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ABSTRACT

We carried out simulations with predefined and simulated aerosol distributions in order to investigate the

improvement in the forecasting capabilities of an operational weather forecast model by the use of an improved

aerosol representation. This study focuses on convective cumulus clouds developing after the passage of a

cold front on 25 April 2008 over Germany. The northerly flow after the cold front leads to increased sea salt

aerosol concentrations compared to prefrontal conditions. High aerosol number concentrations are simulated

in the interactive scenario representing typically polluted conditions. Nevertheless, due to the presence of sea

salt particles, effective radii of cloud droplets reach values typical of pristine clouds (between 7 mm and 13 mm)

at the same time. Compared to the predefined continental and maritime aerosol scenarios, the simulated

aerosol distribution leads to a significant change in cloud properties such as cloud droplet radii and number

concentrations. Averaged over the domain covered by the convective cumuli clouds, we found a systematic

decrease in precipitation with increasing aerosol number concentrations. Differences in cloud cover, short wave

radiation and cloud top heights are buffered by systematic differences in precipitation and the related diabatic

effects. Comparisons with measured precipitation show good agreement for the interactive aerosol scenario as

well as for the extreme maritime aerosol scenario.
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1. Introduction

The impact of aerosol on precipitation is still one of the least

understood processes in atmospheric science (Rosenfeld

et al., 2008; Levin and Cotton, 2009; IPCC, 2013). Cloud-

resolving modelling studies show that aerosol can have

significant impacts on dynamics, microphysics and precipi-

tation of convective clouds (Seifert and Beheng, 2006b; van

den Heever and Cotton, 2007; Flossmann and Wobrock,

2010). Key components to accurately describe convective

clouds are the size distribution of aerosol (Ekman et al.,

2004), the complexity of the aerosol model and the cloud

microphysics model (Ekman et al., 2011; Saleeby and van

den Heever, 2013).

Numerical studies of single clouds and cloud systems

have shown that a change in atmospheric aerosol concen-

tration or properties can cause changes in the precipitation

rate and total precipitation amount. However, sign and mag-

nitude of the precipitation change strongly vary between

the individual studies depending on the cloud type, atmo-

spheric conditions and simulation setup as highlighted

by Khain et al. (2008). A summary of the current under-

standing of the impact of aerosol on the precipitation of

convective clouds is given by Tao et al. (2012).

Regional scale atmospheric models are able to capture

the multitude of cloud types and their interaction as well as

multiple atmospheric conditions over time intervals of days

to years. The outcome of recent studies is that, averaged

over periods of a few days and domains of hundreds of kilo-

metres, the net change in precipitation caused by aerosol

variations is very small (Bangert et al., 2011; Morrison and

Grabowski, 2011; van den Heever et al., 2011; Seifert et al.,

2012).

Though the effect of aerosol on the amount of precipita-

tion is found to be weak in regional studies, larger impacts

on cloud properties and spatial patterns of precipitation

can be found depending on cloud type and atmospheric
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conditions. For the cold season in the eastern Mediterra-

nean aerosol is found to delay precipitation (Noppel et al.,

2010). For warm-frontal clouds it was shown that different

contributions of vapour deposition and riming depending

on cloud condensation nuclei (CCN) number concentration

lead to comparable rain production (Igel et al., 2013). For

stratocumulus clouds, pollution tends to produce more

but smaller cloud droplets which results in greater cloud

albedo, drizzle suppression and affects also entrainment

(Wood, 2012).

Studies concerning cumulus clouds however show a sys-

tematic decrease in precipitation in a polluted environment.

However, aerosol impact on cloud lifetime is compensated

by enhanced evaporation (Jiang et al., 2006, 2009; Xue

et al., 2008).

The dependence of the aerosol effect on cloud type and

atmospheric conditions can be explained by feedback pro-

cesses on different scales, which buffer the impact of the

aerosol on large-scale total precipitation (Stevens and

Feingold, 2009). Therefore, numerical studies have to focus

on populations of multiple clouds developing under specific

environmental conditions using models that capture the

feedback processes from the micro- to the meso-scale to

obtain a robust quantification of the impact of aerosol

changes on clouds and precipitation.

Because of the non-linearity of atmospheric processes and

the consequent unpredictable growth of small perturba-

tions, uncertainties in the simulation results emerge with

vertical velocity and cloud water content being affected the

most (Wang et al., 2012). As a consequence, quantifying

the impact of aerosols on clouds and precipitation is

challenging and has to be analysed in context with emerg-

ing uncertainties in the simulation results. Morrison (2012)

addressed this problem using a cloud system resolving simu-

lation of an idealised supercell storm showing that the

simulated impact of aerosol on single convective clouds

can be strongly affected by the non-linear growth of small

perturbations. Therefore, they concluded that in order to

quantify the impact of aerosol on clouds and precipitation

it is crucial to use simulation domains large enough to

encompass a population of clouds over their whole lifetime.

A similar conclusion has also been pointed out by van den

Heever et al. (2011) and Stevens and Feingold (2009).

In this study, we want to investigate the improvement

in the forecasting capabilities of an operational weather

forecast model by the use of an improved aerosol represen-

tation. We focus on a population of post-frontal cumulus

clouds developing after the passage of a cold front over

Germany in April 2008. The individual clouds develop

under relatively homogeneous conditions in terms of strati-

fication, large-scale forcing and surface conditions and are

therefore an ideal case to quantify the impact of aerosols on

clouds and precipitation taking the discussed requirements

into account. Those post-frontal cumulus clouds develop

frequently after the passage of a cold front in south-easterly

direction over Germany. Their shapes, tracks and life cycles

have been investigated in-depth (Weusthoff and Hauf,

2008a, 2008b). However, the role of aerosol in the forma-

tion of precipitation of post-frontal cumulus clouds has not

been investigated yet.

This specific situation is of special interest for the

following reasons. As the cloud top height in this situation

is about 1 to 2 km warm phase processes play a major role.

Furthermore, a population of similar clouds each experi-

encing a whole life cycle can be captured within the model

study. The northerly flow leads to increased sea salt aerosol

concentrations compared to pre-frontal conditions. The

role of sea salt aerosol as CCN has been pointed out by

several studies (Pierce and Adams, 2006; Solomos et al.,

2011).

We use the comprehensive online-coupled model system

COSMO-ART (Vogel et al., 2009; Bangert et al., 2012) to

quantify the impact of aerosol on cloud properties and

precipitation. For this purpose, we use prescribed aerosol

scenarios as well as simulated aerosol including natural and

anthropogenic emissions and the formation of secondary

aerosol. We compare the differences between prescribed

and predicted aerosol characteristics toward their impact

on cloud properties and precipitation.

To address the problem of emerging uncertainties in the

simulation results because of the non-linearity of atmo-

spheric processes, we use an ensemble of simulations with

randomly disturbed conditions for each aerosol scenario.

To our knowledge this is the first time that the impact of

aerosol on clouds and precipitation is put into context with

the uncertainties in the simulation results using online-

coupled simulations of aerosol and clouds on the regional

scale.

Section 2 explains the model framework. Section 3

describes the simulated situation and the model setup. In

Section 4, we compare the model runs with observations

and quantify the impacts of the individual aerosol scenarios

on cloud properties, radiation and on the aerosol�cloud
radiation feedback.

We want to assess the impact of a prognostic aerosol

scheme in a model setup which is close to the operationally

used by German Weather Service. Especially, we address

the following questions:

Are post-frontal cumuli susceptible to changes in aerosol

concentrations? What is the impact of a simulated aerosol

distribution on cloud properties compared to different

prescribed aerosol scenarios? Does aerosol have a systema-

tic impact on precipitation formed in post-frontal cumuli?

How does the precipitation of the different simulations

compare to measurements? Do aerosol differences trigger

further feedback processes?
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2. Model framework

Investigating aerosol�cloud interactions is a challenge that

requires a comprehensive online-coupled model system. We

use the model system COSMO-ART (Vogel et al., 2009)

which includes an online treatment of aerosol dynamics,

chemistry and transport coupled with a two-moment cloud

microphysics scheme (Seifert and Beheng, 2006a, 2006b). It

is based on the non-hydrostatic numeric weather prediction

model COSMO of Germany’s National Meteorological

Service (Deutscher Wetterdienst, DWD, Baldauf et al.,

2011). ART stands for Aerosol and Reactive Trace gases.

As the COSMO model is used for operational forecasts,

it is continually validated for the classical meteorological

variables by several European weather services. A detailed

evaluation of COSMO-ART concerning aerosol and gas-

eous compounds is given in Knote et al. (2011).

2.1. Aerosol dynamics and chemistry

For the treatment of chemical reactions of gaseous species,

RADMKA (Stockwell et al., 1990; Vogel et al., 2009) is used.

Aerosol is represented by an extended version of MADEsoot

(Modal Aerosol Dynamics Model for Europe, extended by

soot, Riemer et al., 2003) with 11 overlapping lognormally

distributed modes. Secondary organic aerosol is treated

using a volatility basic set approach (Athanasopoulou et al.,

2013). Three of these modes consist of mineral dust and

three of sea salt (Vogel et al., 2006; Stanelle et al., 2010;

Lundgren et al., 2013). As mineral dust plays only a minor

role at this specific synoptic situation, it is not being

considered in the model runs. An overview of the aerosol

modes and their chemical composition is given in Table 1.

The anthropogenic emission fluxes are pre-calculated

(van der Gon et al., 2010). The emission fluxes of biogenic

volatile organic compounds are calculated online, based

on emission factors by Steinbrecher et al. (2009) and the

simulated temperature and radiation at each grid point

and each time step. Sea salt emission fluxes are calculated

online as a function of the wind speed and sea surface

temperature.

2.2. Cloud microphysics scheme

To treat aerosol�cloud interactions in a sophisticated way,

a two-moment cloud microphysics scheme (Seifert and

Beheng, 2001, 2006a, 2006b) is included in COSMO-ART.

The scheme distinguishes six hydrometeor categories (cloud

drops, cloud ice, rain, snow, graupel and hail) and repre-

sents each particle type by its respective number and mass

densities. A generalised gamma size distribution is used for

each hydrometeor class, where the so-called shape para-

meters are held constant during the simulation (Seifert

et al., 2012, Table 1). For the warm-phase clouds, the

scheme considers autoconversion of cloud droplets to rain,

accretion of cloud droplets by rain drops, self-collection

of cloud and rain droplets, break-up of rain drops and

evaporation of rain drops. Condensational growth of cloud

droplets is calculated with a saturation adjustment tech-

nique. For the cold-phase clouds, homogeneous and hetero-

geneous ice nucleation, diffusional growth of ice crystals,

freezing of cloud and rain droplets, aggregation, self-

collection, riming, conversion to graupel, melting, subli-

mation, shedding and Hallett-Mossop ice multiplication

are considered. The freezing of cloud and rain drops is

calculated with a classical statistical approach based on an

empirical relation for the freezing probability as a function

of temperature. A detailed description of the cloud micro-

physical processes is given in Seifert and Beheng (2006a).

A statistical analysis of the aerosol�cloud interaction for

three summer seasons using the microphysics scheme is

presented in Seifert et al. (2012).

Table 1. Chemical composition, mean diameter, and standard deviation of the eight lognormally distributed modes used for interactive

simulations in this paper

if ic jf jc s sa sb sc

Soot ª ª ª

Sulphate ª ª ª ª

Ammonium ª ª ª ª

Nitrate ª ª ª ª

Organics ª ª ª ª

Water ª ª ª ª ª ª ª

Sodium chloride ª ª ª

Initial diameter in mm
0.01 0.08 0.07 0.08 0.08 0.2 2 12

Standard deviation

1.7 2 1.7 2 1.4 1.9 2 1.7

if: nucleation mode without soot; ic: nucleation mode containing soot; jf: accumulation mode without soot; jc: accumulation mode

containing soot; s: soot mode; sa: sea salt fine; sb: sea salt medium; sc: sea salt coarse.
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2.3. Aerosol activation

In order to have a direct interaction between simulated

aerosol and cloud microphysics, Bangert et al. (2011, 2012)

extended the cloud scheme with comprehensive parame-

trisations for aerosol activation and ice nucleation. For the

aerosol activation, the parametrisation of Fountoukis and

Nenes (2005) with the giant CCN correction of Barahona

et al. (2010) is used. The activation parametrisation is based

on an iterative solution of the parcel model equations and

enables the simulation of the feedback between aerosol

and supersaturation with respect to water during cloud

formation in a comprehensive way. To resolve the impact

of subgrid-scale updrafts on aerosol activation, a prob-

ability density function of updrafts is used to calculate the

average aerosol activation in a grid cell (Morales and

Nenes, 2010; Bangert et al., 2012).

3. Simulated situation and model setup

On 25 April 2008 a high-pressure ridge in 500 hPa was

located over Poland and the Baltic Sea. A trough in

500 hPa lay over the North Sea and northern Germany.

This caused a north-westerly flow over Germany transport-

ing sea salt particles from the North Sea further inland. A

surface low was located southwest of Iceland. An adjacent

cold front passed Germany between 24 April 23 UTC and

25 April 9 UTC. After the frontal passage, cumulus clouds

developed in the cold air mass (Fig. 1). The cloud bands

over eastern Germany, the Czech Republic, Austria, and

Switzerland are caused by the cold front, whereas the

patchy clouds covering most of Germany are post-frontal

convective clouds.

As shown in previous studies (Jiang et al., 2006, 2009;

Xue et al., 2008) cumulus clouds respond with systematic

changes in precipitation to differences in CCN concentra-

tions. Furthermore, using COSMO-ART we are able to

capture the feedback of simulated aerosol on clouds and

precipitation. Hence, we focus on these cumulus clouds as

systematic differences due to aerosol concentrations are

expected.

In order to capture post-frontal cumulus clouds with

spatial scales on the order of 1 to 2 km correctly, a hori-

zontal resolution much less than 1 km would be necessary.

However, as we want to assess the improvement of the

forecasting capabilities of an operational model through

the use of an improved aerosol representation, a model

setup which is close to the operational setup of German

Weather Service is used. We used a horizontal grid spacing

of 2.8 km and a stretched vertical grid with 50 layers up

to a height of 22 km. The vertical extent of the bottom layer

is about 20 m, the vertical extent of the top layer is about

1000 m. In the height of the clouds, the vertical extent of

one layer is in the order of 200 m to 350 m. The integration

time step is 10s. The simulation domain covers Germany

and adjacent countries and is shown in Fig. 2. The domain

marked by the red box is further on referred to as the

convection domain and is used for analysis purposes. The

convection domain is the part of the simulation domain

where no frontal precipitation occurs after 9 UTC. The

simulation is carried out for 25 April 2008 from 0 UTC to

21 UTC. Meteorological initial and boundary data is

provided by a corresponding operational forecast model

run by DWD with the same grid size. Initial and boundary

data for aerosol and gases is provided by a COSMO-ART

model run covering Europe with a horizontal resolution of

7 km with 2 days of spin-up.

Within this study, two types of model runs were per-

formed. First, the aerosol acting as potential CCN was

horizontally and vertically homogeneously prescribed fol-

lowing Segal and Khain (2006). Simulations for an extreme

maritime, an intermediate maritime and a continental sce-

nario were carried out. This is a common way to account

for aerosol�cloud effects in atmospheric modelling studies

(Seifert et al., 2012; Igel et al., 2013). The parameters of the

lognormal aerosol distributions of each scenario can be

found in Tables 1 and 2.

Second, an interactive scenario using the full capabili-

ties of COSMO-ART was performed. Aerosol mass and

number densities are treated as prognostic variables. This

simulated aerosol distribution acts as CCN. When run-

ning the interactive scenario, the size distribution and the
Fig. 1. Satellite image (true colour, MODIS-AQUA) of 25 April

2008.
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chemical composition of the aerosol particles changes at

each grid point and at each time step. This will be fur-

ther discussed in Section 4.2. The interactive scenario

increases the runtime of the prescribed scenarios by a

factor of about 5.

To be consistent between the different setups aerosol in

this study does not have a direct radiative effect.

3.1. Ensemble method

Because of the non-linearity of the atmospheric processes

small disturbances of the atmospheric variables can grow

rapidly (Lorenz, 1969; Morrison, 2012). This makes it very

difficult to distil the effects of aerosol�cloud interactions

on cloud formation and precipitation using numerical

models or observations. Taking the results of one simula-

tion with aerosol�cloud feedback and one simulation

without aerosol�cloud feedback is not conclusive as long

as there is no information on the growth of disturbances

due to the remaining atmospheric processes. Small modi-

fications of the initial state of the atmosphere can lead to

similar patterns in the spatial distribution of precipitation

as changes by aerosol�cloud feedback. For that reason

Morrison (2012) concluded that ensemble methods are

required. A variety of methods to create such ensemble is

applied in operational weather forecast. Amongst them are

modifications of the initial conditions, using boundary con-

ditions from different larger scale models, modifications

of the physical parametrisations and combinations of these

measures.

Fig. 2. Simulation domain and model orography. The red box indicates the convection domain.

Table 2. The prescribed aerosol scenarios following Segal and Khain (2006)

Scenario Parameters

Extreme maritime NNacl�100 cm�3 d�0, 08 mm s�2, 5

Intermediate maritime NNacl�400 cm�3 d�0, 08 mm s�2, 5

Continental NNacl�1700 cm�3 d�0, 08 mm s�1, 68

Interactive N�prognostic d�diagnostic s�const. (mode)

M�prognostic

N is the number density, M is the mass density, d the mean diameter and s the standard deviation. For the prescribed scenarios the aerosol

consists of sodium chloride (NaCl). For the interactive scenario the chemical composition is prognostic and s is a constant depending on

the mode.
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In our study we decided to apply a method where tem-

perature is disturbed at one single point of time. A change

in temperature affects pressure and density and changes

the diagnostic variables relative humidity and stratifica-

tion. For this reason, temperature disturbances propa-

gate very fast into all dynamical and physical aspects of

the model system. However, it is likely that our ensem-

ble method gives only a lower bound of the uncertainty

estimation.

In order to realise the perturbations of the temperature

at a single point of time at each grid point we applied the

following procedure.

Two hours after the start of the simulation the time deri-

vatives of temperature are randomly modified. The time

derivative of temperature due to all physical processes

(except sound waves) @T
@t

�
�
p
is averaged over all grid points

in the whole model domain. This results in a mean value
@T
@t

�
�
�
p
. Then, for each grid point, a disturbed time derivative

@T
@t

�
�
m
is calculated:

@T

@t

�
�
�
�
m

¼ @T

@t

�
�
�
�
p

þ100 � @T

@t

�
�
�
�

p

�RN; (1)

where RN is a normally distributed randomly generated

number truncated at �2 and 2. The factor 100 was chosen

for the following reasons. The absolute value of @T
@t

�
�
�
p
is

much smaller than the individual time derivatives at each

grid point. In order to get @T
@t

�
�

m
back to comparable values

the factor 100 was chosen based on additional sensitivity

studies.

For each of the scenarios with the prescribed aerosol we

generated an ensemble of 23 members in order to have a

sufficient number of ensemble members. For the interac-

tive model runs we were able to calculate three ensemble

members. The results of these additional model runs serve

as indicators for the uncertainties caused by the non-

linearity of the system and allow an improved assessment

of the impact of aerosol on clouds and precipitation.

4. Discussion of the results

4.1. Post-frontal cumulus clouds properties

The following characterisations of the clouds are based on

model output if not stated differently. Most of the post-

frontal clouds simulated in this study consist of a warm

phase and a mixed phase region. The vertical extent of the

clouds is approximately from 1000 m to 3000 m above sea

level, which covers approximately 10 vertical model layers

(with a vertical grid spacing of about 200 m to 350 m at this

height). This is exceeded by the cold phase of a limited

number of clouds.

The formation of precipitation takes place within the

mixed phase of the clouds. Graupel is the dominant verti-

cally integrated precipitation. However, the surface precipi-

tation is liquid due to melting.

The typical vertical structures of the simulated post-

frontal clouds are illustrated in Fig. 3. A population of at

least five post-frontal clouds highlights the mass mixing

ratios within the warm, mixed and cold phase of the clouds.

Furthermore, the contribution of solid and liquid vertically

integrated precipitation is shown.

4.2. Comparison of simulated and observed radar

reflectivity

To give an impression of the horizontal distribution of

the precipitation patterns, Fig. 4 shows the observed radar

reflectivity at 15 UTC together with the radar reflectivity

simulated within the interactive scenario. The observations

cover only a limited domain indicated by the grey (above

land) and white (above sea)-shaded areas, whereas the

model results are presented for the entire model domain.

The observed and simulated cumulus clouds developed in a

band reaching from northwest to southeast Germany. The

values of the simulated reflectivity are slightly overestimat-

ing the observed values. The simulated spatial patterns

show similarities although differences occur in the western

part of Germany where no precipitation is simulated.

4.3. Simulated aerosol properties of the

interactive scenario

In contrast to the prescribed aerosol scenarios, where the

chemical composition and the physical properties of the

aerosol are kept constant, size distribution and chemical

composition are space- and time-dependent in the inter-

active scenario. The temporal evolution of the simulated

aerosol composition during 25 April 2008 at the altitude of

the cumulus clouds (:850 hPa) is shown in Fig. 5a. The

values represent the spatial average over the convection

domain given in Fig. 2. Due to the northerly flow, the mass

concentration of sea salt particles increases with time. Sea

salt particles account for 15% of the total aerosol mass

concentration in the morning and for 25% in the evening.

Whereas the increasing sea salt aerosol mass concentration

is caused by the north-westerly flow, the increase of the

remaining aerosol components is caused by the diurnal

cycle of the emissions, the vertical mixing and by photo-

chemical formation of secondary aerosol.

The corresponding mean total aerosol number concen-

tration can be seen in Fig. 5b. Number concentrations

of up to 1700 cm�3 and therefore continental conditions

are reached. The decrease after 12 UTC is caused by the

6 D. RIEGER ET AL.



incipient precipitation and washout processes. The percen-

tage fraction of sea salt aerosol increases constantly due

to transport processes. However, it remains below 1%.

Although sea salt has only small number concentrations

compared to other aerosol, the mass fraction is, as previ-

ously shown, relatively high. Consequently, sea salt aerosol

has large diameters and is therefore a very efficient CCN.

Because there are no measurements available in the cloud

base regions, we validate our simulated aerosol distribution

by comparing it to measured PM10 concentrations. Figure

6 shows the spatial distribution of simulated PM10 concen-

trations in the lowest model layer at 15 UTC and PM10

measurements which have passed the EMEP quality

control (EEA, 2012). This point of time was chosen as

it coincides with the maximum in precipitation. The

simulated PM10 values before the passage of the front

are slightly underestimated (not shown). A comparison of

post-frontal values shows a reasonable agreement with

measurements.

4.4. Aerosol impact on cloud properties

In the following, we investigate the impact of the simulated

aerosol on cloud properties (interactive simulation) in com-

parison with the prescribed aerosol scenarios. As shown

in the previous section, the simulated aerosol distribution

is very variable in space and time, with an increasing

contribution by sea salt aerosol after the passage of the

front.

Figure 7 shows a histogram of the cloud droplet number

concentrations for the different scenarios. Only grid points

with cloud liquid water content greater zero inside of the

convection domain given in Fig. 2 between 6 UTC and

21 UTC are taken into account.

As the simulation applying the extreme maritime aerosol

scenario has a number concentration of 100 cm�3, less

than 1% of the grid points exceed cloud droplet number

concentrations of 100 cm�3. For the intermediate maritime

aerosol scenario, only a few grid points exceed 400 cm�3.

Fig. 3. Top: Cross-section for cloud water and ice content greater than 0.01 g kg�1 at 15 UTC. The position of the cross-section can be

seen in Fig. 4b. Warm phase clouds have a red, mixed phase clouds a grey, and cold phase clouds a blue shading. The 08C isotherm is

shown as a dashed line. Bottom: Vertically integrated rain water content (dashed line) and vertically integrated snow and graupel content

(solid line).
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In this case, the maximum is between 100 cm�3 and

200 cm�3. For the simulation with the continental

scenario, between 3 and 4% of the cloudy grid points

have cloud droplet number concentrations above 900 cm�3

and the maximum is further shifted to number concentra-

tions between 400 cm�3 and 500 cm�3. Hence, each of the

prescribed aerosol conditions leads to substantial differ-

ences in cloud microphysical properties.

In the interactive simulation, the simulated aerosol

conditions are fundamentally different from the prescribed

aerosol conditions because of the inhomogeneous spatial

distribution, varying size distribution and chemical com-

position. Cloud droplet concentrations of up to 600 cm�3

are reached, which exceed the concentrations reached

by applying the intermediate maritime aerosol scenario.

Although the aerosol number concentrations reached in the

interactive simulation are comparable to the continental

aerosol scenario, only a few clouds have high (]500 cm�3)

cloud droplet number concentrations and most clouds have

cloud droplet number concentrations comparable to the

extreme maritime scenario. Further investigations have

shown that in this case the spatial inhomogeneity of the

aerosol number concentration has large impact on the

cloud properties presented here. Additionally, a significant

fraction of the simulated aerosol particles are less hygro-

scopic and therefore activate only at higher supersatura-

tions than the prescribed aerosol which consists of pure

sodium chloride.

The aerosol particles do not only affect the number

concentration of the cloud droplets but also their effective

droplet radius, which is defined as the ratio of the third

to second moment of the droplet size distribution and

determines the optical properties of the clouds. Moreover,

the aerosol impact on the effective droplet radius is also

strongly dependent on the cloud water mass concentration

and therefore on the individual cloud development.

To distinguish the individual impacts of the aerosol on

the cloud droplet number concentration and the effective

droplet radius in the different simulations, we calculated

joint histograms of cloud droplet number concentrations

and effective cloud radii (Fig. 8a�d). The spatial and

temporal restrictions are the same as in Fig. 7.

The limitations in cloud droplet number concentra-

tion for the two maritime aerosol scenarios are apparent.

For the continental scenario (Fig. 8a), effective radii below

10 mm are dominating, whereas for the intermediate maritime

Fig. 4. (a) Measured radar composite (Seifert, 2009, personal

correspondence), and (b) simulated radar reflectivity in dBZ for

the interactive scenario at 850 hPa on 25 April 2008 15 UTC.

The observations cover only a limited domain indicated by the

grey (above land) and white (above sea)-shaded areas, whereas

the model results are presented for the entire model domain.

The red line indicates the cross-section from Fig. 3.

Fig. 5. (a) Temporal evolution of aerosol mass concentrations of the individual aerosol components averaged over the convection

domain at the altitude of the cumulus clouds (:850 hPa) during 25 April 2008 for the interactive scenario. (b) Corresponding total aerosol

number concentration and sea salt number fraction.
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scenario, much higher radii up to 14 mm are reached. In

general, the maximum is shifted to higher radii and lower

cloud droplet number concentrations from the con-

tinental to the intermediate and finally to the extreme

maritime aerosol scenario, where effective radii up to 20 mm
are reached. This shows that the aerosol systematically

affects the microphysical properties of the post-frontal

cumuli. Our results for these cumulus clouds are in keeping

with the commonly assumed aerosol indirect effect showing

a systematic decrease in cloud droplet radii with an increase

in CCN concentrations.

The shape of the joint histogram of cloud droplet number

concentrations and effective radii of the interactive scenario

fits best to the continental aerosol scenario. However, the

maximum lies in between the maxima of the intermediate

and extreme maritime aerosol scenario. This demonstrates

that in the interactive simulation, continental conditions

with high aerosol and high cloud droplet number concen-

trations as well as maritime conditions with few cloud

droplets with high effective radii are simultaneously present.

4.5. Aerosol impact on precipitation

As shown in the previous section there is a systematic

impact of aerosol concentrations on cloud properties of

post-frontal cumuli. When addressing the impact of aerosol

on precipitation previous studies have shown only small

effects averaged over time and space (Bangert et al., 2011;

Morrison and Grabowski, 2011; van den Heever et al.,

2011; Seifert et al., 2012). On the other hand, studies

concerning cumulus clouds have shown systematic effects

of aerosol concentrations on precipitation (Jiang et al.,

2006, 2009; Xue et al., 2008).

Figure 9 shows the temporal evolution of the mean

hourly precipitation rate within the convection domain for

the interactive simulation and the simulations applying the

prescribed aerosol scenarios. The spread in the curves of

the individual simulations is generated as described in

Section 3.1 and provides a lower bound for the uncertainty

due to the non-linearity of the involved processes. Compar-

ing the results, three different periods can be distinguished.

Until 10 UTC, the mean hourly precipitation rates of

the four scenarios are almost identical with slightly higher

rates in the simulation with the continental scenario. The

precipitation during this period is still affected by the cold

front itself and the difference in the precipitation rates may

be attributed to a slight invigoration of the deep convective

clouds associated with the front due to the higher CCN in

the continental scenario as discussed in previous studies

(Rosenfeld et al., 2008).

From 10 UTC to 15 UTC, the mean hourly precipitation

rates differ systematically between the scenarios. During

this period, the precipitation is formed exclusively in the

post-frontal cumuli. The absolute difference between the

simulation with the prescribed aerosol scenarios is almost

Fig. 6. Simulated PM10 concentration at 15 UTC on 25 April

2008. The model results are shaded, measured concentrations

from EEA-AIRBASE EMEP stations are shown by coloured

dots (EuropeanAIR quality dataBASE, http://airbase.eionet.

europa.eu/).

Fig. 7. Histogram of cloud droplet number concentration for

grid points in the convection domain between 6 UTC and 21 UTC

with cloud liquid water content greater zero.
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constant with up to :0.02 kg m�2h�1 higher precipita-

tion rates for the extreme maritime scenario. The relative

difference lies in between 4 and 28% with the maximum at

12 UTC. The mean hourly precipitation rates in the

interactive simulation are in between the values of the

two prescribed aerosol scenarios being closer to the results

for the continental scenario most of the time.

Starting at 15 UTC, the mean hourly precipitation rates

of the three simulations are again comparable. Systematic

effects cannot be analysed during this period for two

reasons. First, the uncertainty of the simulated precipita-

tion rates increases, which exceeds the magnitude of the

differences between the four scenarios. Second, the clouds

dissipate and the formation of new clouds decreases.

In summary, there is a systematic impact of aerosol

on the formation of precipitation in post-frontal cumulus

clouds with an increase in precipitation by a decrease in

CCN concentrations.

As shown in Section 4.1, most of the cumulus clouds are

mixed phase and the formation of precipitation is domi-

nated by graupel. Due to the model setup, only changes in

CCN number concentrations and properties can eventually

cause differences in precipitation. Therefore, riming may

play an important role in the formation of precipitation.

The collision efficiency of cloud droplets depends strongly

on their diameter. The simulated mean cloud droplet dia-

meter over all grid points with cloud water content greater

zero in the extreme maritime scenario is 18.95 mm whereas

Fig. 8. Joint histograms of cloud properties for (a) continental, (b) intermediate maritime, (c) extreme maritime and (d)

interactive scenario for grid points in the convection domain between 6 UTC and 21 UTC with cloud liquid water content

greater zero.
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in the continental scenario, a mean cloud droplet diameter

of 9.91 mm is calculated. First, the mean collision efficien-

cies of cloud droplets on a single grid point �Ec according to

eq. (64) and eq. (65) of Seifert and Beheng (2006a) were

calculated. Then, we calculate the mean of �Ec overall grid

points with cloud water content greater zero �Ec. �Ec is over

10 times higher for the extreme maritime scenario than for

the continental scenario. As a consequence, the growth of

graupel in the mixed phase via riming is more effective in

the case of lower CCN concentrations. The increase in

graupel mass in conjunction with the consequent increase

of the fall velocity of the hydrometeors caused an increase

in precipitation reaching the ground in the extreme

maritime scenario. We cannot exclude that other processes

play also a role in the formation of precipitation.

As described in Section 3, all simulations are driven by

meteorological initial and boundary data taken from the

operational forecast simulations performed at DWD.

Figure 10 shows the median precipitation at 52 EOBS

stations within the convection domain for the individual

simulations in comparison to the median of the measured

precipitation (Klok and Klein Tank, 2009). The spread

represents again the uncertainty due to the non-linearity of

the atmospheric processes (see Section 3.1).

The ensemble results of the extreme maritime and the

interactive scenario both cover the observed median precipi-

tation within the standard deviation, whereas the continen-

tal and the intermediate maritime scenario both produce

too few precipitation. Hence, only the extreme maritime and

the interactive scenario are able to capture the precipitation

amount formed by the post-frontal cumulus clouds in this

situation.

At the stations, the standard deviations created by the

ensembles are between 13 and 16% of the ensemble means

in precipitation. Nevertheless, a clear systematic decrease

in total precipitation with an increase in aerosol number

concentrations can be seen.

4.6. Aerosol�cloud radiation feedback

The differences in cloud droplet number concentrations

and effective radii between the individual model runs cause

differences in radiation and thus have an impact on the

stratification of the atmosphere. As a consequence, the

stability and the convective potential of the atmosphere is

changed. This has a direct impact on the initiation and

intensity of the convective clouds, which is discussed in the

following.

Figure 11 shows the temporal evolution of the differ-

ences in the net downward shortwave radiation (a), in the

temperature in the lowest model layer (Dz:20m) (b), in

Fig. 9. Mean hourly precipitation rate within the convection

domain of 25 April 2008 for four scenarios. The solid line is the

mean value. The dashed lines indicate the standard deviation.

The ensemble is generated as described in Section 3.1 and indicates

the uncertainty due to the non-linearity of the atmospheric

processes. As the interactive scenario has only three ensemble

members, the spread is indicated by the shaded area.

Fig. 10. Median accumulated precipitation at 58 EOBS-stations

(Klok and Klein Tank, 2009) within the convection domain. The

red line indicates the median of the measurements. The middle line

gives the ensemble mean value. The top and bottom lines indicate

the standard deviation. The ensemble is generated as described in

Section 3.1 and indicates the uncertainty due to the non-linearity

of the atmospheric processes.
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the mean precipitation rate (c), in the cloud top height (e)

and in the cloud base vertical velocity (f) of the extreme

maritime and interactive simulation relative to the simula-

tion applying the continental aerosol scenario. The mean

cloud top height is calculated by the mean height of cloudy

grid points below which 95% of liquid and solid atmo-

spheric water (cloud water, rain, cloud ice, graupel and

snow) is contained. To account only for warm- and mixed-

phase clouds, grid points with pure ice clouds were ex-

cluded. The mean total cloud top height for each scenario

is shown in Fig. 11d.

With the beginning of the convection, the mean cloud

top height of the extreme maritime scenario is lower than

in the continental scenario. Until 12 UTC, the growth rate

in the mean cloud top height is enhanced in the extreme

maritime scenario, resulting in a difference of about 160 m

between the scenarios. Taking the lower mean cloud top

height in the extreme maritime scenario at 6 UTC into

account, the total increase till 12 UTC in the extreme mari-

time scenario relative to the continental scenario is about

300 m. It needs to be pointed out that these differences in

mean height are in the same order as the vertical resolution

of the model system.

This difference in the development of the clouds can be

traced back to the fewer but larger cloud droplets (see

Section 4.4) in the extreme maritime scenario. Due to the

fewer but larger cloud droplets, less shortwave radiation is

reflected by the clouds. In a climatological sense, this is

referred to as the first indirect aerosol effect. As a result,

the net downward shortwave radiation at the surface is

systematically higher in the case of the extreme maritime

scenario. Hence, the temperature close to the surface is also

higher. As a consequence static stability decreases, which

increases the convective intensity. This is consistent with

the increased vertical velocity at the cloud base (Fig. 11f).

In the end, this results in an increase in the mean cloud top

height growth rate till 12 UTC in the extreme maritime

scenario.

After 12 UTC, the difference in cloud top height between

the simulations decreases again and vanishes in the after-

noon. The reason for this behaviour might be the strong

difference in precipitation between the simulations after

12 UTC (Fig. 11c). The more intense precipitation in the

extreme maritime aerosol scenario may counteract and

finally compensate the stronger convective development by

the loss of cloud water mass and below cloud cooling by the

Fig. 11. Relative difference of extreme maritime scenario and interactive model run to the continental scenario in (a) net downward

shortwave radiation at the surface, (b) temperatures of the lowest model layer, (c) hourly precipitation rate, (e) cloud top height, and (f)

cloud base vertical velocity, (d) shows the total cloud top height. All variables are averaged over the convection domain.
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evaporation of rain, which could be an explanation for the

decrease of the temperature difference close to the sur-

face between the simulations (Fig. 11b) after 13 UTC.

Additionally, as there is less precipitation in the continental

scenario, cloud droplets may be transported to higher levels

causing convective invigoration, which can further com-

pensate the stronger convective development of the extreme

maritime scenario.

For the interactive scenario, the temporal evolution of the

discussed variables shows a similar behaviour in the differ-

ences to the continental scenario (Fig. 11). The magnitudes

of the differences are in most cases in between the results of

the extreme maritime scenario and the continental scenario.

As shown, a change in the atmospheric aerosol alters,

by its impact on the microphysical cloud structure, both

the cloud optical properties and microphysical processes.

In doing so, feedback processes with the state of the

atmosphere are initiated, which partly counteract each

other and buffer the impact of the individual processes on

the cloud development.

5. Conclusion

The goal of this study is the assessment of the improvement

in the forecasting capabilities of an operational weather

forecast model by the use of an improved aerosol represen-

tation. In order to determine the potential range in cloud

properties and precipitation changes caused by aerosol

variations, we performed simulations applying three dif-

ferent prescribed aerosol scenarios (extreme maritime,

intermediate maritime and continental) in addition to an

interactive simulation where aerosol was explicitly simu-

lated based on emissions and secondary formation.

Additionally, ensembles of 23 members for each of the

prescribed and three members for the interactive scenario

were carried out to separate aerosol�cloud interactions

from the non-linear growth of small disturbances during

simulations.

We showed that the properties of the post-frontal

cumulus clouds are susceptible to changes in the aerosol,

with highest cloud droplet number concentrations in the

continental aerosol scenario and lowest concentrations

in the extreme maritime aerosol scenario. The interactive

simulation showed a variation of different cloud condi-

tions, with average cloud droplet concentrations varying

between the concentrations of the continental and extreme

maritime aerosol scenarios.

The fundamentally different approaches of a fully

coupled chemistry�aerosol�cloud model system in contrast

to a model system using prescribed aerosol scenarios led to

significant differences in cloud microphysical properties

and precipitation of post-frontal cumuli.

We found a systematic increase in the hourly preci-

pitation rate of the post-frontal cumulus clouds with a

decrease in aerosol number concentration and vice versa.

The maximum relative difference in the hourly mean

precipitation was 28% at 12 UTC (Fig. 9). The difference

in aerosol number concentration between the correspond-

ing prescribed scenarios was 1700%.

Compared with precipitation measurements at 58 stations,

the extreme maritime and the interactive scenario perfor-

med best. The standard deviations created by the ensembles

were between 13 and 16% of the ensemble means in total

precipitation. Nevertheless, a clear systematic decrease

in total precipitation with an increase in aerosol number

concentrations was found.

Cloud droplet radii differed significantly between the

different scenarios. We showed that the impact of the

aerosol on the cloud optical properties triggered feedback

processes with an impact on the overall cloud develop-

ment. Simulations with lower aerosol number concentra-

tions showed a systematic increase in shortwave radiation

at the surface causing an increase in surface temperature

leading to a stronger cloud development. Finally, with a

subsequent increase in precipitation in the simulation with

lower aerosol number concentrations and probable con-

vective invigoration in the polluted case, these differences

diminished.

Concluding, a better representation of aerosol showed

a systematic impact on the properties and precipitation of

post-frontal cumulus clouds. A better representation of

aerosol within an operational framework is therefore able

to improve the forecasting capabilities under post-frontal

conditions.
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