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Abstract. Anthropogenic aerosols serve as a source of both
cloud condensation nuclei (CCN) and ice nuclei (IN) and af-
fect microphysical properties of clouds. Increasing aerosol
number concentrations is hypothesized to retard the cloud
droplet coalescence and the riming in mixed-phase clouds,
thereby decreasing orographic precipitation.

This study presents results from a model intercomparison
of 2-D simulations of aerosol-cloud-precipitation interac-
tions in stratiform orographic mixed-phase clouds. The sen-
sitivity of orographic precipitation to changes in the aerosol
number concentrations is analysed and compared for various
dynamical and thermodynamical situations. Furthermore,
the sensitivities of microphysical processes such as coales-
cence, aggregation, riming and diffusional growth to changes
in the aerosol number concentrations are evaluated and com-
pared.

The participating numerical models are the model from the
Consortium for Small-Scale Modeling (COSMO) with bulk
microphysics, the Weather Research and Forecasting (WRF)
model with bin microphysics and the University of Wiscon-
sin modeling system (UWNMS) with a spectral ice habit pre-
diction microphysics scheme. All models are operated on a
cloud-resolving scale with 2 km horizontal grid spacing.

The results of the model intercomparison suggest that the
sensitivity of orographic precipitation to aerosol modifica-
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tions varies greatly from case to case and from model to
model. Neither a precipitation decrease nor a precipitation
increase is found robustly in all simulations. Qualitative ro-
bust results can only be found for a subset of the simulations
but even then quantitative agreement is scarce. Estimates of
the aerosol effect on orographic precipitation are found to
range from−19% to 0% depending on the simulated case
and the model.

Similarly, riming is shown to decrease in some cases and
models whereas it increases in others, which implies that a
decrease in riming with increasing aerosol load is not a ro-
bust result. Furthermore, it is found that neither a decrease in
cloud droplet coalescence nor a decrease in riming necessar-
ily implies a decrease in precipitation due to compensation
effects by other microphysical pathways.

The simulations suggest that mixed-phase conditions play
an important role in buffering the effect of aerosol perturba-
tions on cloud microphysics and reducing the overall suscep-
tibility of clouds and precipitation to changes in the aerosol
number concentrations. As a consequence the aerosol effect
on precipitation is suggested to be less pronounced or even
inverted in regions with high terrain (e.g., the Alps or Rocky
Mountains) or in regions where mixed-phase microphysics is
important for the climatology of orographic precipitation.
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1 Introduction

Orographic clouds form as moist air impinges on moun-
tain ranges thereby potentially forming orographic precip-
itation which is essential for landscape formation, agricul-
ture and the hydrology of watersheds in many regions of the
world (e.g.,Roe, 2005). Understanding the various dynam-
ical processes leading to orographic precipitation have been
objectives of several field experiments such as the Mesoscale
Alpine Programme (MAP,Bougeault et al.2001) and the Im-
provement of Microphysical Parameterization Through Ob-
servational Verification Experiment (IMPROVE-2,Stoelinga
et al.2003). However, the complexity of mixed-phase micro-
physical processes acting in orographic clouds and the sensi-
tivity of orographic precipitation to changes in microphysics
are not fully understood yet (e.g.,Rotunno and Houze, 2007)
and remain challenging to represent in numerical models of
weather and climate on various scales.

An open question regarding microphysical effects on oro-
graphic clouds is weather aerosol particles can significantly
influence the amount and distribution of precipitation from
these clouds. Orographic precipitation is hypothesized to be
susceptible to aerosols because the time available to form
precipitable hydrometeors in rising air parcels is constrained
by the flow over the mountain. Increasing the aerosol num-
ber concentration is observed to lead to a shift of the cloud
droplet spectrum towards smaller sizes (e.g.,Twomey et al.,
1984; Lowenthal et al., 2004) and, thus, retards the onset
of the coalescence process. Microphysical observations in
mixed-phase clouds also suggest a decrease in the snowfall
rate with increasing aerosol number concentration due to a
reduced efficacy of the riming process implied by smaller
cloud droplets (Borys et al., 2000, 2003). Both effects to-
gether may modulate the amount and distribution of mixed-
phase precipitation over mountainous terrain.

However, several in-situ and airborne observations in oro-
graphic clouds show that, besides their ability to act as cloud
condensation nuclei (CCN), aerosols are important for the
initiation of ice in orographic clouds by heterogeneous ice
nucleation (Field et al., 2001; Targino et al., 2006; Mertes
et al., 2007; Cozic et al., 2008). Measurements from the
Cloud and Aerosol Characterization Experiment (CLACE,
Choularton et al., 2008) indicate the potential of aerosols
to influence the partitioning between the liquid and the ice
phase in mixed-phase orographic clouds thereby control-
ling the microphysical growth regime of hydrometeors (Ver-
heggen et al., 2007). The ability of aerosols to serve as
ice nuclei (IN) in various heterogeneous nucleation modes
(seeVali 1985) depends on environmental factors such as
temperature and ice supersaturation but also on a variety
of aerosol properties like lattice structure, surface defects,
chemical composition, etc. (Pruppacher and Klett, 1997;
Baker and Peter, 2008; Hegg and Baker, 2009; Kulkarni and
Dobbie, 2010). Based on the results of laboratory experi-

ments, mineral dust and black carbon aerosols are deemed
to be good ice nuclei (Roberts and Hallett, 1968; Gorbunov
et al., 2001). Ice residual measurements during several field
campaigns corroborate the ability of dust (e.g.,DeMott et al.,
2004; Cziczo et al., 2004) and black carbon aerosols (e.g.,
Mertes et al., 2007; Cozic et al., 2008) to act as IN which
for the latter one also suggests an anthropogenic impact of
aerosols on clouds. However, laboratory studies also indi-
cate that the mixing/processing state of aerosols can signif-
icantly alter the IN abilities which still is a matter of con-
siderable debate. So far, it is found that coating of parti-
cles with sulphuric acid or organics increases the onset su-
persaturation for heterogeneous nucleation in the deposition
mode and lowers the freezing temperatures in the immersion
mode. This renders coated, processed or aged substrates of
black carbon or mineral dust less efficient for heterogeneous
nucleation when compared with the uncoated samples (e.g.,
Mohler et al., 2005; Kanji and Abbatt, 2006; Mohler et al.,
2008).

Statistical quantifications of aerosols affecting orographic
precipitation based on paired rain gauge data are so far con-
troversial and partially contradicting (e.g.,Givati and Rosen-
feld 2004, Jirak and Cotton2006, Alpert et al.2008, amongst
others). A particular difficulty arising in these studies is to
separate the aerosol effect on precipitation from urban/heat
island effects or other climatological changes (e.g., changes
in circulation patterns, synoptic changes) and it is argued that
inferences from these methods can be misleading (Paldor,
2008; Mühlbauer, 2009). As a consequence, estimates of the
effects of aerosols on orographic precipitation from observa-
tions remain inconclusive and uncertain (e.g.,Denman et al.,
2007; Levin and Cotton, 2009; Khain, 2009) which in turn
justifies the use of numerical models.

Early numerical simulations byHobbs et al.(1973) show
that the microphysical growth regime by which hydromete-
ors develop in orographic clouds influences the orographic
precipitation distribution. Simulations of winter-time oro-
graphic clouds suggest that the amount of orographic precip-
itation is sensitive to the available CCN and show decreas-
ing precipitation for increasing CCN (Chaumerliac et al.,
1987; Thompson et al., 2004). Similarly, Lynn et al.(2007)
find a decrease of orographic precipitation if the back-
ground aerosol conditions change from maritime to conti-
nental. However,Lynn et al. (2007) also report a sensitiv-
ity of the aerosol effect on orographic precipitation with re-
spect to relative humidity. In a work on the classification
of aerosol effects on precipitationKhain et al.(2008) con-
clude that orographic precipitation is decreased with increas-
ing aerosol number if the environmental conditions at which
orographic clouds form are relatively dry.Muhlbauer and
Lohmann (2008) find decreasing orographic precipitation
with increasing aerosol number concentrations for warm-
phase orographic clouds at relative humidities of 80% but the
sensitivities crucially depend on the geometry of the moun-
tain and the dynamical flow regime. In the case of orographic
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flow blocking the effect of aerosols in decreasing orographic
precipitation is greatly reduced or even inverted.

Nevertheless, it is not clear how aerosols can influence pre-
cipitation in mixed-phase orographic clouds where the effi-
cient formation of precipitable hydrometeors does not hinge
on the coalescence process alone. Indeed,Saleeby and Cot-
ton (2009) conduct simulations of winter-time orographic
seeder-feeder clouds and found that precipitation tends to be
redistributed rather than suppressed even if the riming ef-
ficiencies in these clouds are decreased. In addition, sim-
ulations of mixed-phase orographic clouds byMuhlbauer
and Lohmann(2009) suggest that the heterogeneous freez-
ing ability of aerosols (i.e., the heterogeneous freezing mode)
can control the sign and the magnitude of the aerosol effect
on orographic precipitation. These results highlight the im-
portance of the ice phase for aerosol-cloud-precipitation in-
teraction problems.

However, microphysical sensitivity studies in the past also
show large impacts and variability of the results depending
on the numerical approach followed in the models to treat mi-
crophysical processes (e.g.,Morrison and Grabowski, 2007;
Li et al., 2009). For example, bulk microphysical parametri-
sations typically rely on some assumed form of hydrometeor
size distributions which introduces additional uncertainties.
In contrast, bin resolving microphysical models explicitly
calculate the particle size distributions without assumptions
on the shape and slope parameter. Nevertheless, for com-
puting microphysical collection processes (i.e., coalescence,
aggregation and riming) both modeling approaches rely on
assumptions for the collection efficiencies which are usually
derived from laboratory experiments or numerical simula-
tions (e.g.,Khain et al., 2000).

Thus, the main goal of this paper is to analyse and inter-
compare the sensitivities of different microphysical pro-
cesses in mixed-phase orographic clouds and orographic pre-
cipitation to changes in the ambient aerosol conditions using
several state-of-the-art numerical models and microphysical
approaches. Special emphasis is placed on the sensitivity of
the riming process. Thus, we address the following science
questions:

– Is it possible to get qualitative robust estimates of
the sensitivity of orographic precipitation to chang-
ing aerosol conditions for dynamically idealized con-
ditions?

– Do increases in the aerosol number concentration affect
the cloud droplet coalescence and the riming process in
mixed-phase orographic clouds?

– Do reductions in coalescence and riming from increases
in aerosol number concentrations imply a reduction of
precipitation from mixed-phase orographic clouds or
are there compensating effects such as enhanced aggre-
gation?

In order to reduce the complexity of the problem, the simu-
lations are performed within an idealized setup of a 2-D flow
over a mountain introduced at the Seventh WMO Interna-
tional Cloud Modeling Workshop (Morrison et al., 2009).

The paper is structured as follows: the participating mod-
els and microphysical parametrisations are introduced in
Sect.2. The design and the setup of the model intercom-
parison is outlined in Sect.3. In Sect.4 the results of the
different modeling approaches are presented. A discussion
of the key findings and conclusions are presented in Sect.5.

2 Model descriptions

The model intercomparison is comprised of three participat-
ing models namely the Consortium for Small-Scale Model-
ing’s (COSMO) model with coupled bulk double moment
aerosol-cloud microphysics, the Weather Research and Fore-
casting (WRF) model with bin microphysics and the Univer-
sity of Wisconsin modeling system (UWNMS) with SHIPS
microphysics. Details of the microphysical parametrisations
of each model are given in Table1.

2.1 COSMO

The COSMO model is a non-hydrostatic, fully compress-
ible limited-area mesoscale weather prediction model (http:
//www.cosmo-model.org, Doms and Scḧattler, 2002; Step-
peler et al., 2003). The elastic equations are solved in
a split-explicit time-splitting approach (Wicker and Ska-
marock, 2002) with a two time-level total variation diminish-
ing (TVD) third order Runge-Kutta scheme in combination
with a fifth order horizontal advection scheme. All moisture
variables and aerosols are advected by a fourth order positive
definite advection scheme afterBott (1989). A Smooth Level
Vertical (SLEVE) coordinate system (Scḧar et al., 2002) is
used in the vertical and a Rayleigh damping layer is intro-
duced in the upper parts of the computational domain to
minimize reflections of vertically propagating gravity waves
from the rigid upper model boundary.

Coupled aerosol and cloud-microphysical processes are
parametrised in a double moment approach for five hy-
drometeor species (i.e., cloud droplets, rain, ice crystals,
snow, graupel) and aerosols with various chemical com-
positions (i.e., sulphate, black carbon, organic carbon, sea
salt, dust). The warm-phase microphysical processes of the
scheme include the nucleation of cloud droplets, condensa-
tion/evaporation of cloud droplets, autoconversion of cloud
droplets to rain (i.e., the collision of cloud droplets leading
to rain drops), accretion of cloud droplets by rain (i.e., the
collection of cloud droplets by rain drops), self-collection of
cloud-droplets and rain, evaporation of rain and the break-
up of large rain drops. In the present version of the model
the aerosol activation is treated by following theκ-Köhler
theory of Petters and Kreidenweis(2007). The ice-phase
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Table 1. Details of the microphysical parametrisations used in the models.

COSMO WRF UWNMS

Collision efficiencies Pinsky et al.(2001) Hall (1980) Pinsky et al.(2001)
Aggregation efficiencies Seifert and Beheng(2006) Pitter(1977) Hallgren and Hosler(1960)
Riming efficiencies Lew et al.(1986), Mitchell (1990) Lin et al. (1983) Hashino and Tripoli(2007)
Terminal fall speeds ice Heymsfield and Kajikawa(1987) Hobbs(1974) Bohm(1992)
Terminal fall speeds snow Locatelli and Hobbs(1974) Passarelli and Srivastava(1979) Bohm(1992)
Terminal fall speeds graupel Locatelli and Hobbs(1974) Rasmussen and Heymsfield(1987) Bohm(1992)

processes include heterogeneous nucleation, secondary ice
nucleation, freezing, melting, vapour deposition, sublima-
tion, riming, aggregation, collection and conversion to grau-
pel (see Table1 for details). For details of the microphysics
parametrisation we refer the interested reader toSeifert and
Beheng(2006); Muhlbauer and Lohmann(2008) and refer-
ences therein.

2.2 WRF

The Advanced Research WRF model version three (Klemp
et al., 2007; Skamarock and Klemp, 2008) is used with
terrain-following vertical coordinates and a new gravity wave
absorbing layer according toKlemp et al.(2008). For the ad-
vection of scalar quantities the positive definite and shape
preserving advection scheme ofWang et al.(2009) is em-
ployed. A detailed bin microphysics scheme is implemented
in WRF and described inGeresdi(1998), Rasmussen et al.
(2002) andGeresdi and Rasmussen(2005). The bin schemes
use the multi moment conservation method (Tzivion et al.,
1987; Reisin et al., 1996) to insure the conservation of mass
and number concentrations over 36 bins. Evolution equa-
tions are solved explicitly for the size distributions of cloud
droplets, rain, ice crystals, snow and graupel (see Table1
for details). The warm-phase microphysical processes in-
clude the activation of aerosols to cloud droplets, diffu-
sional growth of drops (i.e., condensation/evaporation), co-
alescence of drops (i.e., autoconversion, accretion, and self-
collection) and break-up of drops. Contrary toRasmussen
et al.(2002), aerosol activation and cloud droplet nucleation
is treated here by calculating the supersaturation and critical
diameter according to K̈ohler theory (Pruppacher and Klett,
1997; Xue et al., 2010). Hence, 40 more bins are added to the
microphysics scheme to resolve the aerosol size distribution
in the range 0.013–105 µm. The diffusional growth of the
wetted aerosols is treated by the method described inKogan
(1991) andTeller and Levin(2006).

Ice-phase microphysical processes include diffusional
growth of ice crystals, snow and graupel (i.e., deposi-
tion/sublimation), aggregation, riming and melting. Het-
erogeneous nucleation of ice crystals is considered through
freezing of supercooled droplets (immersion freezing, con-
tact freezing) and due to deposition and condensation nucle-

ation. Secondary ice formation includes the Hallett-Mossop
ice multiplication process.

2.3 UWNMS

The University of Wisconsin non-hydrostatic modeling sys-
tem (UWNMS) is a regional mesoscale model that is de-
signed for high resolution cloud resolving simulations em-
ploying a variable stepped topography (VST) coordinate sys-
tem (Tripoli, 1992; Tripoli and Smith, 2010). The dynamical
core of UWNMS is formulated to conserve vorticity, kinetic
energy, and enstrophy with a quasi-compressible closure. A
numerical filter is employed to control nonlinear instabilities
and spurious numerical noise. For the advection of scalar
variables a positive definite nonlinear piecewise parabolic
method is used.

Cloud-microphysical processes are predicted with the Ad-
vanced Microphysics Prediction System (AMPS,Hashino
and Tripoli, 2007, 2008, 2010a,b) which simulates the de-
tailed spectra of liquid, ice and aerosol particles. The liquid
parametrisation is called SLiPS (Spectral Liquid Prediction
System) which is a double moment mass bin model. The size
spectrum ranges from 0.1 µm to 0.5 mm radius with 30 bins
employed. The ice phase is parametrised in SHIPS which
simulates 14 particle property variables over 20 double mo-
ment mass bins. The main aim of SHIPS is to keep track
of the growth history of ice particles and evolve the particles
properties explicitly in the Eulerian dynamics model. Given
the particle property variables, the average habit and type of
ice particles is diagnosed for each mass bin. Hence, no cate-
gorization of ice particles is necessary. The aerosols are han-
dled by SAPS (Spectral Aerosol Prediction System) which
simulates two moments of three lognormal distributions to
describe Aitken, accumulation, and coarse modes of CCN
and one monodisperse distribution of IN.

The current version of SHIPS includes heterogeneous nu-
cleation, condensation/evaporation, deposition/sublimation,
coalescence, aggregation, riming, freezing, melting as well
as the break-up of rain drops and large snow flakes (see Ta-
ble1 for details). The activation of aerosols is treated accord-
ing to Köhler theory.
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Table 2. Parameter specifications for the idealized set of simula-
tions. All simulations are conducted with a sea-level pressure of
psl = 1000 hPa, a dry Brunt-V̈ais̈alä frequency ofNd = 0.011 s−1

and a mountain half-width ofa0 = 20 km. Aerosol conditions are
prescribed according to a clean case (CC) or a polluted case (PC).

Simulation h (m) TSL (K) aerosol

SIM 1 CC 800 280 CC
SIM 1 PC 800 280 PC
SIM 2 CC 800 273 CC
SIM 2 PC 800 273 PC
SIM 3 CC 3000 280 CC
SIM 3 PC 3000 280 PC
SIM 4 CC 3000 273 CC
SIM 4 PC 3000 273 PC

3 Design of the model intercomparison

3.1 Model setup

All models use a 2-D computational domain with 401 grid
points in the horizontal and 60 prescribed vertical levels. The
model grid spacing is 2 km. In order to make the models dy-
namically as comparable as possible, radiation, turbulence
and convection parametrisations are switched off. Further-
more, a free-slip condition is imposed at the lower model
boundary. In all models, heterogeneous ice nucleation is
treated by following theMeyers et al.(1992) formulation for
deposition/condensation nucleation. The diffusional growth
on existing hydrometeors is calculated explicitly by solv-
ing the diffusional growth equation (Pruppacher and Klett,
1997).

3.2 Initial conditions

All experiments consider the development of an isolated oro-
graphic cloud and orographic precipitation for a 2-D moun-
tain flow1. A series of sensitivity experiments are conducted
by changing aerosol initial conditions, temperature profiles
and mountain heights as summarized in Table2.
The initial vertical profiles of temperature and dew-point
temperature are shown in Fig.1 and are given analytically by
prescribing a sea-level temperatureTSL, sea-level pressure
pSL and dry Brunt-V̈ais̈alä frequencyNd following Clark
and Farley(1984).
The sea-level temperature is varied betweenTSL = 273 K and
TSL = 280 K to generate two different thermodynamical con-
ditions. The vertical profile of the relative humidity is given
by

RH(z) = a+
b−a

1+exp[−c(z−z0)]
, (1)

1A fortran code to generate the initial conditions is available
at http://www.rap.ucar.edu/∼gthompsn/workshop2008/or from the
first author.
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Fig. 1. Atmospheric soundings for the idealized 2-D simulations
showing the temperature (red) and the dew-point temperature (blue)
in a skewT-logp diagram. The warm sounding (solid) is used in
simulations SIM1 and SIM3 whereas the cold sounding (dashed)
is used in simulations SIM2 and SIM4 (see Table2 for details on
the setup).

with the parametersa = 0.95, b = 0.03, c = 0.0015 m−1,
z0 = 6000 m and 0≤ RH≤ 1 and a sea-level relative humid-
ity of RHSL = 95%. The wind speed isU = 15 m s−1. It
is prescribed constant with height within the first 10 km and
increases linearly above toU = 40 m s−1 at the model top.

The idealized bell-shaped topography has the form

h(x) =

{
h0
16

[
1+cos(π x−x0

4a0
)
]4

, |x −x0| < 4a0

0 , |x −x0| > 4a0 ,
(2)

with h0 denoting the peak mountain height located atx0 (the
middle of the computational domain) anda0 denotes the half-
width of the mountain. In the first set of experiments (linear
hydrostatic mountain wave, SIM1 and SIM2) the moun-
tain height ish0 = 800 m and the mountain half-width is
a0 = 20 km. In the second set of experiments (blocked flow,
SIM 3 and SIM4) the mountain height ish0 = 3000 m.

The physical aerosol properties used to initialize the mod-
els are taken from observations byWeingartner et al.(1999)
and are prescribed vertically constant by means of lognormal
aerosol size distributions shown in Fig.2.
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Fig. 2. Aerosol initial conditions for the idealized 2-D simulations.
The number density distribution is based on a mean aerosol spec-
trum for winter and summer conditions, respectively. The winter
aerosol spectrum is taken as the clean case (CC, solid) and the sum-
mer aerosol spectrum is taken as the polluted case (PC, dashed).

The aerosol spectra are representative for mean remote
continental winter/summer conditions in the Alps. Since
lower aerosol number densities are observed during winter
than during summer the mean winter aerosol spectrum is
taken as the clean case (CC) and the mean summer aerosol
spectrum is taken as the polluted case (PC). Each aerosol
spectrum satisfies a superposition of two lognormal size dis-
tributions of the form

dN

d lnr
=

2∑
i=1

Ni
√

2π lnσi

exp

[
−

(
lnr − lnr̃i
√

2lnσi

)2
]

(3)

with the aerosol number densitiesNi , the count median radii
r̃i and the geometric standard deviationsσi specified accord-
ing to Table3.
Assuming a mean aerosol density ofρ = 1.5 g cm−3 yields
aerosol mass densities of 2.0 µg m−3 during summer and
0.51 µg m−3 during winter. In case models are able to dis-
criminate different aerosol chemical compositions we adopt
the results of aerosol mass spectrometry (see Fig. 11 inCo-
zic et al., 2008for details) obtained during the CLACE field
campaign at the Jungfraujoch in Switzerland. Otherwise,
aerosols are assumed to consist of ammonium sulphate with
100% solubility.

3.3 Intercomparison strategy

In order to compare the sensitivities of microphysical pro-
cesses in mixed-phase orographic clouds and orographic pre-
cipitation to changes in the aerosol initial conditions among
the models the following metrics are used: the amount of
precipitation from rain, snow and graupel as well as the oro-
graphic precipitation distribution are compared for all mod-

Table 3. Parameters of the lognormal aerosol size distributions.

Mode N (cm−3) r̃ (µm) σ M (µg m−3)

Clean case Ait. 310 0.022 2.13 0.07
Acc. 40 0.070 1.61 0.44

Polluted case Ait. 530 0.022 2.13 0.26
Acc. 260 0.070 1.61 1.74

els after 10 h of simulation. Estimates for the total domain
precipitation (TP), the spillover factor (SP) and the drying ra-
tio (DR) are presented. Throughout this study, SP is defined
as the leeward precipitation fraction (i.e. the ratio of leeward
precipitation to total precipitation) according toJiang and
Smith(2003). DR is defined as the ratio of horizontally inte-
grated total precipitation flux at the surface to the vertically
integrated water vapour influx (e.g.,Smith et al., 2003). SP
and DR provide integral measures for orographic precipita-
tion and do not depend on the choice of reference points at
the topography. Both measures may be compared against ob-
servations from field campaigns, estimates from rain gauge
networks and isotopic analyses of stream water or sap wa-
ter on a climatological time scale (e.g.,Smith et al., 2005).
Cloud-microphysical fields (e.g., cloud droplet number con-
centration, liquid water content) are compared after 10 h of
simulation. Averaged values of liquid water path (LWP) and
ice water path (IWP) are compared among the models as a
function of time. Statistics of the dynamics of the individual
models are computed for the computational domain exclud-
ing relaxation and damping zones. Furthermore, microphysi-
cal conversion rates for coalescence, aggregation, riming and
diffusional growth are analysed and compared to get a better
insight into aerosol-cloud-precipitation interactions on a pro-
cess based level.

4 Results

4.1 Simulations of orographic precipitation without
flow blocking

For the first set of simulations a 2-D moist unblocked flow
over a mountain is considered (i.e., a setup where linear
theory predicts a hydrostatic mountain wave) for a warm
case (SIM1 CC, SIM 1 PC) and a cold case (SIM2 CC,
SIM 2 PC) (see Table2 for details on the setup).

4.1.1 Dynamics comparison

In order to show that the models are simulating the same dy-
namical state, the statistics of the wind velocities and the spe-
cific humidity are compared in Fig.3.
All models are able to simulate the hydrostatic mountain
wave with an upstream region of flow deceleration and a
downstream region of flow acceleration (not shown). All
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Fig. 3. Time evolution of water vapour, horizontal and vertical wind velocities for simulation SIM1 CC. The upper panel shows maximum
values of specific humidityQmax (a), horizontal wind speedsUmax (b) and vertical wind speedsWmax (c). The lower panel shows domain
integrated water vapourQint (d), domain average horizontal wind speeds< U > (e) and domain averaged vertical wind speeds< W > (f).
The individual models shown are COSMO (black), WRF (blue) and UWNMS (red).

simulations start with a maximum specific humidity of ap-
proximately 7.3 g m−3 at the lowest model level according to
the sounding shown in Fig.1. The maximum values of spe-
cific humidity stay fairly constant throughout the simulations
for all models except for UWNMS which develops a slight
increase in the maximum specific humidity. This increase in
maximum specific humidity is caused by stronger evapora-
tion processes on the upstream side of the mountain at the
levels close to the surface.

The integrated water vapour decreases over time according
to the individual model’s precipitation amount. For example,
the domain integrated water vapour stays highest in WRF
throughout the whole simulation because WRF is the model
with the lowest total precipitation rates as will be discussed
later. Note that the slight differences in the domain integrated
water vapour initially originate from differences in the model
sampling volume. Since each model applies a different nu-
merical setup (e.g., depth of the Rayleigh damping layer,
width of the lateral relaxation zone) the model sampling vol-
ume varies slightly among the models. The maximum and
domain integrated statistics are obtained for the entire model
domain excluding relaxation and damping zones.

The horizontal wind speeds are prescribed at 15 m s−1 at
the initial time and increase throughout the simulation to
roughly 26 m s−1 in the downdraught region on the leeward
side of the mountain after 10 h simulation time. The dif-

ferences in maximum horizontal wind velocities among the
models are within a range of 3 m s−1. However, in some
models these maximum wind speeds originate from a re-
gion of wave breaking between 10 km and 12 km and are
not related to the downdraught region on the leeward side
of the mountain. In the latter region, the agreement among
the models is reasonable with maximum wind speeds of ap-
proximately 23 m s−1 in COSMO, 24 m s−1 in UWNMS and
27 m s−1 in WRF. According toDurran and Klemp(1983),
one would expect that the remaining water vapour in the
model simulations would lead to a damping of the gravity
wave amplitude and to lower horizontal wind speeds espe-
cially in the WRF simulation. Since the opposite is the case,
the differences among the models in terms of horizontal wind
speeds are caused by differences in either the numerical time
integration scheme or the dynamical setup (e.g., depth of the
Rayleigh damping layer, damping coefficients, upper model
boundary condition) and not by the remaining moisture con-
tent on the leeward side of the mountain. Nevertheless, the
maximum deviations of the mean horizontal wind velocities
are below 0.5 m s−1 among the models.

The vertical wind speeds are generally in good agreement
with the maximum wind speeds increasing throughout the
simulation from approximately 0.5 m s−1 after initial spin-
up to approximately 0.8–1.0 m s−1 after 10 h. The maximum
spread among the models does not exceed 0.2 m s−1 in terms
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of maximum vertical velocities and is well below 1.0 cm s−1

for the mean vertical wind velocities.
In the simulation SIM2 CC the initial sea level tempera-

ture is decreased in comparison to the simulation SIM1 CC
which leads to lower values of the maximum specific humid-
ity of approximately 4.7 g m−3. However, the horizontal and
vertical wind velocities change only marginally in response
to the decreased specific humidity and are comparable to the
wind velocities of simulation SIM1 CC (not shown).

In the simulations with increased aerosol number con-
centrations SIM1 PC and SIM2 PC, respectively, the hor-
izontal and vertical wind velocities change slightly due to
dynamical feedbacks of aerosol-cloud-precipitation interac-
tions (not shown) but these differences are much smaller
than the differences between the individual model simula-
tions and, thus, are not investigated further.

4.1.2 Clouds and precipitation comparison

Despite the reasonable agreement of the dynamical states of
the model considerable differences exist among the models
in terms of cloud structure, cloud microphysics and precipi-
tation. All models simulate an orographic cloud attached to
the upstream side of the mountain and an upper-level oro-
graphic wave cloud in a region of wave breaking on the lee-
ward side of the mountain. Figures4 and5 show the cloud
fields for the simulation SIM1 CC for all models averaged
over the 10 h simulation time.
The average depth of the upstream cloud varies among
the models between approximately 3.5 km (WRF) and 5 km
(UWNMS) (Fig. 4). Considerable discrepancies exist in the
partitioning between the liquid and the ice in the upstream
orographic cloud. For example, COSMO and UWNMS both
simulate cloud layers with sustained mixed-phase conditions
sandwiched by a partly supercooled liquid cloud at lower lev-
els and a pure ice cloud aloft. However, the mixed-phase
cloud layers are deeper in COSMO than in UWNMS. In con-
trast, the entire cloud consists of liquid with cloud water mix-
ing ratios up to approximately 0.6 g m−3 in the WRF simula-
tions. Due to the lack of ice in the WRF simulation, the WRF
model produces also deeper cloud water fields than the other
models (Fig.5).

The cloud droplet number concentrations are in reason-
able agreement among the models with values on the or-
der of 100 cm−3 but maximum values ranging from 70 cm−3

(WRF) to almost 140 cm−3 (COSMO). The higher maxi-
mum cloud droplet number concentrations in COSMO are
related to the higher vertical velocities on the upslope side
of the mountain in the COSMO simulation. The mean cloud
droplet size averaged over the 10 h simulation ranges from
approximately 17 µm (COSMO) to 22 µm (UWNMS). Ice
crystal number concentrations are on the order of roughly
100 l−1 in the upstream cloud in all models.

Despite the reasonable agreement in the cloud droplet
number concentrations there exists remarkable variability

among the models with respect to the mass mixing ratios
of the different hydrometeor types (Fig.5). COSMO and
UWNMS both show contributions from cloud liquid and
cloud ice at lower levels but the contributions from the ice
phase are considerably higher in UWNMS than in COSMO.

The differences in the liquid to ice mass partitioning in the
orographic cloud also affect the development of precipitable
hydrometeors. For example, WRF shows mainly contribu-
tions from rain and snow with negligible small contributions
from graupel. In COSMO and UWNMS precipitation shows
contributions from snow generated in the upper regions of
the cloud as well as graupel and rain in the lower levels of
the clouds. These differences suggest that in WRF coales-
cence of cloud droplets is the dominant mechanism respon-
sible for rain formation as compared to other microphysi-
cal processes. In COSMO and UWNMS contributions from
frozen hydrometeors to rain formation are dominant. These
frozen hydrometeors are generated aloft, start melting below
the freezing level and eventually lead to rain. Due to the di-
minishing role of the ice phase the coalescence process is
more important for the rain formation in the WRF simula-
tion than it is in the other models. Furthermore, COSMO
and UWNMS produce considerable amounts of snow from
aggregation of ice crystals and graupel is produced by rim-
ing in regions with sufficient supercooled liquid water. These
differences in the precipitable hydrometeor fields have impli-
cations for the amount and distribution of orographic precip-
itation as will be discussed later.

The upper-level wave clouds are similar among the mod-
els but cloud fields vary regarding the ice water content and
the spatial extent of the cloud. The maximum ice water mix-
ing ratios agree reasonably between COSMO and UWNMS
but are slightly smaller in WRF. The horizontal cloud extent
of the upper-level wave cloud is largest in UWNMS. These
discrepancies are attributable to the production of smaller
ice crystals with inherently smaller terminal fall velocities in
UWNMS and the different ice aggregation efficiencies used
in the models. For example, in the COSMO simulation snow
develops in the upper-level cloud whereas there is no snow
in the WRF and UWNMS simulations in this region. How-
ever, the differences in the upper-level cloud are not of fur-
ther interest here because the contribution of this cloud to the
orographic precipitation in the models is negligibly small.

Figure6 shows the time series of liquid water path (LWP)
and ice water path (IWP) in the models averaged over the
mountain slopes (i.e., all grid points located within 40 km
up and downstream of the mountain peak) for simulation
SIM 1 CC.
The time series confirms that WRF is lacking ice compared to
the other models and that liquid water is dominant during the
simulation. In contrast, COSMO and UWNMS both show
lower LWP but higher IWP and, thus, sustain more ice in the
upstream orographic cloud.

Figure 7 shows the cloud droplet and ice crystal num-
ber concentrations for the simulation with increased aerosol
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Fig. 4. Vertical cross section of number concentrations of cloud droplets (QNC) and ice crystals (QNI) for COSMO, WRF and UWNMS
averaged over 10 h simulation. The contour lines show the temperature (red) and the potential temperature (grey). Units are cm−3 for cloud
droplets and l−1 for ice crystals,◦C for temperature and K for potential temperature. Only part of the computational domain is shown.

number concentration SIM1 PC averaged over the 10 h sim-
ulation time.
In SIM 1 PC the cloud droplet number concentrations are
increased in all models but the variability among the mod-
els is larger than in the simulation SIM1 CC with cloud
droplet number concentrations ranging from approximately
150 cm−3 (WRF) to almost 440 cm−3 (COSMO). The mean
cloud droplet size averaged over the 10 h simulation de-
creases relative to the clean case simulation SIM1 CC in all
models. In contrast, there is only little change in the ice crys-
tal number concentrations compared to the clean case sim-
ulation SIM 1 CC. However, the result that the ice crystal
number concentrations are not much affected in the simula-
tions may be related to the oversimplified treatment of het-
erogeneous ice nucleation and in particular to the fact that
the ice initiation is independent from the aerosol chemical
properties.

The differences in the LWP and the IWP between the low
aerosol simulation SIM1 CC and the high aerosol simula-
tion SIM 1 PC are shown in Fig.8.
Despite the considerable variability of the microphysical
properties of the simulated orographic cloud all models agree
qualitatively on the result that on average the LWP is in-
creased with increasing aerosol number concentrations but
there is little quantitative agreement. Regarding the IWP all
models show slight changes throughout the 10 h simulation
but on average changes in IWP are generally small and posi-
tive for WRF but negative for COSMO and UWNMS.

Table 4. Inter-model comparison of the total precipitation (mm) for
the set of simulations in Table2 after 10 h simulation.

Simulation COSMO WRF UWNMS

SIM 1 CC 459 104 466
SIM 1 PC 409 84 461
SIM 2 CC 409 143 430
SIM 2 PC 393 136 432
SIM 3 CC 2168 2124 2047
SIM 3 PC 2111 2062 2029
SIM 4 CC 1438 1502 1353
SIM 4 PC 1427 1495 1352

The intercomparison of precipitation is shown in Fig.9 for
the simulation SIM1 CC.

The orographic precipitation is in good agreement in
COSMO and UWNMS regarding the peak and the shape of
the precipitation distribution as well as the total precipitation
in the domain (see Table4).

In all models orographic precipitation maxima are found
on the upslope side of the mountain with slight displacements
of the peaks towards the top of the mountain in the WRF sim-
ulation. However, the amount of peak and total precipitation
simulated by WRF is much smaller than in the other mod-
els which implies that the precipitation regime simulated by
WRF is less efficient than in both of the other models. Fur-
thermore, there is generally little agreement among the mod-
els on how different hydrometeor categories contribute to the
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Fig. 5. Same as Fig.4 but for the mass mixing ratios (units g kg−1) of cloud water (QC), ice (QI), rain (QR), snow (QS) and graupel (QG).

overall precipitation distribution. For example, precipitation
at the surface originates almost entirely from rain in the WRF
simulation whereas the other models also show contributions
from graupel (and snow in the case of UWNMS). Most of the
total precipitation in COSMO is made up of rain with some
but little contribution from graupel whereas in UWNMS the

contribution from graupel is much stronger. Moreover, the
fallout of graupel is faster in UWNMS and occurs already
on the upslope side of the mountain whereas in COSMO
the precipitation distribution of graupel is centred around the
mountain peak. The relative shift in the precipitation from
graupel is mainly caused by differences in the terminal fall
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Fig. 6. Time series of liquid water path (LWP) in panel(a) and ice
water path (IWP) in panel(b) averaged over the mountain slopes
(horizontal distances−40 to 40 km). Note that LWP includes liquid
water from cloud droplets and rain and IWP includes ice crystals,
snow and graupel.

velocities of graupel used in the models but to some extent
also due to the varying strength of the simulated ice phase
and the thresholds used to convert rimed snow flakes to grau-
pel. However, the bottom line of the inter-comparison of sim-
ulation SIM 1 is that the presence of ice in the upper part
of the upstream orographic cloud and the sustained mixed-
phase conditions lead to a more efficient precipitation regime
(i.e., a seeder-feeder cloud type) in COSMO and UWNMS
with more upslope precipitation and considerable contribu-
tions from rimed crystals (i.e., graupel). Increasing aerosol
number concentrations in simulation SIM1 PC leads qual-
itatively to a reduction of total domain precipitation in all
models but the sensitivities vary greatly among the models.
WRF depicts the highest sensitivity of precipitation to the
aerosol perturbation mainly due to a considerable reduction
in rain formation and little contributions from ice-phase hy-
drometeors. The sensitivity of the warm rain production is
weaker in the case of COSMO and UWNMS. The contribu-
tion to rain in the simulations are dominated by the melt-
ing of frozen hydrometeors formed aloft. However, rela-
tive to COSMO and UWNMS the rain formation in WRF
is more dependent on the warm-phase coalescence process.
Furthermore, COSMO and UWNMS show increases in grau-
pel which partly compensate for the loss caused by the reduc-
tion of rain. Hence, the high sensitivity of WRF to changes
in aerosol number may be explained by the diminishing role
of the ice phase and the lack of graupel formation in this spe-
cific simulation. Overall, WRF shows the highest sensitiv-
ity with a total precipitation reduction of approximately 19%
compared to the clean case simulation but also shows the
smallest total precipitation amounts. COSMO and UWNMS
both simulate more precipitation and depict weaker sensitivi-
ties with respect to changes in aerosol number concentration
of 11% and 1%, respectively (see Table4 for details). All
models except UWNMS tend to simulate higher values of
SP meaning that relative to the low aerosol simulation more
precipitation is falling on the leeward side of the mountain in
the high aerosol simulation (see Table5 for details).

Table 5. Inter-model comparison of the spillover for the set of sim-
ulations in Table2. The spillover is defined as the ratio of leeward
precipitation to total precipitation.

Simulation COSMO WRF UWNMS

SIM 1 CC 0.30 0.53 0.32
SIM 1 PC 0.32 0.57 0.31
SIM 2 CC 0.24 0.63 0.31
SIM 2 PC 0.27 0.66 0.30
SIM 3 CC 0.19 0.23 0.16
SIM 3 PC 0.23 0.23 0.18
SIM 4 CC 0.12 0.11 0.13
SIM 4 PC 0.13 0.13 0.13

Table 6. Inter-model comparison of the drying ratio for the set of
simulations in Table2. The drying ratio is defined as the ratio of
horizontally integrated total precipitation flux at the surface to the
vertically integrated water vapour influx.

Simulation COSMO WRF UWNMS

SIM 1 CC 0.12 0.06 0.13
SIM 1 PC 0.11 0.04 0.13
SIM 2 CC 0.18 0.12 0.19
SIM 2 PC 0.18 0.11 0.19
SIM 3 CC 0.59 0.62 0.54
SIM 3 PC 0.58 0.60 0.53
SIM 4 CC 0.68 0.78 0.60
SIM 4 PC 0.68 0.79 0.60

DR tends to decrease with increasing aerosol number con-
centration and the relative magnitude of the changes are
ranked according to the decrease in total precipitation in the
individual model simulations. Hence, relative changes in DR
are more pronounced in WRF than in COSMO whereas in
UWNMS DR is virtually unchanged (see Table6 for details).

4.1.3 Microphysics comparison

Comparing the microphysical processes among the models
elucidates why the models disagree on the contributions of
precipitation from rain and graupel and sheds some light on
why the sensitivities with respect to aerosols are different.

Figure10 shows the amount of liquid and ice mass den-
sity that is converted to precipitable hydrometeors through
the microphysical processes coalescence, aggregation, rim-
ing and diffusional growth. In UWNMS and WRF diffu-
sional growth is by far the dominant microphysical process
and all processes involving collections are smaller. Contrary,
in COSMO the contributions from diffusional growth and
riming are of comparable magnitude. In the models where
substantial amounts of ice are present, riming is the most
important collection process and overpowers contributions
from aggregation and coalescence. In simulation Sim1 all
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Fig. 7. Same as Fig.4 but for the polluted case simulation SIM1 PC.
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Fig. 8. Same as Fig.6 but for the difference between the polluted
case and the clean case in simulation SIM1. The thin black dashed
line indicates the zero line.

models agree on the result that the net diffusional growth de-
creases with increasing aerosol number concentrations due
to enhanced evaporation of the smaller cloud droplets and
rain drops. In COSMO and UWNMS riming is the domi-
nant collection process and the riming rates are increased if
the aerosol number concentrations are increased. As a conse-
quence, the amount of precipitation from graupel is increased
with increasing aerosol number concentrations in both mod-
els. In contrast, in the WRF simulation the contributions
from riming, aggregation and coalescence are comparable
and riming is decreased if the aerosol number concentra-
tions are increased. Furthermore, aggregation is increased in
the simulations with high aerosol number concentrations in
COSMO and WRF but is slightly decreased in the UWNMS
simulation. All models indicate a decrease in the coalescence
if the aerosol number concentrations are increased but dis-
agree on the importance of coalescence process relative to

other microphysical processes. COSMO and UWNMS show
a comparably weak contribution to precipitation from the
coalescence process whereas in WRF coalescence is more
important as the contributions of ice phase processes are
less significant. Furthermore, the decrease in coalescence is
rather subtle in the case of UWNMS because the reduction in
the cloud droplet coalescence is almost completely offset by
the accretion of cloud droplets by rain. Thus, the accretion
by rain may be an important microphysical process with the
potential to reduce the overall sensitivity of the cloud droplet
coalescence process in mixed-phase clouds if rain drops can
be produced by melting.

4.2 Sensitivity studies with respect to temperature

In the second set of simulations (SIM2 CC and SIM2 PC)
the same dynamical regime is simulated with a colder surface
temperature in the initial thermodynamical profile (see Fig.1
and Table2 for details). The dynamical states of the models
are only marginally affected by this temperature change and
the inter-model comparison is similar to the previous set of
simulations. As in the previous set of simulations, all models
show on average an increase in LWP in the simulations with
higher aerosol number concentrations but only little change
in the IWP.

Figure 11 shows the comparison of precipitation for the
set of simulations with colder surface temperature SIM2 CC
and SIM2 PC. The variability among the models in the oro-
graphic precipitation distribution is larger than in the warm
set of simulations with little agreement regarding the shape
of the precipitation distribution or the amount of precipita-
tion. Total precipitation is highest in UWNMS and lowest in
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Fig. 9. Orographic precipitation distribution for the simulations SIM1 CC (solid) and SIM1 PC (dashed) for rain(a), snow(b), graupel(c)
and total precipitation(d) after 10 h simulation time. The individual models shown are COSMO (black), WRF (blue) and UWNMS (red).
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Fig. 10. Mass density of cloud liquid and ice converted to precipitable hydrometeors by coalescence (coa), aggregation (agg), riming (rim)
and diffusional growth (dif) for the clean case simulation SIM1 CC (blue) and the polluted case simulation SIM1 PC (red) in COSMO(a),
WRF (b) and UWNMS(c). In the bulk microphysics schemes, where cloud droplets and rain drops are artificially differentiated according
to size, the coalescence term includes contributions from autoconversion and accretion. The diffusional growth term includes condensation,
deposition, evaporation and sublimation. All values are integrated over the 10 h simulation time.

WRF. However, the spatial precipitation distribution is more
narrow for COSMO than for the other models which leads
to the highest peak precipitation rates. Most of the precipi-
tation reaches the surface in form of snow and graupel and
none of the models produces any significant amount of rain.
As in the previous case, there is little agreement on the par-
titioning of precipitation to snow or graupel which in turn
explains the discrepancies in the simulated precipitation dis-

tribution. These discrepancies are also reflected in the micro-
physical comparison of the models (see Fig.12). Similar to
the previous case diffusional growth is dominant in all mod-
els. In COSMO and UWNMS aggregation overpowers rim-
ing and most of the precipitation is from snow flakes. On the
contrary, in the WRF simulation riming dominants aggrega-
tion but the rimed snow flakes are not converted to graupel
as in the other models. Contributions from the coalescence
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Fig. 11.Same as Fig.9 but for the clean case simulation SIM2 CC (solid) and the polluted case simulation SIM2 PC (dashed), respectively.
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Fig. 12. Same as Fig.10but for the clean case simulation SIM2 CC (blue) and the polluted case simulation SIM2 PC (red), respectively.

process are negligible in all models. Riming is decreased in
COSMO and WRF but is slightly increased in UWNMS.

The sensitivity of orographic precipitation to changes in
the aerosol number concentrations as simulated by the mod-
els is generally weaker than in the previous simulations with
warmer temperatures (see Table4 for details). In COSMO
and WRF total precipitation is decreased by 4% and 5%, re-
spectively, whereas in UWNMS total precipitation budgets
are virtually unchanged (a subtle increase). COSMO and
WRF both show higher values of SP in the high aerosol sim-
ulation meaning that some of the precipitation (i.e., snow in
this particular case) is redistributed towards the leeward side
of the mountain. The DR is only little affected according to
the change in the precipitation budgets of the models.

4.3 Simulations of orographic precipitation with flow
blocking

In the next set of simulations (SIM3, SIM 4) the height of
the mountain is increased while the thermodynamical initial
conditions are kept constant. This generates a flow regime
with upstream flow blocking and severe downslope winds on
the leeward side of the mountain.

4.3.1 Dynamics comparison

Figure13 shows a comparison of the time evolution of the
specific humidity and wind speeds in the models. Gener-
ally, the differences in maximum horizontal and vertical wind
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Fig. 13. Same as Fig.3 but for simulation SIM3 CC.

Fig. 14. Same as Fig.4 but for simulation SIM3 CC.
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Fig. 15. Same as Fig.5 but for simulation SIM3 CC.

speeds are much higher in this case than in the unblocked
flow case because the downslope winds on the leeward side
of the mountain and the regions of wave breaking are very
turbulent. The largest differences in maximum and minimum
wind speeds occur in the regions of downslope winds on the
leeward side of the mountain below ridge height and in the

zones of wave breaking aloft. The strength of the downslope
winds and the breaking waves are to a large extent controlled
by the amount of precipitation on the upstream side of the
mountain and the water vapour budgets of the models. Nev-
ertheless, the winds on the upstream side of the mountain are
in relatively good agreement and these are the ones that are
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Fig. 16. Same as Fig.7 but for simulation SIM3 PC.
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Fig. 17. Same as Fig.9 but for simulation SIM3 CC (solid) and SIM3 PC (dashed).

important for cloud formation. All models develop a blocked
air layer on the upstream side of the mountain with a depth
of approximately 2800 m. In this layer the horizontal wind
speeds are decelerated to roughly 10 m s−1. The UWNMS
model develops slightly stronger blocking than COSMO and
WRF with a stagnant air layer at low levels and even slight
reverse circulations. These differences may be attributable to
differences in the numerics of the model or the VST coordi-
nate system used in UWNMS.

4.3.2 Clouds and precipitation comparison

Similar to the previous case with unblocked flow, the cloud
fields simulated by the models in the blocked flow case corre-
spond qualitatively to the classical picture of a seeder-feeder
cloud system with a liquid cloud at lower levels and an ice
cloud aloft.

Figures14 and15 show the cloud fields in all three simu-
lations of case SIM3 CC averaged over the 10 h simulation
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Fig. 18. Same as Fig.9 but for simulation SIM4 CC (solid) and SIM4 PC (dashed).
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Fig. 19. Same as Fig.10but for the simulations SIM3 CC (blue) and SIM3 PC (red).

time. The simulated cloud is roughly 6.5 km deep in all
models but there are discrepancies in the partitioning of
the cloud water between the liquid and the ice phase. In
COSMO most of the cloud consists of supercooled liquid
water down to temperatures of−20◦C whereas, for exam-
ple, in UWNMS the liquid-phase is confined to levels be-
low approximately 1 km and above the pre-existing ice crys-
tals grow by vapour deposition on the expense of the liquid-
phase (i.e., the Bergeron-Findeisen process). COSMO is the
only model that simulates co-existing liquid and ice and sus-
tains mixed-phase cloud patches. In both other models su-
percooled liquid water exists but is locally separated from
the ice, which suggests that the Bergeron-Findeisen process

is more effective in these models. Ice crystals are predomi-
nantly found between 2 km and 7 km but are rapidly aggre-
gated to snow flakes in all models. The snow flakes then
sediment into the lower layers where they start riming to
graupel which enhances the orographic precipitation greatly.
Most of the precipitation originates from snow and graupel
with some contributions from rain that forms below the freez-
ing level. In the simulations with increased aerosol number
concentrations (SIM3b) all models show an increase in the
cloud droplet number concentrations but the ice crystal num-
ber concentrations are relatively unchanged (Fig.16).

In the simulations SIM4 the cloud fields are qualitatively
similar to case SIM3 (not shown) except that the ice part of

Atmos. Chem. Phys., 10, 8173–8196, 2010 www.atmos-chem-phys.net/10/8173/2010/



A. Muhlbauer et al.: Intercomparison of aerosol-cloud-precipitation interactions in orographic clouds 8191

coa agg rim dif
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
x 10

−4

microphysical process

co
nv

er
te

d 
m

as
s 

de
ns

ity
 [k

g 
m

−
3 ]

COSMO

coa agg rim dif
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
x 10

−4

microphysical process

co
nv

er
te

d 
m

as
s 

de
ns

ity
 [k

g 
m

−
3 ]

WRF

coa agg rim dif
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
x 10

−4

microphysical process

co
nv

er
te

d 
m

as
s 

de
ns

ity
 [k

g 
m

−
3 ]

UWNMS

(a) (b) (c)

Fig. 20. Same as Fig.10but for the simulations SIM4 CC (blue) and SIM4 PC (red).

the cloud starts at much lower elevations and the contribu-
tions from the liquid phase are small.

The orographic precipitation distributions are shown in
Fig. 17 for the case with warmer temperatures (SIM3) and
in Fig. 18 for the case with colder temperatures (SIM4),
respectively. Despite the fact the dynamical differences in
the individual model simulations are generally larger in the
case with flow blocking than in the unblocked flow case the
amount of total precipitation is in better agreement with some
but overall less variability among the models. All models
agree on the qualitative shape of the orographic precipitation
distribution (Fig.17). There is good correspondence of the
spatial distribution of rain whereas for snow and graupel the
location of the peaks vary due to the different fall velocities
for snow and graupel used in the models. Furthermore, there
are discrepancies regarding the contributions from snow and
graupel to the total precipitation whereas there is little varia-
tion in terms of rain. COSMO is the model with most precip-
itation whereas UWNMS is the model with least precipita-
tion. Similar results are found in the simulations SIM4 with
the distinction that contributions from rain are negligible in
all models (Fig.18). There is a good agreement in terms of
total precipitation and the result that most of the precipita-
tion is due to snow. Again, there is some discrepancy in the
precipitation from graupel particles.

The sensitivity of orographic precipitation with respect to
changes in aerosol number concentration is much smaller and
almost negligible for the blocked flow case in both the warm
and the cold subset of the simulations. All models show a
tendency towards reduced total orographic precipitation but
the sensitivities do not exceed 3% in any of the simulations
(see Table4 for details). Some of the simulations show an
increase of SP in the polluted case which points to a slight
redistribution of precipitation towards the leeward side of the
mountain. The DR shows only a weak signal in most of the
simulations (see Tables5 and6 for details.)

4.3.3 Microphysics comparison

Figures19and20show the microphysical rates for the simu-
lations SIM3 and SIM4, respectively. Similar to the case
with small mountain and warmer temperature (SIM1) all
models concur that diffusional growth is the dominant mi-
crophysical process. Two (COSMO and WRF) out of three
models suggest that riming is the prevalent microphysical
process involving hydrometeor collections whereas in the
UWNMS model aggregation and riming are equally impor-
tant. In all models, the coalescence process contributes only
little to the overall precipitation. In the simulations with
increased aerosol number concentrations the net diffusional
growth is decreased consistently in all models. Riming is
found to decrease with increasing aerosol number concentra-
tions in COSMO and UWNMS but is increased in WRF. Fur-
thermore, all models show an increase in aggregation with
increasing aerosol concentrations. The coalescence process
is only little affected because the decrease in the coalescence
of cloud droplets is largely compensated by the accretion of
cloud droplets by rain that is produced from melting ice hy-
drometeors. Similar results are found in the set of simula-
tions with colder temperature SIM4. However, in this case
all models suggest that aggregation is the dominant collec-
tion process followed by riming and agree on the negligibly
small contribution from coalescence.

5 Discussion and conclusions

A model intercomparison of aerosol-cloud-precipitation in-
teractions in stratiform orographic mixed-phase clouds is
conducted and the sensitivities of orographic precipitation
to changes in aerosol number concentrations are analysed
and compared among the models. Furthermore, the sen-
sitivities of microphysical processes such as coalescence,
aggregation, riming and diffusional growth are evaluated.
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Idealized simulations of flow past topography are performed
for two different flow regimes: a linear mountain wave flow
regime without significant orographic flow blocking and a
flow regime with strong orographic flow blocking. Addi-
tional sensitivity studies are carried out by changing the ver-
tical temperature profiles, which leads to clouds with vary-
ing ice phase contributions. The simulations are initialized
with aerosol size distributions typical and representative for
remote-continental conditions in the Alpine region.

The simulated cloud types resemble orographic seeder-
feeder clouds with sustained mixed-phase conditions sand-
wiched between layers of partly supercooled liquid below
and layers of ice above. These types of clouds are a well
known prototype of orographic clouds at mid-latitudes and
are climatologically important for explaining observed oro-
graphic precipitation amounts especially over small moun-
tain ranges (e.g.,Browning et al., 1974; Smith, 1989).

The results of the model intercomparison suggest that
the sensitivity of orographic precipitation to changes in the
aerosol number concentrations varies from case to case but
also from model to model. While a case dependent sen-
sitivity of aerosol-cloud-precipitation is generally found in
many other studies (e.g.,Levin and Cotton, 2009; Khain,
2009) the variability among different models and microphys-
ical approaches for the same case is less recognized. In
most of the simulations a decrease of orographic precipita-
tion with increasing aerosol number concentrations is found
whereas in some others orographic precipitation is either
only marginally affected or slightly increased. Thus, neither
a precipitation decrease nor a precipitation increase is found
robustly in all simulations. Qualitative robust results can only
be found for a small subset of the simulations. However, even
for this small subset of simulations quantitative estimates of
the sensitivity of orographic precipitation to aerosol pertur-
bations vary greatly among the models.

Estimates for the aerosol effect on orographic precipitation
range from−19% to 0% depending on the simulated case
and the model. Nevertheless, a tendency towards smaller pre-
cipitation sensitivities is found for the cases with high moun-
tain range or low temperatures. Orographic clouds and pre-
cipitation are found most susceptible to changes in aerosol
number concentrations in the case of a small mountain range
and warm temperatures. These sensitivities can be under-
stood qualitatively from two different points of view. From
a microphysical point of view it may be argued that both
factors, increasing the height of the mountain range or de-
creasing the ambient temperature, strengthen the role of the
ice phase in the simulations thereby reducing the suscepti-
bility of the clouds to aerosol perturbations. On the other
hand, similar sensitivities are also found in simulations of
warm-phase orographic clouds with no contribution from the
ice phase (Muhlbauer and Lohmann, 2008). Thus, from a
dynamical point of view, orographic clouds are found less
susceptible to aerosol modifications in the blocked flow case
because air parcels in these clouds do not obey the classi-

cal picture of a flow over the mountain that constrains the
available time for the initiation of precipitation. Hence, one
may expect an aerosol effect on precipitation to be less pro-
nounced or even inverted in regions with high terrain (e.g.,
the Alps or Rocky Mountains) or in regions where ice-phase
microphysics play an important role for the climatology of
orographic precipitation.

There is an agreement among the models that on average
the LWP is increased with increasing aerosol number con-
centrations. In some cases an increase in the IWP is also
found but this feature is less robust and not supported by all
models. Most of the simulations are not particularly sensi-
tive to the aerosol modification because the cloud droplet co-
alescence process is overall only slightly affected in the sim-
ulated orographic clouds. The reasons are twofold: firstly,
in the simulated cases with cold temperatures the contribu-
tions from the coalescence process to the orographic precip-
itation are found to be negligibly small and, thus, changes
in this particular microphysical process are not important
for the precipitation formation. Secondly, in the simulated
cases with warm temperatures rain drops are mainly pro-
duced by melting of ice hydrometeors generated aloft and
not by the coalescence of the cloud droplets. Thus, the effi-
cient production of rain drops in mixed-phase clouds does
not hinge on the cloud droplet coalescence process alone.
These rain drops then fall through layers of enhanced liq-
uid water content and collect cloud droplets more efficiently,
thereby partly compensating for the reduced cloud droplet
coalescence.

Microphysical processes that either reduce the effect of
aerosols on precipitation or lead to increasing precipitation
with increasing aerosol number concentrations have also
been reported in cases where rain drops are generated effi-
ciently by giant CCN (e.g.,Feingold et al., 1999; Rosenfeld
et al., 2002) or due to vertically decreasing aerosol number
concentrations that support early rain drop formation through
coalescence in the upper regions of a cloud (Muhlbauer and
Lohmann, 2008). These mechanisms can be operational and
effective even without aid from the ice phase.

The simulations conducted in this study also suggest that
a decrease in the coalescence process does not necessarily
imply a decrease in precipitation. The reason is that riming
can be increased if more cloud liquid water is available for
collection in the case of high aerosol number concentrations.
It is emphasized that riming is found to decrease as well as
increase in the simulations depending on the case and the
model. Hence, there is no robust conclusion whether rim-
ing is increased or decreased with increasing aerosol number
concentrations in the simulated orographic clouds. Further-
more, a simulated decrease in riming does not imply a de-
crease in precipitation because the decrease in riming can be
compensated by an increase in aggregation.

The disagreement among the models regarding the sen-
sitivity of microphysical processes and the eventual macro-
physical outcome in terms of precipitation is linked to the
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uncertainties in representing microphysical processes espe-
cially in mixed-phase and ice clouds. Some of the persis-
tent discrepancies found in all simulations of the model in-
tercomparison are related to the partitioning of cloud wa-
ter between the liquid and the ice phase, the simulation of
mixed-phase conditions and the partitioning of precipitation
between snow and graupel. Some of these problems reflect
the incomplete and limited physical understanding of cloud
microphysics (e.g., initiation of ice in mixed-phase clouds
by heterogeneous ice nucleation), the fact that many micro-
physical processes are not very well constrained by obser-
vations (e.g., uncertainty of the ice aggregation efficiencies)
and the artificial treatment of microphysical processes in nu-
merical models (e.g., the treatment of rimed snow and the
conversion to graupel). The latter problem might be mit-
igated by avoiding artificial hydrometeor categorization in
cloud-microphysics schemes as suggested byHashino and
Tripoli (2007) or Morrison and Grabowski(2008). How-
ever, more observations from laboratory studies and field
campaigns are needed to improve the current understanding
of aerosol-cloud-precipitation interactions and to better con-
strain cloud-microphysical parametrisations.
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Doms, G. and Scḧattler, U.: A Description of the Nonhydrostatic
Regional Model LM. Part I: Dynamics and Numerics, Tech. rep.,
Deutscher Wetterdienst, Offenbach, Germany, 2002.

Durran, D. and Klemp, J.: A Compressible Model for the Simula-
tion of Moist Mountain Waves, Mon. Weather Rev., 111, 2341–
2361, 1983.

Feingold, G., Cotton, W. R., Kreidenweis, S. M., and Davis, J. T.:
The impact of giant cloud condensation nuclei on drizzle forma-
tion in stratocumulus: Implications for cloud radiative properties,
J. Atmos. Sci., 56, 4100–4117, 1999.

Field, P. R., Cotton, R. J., Noone, K., Glantz, P., Kaye, P. H., Hirst,
E., Greenaway, R. S., Jost, C., Gabriel, R., Reiner, T., Andreae,
M., Saunders, C. P. R., Archer, A., Choularton, T., Smith, M.,

www.atmos-chem-phys.net/10/8173/2010/ Atmos. Chem. Phys., 10, 8173–8196, 2010



8194 A. Muhlbauer et al.: Intercomparison of aerosol-cloud-precipitation interactions in orographic clouds

Brooks, B., Hoell, C., Bandy, B., Johnson, D., and Heymsfield,
A.: Ice nucleation in orographic wave clouds: Measurements
made during INTACC, Q. J. Roy. Meteorol. Soc., 127, 1493–
1512, 2001.

Geresdi, I.: Idealized simulation of the Colorado hailstorm case:
Comparison of bulk and detailed microphysics, Atmos. Res., 45,
237–252, 1998.

Geresdi, I. and Rasmussen, R.: Freezing drizzle formation in stably
stratified layer clouds. Part II: The role of giant nuclei and aerosol
particle size distribution and solubility, J. Atmos. Sci., 62, 2037–
2057, 2005.

Givati, A. and Rosenfeld, D.: Quantifying Precipitation Suppres-
sion Due to Air Pollution, J. Appl. Meteor., 43, 1038–1056,
2004.

Gorbunov, B., Baklanov, A., Kakutkina, N., Windsor, H., and
Toumi, R.: Ice nucleation on soot particles, J. Aerosol Sci., 32,
200–215, 2001.

Hall, W. D.: A detailed micrphysical model within a two-
dimensional framework: Model description and preliminary re-
sults, J. Atmos. Sci., 37, 2486–2507, 1980.

Hallgren, R. E. and Hosler, C. L.: Preliminary results on the aggre-
gation of ice crsytals, Geophys. Monogr., 5, 257–263, 1960.

Hashino, T. and Tripoli, G. J.: The Spectral Ice Habit Prediction
System (SHIPS). Part I: Model Description and Simulation of
the Vapor Deposition, J. Atmos. Sci., 64, 2210–2237, 2007.

Hashino, T. and Tripoli, G. J.: The Spectral Ice Habit Prediction
System (SHIPS). Part II: Simulation of nucleation and deposi-
tional growth of polycrystals, J. Atmos. Sci., 65, 3071–3094,
2008.

Hashino, T. and Tripoli, G. J.: The Spectral Ice Habit Prediction
System (SHIPS). Part III: Description of the ice particle model
and the habit-dependent aggregation process, to be submitted to
J. Atmos. Sci., 2010a.

Hashino, T. and Tripoli, G. J.: The Spectral Ice Habit Prediction
System (SHIPS). Part IV: Box model simulations of the habit-
dependent aggregation process, to be submitted to J. Atmos. Sci.,
2010b.

Hegg, D. A. and Baker, M. B.: Nucleation in the atmosphere, Rep.
Prog. Phys., 72, 056801, doi:10.1088/0034-4885/72/5/056801,
2009.

Heymsfield, A. J. and Kajikawa, M.: An improved approach to cal-
culating terminal fall velocities of plate-like crystals and graupel,
J. Atmos. Sci., 44, 1088–1099, 1987.

Hobbs, P., Easter, R., and Fraser, A.: A theoretical study of the flow
of air and fallout of solid precipitation over mountainous terrain:
Part II. Microphysics, J. Atmos. Sci., 30, 813–823, 1973.

Hobbs, P. V.: Ice Physics, Oxford Press, 837 pp., 1974.
Jiang, Q. and Smith, R.: Cloud Timescales and Orographic Precip-

itation, J. Atmos. Sci., 60, 1543–1559, 2003.
Jirak, I. L. and Cotton, W. R.: Effect of Air Pollution on Precipi-

tation along the Front Range of the Rocky Mountains, J. Appl.
Meteor., 45, 236–245, 2006.

Kanji, Z. A. and Abbatt, J. P. D.: Laboratory studies of ice
formation via deposition mode nucleation onto mineral dust
and n-hexane soot samples, J. Geophys. Res., 111, D16204,
doi:10.1029/2005JD006766, 2006.

Khain, A., Ovtchinnikov, M., Pinsky, M., Pokrovsky, A., and
Krugliak, H.: Notes on the state-of-the-art numerical modeling
of cloud microphysics, Atmos. Res., 55, 159–224, 2000.

Khain, A. P.: Notes on state-of-the-art investigations of aerosol
effects on precipitation: a critical review, Env. Res. Lett., 4,
015004, doi:10.1088/1748-9326/4/1/015004, 2009.

Khain, A. P., BenMoshe, N., and Pokrovsky, A.: Factors determin-
ing the impact of aerosols on surface precipitation from clouds:
An attempt at classification, J. Atmos. Sci., 65, 1721–1748, 2008.

Klemp, J. B., Dudhia, J., and Hassiotis, A. D.: An Upper Gravity-
Wave Absorbing Layer for NWP Applications, Mon. Weather
Rev., 136, 3987–4004, 2008.

Klemp, J. B., Skamarock, W. C., and Dudhia, J.: Conservative split-
explicit time integration methods for the compressible nonhydro-
static equations, Mon. Weather Rev., 135, 2897–2913, 2007.

Kogan, Y.: The simulation of a convective cloud in a 3-D model
with explicit microphysics: Part I. Model description and sensi-
tivity experiments, J. Atmos. Sci., 48, 1160–1189, 1991.

Kulkarni, G. and Dobbie, S.: Ice nucleation properties of mineral
dust particles: determination of onset RHi, IN active fraction, nu-
cleation time-lag, and the effect of active sites on contact angles,
Atmos. Chem. Phys., 10, 95–105, doi:10.5194/acp-10-95-2010,
2010.

Levin, Z. and Cotton, W. R.: Aerosol Pollution Impact on Precipi-
tation: A Scientific review, Springer, 2009.

Lew, J. K., Montague, D. C., and Pruppacher, H. R.: A wind tunnel
investigation on the riming of snowflakes. Part I: Porous disks
and large stellars, J. Atmos. Sci., 43, 2392–2409, 1986.

Li, X., Tao, W.-K., Khain, A. P., Simpson, J., and Johnson, D. E.:
Sensitivity of a Cloud-Resolving Model to Bulk and Explicit Bin
Microphysical Schemes. Part I: Comparisons, J. Atmos. Sci., 66,
3–21, 2009.

Lin, Y. L., Farley, R. D., and Orville, H.: Bulk parameterization of
the snow field in a cloud model, J. Clim. Appl. Meteorol., 22,
1065–1092, 1983.

Locatelli, J. D. and Hobbs, P. V.: Fall speeds and masses of solid
precipitation particles, J. Geophys. Res., 79, 2185–2197, 1974.

Lowenthal, D. H., Borys, R. D., Choularton, T. W., Bower, K. N.,
Flynn, M. J., and Gallagher, M. W.: Parameterization of the
cloud droplet-sulfate relationship, Atmos. Environ., 38, 287–
292, 2004.

Lynn, B., Khain, A., Rosenfeld, D., and Woodley, W. L.: Effects
of aerosols on precipitation from orographic clouds, J. Geophys.
Res., 112, D10225, doi:10.1029/2006JD007537, 2007.

Mertes, S., Verheggen, B., Walter, S., Connolly, P., Ebert, M.,
Schneider, J., Bower, K. N., Cozic, J., Weinbruch, S., Bal-
tensperger, U., and Weingartner, E.: Counterflow virtual impact
or based collection of small ice particles in mixed-phase clouds
for the physico-chemical characterization of tropospheric ice nu-
clei : Sampler description and first case study, Aerosol Sci. Tech.,
41, 848–864, 2007.

Meyers, M., DeMott, P., and Cotton, W.: New primary ice-
nucleation parameterizations in an explicit cloud model, J. Appl.
Meteor., 31, 708–721, 1992.

Mitchell, D. L.: Evolution of snow-size spectra predicted by the
growth processes of diffusion, aggregation and riming, Con-
ference on Cloud Physics, Am. Meteorol. Soc., San Francisco,
Calif., 1990.

Mohler, O., Buttner, S., Linke, C., Schnaiter, M., Saathoff, H., Stet-
zer, O., Wagner, R., Kramer, M., Mangold, A., Ebert, V., and
Schurath, U.: Effect of sulfuric acid coating on heterogeneous
ice nucleation by soot aerosol particles, J. Geophys. Res., 110,

Atmos. Chem. Phys., 10, 8173–8196, 2010 www.atmos-chem-phys.net/10/8173/2010/



A. Muhlbauer et al.: Intercomparison of aerosol-cloud-precipitation interactions in orographic clouds 8195

D11210, doi:10.1029/2004JD005169, 2005.
Mohler, O., Benz, S., Saathoff, H., Schnaiter, M., Wagner, R.,

Schneider, J., Walter, S., Ebert, V., and Wagner, S.: The ef-
fect of organic coating on the heterogeneous ice nucleation ef-
ficiency of mineral dust aerosols, Environ. Res. Lett., 3, 025007,
doi:10.1088/1748-9326/3/2/025007, 2008.

Morrison, H. and Grabowski, W. W.: Comparison of bulk and bin
warm-rain microphysics models using a kinematic framework, J.
Atmos. Sci., 64, 2839–2861, 2007.

Morrison, H. and Grabowski, W. W.: A novel approach for repre-
senting ice microphysics in models: Description and tests using
a kinematic framework, J. Atmos. Sci., 65, 1528–1548, 2008.

Morrison, H., Thompson, G., Gilmore, M., Gong, W., Leaitch, R.,
and Muhlbauer, A.: WMO International Cloud Modeling Work-
shop, Bull. Amer. Meteor. Soc., 90, 1683–1686, 2009.
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