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Abstract. We have extended the coupled mesoscale atmoeipitation we calculated the precipitation susceptibiitjor
sphere and chemistry model COSMO-ART to account forthe whole model domain over a period of two days with an
the transformation of aerosol particles into cloud conden-hourly resolution. The distribution function ¢ is slightly
sation nuclei and to quantify their interaction with warm skewed to positive values and has a mean of 0.23. Clouds
cloud microphysics on the regional scale. The new modehith a liquid water path LWP of approximately 0.85 kg
system aims to fill the gap between cloud resolving modelsare on average most susceptible to aerosol changes in our
and global scale models. It represents the very complex misimulations with an absolute value gfof 1. The average
croscale aerosol and cloud physics as detailed as possiblg, for LWP between 0.5kgm? and 1kgnT? is approxi-
whereas the continental domain size and efficient codes wilmately 0.4.

allow for both studying weather and regional climate. The
model system is applied in a first extended case study for

Europe for a cloudy five day period in August 2005. 1 Introduction

The model results show that the mean cloud droplet num-

ber concentration of clouds is correlated with the structurérpg interaction of aerosol particles with clouds is still one of

of the terrain, and we present a terrain slope parameter Tg,q |5rgest uncertainties in modern climate studies (Forster
to classify this dependency. We propose to use this relationg; al., 2007). Depending on their chemical composition and

ship to parameterize the probability density function, PDF, i, atmospheric aerosol particles can act as cloud conden-
of subgrid-scale cloud updraft velocity in the activation pa- gation nuclei (CCN) during cloud formation. Therefore, they
rameterizations of climate models. determine the initial size distribution of the cloud droplets
The simulations show that the presence of cloud conden(Twomey, 1959). As a consequence, the aerosol particles
sation nuclei (CCN) and clouds are closely related spatiallyhave an influence on the optical properties and microphysi-
We find high aerosol and CCN number concentrations in theza| processes of clouds.
vicinity of clouds at high altitudes. The nucleation of sec-  pyevious numerical studies followed a variety of ap-
ondary particles is enhanced above the clouds. Thisis Cause;?roaches on different scales to improve the understanding of
by an efficient formation of gaseous aerosol precursors aboveye aerosol cloud interactions. The impact of aerosol changes
the cloud due to more available radiation, transport of gaseg), precipitation is thereby one of the most discussed pro-
in clean air above the cloud, and humid conditions. There-cggses (Khain, 2009; Stevens and Feingold, 2009; Small et
fore the treatment of complex photochemistry is crucial in al., 2009; Levin and Cotton, 2009; Rosenfeld et al., 2008)
atmospheric models to simulate the distribution of CCN. i the scientific literature. Simulations of single clouds and
The mean cloud droplet number concentration and dropletloud clusters showed that depending on the cloud type the
diameter showed a close link to the change in the aerosolinfluence of aerosol changes on cloud microphysics can af-
To quantify the net impact of an aerosol change on the prefect precipitation amounts very differently (Khain, 2009 and
references therein). Due to their comprehensive cloud micro-
physics and the used fine grid meshes such simulations are

Correspondence tavl. Bangert limited to small domains and short time scales. Stevens and
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is a major reason for differences in the net aerosol effect on After a short description of the treatment of the aerosol
the precipitation amount since macrophysical buffers existcloud interactions in the model, we present results of simula-
that cannot be considered. tions for the domain of Europe. We discuss the distributions
In contrast to small scale models global scale models in-of aerosol particles, CCN, and clouds on the regional scale
vestigate the possible impact of the aerosol particles on theand their correlations amongst one another as well as the cor-
global climate (Quaas et al., 2009; Pringle et al., 2009;relation with the orographic conditions. At last we address
Storelvmo et al., 2008; Lohmann et al., 2007) but are lim-the net impact of the aerosol on precipitation for a period of
ited to coarse spatial resolutions. Therefore, the inhomogetwo days. We calculate the precipitation susceptibility for
neous distributions of clouds and aerosol particles cannot béhe whole model domain in an hourly resolution to investi-
resolved in such models. gate and quantify the net response of the precipitation on the
In most cloud-resolving models, the aerosol particles areregional scale to a change in the aerosol.
represented in a very general manner by prescribing distribu-
tions of particles or CCN-spectra and neglecting aerosol for-
mation and dynamics. This can be justified by usually very

small model domains and the need of well-defined CCN ©OMStudying the interaction of aerosol particles and the atmo-
ditions for the sensitivity studies. In contrast, modern global ying P

phere with a numerical model at a specific scale requires

climate models are able to consider aerosol composition an§rl : )
. g . e treatment of the relevant physical, chemical, and aerosol
dynamics but are forced to use pragmatic implementations

. dynamical processes at a comparable level of complexity.
for aerosol and gas phase chemistry because of the comput% fulfil these requirements we developed the model sys-
tional burden.

The distribution of aerosol and clouds are also inﬂuencedtem COSMO_ART for the regional to con.tmental scale.
X ; OSMO-ART is based on the non-hydrostatic weather fore-
by mesoscale features like e.g., anthropogenic and naturzﬁ

o L ast model COSMO (Consortium for Small-scale Modelling,
emissions, land sea distribution and topography. Recent studx :
) - teppeler et al., 2003) of the Deutscher Wetterdienst (DWD)
ies have shown the ability of mesoscale models to represen

. . : : and is online coupled with comprehensive modules for gas
the interaction of aerosol particles with clouds and the ad- . :
phase chemistry and aerosol dynamics. ART stands for

vantages of their use (Cheng et al., 2010; Ntelekos et al'Aerosols and Reactive Trace gases. The online couplin
2009; Guohui et al., 2009; Muhlbauer and Lohmann, 2009;. 9 ’ ping

Ivanova and Leighton, 2008). With mesoscale models it |sIS realized in a consistent way using the same grid for all
. : scalars, e.g. temperature, humidity, and gas phase concen-
possible to represent aerosol and clouds with a comparablg_ . :
" : rations. For processes affecting all scalars, as for example
level of complexity; yet, just a few models are able to treat . . .
advection, the same numerical schemes are applied.
all of these processes together (Zhang, 2008). COSMO-ART includes complex photochemistry to calcu
Because a significant fraction of global CCN is produced plex p y

by nucleation and condensation of aerosol particles fromlate the temporal and spatial distribution of the gaseous pre-

. rsors of ndary aerosol particles. An exten version
gaseous precursors (Merikanto et al., 2009), the treatment. —o > O' S€€O dary aerosol particles extended versio

of detailed gas phase chemistry is crucial in the estimation on MADEsoot (Riemer et al., 2003) represents the aerosol

the impact of anthropogenic emissions on clouds and precipggfgztggt\r’rg::;riosMO'ART by several overlapping log-

Model description

itation.
In this study we simulate the spatial distributions of D) 1 N In?(D/Dy) )
i i i 1(D)=— ex .
aerosol particles and clouds as well as their interaction orf’ D 27Ing; P 2In2a;

the regional scale with a coupled mesoscale atmosphere and

chemistry model. We investigate which processes and feeds; (D) is the size distribution function of mode D is the
backs occur on this scale to help close the gap between thgarticle diameter)V; is the number concentration; is the
scale of single cloud studies and global models in our undergeometric standard deviation aq is the geometric median
standing of aerosol cloud interactions. diameter of modé.

We use the online coupled mesoscale atmosphere and For submicron particles five modes are used. Two modes
chemistry model COSMO-ART (Mogel et al., 2009) to calcu- represent secondary, internally mixed particles consisting of
late the distribution and chemical composition of the aerosolsulphate, ammonium, nitrate, secondary organic compounds,
particles and, therefore, the distribution of available CCN onand water. One mode represents pure soot. Two more modes
the basis of natural and anthropogenic emissions and on theepresent aged soot particles consisting of sulphate, ammo-
basis of detailed calculations of the gas phase chemistry. Waium, nitrate, organic compounds, water, and soot in an inter-
extended the cloud scheme of the model to include the imnal mixture. All modes are subject to intra- and intermodal
pact of aerosol particles on the warm cloud microphysics.coagulation. Furthermore, three modes, which represent sea
With this model we are able to simulate the gases, aerosolsalt particles, are used. Since only the very southern part
and clouds with a comparable level of complexity on the re-of the model domain was affected by mineral dust particles
gional scale. during the investigated period, mineral dust particles are not
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considered in this study. The sources for the particulate masparcel simulations. To account for size-dependent growth ki-
are the binary nucleation of sulphuric acid and water, con-netics we are using an average modified diffusivity of water
densation of gases on the particles and, in case of soot anéapour (Fountoukis and Nenes, 2005).

sea salt particles, the direct emissions. A detailed descrip- In contrast to global models, mesoscale models with spa-
tion of the emission inventories is given in Sect. 2.4. Thetial resolutions of 2 to 20 km can simulate the location and
nucleation rates are calculated using the parameterization dhe characteristics of larger individual cloud systems. But,

Kerminen and Wexler (1994). the updraft velocities during cloud formation cannot be re-
A detailed description of the model is given in Vogel produced quantitatively by the simulated grid-scale vertical
et al. (2009). velocity w. This will cause a strong underestimation of up-
drafts in the model and will cause underpredictions of su-

2.1 CCN calculation persaturation, which result in too low cloud droplet number

. . ) . (CDN) concentrations. To consider the impact of subgrid-
COSMO-ART is capable of detailed simulations of the 5516 "yndrafts at the cloud base, we use the pragmatic ap-
aerosol size distribution, the chemical composition and theproach of Lohmann et al. (1999) by adding an additional fac-
mixi.ng state of the aer_osol. Hence, we can use all this infor—tor to w, which is proportional to the square root of the tur-
mation for the calculatloq of the CCN. . bulent kinetic energy TKE. To include radiative cooling and
We calculate the available CCN based on the classical,qating and, thereby, the formation of fog in the activation
Kohler theory (tohler, 1936). For the representation of the o meterization, a pseudo updraft velocity is calculated and

internal chemical mixture of the particles we follow the ap- added tow (Seinfeld and Pandis, 2006). Thus, the updraft
proach of Hnel (1976). We assume ideal solutions, becausg, . \hich is used for the calculation of the supersaturation,
the non-ideal behaviour of solution droplets depends on thg,ocomes:

droplet size. For each mod¢he minimum dry diameteb;’,

ich | i i tion. i ) cp (dT
which is a func_tl_on of t_he chemical comp_osmon, is calcu wcb=w+0.7\/ﬁ__p (_) ’ @)
lated for a specific maximum supersaturation g \ dt /a4
3 \1/3 My viriei [ M; whereg is the acceleration of gravity ang is the heat ca-
D = A7 By = d _ dowMw (2) acity at constant pressure
L= 27B;s2 ! pizr,‘/p,‘ ’ T RTpw P Y P ’

Because the activation parameterization results only in
a number of activated particles, one has to calculate the rate
of the activation in the model. Most models (e.g., Lohmann
et al., 2007; Storelvmo et al., 2006) calculate the activation
rate by dividing the difference between the parameterized
number of activated particles and the number of pre-existing
cloud droplets by the time step interval. In global models,
this can be justified by the coarse resolution in space and
time. In a mesoscale model, the dimensions of the clouds
and their different developing stages can be resolved in more
detail; therefore, the activation rate has to be derived on the

B; is the mean hygroscopicity parameter for the chemical
composition of the particles in mode A is the curvature
parametergy, is the surface tensiom,, the density and4y,
the molecular weight of watey; is the dissociation factos;
the soluble fraction); the molecular weightp; the density,
r; the mass mixing ratio of componehin model/, R is the
universal gas constant arfdis the temperature.

Finally the integration of the size distribution of each mode
[ and summation of all modes results in the number of avail-

able CCN: basis of the cloud dynamics.
® The activation rate of the aerosol particles, respectively the
CCN(s) = Z[nl(D)dD. 3) nucleation rate of cloud droplets, is derived following Ghan
! Dy and Abdul-Razzak (1997). Thereby, in-cloud activation of
particles is not possible, and two cases are distinguished.
2.2 Activation rate Particles can get activated only in the case of a newly formed

cloud or by vertical transport into the cloud base. For a “new”
The main challenge in linking aerosol particles with clouds cloud the parameterized CChhax concentration is used di-
in a three dimensional model is the calculation of the acti-rectly as the number of activated aerosols for this time step.
vation rate of the particles, which depends on the maximumn case of an “old” cloud, the advection and turbulent diffu-
supersaturation that occurs during the formation of the cloudsion into the cloud are considered. The activation rate for an

droplets. “old” cloud then becomes:
For the activation of the aerosol particles the mechanistic 3

parameterization of Abdul-Razzak and Ghan (2000) is usedACT = —iCCI\ch(smax)w + iK — CCNcp(smax), (5)

Here, the maximum supersaturatigisy in an ascending air 9z 9z 9z

parcel is calculated on the basis of the aerosol properties andherez is the vertical coordinate, CGsmax) is the param-
the updraft velocity. For this purpose, four dimensionless pa-eterized number of CC{Nmax) below the cloud, and is the
rameters were derived and determined by means of detailetlirbulent diffusion coefficient.
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In this study activation scavenging of aerosol particles isheterogeneous nucleation of cloud ice is possible for temper-
not considered. Consequently, in-cloud aerosol and in-cloudatures belowl" = 267.15 K and the inital ice crystal number
processing of the aerosol particles are not considered. concentrationV; is based on an updated version of the clas-

sical Fletcher-formula (Fletcher, 1962)
2.3 Cloud scheme .
Ni(T) = N(l)eO.Z(TofT)’ (8)
The cloud scheme is an extended version of the one mo-

i _ 3 i -
ment bulk scheme used for operational weather forecast Witﬁ{VhereN(l) =100nT™ andT; is the temperature_z at the freez_
the COSMO model (Doms et al., 2005). The scheme in-INg point (273.15K). Heterogeneous nucleation of cloud ice

cludes prognostic equations for the mass mixing ratio of €aUIres waler saiuration idf > 24815K and ice satura-

cloud water, rain water, cloud ice and snow. We expandec}ic’.n.]cor 'OVYef tempgratures. .TO calculate the initial ice.mass
this scheme with a prognostic equation for the cloud dropletm'xIng ratio an initial mean ice crystal mass of 28kg is
number concentration. For the representation of autoconvel"Elssumed (mes etal., 2005)_' i

sion, accretion, and self-collection of cloud drops, the two- _For subgnd-s_cale conve_ctlve clouds_ the Tledtkg ;cheme
moment parameterizations of Seifert and Beheng (2001) aréTledtke, 1.989) is used, which does notinclude explicit cloud
used. The autoconversion rate is inversely proportional to thémcrophysms.

square of the number concentration of cloud droplatg).(
For the cloud droplets a Gamma distribution function is as-
sumed. The autoconversion parameterization relies on a sothe anthropogenic emission data account for traffic emis-
lution of the stochastic collection equation and is well val- SIons, emissions by large point sources, and area sources
idated against simulations using spectral bin microphysicssuch as households and industrial areas and have an hourly
(Seifert et al., 2006b). The budget equations for the mix-resolution (Pregger et al., 2007). The data include emissions
ing ratio of cloud waterxc) and the number concentration of Of the gases S CO, NQ,, NHz, 32 individual classes of

2.4 Emissions

cloud droplets §c) are: VOC, and the direct emission of elemental carbon particles.
‘ The emission of sea salt is calculated online as a function
%xczADVm +DIFF,, +COND,, — AU,, —ACC,, of the wind speed and the sea water temperature. For this
a combination of three individual parameterizations for three
+MELT,, — ICEP,,, (6) individual size ranges is used (Lundgren, 2006).

The anthropogenic emissions of inorganic and organic
b compounds are prescribed with a temporal resolution of one
37 Ne=ADV y +DIFFy +ACT —AUy —ACCy hour, and the natural emissions are online calculated at each

time step (Vogel et al., 2009).
—SCy +MELTy — 2 ICER,, @)
me 3 Results

where ADV,, and ADVy are the tendencies due to advec- With the extended model version of COSMO-ART, the chain
tion, DIFF, and DIFFRy are the tendencies due to turbulent from emission of gases, gas phase chemistry, nucleation of
diffusion, COND, is the tendency due to condensation of particles, activation of the particles up to clouds and precipi-
water, AU,, AUy, ACC,,, ACCy, and SG, are the tenden-  tation on the regional scale can be simulated. Due to this on-
cies due to the autoconversion, accretion, and self-collectionline coupling of gases, aerosol and clouds, different feedback
mc=xcNg Lpn is the mean droplet mass apglis the density ~ mechanisms can be considered in the simulations. Clouds
of humid air. MELT,, and MELTy are the tendencies due to strongly modify the radiation in the atmosphere which has
melting of cloud ice. Cloud ice crystals are assumed to meltan impact on photochemistry and dynamics and therefore on
instantaneously when the ambient temperature rises above distribution of aerosol particles. This modifies the num-
0°C and the melting ice crystal number concentration is asber of available CCN and, therefore, has an impact on the
sumed to be the maximum of either 100%or phx; /m™®,  size distribution of the cloud droplets. As a result the auto-
wherey; is the ice mass mixing ratio ana"® = 109kg is conversion of droplets to rain can be altered, which can cause
the maximum mean ice crystal mass in the model (Doms et change in precipitation and by release or absorption of la-
al., 2005). ICER, is the tendency of cloud water mixing ra- tent heat in different layers, the dynamics can be influenced.
tio due to microphysical processes with the ice phase. Thes&he change in precipitation consequently alters the aerosol
are in detail the freezing of droplets, the riming and the shed-distribution by washout of particles. The change in dynam-
ding on snow. The homogeneous freezing of cloud dropletscs can also change the emissions of sea salt, which can cause
occurs at a temperature of 236.15 K, where all cloud water isa strong change in the number of available CCN especially
assumed to freeze instantaneously. The microphysical proin clean marine air.
cesses in the ice phase are calculated with the original one Figure 1 gives an overview of the feedback mechanisms
moment bulk approach of COSMO (Doms et al., 2005). Thewhich are treated in this application of COSMO-ART.
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Aerosol—— ' Table 1. Simulation description.

[

Radiation <«=» Gas phase «— Dynamics | <=> Humidity <= Precipitation
I/ I " 7/ A 16-20 August 2005 ~ Simulated, 8 Modes ~ ECMWF
Temperature > Clouds B 19-20 August 2005  Constant, homogenous  Simulation A

l

Simulation Period Aerosol Initial Data

2500
Fig. 1. Feedback mechanisms considered in COSMO-ART. Grey
arrows indicate feedbacks that are neglected in this study. m
. _ 2000 1 2500
The extended model system COSMO-ART is applied to
investigate and quantify the interaction of aerosol particles, =000
CCN and clouds on the r_egional s<_:a|e. In this first application g 1500
we addressed the following questions: i 19007
1000
1. Are there systematic patterns in the distributions of &
aerosol number and mass concentration, CCN number : 200
concentration, and CDN concentration? Are there close ~ 19907 J{H250
links between them?
— 100
2. Is there a relation between CCN, terrain slope, and | o
cloud droplet number concentrations? 500
3. How are precipitation patterns altered when the interac-
tion of aerosol particles and warm cloud processes are

taken into account? 0 500 1000 1500 2000
x 1n km

3.1 Model setup Fig. 2. Terrain height within the model domain.

A horizontal grid size of 0.125(~14 km) in both horizon-
tal directions and 40 vertical levels up to a height of 20 km France and Germany. This caused an enhanced development
were used. The meteorological initial and boundary condi-Of clouds in the frontal area and a change in air mass from
tions are taken from the IFS model analyses of ECMWF. Forwarm continental to cool maritime air.
the gaseous compounds and the aerosol particles, clean air Two simulations were performed. In the simulation A the
conditions are prescribed. The analyses are used to updatehole period from 16—20 August 2005 was simulated includ-
the meteorological boundary conditions every six hours. Ating all feedback processes described in Sect. 2. As we want
the lateral boundaries a buffer zone is applied for all vari-to focus on the aerosol cloud interaction in this study, the
ables, according to the standard procedure of the COSMAQ@lirect radiation feedback of the aerosol particles with the ra-
model. diation was switched off. Therefore, all feedbacks shown in
The simulation domain covers large parts of Europe ancthis study are caused by the impact of the aerosol particles on
the Mediterranean Sea (Fig. 2). The simulation period is 16-the cloud microphysics. The first day was used to spin up the
20 August 2005. The domain and period are identical to themodel and build up the aerosol concentration. For the analy-
high cloud cover case in Vogel et al. (2009) in which the sis of the distribution of CCN and of the cloud properties the
direct radiation feedback of the aerosol particles has been in18-20 August period was used. Simulation B was performed
vestigated and a comprehensive comparison of the simulateth quantify the impact of changes in aerosol concentration
aerosol distributions with COSMO-ART to observations hason cloud properties and precipitation. This simulation cov-
been carried out. ers only the last two days of the period, where most of the
Until 18 August the domain is mainly influenced by a high precipitation occurred. The initial values for simulation B
pressure ridge over Europe. During the following days a highwere taken from simulation A at 19 August, 00:00 UTC. In
level trough approached Europe and caused a cyclogenesi®ntrast to simulation A, a fixed aerosol concentration was
over the Benelux. This yielded cloudy conditions, precipi- prescribed in simulation B for the whole simulation domain
tation, and westerly winds for large parts of Europe. Dur- (Table 1). The prescribed aerosol concentration is identical to
ing the last two days of the period a frontal system passedhe conditions at a single grid point in South-West Germany

www.atmos-chem-phys.net/11/4411/2011/ Atmos. Chem. Phys., 11, 44232011
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2400 |
o) n
P 2000 2500
£
O 1600 - o
E p 2000
- 1200 3500
~ E 3000
800 -
5 ] E 1500 2500
O 400 7 E 2000
0 1 ——— ——— — ™ 1000 1500
0.0 0.5 1.0 1.5 1000
- 500
sin % 500
Fig. 3. CCN spectrum of the prescribed aerosol in simulation B.
0 1000 1800 2000
(a) x in km
at 19 August, 09:00 UTC, which represents approximately
the average aerosol conditions during the simulation period.
These values were kept constant and were used at all grid cm™
points in simulation B. The corresponding CCN spectrum of 600
the prescribed aerosol concentration is depicted in Fig. 3. 500
3.2 Distribution of aerosols, cloud condensation nuclei, 400
and cloud droplet number 300
) ) ] 200
Figure 4a shows the total number concentration of the sim- 100
ulated aerosol averaged over the period 18-20 August and 50

over the height interval 0 to 1500m. The highest num-
ber concentrations are found above Spain. Clean air is ad-
vected over areas with high emissions, which leads to the
formation of new particles with small diameters. High par-

. . . 0 500 1000 1500 2000
ticle number concentrations are also simulated above South-  (b) x in km

Germany. The corresponding distribution of the simulated 2500
CCN (0.1%) number concentrations for simulation A are
given in Fig. 4b. Above the Atlantic the CCN number con- ! A
centrations are below 50cm. It is evident that the spa- 20008 , = 7 |Bs00

tial patterns of aerosol number concentrations and of CCN

(0.1 %) are quite different. High CCN number concentrations & 500 500
on the order of 600 cr? are simulated in the southern part 400
of Germany and in the northern part of the Po Valley. Com- A 300
paring Fig. 4a and b shows that there is no obvious corre- B 1000 200
lation between total aerosol number concentration and CCN 100
(0.1%) number concentration. We found the same for the 50

aerosol mass concentration and CCN (0.1 %) number con- 500
centration. For example, over the ocean total aerosol mass
concentration can be very high due to large sea salt particles o
but the CCN (0.1 %) number concentration is very low. We 0 500 1000 1500 2000
also calculated the CCN at other supersaturations and found ~ (©) X in km

that the pattern of the CCN strongly depends on the super:z

) . LI Fig. 4. Simulated spatial distributions (Simulation A) @f) aver-
saturation. This shows that the distribution of CCN strongly age aerosol number concentratign) average CCN (0.1%) num-

dppends on the size disFributions and the chemical COMPOSkher concentration an) average CDN concentration for the height
tions of the aerosol particles, which determine the shapes ofterval 0 to 1500 ma.s.. and the time period 18-20 August 2005.
the CCN spectra and, therefore, the distribution of CCN at

different supersaturations.
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Figure 4c shows the corresponding simulated CDN con-
centrations. The average CDN concentrations reach their 40
highest values, on the order of 400Th above France,
Benelux, and Germany. Above the Atlantic CDN concen-
trations are below 50 cn¥. The pattern of the CDN concen-
tration shows a very patchy distribution. The highest concen-
trations are found in the vicinity of mountainous regions. We
investigated this in more details.

(@]
O
2
5
(@]
3
[

30 700

500
300

20 H

TSin 103

-
o
o

3.3 Terrain slope, condensation nuclei and cloud
droplet number 0
0 500 1000 1500

The number of droplets inside a cloud depends on a variety CCN(0.1 %) in cm

of processes. On the one hand, the vertical velocity and th&?)
aerosol population determine the number of activated parti-
cles and, therefore, the initial CDN. On the other hand the
microphysical processes inside the cloud change the cloud
droplet spectra during the development of the cloud in time. &
With regional scale simulations it is possible to consider the =
complex topography which has local and systematic impact

on the state of the atmosphere and therefore on, for instance,
the vertical wind field. Based on our results we checked if
there is a relation between terrain slope, CCN, and CDN. We 4 20 0 20 40
use a very basic approach to quantify the terrain slope TS a(tb)
a certain grid point by

—— TS <0.01
S e 1/ I— — 0.01<TS<0.02
—— 0.02<TS

w in cm/s

.. .. . . .. . . Fig. 5. (a) Dependence of CDN concentrations on terrain slope pa-
-1 —h(i — _
TS, j) = g5 (G, ) —h(G =L I+, j)—hG+1, )] rameter TS and CCN (0.1 %) concentration for 18-20 August 2005
(b) Cumulative percentage contributiory, of the grid-scale in-
+h@@, j)—h(,j—D|+|h(,j)—h(G, j+ D)), (9) cloud vertical velocity for different values of TS for 18-20 Au-

. . . . . . . . gust 2005. CDN and CCN concentrations as well as the in-cloud
in which is the terrain height and.x is the horizontal grid  \ertical velocity are vertical averages for 0 to 1500 ma.s.l. (Simu-

size. lation A).
The dependency of average CDN on CCN (0.1%) and TS

are given in Fig. 5a. The figure shows that the highest CDN
concentrations are found in areas where the terrain slope i€DN is relatively insensitive to changes in the aerosol num-
high. ber concentration.

Complex topography is able to modify the vertical wind  We found that similar regimes can be separated in terms
field in the atmosphere. With the performed regional scaleof average CDN, CCN, and TS. In mountainous areas the
simulations we are able to resolve the mesoscale impact oECN are the dominant factor, whereas in flat areas the av-
the terrain slope on the vertical wind velocities. The Dis- erage CDN is less sensitive to changes in CCN. This can be
tribution functionsny, of the simulated vertically averaged explained by the dependency of aerosol activation on updraft
grid-scale vertical velocities inside the clouds are shown invelocity and aerosol number.

Fig. 5b. When TS is increasing, the mean grid-scale vertical To simulate the interaction of aerosol particles with clouds
velocity within the clouds is increasing. in modern global climate models, the subgrid-scale vertical

In flat areas with TS lower than 0.01, the negative and thevelocities are crucial for the calculation of aerosol activation.
positive vertical velocities occur with equal frequency. 75 % Because the spatial resolution is too coarse to resolve the up-
of the vertical velocities within the clouds are greater thandrafts during cloud development, parameterizations have to
zero, when TS is larger than 0.01. This implies that in moun-be used. Many climate models integrate the activation pa-
tainous areas clouds are on average mainly in a developmemémeterization for a given probability density function (PDF)
stage in which new particles can get activated. This explain®f the vertical velocity to calculate the aerosol activation in
the average higher CDN concentrations in the mountainousne grid box. For this approach, the PDF of the subgrid-scale
areas. Reutter et al. (2009) defined aerosol- and updraftvertical velocity must be known. A common approach is to
limited regimes of cloud droplet formation. They found that use the grid-scale vertical velocity as the centre of the PDF
for a high ratio of updraft velocity and aerosol number con-and to determine the width corresponding to the turbulence
centration the CDN concentration is very sensitive to change.g., the vertical eddy diffusivity or the turbulent kinetic en-
in aerosol number concentration, where for low ratios theergy (e.g., Storelvmo et al., 2006).

www.atmos-chem-phys.net/11/4411/2011/ Atmos. Chem. Phys., 11, 44232011



4418 M. Bangert et al.: Regional scale effects of the aerosol cloud interaction

From our findings we suggest a parameterization of the 9000 1
PDF of subgrid-scale vertical velocities in climate models 8000 L 0%em-?
which also takes the effect of subgrid-scale terrain slope (TS) 70001 5
into account. A first pragmatic approach is to determine the . 60001 5
centre of the PDRuppr as a linear function of the grid aver- = 5] 2.5
aged subgrid-scale TSS, 00 1

o 3000 ' ' 0
WPDF=4Aa - TS, (10) 2000 -1

wherea ~2.8ms1is a rough estimate, based on the data 1007
0

122 122

depicted in Fig. 5b. An improved formulation of the parame- @ o0 007 00z
terization, based on a statistical analysis of model results that 9000
cover a period of several years with a high spatial resolution, 8000 ’
will be presented in a future study. Such a parameterization 7000 10*/(cm®h)
results in more realistic cloud droplet numbers in mountain- 6000 5
ous regions. For climate models without the representation E om0 4
of aerosols, a pragmatic parameterization of CDN as a func- £ 4000 :
tion of TS could be developed. ™ a000 1
2000
3.4 Aerosol number concentrations in the vicinity 1000
of clouds 0 -
(b)  isave Y aaGe T eoave | aiave

In several measurement studies (Weigelt et al., 2009; Twohy
et al., 2002; Keil and Wendisch, 2001; Hegg et al., 1990)Fig. 6. (a) Time evolution of the profile of the difference in the
high number concentrations of aerosol particles, respectivel)horizoma”y averaged total aerosol number concentration of cloudy
CCN, were found in the vicinity of clouds. Radke and to qloud free grid points(b) time evolution of the profile of the
Hobbs (1990) suggested that the vertical transport of precur-°rzontally averaged nucleation rate.

sor gases, the enhanced photolysis above the cloud and the
high humidity in these regions can cause nucleation events
and as a consequence high number concentrations of aerosol 5000
particles close to the clouds. To see if this process is im-
portant in our simulations, we first identified where the ma-
jor nucleation events occur. We checked the extent to which 4000

5500

[ =
O
o

4500

COSMO-ART is able to reproduce this feature. £ 3500
Figure 6a shows the time evolution of the profile of the u
. . X £ 3000

horizontally averaged difference in the total aerosol num- -~

ber concentration of cloudy to cloud free grid points. The n~ 2500

difference is mainly positive with high values in the free 2000
troposphere during midday. In Fig. 6b, the time evolution
of the profile of horizontally averaged nucleation is shown.
The criterion for a nucleation event is a change of more 1000

1500

I
N WA OO N

than 10 particlesicm=2 in the smallest aerosol mode. 500
In our simulations the nucleation of particles occurs in the (oL, 1z OO lzno 002 1RE D09

late morning in the free troposphere. The nucleation is

strongest at 19 August, with a maximum at an altitude of ap-Fig. 7. Time evolution of the profile of the ratio of horizontally
proximately 5000 ma.s.l. The occurrence of the nucleationaveraged CCN (0.1 %) concentrations at grid cells containing cloud
events is consistent with the maximum differences in the to-water and at cloud free grid cells.

tal aerosol number. The higher aerosol number in the vicinity

of clouds can therefore be explained by more effective nu-

cleation close to the clouds. This supports the findings of thel000 ma.s.l. the ratio is close to 1 and then increases mono-
aforementioned studies. tonically up to a ratio of 10 in 5000 ma.s.l. This ratio is

Finally, this has an impact on the number of available CCNN€arly constant during the passage of the front system from
in areas where clouds develop. Figure 7 shows the time evol9-20 August. In the free troposphere, the simulated number
lution of the profile of the ratio of horizontally averaged CCN concentration of CCN (0.1 %) is much higher in areas where
(0.1%) at grid cells containing cloud water and of horizon- the clouds develop than in the cloud free surroundings.
tally averaged CCN (0.1 %) at cloud free grid cells. Below
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Despite the fact that the enhanced nucleation plays a cru-
cial role here, vertical transport of particles is also important.
Flossmann (1998) showed that in a medium-sized convective

2500 4=

4419

cloud up to 70 % of the particulate mass can be transported 2000 cm™
into the free troposphere and can cause an accumulation of 150
particles above the cloud. 100

€ 1500 50
3.5 Aerosols, clouds, and precipitation ~ 10

C
The net impact of aerosol on clouds and precipitation can > 1000 _;8
hardly be quantified in general because of the regime- —100
dependent complex interactions (Stevens and Feingold, ~150

2009). Besides the direct impact of aerosol on cloud mi- 500
crophysics due to changes in CCN number and therefore

changes in droplet size, the dynamics and the atmospheric

water cycle play an important role for the development of 04
the clouds and the formation of precipitation (Sandu et al., @)
2008, 2009; Khain et al., 2008). Stevens and Feingold (2009)
pointed out that interactions on different spatial and tempo-

ral scales can buffer the impact of aerosol changes to some
extent. How efficient these buffering processes are is not yet 2000 {45
known. LY

With simulations of several days for a large model domain,
we are able to treat the direct microphysical response of the
cloud to aerosol changes and also the resulting macrophys-
ical feedbacks on dynamics and on the water cycle. There- :
fore, we are able to investigate in which way aerosol alters 1000 1
the net response of cloud properties and precipitation.

Introducing a perturbation in regional-scale atmospheric
simulations, due to new physical processes or artificially, will 500
in general result in a perturbed precipitation distribution due
to e.g., spatial shifts in the location of locally isolated cloud

sy

500 1000 1500 2000

1500 A

y in km

systems after several simulation days. For this reason we 03 P TEET T e

will focus on a short simulation period of two days from 19— (b) x in km

20 August 2005 for the analysis of the aerosol precipitation

interaction. Fig. 8. Difference in the(a) average CDN concentration a(ig) the

average mean cloud droplet diameter between simulation A and B

In Fig. 8a the difference of the mean CDN concentration
9 for 0 to 1500 ma.s.l. and 19—-20 August 2005.

between simulation A and B are shown for the period of 19—
20 August 2005. The simulated aerosol particles in simu-
lation A cause lower CDN over the ocean and higher CDN ) _ ) o _
over the continent and the Northern Sea compared to the préduring this period. The highest precipitation amounts with
scribed aerosol in simulation B. The changes in mean CDNValues up to more than 30 mm occurred in the region of the
are directly related to the different availability of CCN in the AlPS, the southern part of Germany, in France, and around
two simulations. the depression over the Northern Sea. The precipitation in
The difference in CDN is reflected in the difference of the these areas is produced mainly by mixed phase clouds.
mean droplet size for most parts of the model domain, but The difference of the total accumulated grid-scale precip-
there are also local regions, e.g. some parts over Western Geitation of A and B are depicted in Fig. 9b. Over the ocean
many, where the mean cloud droplet size is bigger despite théhe lower CCN number and, consequently, the bigger mean
higher mean CDN (Fig. 8b). Dynamic feedbacks and, therecloud droplet size caused an increase of the precipitation
fore, changes in the condensation overcome the initial impac&mount in the order of a few mm for the whole area. This is
of the aerosol on the microphysics in these areas. directly related to the more efficient formation of warm pre-
Figure 9a shows the total accumulated precipita‘[ion of runcipitation in the shallow stratiform clouds due to the lower
A for the 19—20 August 2005. Over the Atlantic Ocean weak CCN number concentration.
precipitation was produced by warm stratocumulus clouds. In case of the mixed phase cloud system, the impact of
The precipitation amount did not exceed 5mm in this areathe aerosol changes on the precipitation is quite different.
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For the quantification of the impact of the CCN on the
precipitation, the precipitation susceptibilifycan be used

mm (Sorooshian et al., 2009)8 is a measure of the response

of the precipitation to changes in CDN or CCN. He#ds

calculated as a function of the vertical mean CCN (0.1 %) for
the model layer 4 to 15 which corresponds to approximately

20 300 to 2000 ma.s.l. at a certain point of tin@CN, and the

15 rain amount of the following houR1p. Precipitation events

10 with less than 0.01 mm precipitation per hour are neglected.

° p— —AlogRim. (12)

1 Alog(CCN)

0 B is usually used for warm clouds, where positive values
indicate their typical behaviour with more CCN cause less
rain and negative values indicate more CCN cause more rain.

, Negative values of can only be caused by additional pro-

0 500 1000 1500 2000 2500 cesses and feedbacks besides the direct microphysical impact

(@) _ K of the CCN number concentration on droplet number con-

centration and on the coagulation of cloud droplets, respec-

mm tively. In this studyg is applied for warm and mixed phase

clouds. In contrast to other studies, which use one represen-

tative time during the development of a specific clogds
calculated for each hour and for the whole simulation domain

1 and, therefore, covers different development stages of clouds.

0.1 The advantage of this is that not only the first impact of the

aerosol on the precipitation but also the ongoing feedbacks

during the further cloud development are covered. Aerosol

—1 can, at first, change the precipitation in the early development

-5 of the cloud by modifying the autoconversion which will re-

10 sult in a positive. This process can then cause a feedback

with the ice phase of the cloud causing a negativand then
afterwards, due to a change in condensate in the cfpadn

— change its sign once again. A distribution@ftermedng,

0 500 1000 1500 2000 was calculated for the whole model domain and the last two

(b) x in km days of the simulation period for about 110000 grid points

(Fig. 10). The peak ofig is at a value of zero. The distri-

bution shows that it is hard to estimate a mean valug,of

for example for climate purposes, because both positive and
negative8 occur almost in the same amount. Moreover, what
can be seen by this single simulation, which covers different

Whereas the location of the precipitation events is almostcloud types and their development over several days, is that

identical in both simulations, the total amount of the precip- there is a slight skewness of to positive values of. This

itation shows an alternation of increases and decreases. Thigsults in an overall meag of 0.23 for this simulation.

is due to temporal and spatial shifts of the precipitation pro- Sorooshian et al. (2009, 2010) separated different cloud

duced by the individual moving cloud systems. regimes by correlating to the cloud liquid water path LWP

In the areas with mixed phase clouds and higher precipifor cloud parcel and LES simulations and satellite measure-
tation amounts, the clouds have, on average, more condements. They found that increases with LWP till approxi-
sate and higher updrafts inside the clouds in simulation A inmately 0.7—1 kg m? and then decreases again. In Fig. 1da,
which the CCN number is higher. Therefore, the impact onis shown as a function of cloud water path for our simulation.
the precipitation can be related mainly to dynamical effects,The mear8 increases with increasing cloud water path until
which can be initially caused by the changes in the aerosoD.5 kg nT2 and then stays approximately constant at a value

concentration (Seifert and Beheng, 2006a). But previous anaf 0.4.

surrounding clouds can also affect the dynamics in several To find the LWP for which the impact of CCN on the pre-

ways. Because of the complex non-linear interactions, thecipitation is most significant in our simulations independent

individual processes can hardly be separated. of the sign of8, we calculated the absolute valygj of 8

2500 A

2000 A

1500 1

y in km

1000 1

500 1

2000

1500 1.

y in km

1000

500

Fig. 9. (a) Accumulated precipitation amount in simulation A for
19-20 August 2005D) difference of the accumulated precipitation
amount between simulation A and B for 19-20 August 2005.
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Fig. 10. Simulated relative distributiong of g for intervals of
AB =0.01 for 19-20 August 2005. Q

for all points with an hourly precipitation amount greater
than 0.2mm. In Fig. 11b}g| is depicted as a function of

cloud water path. It is increasing up to a value of 1 at
LWP =0.85 and then decreasing for larger LWP. This re- T
sult is in agreement with the results found by Sorooshian et 0.0 05 1.0 15 20

al. (2009, 2010). LWP in kg/m?

(b)

4 Summary and conclusions Fig. 11. (a)Simulated precipitation susceptibilify as a function

of cloud liquid water path LWP for all grid points for 19-20 Au-
We have extended the model system COSMO-ART to studygust 2005 andb) || for all grid points with more than 0.2 mm per

the mesoscale processes related with aerosol, CCN and theibur for the same period. Shadings show the joint histogram for the
interaction with warm cloud microphysics. With this model available precipitation data. Dark colors indicate a high density of
we are able to simulate the gases, aerosols and clouds wittiata points.

a comparable level of complexity and to investigate their in-

teractions on the regional scale.

The model system was applied for Europe for a period in  The simulations showed big differences in aerosol num-
August 2005. We found that for the simulation of the CCN ber concentration in high altitudes during the late morning as
distribution, the treatment of aerosol size distribution andwell as a strong enhancement of CCN with increasing alti-
chemical composition is necessary and cannot be replacedide in cloudy areas in comparison to cloud free areas. We
by correlation of CCN with just the aerosol number or massshowed that the nucleation of secondary particles is strongly
concentration. enhanced above the clouds. This is caused by a more effec-

We discovered that the mean CDN is dependent on thdive photochemistry, humid conditions, and the strong ver-
structure of the terrain and we presented a terrain slope patical transport of precursor gases in the cloudy areas. The
rameter TS to classify this dependency. The dependency adimulations show that the distribution of CCN and clouds are
CDN on the TS could be explained by the different PDF of strongly correlated with each other. Therefore, the treatment
in-cloud updrafts for different TS. We propose to use this re-of complex photochemistry is crucial in atmospheric models
lationship to parameterize the PDF of subgrid-scale cloud upto simulate the distribution of CCN.
draft velocity in climate models or directly for mean CDNfor ~ We calculated the changes of cloud properties and pre-
climate models in which no aerosol information is available. cipitation for prescribing a fixed aerosol distribution. The

changes in the aerosol and the changes of CDN and mean
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droplet radii showed a clear correlation with more dropletsGuohui, L., Wang, Y., Lee, K.-H., Diao, Y., and Zhang, R.: Impacts
and smaller radii in areas with more available CCN. For of aerosols on the development and precipitation of a mesoscale
precipitation the changes showed different behaviours with squall line, J. Geophys. Res., 114, 1-18, 2009.
a slightly enhanced precipitation in the maritime stratus be-Hanel, G.. The properties of atmospheric aerosol particles as func-
cause of less CCN and spatial and temporal shifts in the pre- tions of the re_latlve huml_dlty at thermodynamic equilibrium with
cipitation over the continent where mixed phase clouds are, the surrounding moist air, Adv. Geophys., 19, 73-188, 1976.
dominant. To quantify the impact of the aerosol on the pre- egg, D. A., Radke, L. F., and Hobbs, P. V.: Particle production as-
e L - sociated with marine clouds, J. Geophys. Res., 95, 13917-13926,
cipitation, we calculated the precipitation susceptibifitior 1990.
each time step and for the whole model domain. The distri-yanova, I. T. and Leighton, H. G.: Aerosol-cloud interactions in
bution function of the susceptibility showed that both posi- a3 mesoscale model. Part I: Sensitivity to activation and collision-
tive and negative values occur almost with equal frequency, coalescence, J. Atmos. Sci., 65, 289-307, 2008.
but that the distribution has a slight skewness to positive valKeil, A. and Wendisch, M.: Bursts of Aitken mode and ultrafine par-
ues and a meafl of 0.23. In our simulations clouds with ticles observed at the top of continental boundary layer clouds, J.

a liquid water path LWP of approximately 0.85 kgfare Aerosol Sci., 32, 649-660, 2001 _
most susceptible to aerosol changes with a absgluél ~ Kerminen, V.-M. and Wexler, A. S.: Post-fog nucleation oi$0,-
and the mears for LWP between 0.5kg mé and 1 kg nr2 H>0O particles in smog, Atmos. Environ., 28, 2399-2406, 1994.

Khain, A. P.: Notes on state-of-the-art investigations of aerosol ef-
fects on precipitation: a critical review, Environ. Res. Lett., 4,
015004,d0i:10.1088/1748-9326/4/1/01501D09.
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