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Abstract. Three-dimensional large-eddy simulations (LES) of the nighttime total cloud susceptibility. Overall, the total
with detailed bin-resolved microphysics are performed to ex-cloud optical depth susceptibility ranges fron0.28 to 0.53
plore the diurnal variation of marine stratocumulus (MSc) at night; an increase in aerosol concentration enhances cloud
clouds under clean and polluted conditions. The sensitivityoptical depth, especially with heavier precipitation and in a
of the aerosol-cloud-precipitation interactions to variation of more pristine environment. During the daytime, the range
sea surface temperature, free tropospheric humidity, largeef magnitude for each effect is more variable owing to cloud
scale divergence rate, and wind speed is assessed. The cothinning and decoupling. The good agreement between LES
prehensive set of simulations corroborates previous studiesxperiments and analytical formulations suggests that the lat-
that (1) with moderate/heavy drizzle, an increase in aerosoter may be useful in evaluations of the total cloud susceptibil-
leads to an increase in cloud thickness; and (2) with non/lighity. The ratio of the magnitude of the cloud thickness effect
drizzle, an increase in aerosol results in a thinner cloud, du¢o that of the Twomey effect depends on cloud base height
to the pronounced effect on entrainment. It is shown that forand cloud thickness in unperturbed (clean) clouds.

higher SST, stronger large-scale divergence, drier free tro-
posphere, or lower wind speed, the cloud thins and precip-
itation decreases. The sign and magnitude of the Twomey
effect, droplet dispersion effect, cloud thickness effect, andt

cloud optical depth susceptibility to aerosol perturbations . . . .
(i.e., change in cloud optical depth to change in aerosol numAerosols influence the microphysical properties of clouds

ber concentration) are evaluated by LES experiments an@nd hence affect their radiative properties, amount, and life-
compared with analytical formulations. The Twomey effect imeé (PCC, 2007. This influence, termed the aerosol indi-

emerges as dominant in total cloud optical depth susceptir€Ct ffect on climate, is identified as one of the major un-

bility to aerosol perturbations. The dispersion effect, that ofertainties in a quantitative assessment of the anthropogenic
aerosol perturbations on the cloud droplet size spectrum, i§adiative forcing of climate. Marine stratocumulus clouds
positive (i.e., increase in aerosol leads to spectral narrowing§™MSC) Play a significant role in the Earth's radiation bud-
and accounts for 3% to 10 % of the total cloud optical depthd€t: COvering about one-third of the world’s oceavéa(ren
susceptibility at nighttime, with greater influence in heav- €t al- 1988, MSc are particularly susceptible to the effect of
ier drizzling clouds. The cloud thickness effect is negative 3600l perturbations. These clouds are generally optically
(i.e., increase in aerosol leads to thinner cloud) for non/lighttNick and exist at a low altitude, making them more effective

drizzling cloud and positive for a moderate/heavy drizzling &t réflecting solar radiation (albedo is about 30-4(Ran-
clouds: the cloud thickness effect contributes 5% to 22 o, dall et al, 1984 than at trapping terrestrial radiation. It has
been estimated that a 6 % increase of the albedo in MSc re-

gions (equivalent to about a 0.2 gkgmoistening of the ma-

Correspondence tal. H. Seinfeld rine boundary layer (MBL), or an increase in cloud droplet
BY (seinfeld@caltech.edu) number concentratioy from 75 to 150 crm3) could result
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in a 1Wnt2 change in the net solar radiation at the top of
the atmosphereStevens and Brenguie2009.

The complex interactions of the cloud system involve
aerosol and cloud microphysics, atmospheric dynamics, radi
ation, and chemistry (e.dStevens and Feingqld009. Rep-

resentations of the dynamic and thermodynamic state of MSc

have been the subject of several reviews (&tgyens2005
2006 and numerous modeling studies. Mixed-layer models
(MLMs, Lilly , 1968 couple cloud, radiation, and turbulence
to describe the cloud-topped MBL (e.@yrton and Nicholls
1987 Bretherton and Wyani997 Lilly , 2002 Wood, 2007,
Sandu et a).2009 Caldwell and Brethertqr2009a Uchida

et al, 2010. Given surface and free-tropospheric thermody-
namic conditions, bulk cloud properties, such as thickness
cloud liquid water path (LWP), and the MBL steady-state,
can be determined by an MLM. The MLM framework repre-
sents a well-mixed MBL. Departures from well-mixed con-
ditions are, however, common in situations of precipitation
and during daytime.

To represent both MSc microphysics and dynamics, large-

eddy simulations (LES) have become a powerful tool be-
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c. Drizzle-entrainment effect (drizzling cloud)Nj in-
crease—> smaller, more numerous droplets reduced
collision-coalescence> less precipitation— reduced
below-cloud evaporative cooling and in-cloud latent
heat release> higher turbulent kinetic energy (TKE)
— stronger entrainment> LWP decrease—~> lower
albedo (e.g.l.u and Seinfeld2005 Wood, 2007

. Sedimentation-entrainment  effect  (non-drizzling
cloud): N, increase — smaller, more numerous
droplets— reduced in-cloud sedimentaties increase
of cloud water and evaporation in entrainment regions
— stronger entrainment> LWP decrease— lower
albedo Ackerman et al.2004 Bretherton et a).2007%,

Hill et al., 2009

. Evaporation-entrainment effect (non-drizzling cloud):
Na increase— smaller, more numerous droplets
more efficient evaporation> higher TKE — stronger
entrainment—> LWP decrease> lower albedo \WVang
et al, 2003 Xue and Feingold2006 Hill et al., 2008

cause of the ability to realistically represent the larger eddy Meteorological conditions, such as free tropospheric hu-

turbulence field and the interactions of turbulence, cloud mi-

midity, large-scale divergenc®), and sea surface tempera-

crophysics and radiation at an appropriate grid resolutionture (SST), have strong impacts on cloud responses to aerosol

LES has been applied in many previous studies of MSc (e.g.
Stevens et al.1998 2003 2005 Stevens and Brethertpn
1999 Bretherton et a).1999 Chlond and Wolkau200Q
Jiang et al. 2002 Wang et al. 2003 Duynkerke et al.
2004 Lu and Seinfeld2005 2006 Bretherton et aJ.2007,
Sandu et a).2008 Savic-Jovcic and Steven2008 Yam-
aguchi and Randal008 Hill et al., 2008 2009 Ackerman
etal, 2009 Caldwell and Brethertqr2009h Wang and Fein-
gold, 2009ab; Wang et al. 201Q Uchida et al. 2010. Ta-

perturbations. Several previous studies (Tabl@emonstrate
the extent to which clouds are affected by aerosol perturba-
tions under different meteorological condition&ckerman
et al.(20049) found that the free troposphere moistujg)(ex-
erts a strong control on the precipitation rate through cloud-
top entrainment, thus altering the balance between the com-
peting effects of precipitation on LWP.

The effect of changes in the large-scale divergetirgs
consistent among the studies listed in Tahlshowing that

ble 1 summarizes a number of studies that focus mainly onunder higher (lower), the MBL is shallower (deeper), re-
aerosol-cloud interactions in MSc; these address the LWRsulting in thinner (thicker) cloud, lower (higher) LWP. Since
responses to changes in aerosol number and ambient envD is difficult to measure, its value is usually estimated.
ronmental conditions. Atmospheric aerosols and meteorol- The effect of changes in SST on MSc has been addressed

ogy each exert controls on cloudiness; the former governs thén several studies.

cloud micro-structure, while the latter provides the dynamic

In the LES study bl and Seinfeld
(2009, the initial temperature in the entire MBL was as-

and thermodynamic state that controls cloud macro-structureaumed to increase systematically with SST, and the MBL

(Stevens and Brenguie2009.
A number of effects of aerosol perturbations on cloud
LWP, cloud lifetime, and precipitation have been predicted

relative humidity was adjusted as well. It is found that with
higher SST, the MBL deepens and cloud base rises, result-
ing in a thinner cloud with lower LWP in a short time pe-

by numerical studies and, in some cases, identified by meariod. And the MSc becomes less cloudy because of gradual
surements. Overall, the causality that has been proposed fatissipation. In the MLM study o€aldwell and Bretherton
aerosol-cloud-precipitation interactions can be summarized20093, however, as SST increases, the equilibrium cloud

as follows:

a. Twomey effect (assumes constant LWP): aerosol num
ber concentrationXy) increase— smaller, more nu-
merous droplets> higher albedoTwomey; 1977

b. Albrecht effect (drizzling cloud): N, increase —
smaller, more numerous droplets reduced collision-
coalescence»> less precipitation~ LWP increase—
higher albedoAlbrecht 1989

Atmos. Chem. Phys., 11, 9749769 2011

base and cloud top heights both increase due to increased en-
trainment through a weaker inversion, resulting in a thicker

cloud with higher LWP. Therefore in response to a higher
SST, shorter time scale and equilibrium responses have dif-
ferent effects on MSc.

Diurnal variation of MSc is the result of competition be-
tween cloud top longwave (LW) radiative cooling occurring
both day and night, and daytime solar heatihtjll(et al.,
2008. During nighttime, cloud top LW cooling generates

www.atmos-chem-phys.net/11/9749/2011/
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Table 1. Studies of aerosol-cloud interactions in MSc.

Nighttime Daytime Diurnal Mean*
Non-drizzling Drizzling Non-drizzling Drizzling
Light Moderate/ Heavy Light Moderate/ Heavy
Ackerman et al(2004 Nat = LWP | Nat = P |=— LWP ¢
git { = LWP |
Lu and Seinfeld2005 Nat = LWP | Nat =P |=LWP1t Nat=LWP]
SSTt = LWP |
Dt = LWP |
Wood (2007 Nat = H | ort
Sandu et al(2009 Nat = P = LWP ¢ Nat = LWP |
Dt =LWP} Dt = LWP
gty = LWP | gft L = LWP |
Hill et al. (2008 2009 Nat = LWP | Nat = LWP |
Wang et al(2010 Nat = P |=— LWP ¢ Nat = LWP |
Caldwell and Bretherto(20093 Nat = LWP |
SST4 = LWP ¢
Summary Nat=>LWP| Nat=>LWP| Nat = P |=LWP4t Nat=LWP| Nat=LWP] Nat = H | orp
SSTt = LWP | ort Dt = LWP] Dt = LWP|
Dt = LWP | gft 4 = LWP | git 4 = LWP |

gft L = LWP |

P is surface precipitationH is cloud thicknessp is large-scale divergence rate, aqgl is free tropospheric humidity. Light drizzle is defined as surface precipitation rate

<0.1mmday 1, and moderate/heavy drizzi€d.1mm day 1.
* Wood (2007 uses the downwelling shortwave radiation close to the annual diurnal mean value over the subtropical regions.

positive buoyancy in the cloud layer, which enhances in- Taken as a whole, a number of studies essentially cover the
cloud TKE and serves to mix the MBL. As the MBL is of- range of aerosol-cloud-precipitation interactions. No single
ten well mixed, the cloud is supplied with moisture from the study, however, covers the totality of aerosol and meteoro-
surface and becomes thicker despite the warmer and dridogical influences relative to a consistent base case. High-
entrained air at cloud top. Under daytime conditions, ab-resolution LES simulations that investigate the full range
sorption of solar radiation partially offsets the cloud top LW of aerosol and meteorological variables are carried out in
cooling and also warms the cloud layer throughout its depththe present study. The meteorological factors investigated
With the mixing of warmer entrained air and absorption of include SST, free-tropospheric humidity, large-scale subsi-
solar radiation, the cloud may become slightly warmer thandence rate, and wind speed. Diurnal variation is considered
the sub-cloud layer, and a thin stable layer may appear belovior non-precipitating as well as lightly and heavily precipitat-
the cloud baseSandu et a).2008. This stable layer could ing conditions. In that sense, the present work can be viewed
act to decouple the cloud from the sub-cloud layer, and resulais a comprehensive, consistent retrospective of aerosol-MSc
in a cutoff of the surface moisture supply and leads to a thin-nteractions. A second goal of the present study is to evaluate
ner cloud. Predicted daytime LWP is consistently smalleranalytical formulations of total cloud optical depth suscepti-
than that in nighttime. Also, daytime MBL is less sensitive bility to aerosol perturbations, including the Twomey, droplet
to changingV; than under nighttime conditions (e.gGker- dispersion, cloud thickness effects. While such analytical
man et al. 2004 Lu and Seinfeld2005, suggesting cloud- formulations are generally based on simplistic assumptions,
radiation interactions are important in controlling the diurnal they offer the advantage of concisely encapsulating complex
variation. responses. If generally applicable, analytical formulations
From a summary of the studies cited in Taftleoverall, of MSc responses to aerosol perturbations offer promise for
non/light drizzling MSc and moderate/heavy drizzling MSc use in large-scale models. To the extent possible, each effect
respond differently to changes in aerosol level since the domis quantitatively evaluated from LES experiments to enable
inant physical/dynamical mechanisms differ. Also, the MSccomparison with the analytical formulations. The present
diurnal variation is distinct as a result of cloud-radiation in- work therefore also provides an indication of the extent to
teractions. MSc are found to be sensitive to changes in amwhich analytical formulations of total cloud susceptibility to
bient conditions, e.g., SST, or g;t. Therefore the cloud aerosol perturbations can be evaluated with LES.
response to aerosol perturbations also depends on the condi-
tions governing the boundary layer.

www.atmos-chem-phys.net/11/9749/2011/ Atmos. Chem. Phys., 11, 9792011
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2 Cloud susceptibility to aerosol perturbations 2.1 Twomey effect

Before proceeding to the numerical study, it is useful to ad-From the above equatiodn Nad/dIn N, represents the so-
dress MSc aerosol-cloud relationship from a simplified an-called Twomey effect. An analytical relationship between
alytical point of view. Analytical relationships, if shown to Nad and Na, modified from that derived bywomey (1959,

be valid by comparison with a more vigorous LES approach,is

can be effective in representing aerosol-cloud-precipitation ke/(ket2)

interaction response. Considering the change of cloud ra- 2 cw?

diative properties in response to a change in aerosol numbeYad= Na® ke 3\ ) (4)
concentration N, the relationship between adiabatic cloud ksB (75 i)

optical thicknessrag, and adiabatic cloud droplet number

concentrationNag, can be expresseB(enguier et a].2000: where B is the beta functionw is updraft velocity at cloud

baseks is a parameter related to the exponent in an assumed
9 /4 \}2 L. power-law aerosol size distribution, ands a composition-
Tad= — <_n> 13(kNag)3 H3, (1) dependent parameter that relates the aerosol size distribution
10\ 3 to the supersaturation spectrum. The updraft velocity is the
single dynamical factor considered in the analytical expres-

wherelp = Cw/pw, pw is the density of waterC\, is the sion. From Eq.4),

moist adiabatic condensation coefficighis a parameter re-

lated to the droplet spectrum shape, which is inversely pro-gin g 2

portional to the droplet distribution breadth, afdis cloud FA = ket 2 (®)

thickness. The range éfis 1 in the limit of a monodisperse

size distribution and approaches 0O for a very wide distribu-Values of ks range from B to 14 (empirical constants

tion. In the presence of cloud top entrainment and water lossor cloud condensation nuclei, CCN, at 1% supersatura-

through precipitation, the cloud droplet profile tends to betion, from Pruppacher and Klett1l997. For that range,

sub-adiabatic. A sub-adiabaticity paramefezan be defined dInNgyg/dIn N, varies from about 0.6—0.9 under adiabatic

to include the effects of entrainment and precipitation in dry- conditions. Shao and Liu 2009 comparedIn Nag/dIn Ny

ing out the cloud relative to the adiabatic case. Equatipn ( predicted by Eqg. %) with in situ measurements (values of

can be generalized (W. Conant, unpublished, 2005) as 0.25-0.85). Differences in the value @& Naq/dIn N, be-
tween the analytical expression and ambient measurements

9 /4 \32 @m s can be attributed to (1) activation effect: adding aerosols, for

T (§ﬂ> I5f 3 (kNad)3H3, (2)  example, into a marine aerosol background reduces the abil-

ity of aerosols to act as CCN, and (2) adiabaticity influence:

where f is 1 under adiabatic conditions, and approaches ghe variability of the adiabaticity (cloud dilution state) from
as the degree to which the profile is sub-adiabatic increasedlifferent meteorological conditions between clean and pol-
The parametem describes the microphysical impacts of luted cases.

mixing between the cloudy air and the relatively dry/warm
free tropospheric airm =1 corresponds to the limit of in-
homogeneous mixing, in which the turbulent mixing is rel- The second ternilink /dIn N expresses the effect of changes

atively slow and all droplets in the entrained air evaporate,. . P . S
resulfing in reduction oV and broadening of the droplet in Ny on the cloud droplet size distribution. Dispersion in the

- roplet distribution is rel rosol composition (e.g.
spectrum.m = 0 corresponds to the limit of homogeneous droplet distribution is related to aerosol composition (€.g.,

mixing, in which the timescale of turbulent mixing is much Feingold and Chuan@003, microphysics (e.g., collision-

: .coalescence), and dynamics (e.g., entrainment mixing, up-
shortgrthan_thgt :_at which droplets respond to the fresh amb'draft velocity) food et al, 2002 Lu and Seinfeld2008. It
ent air. In this limit, all droplets experience the same degree

. i ) is noted from observational datértin et al, 1994 Ack-
of sub-saturation and evaporate together; thgsremains : . .
; : erman et a].200Q Liu and Daum 2002 that the dispersion
constant as all droplets shift to smaller sizes.

) ; forcing would offset the cooling from the Twomey effect as
From Eqg. @), the impact of changes in aerosol number

k loud ontical depth | cloud bl the competition for water vapor in the relatively polluted,
F:oncentrauon on cloud optical depth (total cloud susceptibi “condensation-dominated regime leads to spectral broadening
ity) can be expressed as follows:

and negative dispersion effectdingold and Siebegr2009.
Accounting for the parameterization of dispersion effect in
GCMs leads to a reduction in the magnitude of the predicted
Twomey effect Rotstayn and Liu2003 2009. By contrast,

an opposite trend is found in the LES studylaf and Se-
infeld (2006. For a drizzling cloud, increasiny, leads to

2.2 Dispersion effect

dint 1/dInNgg dInk l:dInH dinf 3)
e 9 m .
dInNa 3\ dInN;g dInN; dInNg

Atmos. Chem. Phys., 11, 9749769 2011 www.atmos-chem-phys.net/11/9749/2011/
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Table 2. Sign and magnitude of each term in E8) from previous studies.

A(INNg) A(Ink) A(nH) A(lnT)

A(NNa) A(NNgG™) A(NNG") A(NN
Measurement  0.6-(79 -0.%*

0.25-0.88 -0.14

. . 3l e
LES 0.9% (constant LWP) ~0.03 (light drizzle) %?'%;) = —0.1 (clean) 0.22 (cleaf)
~0.2 (heavy drizzld) —0.03 (polluted)  0.28 (pollutef)

Other cloud base- 400 m: thinning ~ 0.28

cloud base<400 m: thickenin§

* Note Ny is applied rather thawa.

@ Pruppacher and Kle{t.997)

b Shao and Liy(2009), based on in situ measurements.

¢ Rotstayn and Liy2003), including measurements from FIRE, SOCEX, ACE1, ASTEX, SCMS, INDOEX, MAST, etc.
d Ackerman et al(2000

€ Lu and Seinfeld2005: LES based on sounding profiles from FIRE and ASTEX. Note LWP is applied ratheFthan

f Lu and Seinfeld2006: LES based on sounding profiles from FIRE and ASTEX.

9 Wood(2007: obtained by MLM and analytical formulations.

N Hill et al. (2009 Table 4.

spectrum narrowing (larges) because smaller droplets sup- 2007): (i) more sub-cloud evaporation limits the moisten-
press precipitation and lead to (1) less spectral broadening bing/cooling of the MBL resulting from precipitation suppres-
suppressed collision-coalescence and (2) more spectral nasion, while allowing suppressed precipitation to increase the
rowing by droplet condensational growth at higher updraftentrainment with increasingyy, and (ii) sub-cloud evapora-
velocity due to stronger TKH.(1 and Seinfelg2006. Inthat  tion has a stronger effect on turbulence than in-cloud latent
case, the dispersion effect enhances the Twomey effect. Thiseating; therefore enhanced sub-cloud evaporation increases
trend is evident from the calculation based on in situ mea-the leverage of changes in cloud base precipitation on en-
surements byiles et al.(2000 and individual ship tracks trainment.

in Lu et al.(2007).
2.4 Adiabaticity effect

2.3 Cloud thickness effect . L
ua The term,dIn f/dInN,, can be termed the adiabaticity ef-

fect, accounting for the effect of liquid water depletion due
to entrainment mixing and precipitation on cloud optical

t';/(')% OLCIQUd dthlcknelsst.to Icfhangtlast.m a fo(rj Wh'?.h ZVOCSLM depth. This term cannot be evaluated separately from the
(2007 derived an analytical formulation and applied a other terms; the effect of sub-adiabaticity is intertwined with

to quantify the response of cloud thickness to perturbed - - o
. : . all the previous effects discussed. The qualitative effect of
Ny under different environmental conditiongvood (2007 P d

trai t mixi I havior h i di
showed that the MSc cloud thickness response is determine%lé?lQTGGT_PGCT;X(IQ)Q (%r; Ca?]léd(gi avior has been discussed in

bVI? balfance betvx_/e.(tent.the mmstemryg/cool(;ng Of th? MBL.re— Some of these individual effects have been estimated in
sulling from precipitation suppression and drying/warming gq, o previous studies (Tal#tg including analytical solu-

resulting from enhanced entrainment due to increased TKEtions in situ measurements, satellite data, and LES. We will

The drymg f?”d warming effect (cloud thmmn_g) counteracts subsequently estimate the magnitudes for each effect from
the moistening/cooling effect (cloud thickening). Also us- LES simulation

ing the MLM model,Pincus and Bakg1994) predicted that

cloud thickness K) increases withVy, especially at lower

droplet concentration. Unlike theincus and Bakef1994 3 Model description

result thatH is determined primarily by cloud top height,

Wood (2007 found the cloud-base height to be the single 3.1 Numerical model

most important determinant in affecting cloud thickness. If

the cloud base height is lower (higher) than 400 m, increasingdn this study we employ the Weather Research and Forecast-
Ny leads to cloud thickening (thinning), which correspondsing (WRF) model V3.1.1 as a 3-D LES model. Several stud-
to LWP increase (decrease). The argument is that for an elies (e.g.,Moeng et al. 2007 Wang and Feingold2009ab;
evated cloud base, more evaporation occurs before precipMang et al. 2009 have used the WRF model for LES ex-
itation reaches the surface, leading to two effetifodd, periments and found the results are in good agreement with

The third term in Eq.3), dIn H/dIn N, expresses the sensi-

www.atmos-chem-phys.net/11/9749/2011/ Atmos. Chem. Phys., 11, 9792011
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observations and other LES studies. Therefore we apply the
WRF model as the LES dynamic framework. Note thaing ]
et al. (2009 compared WRF LES with other models for the 1 ] [ 1000 ] r
same intercomparison case studyckerman et al.2009. ]
Most model variables and derived quantities (e.g., total wa-g
ter mixing ratio, liquid water potential temperature, LWP, ™
buoyancy flux, total water flux, TKE, and cloud fraction) lie
within the corresponding ensemble rangé\itkerman et al.
(2009; however, the variance of vertical velocity and below- 2o 4 200 r
cloud rain rate were underestimated by WRF LES for the S

case they considered. A detailed bin-resolved microphysical s 26 22 206 a0 s 6 5 6 7 s s 10
scheme Geresdj 1998 Rasmussen et a2002 Xue et al, 01K aloal

2010 is employed in the WRF model. In the bin microphysi-

cal scheme, aerosol number, cloud drop mass, and cloud drdpg. 1. Initial sounding profile (potential temperatugeand total
number are computed over a size-resolved spectrum, predictvater mixing ratiag,) for the MSc of Control case.

ing both cloud drop mass and number concentration follow-

ing the moment-conserving techniquizivion et al, 1987, . .
1989 Reisin et al, 199§. Cloud drops are divided into 36 SIon equationRruppacher and Klett997). The Best and

size bins with radii ranging from 1.56 um to 6.4 mm and with Bond number approach is used to calculate the terminal ve-

mass doubling between bins. The masses for the first bin an{City Of water dropsRruppacher and Klet1997). The effi- -
the 36th bin are 597910~ 14 and 1098x 103 kg, respec-  CIENCieS of collision-coalescence between drops are derived

tively. In this study, the cutoff radius between cloud drop using the data dflall (1980 to calculate the kernel function.
and rain drop size is taken to be40um. The aerosols are The collisional breakup of water drops is included following
divided into 40 size bins between 0.006 to 66.2 um. Feingold et al(1988.

1200 1 1 1 1 1 1200 1 1 1 1

800 - - 800 o -

600 - 600 o -

400 F 400 -

3.2 Microphysical processes 3.3 Other processes

The microphysical processes include aerosol activation, droppUrface latent and sensible heat fluxes are calculated from
condensation/evaporation, collision-coalescence, collisionalcc@l wind speed and the difference in specific humid-
breakup, and sedimentation. The aerosol size distributiofy/Potential temperature between the ocean and the air just
is taken to be a single mode lognormal size distribution,@P0ve the ocean surface, following the Monin-Obukhov
Aerosol activation (or cloud droplet activation) occurs when Scheme. - A 3-D turbulence scheme with 1.5-order turbu-
the ambient supersaturation exceeds the critical supersaturiEnt kinetic energy (TKE) closureDgardorff 1980 is ap-
tion (S¢) for the given particle size. A hygroscopicity param- Plied to prognose TKE. The Rapid Radiative Transfer Model
eterk, which describes the relationship between dry particle(RRTM; Mlawer et al, 1997 with 16 LW bands is utilized
diameter and cloud condensation nuclei activity, is used td© calculate LW radiative fluxes. The correlated-k method is
represent the composition-dependence of the solution watey#Sed to simulate the cloud-top radiative cooling and heating
activity (Petters and Kreidenwei2007), rates. Shortwave radiation is represented using the Dudhia
scheme (1989) to include solar flux, shortwave absorption
D3 - D3 « ( dos M )_ and scattering in clear air, and reflection and absorption in
D3—D3(1—«) RTpwDy ’

Sc(Dg) = (6)

cloud layers. A damping layer of 300 m thickness is em-
ployed in the upper boundary of domain for absorbing grav-
; 1 ; o - ity wave energy to minimize the unphysical wave reflection
is the surface_ tension of the sol_utlon/alr mFerfaAza\, is the off the upper boundary of the domain. Periodic boundary
molecular weight of water, analy is the density of water. For conditions in both x- and y- directions are assumed in the

th?f presfent sht.udy,_the aerohsol 1S assumeld to be ammoniu),jations. The monotonic flux limiter is applied to the ba-
sulfate, for which is set to the constant value 0.6Fe{ters e aqvection scheme for scalar transport, as suggested by

and Kreidenweis2007). o _ Wang et al(2009 to avoid overestimates of cloud water and
The aerosol number concentration is held constant in thebrecipitation in cloud-scale simulations

present study. The activated droplet number at each time is

calculated by the difference between the particle number that

would be activated at the diagnosed supersaturation and th¢ Experimental design

pre-existing droplet number, consistent with several previ-

ous studies (e.gStevens et 811998 Lu and Seinfeld2005 The WRF model with detailed bin microphysics is used
2006 Sandu et a).2008. Diffusional growth and evapora- to simulate an idealized MSc case for 30 h to cover a di-
tion of water drops are described following the vapor diffu- urnal cycle. The aerosol is assumed to be fully soluble

whereD,; is droplet diameterD, is aerosol dry diametes;s

Atmos. Chem. Phys., 11, 9749769 2011 www.atmos-chem-phys.net/11/9749/2011/
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Fig. 2. Time evolution ofNg, LWP, and surface precipitation rate under different domain sizex 25 km? (black) and k1 km? (red);
under differentVa: clean (solid line) and polluted (dashed line) cloud.

Table 3. Summary of simulated cases.

Na(cm™3)  Domain (knf) SST(K) gf (gkgd) D@0 6s1l) v, v(ms?

Control 100, 200, 1000 #%1,25x25 288 61 55 x:—1,y:6
SST290, SST292 100, 1000 x1 290, 292

QFT3, QFT1 100, 1000 41 31,11

DIV3, DIV8 100, 1000 x1 3.0,8.0

WIND 100, 1000 x1 x: —4,y:10

ammonium sulfate following lognormal distribution with 100

mean radius of 0.1 um and geometric standard deviation of % F

1.5. The initial sounding profile for the control case (Fiy. 1 U P

is loosely based on the First International Satellite Cloud Cli- _ , |

matology Project Regional Experiment (FIREDuynkerke

et al, 2009 in July 1987, with the total water mixing ra-

tio decreased by 0.5 g kg for a moderately drizzling (0.1—

1 mmdayl) cloud. The case simulated is a shallow bound-

ary layer with a depth of600 m and topped with a 12 K and o e e e T A R AR A

—3gkg ! temperature and moisture inversion, respectively. time [h] time [h]

The Coriolis parameter isx8.0°s™1 (33.5° N, 119.5 W).

Other initial conditions are similar to those Hill et al. Fig. 3. Time evolution ofNg and LWP under different vertical spac-

(2009. The nominal sea surface temperature (SST) is sefng: 20 m (black), 10 m (blue), and 5 m (red) for clean condition.

to 288K, and surface pressure is assumed to be constant at

1012.5mb. The wind field is-1ms™! in the x-direction

and 6ms? in the y-direction. The nominal large-scale di- 1000 cnT3 are taken to correspond to clean, semi-polluted,

vergence rate§), 5.5x10°6s71 is given to prescribe the and polluted cases, respectively. For computational effi-

subsidence rat@/s = — Dz, wherez is the height above ciency, sensitivity studies are performed over a smaller hor-

surface. The initial temperature field is perturbed pseudo4zontal domain size, 1km in x- and y-directions. Fig@e

randomly by an amplitude of 0.1 K to accelerate the spinup ofshows that the cloud bulk properties and surface precipitation

turbulence. Results are not sensitive to this amplitude. Botfrate of larger (2.5 km 2.5 km) and smaller (1 ka1 km) do-

LW and SW radiation are considered. Radiative forcing ismain sizes are similar. Finer vertical spacings (5 and 10 m)

computed every time step. In order to avoid MSc dissipationare also examined (Fi@) for the clean case, showing that

due to strong solar radiation in summer, winter conditions arethe Ng and LWP responses are robust with different vertical

chosen for SW radiation. spacings, although botNyg and LWP are higher with finer

vertical resolution. This agrees with the resultdHiif et al.

Three Control simulations are performed within a (2009 that LWP responses are insensitive to the resolution

2.5kmx2.5kmx 1.6 km domain for 30h. The grid spacing tests (grid size 20 20 mx 10 m versus 40 m40 mx20 m).

is 20m vertically and 50 m horizontally, with a 0.5s time Since our focus is on the directional changes of cloud prop-

step. Aerosol number concentrationg,) of 100, 200, and erties in response to different ambient conditions, the smaller

80 r

N, [em
LWP [g m?]
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I
3
L
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40 F
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Fig. 4. Vertical profile averaged over 4-6 h (solid line) and 12—14 h (dashed lin@) ofean buoyancy flux = eéw’e,/ x 1074, whereg,

is virtual potential temperaturéh) mean liquid water potential temperatuke (c) mean total water mixing ratit%t, and(d) mean vertical
velocity variance of clean (black), semi-polluted (blue), and polluted (red) cloud.

domain with 20 m vertical spacing is sufficient for sensitivity 5 Results
studies. Four significant environmental variables that control
the structure of the MSc are considered: SST, free tropo5.1 Control case
spheric water vapor mixing ratigg), large-scale divergence ) . . _ o
rate (D), and wind speedl{ and V). The lower BL stabil- The simulations start at 00:00 h local time. During nighttime,
ity is controlled mainly by SSTKlein and Hartmann1993.  cloud top LW radiative cooling generates positive buoyancy
The humidity above the BL determines the drying/warming i the cloud layer (Fig4a), which enhances TKE and mixing,
effect through entrainment. The large-scale divergehed- destabilizing the MBL and increasing the cloud top entrain-
fects the subsidence rate. The wind speed is considered, asTient. Cloud-top entrainment tends to raise the cloud base
mainly affects the surface fluxes. by diluting the cloud with warm and dry air, but it also tends
The simulations performed are listed in TaBlein cases !0 lift cloud-top height (e.g.Randal| 1984. With stronger
SST290 and SST292, SST is increased by 2K and 4K, reMixing, water vapor from the surface is transported to up-
spectively. In cases QFT3 and QFTL, the free tropospherid®€r layers more efficiently, causing the difference between
water vapor mixing ratio is decreased to 3.1 and 1.1gkg Water vapor mixing ratio at the reference level and satura-
respectively; the temperature profile remains unchanged. I§On Mixing ratio at the surface to increase, and thus leading
to 3.0x10°% and 8.0<10-6s71, respectively, with all else cloud layer, increased cloud thickness and LWP at nighttime
unchanged. In WIND case, the initial wind speed is set to(Fig- 5a, b). For the clean cas&/=100cnT®), measurable
—4msLin the x-direction and 10n7¢ in the y-direction surface precipitation begins at 5h as LWP increases, pro-
for the entire boundary layer, stronger than the Control caseceeding from light drizzle (surface rain rat®.1 mmday*)

Both clean and polluted scenarios are simulated for eactio Moderate drizzle (0.1~1 mmdal) after 7h. During the
condition. daytime, the heating due to cloud absorption of solar radia-

tion partially offsets the cloud top LW cooling, stabilizing the
MBL. Heating of the cloudy layer via SW absorption acts to
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ering cloud basel{u and Seinfelgd2005. Also, the cloud-
top entrainment decreases in the presence of drizzle, there-
fore the cloud top falls. The decreased entrainment dry-
ing/warming increases the MBL relative humidity and leads
S to a lower lifting condensation level. Therefore, more rain-
L S A A AP A A drops are likely to reach the surface before evaporating in
N G] the sub-cloud layer. As the surface precipitation increases
i during the second night, the cloud becomes optically thin-
-1z 3 ner (Fig.5f) and cloud top LW cooling decreases, allowing
\ ] subsidence to compress the MBL. The cloud eventually dis-
% N S ™S S S .\ N appears at-24 h.

Proceeding from clean to semi-pollutei(= 200 cnT3)
condition, more numerous and smaller cloud droplets un-
b dergo less efficient collision-coalescence, which leads to a
a suppression of precipitation. Therefore, the semi-polluted
case is nonprecipitating for the first 25h. The precipitation
AL RARAS ARANAARAN suppression at nighttime results in higher TKE, because in
g tme i the presence of precipitation, drizzle formation leads to sta-
] ] bilization of the sub-cloud layer through evaporative cooling
and moistening. The cooling and moistening below the cloud
. leads to weaker turbulence intensity and inhibition of deeper
(AN B Y mixing, and may also lower the cloud badei(and Sein-

S e B feld, 2009. During the daytime this can partially offset the
warming of the cloud base due to absorption of solar radi-
Fig. 5. Time evolution of clean §a = 100cnT3, black), semi-  ation and counteract the tendency for the cloud base to rise
polluted (Va = 200 cnt3, blue), and polluted Xz = 1000 cnt 3, (Sandu et a).2008. The existence of drizzle reduces the
red) cloud (2.52.5 kn? horizontal domain)(a) average LWP(b) buoyancy, stabilizes the MBL, decreases the TKE, and re-
average cloud top (solid line) and cloud base (dashed line) heightduces the entrainment strength. As a result, precipitation sup-
where the cloudy grid is defined as grid with cloud water mixing pression due to increaséd, increases the buoyancy fluxes
ratio >0.01gkg ; (c) cloud droplet number concentratiofy, av-  and TKE, destabilizes the MBL, enhances the cloud-top en-
eraged over the clpudy gridd) surface precipitat_ion_ rate, hourly _trainment (as shown in pathway (c)), and establishing a well-
averaged(e) _domaln average surface latent (_sohd line) and sensi- 1;ivad MBL. This is consistent with previous findings (e.g.,
ble (dashed line) heat fluki) average cloud optical depttg) cloud gy, /0 ot 211998 Ackerman et al.2004 Lu and Seinfeld
fractlc_)n, o_Ieflned b)_/ _cloud optical depth2. Gray re_g|0n§ are fqr 2005 Wood, 2007
the nighttime conditions (0—7 h and 17-30 h), while write regions ) . .
are for the daytime conditions (7—17 h). Frpm 10 Fo 15h, thg semi-polluted cloud thins due to sqlar
heating. With a stabilized MBL and decreased TKE during
the daytime, the cloud top falls by 80 m due to reduced cloud

) o top entrainment. As the MBL gradually warms with SW
thlln the cloud; surface precipitation is suppressed after 12 *heating, the relative humidity in the MBL decreases, caus-
(Fig. 5d). Also, the MSc becomes decoupled from the sub-jng the cloud base to rise by 100 m. Consequently, LWP de-
cloud layer as the cloud gets slightly warmer than the sub-reases as cloud thins. During the second night, the LWP of
cloud layer and a stable layer occurs at the cloud base. Ifhe semi-polluted cloud increases with weaker SW heating,

the 6, andg, daytime profiles (Figdb, c), it is shown that  eyceeding 110 gm?, and drizzle appears in the last 5h of
the moister and cooler surface air is not transported to thgne simulation.

cloud layer effectively (12—14 h). As the cloud continues to Proceeding from semi-polluted to polluted condition
warm, the LWP decreases, attaining a minimun~a# h. (Na = 1000cnT3), stronger TKE is generated from
Itis noted, however, that the solar heating is likely overes-gegimentation-entrainment and evaporation-entrainment
timated with the Dudhia SW radiation scheme and leads tqgedhacks by numerous smaller cloud droplets (as discussed
overly reduced daytime cloud water. previously in Sect. 1 pathway (d) and (€)), resulting in
After 14 h, cloud top height begins to increase again duea drier cloud layer and less LWP, as compared to the
to a decrease in downwelling SW radiation, and drizzle ap-semi-polluted case. This is evident from the vertical profile
pears after~16 h (Fig.5d). In the clean case, the drizzle of vertical velocity variance ((’w’), a measure of strength
evaporation below the cloud can moisten and cool the subef turbulent mixing, Fig.4d). This result agrees with that
cloud layer, increasing the relative humidity of the sub-cloud of Ackerman et al(2004), in that the entrainment increases
air, lowering the cloud lifting condensation level, hence low- with increasingN, in all simulations. Also, the LWP is
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with N5 (Fig. 5f), with larger enhancement at night than dur-
ing the daytime. During the 30 h simulation, cloud optical
depth, as well as LWP, precipitation, and cloud fraction ex-
hibit a strong diurnal variation (Figh). The cloud fraction
remains 100 % for semi-polluted and polluted cases except
from 12 to 14 h when SW heating is strongest. However,
A S A e A A A A AR AR under clean condition, with both precipitation and solar heat-
R TS EU ing, cloud fraction decreases significantly (Fsg). Also, as
a result of more pronounced entrainment, the polluted cloud
is warmer and drier than the clean and semi-polluted clouds
(Fig. 4b, c).
The overall effect (Control cases) of changesMg can
be summarized as follows: (1) with non/light drizzle (sur-
face precipitation rate<0.1 mmday?), increase inVa re-
sults in stronger entrainment and thus lower LWP; and
(2) with moderate/heavy drizzle (surface precipitation rate
>0.1 mmday?), increase inV; results in precipitation sup-
pression, and thus higher LWP. (Note that clouds are clas-
o5 o 5w s w0 5 w0 o 0 m sified as non/light drizzling and moderate/heavy drizzling
Zs Ja a rather than as clean and polluted.) For the diurnal variation,
£ 2] 3 Control (SST288) nighttime LWP is larger than daytime LWP, a result of cloud
“] ] Serzo2 thinning and decoupling during daytime. Overall, cloud op-
tical deptht increases with increased, (Fig. 5f). These
A effects are consistent with the studies listed in Tdble
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5.2 Sensitivity to environmental conditions
Fig. 6. Time evolution of &1 km? clean (Va= 100 cnt3, left col-
umn) and polluted/a = 1000 cnT3, right column) cloud for Con-  5.2.1 Effects of SST — SST290 and SST292 cases
trol (black), SST290 (blue) and SST292 (red) casg:and(e) av-
erage LWP;(b) and(f) average cloud top/base heiglit) and(g) First, we examine the effect of a higher SST on the response
domain average surface I_at_ent_ (solid line) and sensible (dashed ling)f the MSc to perturbations in aerosol concentration. As SST
heat flux;(d) surface precipitation rate, hourly averaged. increases, the surface sensible and latent heat fluxes increase
accordingly (Fig.6c, g), resulting in highe¢; andg; in the
. . . . MBL (Fig. 7b, c). The extent of heating exceeds the extent
Iower. n the poliuted condlltlon than in the seml—pollgted of moistening in terms of affecting the relative humidity, re-
condition for the 30h duration (Figa). After 15h’ as n sulting in lower relative humidity under higher SST, and thus
T[he case of the semi-poliuted cloud, the_: well-mixed MBL higher cloud base. The increased surface fluxes also enhance
i restored through enhapced LW cool_lng and _TKE’. andthe TKE (Fig.7a) and cloud top entrainment, and therefore
the cloud grows even thlcker_ than during the first _n!ghp deepen the cloud by rising cloud top (Féip). Overall, cloud
Compared to the clean case, in the absence of precipitatiogase rises more than cloud top, resulting in a thinner cloud,

the MSC lifetime increases. o consistent with the short time scale responsdsuimnd Se-
Itis shown that when the surface precipitation rate exceed$¢q|q (2009. In SST290 and SST292 clean cases, the pre-
~ l . . . _ o A - . . . y
0.1 mmday~, the LWP increases witlq (following ef-  iitadion is suppressed (Figd) because of a thinner cloud

fect (b)). Similar trends have also been found in other n0C-5 |o\wer LWP. During the daytime, the cloud thickness is
turnal MSc studies (Tablg), in which opposite responses of . trained by both solar absorption and the warmer MBL.

LWP to an increase itVa for moderate/heavy and non/light |, yhe second night, the LW radiation enhances the turbu-
drizzling conditions occur. In Figf, the cloud optical depth,  |ance and MBL overturning, and a well-mixed state is re-

7, is calculated by established, causing the cloud to thicken. The precipitation
in SST290 clean case initiates &20h, and with moder-

T= f/Zﬂrzn(r)drdZ (7)  ate drizzling rate (0.1-1 mmday) after 21 h, the cloud be-
comes very thin in the end of simulation. While in SST292

where the extinction efficiency is approximately 2 at visible clean case, lower LWP prevents the cloud from drizzling, and

wavelengths for the typical size of cloud dro@ei{nfeld and it keeps thickening in the second night.

Pandis 2006, andn(r) is the droplet number concentration  In SST290 and SST292 polluted cases, stronger entrain-

distribution. Itis shown that the cloud optical depth increasesment drying/warming due to evaporation and sedimentation
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Fig. 7. Vertical profile averaged over 4-6 h () mean vertical velocity variancéy) mean total water mixing ratig;, and(c) mean liquid
water potential temperatuég for Control (black)/SST290 (red) and clean (solid line)/polluted (dashed line) case.

feedbacks as compared to that in clean cases further dries tl@FT1 case, the cloud thins as drying from entrainment mix-
MBL, leading to cloud dissipation at14 h with existence ing exceeds the moistening from the surface flux (B&y.e).
of strong solar heating. With the onset of the second nightn the QFT3 clean case, the precipitation occurs after 20 h,
the LW-driven TKE enhances the vertical advection of waterwith heavier drizzle 0.1 mmday?!) occurring after 21 h.
vapor, gradually replenishing moisture at the lifting conden-The cloud eventually dissipates by the end of simulation. On
sation level. The cloud reformsa27 h and 20 h for SST290 the other hand, the lower LWP in the QFT1 clean case pre-
and SST292 polluted cases, respectively (Bip. vents the cloud from precipitating during the 30 h duration.
The overall effect of an increasing SST can be summarizedn the second night, the cloud deepens as the surface moisture
as follows: (1) when SST is increased as compared to thdlux outweighs the drying by entrainment, and LWP gradu-
Control case, the simulated cloud thins and LWP decreaseally increases. Compared to the QFT1 polluted case, LWP is
on a short time scale (several hours); and (2) when SST isigher in the clean case than in the polluted case within the
increased and/, is increased, entrainment effects are more 30 h duration.
pronounced and LWP decreases. The overall effect of a drier free troposphere can be sum-
marized as follows: (1) whegy is decreased as compared
to the Control case, the cloud thins and LWP decreases on
a short time scale; and (2) whem is decreased anly; is

increased, entrainment effects are significant and LWP de-
As the free tropospheric air becomes drier, the larger discreases.

continuity in humidity between the MBL and the free tro-

posphere results in stronger evaporative cooling in the cloud.2.3 Effects of large-scale divergence — DIV3 and

top inversion region. This enhances the TKE and leads to DIV8 Cases

stronger mixing and increased cloud top entrainment. As

more dry air is entrained into the cloud layer, the MBL Changes in the large-scale divergence rate mainly affect the

gets drier, causing the surface latent heat flux to increasecloud top height. As the large-scale divergence weakens

Compared to the Control case, the enhanced cloud top enDIV3), the cloud height increases, and the cloud thickens.

trainment leads to a deeper MBL as well as stronger dryingin the DIV3 clean case, this results in earlier and heavier

and warming. As a result, both the cloud top and base risgrecipitation than in the Control case (FRd). During the

(Fig. 8b, f), with the cloud base rising more, thus resulting in first night, surface precipitation initiates-at h with a maxi-

a thinner cloud. The effects of the free tropospheric moisturemum rate of 0.45 mmdayt. During the day, LWP decreases,

can be summarized\tkerman et a.2004 as: (1) moisten- reaching a minimum at14 h (Fig.9a), the same as in the

trained air— does not dry MBL effectively— cloud thick-  Control case. The cloud thickens again afterwards as the SW

ening, versus (2) dry entrained aif dry the MBL — cloud heating decreases. Due to the lower cloud layer in the sec-

thinning. Similar results were also obtained 8gndu et al.  ond evening (Fig9b), precipitation droplets are less likely to

(2008 for a diurnal cycle. evaporate before reaching the surface, causing heavier sur-
In the QFT3 case, no precipitation indicates stronger mix-face precipitation to occur between 16 and 21 h, with a max-

ing in the MBL so the vapor from the surface is transportedimum rate of 1.2 mm day!, and eventually the cloud dissi-

more efficiently to the cloud layer. The increased surfacepates at-22 h.

moisture flux compensates for the drying from enhanced en- In the DIV3 polluted case, the cloud thickens with

trainment, and the cloud thickens at night. However in thethe LWP reaching~150gn2 during the first night, as

5.2.2 Effects of free tropospheric humidity — QFT3 and
QFT1 cases
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Fig. 8. The same as Fid, except for Control (black), QFT3 (blue) Fig. 9. The same as Fi@, except for Control (black), DIV3 (blue)
and QFT1 (red) case. and DIV8 (red) case.

compared to~100 gn1 2 in the Control case (Fige). Dur-  5.2.4 Effects of wind speed — WIND Cases
ing the second night, the cloud grows even thicker, with LWP
reaching 160 gm? at the end of the simulation, showing that Stronger wind ¥ andV are—4 and 10 ms*, respectively;
with a weaker subsidence rate, the polluted cloud can kee§ompared to-1 and 6ms™ in Control case) increases the
thickening without being strongly capped. surface latent heat fluxes, resulting in slightly higher LWP

In the DIV8 case, on the other hand, the stronger subthan in the Control case, and thus more precipitation in the
sidence results in a lower inversion height and therefore £!€an case (Figl0d). Stronger sedimentation lowers the
lower cloud top height. In the DIV8 clean case, lower LwpP cloud top and base relative to the Control case (E@d).
inhibits precipitation during the first night. Compared to the N the afternoon, the LWP increases and heavy drizzle occur-
DIV3 and Control clean clouds, the cloud dissipates laterfing in the clean case causes the cloud to disappea2at,
due to later onset and less drizzle. In the DIV8 polluted €arlier than that in the Control clean case. This is a result of
case, however, the cloud disappears due to stronger substignificant water loss due to low cloud base. In the polluted
dence and daytime solar absorption. It is shown that wherfase, on the other hand, it shows similar diurnal variation as
the subsidence rate is increased, the cloud thins due to &€ Control case (FiglOf), but with higher LWP than the
decrease in cloud top height and is even able to dissipat&ontrol case at night. It is shown that within the range sim-
completely. The overall effect of the large-scale divergenceulated, the cloud response is not very sensitive to the wind
rate can be summarized as follows: (1) in the precipitat-SPeed compared to other environmental variables.
ing case, wherD is increased as compared to the Control  The overall effect of stronger wind speed can be summa-
case, the cloud thins and LWP decreases on a short timgzed as follows: (1) wheit/, V are increased as compared
scale; and (2) wheD is increased (decreased) ang is to the Control case, the cloud thickens and LWP increases,
increased, stronger entrainment (precipitation suppressiodgsulting in heavier precipitation (short time scale); and (2)
leads to lower (higher) LWP. whenU, V are increased anlf, is increased, precipitation

is suppressed and LWP is higher than that of the case with
lower Na.
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5.3 LWP differences between clean and polluted cases

The LWP difference between the polluted and clean case
(ALWP) for all cases is shown in Fig1 (after 16 h the cloud
dissipates in some cases). For Control, DIV3 and WIND
cases, LWP is higher under polluted conditiond {VP>0),

with the maximumALWP reaching 70 gm? in the DIV3
case. This is because under these conditions in which heavier
precipitation occurs (Fig€d, 10d), the increase in aerosol
number concentration more effectively suppresses precipi-
tation, resulting in less water loss and higher LWP. In con-
trast, the other cases (SST290, SST292, DIV8, QFT3 and
QFT1 case) have lower LWP in the polluted condition than
the clean conditionALWP<0), which shows that in the ab-
sence of precipitation or with light drizzle, the evaporation-
entrainment effect and sedimentation-entrainment effect are
pronounced in the polluted case, causing LWP to decrease.
The minimum ALWP is ~—28gnT? in the QFT1 case,
showing that the drier the free troposphere, the stronger the
entrainment effect. The time evolution of difference in LWP
between polluted and clean condition has the same tendency
as compared to Fig. 7 &andu et al(2008, with larger LWP
difference under moister conditions, and vice versa. Also,
during daytime the LWP difference decreases, and becomes
negative for all simulations after14 h, similar to the results

in Sandu et al(2008.

5.4 Relation of LES experiments to
analytical approximation

Equation B) is an approximate analytical expression relating
changes inV, to changes in various cloud properties. Here
we attempt to estimate the sign and relative magnitude of
each term in Eq.3) using the LES experiments. To evaluate
the derivatives we use finite differencesN,, to represent
dNa, using Ny values of 100, 200, 500 and 1000t As
noted earlier, while the adiabaticity effedt|n f)/d(InNg),

is expressed separately in E),(this effect cannot easily be
separated numerically from the others in Eg). (Therefore,
AInNgy/Aln Ny is estimated rather thakln Nag/ AlnNg; and

the estimation ofAlnk/AInNg and Aln H/AlIn Ny already
incorporates the adiabaticity effect. Control, SST290, QFT3,
and DIV3 cases are considered to evaluate each term. The
relationship oft, Ny, k, and H to N, are calculated by
conditionally-averaging over the cloudy fraction of the do-
main. Nighttime (4—7 h) and daytime (12—15 h) are discussed
separately (Figl2).

5.4.1 Twomey effect

Fig. 11. Time evolution of LWP difference between polluted and The estimated value afInNg/AlInNais within the range of
clean condition for Control (black), SST290 (red solid), SST292 1.00-1.25 at night (4—7 h) and 0.83—1.37 during the day (12—

(red dashed), QFT3 (green solid), QFT1 (green dashed), DIV3 (blu

solid), DIV8 (blue dashes), and WIND (orange) case.

www.atmos-chem-phys.net/11/9749/2011/

‘5 h) (Tabled), with lower values in SST290 and QFT3 cases

than in Control and DIV3 cases, a result of lower relative hu-
midity and lower supersaturation, and thus lowgr During
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Fig. 12. Averaged optical depthr], cloud droplet number concentratiaNy), dispersion coefficienk{ and cloud thickness{) as a function
of aerosol number concentratidfy. Values are averaged horizontally and vertically between cloud top and base for Control (black), SST290
(red), QFT3 (blue), and DIV3 (green) cases during nighttime (averaged over 4-7 h, filled circle) and daytime (average over 12—-15 h, cross).

the daytime Ny is lower than that at nighttime due to solar Calculated over the cloud and drizzle spectra, the range of
heating (Figl12), and the values oA InNg/AlnNg are more  from the simulations is within 0.58 and 0.85 (Fikf). Dur-
scattered. Compared to other studies (Table 2), the estimatadg the daytimek is smaller than at night, suggesting that
magnitude ofAInNg/AlInNg is higher, as compared to the the evaporation of cloud droplets due to SW heating results

range of 0.6 to 0.9 based on Eg4) &nd 6). in a more dispersed droplet spectrum and smalleAlso,
the estimatedAInk/AlnN, at nighttime is smaller for the
5.4.2 Dispersion effect drier cases (SST290 and QFT3), and larger for the moister

case (DIV3). In the DIV3 case with stronger precipitation,
The coefficientk is calculated Martin et al, 1994 Lu and  Alnk/Aln N accounts for 10 % of total cloud susceptibility,
Seinfeld 2006 as a function of relative dispersiod)(and larger than in other cases with less precipitation; this result is
skewnesss() of the droplet number concentration distribution consistent with.u and Seinfeld2006, where smaller value
n(r), of Alnk/AlInN, occurs for the cloud with weaker drizzle,
3 and larger value with stronger precipitation. This is because
(1+d2) with increasedV,, there is less spectral broadening due to
= W (8) suppressed collision-coalescence. Also, suppressed precip-
sd3+1+3d?) . . "
itation leads to stronger TKE and higher updraft velocities,

whered = o/, 7 is mean droplet radiusy is the standard resulting in spectral narrowing via condensational growth in

deviation of droplet spectrum, given by regions of higher updraft velocities. The positive correlation
of k to Ny is consistent wittMiles et al.(2000 and individual
1 . 1/2 ship tracks inLu et al. (2007, yet opposite to that obtained
o= <V/.(V—V) ”(r)d’> ; (9) by other flight-averaged datM@rtin et al; 1994 Liu and

Daum 2002 ensemble cloud averageslin et al, 2007).

and skewnessis defined as Lu et al.(2007) found that on the ensemble-averaged cloud
1 2 scale (~several tens of kilometers), an increaseviiresults
= UsNd/(’_’) n(rydr. (10)  in spectral broadening (smallé), because for the flight-
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averaged data, the relationship betwéeand N, is affected T R TR SR
not only by N, but also by various meteorological conditions | I
in different sampling locations. The meteorological differ- 0.60 % N

ences thus affect the dynamical factors, such as entrainment

mixing, updraft velocity, drizzle strength, etc, which accord- Z* 1 % f
ingly change the dispersion width. Therefore for the flight- £ 030 7 i ® & -
averaged observational data, the clean and polluted casesd 1 b I
were not necessarily subject to the same soundingf al, = 1

2007, which causes the- N, relationship to be affected by % 0-00 i
factors other than simply changesi. While on the scale

of a cloud perturbed by a single ship track, spectral narrow- 030 B

ing (largerk) occurs in response to increasdg, for which ‘ —

the ship track and clean regions are embedded in the same Night Day Night Day Night Day Night Day
sounding. In this LES study, with the ambient conditions
being fixed, the environment is identical, and the aerosol-

induced dispersion changes can therefore be distinguished, i

and separated from other meteorological factors. Fig. 13. AveragedA (Inz)/A(InNa) from the LES model (unfilled
circle) and Eq. 3) (asterisk) for specific sensitivity simulations un-

der nighttime (4—7 h) and daytime (12-15h), as shown in last two

5.4.3 Cloud thickness effect columns of Tablet. The error bar (standard deviation) is computed
from LES experiments.

Control SST290 QFT3 DIV3

Aerosols exert the main influence on cloud thickness through

precipitation efficiency, radiation, and cloud dynamics (en-

trainment). The estimatedInH/AInN, at nighttime is  precipitating cloud results in more pronounced enhancement
slightly negative £—0.01 to—0.04) within the range of sim-  of total cloud susceptibility.

ulated environmental conditions (Tab#, except for the During the daytime, the magnitude ofs lower as a result
DIV3 case AInH/AInNa=0.014) in which stronger driz-  of solar heating and cloud thinning (FitR). The magnitude
zle occurs in the clean case, causiigo increase with in-  of Alnt/AlnNalies between-0.36 and 0.63, more scattered
creasingN,, a result of precipitation suppression. Agin-  than that of the nighttime (0.28-0.53). Because the MBL de-
creases from 200 to 1000 ¢ty AInH/AInN,is negative in - couples and the cloud thins significantly during the day, the
all cases (FidL2) as a result of evaporation-entrainment and evaluation which is based on only cloudy grids has a larger
sedimentation-entrainment effects. During the daytile, standard deviation and should be viewed with more caution.
is smaller and the values &fIn H/AInN, is more scattered |n the SST290 case\Int/AlnN; is actually negative dur-
than at night. The sign ahInH/AInN, is consistent with  ing the day, a result of cloud dissipation under polluted case.
Lu and Seinfeld2009 (Table2), wheredInLW P/3InNais  With higher temperature, cloud droplet evaporation during
negative, with a larger impact under clean background. Thehe day causes the cloud to disappear (5iy.

cloud thickness effect is the only one that exhibits either pos- ComparingAlnz/AInN, from LES simulation (Eq.7)

itive or negative magnitude, which enhances or counteracts,nq from Eq. 8), it is seen that the two values are in good

other effects. agreement to each other (FitB). The difference between
these two estimated Inz/Aln Ny value lies within the mar-
5.4.4 Cloud optical depth susceptibility gin of error (standard deviation), with greater discrepancy oc-

curring in daytime SST290 case. Note that the standard devi-

Cloud optical depth is calculated following Eqr)( As ation is larger for daytime SST290, showing the value is less
N, increases from 100 to 1000 cr the estimated value representative than in other cases. The relatively close agree-
of Alnt/AInN, lies between 0.28 and 0.53 at night, with ment between the LES simulation and analytical expression
higher value in the DIV3 case and lower value in the SST290In Eq. 3) was not necessarily to be expected. The analytical
and QFT3 cases (Tab*B This suggests that with a moister formulation can therefore be treated as a gOOd apprOXimation
atmosphere and heavier precipitatioiinz/Aln Nais larger.  of cloud optical depth susceptibility.

Also, Alnt/AInN, is larger at lowerN,. In the night- Considering the significance of each term in contributing
time Control case, a®/y doubles from 100 to 200 crH, to the cloud susceptibilitAInz/Aln Ny, the Twomey effect
Alnt/AlInN, is more than two times larger than that when AlnNg/AlInNgis the dominant term, contributing over 85 %
doubling N, from 500 to 1000cm? (0.54 versus 0.24), of the total effect during the nighttime. The dispersion effect
suggesting that total cloud susceptibility is stronger underaccounts for 3% to 10 % of the total effect at night, and the
lower Na. This is because whew, increases from that cloud thickness effect accounts for 5 % to 22 % of the overall
of a clean background, transition from precipitating to non- effect, acting to diminish or enhance the Twomey effect.
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Table 4. Estimation of aerosol-induced effects on MSc cloud properties from the LES model and of cloud susceptibility fr@nférq. (
specific sensitivity simulations under nighttime (4—7 h) and daytime (12—15 h) conditions; aerosol number concentrations considered are 100,
200, 500, and 1000 cn?.

A(InNg) A(Ink) A(InH) A(Int) A(nt) (Eq.3)
A(NNg) A(INNz) A(INN) A(NNz) A(NNg)
Night Day Night Day Night Day Night Day Night Day
Control Mean 1.077 1.158 0.072 0.094 -0.014 -0.126 0.350 0.261 0.360 0.207
Stdev  0.049 0.029 0.016 0.030 0.010 0.034 0.035 0.104
SST290 Mean 1.000 0.805 0.036 0.050 -—-0.038 -—0.346 0.280 —-0.358 0.282 -0.292
Stdev  0.023 0.086 0.010 0.023 0.007 0.160 0.018 0.370
QFT3 Mean 1.000 1.037 0.026 0.070 -0.026 —0.120 0.291 0.165 0.299 0.169
Stdev  0.010 0.025 0.006 0.036 0.016 0.011 0.026 0.039
DIV3 Mean 1.245 1.370 0.150 0.082 0.014-0.005 0.528 0.625 0.488 0.476
Stdev  0.128 0.070 0.047 0.018 0.013 0.050 0.120 0.154

wherez* indicates integration over the region below cloud

L L L 1 L L L 1 L L L 1 L L L 1 L
& 080 7 o base height in which(w’6,) < 0, and9, is virtual potential
@ ] © temperature. ITurton and Nicholl$1987), the value BIR>
.% 0.60 0.4 is chosen as a condition for decoupling of the sub-cloud
= 1 o layer and the cloud layeBretherton and Wyar(tL997) sug-
? 0.40 - 5 gest that the threshold value BH¥0.15 is more appropriate.
€ 1 BIR values under nighttime (4—7 h)/daytime (12—-15 h) condi-
§ 020 ] 8 ° o 4 tions and clean / polluted cases are shown in HEdor eight
s o __ o . _________ " cases. If BIR>0.15 is used for the decoupling threshold, the
§ ] © e 8 . MBL in most daytime cases is decoupled. As the daytime
000 F—% ¢ ¢ o 5 o 7 solar heating offsets the cloud top radiative cooling, less pro-
Control ggg 23; DIV3 DIV8 QFT3 QFT1 WIND duction of turbulence by cloud-top cooling favors greater de-

coupling (e.g.Bretherton and Wyantl997 Stevens2000
and hence a thinning of the stratocumulus layer. The largest
100 cnt-3) nighttime (47 h, black), clean daytime (12—15 h, black BIR is shown in DIV8 polluted case during the daytime con-
open circle), polluted a= 1000 cnm3) nighttime (red), and pol- dition. In the DI_V8 polluted case, _stronger subsidence ar_ld
luted daytime (red open circle) clouds under different environmen-€nhanced entrainment lead to a thinner cloud. Solar heating
tal conditions. The dashed line corresponds to critical value 0.15during the daytime further results in enhanced decoupling of
(suggested bBretherton and Wyar(t1997). sub-cloud layer and the cloud layer, which leads to cloud dis-
sipation at~14 h. In the WIND cases, stronger wind helps
ventilate the surface. The surface latent heat flux, which is
During daytime the ranges of values are more scattereghroportional to the mean wind, becomes more negative in the
due to the MBL decoupling and significant cloud thinning. polluted case (FiglOg). This results in lower buoyancy flux
Certain processes, including the solar absorption, cloud topear the surface, and enhanced decoupling of the sub-cloud
entrainment, reducing surface buoyancy fluxes, and drizzlgayer and cloud layer. Thus BIR is higher under WIND pol-
evaporation below cloud base tend to promote a more Stapted case during the daytime.
ble density stratification within the MBLNicholls, 1984 Under nighttime conditions, the MBL is well mixed, with
Lewellen and Lewellen2003. Daytime absorption of so-  BI|R < 0.15 in all cases. However, the MBL under DIV3 and
lar radiation often leads to afternoon cloud thinning due tow|ND clean conditions has slightly higher BIR than others,
decoupling. Decoupling can occur when subcloud buoyancyndicating that the heavier precipitation in DIV3 and WIND
fluxes become negative, inhibiting convection below cloudclean conditions leads to a more stable boundary layer and a
base (e.g.Bretherton and Wyantl997). The existence of |ess mixed/coupled MBL compared to those with lighter or
decoupling can be diagnosed using the buoyancy integral rano precipitation. This shows that below-cloud evaporation
tio (BIR) (Turton and Nicholls1987 Bretherton and Wyant  of drizzle produces a cooler and moister sub-cloud layer that

Fig. 14. The buoyancy integral ratio (BIR) for cleariV{ =

1997) defined as: inhibits deep mixing. Overall, it is shown that decoupling is
most likely to occur during daytime.
BIR=— / (w'6])dz/ / (w'6])dz (11)
z* all otherz
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5.4.5 Ratio of indirect effects

Ignoring the dispersion and adiabaticity effects, B).dan
be rewritten as:
dinH
5 .
+ d InNa>

dint 1 /dInNg
dInNg

One can define the ratios of the cloud thickness effect to the

Twomey effect, that isRie = 5(2"2Z) (Wood, 2007). A

=— 12
dinN; 3 (12)
AInNyg

value of Rig =1 corresponds to the cloud thickness effect
doubling the Twomey effect, anflig = —1 implies a com-
plete cancellation the Twomey effect. Wiood (2007), with
given environmental forcing, the MLM determines the equi-
librium state of the MBL. By perturbingvy by 5 %, the an-
alytical response indicates thRJg is strongly tied to cloud
base height on a short time scale (0-8 h); and only when the
cloud base height is very low does the cloud thickness effect
overweigh the Twomey effect.

In this study we perform an examination similar to that
of Wood (2007 by doubling the aerosol concentration from
100 to 200 cm3. HereRe is calculated by 6AA|'+]’\};/ 2:2%2)
from the LES simulation, and the value is averaged over 4—
7 h for 27 cases, covering the variables and values listed in
Table5. Fig. 15a demonstrates a similar trend R as that
shown byWood (2007 (Fig. 8a). With higher cloud base,
Rie<0, and vice versa.

The positiveR g appears only in Control and DIV3 cases,
where the moister environment leads to lower cloud base and
stronger precipitation in the unperturbed,(100 cnt 3) con-
dition. The other cases have negatiRg, suggesting the
cloud thickness effect offsets the Twomey effect. In a drier
environment, the cloud base is higher, and thus less precipi-
tation occurs under clean conditions. With increased aerosol,
the enhanced entrainment effect therefore results in a thinner
cloud and negative cloud thickness effect. The low@gt

RIE
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(—1.47) appears under the driest condition (in which SST is
292K, D is 8x10®s71, andgr is 1.1gkgl). The relation-  Fig. 15. The mean ratio of second to first indirect effe®ig) for
ship betweemR g and cloud thickness (Fig.5b) also shows N from 100 to 200 cm3 as a function ofa) cloud base height,
a positive correlation; a thicker cloud corresponds to a largerand(b) cloud thickness. The data points are averaged over 4—7 h.
Rg, and vice versa.

To fully cover the responses to different aerosol pertur-
bations during n|gtt|me/dayt|meRlE values are also cal- Cipitation, R|E tends to be pOSitive (C|0ud thiCkenS). From
culated with changes from 100 to 200c#and 200 to  Na 200 to 1000cm?®, Rie is negative for all the cases
1000 cnt3 under both nighttime and daytime conditions for considered, as the pronounced evaporation-entrainment and
four cases (Control, SST290, QFT3, and DIV3, Fig). sedimentation-entrainment feedbacks lead to cloud thinning.
The same trend CR|E versus cloud base he|ght is shown as Environmental conditions that favor hlghel‘ cloud bases are
that inWood (2007, with largerRie corresponding to lower those of higher SST and a drier free troposphere, consistent
cloud base and Sma”dﬂE Corresponding to h|gher cloud with results ofWood (ZOOD Variation in |a|’ge-sca|e diver-
base. The range dte values during the nighttime—0.42 gence affects the cloud top height, but not the cloud base
to 0.20) is smaller than that during the daytime4(18 to height, therefore?|e under difference divergence rates is in-
1.38), showing thaiRe is more scattered during the day- dependent of cloud base height.
time. FromNg 100 to 200 cm3, Rjg is positive for both day
and night conditions for the heavier drizzling cases (Control
and DIV3), and is negative for the non/light drizzling cases
(SST290 and QFT3). This suggests that with suppressed pre-
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Table 5. Values of environmental variables.

20 1 1 1 1 1 1
o 4 ® i Variable Values
] I SST (K) 288, 290, 292
0.0 20® o L g (9kg™h)  1.1,3.1,6.1
] ° ® A i D(10%s1) 3.0,55,8.0
-1 0 — A A -
w
o
2,0 4 © -
1 ! to water loss, whereas the semi-polluted and polluted condi-
-3.0 o tions continue to thicken. The dominant physical/dynamical
1 ! mechanisms due to aerosol perturbations differ for moder-
40 s~ F ate/heavy drizzling and non/light drizzling MSc.
] i Considering different environmental conditions, the sim-
B L B L B BN BN ulated short-time cloud responses are generally consistent
200 240 280 320 360 400 440 with previous studies. For both clean and polluted condi-
cloud base [m] tions, under higher SST, drier free-troposphere, or stronger

large scale divergence rate, the clouds become thinner than
Fig. 16. The mean ratio of second to firstindirect effekg) for Ny in the corresponding Control case, and surface precipita-
from 100 to 200 crm® during nighttime (47 h, black filled circle)  tion decreases in clean conditions. Higher SST causes both
and daytime (12-15h, circle with cross inside), and from 200 tocloud top and base heights to increase, with cloud base
1000 cn3 during nighttime (asterisk) and daytime (triangle). being lifted more, resulting in a thinner cloud. Lower
free-tropospheric humidity leads to stronger evaporation-
entrainment, and therefore higher TKE and deeper MBL.
6 Conclusions Also, the mixing of dry air entrained at cloud top with the
cloudy air leads to drying of the MBL, causing the cloud
Aerosol-cloud-precipitation interactions, which involve base to be higher. Overall, the cloud base elevates more
aerosol and cloud microphysics, atmospheric dynamics, anthan does the cloud top, thus creating a thinner cloud. Un-
radiation, are complex and intertwined. We report here onder stronger large scale subsidence, the cloud top is prohib-
a comprehensive numerical study of the dynamical responsged from rising; consequently the lower cloud top makes the
of MSc to changes in aerosol number concentrafigrus- cloud thinner. Under stronger wind speed, the enhanced sur-
ing the WRF model with a detailed bin-resolved microphys- face fluxes moisten the MBL, thicken the cloud, and increase
ical scheme as a three-dimensional LES model. Simulationprecipitation.
are performed to explore the cloud diurnal responses to var- An analytical formulation of total cloud susceptibility to
ied aerosol number concentration and different meteorologaerosol perturbations can be expressed by the sum of the
ical conditions (SST, free-tropospheric water vapor mixing Twomey, droplet dispersion, cloud thickness, and adiabatic-
ratio, large-scale subsidence, and wind speed). Based on thg effects. Control, SST290, QFT3, and DIV3 cases cover-
LES simulations, the magnitude and sign of the Twomey ef-ing N, values of 100, 200, 500, and 1000 cfrare utilized
fect, droplet dispersion effect, cloud thickness effect, and toto evaluate each effect for both nighttime and daytime condi-
tal cloud optical depth susceptibility are evaluated and com+ions. The estimated Twomey effect is the dominant term in
pared to approximate analytical expressions that have beetme total cloud susceptibility and is larger under moister am-
previously derived. bient conditions. The sign of the droplet dispersion effect is
For moderate/heavy drizzling=0.1 mmday?) clouds, positive; it is larger for heavier drizzling cases (Control and
increase iNV, suppresses precipitation, causing the LWP toDIV3), and smaller for non/light drizzling cases (SST290
increase. For non/light drizzling<0.1 mmday?!) clouds, and QFT3). The dispersion effect plays a minor role in the to-
an increase iV, leads to numerous smaller cloud droplets, tal cloud susceptibility, accounting for 3—10 % at night. The
reducing the sedimentation, increasing the evaporation atloud thickness effect is negative in all cases, expectin DIV3
cloud top, resulting in larger TKE, stronger entrainment, case, where stronger precipitation occurs in clean case, and
and LWP reduction. These are termed as sedimentationthus an increase iV, suppresses precipitation, causing the
entrainment and evaporation-entrainment effects. In day<loud to thicken. For non/light drizzling cases (SST290 and
time, for the Control case, SW heating partially offsets the QFT3), the magnitude oh(InH)/A(InNy) are smaller; the
LW cooling and thins clouds; and the reduced turbulent mix-same trend as in the other effects. The cloud thickness effect
ing results in a decoupled MBL. Over the 30 h duration, theis the only one that can reduce the total cloud susceptibility
precipitating cloud under clean background disappears duéhrough cloud thinning.
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