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Abstract. This study examines the dependence of aerosoll Introduction
precipitation interactions on environmental humidity in a
mesoscale cloud ensemble (MCE) which is composed ofA€rosol concentration has increased significantly as a re-
convective and stratiform clouds. The author found that in-Sult of industrialization. Increasing aerosol concentration
creases in aerosol concentration enhance evaporative cods known to decrease droplet size and thus increase cloud
ing, which raises not only the intensity of vorticity and en- albedo for a given liquid-water content (the first aerosol in-
trainment but also that of downdrafts and low-level conver-direct effect) (Twomey, 1977). They may also suppress pre-
gence. The increase in vorticity tends to suppress precipicipitation and, hence, alter cloud-water content and lifetime
tation. The increase in low-level convergence tends to en{the second aerosol indirect effect) (Albrecht, 1989). The
hance precipitation by generating more Secondary clouds ir@.el’OSO| indirect effects are uncertain, but are comparable to
a muptiple-cloud system simulated here. the radiative forcing associated with the increases in anthro-
At high humidity, the effect of the increased vorticity on Pogenic greenhouse gases (Ramaswamy et al., 2001; Forster
cloud-liquid mass and, thus, precipitation is outweighed by€t al., 2007).
that of the increased low-level convergence. This leads to the Xue and Feingold (2006) and Jiang et al. (2006) showed
precipitation enhancement induced by the increase in aerosdhat an increasing aerosol concentration enhances the hori-
concentration. When humidity lowers to mid humidity, the zontal buoyancy gradient and thus induces stronger vortic-
effect of aerosol on low-level convergence still dominatesity in the horizontal direction. This in turn leads to more
that on entrainment, leading to the precipitation enhancemergfficient entrainment mixing with the sub-saturated cloud-
with the increased aerosol concentration. With the lowest hufree environment above the cloud base, which acts to re-
midity in the current work, the effect of aerosol on entrain- duce the mass of hydrometeors via their evaporation. It is
ment dominates that on low-level convergence, leading to thdikely that the effect of the increase in entrainment induced
precipitation suppression with the increased aerosol concerPy the increase in aerosol concentration on the mass of hy-
tration. Hence, there is not only a competition between thedrometeors gets stronger as environmental humidity lowers.
effect of evaporation on vorticity and that on low-level con- Khain et al. (2008) and Lee et al. (2008a, b) showed that
vergence at a given hum|d|ty level but also the variation Ofwhen a condensation enhancement induced by the increase in
the competition with the varying humidity. This competition aerosol concentration is larger (smaller) than an evaporation
and variation are absent in a single-cloud system where th€nhancement, precipitation increases (diminishes). Thus,
effect of low-level convergence on secondary clouds is abWith lowering humidity, the chance of the evaporation in-
sent. This exemplifies a difference in the mechanism whichcrease being larger than the condensation increase and, thus,

controls aerosol-precipitation interactions between a singleof the precipitation suppression induced by the increase in
cloud system and a multiple-cloud system. aerosol concentration may be higher. Khain et al. (2008) sug-

gested that the sign of the effect of the increasing aerosol con-
centration on precipitation should change from the precipita-
tion enhancement to the suppression with lowering humidity,
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Xue and Feingold (2006) and Jiang et al. (2006) con-Monsoon, storm tracks, and the intertropical convergence
sidered cases of warm cumulus clouds to study the relazone (ITCZ) plays important roles in global hydrologic cir-
tion among aerosol, entrainment and cloud mass. Khairculations (Houze, 1993). These systems are observed to be
et al. (2008) considered cases of a single mixed-phaseomposed of numerous MCEs where deep convective clouds
cloud to examine the relation between humidity and aerosol-and associated circulations have a significant impact on pre-
precipitation interactions. Evaporation of hydrometeors af-cipitation (Houze, 1993). The mesoscale organization of dy-
fects the low-level convergence of a mesoscale cloud ennamic and hydrologic circulations in the MCE is building
semble (MCE) where deep convective clouds play an im-blocks of large-scale and thus global circulations. Thus, the
portant role in dynamic and energy circulations (Khain et examination of the competition and the resulting effect of the
al., 2005; Seifert and Beheng, 2006; van den Heever eincreasing aerosol concentration on precipitation in the MCE
al., 2006; van den Heever and Cotton, 2007; Tao et al.provide a glimpse of the effect of aerosol-cloud interactions
2007; Lee et al.,, 2008a, b, 2009, 2010; Lee and Fein-on climate.
gold, 2010; Storer et al., 2010). Multiple deep convec-
tive clouds in the MCE grow above the freezing level to
reach the tropopause. The enhancement in evaporation ir2 Cloud-system resolving model (CSRM)
duced by the increase in aerosol concentration develops
stronger downdrafts and, when stronger downdrafts descen§ihe Goddard Cumulus Ensemble (GCE) model (Tao et al.,
below the cloud base and collide with environmental flow 2003), which is a three-dimensional nonhydrostatic com-
around the surface, low-level convergence can be intensiPressible model, is used as a CSRM here. The detailed equa-
fied. The more intensified domain-averaged low-level con-tions of the dynamical core of the GCE model are described
vergence generated domain-wide more secondary clouds, ify Tao and Simpson (1993) and Simpson and Tao (1993).
ducing the more, stronger domain-averaged updrafts and thus The subgrid-scale turbulence used in the GCE model is
the more domain-averaged condensation, cloud mass arfggsed on work by Klemp and Wilhelmson (1978) and Soong
precipitation (Khain et al., 2005; Seifert and Beheng, 2006;and Ogura (1980). In their approach, one prognostic equa-
van den Heever et a|_, 2006; van den Heever and Cottont,iOn is solved for the subgrid-scale kinetic energy, which is
2007: Tao et al., 2007; Lee et al., 2008a, b, 2009, 2010then used to specify the eddy coefficients. The effect of con-
Lee and Feingold, 2010; Storer et al., 2010). Since lower-densation on the generation of subgrid-scale kinetic energy
ing humidity enables more efficient evaporation, the effect ofiS also incorporated into the model.
increases in aerosol concentration on low-level convergence To represent microphysical processes, the GCE model
should be stronger at lower humidity. Hence, changes in enadopts the double-moment bulk representation of Saleeby
trainment induced by the increase in aerosol concentratior@nd Cotton (2004) that uses bin-model-derived lookup tables
(which tends to increase evaporation above the cloud bastor hydrometeor collection processes. Hydrometeor size dis-
and thus to reduce precipitation) is likely to compete with tributions assume gamma basis functions with fixed breadth.
those in interactions between evaporation and low-level conCloud-droplet and ice-crystal nucleation also mimic a size-
vergence below the cloud base (which tend to increase conesolved approach (Lee et al., 2010).
densation and thus precipitation). This competition is likely A Lagrangian scheme is used to transport the mixing ratio
to determine the sign of the effect of aerosol on precipita-and number concentration of each species from any given
tion and its dependence on humidity in a system compris-grid cell to a lower height in the vertical column, following
ing multiple clouds growing above the freezing level. Note Walko et al. (1995).
that entrainment in this study broadly represents any pro- Secondary production of ice occurs by the Hallet-Mossop
cesses which expose cloudy air to sub-saturated air and, thuprocess of rime splintering (Hallet and Mossop, 1974) and
cause the evaporation of hydrometeors above the cloud bas#wvolves 350 ice splinters emitted for every milligram of
Hence, entrainment in this study includes detrainment. Alsofimed liquid at—5.5°C. The number of splinters per mil-
the entrainment in this study is driven not only by turbulent- ligram of rime liquid is linearly interpolated to zero between
scale motions but also by cloud- and large-scale motions—3 and—8°C.
and encompassing various scales of mixing processes. Here, The parameterizations developed by Chou and
cloud-scale motions involve updrafts and downdrafts, whichSuarez (1999) for shortwave radiation and by Chou et
complete the grid-resolved convection, and large-scale moal. (1999), and Kratz et al. (1998) for longwave radiation
tions involve the large-scale wind field imposed by large- have been implemented in the GCE model. The solar
scale forcings. radiation scheme includes absorption due to water vapor,

This study aims to gain an understanding of how this pos-CO,, O3, and Q. Interactions among the gaseous absorption
sible competition and thus the effect of aerosol on precip-and scattering by clouds, molecules, and the surface are fully
itation vary with environmental humidity in a MCE where taken into account. Reflection and transmission of a cloud
deep convective clouds play an important role in precipita-layer are computed using theEddington approximation.
tion. Precipitation from systems like the Asian and Indian Fluxes for a composite of layers are then computed using
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the two-stream adding approximation. In computing thermal
infrared fluxes, the k-distribution method with temperature
and pressure scaling is used to compute the transmission

Initial potential temperature and humidity
Water Vapor Mixing Ratio (g kg'1)
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144
3 Case description 12+ — Potential Temperature
" ----Water Vapor Mixing Ratio
Aerosol effects on precipitation are examined by perform- . 107'-_
ing two-day three-dimensional simulations of an observed  E \
MCE. The MCE was observed during a part of the TWP- ?E’ 81
ICE (12:00 LST (local solar time) 23 January—12:00 LST 2
25 January 2006) campaign in Darwin, Australia (12 M7 T 6
130.8% W), which is described by May et al. (2008) and
Fridlind et al. (2009). 4
The TWP-ICE balloon soundings provide initial humid-
ity and temperature and large-scale forcings of humidity and 21
temperature. Balloon soundings of winds, temperature and
dew-point temperature were obtained every 3 h from the ob- 0 \ \ \ -
servations. Vertical profiles of the initial specific humidity 300 320 340 360
and potential temperature applied are shown in Fig. 1. Up to Potential Temperature (K)

the top of the planetary boundary layer (PBL) at 1.6 km, po-
tential temperature and humidity increase and decrease, r&io. L \_/e_rtical profiles of initial potential temperature and water
spectively, but generally less significantly as compared to/2P°" MiXing ratio.
their variations above the PBL top. The 3-hourly sound-
ings were applied to the model as the large-scale advection
for potential temperature and specific humidity at every time(regarding the turbulent-scale entrainment) is a balance be-
step by interpolation. The model domain is considered totween the need to simulate the major features of the competi-
be small compared to large-scale disturbances. Hence, théon between entrainment and low-level convergence (but not
large-scale advection is approximated to be uniform over theentrainment itself) and a desire to simulate mesoscale fea-
model domain and large-scale terms are defined to be fundures of the system in the large 3-D domain. Supplementary
tions of height and time only. The vertical distributions of Simulations with higher resolutions (which will be described
the time- and area-averaged large-scale forcings of potentidh the following sections) demonstrate that this grid spac-
temperature and specific humidity are depicted in Fig. 2. Theng adopted is a reasonable compromise. Periodic boundary
forcing of potential temperature decreases up to 8 km andonditions are set on horizontal boundaries. To prevent the
then increases up to 14 km. Above 14 km, it decreases agairieflection of gravity or sound waves from the model top, a
The humidity forcing fluctuates between 3 and 10 km, while damping layer of 5km depth is applied near the model top.
it shows gradual variations at other altitudes. The observed It is assumed that there are five aerosol species: dust, sul-
temporally varying surface fluxes of heat and moisture werefate, organics, black carbon, and sea salt. Aerosol bearing
prescribed uniformly across the surface and they are identicadulfate or organics is assumed to act only as cloud condensa-
for all of simulations in this paper. This method of model- tion nuclei (CCN) and to be internally mixed. Dust or black
ing cloud systems was used for the CSRM comparison studyarbon is assumed to be externally mixed. In this study, the
by Xu et al. (2002). The details of the procedure for apply- well-known transformation of dust or black carbon to the
ing large-scale forcings are described in Donner et al. (1999%o0luble-coated CCN via coagulation with soluble substance
and are similar to the method proposed by Grabowski efis not considered. Hence, aerosol composed of either dust
al. (1996). The horizontal momentum was damped to ob-or black carbon is assumed to act only as ice nuclei. The
served values, following Xu et al. (2002). aerosol mass mixing ratio is advected, diffused and depleted
The simulations of the observed MCE are referred to asby activation during the simulation. Initially the aerosol mass
CONTROL, henceforth. For CONTROL, the horizontal do- mixing ratio is everywhere set equal to the background value.
main length is set at 125km for both the east-west (x) andThe aerosol number concentration in each bin of the size
north-south (y) directions to capture mesoscale structures a$pectrum is determined based on the predicted aerosol mass,
the storm while the vertical domain length is set at 20 km toaerosol particle density, and an assumed log-normal size dis-
cover the troposphere and the lower stratosphere. The horiribution. Aerosol mass is incorporated into hydrometeors
zontal gird length Ax and Ay) is 500 m while the vertical during droplet or ice nucleation and is transferred among
grid length (Az) is 200 m. The relatively coarse grid spacing different species of hydrometeors (through collection). The
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b Large-scale humidity forcing

“the low-aerosol run”. The size distribution and number con-
centration of background aerosol are calculated following the
methodology described in Fridlind et al. (2009) and aerosol
distributions shown in Fig. 4 in Fridlind et al. (2009) are ap-
plied. These distributions are tri-modal log-normal distribu-
tions with modal diameters of 0.03, 0.18, and 4.4 micron and
with standard deviations of 1.12, 1.45, and 1.80 for nuclei,
accumulation, and coarse mode, respectively. Figure 3 shows
the initial background aerosol distribution averaged over the
PBL. The averaged aerosol number (integrated over the dis-
tribution) over the PBL is~400 cn1 3 and this represents the
observed number over the PBL reasonably well during the
simulation period. The background aerosol is assumed to
s be horizontally homogeneous at time zero but changes there-
g kg day after based on transport and cloud processes.

To examine the aerosol effect, the low-aerosol run is re-
Fig..2. Vertical distribution of the time- and areg-gveragja)jpo- peated but with only the aerosol number enhanced by a fac-
]Ee”t!a' temperature large-scale forcing dbglhumidity large-scale 14 of 10, This simulation is referred to as “the high-aerosol
orcing. run’.
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aerosol is removed from the system when precipitating hy-4 Reduced humidity cases
drometeors fall to the surface or returned to the atmosphere
when hydrometeors evaporate or sublimate (Feingold and’he high- and low-aerosol runs in CONTROL are repeated
Kreidenweis, 2002). At each grid point which has aerosolby varying the environmental humidity to examine the role
mass returned by evaporation and sublimation, the returnedf humidity in the effect of aerosol on precipitation.
mass is added to pre-existing aerosol mass. Then, aerosol As shown by Weisman and Klemp (1982) and
number in each bin of the aerosol size distribution is de-Bluestein (1993), the basic type of convective clouds
termined using this total mass (returned mass + pre-existings determined by convective available potential energy
mass), aerosol particle density, and the assumed log-normgCAPE). CAPE is closely linked to temperature and humid-
size distribution. ity in the PBL. To minimize the variations of CAPE and thus
The first simulation of CONTROL adopts the initial back- the variations of cloud type, only humidity above the PBL
ground aerosol profiles which are extracted from the Aerosolvaries among CONTROL and repeated simulations. This
and Chemical Transport in troplcal conVEction (ACTIVE) better isolates the effect of humidity on aerosol-precipitation
program (Vaughan et al., 2008) with which the TWP-ICE interactions by excluding the effect of cloud type or
was coordinated. Henceforth, this simulation is referred to asloud-system organization on these interactions; Seifert
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Fig. 4. Vertical profiles of initial RH. Fig. 5. Time series of the area-averaged precipitation rate.

and Beheng (2006), van den Heever et al. (2011), Lee efind 83.13mm for the low-aerosol run and observation, re-
al. (2008a, b, 2009, 2010), and Storer et al. (2010) showe&pectively._Hencsa, the percentage difference in precipitation
that aerosol-precipitation interactions strongly depended orff€Ween simulation and observation is less than 10%, con-
the cloud-system organization. firming the reasonable simulation of precipitation. This is
For the first case of the repeated runs, the initial relativePartially due to the imposed large-scale forcings which con-
humidity (RH) in CONTROL, decreased by 15%, is applied strain the simulated precipitation. The averaged cumulative
(Fig. 4). This case of runs is referred to as “RH-15%". For p_recipitation over_the domain at the Ifast time step for the
the other case of repeated runs, the initial CONTROL humig-Nigh-aerosol run is 94.60 mm, Wh'Ch. 19% greater than
ity is reduced by 35%. This case is referred to as .‘RH_35%,,'t.hat for the Iow—aerlo.sol_run. Increasing aerosol concentra-
This 35% reduction of humidity corresponds to the varia- tion enhanc_e§ precipitation. o
tion of the average humidity above the PBL during the whole The prempltatlon event S|m_ulat_ed here IS dnven_by deep
TWP-ICE campaign which lasted20 days. The 15% vari- convective _cl_ouds as shown in Fig. 6a which dep_lcts con-
ation is chosen to represent a humidity level which is aroundfours of mixing ratios of cloud liquid and cloud ice ob-

a halfway point between the humidity level in CONTROL tained at the time of the occurrence of maximum precipita-

and that in RH-35%. Table 1 summarizes simulations in thistion ra_te in the middle of the y directi(_)n ?n the low-aerosol
run. Figure 6b shows the horizontal distribution of the aver-

study. In Table 1, there are brief descriptions of supplemen- ST ) ; o
tary simulations in addition to the high- and low-aerosol runs 29€d cloud-liquid mixing ratio over the vertical domain in the

in each of cases. These supplementary simulations will bd®W-aerosol run at the same time as Fig. 6a is obtained. Fig-
described in the following Sect. 5.3 in more detalil. ure 6b shows that cells tend to be clustered. Also, the clus-

tered cells tend to line up diagonally in the domain, which
indicates that they form an organized structure. Simulated
cloud fractions averaged over the simulation period for low-,

Resul
> Results mid-, and high-clouds in the low-aerosol run are 45, 55, and
51 CONTROL 78%, respectively, which is just a few percent different from
' observed fractions during the TWP-ICE campaign. Here,
5.1.1 Precipitation rate and cumulative precipitation clouds between 0-5, 5-10, and 10-20 kmiin altitude are clas-

sified as low-, mid-, and high-clouds, respectively. Also, the

Figure 5 depicts the time series of the area-mean precipita2veraged cloud-top height over the simulation period in the
tion rate smoothed over 3h for simulations in CONTROL. low-aerosol runiis 8.5 km, which shows8% difference with

The comparison of precipitation between observation and"€ observed height during the TWP-ICE campaign. This in-
the low-aerosol run in Fig. 5 demonstrates that precipita-d'cates that the overall system structure is reasonably simu-

tion is simulated reasonably well. The averaged cumulativd@t€d-
precipitation over the domain at the last time step is 86.45

www.atmos-chem-phys.net/11/2179/2011/ Atmos. Chem. Phys., 11,2198§-2011
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Table 1. Summary of simulations.

S. S. Lee: Dependence of aerosol-precipitation interactions on humidity

Simulations Background Mean Domain Grid spacing Ice physics Downdrafts
aerosols initial
averaged background
over the RH above
PBL the PBL
(cm3) (%)
High-aerosol 4000 71 125« 125x 20kn?  Ax=Ay=500m Included No adjustment
run Az=200m
Low-aerosol 400 71 125x 125x 20kn? Ax=Ay=500m Included No adjustment
run Az=200m
High-aerosol- 4000 71 125¢ 125x 20km?  Ax=Ay=500m Notincluded No adjustment
no-ice run Az=200m
Low-aerosol- 400 71 125x 125x 20kn®  Ax= Ay=500m  Notincluded No adjustment
CONTROL no-ice run Az=200m
High-aerosol- 4000 71 125¢ 125x 20km?  Ax = Ay=500m Included Reduced to the level of
no-conv run Az=200m downdrafts in the low-
aerosol run at the PBL
top
High-aerosol- 4000 71 125¢ 125 x 20kmP  Ax = Ay=100m Included No adjustment
100mrun Az=100m
Low-aerosol- 400 71 125x 125x 20kn®  Ax = Ay=100m Included No adjustment
100m run Az=100m
High-aerosol 4000 56 125« 125x 20kn®  Ax=Ay=500m Included No adjustment
run Az=200m
Low-aerosol 400 56 125x 125x 20kn? Ax=Ay=500m Included No adjustment
run Az=200m
High-aerosol- 4000 56 125¢ 125x 20knm?  Ax=Ay=500m Notincluded No adjustment
no-ice run Az=200m
Low-aerosol- 400 56 125x 125x 20kn®  Ax= Ay=500m Notincluded No adjustment
RH-15% no-ice run Az=200m
High-aerosol- 4000 56 125¢ 125 x 20km?  Ax = Ay=500m Included Reduced to the level of
no-conv run Az=200m downdrafts in the low-
aerosol run at the PBL
top
High-aerosol- 4000 56 125¢ 125 x 20km?  Ax= Ay=100m Included No adjustment
100mrun Az=100m
Low-aerosol- 400 56 125x 125x 20kn®  Ax = Ay=100m Included No adjustment
100m run Az=100m
High-aerosol 4000 31 125« 125x 20kn?  Ax=Ay=500m Included No adjustment
run Az=200m
Low-aerosol 400 31 125x 125x 20kn?  Ax=Ay=500m Included No adjustment
run Az=200m
High-aerosol- 4000 31 125¢ 125 x 20km?  Ax= Ay=500m Notincluded No adjustment
no-ice run Az=200m
Low-aerosol- 400 31 125x 125x 20knP  Ax=Ay=500m Notincluded No adjustment
RH-35% no-ice run Az=200m
High-aerosol- 4000 31 125x 125x 20knm®  Ax=Ay=500m Included Reduced to the level of
no-conv run Az=200m downdrafts in the low-
aerosol run at the PBL
top
High-aerosol- 4000 31 125¢ 125 x 20km?  Ax= Ay=100m Included No adjustment
100mrun Az=100m
Low-aerosol- 400 31 125x 125x 20kn®  Ax= Ay=100m Included No adjustment
100 m run Az=100m
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5.1.2 Precipitation budget

a Cloud-particle mixing ratio
14 Time = 03LST 24JAN Microphysical processes leading to the difference in precipi-
— Cloud liquid (g kg™ tation are examined by obtaining differences in the domain-
(0kg") averaged cumulative sources and sinks of the sum of precip-
itable hydrometeors between the high-aerosol run and low-
aerosol run (high aerosol — low aerosol). For this, production
E ) equations for the sum of precipitable hydrometeors are inte-
- grated over the domain and duration of the simulations. The
g’ time- and domain-average tendency is zero, since the storage
of the hydrometeors is zero at the end of simulation. Among
the sources and sinks, autoconversion and terms associated
with accretion of cloud liquid predominantly account for pre-
cipitation differences to yield the following approximate dif-
125 ference equation:
dqr,  9qi, 9qa 9gn
b Cloud liquid field A((E)-Ha—t')-HWH-(W) =Al[Pr|
“RRE ST ~ A(Au(Gr: 4olge)) + A (A(dri dolan) + A (A(gn: gelan)
. % \J%& +A(A(gi:qclg)) + A(A(gn; gclga)) + A(A(gh: gclgi))
100-] Oo@i & i +A(A(gai qclqa) (1)
0.01 8 . .
) Q@ where volume_ and area integrations are denotefl byand
5] S ’ %ﬂ S [l ||, respectively:
% =0 Oﬁp\@ @QQ (A)=rLs [[] paAdxdydzdt, || All=1 [ [ Adxdydr (2)
Toes . S .
50 @&Qp - Lx andLy are the domain length, which is 125km, in the
% 2% %@ o x and y directions, respectively. In Eq. (1), the mixing ra-
Vg ‘\%Q tios of cloud liquid, cloud ice, aggregates, rain, and hail are
257 5 % w0 M\\\ represented by, gi, ga, qr, andgn, respectively, andiu
% v io \%% and A represent autoconversion and accretion, respectively.
o ) RN ?@ P @/\F\ Pr is precipitation. Notation for terms in budget equations
75 1

0 25 50 100 25 obeys the following conventions: the variable before the
x(km) semi-colon in each term indicates the quantity whose mixing

ratio is changed by the source or sink. Following the semi-
Fig. 6. (&) Contours of cloud-liquid (solid thick line) and cloud-ice - colon, quantities that merge or separate in the source or sink
(dashed line) mixing ratio (gkg') and(b) horizontal distribution  are indicated by a|* between them. A single variable fol-
of the averaged cloud-liquid mixing ratio over the vertical domain lowing a semi-colon indicates a quantity whose mixing ratio
at the time of the occurrence of maximum precipitation rate for theis changed by a phase transition; this last convention is used
low-aerosol run in CONTROL. Fdr), contours are obtained in the in the following Eq. (1) '
middle of the y direction. Contour starts at 0 gkgand contour The terms on thé " .ht hand side of Eq. (1) are differences
interval is 0.3 gkg. For(b), contours are at 0.01 and 0.6 gy , 9 , a4 ,

(high aerosol — low aerosol) in autoconversion, accretion of

cloud liquid by rain to form rain, accretion of cloud liquid

At the last time step, the domain averaged background?y hail to form hail, accretion of cloud liquid by cloud ice
aerosol number is- half of that at the first time step for both  to form cloud ice, accretion of cloud liquid by aggregates to
the high- and low-aerosol runs. In the PBL, the average numform hail, accretion of cloud liquid by cloud ice to form hail,
ber is~200 and~2000 cnt? for the high- and low-aerosol ~ and accretion of cloud liquid by aggregates to form aggre-
runs at the last time step, respectively; note that the averdates, respectively, between the high- and low-aerosol runs.
age number is-400 and~4000 cnt3 for the high- and low- ~ The sources and sinks excluded from Eq. (1) contribute
aerosol runs at the first time step in the PBL, respectively.0ne order of magnitude less to the differences in precipita-
Also, the larger average aerosol number in the high-aerosdion than sources retained in Eq. (1). Budget numbers for
run than in the low-aerosol run is maintained over the wholeEd. (1) are shown in Table 2.
simulation period for both places in and above the PBL; this The increased aerosol concentration leads to the increased

is app|icab|e to the other cases described in Sect. 5.2. precipitation. This is because the increase in accretion is
larger than the decrease in autoconversion (Table 2). The
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Table 2. Domain-averaged differences in the accumulated sources and sinks of precipitation, retained in the approximated Egs. (1) and (3),
and the domain-averaged differences in the accumulated evaporation of rain between the high- and low-aerosol runs.

Differences (mm) (High aerosol — Low-aerosol)

Terms in Eqg. (1) CONTROL RH-15% RH-35%
(Au(qr: qclge)) —8.69 —7.98 —-7.71
Autoconversion

(A(gr;qclgr)) 12.68 10.66 4.40
Accretion of cloud liquid by rain

to form rain

{A(gn; gclan)) 2.54 1.61 0.37

Accretion of cloud liquid
by hail to form hail

(Agizqclai) 0.05 0.02 0.01
Accretion of cloud liquid
by cloud ice to form cloud ice

(A(gh; gclga)) 0.75 0.25 0.15
Accretion of cloud liquid
by aggregates to form hail

(A(gn; qclgi) 0.43 0.21 0.11
Accretion of cloud liquid
by cloud ice to form hail

(A(ga; gclga)) 0.05 0.03 0.02
Accretion of cloud liquid
by aggregates to form aggregates

Terms in Eq. (3) CONTROL RH-15% RH-35%
(C(gc;qv)) 62.24 83.10 98.05
Condensation

(E(gviqc)) 54.84 78.21 100.50
Evaporation of cloud liquid

Evaporation of rain CONTROL RH-15% RH-35%
(E(gv;iqc)) —-0.25 -0.32 -0.35

Evaporation of rain

[| Pri] 8.15 5.10 —-2.79
Precipitation

presence of increased cloud liquid is required for the largelin condensation and evaporation of cloud liquid are one to
increase in accretion. To examine the source of the increasetthree orders of magnitude larger than the other terms as in
cloud liquid, budget terms controlling the evolution of cu- Khain et al. (2008) and Lee et al. (2008a, b). Therefore, the
mulative cloud-liquid mass (i.e(,"a%)) are added to those in difference in precipitation is approximated as follows:

the production equation for the sum of precipitable hydrom-

eteors. Terms associated with cloud liquid in the production !PT~ A{C(gciqv)) — A{E(gqvigc)) ®3)
equation for the sum of precipitable hydrometeors are can-

celed out by this addition. Then, it is found that differences
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Here,qy, C and E represent water-vapor mixing ratio, con- ‘v.ﬁ‘ (CONTROL)
densation and evaporation, respectively. The terms on the .,
right hand side of Eg. (3) are differences (high aerosol — low
aerosol) in condensation and evaporation of cloud liquid, re-
spectively. Budget numbers for Eq. (3) are also shown in Ta- 24/
ble 2. Terms in the approximate Egs. (1) and (3) together in-
dicate that cloud liquid produced by condensation is depletedT
by autoconversion and accretion by precipitation as well as ® 81
evaporation. Ultimately, cloud liquid disappears via evapo- ' ;5 |
ration. However, before its disappearance, some portion of ™
cloud liquid is converted into precipitation via accretion and ] —— High-aerosol run
autoconversion. Autoconversion is lower at high aerosol than 91
at low aerosol (Table 2). Note that accretion is proportional
to cloud-liquid mass which is, in turn, commensurate with
condensation. The combination of Eqgs. (1) and (3) indicates 12 18 00 06 12 18 00 06 12
that whether precipitation increases or decreases with the in- 23JAN ZA4IAN i ZoJAN
creasing aerosol concentration is determined by whether an Time (h)
increase in the production of cloud liquid by condensation _ i . . .
(leading to an increase in accretion) is larger than an increasgg'lgwg;Tfksrir;gf tﬁ]‘eah\?e;]a%id; l'O‘V/J ;’gfgsg?:'jr?smi? ggm_'g Oalt_
in the loss of cloud liquid by evaporation (leading to a de- g ) '
crease in accretion) to offset the precipitation loss from auto-
conversion. Here, the increased condensation of cloud liquid
is greater than the increased evaporation of cloud liquid, redevelopment of more subsequent convective clouds as shown
sulting in the greater high-aerosol precipitation (Table 2). ~ in Khain et al. (2005, 2008), Seifert and Beheng (2006), Tao
Cumulative precipitation normalized with respect to cu- €t@l- (2007) and Lee et al. (2010). As seen in Table 6, the cu-
mulative condensation at the end of time integration is 0.33Mulative number of convective coresi£26% larger in the.
and 0.42 in the high-aerosol run and the low-aerosol runigh-aerosol run than in the low-aerosol run. A convective
respectively. In spite of the lower efficiency of rain pro- COre (whichis a grid co_lumn classme(_d as the core) satisfies at
duction at high aerosol, the high-aerosol run produces thé®ast one of the following three conditions (Xu et al., 2002):
larger cumulative precipitation. The increase in precipitation(1) maximum cloud draft strengthuax) is larger th?” the
in this system is made possible by the increase in conden@verage over{_:jrld columns within 4km with>1ms™, (2)
sation which dominates the reduced efficiency with which Wmax>3ms ", or (3) precipitation rate exceeds 25 mmh
cloud liquid is converted to precipitation. Condensation is More convective clouds produce more cumulative conden-
closely linked to the dynamic intensity of a system. Thus, theSation for the enhanced cumulative precipitation through the
increased condensation is likely to involve a change in thencreased averaged updrafts at high aerosol as also shown in

dynamics of the system between the high-aerosol and low-€€ €t al. (2008a, b), though the horizontal length of con-
aerosol runs. vective clouds, averaged over cloud depth, is smaller at high

aerosol. The averaged length is 4.5 and 5.1 km for the high-
5.1.3 Dynamic aspects and low-aerosol runs, respectively. This smaller cloud length
at high aerosol than at low aerosol is consistent with Jiang

Around 00:00 LST on 24 January, the precipitation rate of the€t al. (2006), Xue and Feingold (2006) and Jiang and Fein-
high-aerosol run begins to exceed that of the low-aerosol rurgold (2006).
(Fig. 5). This leads to the larger domain-averaged cumulative The evaporation of cloud liquid or rain plays an impor-
rainfall of the high-aerosol run than that of the low-aerosol tant role in controlling the intensity of convergence. Ta-
run at the end of the event (Table 2). ble 2 shows the domain-averaged cumulative cloud-liquid
The increase in precipitation is due to an increase in theand rain evaporation. Cloud-liquid evaporation is larger at
intensity of low-level convergence in the high-aerosol run ashigh aerosol, whereas rain evaporation is smaller at high
reported by Lee et al. (2008a, b). Figure 7 shows the time seaerosol. Consistent with Berg et al. (2008) and Storer et
ries of the average gV e V| over the horizontal domain and al. (2010), the smaller rain evaporation is due to larger rain-
lowest 1km, wher¥is horizontal wind vector. Here, only drop sizes at high aerosol. Hence, it is the more cloud-
VeV < 0isincluded in the absolute value and average. Low-liquid evaporation which induces the more evaporative cool-
level convergence in the high-aerosol run begins to exceedhg, stronger downdrafts and thus the more intense low-level
its value in the low-aerosol run around 22:00 LST on 23 Jan-convergence and subsequent convective cells at high aerosol.
uary. More convergence around the surface uplifts more aiThe more cloud-liquid evaporation is initiated by less au-
subsequently to satisfy a mass conservation. This leads to theconversion which enhances cloud liquid as a source of

271

Low-aerosol run
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evaporative cooling and smaller droplets which tend to pro- a Buoyancy
vide enhanced particle surface areas for evaporation and as- CONTROE
sociated cooling at high aerosol than at low aerosol. This 1.0
is consistent with the findings of Lee et al. (2008a, b, 2009, 0.9 Low-aerosol run
2010) _‘g‘) 0.8 —— High-aerosol run
Following Jiang et al. (2006), Fig. 8a shows the vertical T 4
distribution of the+/— buoyancy averaged over the cloudy 3 o6
regions in CONTROL. The profiles in Fig. 8 are normalized % 0.5
in a way that cloud base corresponds to 0 and cloud top to % 0.4
1. Figure 8a indicates that the magnitude of both positive Z 53
and negative buoyancy is larger in the high-aerosol run than 05
in the low-aerosol run in CONTROL. The enhanced evapo- 014
rative cooling (initiated by less autoconversion and smaller B , \ , , , ,
droplet size at high aerosol than at low aerosol) acts to en- —-18 —-12 —6 O 6 12 18
hance not only the intensity of downdrafts but also the hori- Buoyancy (10" m s%)
zontal buoyancy gradient (Fig. 8). The subsequent increase b RH-15%
in condensation further enhances the horizontal buoyancy 1.0
gradient at high aerosol. For clouds of similar size, this in- 0.9 Low-aerosol
dicates that the horizontal buoyancy gradient is larger in the £ o0& High-aerosoun
high-aerosol run than in the low-aerosol run in CONTROL. 2 57
That the averaged horizontal length of clouds (for each of E 0.6-
the x- and y-direction) at high aerosol is smaller than those T 0.54
at low aerosol confirms the larger horizontal buoyancy gradi- % 0.4-
ent at high aerosol than at low aerosol. < s
The horizontal buoyancy gradient affects vorticity as seen o]
in the following vorticity equation: 014
By z_wx<3_” 3_w>_8_B (4) 18 12 -6 0 6 12 18
Jat dx 0z dIx Buoyancy (10° m s%)
dwy, ov  Jdw oB
2o ()4 5 ©) ‘ b
Here,w, andw, are vorticity in the x and y direction, re- ;'s:
spectively. u andv are the horizontal wind in the x and y e
direction, respectively, and is the vertical wind B is buoy- 5 087
ancy. Thus,22 (or B,) and %—g(or By) are the horizontal % .77
buoyancy gradient in the x and y direction, respectively. In g 087
this study, the center of the horizontal vorticity is located at ‘_g 0.5
cloud edge. The magnitude of the horizontal buoyancy gradi- g 0.4
entis(B2+ B2)%°. There is a divergence term (the first term 0.3
on the right hand side of the vorticity equation) in addition to 0.2 4
the horizontal-buoyancy-gradient term in the vorticity equa- 0.1

tion. As shown in Table 6 and Fig. 9a, the larg8¢ + B)°>
(calculated above the cloud base) leads to stronger vorticity
in the high-aerosol run than in the low-aerosol run, indicating
more entrainment of unsaturated air into clouds in the high-rig_ g Normalized profiles of buoyancy (positive and negative) for
aerosol run than in the low-aerosol run in CONTROL; note the high- and low-aerosol runs fa) CONTROL, (b) RH-15%, and
that the profiles in Fig. 9 are also normalized in the same(c) RH-35%.

way as in Fig. 8. However, the contribution of the diver-

gence term (calculated above the cloud base) to vorticity and

the vorticity difference between the high-aerosol run and thewind fields are identical for the high- and low-aerosol runs,
low-aerosol run is an order of magnitude smaller than thatthey do notimpact the different entrainment for the high- and
of the horizontal-buoyancy-gradient term (Table 6). Hence,low-aerosol runs. Hence, it is the turbulent-scale and cloud-
the role of divergence in vorticity and its difference above scale entrainment which makes differences in entrainment
the cloud base is considered negligible. Since large-scalbetween the high- and low-aerosol runs. More entrainment

-18 —12 —6 ] 6 12 18
Buoyancy (10°m s°)
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Fig. 9. Normalized profiles of the horizontal vorticity (positive and
negative) for the high- and low-aerosol rung&) CONTROL, (b)
RH-15%, andc) RH-35%.

to the evaporation increase). This results in the precipitation
enhancement at high aerosol in CONTROL (Table 2). One
could argue that the stronger vorticity is associated not only
with entrainment but also with cloud-scale and turbulent-
scale updrafts and, thus, the stronger vorticity can also con-
tribute to the condensation increase at high aerosol. How-
ever, sensitivity tests show that the vorticity effect on evapo-
ration (via entrainment) outweighs that on condensation (see
the comparison between the high-aerosol-no-conv and low-
aerosol runs in Sect. 5.3). Hence, it can be considered that
the stronger vorticity leads to larger evaporation.

5.2 RH-15% and RH-35%

With lower environmental humidity in RH-15% as compared
to CONTROL, the high-aerosol run still shows a larger cu-
mulative precipitation than the low-aerosol run, though the
difference in precipitation is smaller in RH-15% than in
CONTROL (Table 2). In RH-35% with the lowest humidity,
the cumulative precipitation in the high-aerosol run is smaller
than that in the low-aerosol run (Table 2).

The magnitude of the increase in condensation is larger
(smaller) than that in evaporation in CONTROL and in RH-
15% (RH-35%) in the high-aerosol run. This leads to the
change in the sign of the effect of aerosol on precipitation
from the precipitation enhancement (as in CONTROL and
RH-15%) to the precipitation suppression (as in RH-35%).
The comparison between CONTROL and RH-15% indicates
that decreasing humidity does not necessarily lead to the pre-
cipitation suppression induced by increase in aerosol concen-
tration.

From CONTROL to RH-15%, the vorticity difference be-
tween the high- and low-aerosol runs increases as shown in
Fig. 9 and Table 6, which is associated with more efficient
evaporation due to lower humidity (leading to the larger in-
crease in evaporation ari#?+ B2)%° induced by increase
in aerosol concentration) in RH-15% than in CONTROL.
However, the more efficient evaporation also leads to more
efficient development of downdrafts at high aerosol. This
leads to a larger difference in low-level convergence between
the high- and low-aerosol runs in RH-15% than in CON-
TROL (Table 6). The effect of this larger increase in low-
level convergence on condensation outweighs the effect of
increase in vorticity and thus entrainment on evaporation, en-
abling the precipitation enhancement at high aerosol in RH-
15%. However, the relative increase in condensation to that
in evaporation due to the increase in aerosol concentration
decreases and this leads to the decreasing precipitation dif-
ference between the high- and low-aerosol runs as humidity
reduces by 15% (Table 2). This demonstrates that the ef-
fect of aerosol on entrainment becomes more important as

acts to reduce cloud liquid as a source of accretion by evaphumidity becomes lower.

orating it more at high aerosol. However, the effect of evap-

With the lowest humidity in RH-35%, the vorticity in-

oration on low-level convergence (leading to the condensacrease (and, thus, the entrainment increase) at high aerosol
tion increase) outweighs the effect of entrainment (leadingis the largest among the cases (Fig. 9 and Table 6). Also, as
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shown in Table 6, the increase in the intensity of low-level erally, (B§+B§)O-5, vorticity, and the intensity of low-level
convergence at high aerosol is also the largest among theonvergence decrease as compared to their values in the pres-
cases. However, in RH-35%, the effect of the increasing enence of ice physics (Table 6). However, we can see that
trainment on evaporation and thus on precipitation outweighg B2+ B2)%® , vorcitity and the intensity of low-level con-
that of low-level convergence on condensation and precipi~vergence are still larger at high aerosol than at low aerosol
tation (Table 2). This leads to the precipitation suppressionwith no ice physics (Table 6). Also, it is seen that the sign
induced by increase in aerosol concentration in RH-35% (Ta-of the effect of aerosol on precipitation does not change in
ble 2). Hence, we can see that, as humidity lowers, the effecthe absence of ice physics and the precipitation difference
of the entrainment increase on the precipitation response bedecreases as humidity lowers from CONTROL to RH-15%
comes stronger and, finally, dominates that of the increase ifTable 3). This demonstrates that the qualitative nature of
low-level convergence. This changes the sign of the precipthe competition between aerosol effects on entrainment and
itation response to aerosol from the precipitation enhancethose on low-level convergence and its dependence on hu-
ment (as in CONTROL and RH-15%) to the precipitation midity does not depend on ice physics.
suppression (as in RH-35%).

5.3.2 Downdrafts

5.3 Sensitivity tests i ) N .
To examine this competition further, we repeated the high-

It is known that aerosol-precipitation interactions in deepa€rosol run by artificially reducing the downdraft velocity
convective clouds depend on cloud type (Seifert and BehendY & fixed factor once each downdraft reaches the PBL top
2006: Lee et al., 2008a, b, 2009, 2010; Lee and Feingoldfor each of the cases. This factor is applied when the av-
2010; van den Heever et al., 2011) and ice physics (Khaireraged low-level convergence in the high-aerosol run starts
et al., 2005; van den Heever et al., 2006; Lynn et al., 200710 be larger than that in the low-aerosol run in each of the
Rosenfeld et al., 2008; Lerach et al., 2008: Khain and Lynn,CaSes. This repeated high-aerosol run is referred to as the

2009; Ntelekos et al., 2009; Lee et al., 2010; van den Heevefigh-aerosol-no-conv run (Table 1). The factor is calcu-
etal., 2011). The aim of this study is to examine the effect oflated based on the difference in the averaged downdraft in-

humidity on aerosol-precipitation interactions in deep con-t€nsity between the high- and low-aerosol runs. As shown
vective clouds. Hence, this study does not focus on the effect? Table 6, with the reduced downdrafts at the PBL top, the
of cloud type and ice physics on those interactions and the efloW-level-convergence difference between the high-aerosol-
fect of humidity needs to be isolated from the effect of cloud N0-conv run and the low-aerosol run-isone to two orders
type and ice physics. Here, the cloud-top height is selecte@’ magnitude smaller than that between the high- and low-
to represent a cloud type, since the top height mainly con-2€r0sol runs. HowevexBZ + B2)*® and vorticity in the
trols the effect of aerosol on low-level convergence in con-high-aerosol-no-conv run are still significantly larger than
vective clouds with their base around or in the PBL (Lee etthose in the low-aerosol run. Hence, the effect of entrainment
al., 2008a, b, 2009, 2010). on the aerosol-precipitation interactions still exists but the

As shown in Table 6 and as intended by applying the iden_effect of low-level convergence on those interactions nearly
disappears between the high-aerosol-no-conv run and the

tical temperature and humidity in the PBL, cloud-top height ) - )
.low-aerosol run. The increased vorticity and thus entrain-

obtained at the time of the maximum area-averaged precipi- . ith th fthe i ) it of
tation rate (corresponding to the mature stage of convectivdn€Nt combined with the absence of the increased intensity 0

clouds) does not vary significantly among the cases. This igow-level convergence leads to the evaporation increase that
is larger than the condensation increase in the high-aerosol-

closely linked to small variations in CAPE among simula- ) . s
tions (Table 6); the maximum and minimum CAPE among no-conv run n C,:QNTROL and R_H'1,5/° (Teble 4). This
leads to the precipitation suppression in the high-aerosol-no-

simulations show just-10% difference. A large portion of oo :
clouds reach the tropopause at the mature stage and, thus, NV un. contrary to the precipitation enn’ancement in the
averaged cloud-top height does not vary significantly evenigh-aerosol runin CONTROL and RH-15% (Tables 2 and
among simulations in each of the cases. Hence, the effect of)- [N RH-35%, the precipitation suppression is enhanced

cloud type on results here is considered excluded reasonab Fhe high—aerqsol—_no—con\( run as compared to the precipi-
well. ation suppression in the high-aerosol run (Tables 2 and 4).

This is due to the absence of the condensation enhancement
induced by the increase in low-level convergence in the high-
aerosol-no-conv run in RH-35%. This comparison between

To examine the effect of ice physics on results here, all ofthe high-aerosol-no-conv run and the high-aerosol run shows

simulations are repeated but with no ice physics. These rethat it is the effect of the increased evaporation on low-level

peated high- and low-aerosol runs in each of the cases argonvergence that enables the preci.pitation enhancement de-
named the high-aerosol-no-ice and low-aerosol-no-ice runs?p'te the increased entrainment at high aerosol in CONTROL

respectively (Table 1). In the absence of ice physics, gen-‘?lnd RH-15%.

5.3.1 Ice physics
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Table 3. Domain-averaged differences in the accumulated sources and sinks of precipitation, retained in the approximated Egs. (1) and (3),
and the domain-averaged differences in the accumulated evaporation of rain between the high-aerosol-no-ice and low-aerosol-no-ice runs.

Differences (mm) (High-aerosol-no-ice — Low-aerosol-no-ice)

Terms in Eq. (1) for no-ice cases CONTROL RH-15% RH-35%
(Au(gr;qclge)) -8.20 —7.37 —7.34
Autoconversion

(A(qr;qclar)) 14.27 11.42 412
Accretion of cloud liquid by rain

to from rain

Terms in Eq. (3) CONTROL RH-15% RH-35%
(C(gc;qv)) 56.01 73.09 87.01
Condensation

(E(qviqc)) 50.12 69.07 90.10
Evaporation of cloud liquid

Evaporation of rain for no-ice CONTROL RH-15% RH-35%
cases

(E(qviqc)) -0.17 -0.20 —0.24

Evaporation of rain

[| Pr]| 6.45 4.12 —3.36
Precipitation

Table 4. Domain-averaged differences in the accumulated sources and sinks of precipitation, retained in the approximated Eq. (3) between
the high-aerosol-no-conv and low-aerosol runs.

Differences (mm) (High-aerosol-no-conv — Low-aerosol)

Terms in Eq. (3) CONTROL RH-15% RH-35%
(C(gc;qv)) 15.56 37.25 51.30
Condensation

(E(qv:qc)) 17.45 41.40 58.50

Evaporation of cloud liquid

[ Pri| —2.05 —4.80 —-8.05
Precipitation

5.3.3 Resolution the sign of the effect of aerosol on entrainment is unlikely

to vary with resolutions. To test the sensitivity of results
The resolution used in this study is one order of magni- here to resolutions, the high- and low-aerosol runs are re-
tude coarser than those generally used in the large-eddy sinpeated but with higher resolutions in each of the cases. The
ulation (LES) models. It is known that, as resolution be- grid spacing for these simulations is 100 m for both the hor-
comes coarser, entrainment and aerosol effects on it becomigontal and vertical domains. These repeated high- and low-
stronger (Jiang et al., 2009). However, Jiang et al. (2009)erosol runs are referred to as the “high-aerosol-100 m run”
also reported that stronger vorticity and entrainment inducedand “low-aerosol-100 m run”, respectively (Table 1). Ta-
by increase in aerosol concentration were robust to resoluble 5 shows that the precipitation differences between the
tions. Hence, using coarse resolution exaggerates the effegfigh-aerosol-100 m run and the low-aerosol-100 m run are
of entrainment on clouds and aerosol impacts on it, though
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Table 5. Domain-averaged differences in the accumulated sources and sinks of precipitation, retained in the approximated Eg. (3) between
the high-aerosol-100 m and low-aerosol-100 m runs.

Differences (mm) (High-aerosol-100 m — Low-aerosol-100 m)
Terms in Eq. (3) CONTROL RH-15% RH-35%

(C(gc:qv)) 61.53 81.81 95.79
Condensation

(E(qv;q0)) 49.23 72.53 96.11
Evaporation of cloud liquid

[ Pril 12.30 9.28 -0.32
Precipitation

larger than those between the high- and low-aerosol rungooling induced by increase in aerosol concentration func-
in CONTROL and RH-15%. In RH-35%, the precipita- tions not only to increase entrainment (above the cloud base)
tion suppression induced by increase in aerosol concentrabut also to increase downdrafts (reaching the surface below
tion in the high-aerosol-100m run is smaller than that inthe cloud base). The increase in entrainment acts to fur-
the high-aerosol run. This is because the effect of aerosather increase droplet evaporation reducing cloud liquid as a
on entrainment is weakened with the increasing resolutionsource of precipitation, which tends to result in the precip-
while the effect of aerosol on low-level convergence is lessitation suppression at high aerosol. The increase in down-
sensitive to the resolution as shown in Table 6. However,drafts acts to intensify low-level convergence (leading to de-
the precipitation difference between the high-aerosol-100 mvelopment of more, stronger subsequent secondary clouds),
and low-aerosol-100 m runs decreases from CONTROL towhich enhances cloud liquid as a source of precipitation and,
RH-15%. This is because the increase of entrainment efthus, tends to result in the precipitation enhancement at high
fect on the precipitation response to aerosol, induced by inaerosol as simulated by previous studies (e.g., Khain et al.,
crease in aerosol concentration, enhances as humidity lowei2005; Seifert and Beheng, 2006; van den Heever et al., 2006;
from CONTROL to RH-15% as simulated between the high-van den Heever and Cotton, 2007; Tao et al., 2007; Lee et al.,
and low-aerosol runs. In RH-35%, the high-aerosol-100 m2008a, b, 2009, 2010; Lee and Feingold, 2010; and Storer et
run shows smaller precipitation than the low-aerosol-100 mal., 2010). Although humidity is reduced by 15%, the effect
run, since the effect of increasing entrainment on evaporatiorof the increase in evaporation on downdrafts and low-level
outweighs that of low-level convergence on condensation agonvergence, induced by the increase in aerosol concentra-
simulated between the high- and low-aerosol runs. Hencetion, outweighs that in entrainment and this enables more
the qualitative nature of this study is considered robust toprecipitation at high aerosol as in a case with higher humid-
resolutions. ity. However, when humidity lowers by 35%, the effect of the
evaporation enhancement on low-level convergence is out-
weighed by that on entrainment, which leads to more precip-
6 Conclusion and summary itation at low aerosol. This indicates there is a critical level
of humidity from which the sign of the effect of aerosols on
This study shows that decreasing humidity does not alwaygprecipitation alters.
lead to decreasing precipitation with increasing aerosol con- The humidity effect suggested by Khain et al. (2008) is
centration in a deep convective system comprising multiplebased on a conceptual model of an isolated single cloud
clouds. This is because there is a competition between inwhere it is not possible to see the effect of aerosol on low-
crease in entrainment induced by increase in aerosol concetevel convergence and thus on secondary clouds. The cur-
tration and that in the intensity of low-level convergence to rent work indicates that the effect of humidity on aerosol-
determine the precipitation response to aerosol. Due to deprecipitation interactions on a single isolated cloud can be
creasing autoconversion with increasing aerosol concentradifferent from that on a system comprising multiple clouds.
tion, more abundant droplets as a source of evaporation arAs described in the introduction, global hydrologic circu-
present at high aerosol than at low aerosol. Also, decreadations are affected by MCEs comprising numerous con-
ing cloud-droplet size with increasing aerosol concentrationvective cells. Hence, according to this study, the di-
provides increasing droplet surface areas for evaporation atect translation of the findings from studies for an isolated
high aerosol. This leads to more evaporative cooling fromcloud to multiple-cloud systems and thus climate can be
droplet evaporation at high aerosol. Increase in evaporativenisleading. This is supported by Seifert and Beheng (2006)
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Table 6. Averaged horizontal buoyancy gradient and vorticity and terms characterizing the cloud type and the low-level convergence.

Case Simulation Average  The time- The aver- The aver- The aver- Cumulative Averaged
cloud-top and aged(Bf + agedmag- aged mag- number of low-level
height at domain- B2)%5 over  nitude of nitude of convective  conver-
the time of averaged the cloudy the horizontal ~ cores at the gence
maximum  CAPE regions divergence vorticity last time over
area- @ kg (104s72)  termover  overthe step the
averaged the cloud cloudy lowest 1
precip- regions regions km
itation (105s72) (107257 (1074s71
(km)

High-aerosol 13.2 2450 1.3 1.2 3.3 15155 20.3
run

Low-aerosol 13.0 2300 11 1.0 3.0 11991 18.8
run

High-aerosol-  13.0 2260 11 0.9 2.9 14643 19.2
no-ice run

CONTROL Low-aerosol- 12.9 2230 0.9 0.8 2.7 10034 17.6

no-ice run

High-aerosol- 13.0 2310 1.2 1.1 3.2 12112 18.9
no-conv run

High-aerosol-  13.2 2490 1.2 14 3.2 15905 20.6
100 m run

Low-aerosol- 13.1 2470 11 11 3.0 12809 19.1
100 m run

High-aerosol 13.1 2280 11 0.9 2.7 11984 19.3
run

Low-aerosol 13.0 2210 0.7 0.5 1.8 9054 15.8
run

High-aerosol-  13.1 2260 1.0 0.9 2.6 9886 18.7
no-ice run

RH-15% Low-aerosol- 12.9 2210 0.6 0.4 1.7 7588 14.8

no-ice run

High-aerosol- 13.0 2250 1.0 0.7 2.5 9122 16.1
no-conv run

High-aerosol- 13.2 2300 1.0 0.8 2.5 12628 19.8
100 m run

Low-aerosol- 13.1 2290 0.7 0.6 17 9579 16.4
100 m run

High-aerosol 13.0 2230 0.9 0.5 1.6 8755 17.2
run

Low-aerosol 12.8 2210 0.3 0.1 04 7621 135
run

High-aerosol- 12.9 2220 0.7 0.4 1.4 7908 16.1
no-ice run

RH-35% Low-aerosol- 12.7 2200 0.2 0.1 0.3 6876 12.0

no-ice run

High-aerosol-  12.9 2230 0.7 0.3 14 7701 13.7
no-conv run

High-aerosol- 13.1 2270 0.7 04 1.4 9212 17.1
100 m run

Low-aerosol- 13.0 2250 0.2 0.2 0.4 8121 13.3
100 m run
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who showed different responses of precipitation to aerosol In this study, aerosol incorporated into hydrometeors only
between single-cloud systems and multiple-cloud systemsvia nucleation (i.e., nucleation scavenging) is subject to the
Also, it is worth pointing out that Lee and Feingold (2010) removal of aerosol from atmosphere by precipitation. Here,
and van den Heever et al. (2011) showed that different typesve did not include the aerosol removal by precipitation
of clouds even in convective systems with multiple cloudswhich captures aerosol (i.e., impaction scavenging), since it
responded differently to aerosol. This and the findings fromis known that impaction scavenging only accounts$40%
this study indicate that it is difficult to establish a general rule or less of the total aerosol removal by scavenging (Hobbs,
of relationships between aerosol and clouds for parameteri1993). Also, impaction scavenging is most effective when
zations in climate models. clouds develop heavy precipitation at their mature stages as
Results here indicate that the effect of aerosol on precipitashown by Ekman et al. (2004, 2006). The key mechanisms
tion is not limited to microphysical modifications but extend leading to stronger low-level convergence with increasing
to dynamic modifications. Dynamic modifications affect cir- aerosol begin to operate before heavy or maximum precip-
culations (associated with downdrafts and low-level conver-itation develops as in CONTROL (cf., Figs. 5 and 7, which
gence) having much larger spatial and temporal scales thashow the domain-mean convergence magnitude increases be-
instantaneous microphysical responses to aerosol changesfare the onset of heavy precipitation), so the neglect of im-
convective cores. This indicates that the effects of aerosopaction scavenging is not expected to change the qualitative
perturbations can propagate into a much larger domain wittature of the results.
a much larger time scale via changes in circulations. In other Enhancement in melting induced by increase in aerosol
words, pollution in a small domain can be tele-connected toconcentration intensifies downdrafts and low-level conver-
clouds away from it. gence together with enhancement in evaporation. Also, in-
It needs pointing out that the intensified low-level conver- crease in freezing induced by the increase in aerosol con-
gence at high aerosol is associated with an increased instabitentration contributes to more cloud mass and precipitation
ity in the cloud system. The increased instability is a resultby enhancing the parcel buoyancy (and therefore updrafts)
of cloud-scale interactions among aerosol, microphysics, anénd thus further intensifying low-level convergence (Khain
evaporation, which is not resolvable in climate models. Leeet al., 2005; van den Heever et al., 2006, 2011; Lynn et al.,
et al. (2009) and Lee and Penner (2010) showed that a cu2007; Rosenfeld et al., 2008; Lerach et al., 2008; Khain
mulus parameterization in a climate model was not able toand Lynn, 2009; Ntelekos et al., 2009; Lee et al., 2010).
simulate the changes in instability induced by cloud-scaleHence, when ice physics and thus melting and freezing are
motions. This led to substantial errors in the simulationsincluded, the precipitation enhancement induced by the in-
of liquid-water content and cloud radiative properties by thecrease in aerosol concentration increases as compared to the
climate model. Hence, for the correct simulation of aerosol-precipitation enhancement when ice physics is not included
cloud interactions in convective clouds and the effect of thesén CONTROL and RH-15%. In RH-35%, the absence of up-
interactions on climate, more advanced parameterizations ar@raft invigoration from the increase in freezing and the ab-
required. These parameterizations should be able to consideence of downdraft invigoration from the increase in melting
changes in the cloud-system instability, caused not only bylead to the further suppression of precipitation with the in-
large-scale forcing but also by the cloud-scale interactions. creasing aerosol concentration. However, the variations in
The high-aerosol-100 m and low-aerosol-100 m runs im-precipitation (with the varying aerosol concentration) in the
ply that the critical level of humidity is likely to be shifted absence of ice physics account fe75-80% of the varia-
to a lower value with increasing resolutions. This is becausdions in precipitation in the presence of ice physics. Thus,
the precipitation suppression is smaller in the high-aerosolit can be considered that the evaporatively driven intensifica-
100 m run than in the high-aerosol run in RH-35%. In othertion of low-level convergence plays a much more important
words, if higher resolutions than those used in the high-role in the precipitation difference induced by the changes
aerosol-100 m and low-aerosol-100 m runs were adopted, iin aerosol concentration than melting and freezing, which is
would be possible that the precipitation enhancement occursonsistent with Lee et al. (2010). This justifies the main fo-
in RH-35% due to more weakened aerosol effects on entraineus of this paper, which is on the changes in the intensity of
ment. This means that humidity should be lowered further tolow-level convergence (induced by those in aerosol concen-
simulate the precipitation suppression at high aerosol withtration and evaporative cooling) to explain the precipitation
resolutions higher than 100 m. However, it should be pointedresponse to aerosol.
out that this study does not intend to find an exact value of To maintain a similar cloud type (represented by the cloud-
the critical humidity. This study intends to examine the com-top height) and thus to isolate the dependence of aerosol-
petition between aerosol effects on entrainment and thoseloud interactions on humidity by excluding the dependence
on low-level convergence and its dependence on humiditypn the cloud type, humidity in the PBL (to which CAPE
which has not been identified in studies on an isolated singleand thus cloud-top height are strongly sensitive) does not
cloud. vary among the cases in this study. However, if humid-
ity in the PBL changed together with humidity above the
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PBL, variation in the precipitation response to aerosol with Changes in atmospheric constituents and in radiative forcing, in:

p p p . . . . . .
the varying humidity would be different than shown in this Cllmate_ change 2007: the physical science basis, Contribution
study. This is because the acceleration of downdrafts and its of working group | to the Fourth Assessment Report of the In-
changes induced by those in aerosol concentration are likely tergovernmental Panel on Climate Change, edited by: Solomon,
to vary more significantly with the varying humidity in the g" 1(_3_'”’ D.,’\AManr;n'\‘c/Jl,_”M.,then,CZ., g"%rq“'a' !\/I.,PAveryt’,\I K.
PBL than with the fixed humidity in the PBL among the - !'9noh M., and Miller, 1. L., L.ambridge Lniv. Fress, New

. . . York, 2007. Fridlind, A., Ackerman, A., Petch, J., Field, P., Hill,

cases. Although itis not viable to see the sensitivity of results

e A., McFarquhar, G., Xie, S., and Zhang, M., Cambridge Univ.
here to the humidity in the PBL due to the fact that the vary-  p g Ne\?v York. 2007. g g

ing humidity in the PBL is likely to change the cloud type, griglind, A., Ackerman, A., Petch, J., Field, P., Hill, A., McFar-
the effect of the PBL humidity on the response of downdrafts  qunar, G., Xie, S., and Zhang, M.: ARM/GCSS/SPARC TWP-
(and low-level convergence) and thus precipitation to aerosol |CE intercomparison study, available &ttp://science.arm.gov/
merits future study. wg/cpm/scm/scmic6/index.htp2009.
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