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Abstract. We present a numerical modelling study investi- get of the earth directly as well as indirectly by acting as ice
gating the impact of mineral dust on cloud formation over thenuclei (IN) and thereby impacting microphysical and opti-
Eastern Mediterranean for two case studies: (i) 25 Septembaeral properties of cloudsSassen2002 Mahowald and Kiehl
2008 and (ii) 28/29 January 2003. In both cases dust plumeg003 DeMott et al, 2003 IPCC, 2007. In addition aged
crossed the Mediterranean and interacted with clouds formdust which has undergone chemical processing can act as gi-
ing along frontal systems. For our investigation we used theant cloud condensation nuclei (GCCN) which can enhance
fully online coupled model WRF-chem. rain formation as they efficiently collect moisture and grow
The results show that increased aerosol concentrations dust the expense of smaller CCN (elgvin et al, 2009. The
to the presence of mineral dust can enhance the formatiormpact of dust acting as IN or GCCN on cloud processes can
of ice crystals. This leads to slight shifts of the spatial anddepend on various aspects such as the background CCN con-
temporal precipitation patterns compared to scenarios whereentration (dust outbreaks in clean or polluted regions), the
dust was not considered to act as ice nuclei. However, the toehemical composition of the atmosphere (impact on aging of
tal amount of precipitation did not change significantly. The dust) as well as meteorological conditions. Findings about
only exception occurred when dust entered into an area ofhe influence of coarse mode particles on cloud processes re-
orographic ascent, causing glaciation of the clouds, leadingorted in the literature differ significantly in results and are
to a local enhancement of rainfall. The impact of dust parti- partly contradictory.
cles acting as giant cloud condensation nuclei on precipita- Only few observations exist from which conclusions about
tion formation was found to be small. Based on our simula-the impact of dust on clouds could be drawn. Remote sens-
tions the contribution of dust to the CCN population is poten-ing analysis of cloud properties over the Aral Sea reveal that
tially significant only for warm phase clouds. Nevertheless,dust particles containing a salt coating lead to larger cloud
the dust-induced differences in the microphysical structuredroplets which can enhance precipitatidRugich et al.
of the clouds can contribute to a significant radiative forcing, 2002. In contrasRosenfeld et al2001) andMahowald and
which is important from a climate perspective. Kiehl (2003 concluded that dust is likely to suppress pre-
cipitation formation, also over the ocean where abundant hy-
groscopic salt may be available to coagulate with dust par-
ticles. Upon characterisation of the chemical composition
1 Introduction of aerosol particles in the Saharan outflow region over the

western Atlantic,Twohy et al.(2009 concluded that dust
Mineral dust particles are important constituents of our at-

mosphere and climate system influencing the radiative bud-
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particles often nucleate droplets and significantly contributetion growth of mineral dust can lead to a global annual mean
to cloud formation west of Africa. increase of CCN by up to 40 %.

Numerous modelling studies were carried out so far to in- In contrast, hydrophobic dust particles are known to act
vestigate the impact of GCCN on clouds. Though the modelsas efficient ice nuclei (e.d-evin et al, 2005. Though re-
often either treat microphysical processes in great detail butent laboratory studies raise the question if chemically aged
are not capable of representing aerosol distributions and thdust particles might actually lose their ability to act as IN
meteorological and chemical conditions realistically, or they (Sullivan et al, 2010ha). Improved understanding of the
accurately simulate atmospheric dynamics but use a bulk miehemical surface transformation of dust would help to bet-
crophysics scheme, while in most studies atmospheric chenter quantify the impact of dust on cloud formation as a func-
istry and thus a realistic representation of aerosols is notion of transport from its source region. Several studies show
included. Nevertheless, many studies find that increasinghat long range transport of dust can influence the forma-
the number of CCN most likely suppresses precipitation, intion of clouds over Central Europ€laboureau et al2011;
agreement wittRosenfeld et al(2001) (e.g.Wurzler et al, Klein et al, 201Q Bangert et al.2012), the west coast of
200Q Feingold et al.1999 Khain et al, 2004 Phillips et al, the United States (e.gan der Heever et al2005 or the
2002 Yin et al, 2002. Teller and Levin(2006 distinguished  tropical Atlantic Karyampudi and Carlsqri988 Chiapello
the effect of GCCN on clean clouds and found that the effectet al, 2005 Kallos et al, 2006§. Based on long term obser-
was negligibly small. In contrast, in polluted clouds the ad- vations in GermanyKlein et al. (2010 conclude that dust
dition of GCCN can reduce precipitation, delay its initiation contributes significantly to the IN concentration over Central
and increase cloud lifetime, whereas the addition of IN re-Europe throughout the year, even in periods without signifi-
duces precipitation, an effect which is apparently larger incant Saharan dust intrusions.
clean than in polluted clouds. With a similar appro&atio- It might be crucial to consider the impact of dust as a CCN
mos et al(2011) conclude that GCCN have almost no effect in regions which are often affected by dust such as outflow
on cloud processes and in particular on precipitation forma+tegions of the Sahara. In this study we focus on the East-
tion in marine clouds but have a significant impact on precip-ern Mediterranean, an area often affected by dust events. We
itation formation over land. Using a global dust microphysics have selected two case studies where cyclonic systems lead
modelLee et al (2009 conclude that the size of emitted dust to the formation of deep clouds and significant precipitation
particles can have a significant impact on whether dust in-over coastal areas as well as over the ocean, and where at
creases or decreases the number of CCN. the same time a dust plume originating in Northern Africa

Upon emission mineral dust particles are commonly con-crossed the Mediterranean and strongly influenced aerosol
sidered hydrophobic and must undergo chemical aging to beoncentrations and potentially clouds and precipitation.
able act as CCN. Through reaction of calcite at the dust par-
ticle surface with acids such as HNCHCI or by reaction
with SG; to form H,SQy, dust particles become more hy- 2 Model setup
groscopic and can efficiently attract water and become acti-
vated as cloud droplets (e.Burutani et al.2008. Sullivan The fully coupled chemistry version of the Weather Research
et al. (20093 find that the timescale of converting dust into and Forecasting model (WRF-chen®réll et al, 2005 ver-
particles with a hygroscopicity ar-value Petters and Krei-  sion 3.1 was used for this study. The treatment of aerosols
denweis 2007) of at least 0.1 can be between a few minutesand aerosol-cloud interactions in WRF-chem is described in
up to a few hours depending on gaseous nitric acid concendetail by Fast et al (200§ and Chapman et al(2009 and
trations. It was shown in various laboratory studi8sil(i- only a brief overview of the features most relevant for this
van et al, 20090 and field campaigns that over continents study is given below:

HNOs and SG mainly contribute to the chemical aging of  Gas phase chemistry is calculated using the CBMZ mech-
dust whereas over the ocean HCI is more important for dustinism gaveri and Peterd999. Direct and indirect aerosol
processingTobo et al,201Q Sullivan et al, 2007 Dall'Osto effects are calculated in the model as describedChgp-
et al, 2010. Apart from the gas phase composition i.e. the man et al(2009. The representation of aerosol activation is
reactivity of the atmosphere, the chemical processing also debased on the parametrisation Abdul-Razzak et al(1998
pends on the chemical composition of the dust particles anénd its implementation into WRF-chem follows the descrip-
thus on the source region of the duSu(livan et al, 20093. tion by Chapman et a[2009 and references therein. Micro-
Even though freshly emitted dust particles are almost insoluphysical processes are calculated using a two moment bulk
ble, they can adsorb water and grow to CCN sif&wrjamaa  scheme with five hydrometeor classes (cloud water, rain wa-
and Laaksoner2007 Kumar et al, 2009gb). However, mea-  ter, ice, graupel, snow)(n et al, 1983 with modifications
sured growth rates from laboratory experiments show thain order to treat cloud drop numbers prognostically. For nests
this process is very slowdustafsson et gl2009. Neverthe-  with horizontal resolutions requiring the usage of a convec-
less,Karydis et al.(2011) showed that considering adsorp- tion parametrisation we use the schemedrell and De-
venyi (2002. For calculating aerosol thermodynamics and
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Table 1.0Overview of simulated scenarios.

NOdust No dust emissions from Sahara

21 All dust is always available as CCN

T48 Insoluble dust fraction has half-lifetime of 48h
NOfeedb Aerosol-radiation feedbacks switched off

microphysics the Module for Simulating Aerosol Interac-
tions and Chemistry (MOSAIC) is useddveri et al, 2008.
Aerosols in MOSAIC are composed of sulfate, nitrate, am-
monium, chloride, sodium, organic carbon, elemental car-
bon, water, calcium, carbonate and other inorganics (OIN)
which account for mineral dusFést et al.2006 Chapman
et al, 2009. We apply MOSAIC with 8 bins in the size range
between 0.03 to 10 um which is the same size distribution a&ig- 1. MODIS visible image, 25 September 2008.
has been used in the studies Giiapman et al(2009 and
Fast et al.(2009. The choice of this size distribution im-
plies highly resolved coarse and accumulation modes, which
is needed for our case studies as we focus on the impact o
dust and sea salt particles on cloud processes.

The wind speed driven emission of dust is calculated on-
line in WRF-chem (based oBhaw et al. 200§ and we

qlfferent timescales of dust aging we assume that only the
soluble dust fraction is available for activation and thus con-
tributes to the aerosol mass and hygroscopicity.

only emit dust into the four largest size classes. We assume -T

that dust consists of 97 % “Other INorganics”, 1.2 % Ca andVinsol = (N - fdust) €Xp{ —— @
0,

1.8% CQ and the hygroscopicity parameter of freshly emit- N = Nother+ (Ndust— Ninsol) @)

ted dust is set to 0. Aerosol constituents are assigned to the
following hygroscopicity parameters: $00.5, NG;: 0.5,
Ca: 0.1, C@: 0.1, NH;: 0.5, CI: 1.16, Na: 1.16, OC: 0.14, With N being the total number of aerosol particles in each
BC: 0. The hygroscopicity of dust particles increases with thebin, fqust is the dust (number) fraction (based on the dust
lifetime in the atmosphere due to chemical processing. Sincenass in each bin}yqystis the number of dust particleNpiner
in the current version of WRF-chem/MOSAIC only one type is the number of particles with a chemical composition other
of aerosol is considered and aerosols are internally mixed inthan dustT is the time since the dust outbreak and the
each bin, the bulk aerosol hygroscopicity used in the aerosohalf-lifetime of the insoluble dust fraction which is varied in
activation scheme is a mean value over all bulk componentsthe different sensitivity scenarios.
Thus as soon as the dust plume crosses the MediterraneanWe further performed a sensitivity simulation allowing
the aerosol composition changes from almost pure dust irdust to act as CCN but aerosol-radiation feedbacks were in-
the coarse mode to an approximately equal mass ratio of sdaibited (scenario NOfeedb).
salt (having a high hygroscopicity) and dust (having a low We have further implemented a parametrisation treating
hygroscopicity) quickly leading to a bulk hygroscopicity for the number of activated ice nuclei diagnosticallyeMott
coarse mode particles which is high enough to activate paret al, 2010 based on the number of “insoluble” dust par-
ticles into cloud droplets. Thus the effect of coating and/orticles.
mixing of dust with sea salt is to some extent (indirectly) ac- Initial and boundary conditions for gas phase species for
counted for in the model. As coating due to other processesur simulations are derived from MATCH-MPIC (Model
is currently not implemented we performed a series of sen-of Atmospheric Transport and Chemistiyon Kuhlmann
sitivity studies to consider the impact of different timescaleset al, 2003 which is ran operationally as a global chemi-
of atmospheric dust processing on droplet activation. cal weather forecasting model at the Max Planck Institute
We assume that all freshly emitted dust is considered infor Chemistry. Initial and boundary conditions for aerosol
soluble ¢ =0). If fresh dust could indeed partly act as CCN, constituents are taken from simulations performed with the
our results would represent an upper limit. Therefore, we perglobal chemistry-climate model EMA®(ingle et al.2010.
formed several sensitivity simulations in which the insoluble  The setup of our simulations comprises three nests with
dust fraction decreases exponentially with time after emis-horizontal resolutions of 48km, 16 km and 4 km and with
sion, with e-folding lifetimes of the insoluble dust fraction a vertical resolution of 53 layers with narrow spaced model
of 1s and 48 h (Tabld). Thus the soluble dust fraction in- levels in the lower troposphere and thus at altitudes near the
creases with time after emission. To consider the impact ottloud base.
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Fig. 2. (a—c)show the column burden of the cloud droplet number concentratiofsi(18) at 15:00 UTC for the scenariog) NOdust(b)
71 (C) 148 (4 km domain)(d—f) show 24 h accumulated precipitation (mm) again for scenédipslOdust(e) 71 (f) 74s.

3 Case studies — meteorological conditions 4 25 September 2008

To evaluate the model setup, we compare the simulated

We have selected two case studies representing meteorologikerosol optical thickness (AOD) at 550nm with data derived
cal conditions being rather typical over the Eastern Mediter-from the MODIS and MISR satellite instrument. AOD val-
ranean Kallos et al, 2007). On all case study days we fo- ues as well as the location of enhanced AODs seem to agree
cus on the intersection region between air masses with a verwell between WRF-chem and the satellite data (Fig. 1 in
high dust load and those in which cloud formation took place.the Supplement). Although an area of enhanced AOD (val-

On 25 September 2008 a dust plume crossed the Eastemnes around 1) South-East of Crete is not represented in the
Mediterranean from South-West to North-East. A low pres-model simulation. It is possible that the satellite retrieval in
sure system over the Mediterranean triggered the dust plumthis area is influenced by the clouds as the visible image of
in Libya, crossed the island of Cyprus in the evening hoursMODIS (Fig. 1) shows only a thin dust layer there. In ad-
and moved further east towards the Eastern Mediterraneadition the simulated dust plume has a slightly less cyclonic
coast. At the same time a cold front lead to cloud formationstructure than apparent in the MODIS image. The compar-
and precipitation along the coast of the Northern Mediter-ison of simulated PM10 concentrations with data from the
ranean (Greece and Turkey) (FI. EMEP station at Agia Marina (Cyprus) shows in general

The second case study was performed for 28 January 200§ood agreement regarding the mass concentration especially
when similar meteorological conditions prevailed, howeverduring the dust event, though the dust plume crosses Cyprus
the dust plume only crossed the South-Eastern Mediterseveral hours earlier during the day in the model simulation
ranean travelling from Egypt further North to Syria cross- than observed (Fig. 4 in the Supplement). As the synoptic
ing Israel and Lebanon. As the low pressure system passingonditions are simulated realistically this timeshift does not
over the Mediterranean on 28 January 2003 was much morhave any impact on our analysis and the exact timing of the
intense than in the autumn case, clouds were significantlydust event would only be important from an operational fore-
deeper and reached altitudes of up to 10 kilometres over exeasting point of view. Furthermore, we compared 24 h accu-
tended areas. Again we were interested how the dust plumenulated precipitation with observations (Fig. 2 in the Sup-
impacted clouds through aerosol-cloud microphysics and raplement). Unfortunately, the network of rain gauges is not
diative interactions. The meteorological situation prevailing dense enough to extensively evaluate if the regions of maxi-
on 28 January 2003 was described in detailleyin et al.  mum precipitation are simulated correctly. Nevertheless, for
(2009 andSolomos et al(2011). The simulated dust plume all available stations, the equivalent simulated precipitation
and the cloud band is shown in Fig). is in general in good agreement.
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4.1 Impact of dust on cloud processes possible to determine the level of significance of this shift
(Fig. 2d—f). In addition the rain maximum over the sea is
4.1.1 Warm phase clouds shifted slightly further South in scenariag and t4g com-

pared to scenario NOdust (between 15:00 and 18:00 UTC,
In the early afternoon, low level (warm phase) clouds startFig. 7 in the Supplement) as dust particles have highest con-
forming southwest of the dust plume. These clouds can beentrations there and subsequently act as additional CCN and
seen in the MODIS image in their early developing stagelN. In view of the radiative forcings, which are likely to con-
(white circle, Fig.1). In all cases where dust is allowed to tribute to some dynamical effects, it may be assumed that
act as CCN, particles get activated at the southern edge of thihe level of significance associated with cloud microphysical
dust plume leading to a slightly, but not significant northward effects through CCN changes is low.
extension of the cloudy area compared to the NOdust sce- The main effect caused by the dust is the increase of ice
nario (Fig.2a—c, area (1)). The (arithmetic) mean of the cloud and subsequently graupel formation causing increased pre-
droplet number column burden in this region {2971° E, cipitation. We did not find a significant difference in cloud
33.5-35.4 N) is largest in scenaria; (109.1x 10° m—2) height between the two scenarios either by including or ne-
and lowest in scenario NOdust (49.971m~2) and in-  glecting dust, though the anvil region of the clouds extents
between in scenarityg (95.97x 10 m~2). However, at the  slightly further west if dust is included in the simulation.
southeastern edge of the cloud, the number of cloud dropletslowever, the differences in the spatial extent of the clouds
is largest in scenarieyg (Fig. 2c) due to enhanced activation are negligibly small.
of accumulation mode patrticles compared to the other sce-
narios in that area. Due to the forced differences in the acti4.1.3  Orographic effects
vation efficiency of coarse mode particles we see, as a sec-

ondary effect, also a shift in the size distribution of aerosols!n the evening hours a thin cloud band with a north-south
(activated as well as non-activated). orientation develops west of the dust plume (west of Cyprus,

In none of the simulated cases precipitation was formed™19- 2d-f). These clouds are mainly warm phase clouds and
in this region; however, radiative properties of the clouds have a negligibly small ice fraction. Precipitation along the
differ between the scenarios due to the changing Opti_coast of Cyprus is initiated earlier and is more intense if dust
cal thickness of the clouds. Overall the top of the atmo-IS Present (scenarie). Even though the clouds hardly ex-
sphere (TOA) cloud radiative forcing is regionally enhanced ceed the freezing level, the enhanced activation of ice nuclei

if dust and clouds coexist with mean values (15:00 UTC) by dust leads to efficient formation of graupel which in turn
in the region between 2931°E and 33.3-35.2N of leads to an earlier initiation of precipitation (between 19:00—
5.75WnT2 (NOdust), 9.08Wm? (z1) and 16.57 W m? 21:00UTC). In addition the total number of cloud droplets

(t48). Maximum values for the TOA cloud radiative forcing IS higher by almost a factor of four in some regions of the
are~ 60 W m2 (NOdust)~ 65W m 2 (z7) and values ex- cloud band if dust is allowed to act as CCN. The formation of

ceeding 100 W m2 in scenariais. In scenariar; the clouds ice is facilitated due to orographic lifting along the Trodoos
have the largest spatial coverage; however the clouds are thiffountains on Cyprus. Both, over the Mediterranean north of
leading to small maximum values of cloud radiative forcing CYPrus and over the island, more precipitation is formed if

at the top of the atmosphere compared to scenagio dustis present. The total amount of precipitation simulated in
that region (from 31E to 35 E and from 33N to 35.7 N)

is about 33 % higher with dust than without dust (compar-
ing scenarios NOdust and). The precipitation pattern over
Simulated precipitation caused by the cyclone was heavil2nd differs as well between scenarios NOdust arldading
est along the coast of Turkey and over the Aegean in thd© @ rain maximum further nc_)rth of Cyprgs in the latter case.
late afternoon of 25 September 2008. The region of precip{22:00-23:00UTC). The shift of precipitation patterns can
itation formation along the coast of Turkey (black square,be seen in the 24 h accumulated precipitation for 25 Septem-
Fig. 1, region (2), Fig.2a—c) is almost identical in all sen- Per (Fig.2d-). _ _ L

sitivity cases (16 km as well as 4km horizontal resolution). However, the overall differences in precipitation are of the
The total amount of precipitation simulated along the Turk- S&Me order of magnitude between scenarios NOdustand
ish coast does also not differ significantly between the mod-2S Well as between scenarios NOfeedb andVhen the cal-
elled scenarios. The differences in the domain-integral preulation of aerosol-radiative feedbacks is switched off, pre-
cipitation is less than 5% between scenario NOdust and scebipitation is still initiated slightly earlier than in scenario

nario 1 as well as between scenario NOdust and NOfeedgNOdust as dust is still allowed to act as CCN and IN. How-
(area 2, marked in Figa, Fig. 6 in the Supplement). How- ever, in scenario NOfeedb the total amount of precipitation

ever. a small shift of the rain maximum can be seen withformed over Cyprus is significantly smaller than in scenario

increased precipitation over land by introducing hygroscopic? @nd the spatial distribution of rainfall over Cyprus is most
dust. Since we did not perform ensemble simulations it is noSiMilar to scenario NOdust.

4.1.2 Mixed phase clouds

www.atmos-chem-phys.net/12/11383/2012/ Atmos. Chem. Phys., 12, 1138393 2012
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The coarse mode (aerosol bins 5-8, with a radidigim) cle concentrations exceed 100 particles pef amthe cen-
hygroscopicity in the upper boundary layer and thus in alti- tre of the dust plume, whereas in the morning of 28 January
tudes of cloud base always exceeds a value of 0.1 in our sim2003, simulated accumulation mode particle concentrations
ulations, even in the centre of the dust plume as sodium andre within the lower error range of the observations over the
chlorine are the dominant coarse mode components§&)g. South-Eastern Mediterranean. The spatial extent of the dust
Above approximately 1000 m altitude dust dominates theplume and aerosol number concentrations also agree with
bulk hygroscopicity within the plume. This further explains the results presented I8olomos et al(2011). The 24 h ac-
why the simulations show largest differences over Cyprus,cumulated precipitation for 28 and 29 January 2003 agrees
where the coarse mode hygroscopicity varies between theery well on most locations where rain gauge data was avail-
different model scenarios in altitudes where clouds form.  able (Figs. 2, 3 in the Supplement). However, the model

most likely overestimates the total amount of precipitation
in Cyprus on 28 January and possibly it overestimates the
5 28 January 2003 precipitation maximum simulated over North-Western Syria,
though again the rain gauge network is not dense enough to
To further evaluate the model we compare again the simevaluate the rainfall maxima in detail. The total amount of
ulated AOD with that derived from MODIS. In our model rain simulated for the Tel Aviv area is in very good agree-
simulation we slightly underestimate the AOD peak values,ment with observations which is crucial as we focus on this
though the location of the dust plume at 12:00 UTC, 28 Jan-grea.
uary 2003 seems to be realistievin et al.(2009 present In our analysis, we concentrate on two different develop-
observed vertical profiles of aerosol concentrations, showingng stages of the cyclone and its interactions with the dust
coarse mode concentrations of 20 to 35 particles pérasmd plume.
accumulation mode concentrations of 800 to 1200 particles
per cn? in the lower troposphere. We have used this data
set to evaluate our model setup, and derive aerosol concen-
trations of the same magnitude. Though coarse mode parti-

Atmos. Chem. Phys., 12, 113834393 2012 www.atmos-chem-phys.net/12/11383/2012/
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5.1 Impact of dust on cloud formation — more parallel to the coast; (iii) The precipitation maximum is
Northern Mediterranean, 28 January slightly further south; (iv) The precipitation maximum is less
intense, but rainfall is more widespread (Hj.(v) The 24 h
Deep convective clouds formed over the North-Easternaccumulated precipitation maximum is further south (closer
Mediterranean in the afternoon of 28 January as can be sedao Tel Aviv, which is more realistic) but a second precipi-
in Fig. 3 (b). The dust plume crossed the Mediterraneantation maximum is simulated at the southern coast of Israel
from the South-West to North-East and dust-containing air(Fig. 2 in the Supplement).
is mixed into the cloud band at its southern edge. This pro- The change of the rain pattern after the cloud reaches the
cess is very similar to the clouds forming along the Turkishland is a direct effect of dust being activated as CCN along
coast for the autumn case. The simulated impact of the dusthe coast line, leading to more cloud droplets in addition to
on cloud processes is also comparable. The dust mixed intice formation due to orographic lifting and more dust-IN be-
the cloud band at its southern edge leads to enhanced ice foing present. The domain-total-precipitation between all sim-
mation and to higher accretion rates of cloud ice by graupelulated scenarios does however, not differ significantly.
which shifts the precipitation maximum further south thanin  In contrast to the autumn case, the coarse mode bulk hy-
the scenario neglecting dust (Fig. 5 in the Supplement). Agyroscopicity is below a value of 0.1 also in the lowest part
more moisture has been removed from the atmosphere furef the boundary layer even though dust mixing ratios do not
ther south, less rain is simulated at the northern edge of thetrongly vary between both case studies (Blg).. However,
cloud band with dust being present. These dust particles acthe dust transport time over the sea is much shorter on 28
ing as GCCN further enhance the probability of freezing andJanuary. Thus the time for dust to mix with sea salt is much
contribute to the increased precipitation rates (in agreemenshorter. In addition, part of the dust along the Israel coast
with Teller and Levin 2006. Thus the total amount of rain  does not pass over the Mediterranean hence cannot mix with
formed in that region (between Cyprus and the Syrian coastkea salt.
hardly differs between the model scenarios including or ig-
noring dust. The simulated microphysical structure of the
cloud remains similar as intensive convection also develop$ Discussion and conclusions
without dust. Even though we can see differences in the pre-
cipitation pattern one has to keep in mind that the simulatedOne significant difference between the case studies pre-
hourly precipitation is in the range of 15 mmhand the dif-  sented here, and the more idealised model investigations
ference in hourly precipitation between the NOdust scenaricas mentioned in the introduction (2d and 3d), is the non-
and scenaria is approximately in the range of 5mrmh homogeneous spatial aerosol distribution, notably the dust
Similar as for the September-case, significantly moreconcentration. In addition we considered radiative feedbacks
cloud droplets are activated along the western edge of thef aerosol particles and clouds which are often neglected
dust plume. These clouds produce small amounts of rain ovein other modelling studies. We also calculated explicitly the
the sea and have a relative low ice content. Again, the obe€hemical composition i.e. the hygroscopicity of aerosol par-
served shift in the precipitation maximum along this north- ticles. A weakness of the model set up using a bulk micro-
south oriented cloud band can be attributed to the enhancephysics scheme, is that we cannot explicitly account for dust
ice formation in the presence of dust. However, this differ-as GCCN leading to larger cloud droplets which may in-
ence between the dust and NOdust scenario is very small isrease the rate of precipitation formation due to efficient col-
that region. Nevertheless, the dust leads to a significant infection/coalescence of smaller droplets, as this is only pos-

crease in the number of cloud droplets. sible with a prognostic cloud droplet size distribution. Thus
in our model setup an increased number of CCN and cloud

5.2 Impact of dust on cloud formation — droplets leads to the opposite effect. More cloud droplets
Coast, 29 January compete for the same amount of moisture leading to smaller

autoconversion rates, thus delaying precipitation formation.
In the model simulations a front-like rain band reachesA model setup treating the cloud droplet size distribution
the coast of the Eastern Mediterranean at approximatelyprognostically would however require the application of a
02:00 UTC, 29 January. At that time the dust concentrationsspectral microphysics scheme which is computationally very
still exceed 400 pg m? at 500 m altitude along the coast of expensive and has to our knowledge not yet been used in a
Israel (Fig.3c, Supplement Fig. 8c). With dust being present: model in combination with a state of the art aerosol scheme
(i) Precipitation is initiated slightly later along the northern and explicitly calculating chemistry and meteorology online.
Israel coast (north of 32°8N) compared to scenario NOdust.  In our model setup, we calculate cloud droplet activa-
However, precipitation along the shoreline between 3.6 tion following Kohler theory (KT). HoweverKumar et al.
and 32.8N is initiated slightly earlier £30 min, Fig. 8 (20093 andKumar et al(2011) suggest that adsorption acti-
in the Supplement); (ii) At the time when precipitation is vation theory (AT) better represents fresh dust-water inter-
initiated over land, the cloud extents further south, beingactions than KT. The CCN activity of wet processed dust
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(a) less change in the (dust-) aerosol hygroscopicity upon trans-
port from the source region. In addition, our study focuses
on a region close to the dust source. NeverthelBasgert

et al. (2012 obtain very similar results from their study us-
ing slightly different parameterisations and a different model
(COSMO-ART) than we do. In both studies, the effect of dust
on warm cloud formation is very small.

We investigated the impact of the coarse mode hygro-
scopicity on aerosol activation. As expected, the largest im-
pact was found for warm phase clouds. Precipitation was
not influenced by changing the hygroscopicity, though the
number of cloud droplets changed significantly depending

Altitude (km)

320 on how many particles are available for activation. Further-
(b) hongitude more, clouds developed in regions where they did not form
if dust was neglected. Both aspects lead to local changes
6.0 i in the TOA cloud radiative forcing. As an indirect effect
o ,ng the difference in cloud cover (depending on how much dust

is allowed to be activated) leads to differences in the sur-
face temperature which might affect the dynamical struc-
o ture and thus the development and lifetime of clouds. How-
IO'5 ever, the maximum difference in below-cloud temperature
between scenariog andzsg is ~0.04°C and~ 0.1°C be-
tween scenarios NOdust angd Temperature differences can
be larger in areas where clouds are present only in one sce-
nario (A Tmax~ 0.1-0.5°C).
32.5 33.5 345 355 Accounting for the chemical aging process of dust and
Longitude thus its increasing ability to act as a CCN is mainly impor-
Fig. 5. Coarse mode (aerosol bins 5-8) bulk hygroscopicity ot tant for cloud processes near the source region _of t_he dust.
34.9 N, 20:00UTC, 25 September 200@) and at 33.3N, However, recent laboratory results indicate that it might be
2:00 UTC, 29 January 200®) for scenarior;. Contour lines show ~ important to consider the chemical aging of dust more ex-
dust concentrations (50, 100 and 500 p@%)’] The thick black line p|iCit|y with respect to its ability to act as IN. If coated dust
marks the orography. under certain conditions loses- at least partly — its ability to
act as IN it may be crucial to explicitly consider the surface
processing of dust also remote from the source region. If this
though, is more consistent with KT at smaller particle sizesprocess turns out to be important, the effects of dust on cloud
and with AT at larger particle sizes. Therefokaymar et al.  processes over the Mediterranean may become relatively
(2017 developed a unified CCN activity framework (UAF). more important whereas they might have been overestimated
For internal mixtures it would however, be necessary to knowin regions at greater distance from the dust source such as
the lagrangian history of each individual aerosol particle to Europe. In our model setup we assumed that all dust is avail-
determine its ageing/coating and its hygroscopicity. Strictly,able as IN. However, under the meteorological conditions
this knowledge would be necessary for deciding whether tooccurring during both case studies the dust plume interacts
apply UAF or KT to calculate the CCN capabilities of the quickly with clouds. Thus we consider it realistic to assume
particles. Since this is not feasible in numerical models, mearthat insoluble dust particles still exist after an aerosol life-
properties per category (size bin/mode) must be assumedime of about only 12 h in only moderately polluted regions
making it difficult to find an accurate criterion for the appli- (HNO3 mixing ratios at 500 m altitude are in the range of
cation of UAF or KT in models treating aerosols as internal 0.1-1 nmol mot?!, SO, &~ 3070 pmol mot?! for September
mixtures. and about 0.01-1 nmol ot HNO3 and ~ 50 pmol mott
Bangert et al(2012 use the UAF in one of their sensitiv- SO, for January).
ity simulations investigating the impact of dust on cloud for- The largest overall effect of the dust was found over
mation over central Europe. Howev8angert et al(2012 Cyprus in the September case: about 33% more rain is
assume either that dust particles have no hygroscopic coatinfprmed in the area with dust being included in the model
during the whole simulation time allowing them to use AT. compared to model results without dust. One may wonder
Or they assume a constant coating of dust particles with 10 %why the effectis so much smaller along the Israel coast where
ammonium sulfate justifying the usage of UAF. Instead, theonly a shift of precipitation maxima was found but no change
objective of our study is to investigate the impact of a seam-in the overall amount of rain. In September, the additional

Altitude (km)
w
o
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dust particles in the atmosphere lead to rapid ice formationwithout dust though it is likely that the amount of rain pro-
whereas without dust glaciation is much less efficient on thatduced by this effect would be small, and in general the effect
day. These clouds that form west of Cyprus in the eveningcan still be considered to be negligible compared to the im-
are boundary layer clouds and only reach up to freezing repact of dust IN on precipitation formation.

gions due to orographic lifting. In January, clouds are gener-

ally deeper, the atmosphere is colder and ice is formed more

efficiently also without the additional ice nuclei. In addition Supplementary material related to this article is

one has to keep in mind that the number concentrations o@wvailable online at: http://www.atmos-chem-phys.net/12/
aerosols in the Aitken and accumulation mode size ranged1383/2012/acp-12-11383-2012-supplement.pdf

available as CCN exceed the number of GCCN by more than

an order of magnitude.
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