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Abstract. Cloud-system resolving simulations with the layer. Therefore, the aerosol impacts on precipitation are am-
chemistry version of the Weather Research and Forecastinglified by the positive feedback of precipitation on aerosol,
(WRF-Chem) model are used to quantify the relative impactswhich ultimately alters the cloud micro- and macro-physical
of regional anthropogenic and oceanic emissions on changgzroperties, leading to strong aerosol-cloud-precipitation in-
in aerosol properties, cloud macro- and microphysics, anderactions. The high sensitivity is also related to an increase
cloud radiative forcing over the Southeast Pacific (SEP) dur-in cloud-top entrainment rate (by 16 % at night) due to the
ing the VAMOS Ocean-Cloud-Atmosphere-Land Study Re-increased anthropogenic aerosols. The simulated aerosol-
gional Experiment (VOCALS-REX) (15 October-16 Novem- cloud-precipitation interactions due to the increased anthro-
ber 2008). Two distinct regions are identified. The near-coaspogenic aerosols have a stronger diurnal cycle over the clean
polluted region is characterized by low surface precipitationregion compared to the near-coast region with stronger inter-
rates, the strong suppression of non-sea-salt particle activactions at night. During the day, solar heating results in more
tion due to sea-salt particles, a predominant albedo effectrequent decoupling of the cloud and sub-cloud layers, thin-
in aerosol indirect effects, and limited impact of aerosolsner clouds, reduced precipitation, and reduced sensitivity to
associated with anthropogenic emissions on clouds. Oppathe increase in anthropogenic emissions. This study shows
site sensitivities to natural marine and anthropogenic aerosahe importance of natural aerosols in accurately quantify-
perturbations are seen in cloud properties (e.g., cloud optiing anthropogenic forcing within a regional modeling frame-
cal depth and cloud-top and cloud-base heights), precipitawork. The results of this study also imply that the energy bal-
tion, and the top-of-atmosphere and surface shortwave fluxeance perturbations from increased anthropogenic emissions
over this region. The relatively clean remote region is charac-are larger in the more susceptible clean environment than
terized by large contributions of aerosols from non-regionalin already polluted environment and are larger than possi-
sources (lateral boundaries) and much stronger drizzle at thble from the first indirect effect alone.
surface. Under a scenario of five-fold increase in regional
anthropogenic emissions, this relatively clean region shows
large cloud responses, for example, a 13 % increase in cloud-
top height and a 9 % increase in albedo in response to a modt  Introduction
erate increase (25 % of the reference case) in cloud condensa-
tion nuclei (CCN) concentration. The reduction of precipita- Anthropogenic aerosols change the energy balance of the
tion due to this increase in anthropogenic aerosols more thaFkarth’s climate system through the direct effect of absorbing
doubles the aerosol lifetime in the clean marine boundaryand scattering radiation as well as indirect effects of chang-
ing cloud albedo and precipitation. The first indirect effect
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was first postulated by Twomey (1977) to describe the bright- Marine stratocumulus clouds are ideal for studying the rel-
ening of clouds due to smaller and more numerous cloudative roles of natural and anthropogenic aerosols in changing
droplets in response to an increase in cloud condensation niegloud properties and radiative forcings. This is because their
clei (CCN) at constant liquid water content. The conventionaloverall cooling effect is important to the earth’s energy bud-
second indirect effect describes how increases in CCN supget and also because these boundary layer clouds are often
press warm rain formation, leading to longer cloud lifetime, close to emission sources. With a large and persistent stra-
larger liquid water path (LWP), and greater cloudiness (Al- tocumulus cloud deck (Klein and Hartmann, 1993) and a
brecht, 1989). However, large eddy simulation (LES) stud-complex mixture of aerosols from anthropogenic and marine
ies of aerosol impact on precipitating marine stratocumulussources (Chand et al., 2010; Kleinman et al., 2012; Shank
have revealed complex microphysical and dynamical feedet al., 2012), the Southeast Pacific (SEP) is an ideal loca-
backs that are more complicated than traditionally depictedion for studying effects of aerosols on shallow warm clouds.
as the second indirect effect (e.g., Wang and Feingold, 2009&Dbservations from the VAMOS Ocean-Cloud-Atmosphere-
Stevens and Feingold, 2009, and references therein). Theand Study Regional Experiment (VOCALS-REXx; Wood et
large uncertainties related to aerosol direct and first indirectal., 2011b) show distinctly different cloud and precipitation
effects limit our understanding of the anthropogenic forcing features over the remote and near-coast regions over the SEP
on the climate system (Solomon et al., 2007). The processeassociated with low and high concentrations of CCN (e.g.,
and feedbacks through which aerosols affect clouds and preBretherton et al., 2010b; Painemal and Zuidema, 2010; Wood
cipitation are less well understood and are more difficultet al., 2011a; Zheng et al., 2011; Zuidema et al., 2012),
to quantify in climate models. The Intergovernmental Panelwhich resemble the pristine precipitating and the polluted
on Climat Change (IPCC) fourth assessment report (AR4)non-precipitating cloud regimes predicted by previous stud-
provided a first indirect effect forcing estimate €0.22 to  ies (e.g., Baker and Charlson, 1990).
—1.85Wn1?, and its uncertainty was the largest among var-  Process models, such as LES and Mixed Layer Models
ious contributors to anthropogenic forcing (Solomon et al.,(MLM), have often been used to study marine stratocumu-
2007). lus clouds. MLM are used to study the steady state solutions
Over the ocean, aerosols from natural sources (e.g. seaf a group of thermodynamic equations with fixed external
salt and sulfate from DMS oxidation) play an important forcings such as mean subsidence, sea surface temperature
role in determining cloud properties and the perturbations(SST), and lower-tropospheric divergence (e.g., Bretherton
to clouds and precipitation by anthropogenic aerosols. Seaand Wyant, 1997; Pincus and Baker, 1994; Stevens, 2006;
salt particles are emitted from the ocean through sea sprayood, 2007). The main advantage of LES is its ability to
bubble bursting, and spume associated with wave-breakingesolve turbulent eddies. LES are often idealized and con-
(Gong et al., 1997), and their emission strength is wind-ducted with small domains (on the order of2k®n? or
speed dependent. Sea-salt particles are hygroscopic and hasmaller) to study the equilibrium state or diurnal cycle of
larger surface areas than anthropogenic aerosols, such as saleuds under horizontally uniform forcing conditions (e.g.,
fate. Therefore, the condensation of gaseous sulphuric aciBerner et al., 2011; Chen et al., 2011; Lu and Seinfeld, 2005;
and water preferentially occur on them, thus inhibiting new Sandu et al., 2008; Wang and McFarquhar, 2008a, b). With
particle formation, lowering the maximum supersaturationa relatively large domain (on the order ofln?), the LES
in clouds and suppressing the activation of anthropogenican simulate the response of mesoscale cloud structures to
aerosols in clouds (Ghan et al., 1998). Sea-salt particleserosol perturbations, but only in very ideal meteorological
could also serve as giant (e.g.2 um) and ultra-giant (e.g., scenarios with prescribed large-scale forcings (Kazil et al.,
>10um) CCN, and have been found to promote drizzle pro-2011; Mechem et al., 2012; Wang and Feingold, 2009a, b).
duction (Feingold et al., 1999), decrease total droplet number The climate modeling community is actively engaged in
(Rosenfeld et al., 2002), and reduce LWP in polluted cloudsimproving the representation of aerosol and aerosol-cloud-
(Lu and Seinfeld, 2005). In addition, sea-salt particles in dif- radiation interactions in regional and global models. In-
ferent size ranges can impact clouds differently (Kogan et al.creased computational resources have permitted the appli-
2012). cation of regional models with prognostic aerosols and cou-
The oxidation of dimethyl sulfide (DMS) is a source of pled aerosol-cloud-radiation processes, such as the chemistry
secondary aerosols, non-sea-salt sulfate aerosol, over theersion of the Weather Research and Forecast model (WRF-
ocean. Charlson et al. (1987) postulated that an increase i€hem, Fast et al., 2006; Grell et al., 2005), to the study of
DMS emissions could exert a cooling effect on the climateaerosol-cloud interactions (ACI) under realistic meteorologi-
system (Charlson et al., 1987). However, using simulationscal conditions. The use of realistic meteorological conditions
from several climate models, Woodhouse et al. (2010) foundallows for simulating complex interactions between clouds
a relatively weak climate response to DMS due to the lowand meteorological factors and their feedbacks to larger-scale
sensitivity of CCN concentrations to the change in DMS dynamics. In addition to LES and MLM, regional models
emissions. with interactive aerosols and coupled aerosol-cloud-radiation
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processes can be important tools for advancing our under2 Model description and experimental design
standing of aerosol effects on regional climate.
WRF-Chem has been used in a wide range of application.1 Model description
including air quality, aerosol-cloud-precipitation studies, and
regional climate (e.g., Fast et al., 2012; Gao et al., 2011 The WRF-Chem model includes online interactions between
Qian et al., 2009; Zhang et al., 2010). Q. Yang et al. (2011)aerosols, radiation, clouds and precipitation for the direct,
and Saide et al. (2012) evaluated WRF-Chem simulations ofemi-direct, and first and second indirect effects of aerosols
aerosols, clouds, precipitation, and their interactions over theas described in Fast et al. (2006), Chapman et al. (2009),
SEP during VOCALS-REX using extensive measurementsGustafson et al. (2007), and Q. Yang et al. (2011). The simu-
from the field campaign and satellite retrievals. Comparisondations presented in this study were performed using the code
with observations showed that the model performed well inthat was released to the public in v3.3. The detailed model
simulating aerosol (e.g., AOD, accumulation mode aerosolescription and configuration can be found in Q. Yang et
number, submicron aerosol mass) and clouds (e.g., cloud togl. (2011), and here the model configuration is only briefly
and cloud base height, cloud fraction, cloud water path). Thesummarized.
well-simulated cloud properties fed back to the dynamics Gas-phase chemistry is simulated with a version of the
and improved the simulated boundary-layer characteristics a€BMZ mechanism that includes DMS chemistry (Zaveri and
well as surface and top-of-atmosphere (TOA) energy fluxesPeters, 1999). The MOdel for Simulating Aerosol Interac-
Q. Yang et al. (2011) and Saide et al. (2012) also demontions and Chemistry (MOSAIC, Zaveri et al., 2008) provides
strated that WRF-Chem was able to simulate the synoptican integrated treatment of aerosol chemical and microphys-
scale variations of aerosol and cloud properties over the SERal processes. MOSAIC uses an 8-bin sectional approach
in response to the pollution outflow from South America.  to represent aerosol size distributions for both unactivated
In this study, WRF-Chem simulations are used to quan-(i.e., interstitial) and activated (i.e. cloud-borne) aerosols,
tify and compare the impacts of anthropogenic and naturalwith both mass and number simulated for each bin. MO-
oceanic emissions on aerosol properties, cloud macro- an8AIC calculates condensation and evaporation of gas species
microphysics, and cloud radiative forcings over the SEP dur{such as HSOy, MSA, HNOgs, HCI, and NH;; Zaveri et al.,
ing VOCALS-REX. Aerosol-cloud-precipitation interactions 2008) using an accurate thermodynamic module that predicts
in polluted and clean regions are investigated. We are amongarticle deliquescence, water content and solid-liquid phase
the first to use a regional model with prognostic aerosols andquilibrium in multicomponent aerosols (Zaveri et al., 2008).
coupled aerosol-cloud-radiation to study the relative contri-Aerosol coagulation, aerosol nucleation, and aqueous chem-
butions of oceanic and anthropogenic aerosols to changes iistry (in cloud droplets) are also treated. The aerosol activa-
cloud properties and radiative forcings over the SEP undetion scheme (Abdul-Razzak and Ghan, 2000) is based on the
realistic meteorological conditions at cloud-system resolv-maximum supersaturation, which is diagnosed based on both
ing scale. The analysis is based on month-long simulationsthe resolved vertical velocity and the parameterized turbulent
Thus, the results represent responses to varying synoptic comnotions. Particles are assumed internally mixed within each
ditions over a longer time period than those in typical LES model size bin, and &hler theory is used to relate the aerosol
and MLM modeling studies, and hence can provide insightssize distribution and composition to the number activated as
into the aerosol-cloud-precipitation interactions and their im-a function of the maximum supersaturation (Abdul-Razzak
pact on climate. and Ghan, 2000). For calculating number concentrations of
The remainder of this paper is organized as follows.CCN (Nccn) at a supersaturation, a narrow lognormal size-
The WRF-Chem model and the simulations are describedlistribution is assumed for the particles within a size bin.
in Sect. 2. The response of aerosol humber concentration§he aerosol composition of the bin gives a volume-weighted
and optical properties to regional anthropogenic and oceanitiygroscopicity, from which the dry-diameter for a specified
emissions is discussed in Sect. 3.1. The response of cloudritical supersaturation is calculated. The particles in the bin
microphysical and optical properties is presented in Sect. 3.2with dry-diameter exceeding this critical diameter contribute
followed by cloud macro-properties, precipitation, and radia-to Nccn.
tive forcing in Sects. 3.3, 3.4, and 3.5, respectively. Finally, The cloud microphysics is represented with the Morri-
Sect. 4 summarizes the main conclusions and implications o§on double-moment scheme (Morrison et al., 2009) that was
this study. recently coupled with interactive aerosols (Q. Yang et al.,
2011). In the Morrison double-moment microphysics, the
cloud droplet number concentration and cloud water mix-
ing ratio are used to determine a gamma distributed cloud
droplet size spectrum, which affects various microphysical
process including autoconversion. Changes of number con-
centrations and mass mixing ratios of cloud water are pre-
dicted in the scheme based on sources (primarily water vapor
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condensation) and sinks (e.g., autoconversion and accretion), s |
Other hydrometeor species, including raindrops, are assumei
to follow an exponential distribution (Morrison et al., 2009).
The autoconversion scheme is based on Khairoutdinov anc

Kogan (2000) using an explicit autoconversion rate: 2o
| 1 L

%4 _ 13500247, 179 () M)

ot 255

N

where Q. and N are cloud water mixing ratio and droplet 8 =

number concentration, respectively. Unlike some other au-305 - r

toconversion parameterizations (e.g., Manton and Cotton,

1977), this formula does not include any threshold effective 3ss - -

radius, but does implicitly depend on mean droplet radius

givgn it's dependgnce on bofh and N¢ (i.e., mean droplet e ‘ ‘ ‘ ‘ :

radius is proportional to@¢/N¢)/3). 20 25 30 35 40 50 60 80 100 120 140
Aerosols impact clouds, and clouds also impact aerosols Al10

in the model. In-cloud wet scavenging is the main sink Fig. 1. Monthly average aerosol indexes (Al) during the VOCALS-

of submicron particles while cloud chemistry provides a REx period. The modeling domain is divided into 9 regions (num-

major source of sulfate. Wet scavenging of aerosols referered by 1-9) with the regions 3-8 being>65° in sizes. Regions

to the removal of both cloud-borne/activated and intersti-3. 4, and 7 are also referred as polluted (P), intermediate (1), and

tial/unactivated aerosols by precipitation, although the cloud-céan (C) regions in the main text. The grey area shows the model

borne aerosol wet scavenging dominates. The cloud-borngom,am' Areas too close to the lateral boundaries are not included

aerosol wet-scavenging rate is assumed equal to the nof? tMis study.

malized rate at which cloud water is converted to precip-

itation (s°1), and includes contributions from cloud water explicitly formulated, and the PBL height from YSU was
autoconversion and collection by rain in the Morrison mi- ¢, 14 to be near th’e cloud base or mid-level of the stra-
crophysics. In WRF-Chem, evaporation of cloud droplets iny,q,myjus clouds. The cloud-top entrainment discussed later
dry air resuspends cloud-borne aerosol back to the InterStIﬁkely results from parameterized local mixing, the resolved-

tial state. The complete evaporation of a raindrop will alsog.,e motion, and complex feedback between microphysics
resuspend the rain-borne particulate matter as a single (angh, the PBL scheme.

relatively large) particle, but this process was not treated
in our WRF simulations. This resuspension by evaporating2.2 Experimental design
raindrops would have little impact on the simulated CCN
number concentrations (at=0.1%), as a raindrop is typ- Excluding five days of model spin-up, simulations are con-
ically composed of hundreds to thousands of cloud dropletslucted from 00:00UTC, 15 October to 00:00UTC, 16
(and activated CCN), but the evaporation releases a singl&lovember 2008. The model domain is roughly from 63°W
large CCN. The aerosol impacts on clouds and shortwave rato 93° W in longitude and from 11° S to 36° S in latitude and
diation for the first indirect effect are implemented by link- includes parts of the northern Chilean and southern Peruvian
ing the predicted cloud droplet number from the Morrison coasts and the nearby Southeast Pacific (see Fig. 1). The hor-
microphysics scheme with the Goddard shortwave radiativezontal grid spacing is 9-km and the vertical grid spacing in-
scheme. The effect of aerosols on precipitation is handled diereases from~ 30 m in depth near the surface 050 m at
rectly by the microphysics scheme for warm-rain processes] km height. Initial and boundary conditions for meteorology
where the number of activated patrticles affects cloud dropletand time dependent sea surface temperatures were obtained
number, autoconversion rate, and precipitation. from the Global Forecast System (GFS) with a 0.5-degree
The YSU scheme (Hong et al., 2006) is used to represengrid spacing, while the initial and boundary conditions for
turbulent vertical mixing associated with the boundary layer.trace gases and aerosols were provided by the global Model
In the YSU scheme, the non-local mixing due to large eddyfor OZone and Related chemical Tracers (MOZART).
transport is considered for heat and momentum components, The simulation described and evaluated by Q. Yang et
and an explicit treatment of entrainment is included in theal. (2011; called the AERO experiment therein) is used as
heat and momentum flux profiles and the growth of the plan-the reference simulation (REF hereafter) in this study. The
etary boundary layer (PBL) height (Noh et al., 2003; Shin emission inventory compiled for the VOCALS model as-
and Hong, 2011). This parameterized PBL entrainment insessment provides anthropogenic emissions including both
the YSU scheme is not equivalent to cloud-top entrainmentpoint and area sources. Ultrafine, fine, and coarse mode
(S. Hong, personal communication, 2012) since the YSU(< 10 um) sea-salt emissions are parameterized based on
scheme assumes the PBL top as the minimum flux level a€larke et al. (2006), Gong et al. (1997), and Monahan et

20W 85W BOW 75W 70W 65W
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Table 1. Description of four primary model simulations. emission-induced changes, and isolates the impacts due to
the differences in meteorology. The purpose of the sensitiv-
Simulations  Emissions included  Description of simulations ity simulation with oceanic emissions turned off is to help

REF AnthroEmis Standard/reference illustrate the importance of locally emitted oceanic particles
+ OceanEmis simulation within a regional modeling framework. It might be taken for
00CE AnthroEmis Sea salt and DMS emissions granted that with the presence of background oceanic parti-
turned off cles, the representation of local sea-salt/DMS emissions in a
- . — regional model is not important for the purpose of estimating
OANT OceanEmis . lﬁzggz‘f)foge”'c emissions the effect of anthropogenic aerosol over the polluted region.

In addition, there are large uncertainties in sea salt emissions
5ANT ScaledEmis Anthropogenic emissions treated in contemporary models, and due to the strong de-
scaled by a factor of 5 P ; e
pendence of sea-salt emissions on wind speed, the emissions
have large temporal and spatial variability. For those reasons,
a test of this “external perturbation” in oceanic emissions is
al. (1986), respectively. DMS emissions are based on a simmeaningful. The remote clean marine region is an interesting
plified Nightingale et al. (2000) scheme. A detailed descrip-region with about twice as high wind speed as the near-coast
tion of the emissions and the coupling of aerosol-cloud-region and several times higher sea-salt emission rates; how-
radiation processes can be found in Q. Yang et al. (2011). ever, the precipitation scavenging is also much stronger. This
One challenge in studying cloud-aerosol interactions issensitivity study also helps determine sources of CCN over
the difficulty in separating the aerosol-induced changes frorrthe remote ocean.
meteorology-induced changes in cloud properties because To assist with the diagnosis, additional 10-day sensitiv-
aerosol and meteorological characteristics tend to be correity simulations (excluding spin-up periods) are also con-
lated (Loeb and Schuster, 2008; Stevens and Feingold, 2009lucted. The first supplementary sensitivity simulation turns
Therefore, for the purpose of quantifying separately the ef-off boundary conditions of gas and aerosol species, the sec-
fects of different emission sources within the model do- ond has no DMS emission but retains sea-salt emission, and
main, three sensitivity runs (Table 1) are conducted with onethe third turns off the new particle nucleation process.
simulation having continental emissions turned off (OANT), The total aerosol and cloud radiative forcing at the sur-
one with primary (sea salt) and secondary precursor (DMSY¥ace is calculated as the difference between surface short-
oceanic emissions turned off (OOCE), and one with conti-wave fluxes under all-sky conditions and under clear and
nental emissions increased by a factor of 5 (5ANT). We ac-clean conditions. The current version of WRF-Chem does
knowledge that a factor of 5 is arbitrary; however, the pur- not compute the aerosol and cloud forcing on-line, so an off-
pose is to produce a significant increase in anthropogenitine utility (Barnard et al., 2010), that replicates the radiation
aerosols over the remote oceandb % increase in CCN at calculation in WRF-Chem using hourly WRF-Chem output
0.1% supersaturation). The results are, therefore, a someadata, was used to estimate the total aerosol and cloud radia-
what extreme scenario, and the magnitude of the responskve forcing in the REF simulation.
would likely be smaller for scenarios having smaller changes
to anthropogenic emissions, although we expect that in each
region the sign of the response will likely be the same as3 Aerosol, cloud, precipitation, and energy flux
that of the 5ANT. The continental emissions are primarily responses to regional emissions
anthropogenic but also contain volcanic emissions. The con-
tinental emissions are also referred to as regional anthroThe aerosol index (Al) is dominated by contributions from
pogenic emissions in consideration of the dominance of ananthropogenic aerosols (compared to sea-salt and dust; Mat-
thropogenic sources and the negligible impacts of volcanicsui et al., 2006), and is used to illustrate the strong anthro-
emissions to our results. pogenic influence over the SEP. The Al is calculated as the
The effects of regional anthropogenic and oceanic emisproduct of AOD at 550 um and thngstiom coefficient be-
sions are estimated by contrasting sensitivity simulationstween 400 um and 700 um. Q. Yang et al. (2011) showed that
with the reference simulation, REF. The effect of anthro- the simulated AOD at 550 um agrees well with the MODIS
pogenic emissions from continental sources within the do-retrievals in mean spatial distribution pattern and the do-
main (AnthroEmis) is calculated as the difference in simu-main average (0.10+0.06 and 0.11+0.06 for the MODIS
lated quantities between REF and OANT. Similarly, the re-and REF, respectively) during VOCALS-REX. The horizon-
gional oceanic emission effect (OceanEmis) is calculated asal distribution of the monthly-average Al over the ocean is
the difference between REF and OOCE. The effect of theshown in Fig. 1 for the REF simulation. The large gradi-
increased anthropogenic emissions (ScaledEmis) is definednt in Al near the coast reflects the strong influence from
as the difference between 5SANT and REF. Contrasting seneontinental emission sources. This is consistent with the ob-
sitivity simulations with REF facilitates the estimation of served longitudinal gradient of aerosol concentrations during
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Fig. 2. Responses of aerosol and cloud properties to regional oceanic (OceanEmis, blue), anthropogenic (AnthroEmis, green), and enhance:
anthropogenic (ScaledEmis, orange) emissions. The respaxs@enotes differences in simulated quantities between two simulations with

and without the specific regional emissions: REF-OOCE, REF-OANT, and 5ANT-REF are used for assessing the response due to OceanEmis
AnthroEmis, and ScaledEmis, respectively. Pa(eeld) are for mean changes in accumulation mode aerd&glganel(a) at 975 hPa), CCN

(Nccn at 0.1 % supersaturation at 975 hP, pdnkelcloud-top cloud droplet numbeif, panelc), aerosol optical depth (AOD, pane),

cloud top effective radius§, panele), and cloud optical depth (COD, parnf@] respectively. The mean aerosol or cloud properties in the
reference simulation are shown at the top of each panel for each region (regions P, |, andkgy.abhe aerosol-cloud sensitivity factors,
%, are shown in red above or below each color bar, whei®the cloud property (e.gNy, re, and COD). More details regarding

the aerosol-cloud sensitivity factor are provided in the main text. The error bars show the 95 % confidence intervals of the mean changes

estimated based on the temporal variation of hourly spatially averaged responses in each region.

VOCALS-REXx (e.g., Allen et al., 2011; Bretherton et al., of Nccn at s =0.1% follows previous VOCALS studies
2010b; Hawkins et al., 2010). For the purpose of contrast{Bretherton et al., 2010b; Q. Yang et al., 2011). In this study,
ing emission effects at different regions over the ocean, thave use accumulation mode aerosols to refer to particles with
marine area within the domain (excluding areas close to latdry diameters of 0.078-1.25um with most of those parti-
eral boundaries) is divided into 9 regions (numbered by 1-cles in the 0.078-0.31um dry diameter range. The aver-
9, Fig. 1) with the regions 3-8 being 55%° in size. Three age contribution of the regional oceanic emissionsvig.
specific regions 3, 4, and 7 with high, intermediate, and lowincreases from 2% ANacc= 10cnm3) over region P to

Al values, which represent polluted (region P), intermedi- 10 % (A Nacc= 27 cnt3) over region C. OceanEmis contri-
ate (region 1), and clean (region C) marine environments butions toNccy are larger: 20 %4 Nccn = 27 cnt3), 39 %
respectively, have been selected for detailed analysis. Thege\ Nccn = 33 cnt3), and 46 % A Nccen = 25 cnt2) for re-
three regions are also differentiated by their relative distancegions P, I, and C, respectively.

from the coastline. The selection intentionally avoids regions Regional anthropogenic emissions contribute 33 %
close to the southern inflow boundary. The selected region$A Nace= 129 cnm3 and ANcen = 46¢nT3) to Nace and
also correspond to low (region P), intermediate (region ) andNccn over region P, and their contribution decreases to
high (region C) values of the aerosol-cloud interaction in-~10% (A Nacc= 25 cni3 and ANcen = 9 e 3) over re-
dices, which will be discussed later in this section. gion I and~ 0 % over the more remote region C. Consistent
with the climatology over the SEP, a persistent surface-high
pressure system was centered nea? W5 32 S during
VOCALS-REX, and the marine boundary layer (MBL) air

Figure 2a—b shows the contributions of regional Oceaniccwculates around the center of the high pressure system. The

(OceanEmis), anthropogenic (AnthroEmis), and enhancegtream“.neS n F|g. 1_3a of Toniazzo et al. (2011) s_howed
. o : redominant marine influence over region C by horizontal

anthropogenic emissions (ScaledEmis) to number concengans ort

trations of accumulation mode aerosolS§o) and CCN port.

(at supersaturation = 0.1 %) at~975hPa. The selection

3.1 Aerosol
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The high% ratios for OceanEmis (0.92-2.7 over the : - -
2 acc N a) pper=220 Uper=313 Uper=469
three regions) compared to AnthroEmis (0.36 over both re- 300 177 " i
gions P and |) are due to a combination of the larger hygro-
" . . - 200 A r
scopicity and the larger sizes of sea-salt particles. The simu-
lated aerosol size distributions (figures not shown) also sug- 100 - L
gest that the addition of sea-salt particles inhibit the growth
of small non-sea-salt particles (dry diamete8.078 um) to 0
accumulation mode size. This simulated inhibition is only b) po=sa ] em176
present over the polluted region P, and it contributes to the 100 1
low A Nacc from OceanEmis over this region (Fig. 2a). A
supplementary simulation with DMS emissions turned off in- 50 A L
dicates that DMS emissions lead to a 6 % increase (2¥¢m
in Naccrelative to the REF over region P, but its contribution
to Naccis reduced away from the coast with a negligible con- ‘ ‘ ‘
tribution over region C. Associated with the over-prediction C) Upee=77 Heer=118 Urer=169
of the DMS emission scheme under high-wind conditions |
(Blomquist et al., 2006), the simulated DMS ocean-to-air
transfer velocity was overestimated by about 70 % compared

50 1 F
effect might be even smaller. 0 i

to observations (Q. Yang et al., 2011); thus the actual DMS

When subtractingvVacc and Nccn contributed by both An- RegionC  Region|  Region P
throEmis and OceanEmis from their mean total concentra-
tions in the REF, the residuals account for aerosols origi-Fig. 3. Mean responses in accumulation mode aerasgl panela)
nating from lateral boundaries, natural aerosols originatingat 975hPa, CCN Nccn at 0.1% supersaturation at 975hP,
from continental sources (excluding volcanic aerosols), and?@nelb), and cloud-top cloud droplet numbel, panelc) due
the likely non-linear responses dtccand Neen to changes to aerosols and gas chemical species from lateral boundaries for
in emissions. A supplementary sensitivity simulation (BND, regions P, I, and C_'.The mean responss,, d_enotes_ dlfferenc_es
Fig. 3) with no aerosols and gas chemical species from thén simulated quantities between two simulations with and without

. . aerosols and gas species from the lateral boundaries for a 10-day
lateral boundaries shows 85 % (region I) and~ 95 % (re- (15—-24 October 2008) simulation period (excluding spin-ups). The

gion C) reductions of bottNacc and Ncen concentrations  mean aerosol or cloud properties in the reference simulation for the

from those of the REF, suggesting a dominant aerosol intorresponding period are shown at the top of each panel for each
fluence from outside the model domain for regions | and C.region (regions P, |, and C) as&kek.

Over region P, contrasting the BND and REF simulations in-

dicates that approximately 25 % and 35 %a\af.c and Ncen

originate from lateral boundaries, respectively. The southerrgion is not four-times [(SANT-1ANT)/(1ANT-OANT)] the
boundary of the model domain is the main low-level inflow response to AnthroEmis. This is associated with the highly
boundary during VOCALS-REXx. Southeasterly winds pre- nonlinear nature of aerosol processes including nucleation,
vail within the MBL with reduced wind speed towards the coagulation, condensational growth of existing particles from
coast during the VOCALS-REx (Rahn and Garreaud, 2010) gas-phase chemicals (such as the uptake of gas-ph&&H
and mean surface winds are approximately southerly at 20° $y sea-salt particles), and wet removal.

near the coast, and southeasterly (125°) at 20° S, 85°W (To- The AOD response to different emissions is shown in

ANacc (Cm-a)

ACCN (cm™)

AN, (cm )

niazzo et al., 2010). Fig. 2d. Regional oceanic emissions have large contributions
With the five-fold increase in anthropogenic emissions, the(40-50 %; 0.05-0.06) to AOD over all three regions, mostly
meanNccn increased by 90 % (120 cmd), 44 % (37 cnt3), due to sea-salt particles. Mean 10-m wind speeds and sea-

and 25% (13cmq) over regions P, I, and C, respectively. salt emissions over regions C and | are about twice as large
Over the remote region, the 25% increaseMgcn due to  as region P; however, the wet removal is also stronger over
the enhanced anthropogenic emissions (ScaledEmis) contegions C and I. The near-coast region P is downwind of the
pared to the negligible impact of AnthroEmis in REF can be near-shore low-level jet region, thus, the high sea-salt con-
explained by the reduced precipitation (weaker aerosol sinkcentrations advected by southerly flow is also likely to con-
and longer aerosol lifetime) and the increased cloud-top entribute to the high AOD response to sea-salt emissions over
trainment (stronger source of MBL aerosol) in SANT, which region P. Over region P, AnthroEmis contributes only about
are discussed later. half as much to AOD compared to that of OceanEmis, and its
The relationships between emission strength &gt are contributions are negligible over regions | and C.
nonlinear for both oceanic and anthropogenic emissions. For
example, the response @f;cc to ScaledEmis in each re-
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Fig. 4. Same as in Fig. 2 but for responses of mean cloud top hefghpénela), cloud base heightqy,, panelb), cloud depth D¢ g, panelc),
low cloud fraction (fiow, paneld), and liquid water path (LWP, pane) to regional oceanic (OceanEmis, blue), anthropogenic (AnthroEmis,
green), and scaled anthropogenic (ScaledEmis, orange) emissions.

3.2 Cloud microphysical and optical properties the aerosol-cloud interactions are quantified by performing a
linear regression of cloud parameters against aerosol param-

The changes in cloud properties due to emissions are diseters. Note that Penner et al. (2011) found a significant dif-

cussed below in terms of absolute and relative changes agrence between these two methods. The aerosol-cloud sen-

well as aerosol-cloud sensitivity factors in order to contrastsitivity factor is in principle similar to the precipitation sus-

ACI strength in the three regions. Following studies in the ceptibility that is discussed later in Sect. 3.4. The values of

current literature (e.g., Feingold et al., 2001; Quaas et al.these sensitivity factors for each region are shown in red in

2009; Wang et al., 2011), we define aerosol-cloud sensitivityrigs. 2c, e, and f and 4.

factor as the relative change in a mean cloud property (€.9., The cloud-top droplet number concentratioNg) in-

LWP andre) between a sensitivity simulation and the REF creases with increasing anthropogenic emissions (Fig. 2c).

with respect to the change in some measure of the aerosol inRegional anthropogenic emissions (AnthroEmis) contribute

column (i.e., a proxy, such as Al). For the purpose of evaluat-34 9 (46 cnm3) and 8 % (9 cm®) to Nq over regions P and

ing the sensitivity of boundary layer clouds to either oceanicj, respectively. The CLDSEcn(Ng) values are 0.83, 0.82,

or anthropogenic emissions, CCN-aB75 hPa is chosen as  and 1.36 over regions P, I, and C with ScaledEmis, and the

the proxy. Therefore, when evaluating the cloud property re-higher sensitivity factor over region C indicates more effi-

sponses to emissions, the aerosol-cloud sensitivity factor igient aerosol activation over the clean marine environment.

defined as Increased anthropogenic emissions (ScaledEmis) lead to a
CLDS 7y — Aln(Y) 36 % (26 cnT3) increase in the meaNy concentration over
Feen () = AIN(CCN)’ region C. As shown in Fig. 3c, contrasting the BND and REF

simulations indicates that approximately 11 %a\gf over re-

whereY is a cloud property, andA” is the difference be- : o ; .
tween the regional temporal averages of two simulations 91" P originates from lateral boundaries. Over regions | and

Note that partial derivatives are approximated with finite dif- C, the significant decrease iy in the BND from that of

~ 0, 0, i -
ferences from different model simulations and are used tothe REF QNq of ~70% and 95 % over regions | and C, re

quantify the sensitivity of cloud properties to changes in spectively) indicate the dominant source/f from lateral

) . boundaries.
aerosol from either anthropogenic sources or natural sources " . - .
The addition of oceanic emissions, in contrast, decreases

over near-coast and remote reglon.s..Slm.llar use of such parNd by 27% (37cm). 12% (13cmr®), and 5% (3cmd)
tial derivatives (approximated by finite differences) can be . ; o
: ; . -over regions P, I, and C, respectively. The addition of
found in the literature such as Chen et al. (2011). This defi- . :
large sea-salt particles lowers the maximum supersatura-

nition using differences is different from that in some othertion which suppresses activation of the more NUMErous
papers (e.g., Feingold et al., 2003; Quaas et al., 2009), where™ "’ PP
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submicron particles, resulting in fewer cloud droplets (Ghansions. These simulated cloud properties in REF have been
et al., 1998). This water vapor competition effect is expectedevaluated against observations in Q. Yang et al. (2011), and
with the parameterized aerosol activation scheme. As wasn overall good agreement in the features of the distribution
described in Sect. 3.1 with respectAdV,c Sea-salt parti- and mean values were demonstrated. For example, the simu-
cles inhibit some fine non-sea-salt particles from growing tolated mean cloud-top height (approximation of MBL heights)
viable CCN sizes, and this could also contribute to the re-and mean cloud thickness in REF agree with observations
duction inNgy. The sea-salt suppression of droplet activationwithin 10 %, and the simulated cloud fraction has a mean low
from non-sea-salt particles is most pronounced over the polbias of 2—-3 % during VOCALS-REX (Q. Yang et al., 2011).
luted region as shown by the more negative CLB&H Nq) As shown in Fig. 4a, regional oceanic emissions reduce
of —1.1 over region P compared to that of region-c0(1), the mean cloud-top heights by 13—-18 m over the three re-
consistent with Ghan et al. (1998). The decreas®jrdue  gions, while regional anthropogenic emissions elevate the
to the sea-salt suppression effect dominates the increase mean cloud-top heights by 14 and 10 m over regions P and I,
Ny due to secondary oceanic emissions (DMS oxidation;respectively. These changes are small but statistically signifi-
ANy =~ 8% of the REF; 11 cmd). cant, and the 98 % confidence intervals for the mean changes
The cloud-top droplet effective radius, is calculated di-  are shown as error bars in Fig. 4. With the increased anthro-
rectly within the microphysics scheme based on the predicteghbogenic emissions, stronger responses are seen in the cloud-
droplet size distributions. As shown in Fig. 2e, anthropogenictop (Z;) and cloud-base heights (e.g., CLOSK(Zt) =
aerosols (AnthroEmis and ScaledEmis) redug®ver re-  0.56; andAZ; = 174 m, which is 13 % of REF) over region
gion P, reflecting the albedo effect. Over this region, anthro-C compared to those over region P (e.g., CLR&H Zi) =
pogenic aerosols induce a 12% (1.2 um) decreasg Bnd  0.10; AZ; = 65 m, which is 6 % of REF).
there sensitivity to oceanic aerosols is half of this magnitude The sensitivity of cloud-top heights to anthropogenic and
but of opposite sign. In region C, the addition-efl3 cn3 oceanic aerosols are also linked to cloud-top entrainment.
CCN (25% increase) leads to a 35%4.2 um) reduction Entrainment is an important process related to water and
of meanre. By definition, the first indirect effect assumes static energy distributions within the MBL, and transport
constant liquid water content, and Feingold et al. (2003)of aerosols from the free troposphere (e.g., Raes, 1995; M.
proposed a theoretical upper limit of 0.33 for indirect ef- Yang et al., 2011). Cloud-top entrainment rates in the simu-
fect (similar to—CLDSFccn(re)) for a homogenous cloud lations are estimated using a budget analysis (Eq. 4 of Yang
with constant liquid water content. The simulated aerosol-et al., 2009) of a passive tracer, as described in Q. Yang et
cloud sensitivity factor over the region P are within this limit. al. (2011). The nighttime entrainment rates over regions P,
However, the large changesitgdue to the relatively small | and C increase by 3%, 6 % and 16 % in 5ANT compared
increase in anthropogenic aerosols over region C indicatéo the REF. The enhanced entrainment increases the amount
aerosol impacts on precipitation, LWP, and related micro-of aerosols entrained from the free troposphere, although in-
physical and dynamical feedbacks, which are discussed imreases in MBL height dilute the MBL aerosols to some
more detall in Sect. 3.4. Associated with the increased sensiextent. Based on LES simulations of marine stratocumulus
tivity of clouds to anthropogenic aerosols over region C, theclouds, Ackerman et al. (2004) found that cloud-top entrain-
east-west gradient of the response to AnthroEmis is reversethent increases with increasing. For non-drizzling stra-
with ScaledEmis with the largest response over region C. tocumulus clouds, a later study by Bretherton et al. (2007)
The changes in cloud optical depth (COD) are consistentinked the Ng-induced entrainment change with droplet sed-
with the large changes ir. Anthropogenic emissions con- imentation. Studying a nocturnal non-drizzling stratocumu-
tribute a 4-14 % increase in COD, while oceanic emissiondus layer using LES with bulk microphysics, cloud droplet
induce 7-9 % reduction. Related to the stronger sea-salt efsedimentation was found to decrease entrainment rates be-
fect in suppressing small particle activation over the pollutedcause removal of liquid water from the entrainment zone
region, region P has the largest reductierl(8; 10%) in  reduces both evaporative cooling and longwave radiative
COD due to OceanEmis, followed by regionsH1(.5; 8%)  cooling, with evaporative cooling found to be more impor-
and C (-0.5; 4 %). In the clean region C, COD is more sensi- tant than radiative cooling in changing entrainment rates
tive to ScaledEmis (CLDSfcn = 1.9) compared to region P (Bretherton et al., 2007). In our simulations, cloud droplet
(0.3-0.4). A relatively small increase Wy (26 cn3; 36 %)  sedimentation in the double-moment Morrison microphysics
in region C due to ScaledEmis leads to a 54 % increase irscheme depends explicitly on droplet size distribution. An
COD, which has a major contribution from changes in LWP increase inNgy leads to smaller droplet sizes resulting in

(discussed in the next section). reduced droplet sedimentation velocity. Therefore, it is ex-
pected that an increase in anthropogenic aerosols leads to
3.3 Cloud macro-properties smaller cloud droplets, which reduce cloud droplet sedimen-

tation, and results in an increase in entrainment rate (Brether-
This section discusses the changes in cloud heights, cloutbn et al., 2007; Hill et al., 2009) and higher cloud tops. Ad-
thickness, cloud fraction, and liquid water path with emis- ditional 4-day sensitivity simulations with droplet size fixed
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for calculation of sedimentation in REF and 5ANT (assum- cloud-top droplet sedimentation flux over region P is much
ing an effective radius of 12 um), thereby excluding interac-smaller compared to region C.

tions betweenVy, sedimentation, and entrainment, support The cloud-base height response is similar to that of cloud-
the interpretation that sedimentation account for most of thetop height for both regional anthropogenic and oceanic emis-
changes in cloud-top entrainment. sions (Fig. 4b). Cloud depthD(q) thus has minor changes

The increase in cloud-top entrainment rates is more pro-due to regional oceanic emissionscq = —1to—2 m over
nounced with ScaledEmis over drizzling region C, and largerthe three regions) and anthropogenic emissianBdq = 3
sensitivity of cloud-top heights t&4 changes are also found and~ 0m over region | and P, respectively). The response
over this region. Oceanic emissions contribute very little toof D¢y to ScaledEmis is also negligible in the polluted re-
the meanNy over regions C compared to P (see Fig. 2c, gion P. The changes in liquid water path (LWP) are consis-
—5%/—3cm 3 vs. —27 %/—-37 cnm3), and yet they result tentwith the changes in cloud depth. The insensitivitpgh
in a similar mean response to cloud-top heights. This couldand LWP to both anthropogenic and oceanic emissions over
be linked to the role of drizzle in promoting reduction in en- region P indicates that the change in surface precipitation due
trainment over heavily drizzling region (Stevens et al., 1998).to emissions is insufficient to modi#¢q and LWP over this
Over the clean region, reduced precipitationgb % reduc-  region. The limited impact of aerosols @tg and LWP is
tion in cloud-base and near-surface rain rate) due to enhancealso consistent with their limited impact on entrainment over
anthropogenic emissions (ScaledEmis) leads to a reductioregion P as discussed above.
of both below-cloud evaporative cooling and in-cloud la- The cloud thickness and LWP are more sensitive to the
tent heat release, resulting in stronger turbulence and thumcreased anthropogenic emissions over the clean remote
an increase in the kinetic energy available for the cloud-topregion than over the polluted region. Clouds were able
entrainment (Stevens et al., 1998; Lu and Seinfeld, 20050 develop into a deeper staté\ D¢g=11% and 40m;
Wood, 2007). Due to evaporation of drizzle below cloud ALWP=41% and 41 gm?) over the clean marine region
base, the strongly drizzling clouds tend to form a cooler andwith the addition of anthropogenic aerosols. This is consis-
moister subcloud layer (Stevens et al., 1998), and this is content with results from Pincus and Baker (1994) who pre-
sistent with the simulated warmeA " = 0.2K) and less hu-  dicted that cloud thickness increases wig, especially at
mid (Aqy = —0.2gkg™1, wheregy is the water vapor mix- low Ngconditions using a simple diurnally averaged steady-
ing ratio) MBL in 5ANT compared to the REF. More en- state mixed layer model. When anthropogenic aerosols are
trained dry air due to the increased entrainment is likely toadded over the clean region C, the increasBdp and LWP
contribute, at least in part to the less humid MBL simulated due to lower precipitation (a weaker cloud water sink) dom-
in 5ANT compared to the REF. Note that the simulated drierinates the reduction due to more entrainment of dry air. This
and warmer MBL in 5ANT is consistent with higher cloud- results in a net increase g, LWP, and low cloud fraction
base heights (Fig. 4b). Due to the increased entrainment, théfiow is defined as cloud frequency below 700 hPa; Fig. 4e).
changes in virtual potential temperatugg)( and humidity = CLDSFkccn(LWP) is as large as 1.5, which is associated with
within the inversion layer are larger over region C comparedlarge responses in cloud thickness (CLRZK(D) = 0.5),
to P (1.3 vs. 0.78gkg! in Agy and—1.84 vs.—1.27K in cloud frequency (CLDSEen( fiow) = 0.4), and cloud water
A6y). mixing ratios (CLDSkcn(ge) = 1.1).

The larger sensitivity of MBL heights t&¥4 changes over Diurnal cycles ofZi, Zp, LWP, D¢ig, and fiow (see Fig. 5
region C may also be driven by changes in the responséor LWP) reveal that their responses to anthropogenic emis-
of mesoscale dynamics between C and P. It is also likelysions over region C are most pronounced at night, and are
that the simulated drier and colder air overlying the MBL very small between 14:00 and 20:00 local standard time
(gv = 0.91 and 2.3 gkg?, andd, = 3038 and 308.2K over  (LST). The sensitivity of cloud macro-physical properties
regions C and P, respectively, at 2 km height), when entrainedo Ny variations is reduced during the daytime because the
into MBL, has a larger effect of enhancing droplet evapora-absorption of solar radiation in the cloud layer offsets the
tion. Q. Yang et al. (2011) showed good agreement betweerloud-top longwave radiative cooling and reduces convec-
the model-predicted and observed temperature and humidittive mixing (Ackerman et al., 2003, 2004; Lu and Seinfeld,
profiles over the remote region (78-88° W, along 20° S) dur-2005). Solar heating was found to lead to more frequent de-
ing VOCALS-REXx. However, over the coastal region (east of coupling of the cloud layer from the sub-cloud layer (e.g.,
78°W, along 20° S), comparisons with dropsonde (Brether-Nicholls, 1984). Following Jones et al. (2011), decoupling
ton et al., 2010b) and radiosonde (de Szoeke et al., 2010} diagnosed from simulation results using humidity and po-
measurements found larger mean humidity biases b6—  tential temperature. Based on differences between the MBL
2.2gkgt in the layer above MBL and below 2km. It is layer below the inversion and the near-surface layer, the
likely that over region P, the simulated humidity in the layer presence of moisture\gy > 0.5 gkg1) and/or temperature
right above the MBL is biased high, which is likely to re- jumps A6, > 0.5K) indicates a decoupling event. In cloudy
duce some of the predicted cloud height sensitivity\g conditions, daytime decoupling is more frequent over region
although for the polluted conditions over region P the nearC (with daytime maximum frequency of 42 % between
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12:00-13:00 LST) compared to that of region+30 %) in 250
REF. The increased daytime decoupling is also accompa-
nied by less precipitation (diurnal minimum and maximum
of 0.08 and 1.04 mm day, respectively, in the REF). Clouds
are also thinner during the day and diurnal cycle of LWP
(Fig. 5) shows a diurnal minimum of 42 gth at around =
13:00LST and a nighttime maximum of 139 gfin the -
REF over region C. The enhanced anthropogenic emissions
have only a small impact on LWP during the day with the
daytime minimum remain nearly unchanged. However, the _
LWP response to the enhanced anthropogenic aerosols dur‘-*E
ing the night is much larger (with an increased diurnal max- o
imum of 217 gnT2 compared to 139 gn? in the REF over o
region C) and with larger response over region C compared =
to region P. Enhanced anthropogenic emissions (ScaledEmis)
increase daytime maximum decoupling frequencies to 33 % 0 w w w w w w w
and 51 % over regions P and C. Sandu et al. (2008) attributed
the increased daytime decoupling frequencies due to anthro-—~ 200 1 * s T
pogenic aerosols in polluted clouds with reduced sensible = 150 N +
heat flux, increased entrainment, and reduced evaporation re2
sulting from precipitation suppression; this is consistent with & 100 1
our results. The stronger and more frequent decoupling dur-=  gq |
ing the daytime reduces the moisture supply to the cloud
layer, and it also likely inhibits the transport of aerosols from 0 0o 3 6 9 12 15 18 21 24
the sub-cloud layer into the cloud layer contributing to the re-
duced sensitivity to emission changes compared to nighttime.
This is supported by the simulated minimuNy (~35%  Fig. 5. Simulation period mean diurnal cycles of LWP in the ref-
lower than the diurnal mean) between 12:00 and 15:00 LSTerence simulation (REF, black solid line) and in the 3 sensitiv-
over region C with the enhanced anthropogenic emissions. ity simulations with regional anthropogenic emissions turned off
For a few scenarios of stratocumulus clouds over both thOANT, green cross), with regional oceanic emissions turned off
northeastern Atlantic and the coast of southern California (OOCE, blue cross), and with scaled regional anthropogenic emis-
Ackerman et al. (2004) simulated CLD&EN(LWP) in the sions (5ANT, red cross), respectively, for regions P (top), | (middle),
magnitude range of 0.06-0.35 using LES models. A LES2nd € (bottom).
study by Lu and Seinfeld (2005) showed CLOQgR(LWP)
of 0.22 and 0.59 over polluted and clean conditions for the
simulated nighttime stratocumulus cloud. Wang et al. (2011)area where increased; reduces sedimentation thus increas-
obtained CLDSEcn(LWP) values (for present day versus ing entrainment rates, which contributes to the diminishing
pre-industrial aerosols) of about 0.30 and 0.10 using a traor further thinning of those thin clouds.
ditional global climate model (CAM5) and a multi-scale
aerosol-climate model, respectively. The CLRSR(LWP) 3.4 Precipitation responses to aerosols
values for regional anthropogenic emissions for regions P
and | in this study are 0.06 and 0.18, respectively, whichPrecipitation responses to aerosols over different regions
are comparable to those in the literature. However, with theare examined using probability of precipitation (POP) (e.g.,
5-fold increase in anthropogenic emissions, the estimated’Ecuyer et al., 2009), and precipitation susceptibility (e.g.,
CLDSFcen(LWP) is much higher over region C. Sorooshian et al., 2009). These tools have been used in re-
Over region P, OceanEmis and AnthroEmis lead to acent studies to examine aerosol-cloud-precipitation interac-
negligible increase in low-cloud fractionfigw) (<1 %). tions (e.g., POP in Freud and Rosenfeld, 2012; precipita-
ScaledEmis reducefow (A fiow = —1.9 %, on average) over tion susceptibility in Terai et al., 2012) and to further con-
region P, which is opposite to the responses over regions | andtrain aerosol effects on cloud water amount in global cli-
C. Further investigation reveals that the opposite responsenate models (Wang et al., 2012). Hourly outputs from each
occurs over locations (upper right corner of region P; alsomodel grid column are used for the calculation of POP and
see Fig. 8 of Q. Yang et al., 2011) that are associated wittprecipitation susceptibility. POP is defined as the precipi-
synoptic induced subsidence and are typically cloud-free ottation frequency of clouds at a given macrophysical con-
have thin clouds (LWR 50 gnT?). The sedimentation ef- dition, such as a fixed LWP. A precipitating event is de-
fect could explain the simulated response over this near-coasined as surface rain rateR) exceeding 0.12 mm day (i.e.,
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Fig. 6. Relationships between the probability of precipitation (POP) and liquid water path (LWP, left), cloud top effectivenganiddle)

and cloud thicknessl, right) during the day (solid lines) and the night (dashed lines) in the reference simulation (REF, black) and in the 3
sensitivity simulations with regional anthropogenic emissions turned off (OANT, green), with regional oceanic emissions turned off (0OCE,
blue), and with scaled regional anthropogenic emissions (5ANT, red), respectively, for two regions with low (region P) and high (region C)
aerosol-cloud interactions. The histograms of LWP (le&)(middle), andD (right) in the REF simulation are shown as the grey shaded
areas. The figure is calculated based on hourly outputs on each model grid.

0.005 mm 1. Although POP values vary with the selection ~ Anthropogenic emissions suppress rain formation and re-
of the threshold surface rain rate, it does not alter the mairduce POP in both regions P and C. Over region P, regional
conclusions drawn. A modified rain susceptibility is defined anthropogenic emissions reduce POP by 2-12 % (for LWP
similar to aerosol-cloud sensitivity factors, but with an oppo- of 100-300 g m?) in REF compared to that of OANT, and
site sign:Scen = —Kﬁ',,[}—fN = —CLDSFccn(R). increased anthropogenic emissions reduce POP by 2-15%
The POP as a function of LWP is shown in the first col- from that of REF. The increased anthropogenic emissions
umn of Fig. 6a. The POP increases with LWP and a morehave a much larger rain suppression effect over region C,
rapid increase is seen over region C. In REF, PORP20 %  where reductions in POP for 5ANT relative to REF are 8-
for typical LWP values € 300 g nT2, occurring at 96 % fre- 30 % and 18-26 % during day and night, respectively. This
quency) over region P, while POP values are distinctly largeris consistent with the larger surface precipitation reduction
(~10% and 20 % larger during day and night, respectively)in region C AR = —0.384mmday?!) compared to region
over regions C than P for typical LWP values. P (AR = —0.022mmday?). Over region C, the significant
Oceanic emissions facilitate rain formation as indicated byprecipitation reduction could also lead to reduced evapora-
the higher POP in REF than in 0OCE. When evaluated ustive cooling below clouds which, in addition to the large in-
ing POP, this effect is more pronounced over the polluted recrease in cloud-top entrainment rate, contributes to a less hu-
gion (PORet — PORyoceE= —1 % to—7 % for LWP of 100  mid (Agy = —0.2 gkg™1) and warmer AT = 0.2 K) MBL.
300 g nT2) than over the clean region (PRP- PORoce= The larger precipitation inhibition for ScaledEmis over re-
—1% to—3 % for LWP of 100-300 g m?). When evaluated gion C is partially related to the prolonged aerosol lifetime
using rain susceptibility, oceanic emissions also have a largedue to an increase in in-cloud wet-scavenging timesagle (
effect of facilitating rain formation over the polluted region The wet-scavenging timescale f¥gccin the MBL is calcu-
P (—0.6) than over region C~0.0). The stronger effect of lated is calculated using:
oceanic emissions on the surface precipitation frequency and
precipitation rate over region P is consistent with the stronger_ _ Di e AXAYAZ kn(Niy 5+ Neg i) 1)
Ny suppression effect by sea-salt particles over region P dis- Zi,j’k,n AxAYAZi j ki jkn NG g ’
cussed earlier.
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wheren;, ; ., andNg, ;. are number concentrations of in-  In stratocumulus clouds, cloud thickness and precipita-
terstitial and cloud-borne accumulation mode particles, re-tion are tightly related (e.g., Wang and Feingold, 2009a;
spectively;}; ; x.» is the removal rate for cloud water (9, Wood, 2007). Region C has more frequent occurrence of

which is equal to the (normalized) removal rate for cloud- thick clouds ( > 400 m), and POP over both regions P and
borne aerosol in the model. Thex and Ay are horizontal C has a distinct, sharp increasing tendency with increasing
grid spacings;Az is the vertical grid spacing; and j are cloud thickness for thick clouds. Similar to LWP, clouds with
horizontal grid indexesk is the vertical layer index within  the same thickness have larger POP at night than during the
MBL; and n is the index for hourly outputs. Note that this day. Associated with stronger convective mixing driven by
neglects below-cloud wet-scavenging, but it is negligible for cloud-top radiative cooling, the day and night differences are
accumulation-mode number. more distinct over region C~16 % for D <500m) than

Wet scavenging is the dominant removal process of subover region P (1-11 % fob < 500 m).
micron aerosols over the clean region, so the wet scavenging Simulated precipitation amounts tend to vary with the se-
timescale is a good approximation to aerosol lifetime overlection of cloud microphysics schemes (Boutle and Abel,
this region. Over region C, with the increased anthropogeni2012; Saide et al., 2012). Validation of the simulated precip-
emissions (ScaledEmis), the wet scavenging timescale initation is complicated by spatial variability and uncertainties
creases from 2.1 to 4.8 days, more than doubling that of thessociated with measurements and derivation approaches.
REF simulation over region C. The prolonged aerosol life- The longitudinal gradient in precipitation is well captured
time due to slower wet scavenging is a positive feedbackin REF compared to that of observations during VOCALS-
within the system (i.e., more emissiors more CCN— REX (Q. Yang et al., 2011). The mean simulated near-surface
less precipitation> even more CCN). precipitation rate over the remote region (0.07 mrh dor

The day and night differences in POP are small 78-85°W in REF) is in good agreement with the mean
(PORight — PORyay < 2%) over region P, and they are radar-derived rain rate at 100m height (0.06 mmh dor
much larger over region C (P@ght— PORjay=10-20%  80-85°W, Bretherton et al., 2010b). The mean near-surface
for LWP>100gn12). This larger day-night difference (~200m above the ocean surface) rain rates compared well
over region C corresponds to the larger amplitude of thewith airborne 2-D-cloud (2-D-C) derived rain rates when
surface precipitation diurnal cycle ther®pfax— Rmin = 75th percentile is used, although they are considerably under-
0.836 mm dayl, with Rmax= 1.06 mm da)T1 at 05:00LST  estimated when the mean value is used due to the under-
andRmin = 0.134 day ! at 14:00 LST). The larger day-night prediction of occasional relatively heavy rain (Bretherton et
differences in precipitation amount and precipitation fre- al., 2010b; Q. Yang et al., 2011). We expect that the pre-
quency could be due to the stronger nocturnal convectiortipitation frequency response to emissions changes and rain
driven by cloud-top cooling over region C compared to re- susceptibility over regions P and C are less affected by this
gion P. possible bias than the simulated precipitation rate.

Cloud effective radiusre, has been used to characterize
the precipitation capacity of clouds. Previous studies (e.g.3.5 Changes in energy fluxes due to anthropogenic and
Freud and Rosenfeld, 2012; Pinsky and Khain, 2002; Rosen- oceanic aerosols
feld et al., 2002) concluded that agvalue of 14—15 pm is
necessary to produce precipitation that is detectable by radaAerosol and clouds impact the radiative forcing of the atmo-
As shown in the middle columns of Fig. 6, region C has asphere. At the surface, anthropogenic aerosols have overall
broader distribution ofe, and over both regions the POP in- cooling effects and addition of sea-salt aerosols leads to sur-
creases sharply with the increaserinonce a thresholde face warming over the SEP. As shown in Fig. 7, the surface
(~12pm in REF) is reached. There is no explicit threshold shortwave aerosol forcing (net of direct and indirect effects)
effective radius applied in the autoconversion parameterizais the dominant forcing; it is larger than net changes in sur-
tion (Khairoutdinov and Kogan, 2000), but the dependenceface longwave, latent heat, and sensible heat fluxes due to
on Q¢ andN¢ helps to produce a sharp increase in probability aerosols. The net shortwave forcing from regional anthro-
of precipitation (POP) near 12 microns. With the same pogenic and ocean emissions varies from a net cooling ef-
value, POP is larger during the night than during the day, al-fect near the coast to a net warming effect over the remote
though the day and night POR+elationships resemble each ocean. Over region P, where the direct and first indirect ef-
other. Over both regions, anthropogenic aerosols change thiect of aerosols dominate, the changes in surface shortwave
POPy#, relationships, and a more rapid increase in POP withfluxes due to regional anthropogenic aerosols29 W ni 2
reis seen in the 5ANT case compared to the OANT case. Thg15 % of mean aerosol and cloud shortwave forcing [ACSF]
thresholdre, above which the POP starts to increase rapidlyin REF; 5% albedo increase), and this forcing is reduced
with re, is also smaller in 5ANT. This indicates the signifi- by 45 % due to regional oceanic emissions. The shortwave
cance of the enhanced anthropogenic emissions in modifyingorcing from regional anthropogenic emissions over region
rain processes through changing droplet size spectra. I is much smaller in magnitude~—3.9 W m~2), which is

outweighed by the increase in shortwave fluxes due to the
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Fig. 7.Same as in Fig. 2, but for responses in mean surface energy fluxes including downward shortwave (SJV,qmmelvard longwave
(LW, panelb), latent heat (LH, paned), and sensible heat (SH; pamglto regional oceanic (OceanEmis, blue), anthropogenic (AnthroEmis,
green), and enhanced anthropogenic (ScaledEmis, orange) emissions. Note the different vertical axis scales.

the large changes in cloud optical propertiesgnd COD),
macro-physical propertieZ{, Zy, Dci4, LWP, andfiow), and
precipitation with the enhanced anthropogenic emissions.
The surface shortwave flux changes due to OceanEmis over
the polluted region (region P) is more than double that of
the clean region (region C). This is associated with stronger
droplet activation suppression by sea-salt particles in the pol-
luted environment, leading to optically thinner clouds (see
COD in Fig. 2f).

Figure 8 shows mean net (including direct and indirect ef-
fects) shortwave aerosol forcings at the surface versus rel-
. : : : : ative change inVg due to emission changes for the 9 re-
.50 -30 -10 10 30 50 70 90 gions shown in Fig. 1. The mean changes in surface short-

ANN, (%) wave fluxes over region P are approximately a linear function
¢ 7d of the relative change Vg due to regional anthropogenic

Fig. 8. Relationships between mean relative changes in dropletem'ss'ons_ (AnthroEmis; a correlation c_oefﬁqent [corr] _Of
number concentrations and mean surface shortwave forcings (SFy 0-98)- With the enhanced anthropogenic regional emissions
due to ocean emissions (OceanEmis, blue), anthropogenic emidScaledEmis), regions closer to the coast (regions 1-4; re-
sions (AnthroEmis, green), and scaled anthropogenic emissiongions 3 and 4 are regions P and I) have shortwave forcing
(ScaledEmis, orange) within the model domain for the 9 regionsresponses that line up around the best-fit line for the An-
defined in Fig. 1. The green and blue best fit lines are based on théhroEmis, indicating similar sensitivity. However, over re-
green and blue data points, respectively, and the orange color line ignote regions 5-9 (note that region 6 is region C), the short-
based on orange data points for regions 5-9 only. wave forcing responses decrease more sharply with the rela-

tive change invVy, with the best-fit line (based on regions 5-9,

corr=—0.90) having a much steeper slope (Fig. 8), indicat-
regional oceanic emissions (6.0 W#). Over region C, re-  ing |arger sensitivity of shortwave forcing to anthropogenic
gional ocean emissions lead to a 4.0 Watincrease in sur-  aerosols as a result of stronger aerosol-cloud interactions.
face shortwave flux, and note that the anthropogenic impacthe mean shortwave response to oceanic emissions in each
(1Wm~2) over this region is not statistically different from region is opposite in sign to that of anthropogenic aerosols.
0 (at the 5% significance level). The response is also roughly linear (cerr-0.82) to the rela-

The increased anthropogenic emissions (ScaledEmis) eXjve changes in cloud droplet number concentrations. The re-

ert significant surface cooling with net (dire¢t indirect)  sponses of surface shortwave fluxes to oceanic versus anthro-
shortwave forcings (SF) 0f-26 (19% of ACSF in REF;  pogenic aerosol perturbations are different in sign, and their
6.5% albedo increase);25 (18 % of ACSF; 6.0% albedo sensitivity to anthropogenic perturbations over clean versus
increase), ane-45W 12 (33 % of ACSF; 9.7 % albedo in-  polluted environment also is different in strength. Therefore,
crease) for regions P, I, and C, respectively. This is due to

30

OceanEmis

SF (W m?

'60 T
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the representation of oceanic emissions are important for theegion, simulated aerosol size distributions also indicate that
accurate estimation of anthropogenic aerosol impacts on rathe addition of sea-salt particles inhibits the growth of fine
diative balances over both polluted and clean marine stranon-sea-salt particles (dry diametef.078 um) to accumu-
tocumulus regions in climate models. lation mode size.

The downward surface longwave radiation flux is not sen- The remote region C is relatively clea{= 221 cn13;
sitive to AnthroEmis. With ScaledEmis, the longwave flux Nq=71cnT3) and by contrasting OANT and REF simula-
varies from negative-{1.2 W n2) over region P to positive  tions, it is found that regional anthropogenic emissions (An-
(1.1 and 3.3Wm?2) over regions | and C, corresponding to throEmis) have a negligible impact over this region. This re-
the changes irfiow shown in Fig. 3e. The sensitivity of the gion is also characterized by the importance of non-regional
longwave flux to oceanic perturbations (OceanEmis) is smallsources toNacc and Ny (i.e., advected from the lateral
and always in opposite sign to its sensitivity to anthropogenicboundaries of the model domain), significant surface precip-
perturbation (AnthroEmis), which is also similar to the re- itation (mean of 0.6 mmday'), and strong aerosol-cloud-
sponses offiow in Fig. 3e. precipitation-radiation interactions when perturbed with a

The changes in surface latent heat (Fig. 7c) and sensifive-fold increase in anthropogenic emissions. The changes
ble heat fluxes (Fig. 7d) due to regional anthropogenic andn N4 and Ny are not linear functions of the changes in
oceanic aerosols are sma#t 6% and<0.5WnT2in mag-  emissions due to the highly non-linear aerosol and cloud mi-
nitude). With the ScaledEmis, surface fluxes over region Ccrophysical processes.
have noticeable response24 % (—3.8 W n2) for sensible Over the ocean, the background sea-salt particles influence
heat and 2 % (3.1 W r?) for latent heat. The small decrease the magnitude of the cloud response to anthropogenic aerosol
in sensible heat flux and increase in latent heat flux withperturbations. The sensitivity of cloud properties, precipita-
ScaledEmis over region C are due to a warmer (by 0.2 K) andion, and the surface and top-of-atmosphere shortwave fluxes
drier (of 0.2 gkg1) MBL and a slight increase (of 0.1 m¥) to regional anthropogenic aerosols is opposite in sign to their
in surface wind speed. sensitivity to oceanic aerosol perturbations (see Table 2 for a

summary of changes in cloud properties). In the polluted re-

gion P, a 33 % increase iMayccdue to regional anthropogenic
4 Summary and conclusion emissions leads to a moderate increase in net (direnti-

rect) surface aerosol shortwave forcing (15 % of the mean
Changes in aerosol, cloud properties, and energy fluxes ovaerosol and cloud SF in REF; 4 % increase in albedo), and
the Southeast Pacific (SEP) due to regional anthropogenid5 % of this effect is counteracted by the warming effect due
and oceanic emissions are estimated by comparing WRFto oceanic emissions. Due to the varying cloud responses to
Chem simulations under different emission scenarios. Simdifferent emissions (oceanic vs. anthropogenic) and in dif-
ulations are conducted at a cloud-system resolving scaléerent regions (clean versus polluted), the representation of
for the month-long VOCALS-REX period (15 October—-16 regional oceanic aerosols is important for assessing the im-
November 2008). Conclusions and implications from this pacts of anthropogenic perturbations on the regional surface
study are based on the period-averaged responses of aerosasiergy balance.
clouds, and radiation to emission changes relative to the es- In the clean region, cloud properties have high sensitivity
timated Oct-Nov 2008 emissions. Three regionss{ lon- to a moderate increase in aerosol concentratidS;tc =
gitude by 5° latitude) with relatively polluted (region P), in- 46 cnm 3, [21%]; ANcen = 13 ent 3, [25 %)) produced by
termediate (region 1), and clean (region C) conditions are sethe five-fold increase in regional anthropogenic emissions.
lected for detailed analysis. Region | has intermediate anthroPartially associated with the more efficient aerosol activation
pogenic impacts, and its response is typically between those a clean environment, the response in cloud micro- and op-
of regions P and C, thus the discussion below focuses on retical properties is large (see Table 2 for a summary). The
gions P and C only. clean region is heavily drizzling and the important role of

The near-coast region P is relatively polluted with num- drizzle in modifying distributions of water and static energy
ber concentrations of accumulation mode aerosols near sugs well as aerosol sources (e.g., entrainment) and sinks in the
face (Va) and cloud droplets at cloud-togv§) of 384 and  MBL is tightly related to the high sensitivity over this region.
133 cnT 3, respectively. Regional (within model domain) an- The amount of precipitation reduction due to the enhanced
thropogenic and oceanic emissions lead to comparable (34 %nthropogenic emissions is significant over the remote region
vs. 20 %) increases in CCN (at 0.1 % supersaturation) num€. The reduction in precipitation also prolongs aerosol life-
ber concentrationsMccn) at 970 hPa over this region. This time in the MBL (4.8 versus 2.1 days), which, in turn, fur-
region is also characterized by low surface precipitation ratesher reduces precipitation. Therefore, the aerosol impact on
(mean of 0.07 mm day}), stronger suppression of non-sea- precipitation is amplified by the positive feedback of precip-
salt particle activation by sea-salt particles, an important firstitation on aerosols. The positive feedback leads to increased
indirect effect of aerosols, and limited impact of aerosols as-sensitivity of clouds and precipitation to emission changes,
sociated with anthropogenic emissions on clouds. Over thisand thus a stronger ACI regime. The high sensitivity over this
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Table 2. The mean responses and aerosol-cloud interaction indices associated with regional oceanic (OceanEmis), regional anthropogenic
(AnthroEmis), and enhanced regional anthropogenic emissions (ScaledEmis).

. OceanEmis AnthroEmis ScaledEmis
Parameter Region

Response AGcn(Y) Response AGIcn(Y) Response  AGIen(Y)

AN P —27% ~1.09 34% 1.00 72% 0.83
d C —3% —0.09 0% - 36% 1.36
A P 5% 024 —10% ~0.25 —21% ~0.37
e C 1% 0.03 - - _32% -1.71
ACOD 2 —9% —0.42 14% 0.36 21% 0.29
C —4% ~0.07 - - 54% 1.90
Az P 1% —0.06 1% 0.03 6% 0.10
t C -1% —-0.02 - - 13% 0.56
AD P 0% —0.02 0% 0.01 0% 0.00
cld C 0% -0.01 - - 11% 0.48
P ~1% —0.05 2% 0.06 2% 0.03
ALWP C —20 —0.04 - - 41% 152

region is also related to a higher entrainment rate increase Through quantifying and contrasting the response of
(16 % over region C versus 3% at night over region P) duecloud/precipitation to anthropogenic and natural aerosols
to increased anthropogenic aerosols. Over the clean regiomver both clean and polluted marine regions we have pre-
the enhanced anthropogenic emissions lead to an increase gented a relatively complete picture of aerosol-cloud inter-
LWP due to the reduced precipitation (as a cloud water sink)actions over the Southeast Pacific using WRF-Chem, which
and increased surface moisture flux that outweighs the desets the stage for future aerosol-cloud regional modeling
crease in LWP due to the increased entrainment of dry air. studies over this region. Our results show the importance of
With the enhanced anthropogenic emissions, aerosolnatural aerosolin accurately quantifying anthropogenic forc-
cloud-precipitation interactions over the clean region C haveing within a regional modeling framework. The simulated
a strong diurnal cycle with the strongest interactions atcloud responses and feedbacks to aerosol perturbations are
night. Based on the simulated mean diurnal cycles, strondgn general agreement with those from previous studies using
solar heating during the day leads to more frequent deprocess-based models, although studies using process-based
coupling of the cloud and sub-cloud layers (diurnal max- models in the literature are not directly comparable to ours
imum of ~50%), reduced precipitation (daily minimum because of different aerosol perturbations, our use of current
of 0.1mmday?l), thin clouds (daily minimum LWP of emissions and varying synoptic-scale meteorological condi-
~42gnT?2) near 12:00-15:00LST, and reduced sensitiv-tions. This strengthens the credibility of the WRF-Chem re-
ity of cloud properties to emissions during the daytime. In- gional model with prognostic aerosols and coupled aerosol-
creased anthropogenic emissions are shown to enhance tleéoud-radiation processes for simulating aerosol-cloud inter-
daytime decoupling frequency by 5-10 %. The reduced cloudhctions. We highlight the impacts of anthropogenic emis-
and precipitation sensitivity to emissions during the day oversions on the regional forcing in realistic meteorological con-
the clean region is also linked to a diurn&ll, minimum ditions, which helps increase the understanding of aerosol
(~ 35 % lower than the diurnal mean). effects on climate over the SEP where there are large longi-
The high sensitivity to increased anthropogenic emissiongudinal aerosol gradients and the emission sources are rich
over the clean region suggests that the perturbation of thén sulfur. Our approach of using emission-to-forcing mea-
energy balance from increased anthropogenic emissions amires and using both relative and absolute responses also fa-
larger in the more susceptible clean environment than in alcilitates communication between the science community and
ready polluted environment and is larger than possible fromdecision makers.
first indirect effect alone. Compared to the polluted region,
the large response to changes in anthropogenic aerosols over
the remote region has implications towards slow manifoldsAcknowledgementsiVe would like to thank Julia Flaherty for
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