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Abstract. This report addresses the effects of pollution on1 Introduction

the development of precipitation in clean (“pristine”) and

polluted (“hazy”) environments in the Eastern Mediterranean/A€rosols are a mixture of natural and anthropogenic parti-
by using the Integrated Community Limited Area Modeling cles. Mineral dust, sea-salt, primary biogenic particles and
System (ICLAMS) (an extended version of the Regional At- Volcanic ash originate from natural sources, while anthro-
mospheric Modeling System, RAMS). The use of this modelPogenic particles originate from industrial activity, fossil-
allows one to investigate the interactions of the aerosolduel and biomass burning. Aerosol particles directly affect
with cloud development. The simulations show that the on-the radiation budget of the atmosphere by absorbing and/or
set of precipitation in hazy clouds is delayed compared toscattering radiation across the solar and long-wave radia-
pristine conditions. Adding small concentrations of GCCN tion spectrum (Charlson et al., 1992; IPCC, 2007; Myhre
to polluted clouds promotes early-stage rain. The additionet al., 2003; Seinfeld et al., 2004; Ramanathan et al., 2007).
of GCCN to pristine clouds has no effect on precipitation Additionally, they influence the nutrient dynamics and bio-
amounts. Topography was found to be more important forgeochemical cycling of both terrestrial and oceanic ecosys-
the distribution of precipitation than aerosol properties. In-tems and may have considerable impacts on human health
creasing by 15% the concentration of hygroscopic dust par{Dockery and Pope, 1994; Herut et al., 2002; Meskhidze et
ticles for a case study over the Eastern Mediterranean real., 2003, 2005; Meskhidze and Nenes, 2006; Mahowald et
sulted in more vigorous convection and more intense up-2l., 2008; Mitsakou et al., 2008). Airborne particles serve
drafts. The clouds that were formed extended about thre@s cloud condensation nuclei (CCN) and ice nuclei (IN);
kilometers higher, delaying the initiation of precipitation by changes thereof can affect the cloud cover, radiative prop-
one hour. Prognostic treatment of the aerosol concentrationgrties, the distribution of precipitation and the hydrological
in the explicit cloud droplet nucleation scheme of the model,cycle in general (Twomey et al., 1977; Albrecht, 1989; De
improved the model performance for the twenty-four hour Mott et al., 2003; Sassen et al., 2003; Andreae and Rosen-
accumulated precipitation. The spatial distribution and thefeld, 2008). Quantifying the number of particles that act as
amounts of precipitation were found to vary greatly betweenCCN, as well as the number of particles that can initiate het-
the different aerosol scenarios. These results indicate therogeneous ice formation processes (ice nuclei, IN) is essen-
large uncertainty that remains and the need for more accutial for determining the role of aerosols in cloud and precip-
rate description of aerosol feedbacks in atmospheric modelgation processes (e.g., Lohmann and Feichter, 2005; Levin
and climate change predictions. and Cotton, 2009). Moreover, formation of secondary parti-
cles and atmospheric ageing of aerosol lead to particles with
substantially different properties than those at source regions
(Seinfeld and Pandis, 1998; Levin et al., 1996; Wurzler at al.,
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Mineral dust and sea salt are major components of parof atmospheric composition on clouds and precipitation are
ticulate matter in the atmosphere. Desert dust accountsot monotonic and may differ from one area to another.
for more than 50% of the global aerosol load (Andreae et The complexity of the above processes and the possible in-
al., 1986; Zender et al., 2004) and the long range transteractions and feedbacks across all scales in the climate sys-
port of dust particles can influence the composition and dy-tem, indicate the need for an integrated approach (Stevens
namic state of the atmosphere thousands of kilometers dowrand Feingold, 2009). The main objectives of the paper are
wind of their source region (Kallos et al., 2007). Under to : (1) Describe the new RAMS/ICLAMS model develop-
favourable conditions, dust particles originating from North- ment, (2) Perform sensitivity and evaluation tests for various
ern and Central Africa may be elevated and travel towards thenodel elements, (3) Perform a full model analysis of a case
Atlantic and Caribbean (Karyampudi, 1979; Karyampudi et study where adequate data sets were available, (4) Test the ef-
al., 1999; Prospero et al., 2005; Kallos et al., 2006) or crosdects of natural aerosols on clouds and precipitation. A brief
the Mediterranean towards Europe affecting both air qualitydescription of the new model developments is presented in
and meteorology in Southern Europe (Mitsakou et al., 2008;Sect. 2. Section 3 includes idealized sensitivity tests as well
Querol et al., 2009). Also Saharan dust radiative effects havas the analysis of an experimental case. Finally the main re-
a significant impact on the Asian monsoon (Lau et al., 2006;sults are summarized in Sect. 4.
Lau and Kim, 2006) and on the West African monsoon and
Atlantic climate (Lau et al., 2009; Sun et al., 2009). Dust
particles are known to be efficient ice nuclei (IN) and con-2 Description of ICLAMS
tribute to the formation of ice crystals in high clouds (De-

Mott et al_., 2003a; Teller and Levin, 2006)' D_urmg thel_r The Regional Atmospheric Modeling System (RAMSvV6)
transport in the atmosphere the dust particles interact W'thtPieIke et al., 1992; Cotton et al., 2003) was the basis for
sea salt or anthropogenic pollutants, mainly sulfates and ni'developing tr'1e Inte,grated CommLmity Limited Area Mod-

trates,f an_d forlrr(; m;erl_’lally n:!xed pfam::ltta)ls, cor:5|§t||ng|;_ Of_aeling System (ICLAMS) used in this study. This new ver-
core of mineral dust with coatings of soluble material (Levin sion of the model has been designed for air pollution and

et al., 1996). The soluble coating on the dust particles CON%limate research applications and includes several new ca-

verts them into efficient CCN while maintaining their ability pabilities related to physical and chemical processes in the

as IN (Levin et al., 2006; Astitha and Kallos, 2008; Astitha atmosphere. The model components are summarised in Ta-

et aI.., 2010). Sea- salt particles are also very efficient CC.:NoIe 1; new developments include an interactive desert-dust
and is the dominant source of partmqlate matter in the maring, 4 sea-salt module, biogenic and anthropogenic pollutants
boundary layer (Gong at al., 2002; Pierce and Adams, 2006)parameterization, gas/cloud/aerosol chemistry, explicit cloud

The amount of particles that can act as CCN and m_JCIG'droplet nucleation scheme and an improved radiative transfer
ate cloud droplets depends on the concentration of avallablgCheme Each process is in modular form, and each compo-
particles, th?ir size distribution and their chemical ComIOOSi'nent can be activated/deactivated during :':1 simulation. The
tion (e.g., Kohler, 1936; Charlson et al., 2001; Nenes et al"two—way interactive nesting capabilities of the model allow

2002). .Addmc')nally, absorption of solar radiation by dUSt’.the use of regional scale domains together with several high
results in heating of the dust layer and subsequently in modi-

ficati fthe th d . 4d cal struct fih resolution nested domains. This feature is important for the
calion oTIne thermodynamic and dynamical structure orthe rpose of the present work since it allows for simultaneous
atmosphere, thus leading to suppression or enhancement gﬁ

precipitation depending on the type of the clouds (Yin and scription of long range transport phenomena and aerosol-
) .~ cloud interactions at cloud resolving scales. The explicit two-
Chen, 2007; Lau et al., 2009; Wilcox et al., 2010). The in- g P

terplay betw loud d . dth i fth moment cloud microphysics scheme of the model is used to
erplay between cloud dynamics and the composition 0T th€y e s jpe the aerosol-cloud interactions. For clarity, the dust

atmosphere may o_IeIay the initi_ation of preci_pi_tati_on OrSteer a4 sea salt cycles parameterization together with the deposi-
storm towards a different location and precipitation amounts;, ., schemes are described in Appendix A. Radiative transfer

will vary accordingly (Lynn et al., 2005b; van den Heever : ;
) i and cloud droplet nucleation modules of the model are briefly
and Cotton, 2007; Rosenfeld at al., 2007; Zhang et al., 2007described in the following sections.

Cotton et al., 2007).
By modifying the microphysical, optical and radiative o o

properties of clouds, dust and salt particles contribute to the-1 Radiation parameterization

indirect aerosol effect and introduce significant uncertainty

in assessing the anthropogenic impact on climate chang&he basic options for shortwave/longwave radiative transfer

(Charlson et al., 1990; Lohmann and Feichter, 2005; IPCCjn RAMS include the Chen and Cotton (1983) and the Har-

2007; Andreae and Rosenfeld, 2008). The effects of dust andington (1997) schemes. The former treats all hydromete-

sea salt on regional climate depend also on the local topogers as liquid-phase; the latter scheme includes three short-

raphy, soil characteristics (e.g., Junkermann et al., 2009) andvave and five infrared bands interacting with ice and lig-

cloud type (Seifert and Beheng, 2006). Therefore, the effectsiid condensates and with model gases. Radiation transfer
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Table 1. ICLAMS configuration options. New capabilities (compared to RAMS) are shown in bold.

Basic Equations Non hydrostatic time split compressible

Dimensionality 2 dimensional
3 dimensional

Vertical Coordinate Standard Cartesian coordinate
Terrain following height coordinate

Horizontal Coordinate Rotated polar-stereographic transformation
Lambert conformal transformation

Grid Structure Arakawa-C grid stagger
Unlimited number of nested grids
User specified space and time step nesting ratios
Ability to add and subtract nests

Time differencing Hybrid combination of leapfrog and forward in time

Turbulence closure Smagorinsky (1963) deformation K closure scheme with stability modifications made by Lilly (1962) and Hill (1974)
Deardorff level 2.5 scheme — eddy viscosity as a function of TKE
Mellor-Yamada level 2.5 scheme — ensemble averaged TKE Mellor and Yamada (1982)
Isotropic TKE parameterizations for high resolution simulations

Cloud microphysics Warm rain processes
Five ice condensate species
Two-moment bulk scheme Walko et al. (1995); Meyers et al. (1997).
Cloud droplet activation scheme (Nenes and Seinfeld, 2003; Fountoukis and Nenes, 2005)

Convective Parameterization Modified Kuo — Tremback (1990)
Kain-Fritsch cumulus parameterization

Radiation Chen and Cotton (1983) long/shortwave model — cloud processes considering all condensate as liquid
Harrington (1997) long/shortwave model — two stream scheme interacts with liquid and ice hydrometeor size speftinadastparticles
Rapid Radiative Transfer Model (RRTM) Mlawer et al. (1997); lacono et al. (2000) with aerosol radiative effects

Aerosol parameterization Mineral Dust
Sea salt spray
Anthropogenic aerosols (primary emissions and chemical formation)
Dry deposition
Wet deposition
Emissions Anthropogenic emissions (JRC.Q° x 0.1° global emissions of CQ, NH3, CHy4, SO,, NOyx, CO, N,O, VOCs, OC & BC)

Biogenic emissions Gunther et al. (1995)
Any other emission inventory or combinations of more than one.

Chemistry parameterization ~ Online calculation of photodissociation rates
Online gas, aqueous and aerosol phase chemistry

Lower boundary Soil — vegetation — snow parameterization (LEAF-3) (Walko et al., 2000)
Urban canopy scheme — 3-D field of drag coefficients based on building characteristics

Boundary conditions Klemp and Wilhelmson (1978) radiative condition
Large-scale nudging boundary conditions Davies (1983)
Cyclic or periodic boundaries

Initialization Horizontally homogeneous from a single sounding
RAMS/ISAN package — hybrid isentropic terrain following analysis using gridded larger scale model data (ECMWF, NCEP)
combined with a variety of observed data types Tremback (1990)
LAPS 3-D data assimilation pre-processing system

Data Assimilation 4-D nudging to data analysis
Observational data nudging scheme based on ‘direct’ nudging to the observations

calculations options in ICLAMS have been extended with nostic dust has been added to the calculation of the total op-
the implementation of the Rapid Radiative Transfer Modeltical depth to account for its direct radiative forcing and pho-
(RRTM) for both SW and LW bands (Mlawer et al., 1997; la- tochemical impacts.

cono etal., 2000). RRTM is a spectral-band radiative transfer

scheme based on the correlatgdmethod (Lacis and Oinas, 2.2 Cloud droplet nucleation parameterization

1991; Fu and Liou, 1992). Pre-calculated look-up tables are

used to simulate the impact of clouds and the impact of varrams has been widely used for cloud research during the
ious atmospheric gases and aerosols in the distribution ofyst two decades (Krichak and Levin, 2000; Mavromatidis

the radiation along the atmosphere. For both Harrington andng K allos, 2003; Saleeby and Cotton, 2004; van den Heever
RRTM radiation options, the aerosol optical depth of prog- ¢t 51 2006; van den Heever and Cotton, 2007; Mavromatidis
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et al., 2007; Zhang et al., 2007 among others). The model is 10
able to explicitly resolve a complete set of atmospheric pro-
cesses at resolutions ranging from tens of kilometers down tc

a few meters. The nesting capabilities of the model allow for
sufficient representation of microphysical processes at clouc
scales. The microphysics scheme of RAMS includes sever
condensate species (cloud droplets, rain droplets, pristine ice
show, aggregates, graupel and hail) and vapor. The two- 0
moment microphysics parameterization scheme treats bott
the mixing ratio and number concentration of each hydrom-
eteor (Meyers et al., 1997). Prediction of cloud droplet num-
ber concentration is originally based on air temperature, ver-s
tical wind component and on a constant amount of availables
CCN. A lookup table has been constructed offline from a de- w0
tailed bin-parcel model and the number of activated CCN is
calculated from this table. The size and chemical proper- sy
ties of the CCN are not taken into consideration. This ap-
proach has been altered in the new version of the model by
adding an explicit cloud droplet nucleation parameterization .,
scheme (Nenes and Seinfeld, 2003; Fountoukis and Nenes
2005). This scheme (referred to as FNS), provides a com- gy
prehensive microphysical link between aerosols and clouds
FNS computes droplet number based on the parcel frame "™ L ‘ ‘ ‘ ‘ ‘ | ‘ o
work, and solves for the maximum supersaturatigiy, that S B [ 0 10 20 30 0
develops given a set of cloud-scale dynamics (temperature, fenperre (@

pressure and vertical ""”.“d Cor_npon_ent.) ar_1d aerosol pro.perl-:ig. 1. Initial conditions for the thermodynamic profile of

ties (number concentration, size distribution and chemlcalthe atmosphere.

composition). The droplet number is then equal to the num-

ber of CCN with critical supersaturation less or equaltgx

(Nenes and Seinfeld, 2003). The water vapour uptake coefs  Clouds and precipitation in an environment with

ficient, used in calculating the mass transfer coefficient of  natural particles

water vapour to growing droplets (Fountoukis and Nenes,

2005), is set to 0.06 based on in-situ cloud droplet closure ex3.1 Idealized simulations

periments (Meskhidze et al., 2005; Fountoukis et al., 2007).

Soil dust, sea salt spray and secondary pollutants conln order to examine the sensitivity of the new cloud nucle-
tribute to the CCN population. Dust particles are assumedation scheme to aerosol properties, we performed a set of
to follow a lognormal size distribution at source regions. “idealized” simulations for a convective cloud system over
The properties of these distributions (number mean diametefiat terrain. The model was configured on a two-dimensional
and geometric dispersion) are expected to change through’iomain with horizontal uniform resolution of 300 m and 35
out their atmospheric lifetime. These properties are explic-vertical levels, starting from 50 m spacing near the ground
itly calculated at every model step based on the predicted@nd extending up to 18 km with a geometric stretching ra-
dust concentration (Schulz et al., 1998). CCN concentrationdio of 1.2. The horizontal dimension of the domain was
are expressed as a function of supersaturation usitgek 24km. The model was initialized from a convectively un-
theory (Kohler, 1936; Nenes and Seinfeld, 2003). Freshly-stable sounding (Fig. 1) that is considered as representative
emitted mineral dust particles have long been known to act aof winter convective clouds for the Eastern Mediterranean
effective ice nuclei (Pruppacher and Klett, 1997; DeMott et region (Yin et al., 2002; Levin et al., 2005). Initial wind con-
al., 2003; Levin et al., 2005). Ice production is generally fa- ditions of 3mswind speed and a westerly wind direction
cilitated over regions with high mineral dust concentrations, were applied homogeneously over the domain. The FNS pa-
such as over the Atlantic Ocean during African dust trans-rameterization was invoked in every time step and grid point
portation episodes (Astitha et al., 2010). In ICLAMS, the and the number of activated droplets was calculated from
insoluble fraction of dust contributes to the prognostic ice-grid-cell aerosol,P, T, and updraft velocity. All tests were

forming nuclei (IFN) following the formulation of Meyers et performed with exactly the same configuration except for the
al. (1992). aerosol properties. Each run started at 12:00 UTC and lasted

for six hours.

250

(i) WBIeH
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Table 2. Hourly accumulated precipitation over all the domain and maximum values for the number concentration and mixing ratio of cloud,
rain and pristine-ice condensates, for two air mass type scenarios.

Time after  Aerosol

Total accumulated

Cloud No Cloud Rain No  Rain mixing Pristine-ice  Pristine-ice
model start  scenario precipitation  concentration  mixing ratio  concentration ratio  No concentration  mixing ratio
() (mm) [en3] lgkg™] L1 lgkg™] LY [gkg™]

2 PRISTINE 84 130 0.76 27.65 0.47 207 0.13
HAZY 26 2133 0.48 2.20 0.37 444 0.19
3 PRISTINE 74 99 0.08 3.19 0.22 89 0.05
HAZY 101 1363 0.39 2.47 0.33 115 0.05
4 PRISTINE 98 22 0.05 1.28 0.14 88 0.05
HAZY 67 592 0.13 2.98 0.09 97 0.06
5 PRISTINE 23 111 0.08 1.85 0.12 81 0.05
HAZY 20 377 0.44 2.24 0.09 94 0.05
6 PRISTINE 7 97 0.31 2.97 0.08 109 0.06
HAZY 3 231 0.12 2.04 0.03 74 0.04
10" L e L = The chemical composition for the soluble fraction of the par-
] . i ticles was assumed to be ammonium sulfate and the aerosol
10° o 2 field was applied homogeneously throughout the model do-
] 4 L main. Further development of the cloud system and the fi-
EON LT a2 nal amount of precipitation depend on the cloud microphys-
2 . s AN ical structure and on the interplay with ambient dynamics.
%’ 1073 \ 3 Both runs started developing a similar cloud structure after
100 4 a \\\ L 80 min of simulation time and, as seen in Fig. 3, two distinc-
] J A C tive convective areas were identified within a horizontal dis-
107 - S Hazy '\ _ tance of about 15 km. However, after the initial development,
] — — Pristine \\\ i the cloud properties varied significantly between the “pris-
10 . — ————— tine” and “hazy” scenarios. These changes are reflected in
10° 102 10" 10° 10 102 the hourly accumulated precipitation over the entire domain

Diameter (pumy)

Fig. 2. Distribution of the available aerosol particles.

3.1.1 Cloud processes for a pristine and a hazy

environment

and in the maximum values of mixing ratios and number con-
centrations for cloud droplets, rain droplets and pristine ice
particles that are summarized in Table 2 for each model run.
In the “pristine” simulation, the cloud droplets num-

ber concentration remained low (maximum of 130¢n

throughout the simulation. Fewer CCN had to compete
for the same amount of water. So, large cloud and rain
droplets were allowed to develop and the collection effi-

Two scenarios were considered for the initial distribution of ciency was enhanced. This allowed for increased autocon-
aerosol concentration, name|y the “pristine” and the “hazy” version rates of cloud to rain droplets and early initiation
scenario as illustrated in Fig. 2. The “pristine” scenario is Of warm rain process. Intense precipitation started 100 min
representative of a remote area with a relatively clean atinto the simulation, with precipitation rates reaching as high
mosphere of total particle concentration 100&while the ~ as 15mmh? (Fig. 4). The high rain mixing ratio peak
“hazy” scenario assumes a total concentration of 1500°%cm Value (0.47 gkg*') and corresponding rain drop number con-
similar to Teller and Levin (2006) Such h|gh aerosol Concen-centration of 276511 indicate the dominance of collision-
trations can be found near urban areas or industrial zones arfgPalescence during the early stages of the cloud.

are also typical during intense dust episodes. The size distri- In contrast, during the “hazy” aerosol environment, ini-
bution of the particles was considered to follow a bimodal tiation of precipitation was delayed. The number of cloud
lognormal distribution that does not change shape betweedroplets for the “hazy” scenario was extremely high, espe-
scenarios. The geometric standard deviation equals two focially during the first two hours of cloud development and
both modes, while the number median diameter was set ateached 2133 cn# after 120 min of run. As a result, the con-
0.2 um for the first mode and at 2 um for the second modeversion rates of cloud droplets to rain droplets were very low
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PRISTINE

5660 .-

1600

3660

2000

1000

0.1 03 0507 09 1.1 1.3 1.5 1.7 1.9 2.1 23 2.5 2.7 29 3.1(gkg™)

Fig. 3. Total condensates mixing ratio (gké) for the “pristine” (left column) and the “hazy” (right column) scenarios.

and precipitation was inhibited. Maximum precipitation rate to the inhibition of precipitation during the early stages of
at this stage was only 4 mnth which is about 4 times less cloud development as illustrated in Fig. 4a. Cloud structure
than the “pristine” scenario. However, the ice particles werewas also very different between the two simulations. This is
almost double that of the “pristine” cloud and rain droplets clearly shown in Fig. 3. Two separate cloud systems were
coming from the melting of ice condensates produced a sigstill distinct after 170 min of simulation for the “pristine”
nificant amount of rain between 150 and 210 min model timecase while during the “hazy” case the two clouds had merged
as seen also in Fig. 4a. The accumulated precipitation oveto one cell and an anvil was formed at the upper cloud layers.
the entire domain was 286 mm for the “pristine” and 215 mm Both systems continued precipitating with lower rates until
for the “hazy” case. Most of this difference can be attributedthe end of the simulation.
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3.1.2 Effects of GCCN on clouds and precipitation T R

15

L P I
pristine

The impact of giant cloud condensation nuclei (GCCN) is
also important for cloud processes and precipitation (Teller = 2
and Levin, 2006; van den Heever et al., 2006). When aerosol £
sizes are comparable to cloud droplet size — which is often § 9
the case for dust and sea-salt, kinetic limitations are imposeds
on cloud nucleation processes (Barahona et al., 2010). Ne-:g,f)‘,
glecting such effects may result in significant overestimation =
of activated cloud droplet number and in reduction of pre-
cipitation rates. Nucleation of GCCN is parameterized in the
model using the approach of Barahona et al. (2010). In order
to examine the impact of GCCN on precipitation, we added

a third coarser mode to the aerosol distribution. The third
mode was assumed to have a median diameter of 10 um a
standard deviation of 2 and a total concentration of 5&m 10
Adding GCCN to a hazy environment limited the number
of cloud droplets that nucleated and as seen in Fig. 4b the
rainfall during the early stages of cloud development was
increased. On the other hand, GCCN did not change sig-
nificantly the warm stage precipitation for the pristine envi-

12

precinitation rate {mmd)
[+] 4
|

I
\‘\\\l\\\‘\

ronment (Fig. 4c). Precipitation rate was mainly affected by 2

the number of activated cloud droplets. During the “pris- S I S S — :
tine” case the clouds contained limited number of droplets e e ::ula“o‘fl‘i’me (j‘:“)’ Ry
which allowed them to grow fast to rain droplets. Adding e

a few GCCN for this case did not significantly change the 15 prene -

———————— pristine+GGCN — -

cloud droplet spectrum in the model and so rainfall was not N S N
affected. S N | S T

3.1.3 Effects of topography on the distribution of
precipitation

preciptation rate {mmi)

The simplistic approach to the interactions between airborne 3] N M .. L
particles and clouds that is described in the previous sec- o 1 PNy
tions is not always representative of real atmospheric con- o e

ditions. For example, by adding topographic effects in a 3-D simulation lime (min)
model configuration that is equivalent to the 2-D “pristine”
and “hazy” model simulations resulted in substantially dif- Fig. 4. Maximum precipitation rate (mmt) for: (a) the “pristine”
ferent spatial distribution of precipitation as shown in Fig. 5. ad “hazy” aerosol scenariogo) the “hazy” and “hazy + GCCN”
During these simulations, all model parameters remainedtrosC! scenariogc) the “pristine” and “pristine + GCCN” aerosol
. .scenarios.
unchanged except the surface features (topography in this
case). The same initial conditions as in previous runs were
used (Fig. 1) and a westerly flow with initial wind speed of
3ms lwas considered for all runs. The impact of topogra- 290 m high ridge with a N-S uniform orientation is added at
phy on precipitation was investigated for three cases, namelyhe center of the domain. The combination of microphysics
“flat terrain”, “idealized hill” and “complex hilly area”. The and cloud dynamics due to mechanical elevation over the hill
first case (flat terrain) considers no topographic features andesulted in a substantially different precipitation pattern that
uniform landscape (soil and vegetation classes). In this cases shown in Fig. 5 ¢, d. The distribution of precipitation for
atmospheric stability and cloud microphysics are the govern+this case is clearly related to the location of the hill with more
ing factors for the evolution of the cloud system. As seenrain falling over the downwind area at the eastern part of the
in Fig. 5 a, b, most of the precipitation was distributed over domain. Finally, the third case includes also the same land-
the western side of the domain for both “pristine” and “hazy” scape but the topography is representative of a complex hilly
clouds but with different maxima (“pristine” case gave more area with heights up to 700m. As illustrated in Fig. 5 e,
precipitation). For the second run (“the idealized hill") the f, these topographic features resulted in a completely differ-
landscape remains the same as in the previous case butemt distribution of precipitation. Such results indicate that

www.atmos-chem-phys.net/11/873/2011/ Atmos. Chem. Phys., 1188232011
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Y]
@
1

ne. ]

2

0 3 4 5 6 7 8 9 10 11 12 13 14 15(mm)

Fig. 5. Four hour accumulated precipitation (colour palette in mm) and 50 m topographic line contours. (&tecpe) “pristine” aerosol.

2nd row(b, d, f): “hazy” aerosol. 1st column: No topography (flat terrain). 2nd column: artificial obstacle vertical to the general flow. 3rd
column: complex topography. The domain total precipitation for each ca¢a)i$2.28 m,(b) 7.21m,(c) 16.77 m(d) 11.01 m,(e) 12.97,

(f) 17.86.

the synergetic effects between the microphysical and macro3.2 Case study
physical parameters that contribute in cloud and precipitation

processes should be taken into account in relevant modelingve focus on a case study that combines a low pressure

misleading when compared to real atmospheric conditions%ys'[em and a dust storm over the eastern Mediterranean.
g P P On 28 January 2003, the centre of the low moved from

For examplc_e, t_he pristine “case,"s produced mo re accu_m,u-Crete through Cyprus accompanied by a cold front. Also,
lated precipitation than the “hazy” ones for the “flat terrain

: - prevailing south-westerly winds over North-eastern Africa
and |deal_|z_ed .h'" cases. ?n the other h_ar:d, th? accur’nutransported dust particles towards the coast of Israel and
lated precipitation over the “complex terrain” was increased

during the “hazv” run. The distribution of precioitation was Lebanon. As illustrated in Fig. 6, deep convective clouds
9 y . o ' precipita were developed along the frontal line. These clouds moved
found to be much more sensitive to terrain variability than to

any of the variations in aerosal properties north-eastward and on 29 January 2003, he_avy rain and hail
' amounts were reported over the East Mediterranean coast-
line and a few kilometres inland. Flood events and agricul-
tural disasters were also recorded. A detailed analysis and
airborne measurements of this episode were obtained dur-
ing the Mediterranean lIsraeli Dust Experiment (MEIDEX)
as described in Levin et al. (2005). Several runs have been
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o data of different temporal and spatial resolutions on a regu-
lar grid. The prepared dataset includes 24 years of reanalysis

L (1986-2009) with a grid resolution of ¥3.5 km and tempo-

ral intervals of 3h. It is based on the ECMWF operational

analysis dataset (with resolution of 6.68.5° as initial guess

0.7 fields and the utilization of all available surface and upper air
measurements. The sea surface temperature (SST) used is
0.60 the NCEP (6° x 0.5° analysis. The model was run for a two

days period (26—27 January 2003) prior to the actual event to
allow the establishment of an aerosol background. The test

0.40 case run started at 28 January 00:00 UTC and lasted for 48 h.
During these simulations only dust and sea salt particles were
B30 included as aerosols in the model. The main dust sources
, s . were located in North East Libya and North West Egypt as
et i - = ST o illustrated in Fig. 7. Sea salt particles were assumed to be

completely soluble and contributed to the CCN population.
The chemical properties of dust particles are in general as-
sociated with the chemical transformations that occur during
their atmospheric lifetime. Aged dust clouds include par-
ticles that are coated with sea-salt or sulfates (Levin et al.,
1996; Bougiatioti et al., 2009). Dust and sea salt particles
are treated separately for transportation and deposition pro-
cesses and there is no explicit interaction between them in the
model. However, salt-coated dust particles are also efficient
CCN. This behavior is implicitly parameterized in the model
by assuming fixed percentages of soluble dust particles for
each particular case. These values are used to describe the
partitioning between hygroscopic and non-hygroscopic dust
particles and represent average conditions for the area.

F'g' 6. (a) Cloud cover percentage (greyscale), streamlines at3.2.2 Aerosol properties and comparison with aircraft
first model layer (green contours), dust — load (red contours

in mgm~2) and (b) MODIS-Aqua visible channel, on 28 Jan- measurements

uary 2003 11:00UTC. Dust transportation is obvious over the

Southeastern part of Mediterranean. The red dashed rectanguléronsistent with Levin et al. (2005), the aerosol particles
indicates the location of convective clouds due to frontal uplift. ~ Within the lowest two kilometers of the atmosphere were a

mixture of dust and sea-salt. The south-to-north and west-

to-east vertical cross sections of Fig. 8 indicate that the dust
performed for this case. Special attention was given to theparticles did not elevate higher than two kilometers in the at-
amount of available airborne particles that could act as CCNmosphere and coexisted with sea salt spray particles along
and GCCN for each particular case, examining both the eftheir transportation path. The increased aerosol concentra-
fects on the precipitation reaching the ground and also the eftion near the cloud base affected the formation of clouds in
fects on the microphysical structure inside the clouds. Mod-this area.
elling results are compared to ground and aircraft observa- The number concentration of modelled dust and sea salt

tions and some of the findings are discussed here. particles was tested against in-situ aircraft observations that
were performed (between 07:30 and 09:30UTC) at vari-
3.2.1 Model configuration ous heights inside the dust-storm area. Detailed information

about the aircraft instrumentation, the sampling and averag-
The model was configured with three nested grids (15 km,ing techniques and the variability in particle measurements
3km and 750 m) as seen in Fig. 7 and with 32 vertical lev-is provided in Levin et al. (2005). According to their de-
els starting from 50m above ground and stretching up toscription, the aircraft was flying with a constant speed of
18 km with a geometric ratio of 1.2. For the initial and 70msand covered a distance of about 125km inside the
boundary conditions, a high resolution reanalysis dataset wastormy area. Two optical particle counters were used for the
used. This dataset has been prepared with the Local Analysimeasurements of the aerosol size distributions and concen-
and Prediction System (LAPS) (Albers, 1995; Albers et al.,trations. The first was used for aerosols between 0.1-3 um
1996). LAPS uses an effective analysis scheme to harmonizien diameter and the second for aerosols between 2-16 um
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Fig. 7. Dust flux in pg nT2 on 27 January 2003 09:00 UTC. Dashed rectangles indicate the location of the nested domains. Solid lines
indicate the locations of the cross sections of Fig. 8.
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Fig. 8. (a) Vertical cross sections of dust concentration (black line contours in *p’g nand (b) sea salt concentration (color
palette in pg m3).

in diameter flayer are in satisfactory. Measurements werements with the appropriate model grid point we considered
performed in an irregular manner along the aircraft path andhe mean geographic location of the aircraft for each sam-
each sampling period lasted for five minutes. For the currenpling period. The simulated dust and salt concentrations for
work, the average concentration of natural particles for eacltthe corresponding location in the model is then calculated
measurement point is compared towards the correspondings the weighted average from the eight nearest model grid
model results. In order to co-locate the aircraft measurepoints. The concentrations of modelled particles inside the
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Fig. 9. Comparison of aircraft measurements of natural particlesOf the aircraft measurements.
with modeled dust and salt concentrations inside the dust layer (be-
low 2 km). The red line indicates the linear regression line while the

dotted line indicates the = x line. IN in the model was multiplied by a factor of ten in the pres-

ence of mineral dust. The hygroscopic dust particles were
assumed to contain 33% sodium chloride. The aerosol spec-
) ] o trum was fitted in a 3-modal lognormal distribution. The first
dust layer are in satisfactory agreement with airborne mea,qqe corresponds to particles of mineral dust origin while
surements as illustrated in Fig. 9, with a correlation coeffi-the other two correspond to sea-salt accumulation and coarse
cient R =0.89. These results indicate that the model is ab|emodes, respectively. The median diameter and standard de-
to quantitatively reproduce the horizontal and vertical struc-iation for the accumulated salt mode is 0.36 um and 1.8,
ture of the dust storm. The ability of the model to capture regpectively. For the coarse salt mode the median diameter
these features is important for the next steps of the experys 2 85 m and the standard deviation is 1.9. However, dust
iment, since the estimated. particles cont_ribu.te to the C|°Udrarticles may range from small submicron diameters (away
droplet nucleation mechanism. As seen in Fig. 10, the dusrom the sources and at high atmospheric levels) up to GCCN
storm is approaching the coast of East Mediterranean fronyj;es (near sources and at low atmospheric levels). In order
south-west during the morning of 28 January 2008. Theyq represent this kind of inhomogeneous spatial distribution,
clouds that were formed in this area were affected by the dusfye median diameter and standard deviation for the dust mode
storm and also by the increased sea salt production due to thge estimated from the relative prognostic concentrations of
relatively strong winds and wind shear. The coexistence ofpo eight dust bins according to Schulz et al. (1998).
salt and dust particles at heights below cloud base provided Increasing the percentage of hygroscopic dust particles
significant amounts of highly hygroscopic mixed particles. fom 504 to 20% increased also the concentration of small
These clouds contained increased numbers of cloud dropleqﬁquid droplets inside the cloud. This resulted in lower au-
and moved north-northeast towards the Israel and Lebanog,conyersion rates of cloud to rain droplets and significant
coast. Most of the precipitation from these clouds fell after 5 ,ount of water was lifted to above freezing level. The
they r_eached land and the peak rain rates were reported onthe«po clouds reached higher tops, included more ice water
morning of 29 January 2003 around Haifa and North Israel. content and the initiation of rainfall was in general delayed
Three different scenarios related to the properties of theby almost 1 h. In Fig. 11, the cloud that was formed in the
aerosol particles during the model runs are discussed herenore pristine environment (EXP1) reached the maximum top
All model parameters were held constant except the percentat 09:00 UTC. The EXP2 cloud extended much higher (about
age of dust particles containing soluble material, thus becom3 km higher than EXP1), contained more ice, and eventually
ing effective CCN. In experiment 1 (EXP1), 5% of dust par- produced more rain (one hour later than EXP1; 10:00UTC
ticles were hygroscopic while for experiment 2 (EXP2), this instead of 09:00 UTC). The EXP3 cloud also exhibited sig-
percentage was increased to 20%. DeMott et al. (2003a)pificant vertical development, with a structure and precipi-
found that during intense dust episodes, the concentration dfation amounts similar to that of EXP2. Mineral dust parti-
ice nuclei (IN) was increased by 20-100 times compared tccles affect the microphysical structure of the clouds by acting
non-dust environment. Following this approach, EXP3 in- both as CCN, GCCN and IN and also by interacting with
corporated 5% hygroscopic dust while the concentration ofcloud dynamics. As illustrated in Fig. 12a for the EXP2
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Fig. 11. West to East cross-section of rain mixing ratio (color palette in‘gjlkgand ice mixing ratio (red line contours in gkb) at the time
of highest cloud top over Haifga) 09:00 UTC 29 January 2003 assuming 5% hygroscopic dust (EXB)LL0:00 UTC 29 January 2003
assuming 20% hygroscopic dust (EXP@) 09:00 UTC 29 January 2003 assuming 5% hygroscopic dust andlidN(EXP3).

Table 3. Model characteristics for nine aerosol scenarios.

Aerosol Cases Aerosol-cloud  Aerosol-radiation
interaction interaction
Casel (control run) NO NO
Case2 (only radiation interaction) NO YES
Case3 (constant aerosol — “pristine”) YES NO
Case4 (constant aerosol — “hazy”) YES NO
Case5 (prognostic aerosol — 1% hygroscopic dust) YES YES
Case6 (prognostic aerosol — 5% hygroscopic dust) YES YES
Case7 (prognostic aerosol — 10% hygroscopic dust) YES YES
Case8 (prognostic aerosol — 30% hygroscopic dust) YES YES
Case9 (prognostic aerosol — 5% hygroscopic dustx ) YES YES

case, there was significant convective activity over Haifa atand the release of latent heat at higher levels. These interac-
08:20 UTC on 29 January and the convective available potentions between aerosols and cloud dynamics produce clouds
tial energy (CAPE) was 1027 J. When CAPE is large enoughwith stronger updrafts that reach higher tops and finally pro-
significant amounts of liquid condensates may thrust into theduce heavier rainfall.

upper levels of a cloud (Fig. 12b) and eventually freeze at

higher altitudes. The released latent heat invigorates convec3-2-3  Effects of natural particles

tion at higher levels, resulting in increase of the equivalent on precipitation

potential temperature (see Fig. 12c with an arrow pointing to

the area of increased equivalent potential temperature). Afte‘n (_)rder to examine the '_sensmwty of accumulated precip-
10 min, strong updrafts reached up to 8 km height and transitation to aerosol properties, we performed a total of nine
cenarios with the same model configuration but chang-

ferred condensates to the upper cloud layers as illustrated i

Fig. 12d. These condensates interact with the available INN9 the chemical composition of airborne particles. - The

in this region of the cloud, forming ice particles through het- PhySio-chemical characteristics used on each run are shown
Table 3. The first run was performed with the original

erogeneous nucleation. Thus, increasing the percentage HFEAMS 4el and it « Lrun”. Eor Case2. onl
hygroscopic mineral dust or increasing the IN by an order of model and we call It “control run". For Case2, only

magnitude resulted in enhancement of ice particles 1EormatiOrparucles-radlatlon interaction was enabled. For_cas_es three
and four, the FNS cloud nucleation parameterization was
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Fig. 12. (a)Modelled thermodynamic profile of the atmosphere over Haifa at 08:20 UTC, 29 January 2003 and W-E cross sections over
Haifa for: (b) Liquid water mixing ratio (colour palette in g k¢) and ambient temperature (red contours ) & 08:20 UTC(c) Equivalent

potential temperature (colour palette in K) at 08:20 UTC. The arrow points at the area of inatga@jdEquivalent potential temperature
(colour palette in K) and updrafts (black contours inThpat 08:30 UTC. The plots refer to EXP2.

enabled using the prescribed “pristine” and “hazy” air massgroscopic dust was set to be one (1%), five (5%), ten (10%)
types as in Sect. 3.1. For the next four runs, particle concenand thirty per cent (30%) respectively. For Case 9, we con-
tration was a prognostic variable and the cloud nucleatiorsidered five (5%) hygroscopic dust and also the IN concen-
scheme was used in an explicit way. The percentage of hytration was increased by a factor of ten similar to Teller and
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16 o accumulated precipitation field was clearly underestimated
(081) due to the increased concentration of hygroscopic particles
o for this case. Increasing the number of CCN delayed the ini-
o tiation of precipitation and resulted in the enhancement of
o) ice concentrations. These ice crystals did not grow much be-
( cause of the lack of water drops at higher levels (in agreement
with the results of Teller and Levin, 2006). Most of these
clouds evaporated before they managed to precipitate and the
accumulated precipitation was underestimated. These find-
ings imply that a more detailed representation of the atmo-
spheric composition and of the aerosol-cloud-radiation feed-
backs can provide some insight into the processes involved
in the formation of clouds and precipitation and also improve

Fig. 13. Bias of the 24 h accumulated precipitation for 86 stations the model performance.

and for nine scenarios of aerosol composition. The average bias for

each scenario is specified in parenthesis after the legend labels. The

number of available stations for each threshold is also denoted in}  Concluding remarks

parenthesis after the precipitation heights: 0.5 (86), 2 (86), 4 (86),

6 (86), 10 (84), 16 (81), 24 (57), 36 (34), 54 (14). Several sensitivity tests were performed with an integrated
atmospheric model that includes online parameterization
of aerosol processes, aerosol-radiation interaction, explicit

Levin et al. (2006). The modelled 24-hour accumulated pre-coud droplet activation scheme and a complete microphysics

cipitation on 29 January 2003 for all nine cases was testeghackage. Two- dimensional tests for an idealized case of

against ground measurements from 86 measuring station§loud development indicated a significant response of cloud
over North Israel. processes and precipitation to the variations of aerosol num-

The model bias score (see Appendix B) was calculatecber concentration and also to the size distribution of the
for nine thresholds of accumulated precipitation, namelyparticles. “Hazy” aerosol conditions delayed precipitation
0.5mm, 2mm, 4 mm, 6 mm, 10 mm, 16 mm, 24 mm, 36 mmwhile the clouds that were formed in a “pristine” environ-
and 54 mm. The results for each case and each precipitatioment precipitated faster and produced more rain, in agree-
threshold are shown in Fig. 13. Biases equal to one meament with earlier publications. However, in order to simulate
that the particular precipitation threshold was simulated ashe aerosol effects in an approach that is closer to realistic at-
often as observed. Bias below unity indicates model undermospheric conditions, it is also necessary to take into account
prediction and bias over one indicates over-prediction. Thethe synergetic effects between the various microphysical and
limited time period of the study and the relevant small num- macrophysical processes. For example, the distribution of
ber of measuring stations (especially at high thresholds) doeaccumulated precipitation was found to be much more sen-
not allow extracting robust statistical results. However, assitive to topographic variations than to aerosol number con-
seen in Fig. 13, the accumulated precipitation was found tacentration and/or composition.

be very sensitive to variations of the percentage of dust par- Model simulations for a specific event of dust transport

ticles that can be activated as CCN and IN. These results inand convective activity over Eastern Mediterranean, illus-

dicate the need for a proper treatment of the links and feedtrated that this kind of regional modeling approach can be
backs between cloud and aerosol processes. Model resuligery useful in reproducing many of the important features of
with prognostic aerosol treatment were in general closer taaerosol and cloud processes. These findings can be summa-
the observations than those considering constant prescribggzed as follows:

aerosol properties and the model bias for these cases was im-

proved especially at medium and high precipitation heights. 1. The meteorological conditions during this particular

For example, at the 16 mm threshold, the bias ranged from  event and the aerosol field properties were reproduced

0.61 (Case 3) to 0.87 (Case 5). Similarly, for the 24 mm in the model in satisfactory agreement with observa-

threshold the bias score ranged from 0.63 (Case 4) to 0.88 tions. This is also indicated by the correlation factor

(Case 5) and for the 36 mm the bias was 0.1 for Case 8, 0.47  of 0.89 between modelled aerosol concentrations and

for the control run (Case 1) and 0.79 for Cases 7 and 9. The  airborne measurements.

average bias for all thresholds was calculated for each one

of the nine cases (see Appendix B for definition) and is also 2. An increase of 15% in the concentration of soluble

shown in Fig. 13. The variability in model bias was up to dust particles produced clouds that extended about three

80% for some thresholds which is indicative of the role of kilometres higher and the initiation of precipitation was

aerosol in atmospheric processes. During the eighth case, the delayed by almost one hour.

1 4 ——Case
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3
R 4
121 '_" —cCase5
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- - Case?
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——Case

—C:
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3. Variations between 1-30% in the amount of dust parti- al. (1986) which gives a continuous particle-size distribution
cles that were assumed to contain soluble material reat a specific relative humidity (RH), usually 80%.
sulted in significant changes in cloud properties. The
associated variations in the precipitation bias score were FN-Open _ 1.373-u35t rgg- (1+ 0'05778%45)

up to 80% for some thresholds. drgo 10
6078
4. In general, online treatment of dust and salt particles as 10 (A1)
prognostic CCN, GCCN and IN improved the bias score 0017144
for the 24 h accumulated precipitation in comparison to A=4.7-(1+0rg) o ,6=30 (A2)
the runs considering a uniform atmospheric composi-
tion all over the domain. B = (0.433—logrgo) /0.433 (A3)

These results illustrate the highly non-linear response ofwhereu;oisthe wind speed at 10 m height, angis the par-
precipitation to aerosol properties and indicate that a largdicle radius at 80% RH as described in Zhang et al. (2005).
portion of uncertainty remains unresolved. This study fo- This semi-empirical formulation is based on laboratory mea-
cuses mostly on investigating the mechanisms that are assgurements for particles with radius 0.8-8 um. The size range
ciated with the aerosol cloud interactions for a specific eventof the sea salt source function has been extended to below
Therefore it is not possible to extract generic results. Never0.1 um in radius based on the parameterization proposed by
theless, this work represents one of the first limited area modGong (2003). Additionally, in order to take into account the
elling studies for aerosol-cloud-radiation effects at the areahygroscopic nature of sea salt, the size distribution of the par-
of Eastern Mediterranean and could be used as a basis fdicles is calculated as a function of local RH following Zhang
future improvements and longer term studies. More intenseet al. (2005). This method accounts for the hygroscopic up-
combined modeling and observational surveys on the intertake of water from sea salt particles for RH values between
actions between airborne particles and cloud processes at ré5% and 99%. Coastline sea salt flux is also parameterized
gional and local scale are necessary in order to improve ouin the model following the work of Leeuw et al. (2000) and
knowledge on the interactions between atmospheric chemGong et al. (2002).

istry and meteorology. Sea salt particle spectrum is represented with a bimodal
lognormal distribution assuming a mean diameter of 0.36 um
for the first (accumulated) mode and a mean diameter of
2.85 um for the second (coarse) mode. Geometric dispersion

Appendix A Mineral Dust
PP is 1.80 and 1.90 for the two modes respectively.

The dust-cycle simulation adopts the approach of the SK-a2 Dry deposition

IRON/Dust model (Spyrou et al., 2010) and is based on the

“saltation and bombardment” mechanism (Marticorena andDry deposition for dust and salt particles is treated as a first
Bergametti, 1995; Lu and Shao, 1999; Alfaro and Gomez,order removal process, equal to the concentration multiplied
2001; Grini et al., 2002). Based on this approach, the verti-by a mass transfer coefficierify (termed “deposition veloc-

cal dust flux is distributed into three lognormal source modesity”; Seinfeld and Pandis, 1998; Slinn and Slinn, 1980}

with different shapes and mass fractions (D’Almeida, 1987;accounts for the effects of reactivity, hygroscopic water up-
Zender et al., 2003). The transport mode is represented intake, size distribution of particles, meteorological conditions
side the model with eight discrete size bins as @re2 et and surface characteristics. Wesely (1989) proposed a resis-
al. (2006) and Spyrou et al. (2010) with effective radii of tance model to account for all the elements described above;
0.15, 0.25, 0.45, 0.78, 1.3, 2.2, 3.8, and 7.1 um respectivelydry deposition fluxes are controlled by gravitational settling,
Each dust bin is treated as a scalar variable for advectionurbulent mixing, and Brownian diffusion across two virtual
and diffusion purposes. Partitioning of the dust spectrum andayers. In the layer adjacent to the surface, Brownian diffu-
separate treatment of each size mode is important for the desion (for small particles) and gravitational settling (for large
scription of size dependent processes such as dry and wefarticles) are the main deposition processes. In the second
deposition, CCN activation and radiative transfer. layer, called the “constant flux layer”, turbulent mixing and
gravitational settling dominate depositiof¥y of a particle

with a given diameter is then parameterized using a set of
mass transfer resistances associated with the combined ef-

. . . fects of these processes in both layers (Wesely, 1989; Sein-
The most prominent mechanism for the generation of sea saki,|4 4nd Pandis 1998):

aerosols is the bursting of entrained air bubbles during white-
cap formation due to surface wind. The method follows the 1 1
open sea white-cap formation as described in Monahan e’tazm In{ —)—¢n (A4)

Al Seasalt spray
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1
o= >3 (A5)
Us (SC_ / +1@3/5')
1
Vag= V. _ A6
d sed ra+rp+rarpVsed (A6)

wherer;, is the aerodynamic resistanog, is the boundary
resistancek is the von Karman constang, is the surface
roughness lengthy;,, a stability correction terms, is the
Schmidt numberS; is the Stokes number andseq is the
gravitational settling velocity.

A3 Wet deposition

S. Solomos et al.: An integrated modeling study on the effects of mineral dust and sea salt particles

Observed
Yes No
B Yes a b
(]
2
s No C d

Thea model-observation pairs mean that both model and
observation are over the specific threshold and are usually
called hits. Similarly,b pairs mean that the model is over
the threshold but observation is below it and are called false

Proper treatment of the wet removal process is essential fo51Iarms;c pairs mean that the observation is over the thresh-

a realistic aerosol simulation, since it is the predominant

removal process for atmospheric particles away from thei
sources. The amount of particles removed at each model tim
step from in-cloud and below-cloud scavenging is expresse
as:

i =—AC (A7)

at

whereA is the “scavenging coefficient” of the aerosols. For
in-cloud removal,A is calculated from the droplet-aerosol
collection efficiency £), the precipitation rateK) and the
radius of the scavenging droplet) following the formula-

tion of Seinfeld and Pandis (1998):

_3EP

A=
4 ryq

(A8)
The collection efficiency E) for a particle of radiusrp) is
calculated from the contribution of Brownian diffusion, tur-
bulent diffusion, interception, inertial impaction and electric
forces (Slinn, 1984; Seinfeld and Pandis, 1998):

4
E(p) =~ (1+ o.4Re1/253/3+o.16Re1/253/2)
* 3/2
n 2 S —S§
Rl 1+ ReY = = A9
+4¢[MW+¢( - )]+[S,—S*~|—2/3] (A9)

whereReis the droplet Reynolds numbes; is the particle
Schmidt number;y is the droplet radiusp = :—p L, ( are
the kinematic viscosities of the air and quuia water, respec-
tively, S; is the particle Stokes number and

*

_ 124In(1+Re/12

1+In(1+Re (A10)

Appendix B

:Eﬂairs mean that both model and observation are below the

old but the model is below it and are called misses dnd

reshold for a station and are called correct rejections.

The total number of hitsaf), false alarmsi) and misses
(c) for each threshold are then used to calculate the MODEL
BIAS (B):
B— a+b

a—+tc

Unbiased forecasts exhibit bias=1, while bias greater than
one indicates overprediction and bias less than one indicates
underprediction.

The AVERAGE BIAS (B) for all precipitation thresholds
is calculated as:

-1 i=N _ .

B=3D iy BO.

WhereB (i) is the bias for each specific threshold avids is
the total number of precipitation thresholds.
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