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Abstract. Numerical experiments were carried out using the
Tel-Aviv University 2-D cloud model to investigate the effects of increased concentrations of Cloud Condensation Nuclei (CCN), giant CCN (GCCN) and Ice Nuclei (IN) on the
development of precipitation and cloud structure in mixedphase sub-tropical convective clouds. In order to differentiate
between the contribution of the aerosols and the meteorology,
all simulations were conducted with the same meteorological
conditions.
The results show that under the same meteorological conditions, polluted clouds (with high CCN concentrations) produce less precipitation than clean clouds (with low CCN concentrations), the initiation of precipitation is delayed and the
lifetimes of the clouds are longer. GCCN enhance the total
precipitation on the ground in polluted clouds but they have
no noticeable effect on cleaner clouds. The increased rainfall due to GCCN is mainly a result of the increased graupel
mass in the cloud, but it only partially offsets the decrease
in rainfall due to pollution (increased CCN). The addition of
more effective IN, such as mineral dust particles, reduces the
total amount of precipitation on the ground. This reduction
is more pronounced in clean clouds than in polluted ones.
Polluted clouds reach higher altitudes and are wider than
clean clouds and both produce wider clouds (anvils) when
more IN are introduced. Since under the same vertical sounding the polluted clouds produce less rain, more water vapor
is left aloft after the rain stops. In our simulations about 3.5
times more water evaporates after the rain stops from the polluted cloud as compared to the clean cloud. The implication
is that much more water vapor is transported from lower levels to the mid troposphere under polluted conditions, something that should be considered in climate models.
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1

Introduction

The role of aerosols in modifying clouds and precipitation has been one of the most intriguing questions in cloud
physics and in the study of climate change. Most publications to date show that increasing Cloud Condensation Nuclei (CCN) concentrations leads to higher cloud drop concentrations (Twomey, 1959), to smaller effective radii and
to longer-lived clouds (Albrecht, 1989; Ramanathan et al.,
2001). In spite of these and many other studies, the effects
of aerosols on precipitation amounts, has been made mostly
through hypothesis or through the use of numerical models.
There are only very few reported statistical valid observations that deal with the relationship between the properties
of the aerosol population and their effects on precipitation.
Warner and Twomey (1967) studied the effects of sugar cane
fires on precipitation amounts downwind. Although some
changes in cloud properties were reported, the study failed to
conclusively show that association could be found between
cane fires and rainfall amounts (Warner, 1968). Others such
as Woodcock and Jones (1970) also showed that the effect
of the smoke could not explain statistically the reduction of
precipitation and other factors such as meteorological conditions could have been responsible for the observed changes.
More recent studies using remote sensing observations of
cloud properties in regions with and without air pollution in
Australia (Rosenfeld, 2000), statistical analysis of rain events
in orographic conditions (Givati and Rosenfeld, 2004) and
field observations in cold orographic clouds (Borys et al.,
2003) revealed that increased pollution from anthropogenic
sources leads to a decrease in rainfall and snowfall. However, the difficulty of detecting changes in precipitation from
satellite observations has been highlighted by Ayers (2005)
who reported that no rain was recorded on the ground in the
area and the time analyzed by Rosenfeld (2000).
Another aspect of the cloud-aerosol system, which needs
to be addressed, is the potential effect of large and giant CCN
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from natural sources (such as sea salt and mineral dust) on
clouds and precipitation.
Hobbs et al. (1970) and Hindman et al. (1977a, b) reported
that the addition of small concentrations of large CCN into
warm clouds lead to the appearance of large drops and possibly to enhanced precipitation. Mather (1991) observed the
appearance of large drops in the mixed phase clouds forming
above the plume of a paper mill. This led him to propose that
hygroscopic seeding could be an effective way to enhance
precipitation.
Recent remote sensing analysis using NOAA-AVHRR retrievals from the Aral Sea (Rudich et al., 2002) showed
that clouds affected by salt-containing dust particles develop
larger cloud drop effective radius as compared with clouds in
the same region that are not affected by such large aerosols.
The implication is that the former clouds can promote more
precipitation.
Modeling studies on the effects of large and giant CCN
(GCCN) concentrations on precipitation were carried out by
a number of investigators (Feingold et al., 1999; Philips et
al., 2002; Yin et al., 2002; Khain et al., 2004; Khain and
Pokrovsky, 2004; Levin et al., 2005). All these studies
showed that increasing the CCN concentration has a suppression effect on precipitation. Some of these studies have also
shown that added small concentrations of GCCN cause enhancement of precipitation from stratocumulus clouds (Feingold et al., 1999) and cumulonimbus clouds (Yin et al., 2000,
2002; Levin et al., 2005).
It is apparent from the above studies that the differences in
the effect of anthropogenic air pollution on rainfall could be
related to differences in the properties of the polluting particles (chemistry, concentrations and size distributions). However, other effects such as various changes in meteorological
conditions could not be ruled out.
Furthermore, one more aspect that should be taken into
account in evaluating the effects of aerosols on clouds is the
contribution of ice nuclei (IN), such as mineral dust, in the
upper regions of the clouds. Increasing the concentrations
of such IN could lead to rain enhancement or suppression.
Rosenfeld et al. (2001) showed using remote sensing observations that dust storms containing large amounts of CCN
and IN tend to reduce the effective radius of particles near
cloud top and to reduce precipitation as interpreted from
TRMM. Van den Heever et al. (2005) tested the effects of
dust particles acting as both GCCN and IN on large Florida
convective clouds. Using the Regional Atmospheric Modeling System (RAMS) they showed that the accumulated surface precipitation from a cloud field is initially greater in
the cases in which the GCCN and/or IN concentrations are
enhanced than in the simulation run of a clean case. However, at the end of the simulation, the accumulated precipitation is greatest in the clean case, demonstrating the reduction
in surface precipitation associated with increases in aerosol
concentrations. These results demonstrated that dust modiAtmos. Chem. Phys., 6, 67–80, 2006

fied the spatial and temporal distribution of the rainfall on the
ground.
In addition to their effects on precipitation amounts,
aerosols also influence the spatial dimensions of clouds, such
as cloud horizontal extent (normally named cloud fraction
as seen from space) and cloud height. Using MODIS data,
Koren et al. (2005) and Kaufman et al. (2005), showed that
the increases in aerosol optical depth, corresponding to increases in aerosol concentrations over the Atlantic Ocean
during summer months lead to increases in the height and
cloud fraction of convective and stratus clouds, and to a decrease in cloud drop effective radii.
Ackerman et al. (2000) simulated the cloud cover above
the Indian Ocean and found that the addition of large concentrations of absorbing aerosols such as black carbon reduces cloudiness (the semi-direct effect). On the other hand,
Norris (2001) studied the historical weather records in the
same region and showed that cloudiness was not affected by
air pollution. Furthermore, McFarquhar et al. (2004) showed
that aerial coverage of polluted clouds and cloud top heights
in the Indian Ocean are lower than pristine clouds.
The conflicting results reported in the above references illustrate that much work is still needed to clarify the effects
of pollution on clouds morphology and precipitation and to
identify the relative role of the aerosols versus the effects of
the local meteorology.
For the purpose of isolating the microphysical effects from
the influence of the meteorology, simulations using numerical cloud models could be used.
Recently, Levin et al. (2005) incorporated aerosol properties that were measured in a dust storm over the eastern
Mediterranean into the Tel Aviv University 2-D cloud model
(Yin et al., 2000) and found that GCCN or enhanced IN concentration cause large modification in the total precipitation
amounts from the cloud. They also showed that GCCN and
IN change cloud dimensions (height and width) and modify the production of large droplets, graupel particles and ice
crystals.
The main objective of this paper is to expand the work of
Levin et al. (2005) by using many model simulations of different scenarios with the same cloud model for analyzing the
impact of pollution and mineral dust aerosols on the development of clouds and precipitation in sub tropical cumulonimbus clouds, and to study their contribution to the changes in
cloud height, cloud horizontal extent and cloud lifetime.

2

The TAU-2D cloud model

For the purpose of this study we used the Tel Aviv University 2-D numerical cloud model (TAU-2D) with detailed
treatment of the cloud microphysics (Yin et al., 2000). This
model uses the Spectral Method of Moments (Tzivion et
al., 1987; Reisin et al., 1998) for calculating the growth of
water drops and ice particles by various processes such as
www.atmos-chem-phys.org/acp/6/67/
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nucleation of water and ice, condensation, collection, riming, melting, drop breakup and sedimentation. The cloud
is initiated with a short pulse of temperature and humidity
just below cloud base. For the present study we used 300 m
height and 300 m lateral resolutions and a 2 s time step.
It should be noted that Yin et al. (2002) performed a number of test runs with smaller grid space (150×150 m and
200×200 m) and did not find any significant sensitivity of
the results to changes in grid resolution (except for a small
delay in the cloud development). In order to save computer
time so that many simulations could be performed, we chose
to keep the 300 m resolution.
The initial conditions of the CCN vertical size distribution profiles and their chemical compositions for the Mediterranean clouds were set according to the airborne physical
and chemical measurements reported by Levin et al. (2005).
These measurements correspond to typical CCN size distribution profiles for the Mediterranean region during winter
dust storms. Using the shape of the measured CCN size distributions the simulations were run with initial surface CCN
concentrations that varied between 90 cm−3 (named “clean
cloud”) and 1350 cm−3 (named “polluted cloud”). The role
of GCCN in clean and polluted conditions was also considered. In this study, GCCN were defined as aerosols larger
than 0.5 µm in diameter for the Mediterranean aerosol size
distribution.
In the model, drops are nucleated based on the supersaturation and critical diameter following the classical Köhler
theory (Pruppacher and Klett, 1997). Calculations of the
critical radius for aerosol activation were done by assuming
that CCN are composed of pure sea-salt (NaCl) with 100%
solubility. Sine cloud condensation nuclei begin to grow by
absorption of water vapor long before they enter the cloud
(e.g. Yin et al., 2000), these wetted particles provide the initial sizes for subsequent condensational growth. The main
problem is how to include these wetted particles in the model
calculations. In Yin et al. (2000, 2002) and here we used the
method of Kogan (1991) that assumes that the initial droplet
size formed on CCN with radii smaller than 0.12 µm is equal
to the equilibrium radius at 100% RH, while for larger ones
the initial radii are smaller by a factor k(r) than their equilibrium radii at 100% RH (see Yin et al. (2000) for further
details). Once the drops reach their critical size or their size
based on Kogan (1991) the drops are placed in the appropriate bin for subsequent growth.
The drops grow by condensation and then by collisioncoalescence processes. As the cloud develops vertically,
reaching subfreezing temperatures, ice crystals begin to form
by the freezing of cloud drops containing efficient IN, primarily those containing mineral particles. Ice nucleation is
accounted for by using the parameterization of Meyers et
al. (1992) in which the concentration of IN in the atmosphere is proportional to the supersaturation, when dealing
with deposition or condensation-freezing processes, and proportional to the supercoolling temperature when dealing with
www.atmos-chem-phys.org/acp/6/67/
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contact nucleation. Ice particles also form through ice multiplication process induced by collisions of large drops and ice
particles (Hallett and Mossop, 1974). The ice crystals grow
by deposition and aggregation to form snow and by riming
to form graupel particles. The large graupel particles and the
large ice crystals eventually descend, melting on their way
down to form raindrops. Large raindrops collide with other
raindrops and break up to form smaller drops based on the
algorithm of Reisin et al. (1998) and the distribution of Low
and List (1982a, b).
For scenarios in which mineral dust particles enter the
clouds we assumed that the concentration of IN increases by
a factor of 10 above the values given by Meyers et al. (1992).
Recently, DeMott et al. (2003) measured the IN concentrations in a dust layer that was transported from Africa to
Florida. They showed that between about 1.5 and 4 km altitude the IN concentrations at −38◦ C were about 1 cm−3 .
These values were about 20 to 100 times higher than those
measured at lower altitudes in a non-dusty environment at
the same location. Note that these measurements represent
all the IN that nucleate ice down to −38◦ C. In the Mediterranean clouds simulated here the clouds only reached about
−30◦ C, therefore the expected IN concentrations would be
lower. Since there is no reliable data on the IN concentration
in winter Mediterranean clouds we assumed that the concentration of IN increased by a factor of 10 above the clean background environmental values given by Meyers et al. (1992).
This increase is used as an illustration of the potential effects
of mineral dust on clouds and it could be modified if IN measurements in dust storms in this region become available.
A total of 20 scenarios were tested using the simulation
for the Mediterranean conditions. Figure 1 shows the initial
CCN size distribution on the ground used for the different
cases. Figures 1a and b show the initial CCN size distributions for 10 of the cases used in the Mediterranean scenario
without and with GCCN, respectively. The CCN size distributions in the cases with enhanced IN were the same as those
shown in these figures. The different simulations represent a
wide range of CCN concentrations beginning from extremely
clean conditions with CCN concentrations of 90–100 cm−3
to extremely polluted conditions with CCN concentrations
of 1350–1370 cm−3 . The initial aerosol concentrations in all
the cases remained constant from the surface to 1 km and
then decreased exponentially with height with a decay factor
of 2000 m (the concentrations decreased to 1/e of their values
in 2000 m).
The initial thermodynamic conditions for the simulations
were selected to represent average sounding conditions of
winter convective clouds in the eastern Mediterranean region. The temperatures at the sea surface and at cloud base
(about 1000 m) were 19◦ C and 7◦ C, respectively. The humidity profile was similar to the profile presented by Yin et
al. (2002) and is shown in Fig. 2. Wind shear was not included in the simulations discussed here.
Atmos. Chem. Phys., 6, 67–80, 2006
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(a)

(a)

Figure 2 - Profile
thermodynamic
conditions that were
used in all
thewere
simulations.
Fig.of2.initial
Profile
of initial thermodynamic
conditions
that
used

in all the simulations.

Figure 3 reveals that as CCN concentration increases, or
as the clouds become more polluted, the total precipitation
decreases. For the reference scenarios in which no GCCN
are added and IN concentrations remain as in Meyers et
al. (1992), the clean cloud (with total CCN concentration of
90 cm−3 ) produced 16 times more precipitation than the polluted cloud (1350 cm−3 ).
The addition of very small amounts of GCCN (here between 10–20 cm−3 are added depending on the cloud type;
corresponding to between about 1–10% of the background
(b)
CCN concentrations) leads, in some cases, to increases in
Figure 1 - Initial aerosol size distributions(b)
used in the TAU-2D cloud model, (a) and (b) correspond
rainfall. (Please note that the initial CCN concentrations
Figure
1 - Initial
size
distributions
used in the
TAU-2D
model, (a)
and (b) correspond
to cases
in which
are
absentsize
and present,
respectively.
in the clean cloud and polluted cloud increased from 90 to
Fig.aerosol
1.GCCN
Initial
aerosol
distributions
used incloud
the TAU-2D
cloud
100 and from 1350 to 1370, respectively, when GCCN were
to cases in which
GCCN
and present,torespectively.
model,
(a)are
andabsent
(b) correspond
cases in which GCCN are absent
and present, respectively.
added.) Figure 3 shows that GCCN increase precipitation in
the polluted clouds but have no effect on the clean clouds
(while actually, their relative fraction is higher in the clean
3 Results
clouds). In fact the effects of the GCCN are not felt in a significant way in clouds with CCN concentrations smaller than
The following discussion focuses on the effects of aerosols
about 600 cm−3 . These increases are sometimes significant,
on four major features of clouds related to their size and
especially in the polluted clouds, but they are small compared
precipitation production. These are: a) Total precipitation
to the decrease in total rain when clean clouds become polon the ground, b) Temporal evolution and spatial spreading
luted. For example, a clean cloud with 300 CCN cm−3 reof precipitation, c) Distribution of the hydrometeors within
duces the total precipitation on the ground by a factor of four
the cloud and d) Cloud dimensions (horizontal spreading and
due to an increase in CCN to 900 cm−3 . At the same time
cloud top height) as function of time and its lifetime.
the addition of GCCN to the more polluted cloud will only
enhance the rainfall by about 25%. In other words, when
3.1 The effect of aerosols on the total precipitation on the
dealing with meteorological conditions similar to those of the
ground
Mediterranean region, the effects on mixed phase clouds of
pollution with or without GCCN is to decrease precipitation
Figure 3 shows the total accumulated precipitation on the
on the ground, while the GCCN helps to reduce this decrease
ground as a function of the initial CCN concentration for all
somewhat.
the scenarios. Here, the total precipitation was defined as
The clouds that are developed with added IN produce ice
the total amount of water (in m3 ) reaching the ground for the
more efficiently and deplete the cloud droplets. However, the
entire simulation time. The model is two-dimensional; theresimulation shows that under the same meteorological condifore, the total precipitation was calculated assuming that the
tions these increases lead to a reduction in total rain amounts
cloud has a horizontal thickness of one kilometer.
Atmos. Chem. Phys., 6, 67–80, 2006
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in all clouds except the most polluted ones where the effects
are negligible.
The above results suggest that the addition of small concentrations of GCCN, such as sea salt or mineral dust particles coated with sea salt or sulfate (Levin et al., 1996; Levin
et al., 2005) can reduce the magnitude of this rain suppression. On the other hand, enhancement of the IN concentration by the same mineral dust particles or by IN from anthropogenic sources suppresses the precipitation even more. We
see, therefore, that GCCN and IN affect most clouds in the
opposite direction.
3.2

The effects of aerosols on the temporal evolution and
spatial spread of precipitation on the ground
Figure 3 – Total precipitation on the ground produced by each case. Total precipitation was

Fig.by3.assuming
Total precipitation
on1 the
In addition to the effects of the CCN, GCCN and IN on the calculated
cloud thickness of
km. ground produced by each case.
Total precipitation was calculated by assuming cloud thickness of
total accumulated precipitation, it is also instructive to look
1 km.
at their effects on the development of the precipitation rate
on the ground and its spatial spread as function of time. Figure 4 shows the maximum precipitation rate on the ground
ported closer to the cloud lateral boundaries during cloud deas a function of time for the different cases and Fig. 5 shows
velopment. The growth of the droplets at the cloud edges
contour plots of the spatial spreading of the precipitation rate
is limited due to the relatively low supersaturation and the
on the ground as function of time. Figure 5a shows the effect
lower concentrations of cloud drops. In the polluted cloud
of CCN population (without GCCN and IN enhancement)
the droplets that are transported to the edges are too small to
and Figs. 5b and c show the effects of added GCCN and IN
produce precipitation.
enhancement for the clean and the polluted clouds, respecAdding GCCN to the initial CCN distribution has very
tively. From Figs. 4 and 5 it is clear that the maximum prelittle effect on the maximum precipitation rate (compare
cipitation rate is reached near cloud center.
Figs. 4a and b or 4c and d).
Figure 4 shows that the times for the initiation of rain and
Figure 5b shows that adding GCCN to the clean clouds
the times to reach maximum precipitation rate are positively
has no effect on the spatial spreading or on the time of precorrelated to the CCN concentrations. In addition, the value
cipitation initiation. On the other hand, adding GCCN to the
of the maximum precipitation rate decreases as CCN concenpolluted cloud starts the rainfall earlier and increases the spatrations increase.
tial spread of precipitation on the ground as compared to the
Figure 5a shows the relationship between the CCN conreference case (Fig. 5c).
centration and the spatial spreading of the precipitation for
Comparison between Figs. 4a and c and Figs. 4b and d
the reference cases in which neither GCCN nor enhanced
shows that enhancement of IN concentration reduces the
IN concentration were added. The results reveal that premaximum precipitation rate in the cleaner clouds. IN encipitation from clean clouds spreads over larger area than
hancement has only minor effect on reducing the spatial
from the heavy polluted clouds. Similar to Fig. 4, Fig. 5a
spread of precipitation in the clean cloud (Fig. 5b) and has no
also shows that precipitation starts earlier in clean clouds,
effect on the spread of rainfall from polluted clouds (Fig. 5c).
beginning from a region near the main updraft, where vertical wind reaches its maximum value and then spreads to3.3 The effect of aerosols on the distribution of the hydromward the cloud edges. It is of great interest to note that in
eteors within the cloud
the cleanest cloud (with CCN concentration of 90 cm−3 , see
upper-left graph in Fig. 5a) the times of maximum precipThe effects of the aerosols on the precipitation efficiency and
itation rate and maximum spreading are not identical. In a
the spatial distribution of the hydrometeors in the cloud are
more polluted cloud these times are approximately the same.
demonstrated by calculating the mass content of each type
This finding shows that in clean clouds the time to produce
of hydrometeor as a function of time. This is done by integrating the mass content over one dimension (horizontal or
large raindrops by the microphysical processes is shorter than
vertical) to obtain (in unit of g m−2 ) liquid water path (LWP),
the time it takes for the cloud to spread over a large area.
ice path (IP), and graupel path (GP) as a function of time. As
When the rain from the clean cloud reaches its maximum
will be shown below, these calculations will serve to estimate
spread, the precipitation rate at the cloud center is very low
the mass of water vapor and aerosols transported to the mid
(below 2 mm h−1 ). This means that at this stage most of the
troposphere following cloud dissipation and will be used to
rain that developed at the cloud core has already reached the
illustrate the effects of aerosols on cloud dimensions.
ground and the remaining small cloud droplets were trans-
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(b)

(b)

(b)

(b)

(b)

(a)

(a)

(c)

(d)

Fig. 4. Precipitation rate as function of time for the entire cases. (a) corresponds to cases in which GCCN are not present and IN concentration
is not enhanced, (b) corresponds to cases in which GCCN are added and IN concentration is not enhanced, (c) corresponds to cases in which
GCCN are not present and IN(c)
concentration(c)
is enhanced, (d) corresponds to cases in which GCCN added
and IN concentration
is enhanced.
(d)
(d)
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whichare
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to which
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Figures 6a and b reveal that the GP in the polluted cloud is
GCCN areGCCN
not present
IN concentration
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(d)
to tocases
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which
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arethan
notinand
present
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toand
cases
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which
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28 corresponds
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compared
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in
much lower
the clean cloud.
Figure
6c and d further

that the spatial spread
of the graupel is much smaller,
added andshow
IN concentration
is enhanced.
added
and IN concentration
is enhanced.
located between about 5000 m down to about 2000 m in the
polluted cloud compared to spread between about 6000 m
down to the surface in the clean cloud. Graupel particles first
appear around 25 min and 6000 m in the clean cloud while
they begin to form around 35 min and 5000 in the polluted
cloud (see Fig. 6c and d). The delay in the formation of the
graupel particles in the polluted cloud is a result of the low
freezing efficiency of the smaller cloud drops in this cloud.
Atmos. Chem. Phys., 6, 67–80, 2006

the polluted cloud. The above behavior is associated with
the fact that the precipitation starts earlier (around 35 min)
and lasts longer (it end on around 57 min) in the clean cloud.
In contrast, the polluted cloud starts precipitating only after
about 50 min and lasts only until about 67 min.
Some of the precipitation in the clean cloud is formed by
graupel particles (in spite of some melting, some graupel
reach the ground), while in the polluted clouds the amount of
rain is small and is mainly formed by raindrops. One other
www.atmos-chem-phys.org/acp/6/67/
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(a)
(b)

(a)

(b)

(b)

Figure 5 - Precipitation rate on the ground as function of time. (a
(c)

no GCCN are present and no IN enhancement, (b) Clean cloud w
(c)

(upper right), no GCCN and with IN enhancement (lower left) a

right) (c) like (b) except for a polluted cloud
Fig. 5. Precipitation rate on the ground as function of time. (a) effect of CCN concentration when no GCCN are present and no IN
enhancement, (b) Clean cloud with GCCN and no IN enhancement (upper right), no GCCN and with IN enhancement (lower left) and with
both GCCN and IN (lower right) (c) like (b) except for a polluted cloud.

feature that clearly appears in Figs. 6a and b is the larger horizontal extent of the polluted cloud (about 1 to 1.5 km higher
than the clean cloud) and the higher cloud top (about 0.5–
1 km higher than the clean cloud).

freezing and increases the riming efficiency; both leading to
more graupel mass and enhanced precipitation on the ground
(compare the contours at the lower altitudes on Figs. 9c and
d). These figures also show that precipitation starts earlier
and lasts much longer. The enhanced graupel production is
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in the
is and
shown
in(lower
Figs.
8 and 10, respectively. Figure 8 shows that
clean clouds while the effects on the polluted cloud are sigthe amount of rainfall slightly decreases due to the added IN
b)
a polluted
cloud
eptexcept
for a for
polluted
cloud
nificant. Although
larger drops are produced when GCCN
while the amount of ice crystals aloft increases. The addiare present, the biggest effect is in the production of graupel
tional IN lead to the formation of more ice crystals by departicles (compare Figs. 9a and b). Once GCCN are active in
pleting some of the cloud drops (note the small reduction in
the polluted cloud the graupel particles begin to form around
the LWC). The enhancement of small ice crystals in the up30 min (Fig. 9a) and at an altitude of 5500 m, about 5 min
per parts of the cloud leads to the formation of an anvil and
earlier than in cloud with no GCCN. The larger drops formed
to a large horizontal spread of the cloud mass as can be seen
due to the existence of the GCCN enhance the probability of
by comparing Fig. 8a and b for times greater than 50 min.
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Fig. 6. Water, ice and graupel paths of mass content (in g m−2 ) in the clouds as a function of time, height and width. no GCCN were added
and IN concentration are not enhanced. (a) and (b) – Vertical integral of the mixing ratio of each type of hydrometeor as a function of time
and horizontal locationFigure
for the6 clean
cloud
and graupel
the polluted
respectively.
Vertical
the mixing ratio of the
- Water,
ice and
paths cloud
of mass
content (in g(c)
m-2and
) in(d)
the –clouds
as adistribution
function of of
time,
different hydrometeors integrated over the horizontal axis (g m−2 ) as a function of time for the clean and the polluted clouds respectively.
height and width. no GCCN were added and IN concentration are not enhanced. (a) and (b) of thecloud
mixing
ratio ofthat
eachthe
type of hydrometeor
as a functionthe
of time
andof
horizontal
Figures 10a and bVertical
for theintegral
polluted
shows
cant when evaluating
effects
aerosols and water vapor
for especially
the clean cloud
and the polluted
(c) and (d)forcing.
- Vertical distribution of
enhanced IN reduceslocation
the GP,
at regions
near itscloud respectively.
on global radiative
edges. Large amounts
ice crystals
appear
earlier
in the integrated over the horizontal axis (g m-2) as a
the of
mixing
ratio of the
different
hydrometeors
cloud when IN is enhanced (25 min as in Fig. 10d compared
3.4 The effects of aerosols on cloud’s dimensions and lifefunction of time for the clean and the polluted clouds respectively.
to 30 min in Fig. 10c). On the other hand, the effect on pretime
cipitation on the ground is negligible.
Figure 6 shows that the horizontal extend of the polluted
Integrating the total mass in the cloud over time allows us
cloud is larger by as much as 1 km than the clean cloud.
to estimate the amount of water that can be evaporated back
The depths of the polluted cloud are also bigger, but to a
into the atmosphere after the rain stops. Figure 11 compares
much lesser extend (only about 200–500 m). Comparison
the total mass content as a function of time in the clean and
between Fig. 6c and d also shows that while both clean and
polluted clouds. It shows that the conversion from vapor to
polluted clouds begin their growth at the same time (about
hydrometeors is more efficient in the clean cloud since the to15 min from the start of the simulation), the polluted cloud
tal hydrometeor mass reaches its maximum earlier. However,
lives longer, leaving more mass after precipitation stops (see
the maximum total mass in both clouds is only different by
also Fig. 11). The slow rate of growth and the smaller deple<10%, suggesting that the total mass is not strongly affected
tion of water by precipitation due to the smaller sizes of the
by the CCN concentrations. Of course the rate of hydromedroplets and graupel particles in the polluted cloud explain
teor formation is certainly different (see Fig. 11). The CCN
the longer lifetime of these clouds.
concentrations affect the remaining mass in the cloud after
the clouds stopped raining. While in the clean clouds most
The addition of GCCN to the polluted cloud modifies the
relative contents of water and graupel (see Figs. 9c and d after
of the mass of the cloud disappears (mostly by rainfall), in the
polluted cloud most of the mass remains above the ground.
30 min) but the effect on the cloud top height (considering all
types of hydrometeors) is minimal. It is interesting to note
Evaporation of the drops and especially melting and evaporation of the ice crystals (Fig. 6d) after cloud dissipation leads
that between 30–40 min most the mass at the upper regions
to higher aerosol concentrations and higher water vapor mass
of the polluted cloud (above 5000 m) contain water and ice
while added GCCN convert some of the water to graupel. On
in the upper regions of the troposphere. This may be signifi-
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Fig. 7. Water, ice and graupel
of mass
content
(inpaths
g m−2
in thecontent
clean (in
clouds
a function
time,asheight
and of
width. (a) and (b) –
Figure 7paths
- Water,
ice and
graupel
of)mass
g m-2as
) in
the clean of
clouds
a function
Vertical integral of the mixing ratio of each type of hydrometeor as a function of time and horizontal location for clouds without and with
height
and width.
(a) and
(b) mixing
- Vertical
of the hydrometeors
mixing ratio of
each type
ofthe horizontal axis
GCCN respectively. (c) time,
and (d)
– Vertical
distribution
of the
ratio integral
of the different
integrated
over
−2
(g m ) as a function ofhydrometeor
time for the clouds
withoutof
andtime
withand
GCCN,
respectively.
as a function
horizontal
location for clouds without and with GCCN
respectively. (c) and (d) - Vertical distribution of the mixing ratio of the different hydrometeors
-2
over the
horizontal
axis (g
) as a function
for thespectrum
clouds without
and with
the other hand there isintegrated
no noticeable
effect
of GCCN
onmthe
GCCN of
in time
the CCN
increases
the total rainfall on
GCCN Figures
respectively.
height of the clean cloud.
7 and 9 also show that
the ground but does not compensate for the large decrease
adding GCCN to a polluted cloud has almost no influence
due to the increases in CCN by pollution. Enhancing IN acon the cloud lifetime although in polluted clouds rainfall is
tivity in the clouds simulated here reduces the total precipitagreater when GCCN are added.
tion on the ground in all clouds except in the heavy polluted
cases.
The addition of IN to clean clouds increases the ice content near cloud top and slightly increases its height (compare
Furthermore, the results show that adding GCCN and enFigs. 8c and d). The added ice crystals at the upper reaches of
hancing IN activity not only affect the total precipitation on
these clouds also increases cloud horizontal extent (Figs. 8a
the ground (Fig. 3) but also modify the precipitation rates
and b). On the other hand, the addition of IN to the heavily
(Fig. 4) and the spatial spread of the precipitation (Fig. 5),
polluted cloud only slightly increases cloud top height and
while influencing relatively little (<10%) the maximum total
width (see Figs. 10c and d) and does not have an effect on its
masses of water and ice (Fig. 11).
lifetime (see Figs. 8 and 10).
These results imply that the thermodynamic conditions determine the “potential” maximum total mass of the cloud
(Fig. 11), but the distributions of water, graupel and ice hy4 Discussion
drometeors during the cloud lifetime and the amount of precipitation are determined by the cloud microphysical pro4.1 The effects of CCN concentration, GCCN and IN on
cesses (Figs. 6–10). These processes are influenced by the
rainfall
characteristics of the CCN and the IN population that enter
the cloud at the beginning and during its growth.
Figure 3 shows that under the same meteorological conditions polluted clouds precipitate less than clean clouds.
A more careful view of the microphysical processes reIn fact, increasing the CCN concentrations from 300 to
veals that the insertion of small concentrations of GCCN af900 cm−3 decreases the total amount of rain on the ground
fects differently the production of precipitation in clean and
by a factor of about 3.7. Incorporating small numbers of
the polluted clouds. Supersaturation reaches higher values
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−2 ) in the clean clouds
Fig. 8. Water, ice andFigure
graupel
ofice
mass
g mof
of time,
andofwidth. (a) and (b) –
8 -paths
Water,
andcontent
graupel(in
paths
mass content (in g m-2) as
in athefunction
clean clouds
as aheight
function
Vertical integral of the mixing ratio of each type of hydrometeor as a function of time and horizontal location for clouds without and with IN
time,(c)
height
and– Vertical
width. (a)
and (b) of- the
Vertical
integral
mixinghydrometeors
ratio of eachintegrated
type of over the horizontal
enhancement respectively.
and (d)
distribution
mixing
ratio ofofthethedifferent
axis (g m−2 ) as a function
of time for
andand
withhorizontal
IN enhancement,
hydrometeor
as the
a clouds
functionwithout
of time
location respectively.
for clouds without and with IN

enhancement respectively. (c) and (d) - Vertical distribution of the mixing ratio of the different
-2 µm. Therefore, in the absence of large droplets, the rim100
in clean clouds because
the smallintegrated
concentrations
of droplets
hydrometeors
over the horizontal
axis (g m
) as a function of time for the clouds without
ing
efficiency remains low and the ice crystals remain small
are not sufficient to and
rapidly
deplete
the
access
water
vapor.
with IN enhancement respectively.
(as was shown by Borys et al., 2003).
The appearance of higher supersaturation in clean clouds,
therefore, leads to faster growth by condensation of each
When the CCN spectrum contains GCCN, larger cloud
droplet and to an earlier and faster growth by coalescence.
droplets are formed at lower altitudes leading to an earlier
The addition of a few (about 5–10% by number) GCCN to
formation of graupel particles (Fig. 9d). The reason more
clean clouds does not accelerate the already rapid growth
graupel particles are formed is because the larger unfrozen
process. In the polluted clouds, on the other hand, the addrops have higher riming efficiency with ice crystals. In addition of similar concentrations of GCCN (only about 1.5%
dition, the larger drops have higher a probability to freeze.
by number) creates a few relatively large droplets (with radii
Unlike the effects of the GCCN, increases in the IN con>20 µm) that grow rapidly by collecting smaller droplets.
centrations
affect differently the clean and polluted clouds.
Subsequently and at higher altitudes, these large droplets
In
clean
clouds,
GCCN do not contribute significantly to
are among the first to freeze and produce graupel particles
the
production
of
graupel particles (Fig. 7). However, when
(Figs. 9c and d). These different responses of the polluted
more
IN
are
present,
the ice concentration increases at the exand clean clouds to the addition of GCCN are seen in Fig. 3,
pense
of
the
water
drops,
which are the main source for the
where no effects on precipitation amounts are observed in the
growth
by
riming.
The
enhancement
of IN leads to lower
clean clouds but significant enhancement effects are obtained
water
content,
lower
graupel
mass
loading
and higher ice
in the polluted cloud.
content (Fig. 8). In the polluted clouds, enhancement of IN
concentrations seems to have only a minor effect on the total
When GCCN are missing from the CCN population, grauprecipitation. This is because high concentrations of small
pel production is limited because there are not many large
droplets climb to high altitudes before they become large
droplets to freeze. Under these conditions high values of supersaturation with respect to ice develop and high concentraenough to rime with ice crystals and to form graupel partions of IN are activated. In our model, small frozen droplets
ticles. Figure 3 summarizes this by showing that as CCN
concentrations increase, the reduction in rainfall due to the
become graupel particles only when their radii are larger than
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Fig. 9. Water, ice and graupel
of mass
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functionclouds
of time,
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respectively. (c) and (d) - Vertical distribution of the mixing ratio of the different hydrometeors
integrated over the horizontal axis (g m-2) as a function of time for the clouds without and with

enhanced IN concentration diminishes. Comparison between
GCCN respectively.
Figs. 4a and c also shows that while IN enhancement causes
precipitation to start later in clean clouds, it does not have a
significant effect on the polluted ones.

fects. GCCN tend to increase precipitation, primarily in
the polluted clouds, while added IN decreases precipitation
amounts, but mainly in the clean clouds.

Similar results about the effect of CCN concentration on
cloud rainfall efficiency were found in a number of numerical
studies (Reisin et al., 1996, 1998; Phillips et al., 2001; Khain
et al., 2004; Khain and Pokrovsky, 2004) but only in relatively few observational studies (Warner and Twomey, 1967;
Rosenfeld et al., 2000; Givati and Rosenfeld, 2004).

4.2

The above results also support the previous studies on the
effects of GCCN on precipitation (e.g. Johnson et al., 1982;
Feingold et al., 1999; Yin et al., 2002; Rosenfeld et al., 2002;
Rudich et al., 2002). The results here show that inclusion of
GCCN in the CCN population enhances precipitation only
when CCN concentrations are high. These results suggest
that large aerosols that can act as CCN such as sea salt and
mineral dust coated with soluble material may have a positive
effect only in highly polluted regions. Although the absolute
amounts of rain from such polluted clouds are low, the relative increases due to the effects of GCCN could be high.
From the discussion above it becomes clear that in terms
of total rainfall on the ground, increasing the concentrations of both GCCN and IN seem to have opposing efwww.atmos-chem-phys.org/acp/6/67/

The effects on cloud dimensions and lifetime

The results of the simulations also shed light on the role
of aerosols in modifying the cloud dimensions and lifetime.
These features have received much attention recently due to
their effect on the earth radiation budget as characterized by
the various global aerosols indirect effects (e.g. Lohman and
Feichter, 2005).
Figure 6 demonstrates that polluted clouds climb to higher
altitudes than clean ones. The initial CCN concentrations affect the size and types of hydrometeors that reach the cold
regions of the cloud and thus may change cloud top height
and width. Figures 6a and b show that the largest spread
of the cloud occurs at the upper regions (where graupel and
ice are present). In the polluted clouds many small droplets
reach the higher levels with sizes that are insufficient to fall
down against the updrafts. Because of their small size these
droplets have low riming efficiencies with existing graupel
or ice particles, thus preventing the latter from growing.
At the same time, these small droplets can form ice crystals by immersion or by contact freezing and increase the
Atmos. Chem. Phys., 6, 67–80, 2006
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Fig. 10. Water, ice and graupel paths of mass content (in g m−2 ) in the polluted clouds as a -2function of time, height and width. (a) and (b) –
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Fig. 11. The effect of CCN concentration on the total mass of water,

igure 11 - The effect
of CCN
concentration
on the total
mass of water, ice and graupel as a function
ice and
graupels
as a function
of time.

f time.

cloud than from a clean one (while the differences between
the maximum masses of the polluted and clean clouds during
their growth are only about 10%). This water mass usually
evaporates and modifies the vertical profile of humidity. In
other words, polluted clouds are efficient vehicle for transporting water vapor from lower levels to the mid and upper
troposphere.
The presence of GCCN increases the drop size of a few
drops and accelerates their growth. This leads to an increase
in the mass loading of drops and graupel. However, since the
number of such large particles is relatively small, the effect
on cloud top height is very small. IN enhancement in polluted clouds, on the other hand, reduces the rate of graupel
production but increases the ice mass in the upper parts of
the cloud. These opposite tendencies account for the similar
dimensions of the heavy polluted cloud (1350 cm−3 ) with or
without enhanced IN.

ice crystal concentrations in the upper reaches of the cloud
(Fig. 6d). When the cloud stops precipitating these crystals
simply evaporate releasing water vapor and aerosols to the
upper regions of the troposphere. From Fig. 11a one can surmise that about 3.5 times higher cloud mass is left behind in
Atmos. Chem. Phys., 6, 67–80, 2006
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5 Summary and conclusions
The Tel Aviv University 2-D cloud model was used to describe the links between aerosol concentration, cloud growth
processes and precipitation. It is shown that under the same
meteorological conditions different aerosol populations can
significantly modify total precipitation, cloud coverage and
cloud life-time by affecting only the cloud microphysical
processes.
In order to separate the influence of meteorology from
those of the aerosol-cloud microphysical effects, a single atmospheric thermodynamic profile was used in all the different scenarios. This profile represents typical winter conditions in the Mediterranean region.
The most important findings are the following:
– Under the same meteorological conditions, polluted
clouds produce less precipitation, the initiation of precipitation is delayed and the lifetime of the clouds is
longer.
– A reduction by a factor of about 3.7 in total rain amounts
on the ground is seen by increasing CCN concentrations
from 300 to 900 cm−3 .
– GCCN enhances the total precipitation on the ground
in polluted (or continental with CCN concentrations
>600 cm−3 ) clouds but it has no noticeable effect on
cleaner clouds.
– The increased rainfall due to GCCN is mainly due to the
increase in the amount of graupel in the cloud.
– The increase in rainfall due to GCCN is small in comparison to the decrease in precipitation due to pollution.
– Adding more effective and high concentrations of IN
(such as dust particles) reduces the total amount of precipitation on the ground. This reduction is more pronounced in clean clouds than in polluted ones.
– Polluted clouds and those affected by higher concentrations of IN lead to wider clouds (anvils). This could
explain the satellite observation of higher cloud fraction
under high aerosol content.
– Polluted clouds have higher cloud tops than clean
clouds.
– Since much of the cloud mass near cloud tops evaporates after the cloud stops raining, more water vapor is
released into the mid troposphere from polluted clouds
than from clean ones. Using the model simulations we
obtained a value of about 3.5 for the ratio of the amount
of cloud mass that evaporates from a polluted cloud to
a clean one. This means that much water vapor is transported from lower levels to the mid troposphere under
polluted conditions.
www.atmos-chem-phys.org/acp/6/67/
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Since the results have implications for climate study and for
water resources, it should be expanded to include tropical
and fair weather clouds.
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