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Abstract. The regional atmospheric model Consortium for 1  Introduction
Small-scale Modeling (COSMO) coupled to the Multi-Scale
Chemistry Aerosol Transport model (MUSCAT) is extended The quanti cation of aerosol-cloud interactions in models
in this work to represent aerosol—cloud interactions. Pre-continues to be a challenge (IPCC, 2013). Estimates of effec-
viously, only one-way interactions (scavenging of aerosoltive radiative forcing and assessments of the radiative effects
and in-cloud chemistry) and aerosol-radiation interactionsdue to aerosol—cloud interactions to a large extent rely on nu-
were included in this model. The new version allows for merical modeling. A large effort has been made to represent
a microphysical aerosol effect on clouds. For this, we usesuch effects in general circulation models (GCMs) (Penner
the optional two-moment cloud microphysical scheme inet al., 2006; Quaas et al., 2009; Ghan et al., 2016). How-
COSMO and the online-computed aerosol information forever, GCMs do not resolve the processes relevant for cloud
cloud condensation nuclei concentratiofi%«,), replacing  dynamics well. Improving the understanding of processes
the constanCcp, pro le. In the radiation scheme, we have of aerosol—cloud interactions thus largely relies on simula-
implemented a droplet-size-dependent cloud optical depthtions with cloud-resolving models and large-eddy simula-
allowing now for aerosol—cloud—radiation interactions. To tions (LESs) (Ackerman et al., 2000, 2004; Xue and Fein-
evaluate the models with satellite data, the Cloud Feedgold, 2006; Sandu et al., 2008; Seifert et al., 2015; Berner
back Model Intercomparison Project Observation Simula-et al., 2013). However, LESs often focus on case studies
tor Package (COSP) has been implemented. A case studgnd use idealized boundary conditions as well as an ide-
has been carried out to understand the effects of the modalized representation of the aerosol. This leads to uncer-
i cations, where the modi ed modeling system is applied tainties speci cally because, when analyzing cloud systems
over the European domain with a horizontal resolution ofor cloud regimes, rather than individual clouds, aerosol—
0.25 0.25. To reduce the complexity in aerosol-cloud cloud—precipitation interaction processes often are buffered
interactions, only warm-phase clouds are considered. W¢Stevens and Feingold, 2009). Regional climate modeling
found that the online-coupled aerosol introduces signi cantis a powerful tool to overcome these limitations of small-
changes for some cloud microphysical properties. The cloudlomain idealized LESs, and much higher resolutions are pos-
effective radius shows an increase of 9.5%, and the clougible than for GCMs. Compared to an LES that only simu-
droplet number concentration is reduced by 21.5 %. lates individual cloud systems, regional climate models are
able to simulate the feedbacks between clouds and aspects
of the large-scale circulation and its variability reasonably
well. Even though regional models do not describe part of

Published by Copernicus Publications on behalf of the European Geosciences Union.



2232 S. Dipu et al.: Aerosol—cloud interactions in COSMO-MUSCAT

the large-scale feedbacks, they may be considered a good In this paper, we discuss the improved cloud microphysics
optimal compromise (Bangert et al., 2011; Van den Heeveparameterization in the COSMO model (Doms and Schat-
and Cotton, 2007; Chapman et al., 2009; Forkel et al., 2015tler, 1999) via the online-coupled aerosol model, Multi-Scale
Yang et al., 2012). A still often applied cloud microphysics Chemistry Aerosol Transport (MUSCAT; Wolke et al., 2004,
parameterization in numerical weather prediction is a bulk2012). The two-moment cloud microphysical scheme in the
one-moment scheme (Kessler, 1969; Lin et al., 1983) whichCOSMO model (Seifert and Beheng, 2006) uses xed pro-
uses the speci ¢ masses for different hydrometeor species ases of Cgcn. Rather than this simpli cation, here we use
prognostic variables. However, it cannot treat aerosol-cloudC.c, predicted on the basis of the simulated aerosol from
interactions because it calculates only one moment of thehe MUSCAT module. This will enable the COSMO model
size distribution and does not carry information about size orto have temporally and spatially varyiti@c, values at each
number concentration of cloud droplets. In contrast, bin mi-grid point, which are fully consistent with the cloud and pre-
crophysical schemes numerically resolve the size spectrungipitation elds, as well as with dynamics (e.g., scavenging
and are thus able to predict the spatiotemporal behavior ofs taken into account, as is vertical transport) to represent
a number of size categories for each hydrometeor type exaerosol—cloud interactions. In two further steps, (i) the radi-
plicitly (Khain et al., 2000; Simmel et al., 2015). However, ation scheme is slightly revised to consider the cloud droplet
this approach is numerically very expensive especially whersize information (so far considered constant even when ap-
applied for regional atmospheric models. As a compromiseplying the two-moment cloud microphysical scheme) and
between these two approaches, two-moment microphysicdji) a diagnostic tool, the Cloud Feedback Model Intercom-
schemes can predict the number concentration of the liquigharison Project Observational Simulator Package (Bodas-
and ice hydrometeors in addition to mass variables (CottorSalcedo et al., 2011, 2008; Nam and Quaas, 2012) is imple-
et al., 1986; Meyers et al., 1997; Seifert and Beheng, 2006)mented, which allows for a consistent evaluation using satel-
Furthermore, numerous studies have shown that using twolite observations. The paper is organized as follows: Sect. 2
moment schemes is a promising avenue in future operationajives a brief introduction to the coupled model system of
forecast models (Reisner et al., 1998; Tao et al., 2003; SeifelCOSMO-MUSCAT, data, and methodology. The comparison
and Beheng, 2006) and is also computationally ef cient. between the improved two-moment cloud microphysical pa-

At present, several weather prediction and global mod-rameterization with the available two-moment scheme mak-
els apply with two-moment cloud microphysical schemes.ing use of the COSP satellite simulator is discussed in Sect. 3.
For example, the Weather Research and Forecasting (WRHinally, concluding remarks are found in Sect. 4.
model is available with different types of two-moment micro-
physical schemes (Thompson et al., 2008; Morrison and Get-
telman, 2008; Lim and Hong, 2010). Morrison et al. (2009) 2 Data and methodology
showed that using a two-moment scheme in the WRF model
produced more trailing stratiform precipitation in an ideal- 2.1 The COSMO-MUSCAT model and revised cloud
ized two-dimensional squall case, which is more consistent activation
with observations. In another study, Li et al. (2008) inves-
tigated the effect of aerosol on cloud microphysical pro- The non-hydrostatic three-dimensional model, COSMO,
cesses with a two-moment microphysical scheme in the WRRvhich was originally developed for limited-area operational
model. Also, Lim and Hong (2010) have included a prognos-numerical weather predictions (NWPs), is used in this study
tic equation for cloud water and cloud condensation nuclei(Doms and Schattler, 1999; Steppeler et al., 2003). This
number concentratiorC¢c), which could reduce the uncer- model has been used operationally in convection-permitting
tainty in investigating the aerosol effect on cloud propertiescon gurations since 2007 by the German Weather Service
and the precipitation process in the WRF model. Seifert et al(Deutscher Wetterdienst, DWD; Baldauf et al., 2011). In this
(2012) and Weverberg et al. (2014) compared the operationadtudy, we have used COSMO version 5.0, which is initial-
one-moment and two-moment microphysical schemes in thézed and forced by reanalyzed data provided by the global
Consortium for Small-Scale Modeling atmospheric model meteorological model GME (Global Model of the Earth)
(COSMO). Further, some groups previously implementedof DWD, which is a hydrostatic weather prediction model
aerosol—cloud interactions in COSMO, albeit with a differ- (Majewski et al., 2002). GME operates on an icosahedral—
ent aerosol scheme (Bangert et al., 2011; Zubler et al., 2011hexagonal grid having a horizontal resolution of approx-
Possner et al., 2015) and very few are coupled to the raditimately 40km and vertical resolution of 40 layers up to
ation scheme. Seifert et al. (2012) compared the operational0 hPa. The COSMO model is initialized with the interpo-
one-moment microphysics scheme to a two-moment schemdated GME initial state and nested within GME with hourly
They found that aerosol perturbation has a signi cant effectupdates of lateral boundary values. In this study, the COSMO
on radiation and near-surface temperature, rather than the renodel has been con gured in a non-convection-permitting
sulting surface precipitation. mode with a uniform horizontal grid resolution of 0.25

( 28km). The two-moment cloud microphysics scheme in
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the COSMO model (Seifert and Beheng, 2006) distinguishesuised for prognostic cloud condensation nuclei in the cloud
between ve hydrometeor classes, namely cloud dropletsmicrophysics parameterization in the COSMO model. The
rain, ice crystals, snow, and graupel. Processes in the warrohemistry—aerosol transport model MUSCAT treats atmo-
(liquid) phase considered by this scheme include the nuspheric transport as well as chemical reactions with the Re-
cleation of cloud droplets, autoconversion of cloud dropletsgional Atmospheric Chemistry Mechanism (RACM; Stock-
to form rain, accretion, and self-collection of rain droplets. well et al., 1997). In MUSCAT, all meteorological elds
The formulations have been derived by Seifert and Behengre given with respect to the uniform horizontal meteoro-
(2001) from the theoretical formulation of Beheng and Domslogical grid from the online-coupled COSMO2M (COSMO
(1986). However, the radiation scheme does not yet make useith two-moment scheme) model, whereas the aerosol in-
of the additional information about cloud particle sizes pro- formation is fed back to the COSMO2M model from MUS-
vided by the two-moment microphysics. It uses the Ritter andCAT. In the previous setting, the interactions only consid-
Geleyn (1992) parameterization for the cloud optical prop-ered the radiative effects of aerosols (scattering and absorp-
erties in radiation scheme. According to Ritter and Geleyntion of solar radiation), as well as the scavenging of aerosol
(1992), the cloud optical properties are approximated by theand in-cloud aerosol chemistry. A diagram illustrating the
relation between speci c liquid water contegd and cloud = COSMO-MUSCAT modeling setup is shown in Fig. 1. In
effective radiuge. Thus, cloud optical depth; is expressed the COSMO model with the two-moment approach, the nu-

as cleation of cloud droplets has been treated explicitly and the
c aerosol activation parameterization is based on empirical ac-
¢cD cC P Qcdz; (1) tivation spectra, which is in the form of the following power
e law:

where & is layer thickness, anck andc;, are constants. Sim-
ilarly, the effective radiuse is related to speci c cloud water
content and is approximated as

Neen D CccnSk; Sin %; (6)

whereS is supersaturatiorGecn D 1:26 10°m 3, andk D
reD c3C CaQc; 2) 0:308 for continental conditions 0€¢nD 1:0 10°m 3
andk D 0:462 for maritime conditions (Khain et al., 2001).
wherecs andc, are constants (Ritter and Geleyn, 1992). In Seifert et al. (2012) investigated the in uence of substantially
order to take the two-moment microphysics into account inperturbingCecn from 100 to 3200 cm?3 (see above for a brief
the radiation scheme, the cloud optical properties have to beiscussion of this paper). Accordingly, the grid-scale explicit
modi ed. The cloud effective radius is derived by dividing  nucleation rate is calculated from the time derivative of the
the third and second moments of the size distribution (Mar-activation relation (Seifert and Beheng, 2006):
tin et al., 1994; Morrison and Gettelman, 2008) which, after

. . 8
rearranging, yield o 2 CogrkS 1%?\/; s o w%§> o
reD —0. c4 (3) @t nuc P andsS < Smax; )
20. C3/’ 0 else

where is th? spect_ral shap(_a parameter (her® 2),0 is The above parameterization scheme uses conStaptand
the gamma distribution function, andis the slope parame- g varies with atmospheric conditions (in maritime con-

ter, which is given by ditions, Ceen @assumes that @maxD 1:1 %, all Ceepn are al-
1 ready activated). In the above equation, nucleation explicitly
wNd0. C4/ 3 (4) depends on grid-scale supersaturation in combination with
690 CU ’ saturation adjustment assumed in the cloud scheme, which

has limitations (Seifert and Beheng, 2006). As an initial
step, a coupled model simulation is carried out by setting
Shax D 2:0 %, the condition for intermediate aerosols in the
COSMO model. In a second step, we have used simulated
sulfate (SQ) aerosol mass concentration information from
3q.dz the MUSCAT model. The emission inventory in the MUS-
' (5) CAT model is provided by the TNO (Netherlands Organi-
sation for Applied Scienti c Research) for the Air Quality
where a is the layer thickness,y is the bulk density of lig-  Model Evaluation International Initiative (AQMEII) project
uid water, and the droplet size spectrum is considered verti{Pouliot et al., 2012)Cccn is derived using the following em-
cally constant in the grid layer. pirical relation (Boucher and Lohmann, 1995):
The online-coupled model system of COSMO-MUSCAT
(Wolke et al., 2004, 2012; Renner and Wolke, 2010) isCgenD 10721C0:41l0gmSQi/. (8)

where is the density of the air,,y D 1000kgm 3 is the
bulk density of liquid waterNy is the droplet number con-
centration, andy; is the speci ¢ water content. The corre-
sponding cloud optical depth is given by

cD

2 wre'’
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Spectroradiometer (MODIS; Platnick et al., 2003; Pincus
et al., 2012), Cloud-Aerosol Lidar and Infrared Path nder
Satellite Observation (CALIPSO; Chepfer et al., 2010), and
the CloudSat cloud radar (Marchand et al., 2009). To pro-
duce similar output to satellite data, COSP requires the grid
mean vertical pro le of temperature, humidity, hydrometer
mixing ratios, cloud optical thickness and emissivity, the sur-
&2602 086&$7 face temperature, and emissivity from the model. It produces
&RQVRUWLXP IR OXOWL 6FDOH &K output comparable with satellite data in three steps. First, it
VFDOH ORGHO SHURVRE 72O addresses the mismatch between model and satellite pixel
resolution by generating subcolumns using model informa-
tion about subgrid-scale variability, e.g., from the assumption
on vertical overlap of fractional cloudiness. Second, vertical
pro les of individual subcolumns are passed to each instru-
ment simulator. Lastly, the COSP statistic module gathers the
output from all instrument simulators (Bodas-Salcedo et al.,
2011). COSP is implemented online in the COSMO model
with hourly output. While using COSP facilitates a more con-
sistent comparison between model output and satellite data,
differences between the model simulation and the satellite
can, for example, still arise due to displacements in simulated
where mSQy is the sulfate aerosol mass concentration in Storm tracks. COSP has previously been used with COSMO
pgm 3. The constantCecn in Eq. (7) is replaced by the Py Mihlbauer etal. (2014, 2015). The output diagnostics in-
spatially and temporally varyinGccn values, derived from ~clude a variety of clouq properties, which facilitate consis-
Eq. (8), using the sulfate aerosol mass concentration from th&&nt model-to-observation comparisons as well as consistent
MUSCAT module. This empirical relationship which links intermodel comparisons.
sulfate aerosol mass concentratiorOgy is subject to sub- [N the next section, we evaluate the model results (de-
stantial uncertainty. Representing sulfate aerosol as a sufived using MODIS and the ISCCP satellite simulators) with
rogate for all aerosols is probably too simplistic to capture MODIS level-2 and ISCCP satellite observations, in terms
the complexity of the whole activation process. Future work ©f cloud optical and microphysical properties (cloud optical
will introduce a more complex aerosol—cloud coupling, tak- depth, effective radius, liquid water path, and cloud fraction).
ing into account also other aerosol compounds. The Seiferf "€ MODIS satellite simulator uses pro les of particle size
and Beheng (2006) cloud microphysical scheme considerfOr liquid and ice and corresponding optical depths within
both phases. Also, mixed-phase clouds are affected by thgach layer of the subcolumn as a function of model levels.
revision of the CCN parameterization, e.g., via the Bergeron-Using the cloud overlap assumption, 0 or 1 cloudiness in each
Findeisen process. Nevertheless, the current analysis focus€gbcolumn is created in each level. The diagnostics are then
on the liquid phase only; investigations on mixed and ice-integrated over the cloudy subcolumns to obtain in-cloud av-
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Figure 1. COSMO-MUSCAT modeling system. Left-hand side:
setup of the COSMO modeling system with GME input. Right-hand
side: MUSCAT modeling system with land use and emissions.

phase clouds are left for future research. erage cloud optical depth and liquid water path. In turn, cloud
effective radius is sampled at the cloud tops, which is not
2.2 Model evaluation method a vertical integral. Further, the ISCCP simulator aggregates

pixel-scale cloud retrievals (fraction of the subcolumn with
Satellite retrievals have been used to evaluate the perfor- 0:3) to estimate cloud fraction (for more details, see Pin-
mance of the numerous GCMs and NWP models (e.g., Quaasus et al., 2012).
et al., 2004, 2009; Zhang et al., 2005; Brunke et al., 2010; The precision of weather forecasts for longer times is in-
Cherian et al., 2012; Nam et al., 2014). However, a meanherently limited by the non-linear nature of the problem.
ingful evaluation of modeling with satellite observations is As forecast progresses, the uncertainty in weather predic-
challenging because of the difference in the model vari-tion also increases. In turn, the earliest forecast time steps
ables and the satellite retrievals. To address this problem, thare still substantially affected by the initialization. Hence, we
integrated satellite simulator Cloud Feedback Model Inter-have considered the third day of the simulation for evaluating
comparison Project (CFMIP) Observation Simulator Pack-the model with satellite observations. The synoptic condi-
age (COSP; Bodas-Salcedo et al., 2011) has been developeibn which is discussed in the next section. To compare with
The COSP satellite simulator produces model diagnosticsnodel simulations, different swath data sets of MODIS level-
which are fully consistent with satellite products such as the2 on 17 February 2007 (daytime overpass only) are combined
International Satellite Cloud Climatology Project (ISCCP; and gridded to the model domain and model outputs are
Rossow and Schiffer, 1999), Moderate Resolution Imagingaveraged between 08:00 and 14:00 UTC (corresponding ap-
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proximately to the MODIS Terra overpass time over the do-northeastern part of the domain. The winds are mostly strong
main). Also, MODIS level-2 products and model simulations southwesterly over the Atlantic and northerly and northwest-
are screened for liquid-phase clouds because in COSMOerly in the southern region (Fig. S1 in the Supplement).
MUSCAT only cloud microphysics for liquid clouds were Since the case study has been conducted for 17 February, the
modi ed. Additionally, MODIS cloud optical depth and ef- model-derived key meteorological parameters at 12:00 UTC
fective radius are applied with threshold values of 5 andare illustrated in Fig. 2. On 17 February, the low-pressure
2um (Sourdeval et al., 2016; Z. Zhang et al., 2012). Sincesystem has moved to the French Atlantic coast and a cy-
the analysis is carried out for winter, satellite retrievals canclonic circulation has set up over the region. Furthermore,
be affected by snow cover on the ground. However, thea strong high pressure is seen over northeastern Europe. The
MODIS retrieval (Platnick et al., 2001) uses a combina- 2 m temperature shows that prominent winter synoptic con-
tion of absorbing spectral channels for which the snow/iceditions still exist in the northern part with a warm oceanic
albedo is relatively small which makes it suitable for re- region (Atlantic) and cold northeastern part. The southern
trieving cloud properties over snow. Furthermore, the COSP+egion has a maximum temperature of 2) whereas the
diagnosed model clouds are compared to ISCCP daily clouchortheastern continental region experiences a minimum tem-
products. For that, modeled ISCCP cloud products are reperature of 20 C. The cyclonic circulation drives the air
gridded from 28 to 280 km resolution (ISCCP satellite reso-mass from the oceanic region and results in the formation
lution) using a grid interpolation method and averaged daily.of clouds along the frontal systems. In addition, the high
Besides these satellite observations, Clouds and the Earthigressure in the eastern part of the domain results in a cloud-
Radiant Energy System (CERES; Loeb et al., 2012) satellitéree region due to subsidence. However, most of the domain
observations are also used for model evaluation, which arés cloud covered, with cloud fraction close to 100 %. Fur-
daily products (Kato and Loeb, 2003). One should keep inthermore, rainfall around 100 mm (accumulated precipitation
mind that the satellite products, just like models, are proneover 96 h) on 17 February is observed along with the cyclonic
to biases. Nonetheless, the spatial correlation of the cloudtirculation and the southeastern part of Europe, south of the
structures is well represented (Noble and Hudson, 2015; Mifow-pressure system. The modeled convective cloud bases
etal., 2012). are located between 500 and 4000 m over the domain.

2.3 Numerical simulations 3.2 Evaluation with satellite data

To isolate and analyze the effects of the model modi ca- the model-derived cloud fraction is averaged daily (0:00 to
tions, we have performed three different model simulations, 4. UTC) to illustrate the comparison between the model
with the same interpolated GME initial conditions for the (COSP) and ISCCP satellite retrievals (Fig. 3). The ob-
time period of 10 days (15-24 February 2007). They arégereq cloud fraction shows more cloud-free regions com-
(a) a standard C%SMO two-moment simulation with xed hareq to the model simulations. Nevertheless, the model-
Ceen (30 10°m %) (COSMO2M), (b) @ COSMO tWO-  (erived cloud fraction is in broad agreement with ISCCP
moment simulation with radiation coupled to cloud micro- gayejite retrievals, allowing now for a more detailed analy-
physics (COSMO2ZMR) which uses Egs. (3)~(5) in the radia-;g of the cloud microphysical properties with a ne resolu-
tion scheme (here, alstcnis kept xed as in COSMO2M), i which is the focus of this study. Furthermore, a compar-
and (c) a coupled COSMO-MUSCAT simulation, i.e., Using json of radiative uxes with CERES (Clouds and the Earth's
interactive rather than prescrib@cn and treating radiation  p4iant Energy System) satellite products is discussed in
in the same way as COSMO2ZMR (COSMO-MUSCAT). In gaqt 3 3.

most of the discussion, we have used simulations (a) and (c). Figure 4 shows the comparison between MODIS-retrieved
In all three model versions (COSMOZM, COSMOZMR, and Flg 4a—C) and COSMO-MUSCAT-simulated (Flg 4d—f)
COSMO-MUSCAT), we make use of the COSP diagnosticsg|q g optical depth, cloud droplet effective radius, and cloud

for the MODIS and ISCCP satellite simulators. liquid water path. From the gure, it can be noticed that the
simulated cloud optical depth exhibits a spatial pattern sim-

3 Results ilar to the observations, albeit with higher magnitude in the
MODIS level-2 retrievals (Fig. 4a and d). In the satellite re-
3.1 Synoptic situation trievals, it varies between 5 and 100 and in the model be-

tween 5 and 45, with maximum values observed over similar
The simulation starts on 15 February and ends on 24 Februgeographical regions. However, the satellite-derived cloud
ary 2007. At the beginning of the simulation (00:00 UTC), optical depth and liquid water path are larger in comparison
the meteorological condition is dominated by a low-pressureto model (COSMO-MUSCAT) outputs. The model-derived
system over the North Atlantic and a high-pressure systentloud effective radius exhibits both a similar spatial pattern
over land. The 2m temperature shows a temperature gradand magnitude compared to that of the MODIS satellite re-
ent with a warm ocean and a cool continent, mostly in thetrievals (Fig. 4b and e). The modeled cloud droplet effec-
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Figure 2. Model synoptic conditions for 17 February 2007 at 12:00 Ufag surface pressure in contours and 2 m temperat@g &s color
shading(b) 500 mb wind vectors and total cloud area fraction as color shading.

Figure 3. (a) Satellite andb) model-derived (COSMO-MUSCAT) ISCCP cloud fraction for 17 February 2007 (averaged daily).

tive radius varies between 3 and 16 pm, whereas it is in thales) in satellite retrievals can be explained by the very strict
range between 2 and 30 um in the satellite retrievals. Similaquality Itering of the MODIS cloud products. The domain-
to cloud optical depth, liquid water path also exhibits compa-averaged cloud optical depth, effective radius, and liquid
rable spatial patterns for both model and observations. Howwater path are 23.34, 11.30 um, and 0.175 kg nwhereas
ever, the modeled liquid water path varies between 0.025 anthe COSMO-MUSCAT-derived values are 7.60, 9.93 um, and
0.425kgm 2, and in the satellite observation it varies be- 0.056 kgm 2, which illustrates an underestimation of all
tween 0.25 and 1.0 kg nf. The white regions (missing val- simulated quantities compared to the satellite-derived cloud
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Figure 4. MODIS level-2(a) cloud optical depth(b) cloud effective radius(c) COSMO-MUSCAT-derived cloud water path (averaged
between 08:00 and 14:00 UTC — approximate MODIS Terra overpass time over the dqaeeipud optical depth(e) cloud effective
radius,(f) cloud water path, and the differences between COSMO-MUSCAT and COSMO2M simul@jdns) for 17 February 2007.

www.geosci-model-dev.net/10/2231/2017/ Geosci. Model Dev., 10, 2231-2246, 2017
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Figure 5. Probability density functions (PDFs) of cloud optical depth, cloud effective radius, liquid water path from COSMO-MUSCAT
(green), COSMO2M (red), and MODIS level-2 products (blue) for 17 February 2007 (solid line) and for a 10-day (15-24 February 2007)
simulation period (dashed line).

optical properties. The above cloud optical properties aresimulations (COSMO-MUSCAT and COSMO2M), which is
calculated using Egs. (3) and (5) in the models, althoughshown in Fig. 4g—i. The version considering the interactive
their correlations are valid only for that particular model aerosol number concentration (COSMO-MUSCAT) exhibits
layer/levels. an increase in the cloud droplet effective radius by a range
In the following, the statistical distribution of the satel- of 1-4 um throughout the domain with an overall increase of
lite and the model cloud microphysical properties are com-9.5 %, although a slight reduction can be noticed in a few
pared and evaluated in terms of probability density functionsareas. For cloud optical depth and liquid water path, both
(PDFs). Figure 5 represents the probability density functiongenerally show increases despite the reduction in a few ar-
of the spatiotemporal distribution of cloud optical depth, ef- eas. The revised parameterization in the coupled model has
fective radius, and liquid water path, de ned as the nor- modi ed the spatial distribution of the cloud optical depth in
malized count of occurrence per bin width of cloud opti- the range of 15 and the liquid water exhibits a variation in
cal property. The cloud optical depth PDF shows that thinthe range of 0.12kgm 2. However, the domain-averaged
clouds (cloud optical deptk 10) in all model versions oc- cloud optical depth and liquid water path have been increased
cur substantially more frequently than in the satellite re-by 4.1 and 14.2 %, which is also observed in the PDF analy-
trievals, and thick clouds (cloud optical depth30) occur  sis.
less frequently. The modeled cloud effective radius PDFs are The cloud droplet number concentratibly can be used
constrained to 3 and 16 um, whereas the satellite retrievalas a diagnostic for aerosol cloud interactions. From satellite
show a range of 4 to 30 um. A shift of the PDF is found in observations, it can be expressed in terms of cloud optical
the COSMO-MUSCAT-derived PDFs, which indicate the in- depth ¢ and effective radiuse (Quaas et al., 2006), which
creased droplet size for the interacti@g;n. For liquid wa-  are given by
ter path, modeled PDFs overestimate the clouds with low 05. 25.
liquid water path and underestimate clouds with high waterNd D ¢7Te =7 ©)
paths. The differ_ences in PDFs largely fol!ow yvhat is found where D 1:37 10 ®m %5, Likewise, the model-derived
for the ClOUd_ opﬂcgl depth, but model f’e ciencies compared Ng is also estimated using Eq. (9), which uses COSP-derived
tc_> the sa_ltelllte retnevz_;\Is are su_bstantlally I_arger. The analy'(MODIS simulator) cloud optical depth and effective ra-
sis also illustrates an increase in cIOL_Jd optical PDF from they; Figure 6a—c show the comparison between modeled
COSMO-MUSCAT simulation. Ce_rtalnly, theldrop and pre- (COSMO2M and COSMO-MUSCAT) and observisg. On
ponderance of modeled cloud optical properties can be in U-17 February 2007, the domain-averadégvalues are 153,

enced by model tuning, an approach which, however, has Nofo0 and 378cmd for COSMO2M. COSMO-MUSCAT
been performed yet for the COSMO-MUSCAT model ver- and MODIS, which indicates an underestimation of model-

sion. _ _ o derived values (Fig. 6a—c) compared to MODIS (Y. Zhang
The outcome of the cloud microphysics modi cations can o 5 2012; Storelvmo et al., 2009). The intermodel com-

be analyzed by considering the difference between the tw‘f)arison (COSMO2M and COSMO-MUSCAT) reveals that
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Figure 6. Cloud droplet number concentration (averaged between 08:00 and 14:00 UTC — MODIS Terra overpass time over the domain) for
(a) COSMO2M,(b) COSMO-MUSCAT,(c) MODIS level-2, andd) sulfate aerosol number concentration below the convective cloud base
from the MUSCAT model for 17 February 2007.

COSMO-MUSCAT-derivedNy shows a decrease of 21.5%. boundary layer. From the above analysis, it can be inferred
Figure 6d shows the spatial distribution of sulfate aerosolthat COSMO-MUSCAT can be used as a tool for regional

number concentration (aerosol number concentration proxygerosol—cloud interaction estimates. The interactive aerosol
below the convective cloud base (representative of aerosolsoupling results show an increase in cloud droplet effective
in the model and itis also averaged for 8—14 h on 17 Februaryadius by 9.5 % and a reduction Ny by 21.5 %.

2007), where high number concentrations are simulated over

southeastern Europe. In contrad values are smaller over 3.3 Impact on radiative balance

the same region. This is because the models with Boucher

and Lohmann (1995) parameterization satuNg®ver high In addition, we have also implemented aerosol—cloud—
aerosol or po”uted regions (Penner et a|_’ 2001)’ and théadiation interactions in the COSMO model by reViSing the

high pressure in this region results in trapping aerosol in the'adiation scheme to make use of a droplet-size-dependent
cloud optical depth. Incorporating aerosol—-cloud—radiation
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Figure 7. Comparison and difference between shortwave and longwave radiation uxes at the surface and top of the atmosphere, and the
difference between the two simulations (COSMO2MR radiation coupled minus COSMO2M).

interactions in the model causes a signi cant change in theferred by considering the cloud optical depth and liquid water
radiation uxes. Figure 7 shows the spatial distribution of net path difference between the COSMO2M and COSMO2MR
downward shortwave ux at the surface, net downward long- simulations, which are also averaged daily (Fig. 8). From the
wave ux at the top of the atmosphere (TOA), and the corre- gure, the regions with reduced cloud optical depth and lig-
sponding difference between COSMO2M and COSMO2MR uid water path are correlated with increased net shortwave
simulations (with xed C¢cn). Similar to the above analy- ux at the surface and decreased net longwave ux at the
sis, we have compared daily averaged uxes for 17 Febru-TOA. To illustrate the combined effect of the revised radi-
ary 2007. The gure shows that, in the radiation-modi ed ation scheme and interactive aerosols, COSMO-MUSCAT-
version (COSMO2MR), there is an increase in the net down-derived radiative uxes are compared to CERES satellite ob-
ward shortwave ux at the surface. Likewise, an overall re- servations (Kato and Loeb, 2003; Loeb et al., 2012). For
duction is observed in the net downward longwave ux at the comparison, we have considered computed CERES uxes
TOA despite the increase in the northeast part of the domain(derived based on state and composition of the atmosphere,
The net downward shortwave radiation at the surface showsurface, and the incoming solar radiation) with spatial res-
an increase of about 10 to 60 W rhand the net downward olution 1 1, and care must be taken while interpreting
longwave ux shows a decrease of 10 to 40 W This il- the results. Also, during winter, the uncertainty in CERES
lustrates the reduction of cloud cover in the COSMO2MR ux observations is slightly higher (Guo et al., 2007). The
simulations, which implies that reduced cloud cover resultsspatial pattern and the magnitude of model-simulated uxes
in more shortwave radiation reaching the surface and lessre comparable to satellite observations in which the sur-
longwave radiation re ected back to TOA. This can be in- face net downward shortwave ux ranges between 20 and
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Figure 8. Daily averaged cloud optical depth and liquid water path differences between COSMO2MR and COSMO2M on 17 February 2007.

26 Wm 2 and TOA net downward longwave ux varies be- ysis is restricted to the liquid part of clouds in the model,
tween 290 and 140Wm 2 (Fig. 9). Additionally, cor- and MODIS level-2 cloud products are screened for liquid-
relations between satellites and models (COSMO2M andohase cloud products. Although the two-moment cloud mi-
COSMO-MUSCAT; model outputs are regridded to satellite crophysics and radiation scheme in the COSMO model has
resolution) are illustrated in Fig. 9c and d. The model mod-been modi ed, the model was not re-tuned to get reasonable
i cations (revised radiation scheme and interactive aerosols2 m temperature or precipitation.
result in an increase in the correlation coef cient from 0.61 A case study has been carried out to compare the model
(COSMO2M) to 0.84 (COSMO-MUSCAT) in the case of net output with observations. The incorporated COSP satellite
shortwave ux at the surface, whereas the modi cations do simulator serves as a link between model and satellite com-
not have much effect on the longwave ux. parisons. Despite the resolution, the COSP-derived ISCCP
cloud fraction shows a similar spatial pattern and magni-
tude. Further, MODIS level-2 cloud optical products such as
cloud optical depth, effective radius, and liquid water path
are compared. The COSMO-MUSCAT-derived cloud optical
properties show a similar spatial distribution compared to the
MODIS observation. In COSMO-MUSCAT, the cloud opti-
cal depth has been increased by 4.1 %, cloud droplet effective
#as been increased by 9.5 %, and liquid water path has been
creased by 14.2 % in comparison to COSMO2M. In turn,
the cloud droplet number concentration estimated from the
COSMO-MUSCAT model shows a reduction of 21.5 % com-

4 Conclusions

This paper discusses the modi cation of the Seifert and Be-
heng (2006) two-moment scheme in the COSMO model.
This has been done with aerosol information from the online-
coupled MUSCAT model, which allows for a microphysical

aerosol effect on clouds. It has been achieved by replacin
the constant cloud condensation nuclei pro le in the COSMO
two-moment scheme with gridded aerosol information de-

rived from the online-coupled MUSCAT model, using the ;
Boucher and Lohmann (1995) parameterization, which takegared to Fhe COSMO.2M model. Furthermore, con5|d_erable
changes in the radiation budget have been found. This anal-

sulfate aerosol as a proxy for all aerosols. In addition, the ra-"" " 2™~
diation scheme is revised to a droplet-size-dependent clouéfs_t'ﬁ |.n(tj|catetz.s that the lc?uplfzd mtodel (EO.SMO'.MUSCAT?
optical depth, allowing now for aerosol-cloud—radiation in- WIith interactive aerosol treatment resulls in an increase in

teractions. In order to facilitate an evaluation using satelliteCIOUd droplet size and a reduction in cloud droplet number

retrievals, the COSP satellite simulator has been incorporateﬁortlcimrat'or;. b¥ act|vat||on|angl .grto wih t9f droi:ets, t\a’hlclh ”;j
into the modeling system which runs online in the model. ustrates Implicit aerosor—croud Interactions. Aiso, the clou

The model results are evaluated with satellite observation&r()pertles in COSMO-MUSCAT agree reasonably well with

from the ISCCP, MODIS, and CERES projects and instry-oPservations, so thatit can be used for regional aerosol—cloud

ments, respectively. Since the cloud microphysics modi Ca_lnteractlon studies.
tion has been done for cloud droplet nucleation, the anal-

www.geosci-model-dev.net/10/2231/2017/ Geosci. Model Dev., 10, 2231-2246, 2017



2242 S. Dipu et al.: Aerosol—cloud interactions in COSMO-MUSCAT

Figure 9. Comparison between shortwave and longwave uxes at the surface and top of the atmosphere with CERES satellite uxes and
correlation between satellite (CERES) and models (COSMO2MR and COSMO2M).

As a next step, further improvement in the two-moment The Supplement related to this article is available
scheme will be carried out through the use of the newly in-online at https://doi.org/10.5194/gmd-10-2231-2017-
cluded aerosol model M7 (Vignati et al., 2004) framework in supplement.
the MUSCAT model, which is able to provide aerosol num-
ber concentration information to the COSMO two-moment
scheme by replacing Boucher and Lohmann (1995) parameCompeting interestsThe authors declare that they have no con ict
terization. This can result in more precise cloud droplet ac-of interest.
tivation parameterization, involving different aerosol species
such a<C¢cn, and thus improving the microphysical aerosol

effect on clouds (Lohmann et al., 2007). Also, the role of AcknowledgementsThis work was supported by an ERC starting
aerosols on ice nucleation will be addressed. grant “QUAERERE” (GA no. 306284). We acknowledge the devel-
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