle of the 2m-temperature for the experi-
ments 1-7. Compared to an average over all synop stations in
the evaluation domain all simulations show a large warm bias
during the night, which is caused by problems in the repre-
sentation of the stable nocturnal boundary layer, a common
and well-known problem in the COSMO model which is not
relevant for aerosol-cloud effects. More interesting are the
differences in the maximum 2m-temperature around noon.
Different CCN and IN assumptions result in differences of
about 0.5 K when averaged over the three summer seasons,
i.e. differences on individual days can be much larger. This
suggests that the radiative aerosol indirect effects are more

Fig. 9. Box-whisker plot of relative change of 12-h accumulated area-averaged precipitation
of JJA 2008–2010. Shown are anomalies relative to the mean of Exps. 1–6. The precipitation
data has been averaged over either one of the three subdomains. The bottom and top of the
boxes are the lower and upper quartiles, the line near the middle of the boxes is the median,
whiskers are the 5th and 95th percentiles and the stars represent the mean value.
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Fig. 9. Box-whisker plot of relative change of 12-h accumulated
area-averaged precipitation of JJA 2008-2010. Shown are anoma-
lies relative to the mean of Exps. 1-6. The precipitation data has
been averaged over either one of the three subdomains. The bottom
and top of the boxes are the lower and upper quartiles, the line near
the middle of the boxes is the median, whiskers are the 5th and 95th
percentiles and the stars represent the mean value.

by the evaluation sub-domains), i.e. depending on the me-
teorological situation aerosol variations may lead to an in-
crease or decrease of up to 20% in the 12-h accumulated
surface precipitation. On the other hand, some of the vari-
ability might be caused by relatively small spatial shifts of
precipitation systems into and out of the evaluation subdo-
mains. The mean and median of the differences are small,
most relevant is maybe the increase in precipitation between
Exp. 3 (low CCN, high IN) and Exp. 4 (high CCN, high IN),
which is much larger than the difference between Exps. 1
and 2. Both experiments with ’very low IN’ show a signif-
icant reduction in the 12-h precipitation amounts. For most
days the variability induced by the aerosol-microphysics per-
turbations, i.e. the spread of all 6 experiments, is smaller
than 10 %. Compared to the uncertainty of measurements of
area-averaged precipitation, and also compared to the uncer-
tainties in NWP, this aerosol-induced variability is therefore
small or even negligible.

3.2 Buffering

Our analysis confirms the concept of clouds as a buffered
system (Stevens and Feingold, 2009). As we have shown,
cloud depth acts as a macroscopic cloud buffer, i.e. by grow-
ing deeper the dynamical feedback counteracts the inefficient
microphysics in high CCN (low IN) conditions. Following
the concept of microscopic and macroscopic buffers as for-

Fig. 10. Time series of 2m-temperature averaged over the full evalu-
ation domain. Shown are synop measurements, the six two-moment
microphysics experiments, and the simulation using the operational
one-moment scheme.

mulated by Stevens and Feingold (2009), we may also take a
second look at Fig. 3: In this sense the strong response of the
cloud and snow water path to changes in CCN (or IN) does
not indicate a similar change in precipitation, but just the
opposite. The cloud microstructure (as well as macrostruc-
ture) changes because the area-averaged precipitation rate is
imposed by the large-scale forcing, and to counteract the
slowed-down precipitation processes under high CCN con-
ditions the cloud water path (and cloud depth) increases. The
response to changes in IN is even more complex, because the
microphysical sensitivity already depends on the microstruc-
ture on the cloud, i.e. increasing IN can either slow down
or enhance precipitation formation depending on the cloud
regime.

We have seen that aerosol effects on accumulated surface
precipitation are small, and we have explained this by the
micro- and macrophysical buffers. Does the near-surface
temperature exhibit a similar robustness? To quantify the
indirect aerosol effect in our simulations Fig. 10 shows the
mean diurnal cycle of the 2m-temperature for the experi-
ments 1-7. Compared to an average over all synop stations in
the evaluation domain all simulations show a large warm bias
during the night, which is caused by problems in the repre-
sentation of the stable nocturnal boundary layer, a common
and well-known problem in the COSMO model which is not
relevant for aerosol-cloud effects. More interesting are the
differences in the maximum 2m-temperature around noon.
Different CCN and IN assumptions result in differences of
about 0.5 K when averaged over the three summer seasons,
i.e. differences on individual days can be much larger. This
suggests that the radiative aerosol indirect effects are more

Fig. 10. Time series of hourly rain rate averaged over the (a) the full evaluation domain, and
(b) the southern evaluation domain. Shown are the radar data, the six two-moment micro-
physics experiments, and the simulation using the operational one-moment scheme (all simu-
lations initialized at 00:00 UTC).
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a) Simulation assuming ’low IN’ b) Simulation assuming ’high IN’

Fig. 11. Precipitation susceptibility to changes in CCN number for 12-h area-averaged precipitation rate as a function of the total condensed
water column (red markers indicate a precipitation amount exceeding 1 mm, blue markers precipitation exceeding 0.1 mm).

a) Simulation assuming ’low IN’ b) Simulation assuming ’high IN’

Fig. 12. As Fig. 11 showing the precipitation susceptibility to changes in CCN number for a 12-h area-averaged precipitation rate as a
function of mean CAPE (averaged data of all three subdomains, red markers indicate a precipitation amount exceeding 1 mm, blue markers
precipitation exceeding 0.1 mm).

Fig. 11. Precipitation susceptibility to changes in CCN number for 12-h area-averaged precipi-
tation rate as a function of the total condensed water column (red markers indicate a precipita-
tion amount exceeding 1 mm, blue markers precipitation exceeding 0.1 mm).
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a) Simulation assuming ’low IN’ b) Simulation assuming ’high IN’

Fig. 11. Precipitation susceptibility to changes in CCN number for 12-h area-averaged precipitation rate as a function of the total condensed
water column (red markers indicate a precipitation amount exceeding 1 mm, blue markers precipitation exceeding 0.1 mm).

a) Simulation assuming ’low IN’ b) Simulation assuming ’high IN’

Fig. 12. As Fig. 11 showing the precipitation susceptibility to changes in CCN number for a 12-h area-averaged precipitation rate as a
function of mean CAPE (averaged data of all three subdomains, red markers indicate a precipitation amount exceeding 1 mm, blue markers
precipitation exceeding 0.1 mm).

Fig. 12. As Fig. 11 showing the precipitation susceptibility to changes in CCN number for
a 12-h area-averaged precipitation rate as a function of mean CAPE (averaged data of all
three subdomains, red markers indicate a precipitation amount exceeding 1 mm, blue markers
precipitation exceeding 0.1 mm).
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a) Simulation assuming ’low IN’ b) Simulation assuming ’high IN’

Fig. 13. Precipitation susceptibility to changes in CCN number for a 12-h area-averaged precipitation rate as a function of mean CAPE
and mean wind speed in 5 km height (averaged data over evaluation domain, blue markers indicate a positive susceptibility, red markers a
negative susceptibility, grey markers low susceptibility).

3. If the microphysical growth processes are suppressed,
then dynamical feedbacks, e.g. an invigoration of con-
vective dynamics, can compensate a slowed-down mi-
crophysical precipitation formation, e.g., in polluted
CCN case.

Those three types of buffers correspond to (1) the nonlin-
ear character of the microphysics, (2) the complexity of the
microphysical system with many possible process pathways,
and (3) to the multi-scale coupled dynamics-microphysics
nature of the system.

This study also shows that studying the aerosol impact on
clouds based on single case studies or even individual clouds,
as it is often done, can yield misleading results, because the
important mesoscale feedbacks are not taken into account
when using small domains and/or short time periods. There-
fore the interpretation of such studies should be done very
carefully, and simulation strategies that allow for such feed-
backs should be preferred over approaches which do not.

The model setup of our study does also have some draw-
backs, e.g. limited domain size and lateral-boundary condi-
tions which are inconsistent with the aerosol/microphysics
assumptions. There is no simple way around those prob-
lems of multiscale feedbacks, because larger domains be-
come computationally expensive, and two-way nesting in a
coarser model is not an option due to the problem to pa-
rameterize aerosol effects on deep convection. A possible
alternative is the so-called multiscale modeling framework
(MMF) also known as ’super-parameterization’ (Grabowski
and Smolarkiewicz, 1999; Khairoutdinov and Randall, 2001;
Tao et al., 2009; Wang et al., 2011).

In our simulations we do find a pronounced indirect
aerosol effect on near-surface temperature with an amplitude

of approximately 0.5 K. Currently we see those results as pre-
liminary, because of the lack of an in-depth validation of the
cloud properties in our simulations. This needs further inves-
tigation, especially using a combination or high-resolution
convective-scale modeling, as in the present study, with the
use of remote sensing data to constrain the properties of the
simulated cloud fields.

Possible or even necessary future research includes to re-
peat such a set of simulations with a regional climate model,
i.e. instead of performing individual day-by-day simulations
each summer would be run in one 3-month long simulation.
This would allow for additional long-term feedbacks, but
poses additional challenges for the model physics. Maybe
even more important is to extend the model system to a full
chemistry-aerosol-cloud model (e.g., by using the COSMO-
ART framework Vogel et al., 2009). Only such a complete
modeling system would eventually allow a fully quantitative
evaluation of the aerosol-cloud interaction. From an NWP
perspective it would also be valuable to compare the variabil-
ity and uncertainty introduced by the (unknown) aerosol dis-
tribution with other sources of uncertainty, e.g., by using the
COSMO-DE ensemble prediction system (Gebhardt et al.,
2010).

Nevertheless, we expect that the main result of this study,
the robustness of the area-averaged precipitation amounts,
will prove to be robust. We conclude that the effects of
aerosols on precipitation are highly nonlinear, very compli-
cated, hardly understood, highly variable and, when averaged
over space and time, very small.
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Fig. 13. Precipitation susceptibility to changes in CCN number for a 12-h area-averaged pre-
cipitation rate as a function of mean CAPE and mean wind speed in 5 km height (averaged data
over evaluation domain, blue markers indicate a positive susceptibility, red markers a negative
susceptibility, grey markers low susceptibility).

20243

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/20203/2011/acpd-11-20203-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/20203/2011/acpd-11-20203-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

