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Abstract. A numerical cloud model is used to study the uniform-layered structure that facilitates comparison be-
influence of aerosol on the microphysics and dynamics oftween clean and polluted clouds. Marine stratocumulus
moderate-sized, coastal, convective clouds that develop urelouds that form in polluted environments were hypothesized
der the same meteorological conditions. The results showto contain more but smaller droplets and to have a higher re-
that polluted convective clouds start their precipitation laterflectivity (Twomey, 1974, 1977). Albrecht (1989) suggested
and precipitate less than clean clouds but produce larger raithat cloud liquid water path (LWP), fractional cloudiness
drops. The evaporation process is more significant at thend cloud lifetime of stratocumulus will increase through
margins of the polluted clouds (compared to the clean cloudgerosol-induced precipitation suppression. A few in situ
due to a higher drop surface area to volume ratio and it ismeasurements conducted in ship tracks (Radke et al., 1989;
mostly from small drops. It was found that the formation of King et al., 1993; Ferek et al., 1998, 2000) observed a de-
larger raindrops in the polluted cloud is due to a more effi-crease in drizzle-size drops in the tracks. But in contrast
cient collection process. to Albrecht’s theory, observational studies of aerosol effects
on liquid water path (LWP) of stratocumulus clouds have
shown that it can increase, decrease or remain the same un-
) der the influence of increased concentration of aerosol parti-
1 Introduction cles (Platnick et al., 2001; Coakley and Walsh, 2002; Han et
al., 2002). Ackerman et al. (2004) simulated stratocumulus
The effect of aerosol on clouds and precipitation is still one ¢|oyds with a fluid dynamic model (including detailed treat-
of the largest uncertain factors in the fields of cloud physicsyent of cloud microphysics and radiative transfer) to study
and climate change. Itis clear that a higher aerosol loadingps controversy. They concluded that the response of the
leads to more cloud condescension nuclei (CCN) and posSiz|oud LWP to changes in aerosol loading is influenced by
bly more ice nuclei and therefore to different size distribu- e humidity profile above the inversion and is determined
tions of the water and ice particles. However the derived €y a competition between moistening from decreased sur-
sults on the cloud lifetimes, structures and precipitation pat,ce precipitation and drying from increased entrainment of
terns are harder to predict due to the interplay between COMgverlying air. Their results also showed a decrease in the
gl)e(;(el;eedba(:ks (e.g., Xue and Feingold, 2006; Jiang et al.precipitation at the ground from polluted clouds.

Numerous studies have addressed the effect of aerosol Unlike stratiform clouds, convective clouds, controlled
on marine stratocumulus clouds, due to their key role inmore by local instability, have larger variability and are more
the global radiative energy. Marine stratocumuli, boundeddifficult to analyze by remote sensing methods. Therefore,
by strong marine boundary layer inversion, have relativelydetailed microphysical numerical models can serve as a valu-
able tool to understand the effects of aerosol on the complex
Correspondence to: O. Altaratz feedbacks between cloud microphysical and dynamical pro-
(orit.altaratz@weizmann.ac.il) cesses.
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16 O. Altaratz et al.: Aerosols’ influence on warm cumulus cloud

This study focuses on the processes taking place in &esses start at the small scale of aerosol and drops but in-
moderate-size warm, cumulus cloud, without active ice pro-fluence and create the large scale of cloud characteristics.
cesses. We examine the effects of aerosol on the size distribution

Aerosol effects on shallow (small) cumulus clouds haveof cloud droplets and rain drops and subsequently on cloud
been studied in recent years mostly by numerical modelsproperties and precipitation patterns.

Satellite data limited by the pixel sizes will be biased to-

ward larger clouds with stronger spectral and spatial signa-

ture. Recent numerical experiments that focused on the ef2  The model

fect of aerosol on LWC, dimensions and lifetime of warm cu- ) . . . .

mulus clouds have shown different results from deep cIoudsWe used the Tel Aviv University axisymmetric non-

Xue and Feingold (2006) studied the effects of aerosol Onhydrostatic numerica}l cloud model (,T,AU'CM) with deta”?q
warm trade-wind cumulus clouds using large eddy simula-treatment of cloud microphysics (Tzivion et al., 1994; Reisin

tions (LES) with size-resolved cloud microphysics. They etal., 1996). The warm microphysical processes included are

showed that an increase in aerosol concentration led to a rdtucleation of CCN, condensation and evaporation, collision-

duction in cloud fraction, cloud size, cloud top-height and coalgscence, binary breakup, and sedimentation.-The micr(_)—
depth, and precipitation on the ground. This study eXam_physmal processes are formulated and solved using a multi-

ined the evolution of a field of cumulus clouds and noted that™oMent bin me_thoq (Tzivion et f"‘"' 1987).

the dynamical variability associated with the cloud field may . 1€ drop activation scheme is based on the supersatura-
sometimes mask the aerosol effect on some cloud propelt-'on and critical diameter determined by.the Kohler curves
ties. They concluded that the complex responses of clouds t§ "uPPacher and Klett, 1997). Calculations of the critical
aerosol are determined by competing effects of precipitatio iameter for aerosol activation were done by'assumlng that
and droplet evaporation associated with entrainment. Jiang'CN @€ composed of pure sea-salt (NaCl). Since cloud con-

and Feingold (2006) used a different LES model to show ensation nuclei begin to grow by absorption of Wat_er vapor
the effect of aerosol on warm convective clouds over land./0Ng Pefore they enter the cloud, these wetted particles pro-

Their results showed that in the absence of aerosol radiativr%(ide the initial sizes for subsequent condensational growth
effects, an increase in aerosol loading results in a reductio Kogi]an, 1991). Following this app::oachh a_m_d_ tiased Ion Y'n
in precipitation at the ground but no statistically significant et al. (2000, 2002) we assumed that the initial droplet size

changes in LWP, cloud fraction and depth. On the other hando'med on CCN with radii smaller than 0.12n is equal

including the aerosol radiative effects resulted in a reductiont© the equilibrium radius at 100% RH. For larger CCN, the

in LWP, cloud fraction and depth, primarily due to the re- initial radii are smaller.than their equilibrium r_adii at 100%
duction in surface forcing associated with absorbing aerosolRH PY @ factor proportional to the droplet radius. Once the
Jiang et al. (2006) who studied the influence of aerosol ordroplets reach their crlt.lcal size or the size calculated .based
the lifetime of shallow clouds showed that an evaporation-On K09an (1991) and Yin et al. (2000) they are placed in the
entrainment feedback tends to dilute polluted clouds moreAPPropriate bin for subsequent growth.

than clean clouds. This process is the cause of the reduc- | N€re are no radiation processes in the model.

tion or no change in lifetime of polluted clouds. LES results
indicated no significant change in cloud lifetime as a result
of aerosol whereas single cloud model simulations showe
reductions in cloud lifetime. Xue et al. (2007) studied shal-3 1 Model setup

low cumulus clouds under stratocumulus (using LES) and

showed that cloud fraction increased with increasing aerosofrhe aerosol spectrum is approximated by superimposing
only for relatively low values of aerosol concentrations (up to three lognormal distributions with parameters representing a
100 cn3in their case). A further increase in aerosol particle maritime air mass (Jaenicke, 1988):

concentration results in reduced cloud fraction. They sug-
gested that opposing effects of aerosol induced suppressiori N (r) 3 n; (logr/R;)?
of precipitation and aerosol induced enhancement of evapoz(logr) - ; m ~ 2(logo;)2
ration are responsible for this non monotonic behavior. -

These studies imply that in small clouds, evaporation playsTable 1 present the parameters of the distribution. The total
a key role in determining cloud properties in response to amumber concentration of aerosol is 295¢ In this study
increase in aerosol loading. we assume that all the aerosols are CCN.

The aim of this study is to investigate the role of aerosol The simulations were initialized with a homogeneous
in warm convective clouds, from the drop (micro) scale to base-state environment of an Israeli autumn day, based on
the cloud property (macro) scale, by affecting the interplayl October 2006, 12Z sounding of temperature and moisture
between the processes of: diffusional growth, evaporation ofrom the Bet Dagan meteorological station (without winds).
drops, and growth by collision-coalescence. All these pro-To better approximate conditions at the coast that enhance

Results

@
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Table 1. Parameters for the aerosol particle distributiop= total 20T TR AT T AT PN CAVAND G
number of aerosol particles per cubic centimeter of Rjr= geo- A\ / , N L) 7\
metric mean aerosol particle radius in msp,= standard deviation AN

in modei.

3001

Modei n; (cm™3) R; (um) logo;

1 133 0.039 0.657
2 66.6 0.133 0.210
3 3.06 0.29 0.396

N
o
o

(o
o
o

PRESSURE  (hPo)

o
o
o

convective development, some modifications to the sound- ,
ing were necessary. These modifications included addition 700
of moisture near the surface, a temperature decrease near the,
surface, and an increase in inversion height (Fig. 1).
The grid resolution was set to 100m in both radial and TINSINT N NGNS K K
vertical directions. The domain was 5100 m in the radial di- 1990 /X 7 /v ke il sk K2 S S s
rection and 6100 m in the vertical. Convection was initiated ~ -200 -2 -25 62 150 238 325 412 500

. . . . TEMPERATURE (°C)
by introducing a warm bubble in a small region at the lower

boundary of the grid at the domain origin, for one time Step'Fig. 1. Vertical profiles of temperature and dew point based on 1

The bubble was warmer by’ € from the environment. The  o¢ioper 2006 127 from Bet Dagan meteorological station, Israel.
time step of the computation was 2 s and the total simulation

time was 90 min. Open boundary conditions were assumed.
Three simulations were performed, for different levels of ¢ enough from cloud center and it is exposed to entrainment

pollution. The pollution aerosols were added to the back-ith the drier air. outside the cloud.

ground (clean) aerosol distribution in one bin corresponding

to a size of 0.3 microns. Cloud 1 represents the clean casg

900——A

3 .
800 cm po"‘;ted particles and cloud 3 represents a cloudis 1 760 m for the clean cloud and 1600m for the polluted
with 1600 cn1* polluted particles.

clouds. The top of the clouds are defined as the highest grid
point with a mass mixing ratio greater than 0.01 gkg

The differences in the drop number concentrations are eas-
3.2.1 Condensation and evaporation interplay ily recognized at all heights for the three clouds. As ex-

pected, the most polluted cloud has the highest drop con-

In all the simulations the clouds start to form aftet0 min centration at cloud center. The maximum drop concentra-
of simulation. The appearance of the maximum verticaltion for the clean cloud is 239 ¢cmi (at 1500 m height), for
depth of these clouds is about 1300 m. The maximal valuecloud 2 itis 1111 cm?® (at 1500 m) and for the most polluted
of the updraft in the cloud is delayed as the cloud is morecloud 2053 cmi®, at 1400 m. The evaporation at the top of
polluted, in accord to a delay in rainfall initiation. The max- the clouds is shown both at the cloud centers (Fig. 2c) and
imal values are 4.3 7% for the clean cloud (at 34 min of cloud margins (Fig. 2f) and is commensurate with the pollu-
simulation), 4.5 ms! for cloud 2 (at 44 min) and 4.4 nT$ tion loading. The enhanced evaporation is promoted by the
for the most polluted cloud (at 48 min). smaller size of the drops near the polluted cloud top; due to

The vertical changes in drop mass and number and the rehigher surface to volume ratio there is an increase in the effi-
ative importance of the condensation and evaporation proeiency of the evaporation process (Xue and Feingold, 2006;
cesses are examined for the cores and margins of the clouddiang and Feingold, 2006). It is also shown that due to the en-
for the different pollution levels. Note that use of the term hanced evaporation, there is less liquid water mass at the top
“core” is not meant to suggest an adiabatic cloud core, bubf the polluted clouds (Fig. 2b) and their top height is lower
simply the region of the cloud close to its center. Figures 2—3(Xue and Feingold, 2006). The downdraft values at clouds
and 5 show the vertical profiles of drop concentration, droptop at 22 min of simulation are0.6 ms! for the most pol-
mass mixing ratio and net evaporated/condensed mass mixuted cloud and—0.2ms! for the clean cloud, indicating
ing ratio at the cloud center and 500 m from cloud center forhigher evaporative cooling in the polluted cloud at this stage.
three stages of cloud development. The point at 500 m fromAnother evidence for that is the thermal gradient at cloud top
cloud center was chosen to represent cloud margins since it iseight, between cloud core and margins, which-&4° in

3.2 Simulations results

www.atmos-chem-phys.net/8/15/2008/ Atmos. Chem. Phys., 8, 15-24, 2008
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Fig. 2. The vertical profiles of drop concentration (left boxes), drops mass (central boxes) and net evaporated and condensed mass (during ¢
time step), at 20 min of simulation, for the centers (upper panel) and margins (500 m from cloud center) of the three clouds. Cloud 1 (clean)
— green curve, cloud 2 (800 cTﬁ) —red curve, cloud 3 (1600 cTﬁ) — black curve.

the clean case and0.8 in the most polluted one. Net evap- defined by the grid points with a mass mixing ratio greater
oration rates can be also seen at the base of the clouds whetlean 0.01 g kg'). Examination of the drop size distribution
the droplets are exposed to dry air from below but differencesat this stage reveals that there are two separate modes in the
are negligible because of the small amounts of water at cloudlistribution (as presented later in Fig. 8). Checking the rel-
base. ative importance of those two modes in the evaporation pro-
cess near the most polluted cloud edge reveals that 99% of

By 36 ml.n (Fig. .3) precipitation reaches the ground in all the mass evaporated between 1400—-2000 m is from the small
three case; the rain rates below cloud center are 5.8, 1.7 angl

0.5 for ot 1,2 ana 3 respectuel. A i siage, 20 (1SS0 o) e evepostone,
cloud top-height is almost similar for all clouds. g

as the pollution level increases, driven by the higher num-
The vertical profiles at clouds margins present a differentber of small size drops and higher surface area to volume
picture from those at the cloud cores. The most significantratio. Near the top of the cloud, at this stage, evaporation
difference is for the polluted clouds. While in the cores of rates are higher in the clean case (see Fig. 3c), due to larger
the polluted clouds there is net condensation of water massanass available for evaporation at this level. Higher evapora-
at the margins there is a net evaporation over the upper half ofion rates at the beginning of the cloud growth in the most
the cloud volume. At the margin of the most polluted cloud polluted cloud (Fig. 2¢) caused a significant reduction in the
most of the region above 1400 m is influenced by evaporadrop mass which can be evaporated at this level.
tion. This is clearly demonstrated by the lower drop con-
centration and mass profiles at the periphery of the polluted A consequence of enhanced evaporation process, at the
clouds. There is a reduction in the value of the drop con-polluted clouds margins, is the generation of stronger hori-
centration and mass in the region between 1400-1800 m, inzontal winds. We expect to find stronger downdrafts in the
dicating that there are regions in the polluted cloud marginspolluted clouds margins, due to higher evaporative cooling
which contain fewer drops (both in mass and number) than(Xue and Feingold, 2006). These downdrafts will cause an
in the corresponding locations in the clean cloud. Due toenhancement of the horizontal winds and therefore enhance-
that there are differences in clouds width corresponding toment of the entrainment. Figure 4 presents the vertical pro-
the pollution loading. At this stage the mean width of the files of the horizontal wind velocities, 600 m from cloud cen-
clean cloud is 404 m, for cloud 2 it is 357 m and for the ter, for the three clouds, at 36 min of simulation. The stronger
most polluted cloud it is 347 m (the clouds boundaries areradial winds between 1200-1700 m for the most polluted

Atmos. Chem. Phys., 8, 15-24, 2008 www.atmos-chem-phys.net/8/15/2008/
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Fig. 3. As in Fig. 3 but for 36 min of simulation.

cloud, indicate an enhanced mixing between the outer, drier 2500 _ _

air and the cloud. These results are consistent with those pre- s | . Margin 36 min

sented by Xue and Feingold (2006) and Jiang et al. (2006) B e

who argued that the smaller drops associated with polluted =

clouds evaporate more readily. They hypothesized that the 1500

enhanced evaporation is responsible for a stronger horizon- 7 : :

tal buoyancy gradient which increases the vertical circulation 1000 b o e IR E——

around the core of the cloud, and increases dilution via en- : :

trainment (Zhao and Austin, 2005). The thermal gradient 500 , ;

between clouds’ core and boundary can represent the hori- : 8o

zontal buoyancy gradient. It was checked for a horizontal i ‘ : i 1600

plan at 1300 m height (the central part of the cloud) for the 2 -1 ot (i 2 3

three clouds and the results show that during all stages in the

clouds lifetime, the clean cloud has a smaller thermal gradiig. 4. The vertical profiles of horizontal wind velocity, at 36 min of

ent than the polluted clouds. simulation, for the margins (600 m from cloud center) of the three
At 52 min of simulation (Fig. 5), cloud top is at 2100m clouds. Cloud 1 (clean) — green curve, cloud 2 (800€jn- red

for all clouds. At this stage in the clean cloud there is lesscurve, cloud 3 (1600 crP) - black curve.

liquid water mass, in the upper region of the cloud in the

central part and along most of the margin, compared to the

polluted clouds (in contrary to the previous stage, presente®f the polluted ones (431 m for the clean cloud and 354 m for

in Fig. 3). The higher rain rate of the clean cloud has causedhe most polluted cloud).

a redistribution of water to lower altitudes (Fig. 5b). At the

periphery of the clean cloud there is mostly evaporation at3.2.2 Effects of pollution on rain characteristics

this stage (Fig. 5f); while in the more polluted cases there is

still condensation of water at certain levels, suggesting thafll the clouds precipitated during their life cycle. The rain

they are still actively growing. The decaying stage of therates below cloud center as a function of time are shown

clean cloud starts earlier than the polluted clouds because df Fig 6. Ground precipitation (at intensity0.01 mm k1)

the enhanced precipitation which cools the surface, stabilizestarted at about 29 min of simulation for the clean cloud,

the atmosphere, and suppresses convection. Yet, the mean 32 min for cloud 2 and at 33 min for the most polluted

width of the clean cloud at this stage is still larger than thosecloud. The precipitation volume at ground level after 90 min

H (m)

“clean

www.atmos-chem-phys.net/8/15/2008/ Atmos. Chem. Phys., 8, 15-24, 2008
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Fig. 5. As in Fig. 3 but for 52 min of simulation. Box g is zoomed-in vertical profiles of drop concentration, below the centers of the three
clouds bases.

40 ; , ‘ ; : ‘ it is lower for cloud 2 (with a peak value of 1.5%) and for the
: o : clean most polluted it is has the lowest values with a peak value of
Center = [/ : 800 1.3%.
30 3 fife 1 E 1600 || . . .
3 : Next we examine the rain properties below the cloud
E : : as influenced by the amount of pollution. Special focus
EZO' U SO |-, .7,__: L VTN S | is devoted to analysis of the interplay between evapora-
£ | : Vo : tion/condensation and collision-coalescence processes for
2 the different pollution levels.
1o ] Figure 7 shows the mean drop radius for the clean and
the most polluted cloud, for the cloud cores and margins, at
0 52 min of simulation. In general it can be seen that the mean

20 %0 aw 50 60 70 80 radius of the raindrops below cloud base (bele®00 m) is
Time (min) . .
much larger than the mean radius of the drops in the cloud.
Fig. 6. The rain rate (mm/h) as a function of time for the 3 clouds. This is because inclusion of the small non-precipitating cloud
Cloud 1 (clean) — green curve, cloud 2 (800¢H — red curve,  drops reduces the calculated mean size. Even if they fall be-
cloud 3 (1600 cr3) — black curve. low cloud base, they are the first to evaporate in the sub-
saturated environment. The evaporation process just below
cloud base can be recognized as a peak in the vertical evap-
of simulation was 1844 fnfor the clean cloud, 832 #nfor oration/condensation mass vertical profile in Fig. 5c. Note
cloud 2 and 520/ for the most polluted cloud. As ex- that there is evidence of greater sub-cloud evaporation in
pected, (e.g. Yin et al., 2000; Khain et al., 2005; Teller andthe clean case primarily because more water is available for
Levin, 2006) rain initiation is delayed, lasts longer and the vaporation over a deeper layer than in the more polluted
total amount decreases as the cloud becomes more pollute8ases.
The time evolution of the rain efficiency (rainfall divided by ~ The interesting feature is that within the core of the clouds
total amount of condensed water) is similar in trend to thethe mean drop radius of the clean case is larger (as expected)
rain rate (Fig. 6). It has the highest values for the clean cloudbut below cloud base it is smaller, compared to the pol-
case during most of the simulation (with a peak value of 7%)luted mean drop size. To further investigate the evolution

Atmos. Chem. Phys., 8, 15-24, 2008 www.atmos-chem-phys.net/8/15/2008/
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Fig. 7. The mean drop radius for the clean (green curves) and therig. 9. The mean drop radius for the clean (green curves) and the

most polluted cloud (black curves) for the cloud cores (-) comparedmost polluted cloud (black curves) for the cloud cores () compared

to the margins (*), at 52 min of simulation. to the margins (*) for the two modes in the drops size distribution,
at 52 min of simulation.
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Fig. 8. The mass distribution functions for drops at 1200 m height o ; ; : ; ;
(left graph) and at 500 m, at 52 min of simulation, at cloud cen- 30 40 50 60 70 80 90
ter, for the clean cloud (green curve) and most polluted one (black Time frmin)

curve).
Fig. 10. Time evolution of the mean drop radius below cloud cen-

ter, at 500 m height, for cloud 1 (clean) — green curve, cloud 2

of the drop size distribution, Fig. 8 presents the mass distri{800 ¢ ) —red curve, cloud 3 (1600 cn) — black curve.

bution functions of clouds 1 and 3 at cloud center at two lev-

els, within and below cloud base (at heights of 1200 m and o )

500m). The total mass mixing ratios at 1200m are: 1 and 1he finding of a larger mean drop-size below cloud base
1.2 gkg* for the clean and polluted cloud, respectively. The in the polluted case at 52 min of simulation is not transient.

total concentration numbers are 95 and ,1576irmespec- Figure 10 presents the evolution of the mean raindrop radius
tively. Two modes are recognized in the distribution assum-P€low cloud center, 500 m above ground. It reveals that the
ing a threshold at a diameter of 100 microns. Looking at theMean drop size in the polluted cloud is larger compared to
mean drop radius, at 52 min of simulation, for the two modesthat in the clean cloud during most of the time that the latter

separately (Fig. 9) reveals more detailed information. TheProduces ground precipitation (between 38-90 min of simu-

large mode mean drop size is larger in the polluted cloud,ation). _ o _
both above and below cloud base. The seemingly counter-intuitive formation of larger drops

In contrast to the large mode, as a result of the additionafin the large mode) in the polluted case can be explained by

small aerosols injected to the polluted cloud the small modeconsidering the interplay between small and large drops. Pol-
mean drop size is larger for the clean cloud both for cloudslution aerosol results in a higher number concentration of ac-
centers and margins, above cloud base. tivated droplets. This can be seen throughout the simulation
by the fact that the polluted cloud has two orders of magni-
tude more droplets in comparison to the clean cloud but with

www.atmos-chem-phys.net/8/15/2008/ Atmos. Chem. Phys., 8, 15-24, 2008
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Fig. 11. The calculated radar reflectivity below cloud center at .

500m height for the clean cloud (green curve) and most OIIutedcIoud center (100 m resolution) for cloud 1 (clean) — green columns,
9 9 P cloud 2 (800 cri3) — red columns, cloud 3 (1600 cm) — black

one (black curve).

columns.
iz klean smallest drops are very susceptible to the subsaturated condi-
Tprasmssnsndrsfforsanadsomsomagon ” ONOEEG, tions below cloud base. The mass mixing ratios at these grid
) Center points are 0.7 g kgt for the clean cloud and only 0.2 gk§
oy R AR 1 for the polluted one. The total number concentrations are
3 0.003 and 0.00009 cm, i.e., there is less mass mixing ratio,
go.s-- | and smaller drop concentrations, but because the reduction
2 4 | in drop concentration is much greater than the reduction in
' mass mixing ratio, the drops are larger in the polluted case.
0.2 . The mean drop radius below cloud base has a significant
J impact on radar reflectivity calculations. Figure 11 presents
0= ‘ : ! = the calculated radar reflectivity below the bases of clouds 1
30 40 50 60 70 80

and 3, 500 m above ground. It can be compared to the mass
mixing ratio for this height, presented in Fig. 12 (the drop
Fig. 12. The mass mixing ratio below cloud center at 500 m height concentration at this height is larger below the clean cloud
for the clean cloud (green curve) and most polluted one (blackbase at all times for which rain is falling). The two clouds
curve). present a different time evolution of radar reflectivity. This
calculated parameter can be compared in the future to radar
observations. By comparison to Fig. 12 it can be seen that
a much smaller average size. Large drops do form in a polthere is a trend for the polluted cloud radar reflectivity val-
luted cloud (in much smaller number). These large dropsues towards higher values. The mass mixing ratio of the most
while falling, collect water mass very efficiently due to two polluted cloud becomes larger than the one of the clean cloud
reasons: (1) they have more water-mass to collect (the calat 58 min but the calculated radar reflectivity becomes larger
culated integrals of the curves in Fig. 8 show a larger masss early as 48 min into the simulation. The ratio between the
of the small mode in the polluted cloud case) (2) higher col-maximum mass mixing ratio of the clean and most polluted
lection efficiency, due to larger variance in size between thecloud, is 3.9, and the ratio between the maximum radar re-
large drops and the background smaller droplets. It results irfilectivity values is only 1.5. These are because the sensitivity
larger and much fewer rain drops in the polluted cloud. of the radar reflectivity to the presence of big drops (the radar
Below cloud base (Fig. 8b) at 52 min of simulation, only reflectivity depends in the diameter to the 6th power). The
the large mode exists in the mass size distribution, for botarger drops of the most polluted cloud are shown in Fig. 10.
clouds. The small-drop peak, which can be recognized abové&0 although the drop mass is significantly reduced by pollu-
cloud base in the polluted cloud mass distribution (at 1200 mtion, the radar reflectivity difference is not as marked because
level, Fig. 8a), is reduced significantly below cloud base dueof the presence of larger raindrops below cloud base in the
to their evaporation. The distance of fall for complete evap-Polluted case.
oration of drops smaller than 50 microns increases with the The accumulated rain as a function of the distance from the
forth power of radius (Rogers and Yau., 1989), therefore thecenter of the cloud (Fig. 13) demonstrates that, as expected,

Time fmin)
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most of the rain accumulates below the central part of the As expected, the polluted convective clouds precipitate
cloud for these no-shear axisymmetrical simulations. Theless than clean clouds. Increasing the pollution concentra-
differences between rain amounts collected on the groundion, above the background level, from 0 to 1600 ¢rfeads

in the clean and the polluted case become larger movindgo a decrease in the total rain volume on the ground by a
away from the center toward the peripheral regions belowfactor of ~3.5. Mean drop radius has a significant impact

the clouds. In the middle of the cloud (grid point number 1) on radar reflectivity calculations. Comparison of the radar
the ratio between the accumulated rain in the clean comparetkflectivity to the mass mixing ratio shows there is a trend

to the most polluted cloud is 2.7. At the margin (500 m from of the polluted-cloud radar reflectivity values towards higher

the center) this ratio is 21.9. Due to the entrainment and envalues because of the sensitivity of the radar reflectivity to
hanced evaporation at the margin of the polluted cloud, thehe presence of big drops.

rain accumulated on the ground below this region is much

smaller than in the clean cloud.
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