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Abstract. In 1997/1998 a severe smoke episode due to exwater from the less strongly raining convective clouds and
tensive biomass burning, especially of peat, was observetiecause of the generally lower absolute amounts of rain-
over Indonesia. September 1997 was the month with thdall from large-scale clouds. With increasing aerosol load
highest aerosol burden. This month was simulated using théoth, convective and large scale clouds produce less rain.
limited area model REMOTE driven at its lateral boundaries At very few individual time steps cases were found when
by ERAJ40 reanalysis data. REMOTE was extended by apolluted convective clouds produced intensified rainfall via
new convective cloud parameterization mimicking individ- mixed phase microphysics. However, these cases are not un-
ual clouds competing for instability energy. This allows for equivocal and opposite results were also simulated, indicat-
the interaction of aerosols, convective clouds and precipitaing that other than aerosol-microphysics effects have impor-
tion. Results show that in the monthly mean convective pretant impact on the results. Overall, the introduction of the
cipitation is diminished at nearly all places with high aerosol new cumulus parameterization and aerosol-cloud interaction
loading, but at some areas with high background humidityreduced some of the original REMOTE biases of precipita-
precipitation from large-scale clouds may over-compensatdion patterns and total amount.

the loss in convective rainfall. The simulations revealed that

both large-scale and convective clouds’ microphysics are in-

fluenced by aerosols. Since aerosols are washed and rained

out by rainfall, high aerosol concentrations can only persistl Introduction

at low rainfall rates. Hence, aerosol concentrations are not

independent of the rainfall amount and in the mean the maxAerosols and clouds and their non-linear interaction are
imum absolute effects on rainfall from large scale clouds areamongst the biggest challenges in current climate modeling
found at intermediate aerosol concentrations. The reasoand prediction. Although there is a large number of studies
for this behavior is that at high aerosol concentrations rain-considering aerosol effects on stratiform clouds (for a review
fall rates are small and consequently also the anomalies areee Lohmann and Feichter, 2005), only very recently stud-
small. For large-scale as well as for convective rain negativées were published discussing effects on convective clouds:
and positive anomalies are found for all aerosol concentraRosenfeld and Woodley (2001), Andreae et al. (2004), Graf
tions. Negative anomalies dominate and are highly statisti{2004), Khain et al. (2004, 2005), Tao et al. (2007), van
cally significant especially for convective rainfall since part den Heever et al. (2006) Altaratz et al. (2007). Seifert and
of the precipitation loss from large-scale clouds is compen-Beheng (2006) found different effects of aerosols for differ-
sated by moisture detrained from the convective clouds. Thent kinds of convective storms. While single cells and super
mean precipitation from large-scale clouds is less reducedells reacted to pollution with decreased precipitation, mul-
(however still statistically significant) than rain from con- ticell storms produced more precipitation. Van den Heever
vective clouds. This effect is due to detrainment of cloud and Cotton (2007) studied urban pollution and its effect on
deep convective clouds. They found (as already suggested
by Graf and Graefe (1979) for the effects of Berlin, Germany,

Correspondence td.-F. Graf on precipitation patterns) that the reduction of precipitation
BY (hfg21@cam.ac.uk) depends on the level of the background aerosol: precipitation
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is diminished in clean background air due to the urban pollu-tation. Only in very few cases in areas of smoke contamina-
tion. This effect becomes smaller as the background aerosdlon and concurrent strong atmospheric instability convective
load increases. These studies mostly rely on observationprecipitation is increased.
and/or cloud resolving models to investigate single cases on
a local to regional scale. In contrast, Nober et al. (2003) and
Lohmann (2008) discussed the potential effects on global cir2 Model
culation arising from changes in latent heat release, which is
due to diminished warm rain formation in the tropics. TheseThe new convective cloud field model (CCFM) that is based
effects of anthropogenic aerosols on convective clouds weren a concept from population dynamics (Nober and Graf,
studied employing the ECHAMS climate model. In the trop- 2005; Graf and Yang, 2007) has been coupled with the re-
ics aerosols from biomass burning are abundant and convegional atmospheric chemistry model with tracer extension
tion is the prevalent form of precipitation formation (Mori et REMOTE (Langmann, 2000). At every grid point and at
al., 2004). No further publications are known to the authorsevery time step, first a simplified cloud model is run. We
on the aerosol effects on warm and mixed phase convectiveise an entraining parcel, but a more complex cloud model
precipitation in large-scale climate or atmospheric models.could be used as well. The model is driven by the verti-
In current climate models convective clouds are treated bycal profiles of temperature and humidity and is initiated by
bulk mass flux parameterization excluding explicit cloud mi- a reasonable set of initial radii and vertical velocities at the
crophysical processes. This deficit to a certain degree caoloud base. This provides the spectrumpaoftential con-
be overcome by using cloud-resolving models. However,vective clouds. Secondly, the cloud-environment and cloud-
such models are computationally demanding, what preventsloud interaction coefficients are determined and, thirdly, the
their application in longer-term and large scale climate stud-system is solved under the condition that CAPE is used by
ies. Very recently Langmann (2007) investigated the effectghe final cloud spectrum as efficiently as possible. This third
of aerosol-cloud interaction during the heavy smoke episodestep provides thénal cloud spectrum as a sub-set of the po-
around Indonesia in 1997/1998, when the seasonal peat firgential clouds from step one. A more complete description
ran out of control due to a lack of rain during the ElI Nino of CCFM can be found in Nober and Graf (2005). Originally
episode. However, Langmann (2007) used the simplistic apCCFM was modified and coupled with REMO (the meteorol-
proach of Nober et al. (2003). This approach does not includevgy alone version of REMOTE) for a whole year test over the
explicit cloud microphysics and incorporates only aerosol ef-West Pacific warm pool area, which showed that a simplified
fects on warm rain, ignoring mixed phase processes. Thes&;CFM can successfully be used in a limited area model (Graf
however, may lead to non-linear effects (as observed oveand Yang, 2007). Our REMOTE-CCFM domain covers In-
Amazonia by Andreae et al., 2004 and discussed by Grafdonesia and the northern part of Australia with a horizontal
2004) resulting in a reduction of warm rain where the convec-resolution of 0.5 degrees and 101 grid points in longitude
tive instability is moderate and increased precipitation due toand 55 grid points in latitude. The model was applied with
formation of ice where convective instability is large. Over 20 vertical layers of increasing thickness¢oordinates) be-
Indonesia, we find a small-scale topography determined byween the Earth’s surface (see Fig. 1 for isolines of topogra-
a vast number of smaller and sometimes larger often steephy) and the 10 hPa pressure level. The model is initialized
volcanic islands in very warm waters. Therefore, high reso-over the whole grid using ECWMF reanalysis ERA-40 (Up-
lution models are necessary to simulate precipitation reasonpala et al., 2005) data and then run continuously until the end
ably well. of the simulation period with an update of the meteorological
Here we will utilize an alternative approach, suggested byreanalysis data every 6 h at the lateral model boundaries only.
Nober and Graf (2005), to simulate convective clouds in aTwo simulations have been carried out for September 1997.
limited area model. An individual cloud model including Inthe “control” run only the background CDNC are used and
explicit cloud microphysics of the warm and of the mixed in the “test” run we consider background CDNC plus CDNC
phase is run with several different initial radii at the cloud resulting from emissions of the wild fires. The model results
base. This convective cloud model has a much higher verticaare stored 6 hourly and the constant time step is 5min. For
resolution than the hosting model. By competition of the dif- our current study the model includes just one tracer, the to-
ferent individual cloud types for convective available poten- tal particulate matter (TPM) as mass mixing ratio, which can
tial energy (CAPE) prescribed by the host model, a specifiche transported by horizontal and vertical advection, convec-
cloud spectrum evolves at every time step. We will apply thistive processes and vertical diffusion as well as it can be af-
model to September 1997, the month with most severe smokéected by wet and dry deposition. Due to the elevated sulphur
concentrations over Indonesia and around. This month isontent and hygroscopicity of Indonesian vegetation and peat
characterized by strong pollution from smoke but only weakfire aerosols (Langmann and Graf, 2003), particle deposition
to moderate atmospheric instability. Our results show that,s calculated as for sulphate. We do not have any informa-
as observed in single cases over Amazonia (Andreae et altion on ice nuclei and therefore cannot take their (potentially
2004), the smoke aerosols mostly lead to decreased precipimportant) effects into account.
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The smoke emission estimate uses vegetation and pea  GPCC total precipitation over land [cm/month] 97Sep
maps, remotely sensed fire counts and reports on the tota — v\w
area burned to determine TPM emissions with 0.5 degreesSN'
horizontal resolution (Langmann and Heil, 2004). Up to 90% 3N
of the total smoke mass during the catastrophic 1997/1998, |
fires resulted from burning peat. The weekly smoke emis-
sion data from Langmann and Heil (2004) were used and*°]
the smoke is released into the first model layer. Freitas etés
al. (2006) emphasized the need to inject the smoke from g |
Amazonian forest fires at higher elevation. However, Indone-
sian peat fires are dominated by smoke from relatively cool 27
sources, therefore the release of smoke near the surface is tt5s
appropriate approach. gsL—. : : ' : : e : :

CCFM treats convective clouds as individuals competing 95E 100E 105E 110E 115E 120E 125E 130E 135E 140E
for available instability energy. A simplified cloud model
(entraining parcel) including explicit (yet simple) cloud mi-
crophysics is run at every time step with a number of dif- Fig. 1. Precipitation in September 1997 measured by ground-based
ferent initial conditions representing cloud types of different rain gauges (GPCGritp://www.dwd.dg, the red isolines represent
size. The vertical resolution for the cloud model is increasedtopography (in geopotential meters of the surface) as included in the
considerably to 70-100m. For the limited area model RE-model.
MOTE we cannot apply a large number of different initial
cloud types as requested in Nober and Graf (2005) for the usg, o o yective cloud parameterization instead of the original
of C_CFM in coarse grid models. Instead we use a S'mP"T'?dauto-conversion formula of Kessler:
version of only three cloud types that are different in their ini- )
tial cloud radius similar as in Graf and Yang (2007): small, dﬁ: p-10° 4 1)
medium and large. Thus, the initial set-up of the model is dt 60<5+ M)
the same as that in the study of Graf and Yang (2007) ex- P10 Dy
cept that the maximum cloud radius at cloud base is set tavhereg, andg; are precipitation water and cloud liquid wa-
1/3 of the height of the PBL and a slightly modified cloud ter mixing ratio (kg/kg) respectively, is air density,N, and
microphysics scheme was used in order to be able to includ®, are droplet number density (i.e. CDNC in nocthand
effects of the aerosols on cloud microphysics by coupling thedroplet relative dispersion at the cloud basg.i¥set to stan-
rain formation to the aerosol concentration. The cloud baselard values: 0.366 over sea and 0.146 over land.
radius of the smallest cloud is setit@in=100 m, while the For stratiform clouds a parameterization of the auto-
radius of the the biggest cloud is definedrasx=1/3 of the  conversion rate by Beheng (1994) was included in the lat-
PBL height. For the limited area model of 0.5 degree res-est version of the standard REMOTE model instead of the
olution one additional cloud base radius efit+rmax)/2 is Sundquist (1978) scheme as it better allows for the introduc-
used. For a typical PBL height of 1500 m, the initial cloud tion of aerosol-microphysics effects (Lohmann and Feichter,
base radii would then be 100 m, 300 m and 500 m. In contrasf005):
to a recent study by Langmann (2007), who used a modified 8 —17+—-33,4 -3 47
Tiedtke scheme which only incorporates smoke effects ondqr/dt:(leGX102 N A0 g™ 2)
warm rain formation, switching from high to low autocon- wherep; is the cloud droplet number concentration (CDNC),
version at a preset limit of CCN concentration, our micro- as abovep is air density and gis cloud water mixing ratio,
physics scheme also includes mixed phase processes follow+ (=15) is a tunable constant which determines the efficiency
ing the parameterizations of Ogura and Takahashi (1971) aef rain formation and:(=10) is the width parameter of the
described in Nober and Graf (2005). When warm rain for-initial cloud droplet spectrum described by a gamma func-
mation is suppressed by pollution, the liquid water can betion.
transported above the freezing level, where precipitation for- From the above parameterizations we know that the forma-
mation can be more effective. This potentially allows for an tion of precipitation highly depends on cloud droplet number
intensification of precipitation in polluted areas where con- concentration and liquid water content. However, the im-
vective instability is high (Andreae et al., 2004; Graf, 2004). pact of CCN on the cloud droplet number concentration is

The standard Kessler (1969) parameterization does not alot well constrained due to missing information on aerosol
low for the variable width of the initial cloud droplet spec- physico-chemical properties. There are two methods that
trum at cloud base as it may evolve from aerosol seedhave been used to relate changes in CDNC to changes in
ing effects. Hence, for the aerosol-cloud interaction stud-aerosol concentrations. These are basically diagnostic (em-
ies the auto-conversion formula of Berry (1968) was used inpirical) (Jones et al., 1994; Boucher and Lohmann, 1995)
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and prognostic (mechanistic) parameterizations (Chuang andtmosphere and climate models and it may be seen as a com-
Penner, 1995; Abdul-Razzak and Ghan, 2000). In this papepromise. A more sophisticated treatment of the complexity
we simply used the Boucher and Lohmann (1995) relation-of aerosols and their interaction with clouds would require

ship, which is a fully coupled chemistry-aerosol-cloud approach that is be-
yond the scope of this study. However, this study is a step
CDNC=1(?21+041logmS04 (3)  towards that goal showing that the aerosols exert an impor-

tant effect also on convective clouds.

where mSO4 is the sulphate aerosol mass concentration
(ug SOy m—3) and CDNC is given in cm®. This estimate
from the bulk sulphate mass concentration is a rather rougl3 Results
estimate. We do not have included any effects of ice nuclei
and this may influence the clouod dynamics and precipitadn Fig. 1 we show total precipitation as analyzed for Septem-
tion yield in mixed clouds. Distinct higher sulfur content ber 1997 by the Global Precipitation Climate Center, GPCC,
was observed in Indonesian peat fire aerosols compared tincluding surface rain gauge results only. This data set prob-
other vegetation fire aerosols (Gras et al., 1999) and Langably has a negative bias (Langmann and Heil, 2004) and the
mann and Graf (2003) suggested this to be due to accumuwbservation density is very sparse. Even over land not in ev-
lated volcanic sulfur. Recent laboratory studies (Dusek et al.ery grid box at least one gauge is installed. In Fig. 2 total
2005) showed that young aerosols resulting from peat firegtop), large scale (or non-convective, middle) and convec-
are very specific in that they form hollow spheres instead oftive (bottom) precipitation are shown for the control run (left
conglomerates as known from other smoke sources. Theseolumn) and the test run with added pollution (middle col-
spheres have limited capacity to act as cloud condensationmn) as well as the difference between the two model sim-
nuclei. However, it is not yet known how these particles be-ulations (right column). Note that the differences are drawn
have when aged. Hence, we conservatively assume that, coat a smaller scale of mm/month! The standard REMOTE
cerning cloud microphysics, aged peat smoke aerosol actmodel containing a bulk mass-flux parameterization for con-
like organic aerosol, i.e. comparably to sulphate particlesyvective clouds from Tiedtke (1989) severely over-estimates
which are very effective cloud condensation nuclei. Thus,precipitation in general and in particular over sea (see Graf
we assume for simplicity that m=Msoas and Yang, 2007, their Fig. 8c). The introduction of CCFM

In our model region most grid cells are covered by sea,(Fig. 2a, see also Fig. 8d in Graf and Yang, 2007) clearly
but the potentially large amount of sea salt aerosol is onlyimproves the results as already discussed in Graf and Yang
included in the current model by fixed concentration dif- (2007). The main precipitation is now simulated as observed
ferences. Following Roeckner (1995) the REMOTE modelover land north of the Equator, but the model overall remains
uses different background CDNC over land and sea: into be wetter than the observations suggest. We would like
the planetary boundary layer, up to 850hPa, backgroundo emphasize that the main improvements are based on the
CDNC=200cn13 over land, and CDNC=100 cmi over sea.  precipitation patterns. There is no precipitation in the ob-
In the upper model layers we use CDNC=50chevery-  servations south of the Equator, but the control run simu-
where. We performed a control run with these backgroundlates rainfall over south and central Sumatra and the south-
CDNCs and a test run with background CDNC plus CDNC ern part of Kalimantan. After the introduction of smoke
resulting from TPM emissions as simulated interactively by aerosols the test simulation does no longer produce precip-
REMOTE-CCFM. We concentrate here on September 1997itation south of the Equator. We also find a clear reduction of
the month with the strongest smoke pollution observed durprecipitation peaks making the simulated precipitation field
ing the whole 1997/1998 episode. A more sophisticatedsmoother. There is the potential of having too much rainfall
treatment of sea salt aerosols would be beneficial since sea some places (like over the high mountains of Irian Jaja),
salt may produce giant cloud droplets leading to enhancedbut these also appear in the original versions of REMO and
drizzle and lower humidity remaining in the atmosphere (e.g.REMOTE and, actually, there do not exist any observations.
Feingold et al., 1999) and sea salt also may affect deep cori-or a discussion of these effects see Graf and Yang (2007).
vection (e.g. Laird et al., 2000; van den Heever et al., 2006).The inclusion of TPM in the model simulation changes the
Strong dependencies of additional aerosol microphysics efmicrophysical structure of the clouds and this leads to a fur-
fects on the background aerosol have been suggested (e.ther improvement of the precipitation pattern (Fig. 2b) mak-
van den Heever and Cotton, 2007; Graf and Graefe, 1979)ing it more similar to the observations. The increased pre-
The effect of enhanced pollution becomes smaller with in-cipitation at the westernmost boundary is due to boundary
creasing background pollution. Unfortunately, with the pre- effects. So, overall, REMOTE with CCFM and including
scribed background CDNC such effects cannot be simulatedTPM provides a very reasonable distribution of precipita-
We are aware of the fact that our treatment of aerosol microtion at the height of the dry season over Indonesia and the
physics is rather crude compared to specialist models. HowWest Pacific warm pool. The strongest change of precipita-
ever, it is much more sophisticated than in nearly all currenttion (Fig. 2c) in the simulation including smoke is found over
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Fig. 2. Precipitation as simulated by REMOTE-CCFM and background CDNC (left column, total, large scale and convective rain from top to
bottom), simulated by REMOTE-CCFM and background standard CDNC plus TPM (middle column) and precipitation anomalies between
the two simulations (right column). Note that the colors for the differences (right column) are set to mm/month, while the absolute rainfall is
in cm/month.

land (Borneo, North Sumatra, Peninsula Malaysia and WesFig. 5). In the control run the mean convective rainfall is
Irian Jaja), where the pollution is strongest. There at mosthighest at high aerosol load (except for aerosol class 10) for
places we see a reduction in total rainfall. This makes thesimilar reasons. Basically independent of the aerosol load,
model more consistent with observations. convective precipitation is limited to below about 1mm/day
in the test run for all aerosol classes but the lowest aerosol
concentration class one. Hence, the relative loss of convec-
@Ne precipitation increases with increasing aerosol concen-
ration from ca. 70% at aerosol class 2 to nearly 90% at
aerosol class 9. Large scale precipitation is dominated by
rainfall rates<1 mm/day and in the control run only at about
"10% of all data points large scale rainfall exceeds 1 mm/day.
This percentage is decreasing towards the highest aerosol
concentrations indicating the high efficiency of rain-out and
wash-out by large-scale precipitation that does not allow high
aerosol concentrations to persist where large scale rainfall is
frequent The mean daily rainfall rates for large scale rain are
only slightly higher than 1mm/day in the control run, which
is much lower than convective rain rates. They decrease with
creasing aerosol concentrations for the reasons mentioned
8bove. Hence, it is important to note that rainfall rates and

Table 1 indicates rainfall frequency and amount of con-
vective and large-scale precipitation for ten aerosol concen-
tration classes for the test and the control run. We analyse a
latitude-longitude grid points for all days of September 1997
and call these “data points”. Note that in the control run the
clouds do not “see” the smoke aerosol from the peat fires!
We find that very small daily rainfall intensities:{ mm/day)
dominate the frequency distribution and that the number of
data points having very high pollution by smoke aerosols
is quite small. When we only consider total daily rainfall
>1mm/day, the percentage of data points with convective,
rainfall is between 20% and 30% with a slight increase in
percentage with increasing pollution. This is, however, an.
indirect effect produced by the fact that most of the strong
pollution remains near the sources. These sources are lan

based and over land convective activity is higher (see alsc‘)”1

www.atmos-chem-phys.net/9/743/2009/ Atmos. Chem. Phys., 9,/64632009



748 H.-F. Graf et al.: Smoke aerosol, clouds and precipitation

Table 1. Basic statistics of rainfall events in the control and test runs for different aerosol concentration classes.

Aerosol Totaldata Relative num. £0.0) Relative num. £1.0)  Daily mean convective  Daily mean large scale

classes points (%) (%) rainfall (mm/day) rainfall (mm/day)
total rainfall in control total rainfall in control
>0.0m/d >0.0m/d
convective large  convective large  control test control test
scale scale
0.0-0.1 154891 58.54 94.63 14.53 8.62 1.88 1.40 1.07 1.08
0.1-0.2 5614 68.10 100 20.47 1154  3.32 0.98 1.07 0.86
0.2-0.3 2255 62.75 100 22.35 1047 3.71 0.88 1.11 0.71
0.3-0.4 1306 64.78 100 22.74 9.42 3.50 0.78 0.91 0.46
0.4-05 797 62.86 100 27.10 1092  4.48 0.83 0.81 0.38
0.5-0.6 591 64.81 100 23.18 9.81 5.05 0.70 0.50 0.25
0.6-0.7 415 66.02 100 26.51 9.64 5.24 1.05 0.52 0.32
0.7-0.8 269 70.26 100 28.25 5.58 6.38 0.88 0.24 0.18
0.8-0.9 188 75.0 100 29.79 6.38 7.69 0.78 0.33 0.26
0.9-1.0 130 73.08 100 26.92 231 4.87 0.76 0.07 0.08

aerosol concentrations are notindependent and, thus, also tliere concentrate our further discussion on data points with
statistical correlations of aerosols with the amount of rainfall at least 1mm/day of total rainfall in the control run. This
are not solely based on the “over-seeding” effect. In the testut-off means that we are only dealing wittf25% (~9%)

run large-scale precipitation is reduced as is convective preef the convective (large-scale) rain data points. Most of the
cipitation, but absolute as well as relative effects are muchnegative rainfall anomalies are statistically highly significant
smaller for large-scale precipitation. The biggest anomaliesaccording to a t-test. In Table 2 bold, italic and underlined
are simulated for intermediate aerosol loading of classes 3—4anomaly values indicate statistical significance at a chance
The reason is the very effective rain-out and wash-out pro-of error of 0.1, 1, and 5%, respectively.

cess for large-scale precipitation that allows only relatively Figure 3 (left column) shows the frequency distribu-
low aerosol concentrations at high rainfall intensity. Vice tion of rainfall anomalies for different rainfall intensity
versa at high aerosol concentrations rainfall rates are smattlasses (from top downwards:>0 mm/day; >1 mm/day;

and therefore the resulting absolute anomalies must be smal-5 mm/day; and>10 mm/day) between the control run and
This means that in our model simulation over the warm poolthe test run with increased aerosol load. The data are from
area of the West Pacific near the end of the dry season thell grid points and days that have precipitation of differentin-
total effect of aerosols on precipitation is dominated by thetensity in the control run and we show the anomalies as test
effect on convective clouds. minus control run.

A more complete overview on the mean anomalies and Note that at first we do not consider differences in aerosol
standard deviations of the precipitation anomalies is givenconcentration across our model domain! It immediately be-
in Table 2. Table 2 shows data for convective and large-comes clear from the top left panel of Fig. 3 that most
scale precipitation intensity classes and different aerosol colrainfall anomalies are small and remaid mm/day. It is
umn concentration classes. Of these 166 650 data pointalso obvious that these small anomalies are equally dis-
146580 (90672) have large-scale (convective) precipitatributed into positive and negative anomalies for large-scale
tion >0.0mm/day and 13356 (22501) exhibit measurablerain, but ca. 60% are negative and 30% positive for convec-
large-scale (convective) precipitation sfL.0 mm/day. Even tive rain. If the very smallest rainfall rates of the control
though there are more days with very weak precipitationrun are excluded (i.e. if we only consider rainfall rates of
from large scale clouds, for rainfall intensitiesl mm/day  >1.0 mm/day), the frequency of negative anomalies clearly
precipitation from convective clouds clearly dominates. dominates both large-scale and convective rain. The reduc-
There are many data points in our model run that have verytion of rainfall, however, is stronger for convective rain. Gen-
small aerosol loading and many of these do not have angrally the frequencies of negative (positive) anomalies are
measurable rainfall. If we include all data points with con- higher for convective (large-scale) rain. In total, there are
vective or large scale rainfalt 0 mm/day in the control run, more negative anomalies than positive and this difference is
the anomalies are rather small because of the many datiarger for convective rain. Nevertheless we find a consid-
points with very small rainfalk1l mm/day (68171 for con- erable contribution of positive rainfall anomalies in the test
vective and 133 224 for large-scale rainfall). We will there- run with enhanced aerosol load. This may be interpreted as

Atmos. Chem. Phys., 9, 74356 2009 www.atmos-chem-phys.net/9/743/2009/



H.-F. Graf et al.: Smoke aerosol, clouds and precipitation 749

Table 2. Mean anomalies and Standard deviations of difference in precipitation between control and test runs and different aerosol classes
for different convective and large scale rainfall intensity. Bold, italic and underlined anomaly values ifidicdteand 5%chance of error
according to a t-test.

Daily mean aerosol column concentration classes{y/m
0.0-0.1 0.1-0.2 0.2-0.3 0.3-04 0405 0506 06-07 0.7-08 0.8-09 0.9-1.0

Data points 90672 3823 1415 846 501 383 274 189 141 95
>0.0mm/day  Mean (mm) -0.92 -352 -458 —-427 -587 -6.77 -639 -7.84 922 562
_ STD (mm) 9.54 15.26 15.02 13.03 17.42 22.90 19.13 25.28 21.59 15.46
E Data points 22501 1149 504 297 216 137 110 76 56 35
& >10mm/day Mean(mm) -4.42 -12.19 -13.08 -1229 -13.90 -1894 -16.08 -20.16 -23.32 -15.21
0 STD (mm) 18.20 25.56 22.80 19.58 24.13 35.21 27.52 36.45 29.14 22.60
g Data points 9310 630 286 168 114 91 65 48 37 20
% >5.0 mm/day Mean (mm) —-10.61 -21.23 -22.09 -20.67 -—-24.97 -27.92 -26.04 -31.18 -34.78 —-25.90
o STD (mm) 26.29 31.62 26.85 22.56 28.94 40.31 32.26 42.18 29.94 25.12
Data points 5736 425 197 120 87 65 44 38 29 12
>10.0 mm/day Mean (mm) —15.98 —-29.37 -29.70 -26.90 -30.95 -36.95 -—-36.41 -37.79 -43.09 -38.68
STD (mm) 31.53 35.32 29.25 23.97 30.76 44.57 3431 45.20 28.65 2531
Data points 146580 5614 2255 1306 797 591 415 269 188 130
>0.0 mm/day  Mean (mm) 0.00 -0.20 -040 -045 -042 -025 -0.19 -0.06 -0.07 0.01
= STD (mm) 7.32 6.61 7.02 5.37 3.04 1.86 1.87 0.85 1.21 0.28
% Data points 13356 648 236 123 87 58 40 15 12 3
@ >10mm/day Mean(mm) -174 -430 -557 -636 —468 -296 -297 -214 -186 -—-1.17
% STD (mm) 21.87 15.75 19.81 15.49 7.72 4.93 4.96 2.26 4.40 0.32
O
@ Data points 4565 232 85 38 27 11 13 2 2 -
© >5.0mm/day Mean(mm) -7.80 -12.70 -17.87 -18.18 -12.32 -1124 -591 -6.75 —-2.92 -
s STD (mm) 32.41 22.36 20.58 23.90 9.37 5.33 7.74 0.71 14.29 -

Data points 2992 130 55 22 17 7 3 - - -
>10.0 mm/day Mean (mm) —12.78 —-21.42 -2535 -27.32 -16.43 -13.68 -—15.04 - - -
STD (mm) 36.89 22.84 22.04 28.16 9.36 511 3.40 - - -

the result of compensation for convective precipitation lossilar to the concentrations presented by Langmann (2007).
by increased large scale precipitation (see also below). AlsoThere are maxima clearly adjacent to the burning peat ar-
some of the positive precipitation anomalies from convectiveeas over South Sumatra, South Borneo and parts of Irian
clouds may be due to the increase of atmospheric relative hudaja. Application of Eq. (3) to the aerosol concentration at
midity resulting from reduced precipitation rather than being all model levels for the control and for the test runs reveals
due to the switch from decreased to increased precipitationthe differences in column cloud droplet number, Fig. 4b. As
in polluted clouds as reported e.g. by Andreae et al. (2004). expected, these differences are largest where the aerosol con-
If we additionally consider the aerosol load (Fig. 3, right centrations are hlghest. Thﬁ patterr]n Of;he cloud ldroplet col-
column), the number of positive anomalies becomes evey " :i'oncentranon veryfwe [r:n_at(il esht € aeroso concen:_ra-
smaller for both types of rainfall when the aerosol concen—.t'or.]' 1OWEver, as seen from Fig. ¢, the strongest anomalies
tration increases and considerable positive rainfall anomalied" liquid water path of all, convective plus large-scale clouds

. are not strictly matching either the aerosol concentration or
only occur for large scale rain. For example, for aerosol class y 9

6 about 20% of all anomalies are positive argimm/day but cloud droplet concentrations. Over Borneo the strongest pos-

only 6% (8 individual cases) are positive for convective rain. itive anomaly in liquid water path is found in the North, i.e.

However, the positive convective rain anomalies can be Conplownwmd of the highly polluted area and it is similar over

siderably larger in individual cases as will be discussed at theSumatra. In 99’.‘”‘?‘" over the whole model domain we see
. an increase in liquid water path except at some randomly
end of the Results section. )
scattered places. Hence, the increased aerosol concentra-
The mean aerosol column concentration (TPM) for tion leading to increased cloud droplet concentration (both
September 1997 (Fig. 4a) resulting from the interaction ofin convective and large-scale clouds) and reduced rainfall

smoke emission, transport and wet and dry deposition is sim-
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Fig. 3. Frequencies of rainfall anomalies between the test run and the control run with increased aerosol load in different rainfall intensity
regimes (this page, from top dows:0.0 mm/day>1 mm/day;>5 mm/day; and-10 mm/day) and for different aerosol concentration classes
(class 1: 0.0-0.1 g/fy class 4: 0.3-0.4 g/fy class 6: 0.5-0.6 g/fmand class 8: 0.8-0.9 gfirom top down, next page).

formation leads to clouds with higher liquid water content. the Northwest of Borneo, fewer particles are found in the
These clouds are optically thicker. Only where the waterair. There, while convective precipitation is decreased, to-
vapor supply in undisturbed conditions is already very hightal precipitation is increased significantly by enhanced large-
(these are often those areas which have high large scale raiseale rainfall (Fig. 2f) leading to more efficient rainout of
fall in the control run) the effect can be opposite. When pre-the aerosols. At this point we would like to stress that it
cipitation formation is reduced in convective clouds due tois impossible to decide, based on the current structure of
additional condensation nuclei under high background rel-all regional and global circulation models, whether the ef-
ative humidity, the remaining cloud water of these cloudsfect of compensation of convective precipitation loss by in-
is detrained into their environment, thus raising the rela-creased large-scale precipitation is a model artifact or not.
tive humidity of the ambient air. Since the formation of All models split clouds and precipitation into the categories
large-scale clouds depends on relative humidity, they becoméarge-scale (which is basically dependent on the mean rel-
more abundant and contain more cloud water. If the largeative humidity in a grid cell) and convective. The subrou-
scale cloud water content is high enough, precipitation setsine for convective clouds and precipitation is called first and
in and this may compensate some of the loss of precipitaits results feed the subroutine for large-scale clouds and pre-
tion by convective clouds. Therefore, over most of the modelcipitation. Hence, the compensation process is inherent in
area the particle mass column concentration is slightly in-the model structure. If it works the same way in reality
creased when the pollution effects are included in the contemains an open question until dedicated observations are
vective cloud microphysics (Fig. 4d). Rainout is depressedavailable. The only way to avoid this operator splitting in
due to the suppression of warm rain formation in the mostthe models is to use a cloud resolving process model, but
polluted areas. Only at some places, most prominent irthis is computationally prohibitively demanding. In studies
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Fig. 3. Continued.

where only aerosol effects in large-scale clouds were conthese areas of increased total precipitation are due to heavier
sidered (see the review by Lohmann and Feichter, 2005) thisarge-scale rainfall over-compensating for reduced convec-
compensation mechanism does not work and a reduction dfive rainfall (Fig. 2i). One reason for this behavior is that
large-scale precipitation and an increase of cloud water conin the model, when convective precipitation is diminished,
tent (with all the effects on radiative properties of the large-the remaining water vapor is transported downwind and is
scale clouds) is simulated. Our results suggest that it is necadded to the humidity used for the calculation of large-scale
essary to recalculate the aerosol indirect effects on cloud raprecipitation. This may lead to excessive large-scale rain in
diative properties with convective clouds included. the moistest areas. These are also areas of increased aerosol

Overall, although our model still seems to be moister than!0@d and so it is of interest what kind of clouds produced

the sparse observations suggest, the precipitation pattern sinf1€S€ differences. Over land convective precipitation is de-
ulated including smoke particle effects is much closer to sur-créased in all areas in which heavy pollution occurs (Fig. 2i),

face observations. Total precipitation is reduced (Fig. Zb)while over sea some slight increase in convective precipita-

compared with the run in which only background CDNC tion is also seen in poll_uted areas, e.g. Strait of Malacca and
were used (Fig. 2a) at most places where the aerosol loaBorthern Sumatra Strait. However, these clouds rarely reach
is large. However, there are some extended areas next @ltitudes in which freezing takes ;_)artmthe formation of rain-

these areas of reduced total precipitation where rainfall ig@ll- On the other hand, where rainfall is most depressed it is
substantially increased. These we find mainly over north-tN€ Piggest clouds whose height is reduced, while smaller
west Borneo and the Strait of Malacca and to the west of the?€S, mainly over Sumatra, are higher than in the reference

northern tip of Sumatra as well as near the northern coast ofXPeriment.
Irian Jaja, always to the North of the most polluted areas, The increase of monthly mean cloud heights is generally
downwind from the highest pollution. As Fig. 2f indicates, not large (in most cases only 200 to 400 m). However, this
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Fig. 4. Differences between REMOTE-CCFM simulations with additional smoke aerosols and wiapatonthly mean particle column
concentration(b) cloud droplet concentratiof¢) liquid water path(d) particle column concentration.

picture changes when we look into more detail. In Fig. 5 timenot develop often over land and even less over sea. There is
step data of atmospheric instability as measured by Convedgust one prominent case in the polluted atmosphere over the
tive Available Potential Energy (CAPE), cloud top temper- Sumatra Strait when CAPE leads to a much enhanced cloud
ature of the biggest cloud type, and convective precipitationheight with cloud top temperature well below the freezing
for the runs including TPM plus background CDNC and only level and heavier convective precipitation than in the clean
background CDNC are compared. This comparison was perease (Fig. 5, right column, time step8400). In two cases
formed for two distinct areas of four model grid points each, CAPE is much stronger in the clean case, leading to much
one in the Sumatra Strait (longitude 108to 108.5 E, lat- higher convection and rainfall being produced only by the
itude 1.0 N to 1.5 N), where total precipitation is slightly clean cloud (time steps600 and 1700). Over land (Fig. 5,
enhanced and another over South Kalimantan (PH.® left) we find another case (time stegy800) in the polluted
111.5 E, latitude 0.8N to 1.¢° N), where precipitation is environment in which CAPE is enhanced and convective pre-
strongly reduced. September is at the high of the dry seaeipitation is stronger, but the clean cloud, although producing
son in Indonesia, so CAPE is generally small most of theless rain, rises higher. The opposite happens at the beginning
time with just a few extreme events. Even though the limitedof the month (time step-1500) when the opposite happens,
area model is forced every six hours by lateral boundary coni.e. CAPE is enhanced in the clean simulation and so are
ditions from ECMWF reanalysis ERA40, weather as mea-cloud height and precipitation. In yet another case (time step
sured by CAPE may be very different around similar time 1700), with enhanced CAPE in the polluted as well as in the
steps in the polluted and non-polluted cases. This shows thelean simulation and cloud top temperature well below the
modulating effect of the additional aerosol on atmosphericfreezing level, the model produces no convective precipita-
stability and weather. Hence it is not easy to make directtion. These individual results indicate that there is no regular
comparisons. CAPE in the mean is slightly higher and moreand simple effect based on a combination of strong CAPE,
variable over land than over sea. The cloud top temperaturelow cloud top temperature and aerosol-microphysics effects
nearly always remain above the main freezing level of cloudalone that might produce regularly enhanced convective pre-
droplets (-15°C) and as expected they are more variable andcipitation if the mixed phase state of the polluted convective
lower over land. Strong rainfall from convective clouds doescloud is reached.
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Difference top cloud forcing [W/m2] vant. Aerosols and clouds, both convective and large scale,

o were treated interactively and, for the first time, microphysi-
cal processes were included for warm and mixed phase rain-
3N fall formation not only in large scale but also in convective
EQ- clouds. Our results show that, although the monthly mean
35 % rainfall is depressed over most of.the heavily polluted ar-

eas, there are coherent areas, which are also also polluted,
65 where the opposite is the case. These areas are situated
downwind of those locations where convective precipitation
is suppressed and occur mainly over or in proximity to the
sea, where moisture supply is high. Langmann (2007) also
found individual 6 h intervals in her simulation of the same

9S 1
2S 4
5S 1

8S case during which precipitation was enhanced over gener-
95E 100E 105 110E 115 120E 125E 130E 135E 140E ally polluted areas. However, only considering the warm
— T T T [ [ T e . . o

-30 -25 -20 -15 =10 -5 0 5 10 15 20 25 30 phase rainfall, she produced an overall reduction of rain in

the monthly mean over the whole model domain. Although
Fig. 6. Monthly mean difference between the runs with and with- it would be possible in principle that the increased rainfall is
out inclusion of TPM of tOp of the atmosphere total cloud radiative produced in our model due to moisture that is detrained from
forcing. the clouds that had suppressed rainfall in the last time step,
this process would generate a highly noisy pattern in space
If a statistical effect linking CAPE or cloud top height and time. With the clear patterns simulated by the model,
to aerosol effects on precipitation existed, extensive analyhowever, we may rule out this model-internal shift of pre-
sis under varying conditions would have to be performed tocipitation between time steps. Instead we observe a shift
investigate it. This would also require a multi-dimensional from convective to large-scale rainfall especially where the
statistical analysis including the probability density func- moisture level of the atmosphere is already high in the back-
tions of precipitation intensity under varying parameters suchground simulations. Our results show that it is feasible to in-
as CAPE, TPM (including certain thresholds), cloud top clude a parameterization of explicit convective clouds includ-
temperature, cloud size etc. Such a study requires a being aerosol-microphysics effects in the style of the CCFM
ter representation of cloud microphysics. At least a two-(Nober and Graf, 2005) also in a limited area model. The
moment scheme is needed to simulate the aerosol effectgsulting monthly precipitation pattern is closer to the (lim-
on CDNC. Freezing temperatures would have to depend oiited) observations when aerosol effects on convective clouds
droplet chemistry and size. In addition some information onare considered. So far it is clear that warm convective rain
activation of ice nuclei would be necessary. All this remainsis suppressed in polluted air masses and that part of this
to be a future project. deficit can be made up by large-scale precipitation, some-
The cloud radiative forcing at the top of the atmospheretimes it can even be over-compensated. We see a stronger re-
(Fig. 6) is dominated by shortwave forcing and is generally duction of convective rainfall in the mean while large-scale
negative due to the brightening of the clouds. The long waverainfall exhibits less frequent negative anomalies and over-
forcing is in general positive, but smaller. The total negativeall is less reduced. This is due to the compensation mecha-
forcing is damped where the clouds are significantly higher,nism inherent in all models known to us. Since large-scale
leading to less outgoing long wave radiation. The area meamlouds are those most relevant for radiative transfer in cli-
radiative forcing is negative but small and remains in the or-mate models, we suggest that it is necessary to investigate
der of —0.7 W/n. At some places, like over the seas adja- the reality of compensation between convective and large
cent to northern Sumatra, over West Borneo and just to thescale clouds and to re-investigate the effects of aerosols on
north of Irian Jaja negative local values-e10 to—20 W/n? large scale clouds as summarized in Feichter and Lohmann
are reached. (2005). Since mixed phase microphysics might be impor-
tant for the non-linear switch from depressed to increased
convective rainfall, it is very important to also include in-
4 Concluding discussion formation on ice nuclei in aerosol-cloud models. Lacking
these is one of the main deficits of our current simulations.
We have applied a limited area model including internal ex-In addition, higher moment microphysics will be necessary
plicit convective cloud treatment to a case study of much en+to better simulate aerosol effects on droplet formation and
hanced smoke pollution mostly from peat fires in Indone- growth. Only then the right height (initial freezing tempera-
sia, September 1997. This specific episode is of interest duture) of the switch in rainfall regimes will be detectable. This
to the extreme pollution and occasional precipitation, whichposes a big challenge to aerosol modelers, which has not yet
suggests that aerosol-microphysics effects should be relebeen met. Since there is no simple relation between aerosols
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and precipitation at ground, complex statistical studies are re- sian and tropical Australia, Geophys. Res. Lett., 26, 1393-1396,

quired to investigate the changes in PDF for rainfall intensity  1999. _ _

depending on pollution level and vertical profiles of temper- Jones, A,, Roberts, D. L., and Slingo, A.: A climate model study

ature. winds and moisture. More case studies of observed ©f indirect radiative forcing by anthropogenic aerosols, Nature,

precipitation and pollution will be necessary and our model 370,450-453,1994. o

still needs tuning to avoid it being overly moist. However Ke§sler, E.: On_thg dlstrlputlon and continuity of water substance

the results obtained so far encourage us to perform furth’er in atmospheric circulation models, Metero. Monographs, Amer.
L . . 9 P . Meteor. Soc., Boston, MA, 10(32), 84 pp., 19609.
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