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Abstract. Possible aerosol-cloud-precipitation effects over dynamical feedbacks on multiple scales are especially hard
Germany are investigated using the COSMO model in ato quantify Solomon et a].2007). Global climate and earth
convection-permitting configuration close to the operationalsystem models which suffer from very coarse horizontal res-
COSMO-DE. Aerosol effects on clouds and precipitation areolution are unable to represent such feedbacks explicitly, es-
modeled by using an advanced two-moment microphysicapecially those involving convective clouds, and need to rely
parameterization taking into account aerosol assumptions foon sensitivities emerging from the sub-grid parameteriza-
cloud condensation nuclei (CCN) as well as ice nuclei (IN).tions. Process studies as well as regional and convective-
Simulations of three summer seasons have been performestale modeling are therefore necessary to clarify, evaluate
with various aerosol assumptions, and are analysed regardnd quantify those complex interactions.

ing surface precipitation, cloud properties, and the indirect The response of clouds to changes in the ambient aerosol,
aerosol effect on near-surface temperature. We find that thee. the indirect aerosol effect, is complex and may differ
CCN and IN assumptions have a strong effect on cloud propquantitatively and qualitatively depending on the cloud type
erties, like condensate amounts of cloud water, snow and raior aerosol regime. One example of such complex behavior is
as well as on the glaciation of the clouds, but the effectsthe non-monotonic dependency of cloud fraction on aerosol
on surface precipitation are — when averaged over space armcbncentrationXue et al, 2008. In general, at least three dif-
time — small. This robustness can only be understood by théerent aerosol indirect effects can be distinguishathfmann
combined action of microphysical and dynamical processesand Feichter2005 Solomon et al.2007):

On one hand, this shows that clouds can be interpreted as a

buffered system where significant changes to environmental 1. Cloud lifetime effect: More CCN lead to smaller-
parameters, like aerosols, have little effect on the resulting ~ droplets, decreasing precipitation efficiency and pro-
surface precipitation. On the other hand, this buffering is not ~ longing cloud lifetime Albrecht, 1989.

active for the radiative effects of clouds, and the changes in
cloud properties due to aerosol perturbations may have a sig-
nificant effect on radiation and near-surface temperature.

2. Glaciation indirect effect: More IN lead to a more effi-
cient glaciation of clouds and an increased precipitation
efficiency (e.g.Lohmann 2002 Lohmann and Hoose
2009.

1 Introduction 3. Aerosol cloud dynamics effect (thermodynamics ef-
fect): More CCN lead to smaller cloud droplets, which
Understanding aerosol-cloud interactions is a major scien-  delays formation of raindrops and leads to more super-
tific challenge in current climate research. Interactions that cooled water freezing at higher altitudes. The additional
involve microphysical effects and response as well as cloud latent heat release invigorates the clouds resulting in an
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710 A. Seifert et al.: Aerosol-cloud-precipitation effects over Germany

increase in surface precipitatioSdifert and Beheng
2006k Khain et al, 2005 Koren et al, 2005 van den
Heever et al.2006 Fan et al. 2009.

To unravel aerosol indirect effects it is necessary to quan-
tify those processes and feedbacks, and to understand which
cloud regimes are affected in which manner by which chain
of processes.

During the 1950s and ’'60s many aerosol-cloud-
precipitation studies were done in the context of cloud
seeding, i.e. the attempt to deliberately modify the mi-
crostructure of clouds with the aim of precipitation
enhancement or hail suppression, topics which are still very
controversial Cotton 1982 2009 Garstang et al.2005
Levin and Cotton2008. Today, in the broader context of
climate change, the impact of unintentional anthropogenic
changes of the atmospheric aerosol and the microstructure of 0 200 400 600 800 1000
clouds and precipitation are probably even more important height in m
(Borys et al, 2003 Rosenfeld and GivatR006 Alpert et al,

2008 Levin and Cotton2008 Ayers and Levin2009. Also Fig. 1. COSMO-DE model domain, with insertions of coverage of
in some recent suggestions for intentional anthropogenighe German radar composite (grey), and the three evaluation sub-
climate changes, often called geo-engineering, aerosol-clougomains with the model orography.

effects play a major roleQotton 2009.

Aerosol-cloud-radiation feedbacks have, for example,
been studied in detail byGrabowski et al.(1998 and
Grabowski and Morrisorf2011) using radiative-convective , ) .
quasi-equilibrium simulations. Especially the latter study us- The paper is organized as follows: In Sect. 2 we give

ing a two-moment microphysics scheme shows that indirecf! overview of the_modeling systems and. set.up with details
aerosol effects on atmospheric processes and the radiatio;?'POUt the cloud microphysical parameterization useq. Se_c-
budget may be rather small, and that the dynamical feedbacl%On 3 preseqt; our result§, followeq by some copclusmns n
on the cloud- and meso-scale play an important role in buffer- ect. 4. Additional material is provided in an online supple-
ing the system. In radiative-convective quasi-equilibrium the™
surface precipitation is strongly constrained by the surface
heat flux and radiative cooling, therefore such simulations
are not yet conclusive regarding aerosol-cloud-precipitation
effects and feedbacks. 21 COSMO-DE

Here we explore aerosol-cloud-precipitation effects using

methods and data from operational numerical weather preThe non-hydrostatic compressible COSMO médil a
diction. This has the advantage that the modeling system w@mited-area numerical weather prediction (NWP) model de-
use is validated on a day-to-day basis, and we simply have t@eloped by Deutscher Wetterdienst (DWD) and the COSMO
extend this system with a more sophisticated microphysicatonsortium Steppeler et al2003. COSMO-DE is an op-
parameterization to be able to represent some important agrational implementation of the COSMO model at DWD
pects of aerosol indirect effects. The disadvantage is that w@s a convective-scale shortest-range NWP moBaldauf
ignore the variability and feedbacks of atmospheric chem-et al, 2011). With 421x461 grid points the COSMO-DE
istry and aerosol, i.e. by assuming low or high aerosol (CCN,domain (Fig.1) covers about 12001300 knf of central Eu-

IN) load in our experiments we just aim to capture the sensirope including Germany, Switzerland, Austria, the Nether-
tivity of clouds and precipitation to a large-scale perturbation|ands, Belgium, some parts of the neighboring countries and
of the atmospheric aerosol. This exercise may be seen as afiost of the Alps. It uses 50 model layers with a stretched ver-
attempt at bracketing the aerosol effects by estimating an uptical grid. The lowest layer is placed in 10 m above ground,
per and lower bound, i.e. we do not strive to represent theand the model top is located at 22 km above mean sea level.
full complexity of all chemistry-aerosol-cloud interactions, The data assimilation system of COSMO-DE uses a nudging

but to give a reasonable estimate for the sensitivity of theapproach which includes the assimilation of high-resolution
system taking into account the full meteorologically driven

cloud regime variability. To make this feasible this study fo-  1The model formerly known as Lokal Modell (LM).

cuses on summertime convective conditions in mid-latitudes,
in particular in Germany.

ent.

Model description
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Table 1. Power law coefficients for the maximum diamef@(x) = ax? and the terminal fall velocity (x) =axP of particles with mass

x as well as coefficients of the generalized Gamma distribufiorn) = Ax" exp(— Bx*) and maximum and minimum values for the mean
particle massc for the various hydrometeor types as used in the SB two-moment microphysics scheme. Below cloud base the raindrops
follow the size-dependent Gamma shape parameterization of Seifert (2008).

a b o B v.ou Xmin Xmax

(mkg™?) (mstkg=#) (kg) (kg)
cloud droplets (124 Y3  375x10° 2/3 1 1 42x10715 26x10710
raindrops 0124 Y3 1140 0234 0 1/3 26x10°10 30x10°6
cloud ice 3269 0481 34470 0630 0 1/3 10x10712 10x10°6
snowflakes 200 Q455 8800 0150 1 1/2 10x10710 20x10°°
graupel 0142 0314 3300 0187 1 1/3 10x10° 50x104
hail 0.134 3 3930 0167 1 13 26x109 1.0x104

radar data by means of latent heat nudgiStephan et al.  in the ambient aerosol for individual cloudSdijfert and Be-
2008. Boundary conditions for COSMO-DE are provided heng 2006k Seifert et al.2006. Hydrometeor size distribu-
by a 7 km grid-spacing COSMO model, called COSMO-EU, tions are described by generalized Gamma distributions (pa-
which itself is nested into a global model, the GM#&ajew- rameters are given in Table 1). The raindrop size distribu-
ski et al, 2009. The COSMO-DE model configuration is tion is a Gamma distribution with a shape parameter depend-
based on an efficient Runge-Kutta solver followMfcker ing on mean diameterSgifert 2005 2008, and all warm
and Skamarock20032, but with a vertically implicit solver  rain processes as, e.g. autoconversion, accretion, etc., are pa-
which allows a time step oAr=25s. The one-moment rameterized as iBeifert(2008 based orSeifert and Beheng
cloud microphysics scheme used operationally predicts th€2001).
mixing ratios of cloud water, rain water, cloud ice, snow and The SB scheme has recently been extended to include a
graupel and is combined with a simple mass-flux parameseparate hail class considering wet growth processes and a
terization of non-precipitating shallow convection based onspectral partitioning of freezing raindropBléhak 2008.
that part of theTiedtke (1983 scheme. In such a model This hail-version of the SB scheme, which predicts the water
setup, which can be called convective-system resolving omixing ratiosg, and number densities, of cloud droplets,
convection-permitting, no parameterization of precipitating rain, cloud ice, snow, graupel, and hail € {c,r,i,s,g,h})
deep convection is used, i.e. all precipitation processes arhas successfully been applied to the simulation of a hail
explicitly represented by the grid-scale bulk microphysics storm byNoppel et al.(2010. Important parameters of the
scheme. For the cloud microphysics and precipitation pro-SB scheme and the chosen values are summarized in Tables 1
cesses the model uses only the grid box mean variables arghd 2.
no sub-grid variability is taken into account, e.g. condensa- |n the COSMO model the SB scheme is consistently cou-
tion/evaporation of cloud droplets is parameterized by a satupled with the radiation scheme, i.e. effective radii of ice par-
ration adjustment. For radiation and moist turbulence a subticles and cloud droplets are calculated in the microphysics
grid cloud fraction is diagnosed using relative humidity or scheme and passed to the radiation scheme. Optical prop-
normalized saturation deficit. For more details we refer toerties are taken frorEdwards et al(2007) for ice particles
Baldauf et al(2011). andHu and Stamne§1993 for water clouds Zubler et al,

2011).
2.2 Two-moment microphysics

2.3 Aerosol assumptions and nucleation
In this study we use the two-moment mixed-phase bulk mi- parameterizations
crophysical parameterization of Seifert and Behedgifert
and Beheng2006a SB hereafter) which predicts both the In mixed-phase clouds aerosol particles can act as cloud con-
number densities and mass mixing ratios of the various hy-densation nuclei (CCN) or they may become ice nuclei (IN).
drometeor types. This scheme has been especially designed Activation of CCN from aerosol particles is computed us-
to be able to represent aerosol effects on the microphysicég pre-calculated activation ratios stored in a look-up table
of mixed-phase clouds. It has been successfully validateqSegal and Khain2006§. The activation ratios depend on
against a comprehensive spectral bin microphysics cloudhe vertical velocity at cloud base and the properties of the
model Seifert et al. 2006§. As most other advanced mi- aerosol Noppel et al.2010. All condensation nuclei (CN)
crophysics schemes, the SB scheme does simulate a strorge assumed to be soluble and follow a bi-modal size distri-
response of cloud microphysics and precipitation to changesution. To calculate the look-up tables the number density

www.atmos-chem-phys.net/12/709/2012/ Atmos. Chem. Phys., 12, 7085-2012
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Table 2. Some important parameters and coefficients as used in the current version of the SB two-moment microphysics scheme. Notations
refers to SB, except for hail parameters which refer to Blahak (2008).

Notation  Description Value Unit

Ao space filling constant 0.1

o; standard deviation of fallspeed for cloud ice 0.0 s

og standard deviation of fallspeed for snowflakes 0.1 “hs
Dc,o constant in collisions efficiency for cloud droplets X006 m

DC,l constant in collisions efficiency for cloud droplets () m

[)g,O constant in collisions efficiency for graupel 10006 m

Dh,o constant in collisions efficiency for halil 1600°% m

Dio constant in collisions efficiency for cloud ice 1500% m

Dy constant in collisions efficiency for snowflakes w06 m

Drz,ig rain below this diameter freezes to cloud ice, above to graupel x1.00° m

Dirz,gn rain below this diameter freezes to graupel, above to hail AP63  m

[)shedg graupel above this diameter starts shedding x3M3 m

Dshedh hail above this diameter starts shedding 5103 m

Eg¢ max maximum mean collision efficiency for graupel 1.0

Ep max maximum mean collision efficiency for halil 1.0

E; max maximum mean collision efficiency for cloud ice 0.8

E"s,max maximum mean collision efficiency for snowflakes 0.8

kee constant in cloud-cloud kernel 9.440° mikg2s1
ker constant in cloud-rain kernel 5.78 Shg~1s1
kyr constant in rain-rain kernel 4.33 3hg1s?

Ncn, mean radius of the larger aerosol magdgeand the log-
arithm of its geometric standard deviation {e¢ have to be 10° E
prescribed. In contrast to the initial assumptions of$kegal 1
and Khain(2006 scheme, CN are often not completely solu-
ble, this fact is accounted for by a correction factor affecting
the number of nucleated droplets. This empirical parameter
€ is estimated to 0.9 for low and to 0.7 for very high CN
number densities. For the vertical profile of CN we assume a
constant number densitycn, up to 2 km and an exponential
decrease above that height.

10" :." Meyers (1992) -

In order to elucidate the effect of different aerosol and 1 — Phos, standard, low IN
CCN concentrations, respectively, on precipitation we have 1 —__Pho8, high IN
performed simulations with low CCNMcn =100 cm 3, ] --- Pho8, very low IN
log(c)=0.4, r,=0.03 um,e =0.9) and high CCN assump- 102
tions (Nen = 3200 cnt®, log(o) =0.2,r2=0.03 um,e =0.7, 0 10 20 30 40 5 60
cf. Table 1 ofNoppel et al,2010. supercooling in K

HeterOggn%O:S"ICg nuﬂ.ﬁ.atlon Ofla(ZBo;OIFPS:géeﬁ o IN ISFig. 2. Number density of activated ice nuclei (IN) as a function
parameterized followinghillips et al.( 8 ere- o supercooling in K. Shown are the relations for the Phillips et al.

after) and the parameters given there serve as our standafgoog) parameterization with three different aerosol assumptions,
configuration called “low IN". Further experiments with an and the Meyers et al. (1992) parameterization.

increase (decrease) of IN by one order in magnitude are

performed as “high IN” (“very low IN”) sensitivity studies.

The dependency of the number of activated IN by immer-

sion freezing on temperature is shown in F&y. For the = compares well with recent observatior&idhammer et al.
present study, the details of the ice nucleation scheme ar2009 2010, and would allow a coupling with a prognostic
in fact rather unimportant, i.e. it does not make any dif- aerosol model in the future. Deposition nucleation is taken
ference whether the IN are due to soot, dust or organicsinto account in PDA08, but does not seem to play a ma-
Nevertheless, we have used the PDA08 scheme, becausejir role in our simulations. Contact nucleation is neglected.

10"

10°

activated ice nuclei in dm™
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The immersion freezing of raindrops is parameterized byTable 3. Experiments performed for this study. The data can be ac-

a volume-dependent empirical relation (sseifert and Be-  cegsed from DWD using the database IDs given here for individual
heng 20063. The coefficients of this parameterization are experiments and years.

re-scaled depending on the assumed IN concentration. Ac-

tivated heterogeneous IN are limited to 100 per liter in all . ID in database microphysics CCN IN

simulations. 2008 2009 2010 scheme

_ Ice nucleation via homogeneous frgezing of aqueous solg— 7544 7451 7895 two-moment high low

tion droplets has recently also been included in the SB mi- 7545 7452 7899 two-moment  low low

crophysics scheme followingarcher and Lohman(2002 7547 7454 7954 two-moment high high

andKarcher et al(2006. The competition of heterogeneous 7907 7906 7955 two-moment  low high

and homogeneous ice nucleation is explicitly taken into ac- 7546 7453 8013  two-moment high  very low

count, i.e. the reduction of the supersaturation over ice by 8056 8055 8026  two-moment low  verylow
L . . . 7483 7450 7897 one-moment - -

pre-existing ice particles due to heterogeneous nucleation

is rewritten in terms of a reduction of the vertical velocity

which then leads to a smaller number of homogeneously nu- . . . .

cleated particlesarcher et al.2006. The radius of the planned in future, €.9. using remote sensing data Bésifier

aqueous solution droplets is assumedas=0.25 um but, etal.(2010. i ) )

as shown byKarcher and Lohman2002, homogeneous As has been found_ in many previous studps of aerosol

nucleation depends primarily on the updraft velocity, and iseﬁeCtS on cloudsKhain et al, 1999 2005 Seifert et al,

rather insensitive to the details of the aerosol size distribu-zoo@’ the mixing ratios of cloud water, cloud ice, graupel,

tion etc. do change significantly in different CCN and IN regimes.
Note that we do not apply a prognostic aerosol model inThe time series of the mean integrated water column of the

this study, i.e. the CCN and IN perturbation experiments doCIOUd and precipitation species (Fig). show an increase of
only vary as constant “background” aerosol. Effects angmore than a factor 2 in the cloud water path between low and
feedbacks like scavenging, cloud chemistry etc. are not modhlgh CCN assumptions, the snow water path increases, but

eled. Nevertheless, this approach can be used to investigaFéO'“'d_ice and graupel/hail _decreases (Ra). This can be .
explained by the suppression of the warm rain processes in

the effect of order-in-magnitude changes in aerosol particle ) X
concentrations. the high CCN_ regime: Due_ to the slow growth from clout_j
droplets to raindrops in a high CCN regime, cloud water is
2.4 Numerical simulations not as efficiently removed, hence, the larger cloud water con-
tent. An increase in IN, e.g. between experiments 1 and 3,
We have performed hindcasts for June, July, August (JJA) ofeads to a reduction of the cloud water path, because cloud
the years 2008, 2009 and 2010. For each day simulationgater freezes more efficiently, and consequently the snow
have been initialized at 00:00 UTC and 12:00 UTC from the water path increases (Figb).
operational COSMO-DE analysis and run for 48 h. The ex- Assumptions about CCN and IN do have a strong impact
tended simulation time of 48h (compared to only 21 h of on the glaciation of mixed-phase clouds. Figdrghows the
the operational COSMO-DE forecasts) was used to identifyprobability density function (PDF) of the ratio of ice water
spin-up effects in the simulations which would point towards content IWC and total water content TWC, i.e. ice fraction
unbalanced initial or boundary conditions or problems in thelWC/TWC. The PDF is evaluated for a given temperatlire
model physics. for mixed-phase clouds with cloud mixing ratje > 0 and
We performed a set of hindcasts with the operational sysTWC> 1 x 10-8kgm=3. The PDFs of the ice fraction for
tem and six sensitivity experiments using the two-momentthe six experiments with different CCN/IN assumption show
microphysics with high and low CCN, as well as low, high, that more IN do, as expected, lead to a more rapid, more effi-
and very low IN (Table 3). This sums up to 3864 individual cient glaciation of the clouds. At high CCN, high IN condi-
simulations. Hourly output was saved including most three-tions virtually all clouds are completely glaciated-25°C,
dimensional variables like cloud and precipitation mixing ra- at lower IN concentrations significant liquid water may ex-
tios, number concentrations, vertical velocity etc. ist in updraft cores even at lower temperatures. Reducing
CCN leads also to a more efficient glaciation, because driz-
zle drops and raindrops make the cloud freeze more rapidly
3 Results due to the volume dependency of the freezing of such large
drops. The different glaciation characteristics of the clouds
depending on CCN/IN have a pronounced effect on the dy-

Here we focus on the statistical behavior of the model and thd'2M'€S by modifying the latent heat release, and also affect

response of clouds and precipitation to the changes in CCI\'ihe precipitation efficiency of the clouds.
and IN assumptions. More detailed analysis and validation is

~NOoO abs WNRE

3.1 Analysis
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a) CCN sensitivity at low IN b) IN sensitivity at high CCN
0.12 L TN T T YT A O Y SR AR Y NN 0.12 TN T ST Y T TS ST B NS BN R E
1 — TQC — high CCN, low IN r 1 — TQC — high CCN, low IN
1 TQl  ---- low CCN, low IN I 1 TQl  ---- high CCN, high IN
4 — TQR L 4 — TQR L
1 A
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time in h time in h

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

Table 4. Area-averaged monthly mean accumulated precipitation amounts in mm for the domains denoted, ind=iG.ermany, as well
as southern, central, northern and full evaluation domain.

No. CCN IN Germany southern domain central domain  northern domain  full domain
1 high low 83.9 99.8 77.2 71.7 82.9
2 low low 83.1 97.2 76.9 70.9 81.6
3 high high 86.2 103.0 78.7 73.3 85.0
4 low high 83.3 97.7 76.3 70.5 81.5
5 high  very low 79.9 94.9 73.8 68.6 79.1
6 low  verylow 79.1 92.5 73.2 67.4 77.7
7 one-moment 79.4 91.3 71.2 70.2 77.6

So far we have seen that changing the assumed CCN/INlow CCN” gives more precipitation at the Black Forest and
concentrations in the model does have a significant effecthe Harz compared to experiment 1 with “high CCN”. This
on the microstructure of the clouds, but how strongly doesbecomes much more obvious in F&which shows the rela-
this modify the precipitation amounts at the surface? Fig-tive difference in monthly mean precipitation comparing dif-
ure5 shows the monthly mean precipitation amounts for ex-ferent experiments. The CCN sensitivity correlates well with
periment$ 1-4; area averages of monthly mean accumulatedhe mountain ranges like the Black Forest, the Brocken and
precipitation over different regions are given in TableThe  the Rohn.
monthly accumulations are sampled from the simulations by
using the 06:00-18:00h simulation period of all hindcasts —That the “low CCN” assumptions lead to more precipita-
initialized at 00:00 and 12:00UTC. The spatial pattern isfion on the mountain ranges (Figa) is easily understood
largely driven by orography with the highest precipitation Pecause the fast rain formation of a low CCN cloud is im-
amounts in the Alpenvorland, i.e. the foothills of the Alps. Mediately coupled to the dynamical forcing of the orogra-
Also the German lower mountain ranges, like the Black For-Phy while the much slower rain formation in a high CCN
est, the Harz, etc., lead to a pronounced orographic precipienvironment reduces the impact of mesoscale orographic ob-
tation effect. stacles. Interestingly, this increase of precipitation on the

The differences between the four experiments are subtleountain top at “low CCN" is overcompensated by a de-
but some effects are clearly visible, e.g. experiment 2 withCréase in the lee of the mountains, i.e. averaged over a larger
area the “high CCN” experiments have slightly higher pre-

2The corresponding Figs. for Exps. 5-7, and observations areipitation amounts than the corresponding “low CCN” sim-
provided in the online supplement. ulations. IN sensitivities, on the other hand, do not correlate

Atmos. Chem. Phys., 12, 709425 2012 www.atmos-chem-phys.net/12/709/2012/
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a) high CCN, high IN b) high CCN, low IN c¢) high CCN, very low IN
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Fig. 4. Probability density function of ice fraction in mixed-phase clouds in % as a function of temperature. Shown are the six experiments
with different CCN and IN assumptions. Data is from the full evaluation domain using 00:00 and 12:00 UTC simulations sampled every

3 hours from 6-15 h simulation time. Grey areas indicate insufficient number of mixed-phase grid points to calculate a probability density
function.

much with the orography (Fidic, d). Mixed-phase precipi- the mean diurnal cycle of hourly precipitation rate as given
tation formation, especially during summertime, seems to ben Fig. 7.

too slow, and is maybe too complex, to respond immediately During summer, daytime development of deep convection
to mesoscale orographic obstacles. Increasing the number ¢éads to a strong diurnal cycle in precipitation rate. The max-
IN leads, on average, to an increase in precipitation amountgmum is around 16:00 UTC when averaged over the full eval-
especially for the “high CCN" assumptions (F&g., Tabled). uation domain (Fig7a), and close to 18:00 UTC in the south-
The experiments with different CCN assumptions (F@8,  ern subdomain (Figzb). The model is able to reproduce the
b) show that “low CCN” leads to more rain in the western diurnal cycle reasonably well as shown by the comparison to
part, while “high CCN” increases precipitation in the eastern precipitation rates derived from radar data, and even the diur-
part. In a dominantly westerly flow this suggests that, in anal cycle on day two of the simulations is well captured. The
low CCN environment, moist air masses rain out faster, andnodel shows some spin-down, i.e. during the first 6 h of the
less moisture is transported eastwards over continental Eusimulation the precipitation rate is overestimated. This is to
rope, although some part of this effect might be an unphyssome extent due to the inconsistency of the initial condition:
ical response to the lateral boundary conditions (cf. discusthe operational COSMO-DE analysis uses the one-moment
sion in online suppl.). Before we go into the further details microphysics scheme which yields higher hydrometeor mix-
of the IN- and CCN-sensitivities, we extend the analysis toing ratios, especially for snow. Some part of the spin-down
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a) Experiment 1: high CCN, low IN
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Fig. 5. Monthly mean precipitation amount of JJA 2008-2010 for experiments 1-4 combined from 06:00-18:00 h hindcasts initialized at

00:00 and 12:00 UTC.

can also be attributed to the latent heat nudging being todlifference between low and high CCN assumption with the
active during the night. This spin-down might affect the sim- high CCN case showing a stronger diurnal cycle (red lines).
ulations and the CCN/IN sensitivities, but since the “day 2" This difference in CCN sensitivity at different levels of IN
shows similar behavior to “day 1” we argue that those effectconcentrations is also revealed by TaBléor the monthly
are small. The diurnal cycle analysis confirms the findingsmean precipitation accumulation. The high IN regime shows
from the monthly mean accumulations, i.e. the effect of thea stronger sensitivity to CCN (Exps. 3 vs. 4) than the simula-
CCN/IN assumptions is small and complex. For the “low IN” tions with “low” or “very low” IN assumptions (1 vs. 2, or 5
experiments with high and low CCN assumptions the mearvs. 6).

diurnal cycles are very similar (the blue dotted and dashed The difference in the response to CCN changes at differ-
lines fall onto each other in large parts). The same applies tent levels of IN concentrations may be explained as follows.
the “very low IN” experiments (green lines), although they For clouds with high CCN an increase in IN can lead to a
show a reduction of precipitation compared to the “low IN” small but significant increase in surface precipitation, mostly
experiments. For the “high IN” regime there is a significant because more condensate becomes available for collection

Atmos. Chem. Phys., 12, 709425 2012
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a) Sensitivity to CCN (low-high) at low IN (Exp. 2 - Exp. 1)  b) Sensitivity to CCN (low-high) at high IN (Exp. 4 - Exp. 3)
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¢) Sensitivity to IN (high-low) at high CCN (Exp. 3 - Exp. 1)  d) Sensitivity to IN (high-low) at low CCN (Exp. 4 - Exp. 2)
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Fig. 6. Relative difference in % of the monthly mean accumulated precipitation of JJA 2008-2010 comparing different experiments.

processes, and, due to the more efficient glaciation with ini.e. having small ice crystals which form precipitation more
creasing IN (cf. Fig4), more latent heat is released which slowly. Adding IN to such a cloud can lead to a reduction
invigorates the dynamics (see Fig.and next paragraph). of the precipitation efficiency. The opposite is true in a high
For clouds in a low CCN atmosphere, on the other hand, arCCN environment where mixed-phase processes are the only
increase in IN can lead to a decrease in surface precipitaefficient rain formation mechanism. The balance between
tion (Teller and Levin 2006. This behavior of the low CCN  those feedbacks may differ from cloud to cloud, but, for ex-
clouds can be explained by the fact that some part of the conample, in the evening hours (19:00-22:00 h simulation time)
densate rains out early by warm rain processes, leaving lesall experiments with “high CCN” show higher precipitation
condensate behind for the mixed-phase precipitation formarates than their corresponding “low CCN” counterparts. A
tion. Thus the mixed-phase region of the low CCN cloudstemporal shift in the diurnal cycle is most significant in case
is more likely to be dominated by microphysical bottlenecks, of the IN sensitivity, with lower IN numbers leading to a
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Fig. 7. Time series of hourly rain rate averaged over (@gethe full evaluation domain, an@) the southern evaluation domain. Shown are
the radar data, the six two-moment microphysics experiments, and the simulation using the operational one-moment scheme (all simulations

initialized at 00:00 UTC).

delay in precipitation (this is most pronounced for the south-
ern evaluation domain, Figb).

Further evidence for the invigoration of convective clouds
in a high CCN environment is provided by an analysis of the
convective cloud core depth (Fi§). Here the convective
cloud core depth is defined as the height between cloud bas
and cloud top (given by a thresholdgf+¢; =103 gkg™1)
of cloud cores with an maximum updraft velocitymax >
1mstin the column and, +¢; >0.5gkg™! at the location
of the maximum updraft velocity. This shows that convec- ©
tion cores do indeed grow deeper in the “high CCN” environ- S
ment compared to “low CCN". The cloud cores also become
deeper when fewer IN are available for the glaciation of the
cloud. .

epth in ken

clo

IV

So far we have, for clarity and simplicity, only analyzed
the (simulated) climatological mean summertime precipita-
tion, either as monthly mean or as mean diurnal cycle. To
extend the analysis to the variability of 12-h accumulated
precipitation Fig9 provides a box-whisker plot of the statis-
tics of area-averaged precipitation amounts. This shows, on
one hand, that CCN or IN perturbations can induce a sig-
nificant variability even on the mesg®-scale (as represented
by the evaluation sub-domains), i.e. depending on the me-
teorological situation aerosol variations may lead to an in-
crease or decrease of up to 20% in the 12-h accumulated
surface precipitation. On the other hand, some of the vari-
ability might be caused by relatively small spatial shifts of

convect
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Fig. 8. Time series of convective cloud core depth averaged over
the full evaluation domain for the different model experiments.
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Fig. 9. Box-whisker plot of relative change of 12-h accumulated Fig. 10. Time series of 2m-temperature averaged over the full
area-averaged precipitation of JJA 2008-2010. Shown are anomasvaluation domain. Shown are synop measurements, the six two-
lies relative to the mean of Exps. 1-6. The precipitation data hasnoment microphysics experiments, and the simulation using the
been averaged over either one of the three subdomains. The bottoaperational one-moment scheme.

and top of the boxes are the lower and upper quartiles, the line near

the middle of the boxes is the median, whiskers are the 5th and 95th

percentiles and the stars represent the mean value. ture) changes because the area-averaged precipitation rate is

imposed by the large-scale forcing, and to counteract the
slowed-down precipitation processes under high CCN con-
plitions the cloud water path (and cloud depth) increases. The
rﬁesponse to changes in IN is even more complex, because the
microphysical sensitivity already depends on the microstruc-
qture on the cloud, i.e. increasing IN can either slow down
or enhance precipitation formation depending on the cloud

precipitation systems into and out of the evaluation subdo
mains. The mean and median of the differences are smal
most relevant is maybe the increase in precipitation betwee
Exp. 3 (low CCN, high IN) and Exp. 4 (high CCN, high IN),
which is much larger than the difference between Exps.
and 2. Both experiments with “very low IN” show a signif- ;
icant reduction in the 12-h precipitation amounts. For most' €9'Me:

days the variability induced by the aerosol-microphysics per- & have seen that aerosol effects on accumulated surface
turbations, i.e. the spread of all 6 experiments, is smallefPrecipitation are small, and we have explained this by the

than 10 %. Compared to the uncertainty of measurements diicro- and macrophysical buffers. Does the near-surface

area-averaged precipitation, and also compared to the uncefemperature exhibit a similar robustness? To quantify the

tainties in NWP, this aerosol-induced variability is therefore indirect aerosol effect in our simulations Fg0 shows the
small or even negligible. mean diurnal cycle of the 2 m-temperature for the experi-

ments 1-7. Compared to an average over all synop stations
3.2 Buffering in the evaluation domain all simulations show a large warm

bias during the night, which is caused by problems in the rep-
Our analysis confirms the concept of clouds as a bufferedesentation of the stable nocturnal boundary layer, a common
system Stevens and Feingal@009. As we have shown, and well-known problem in the COSMO model which is not
cloud depth acts as a macroscopic cloud buffer, i.e. by grow+relevant for aerosol-cloud effects. More interesting are the
ing deeper the dynamical feedback counteracts the inefficiendifferences in the maximum 2 m-temperature around noon.
microphysics in high CCN (low IN) conditions. Following Different CCN and IN assumptions result in differences of
the concept of microscopic and macroscopic buffers as forabout 0.5 K when averaged over the three summer seasons,
mulated byStevens and Feingo[@009, we may also take a i.e. differences on individual days can be much larger. This
second look at Fig3: In this sense the strong response of the suggests that the radiative aerosol indirect effects are more
cloud and snow water path to changes in CCN (or IN) doeselevant than effects on precipitation and are not as well
not indicate a similar change in precipitation, but just the buffered as the hydrological response of the system. The op-
opposite. The cloud microstructure (as well as macrostrucerational one-moment microphysics scheme leads to an even
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a) Simulation assuming *low IN’ b) Simulation assuming “high IN’
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Fig. 11. Precipitation susceptibility to changes in CCN number for 12-h area-averaged precipitation rate as a function of the total condensed
water column (red markers indicate a precipitation amount exceeding 1 mm, blue markers precipitation exceeding 0.1 mm).

stronger positive bias in maximum 2m-temperature, and thisoverall robustness discussed above. The dependency on total
difference between the two-moment simulations and the opwater path (TWP) reveals only a decreaséSffor increas-
erational one-moment scheme may partly be explained byng TWP, something which can be explained by the fact that
the different cloud-radiation coupling, which in case of the clouds with high water content are dominated by growth by
two-moment microphysics makes use of prognostic effectiveaccretion making them less susceptible to aerosol concentra-

radii of cloud water and cloud ice. tions (Stevens and Feinggld009 Seifert and Steveng201Q
' o Seifert and &ngl 2010. The hydrologically more relevant
3.3 Regime dependency of susceptibility events withR>1 mm/(12 h) show only a weak sensitivity to

aerosol concentrations witf§| below 0.3 for most events
ig. 11a). Changing the IN assumptions from “low IN” to
igh IN” results in a decrease of (Fig. 11b), especially for
e stronger events witR>1 mm/(12 h). This, again, shows
that for mixed-phase clouds the sensitivities to CCN and IN
cannot easily be separated.

Seifert and Beheng2006h and others have postulated

We have already seen that in a long-term average the precip
tation amounts are robust to changes in aerosol assumption
but are there cloud regimes that show a preferred susceptibilt-h
ity in either one direction? Followingeingold and Siebert
(2009 andSorooshian et a{2009 2010 we define the pre-
cipitation susceptibility to changes in aerosol concentration

as | that certain regimes of deep convection, like multicells or
S—_— dInRk 1) supercells, which develop mostly as a function of CAPE
dInNew and vertical wind shear, may show a different response to

i.e. the relative change in precipitation rate depending on CNchanges in aerosol properties. Figa&ZshowsS as a func-
number with the minus sign being a convention to get posi-tion of CAPE. “Low IN” simulations shows mostly positive
tive values ofS for a reduction of precipitation with increas- values ofS for high CAPE (Fig.12a), but the experiment
ing CN number. Here we specifg as 12-h area-averaged with “high IN” (Fig. 12b) shows a more equal partitioning
precipitation rate. In marine boundary layer clouglss of S. Nevertheless, for the stronger events (red dots) with
positive (i.e. precipitation decreases with increased aerosoR > 1 mm/(12 h) a weak increase Sfwith CAPE is visible
loading) and depends on liquid water path (LWP) with a in both plots. The decrease of the variability| 8f for larger
maximum susceptibility for intermediate values of LWP CAPE might be explained by the high TWP in these cloud
(Sorooshian et 812009 2010. systems. Even when taking into account vertical wind shear
For our simulation of summertime mid-latitude precipita- (Fig. 13), here simply approximated by a wind speed in 5 km

tion S scatters around zero (Fi@l), corresponding to the height above ground, it seems impossible to isolate distinct
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convective regimes as iBeifert and Behen(2006h. Thus, crophysical precipitation formation, e.g. in polluted
although Fig.13is indeed an attempt to reproduce Fig. 12a CCN case.
of Seifert and Behen@0064 it fails to reveal a clear sen-
sitivity to CAPE and wind shear in the COSMO data. The Those three types of buffers correspond to (1) the nonlin-
difficulties in isolating certain cloud regimes in the current €ar character of the microphysics, (2) the complexity of the
study might to some extent be attributed to our coarse viewnicrophysical system with many possible process pathways,
of area-averaged 12 h-accumulated precipitation amounts, idnd (3) to the multi-scale coupled dynamics-microphysics
contrast to individual convective storms analysed3gjfert ~ nature of the system.
and Behen@2006H. Maybe a more detailed investigation of ~ This study also shows that studying the aerosol impact on
some individual events could lead to a better understandinglouds based on single case studies or even individual clouds,
of the regime dependencies. This will be tackled in futureas it is often done, can yield misleading results, because the
studies. important mesoscale feedbacks are not taken into account
when using small domains and/or short time periods. There-
fore the interpretation of such studies should be done very
4 Conclusions carefully, and simulation strategies that allow for such feed-
backs should be preferred over approaches which do not.
We have presented a 3-yr climatology of aerosol effects on  The model setup of our study does also have some draw-
summertime precipitation over Germany as simulated by theyacks, e.g. limited domain size and lateral-boundary condi-
COSMO model. The simulations make use of the COSMO-tions which are inconsistent with the aerosol/microphysics
DE model Setup which is an Operational ConveCtive'Scaleassumptions_ There is no Simp|e way around those prob-
numerical weather prediction model. A SOphiStiCﬁtEd tWO-lems of multiscale feedbacks, because larger domains be-
moment microphysics scheme is applied to represent effectsome computationally expensive, and two-way nesting in a
of order-in-magnitude aerosol perturbations on the accumucoarser model is not an option due to the problem to pa-
lated surface precipitation. We find that, on average, the posrameterize aerosol effects on deep convection. A possible
sible aerosol effects on 12-h accumulated area-averaged prggternative is the so-called multiscale modeling framework
cipitation are small (below 5% for CCN, and below 10 % for (MMF) also known as “super-parameterizatio®rabowski

IN). This robustness of the precipitation confirms the conceptand Smolarkiewicz1999 Khairoutdinov and Randal001
of clouds as a buffered system as formulatedsbgvens and  Tao et al, 2009 Wang et al. 2011).

Feingold(2009. Such arobustness has been found earlierby |n our simulations we do find a pronounced indirect

Grabowski et al(1998 and also in recent studieSfabowski  zerosol effect on near-surface temperature with an amplitude
and Morrison 2011, van den Heever et al2011 Morrison  of gpproximately 0.5 K. Currently we see those results as pre-
and Grabowski2011). The advantage of our present study is jiminary, because of the lack of an in-depth validation of the
in the application of a more realistic NWP-like model setup cloud properties in our simulations. This needs further inves-
and a long time series, while all earlier and many recent StUdtigation, especially using a combination or high-resolution
ies use idealized and often two-dimensional model configu-convective-scale modeling, as in the present study, with the
rations, e.g. radiative-convective equilibrium, or focus on ayge of remote sensing data to constrain the properties of the
few individual case studies. simulated cloud fields.

Our results and their interpretation show that it might be  pggsible or even necessary future research includes to re-
useful to distinguish three different cloud buffering feed- heat such a set of simulations with a regional climate model,
backs: i.e. instead of performing individual day-by-day simulations
1. In a high CCN environment the decrease in rain for- each summer would be run in one 3-month long simulation.

. ; . This would allow for additional long-term feedbacks, but
mation (autoconversion) can be compensated by an in-

crease in liquid water content (LWC), i.e. the LWC in- poses addi'FionaI chal_lenges for the model physics. Maybe
L o S . even more important is to extend the model system to a full
creases until it yields a similar precipitation efficiency . ;
as in the clean CCN case. chemistry-aerosol-cloud model (e.g. by using the COSMO-
ART framework ofVogel et al, 2009. Only such a complete
2. Depending on environmental conditions other micro- modeling system would eventually allow a fully quantitative
physical pathways take over if one microphysical pro- evaluatlo_n o_f the aerosol-cloud interaction. From an NWP
cess is strongly suppressed, e.g. mixed-phase processB§rspective itwould also be valuable to compare the variabil-
become dominant when warm rain is suppressed in 4ty @nd uncertainty introduced by the (unknown) aerosol dis-
polluted CCN regime at cold temperatures. tribution with other sources of uncertainty, e.g. by using the
COSMO-DE ensemble prediction syste@ephardt et a).
3. If the microphysical growth processes are suppressed2010.
then dynamical feedbacks, e.g. an invigoration of con- Nevertheless, we expect that the main result of this study,
vective dynamics, can compensate a slowed-down mithe robustness of the area-averaged precipitation amounts,
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will prove to be robust. We conclude that the effects of Comparison with existing schemes and impact in a GCM, At-

aerosols on precipitation are highly nonlinear, very compli- mos. Res., 83, 19-35, 2007.

cated, hardly understood, highly variable and, when average@idhammer, T., DeMott, P. J., and Kreidenweis, S. M.: A com-

over space and time, very small. parison of heterogeneous ice nucleation parameterizations us-
ing a parcel model framework, J. Geophys. Res., 114, D06202,

i ; ; ; ; . doi:10.1029/2008JD011095, 2009.
Supplement related to this article is available online at: Eidhammer, T.. DeMott, P, J., Prenni, A. J., Petters, M. D., Twohy,

hitp:/www.atmos-chem-phys.net/12/709/2012/ C. H., Rogers, D. C., Stith, J., Heymsfield, A., Wang, Z., Pratt,
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