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Abstract. This study assesses the ability of the recent chem4ive aerosols in AERO strengthens the temperature and hu-
istry version (v3.3) of the Weather Research and Forecastmidity gradients within the capping inversion layer and low-
ing (WRF-Chem) model to simulate boundary layer struc- ers the marine boundary layer (MBL) depth by 130 m from
ture, aerosols, stratocumulus clouds, and energy fluxes ovehat of the MET simulation. These differences are associ-
the Southeast Pacific Ocean. Measurements from the VAated with weaker entrainment and stronger mean subsidence
MOS Ocean-Cloud-Atmosphere-Land Study Regional Ex-at the top of the MBL in AERO. Mean top-of-atmosphere
periment (VOCALS-REX) and satellite retrievals (i.e., prod- outgoing shortwave fluxes, surface latent heat, and surface
ucts from the MODerate resolution Imaging Spectrora- downwelling longwave fluxes are in better agreement with
diometer (MODIS), Clouds and Earth’s Radiant Energy Sys-observations in AERO, compared to the MET simulation.
tem (CERES), and GOES-10) are used for this assessmenllevertheless, biases in some of the simulated meteorolog-
The Morrison double-moment microphysics scheme is newlyical quantities (e.g., MBL temperature and humidity) and
coupled with interactive aerosols in the model. The 31-aerosol quantities (e.g., underestimations of accumulation
day (15 October—16 November 2008) WRF-Chem simula-mode aerosol number) might affect simulated stratocumu-
tion with aerosol-cloud interactions (AERO hereafter) is alsolus and energy fluxes over the Southeastern Pacific, and re-
compared to a simulation (MET hereafter) with fixed cloud quire further investigation. The well-simulated timing and
droplet number concentrations in the microphysics schemeutflow patterns of polluted and clean episodes demonstrate
and simplified cloud and aerosol treatments in the radiatiorthe model’s ability to capture daily/synoptic scale variations
scheme. The well-simulated aerosol quantities (aerosol numef aerosol and cloud properties, and suggest that the model is
ber, mass composition and optical properties), and the inclusuitable for studying atmospheric processes associated with
sion of full aerosol-cloud couplings lead to significant im- pollution outflow over the ocean. The overall performance
provements in many features of the simulated stratocumulusf the regional model in simulating mesoscale clouds and
clouds: cloud optical properties and microphysical proper-boundary layer properties is encouraging and suggests that
ties such as cloud top effective radius, cloud water path, andeproducing gradients of aerosol and cloud droplet concen-
cloud optical thickness. In addition to accounting for the trations and coupling cloud-aerosol-radiation processes are
aerosol direct and semi-direct effects, these improvementgmportant when simulating marine stratocumulus over the
feed back to the simulation of boundary-layer characteris-Southeast Pacific.

tics and energy budgets. Particularly, inclusion of interac-
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1 Introduction rectly through absorption and scattering (the direct effect),
. I ol . le in radiati q semi-directly through the impact of aerosol absorption on
Marine sfcratocumm pilay an important role in raciation an atmospheric heating and stability (semi-direct effect), and
hydrological budgets, particularly along the. gastern edge directly through their impact on liquid clouds via the so-
of oceans, sulchzas oyer the Soutf&eas? Pa(I:C|if|CZOcean (P?Elg lled indirect effects (Twomey, 1977; Albrecht, 1989). The
(Stevens et al, 005; Stevens and Feingold, 2009). The rst indirect effect is the change in cloud albedo due to the
CIOUdS_ are bright compared to the _da_rk ocean surface an hange in cloud droplet number and radius. The second in-
result in much more shortwave radiation scattered back t irect effect (also known as the “cloud lifetime effect”) is the

space. Their effective temperature is comparable to that o hange in cloud lifetime and precipitation due to change in

the ocean surface, so the emitted longwave radiation im, 4 droplet number; the importance of this effect on ra-

poses little compensa_tlng .effect. Therefprg, properly repreiasive forcing is evident in shallow marine status (Stevens
senting these clouds in climate models is important. How-,, Feingold, 2009). By changing warm-rain processes in
ever, marine stratocumuli are nptorlously difficult to model - e sratocumulus clouds, aerosols can alter cloud cellu-
accurately. PTll;aorgzent Prellmlnalry ;/é)l%ALﬁ mo((jjel A_Sd' lar structures and boundary-layer mesoscale circulations in
sessment (Pre ) (Wyant et al., ) showed a wi E‘Ways that are much more complicated than traditionally de-

range in behavior among models in representing such CIOUdi)icted by conceptual models of the indirect effects (Steven

One reason for this difference is the simplified treatments, al., 2005; Wang and Feingold, 2009a, b). The emerging

of aerosols used by most models, for egample, assuming ﬁhportance and complexity of aerosol-cloud-precipitation in-
constant background "’?e’°s°' c_oncentrqﬂon or cloud drOpIeferactions in shallow marine status is gaining recognition
number concentration in the microphysics modules. In read-by the scientific community (Stevens and Feingold, 2009).
ity, strong gradients in aerosol number and composition eXiStI'hese aerosol-cloud interactions and associated d,ynamical
as one progresses vyestward frqm the coast toward; the OP§Badbacks are particularly important over the SEP.
ocean. The_se gradients result_m C.IOUd condensation _nu_cle| The strong gradients of anthropogenic and natural aerosols
(CCN) gradients and lead to differing cloud charactenstlcsin the marine boundary layer (MBL), make the SEP an ideal
as well. _ _ . _ location for studying the response of shallow marine clouds
Reproducing CCN gradients and including coupled cloud-y gerosol perturbations. Along the coast of Chile and Peru,
aerosol-radiation processes are important to properly simgopper smelters, power plants, and oil refineries emit large
ulate the marine stratocumulus over the SEP. This pazmounts of oxidized sulfur (sulfur dioxide (SP* sulfate)
per shows the improvement gained in using an interactivgyneeus et al., 2006). Other continental sources include
aerosol-cloud-radiation module in the chemistry version Ofvolcanic, biomass burning, biogenic, and dust emissions. As-
the Weather Research and Forecasting (WRF-Chem) mod&lociated with mid-latitude synoptic-scale disturbances, east-
(Grell etal., 2005; Fast et al., 2006). Specifically, a new cou-grly flow subsides down the subtropical Andes, and brings
pling between the double-moment Morrison microphysicsihe emitted trace gases and particles over the continent to
scheme (Morrison et al., 2005, 2009) and the aerosol modine stratus deck (Huneeus et al., 2006). These continen-
ules is used; we implemented this coupling in the April 2011 4 pollutants, both primary and secondary, are then mixed
v3.3 release of WRF-Chem. The VAMOS Ocean-Cloud- it trace gases and particles from oceanic emissions. Ma-
Atmosphere-Land Study Regional Experiment (VOCALS- (ine sources of primary aerosols include sea-salt and organic
REX) was a field campaign during October and Novembercompounds from sea spray and bubble bursting (Russell et
2008 designed to improve the scientific understanding ofy| 2010), and a source of secondary aerosols is the oxidation
model simulations and predictions of the coupled climate ¢ dimethyl sulfide (DMS) to sulfate and methanesulfonic
system over the SEP (Wood et al., 2011b). The campaighycig (MSA). Detailed understanding of the aerosol-cloud in-
provided extensive measurements for evaluating the capabikeractions (e.g., the transition from closed to open cellular
ity of our model with the aforementioned new coupling in convection) and properly reproducing the climate impact of
predicting aerosol and marine stratus clouds over this regionnese clouds remain a challenge for current climate model-
A recent modeling exercise by Abel et al. (2010) using ing.
the UK Met Office Unified Model (MetUM) is parallel to This study evaluates simulated aerosols and cloud fields in
this model evaluation study. MetUM simulated a good rep-the WRF-Chem model with the newly implemented coupling
resentation of synoptically induced variability in cloud cover petween the double-moment Morrison microphysics scheme
and boundary layer depth during the VOCALS-REX (Abel et and aerosols, and is a necessary first step before progress-
al., 2010). However, the exclusion of cloud-aerosol interac-ing to further studies on multiple aerosol-cloud equilibrium
tions and the model’s relatively simple parameterization ofregimes and the sensitivity of predicted SEP cloud fields to
cloud-microphysical effects (Toniazzo et al., 2011) are likely model horizontal grid resolution. A simulation with spatially
to preclude better agreement with field observations. and temporally varying aerosols and aerosol-cloud-radiation
Aerosol-cloud interactions are important to the variability couplings is compared against another with a fixed cloud
of marine stratus. Aerosols can impact radiative fluxes di-droplet number concentration in the microphysics scheme
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and simplified cloud and aerosol treatments in the radiapresented here to reduce the overall computational expense
tion scheme. A description of the model and observationaland, as shown later, organic aerosols are a relatively small
data is provided in Sect. 2. In Sect. 3, we first discussfraction of the total aerosol mass over the SEP. Subgrid cu-
the characteristics of the simulated marine boundary layemulus parameterization was turned off for the simulations
(Sect. 3.1), then evaluate simulated aerosol (Sect. 3.2), clouph this study due to the following reasons. The predomi-
optical properties (Sect. 3.3) and cloud macro structuresant clouds during VOCALS-REXx were marine stratocumu-
(Sect. 3.4). The domain-average top-of-atmosphere (TOA)Jus, which are generally not treated well by cumulus param-
shortwave (SW) fluxes and longitudinal and diurnal vari- eterizations. In a short 9-day test run using the Kain-Fritsch
ations in surface energy fluxes are discussed in Sect. 3.2umulus scheme, there was no apparentimprovementin sim-
Model representations of longitudinal and vertical variationsulated cloud features and precipitation. Also, the cumulus
of drizzle are shown in Sect. 3.6. The discussion and sumschemes currently in WRF-Chem have not been coupled with
mary of the evaluation results are presented in Sects. 4 and fteractive aerosol.
respectively. The Morrison microphysics scheme predicts changes of
number and mass mixing ratios of cloud water, cloud ice,
snow, rain, and graupel/hail associated with the follow-

2 Model description and observational data ing microphysical processes: autoconversion (transfer of
mass and number concentration from the cloud ice and
2.1 WRF-Chem droplet classes to snow and rain due to coalescence and dif-

fusional growth), collection between hydrometeor species,

WRF-Chem is a widely used regional model employed op-melting/freezing, and ice multiplication (transfer of mass
erationally for air quality (e.g., Zhang et al., 2010) and from snow to ice) (Morrison et al., 2005). Cloud droplets
tracer forecastinghttp://www-frd.fsl.noaa.gov/ag/wrf/de- are represented by a gamma distribution and the size distri-
tailed aerosol process studies (e.g., Fast et al., 2009), anputions of all other hydrometeor species are assumed to fol-
regional climate studies involving aerosols (e.g., Qian et al.Jow an exponential function (Morrison et al., 2009). When
2009). It includes full online interactions between aerosols,interactive aerosols are not included, a constant droplet con-
radiation, and clouds for the direct, semi-direct, and firstcentration is assumed. In the MET simulation, within the
and second indirect effects as described in Fast et al. (2006Morrison double-moment microphysics scheme cloud water
Chapman et al. (2009), and Gustafson et al. (2007). Past ranixing ratio is predicted but cloud droplet number concen-
search included aerosol indirect effects only through the Lintration is prescribed as a constant value (250¥naerosols
microphysics scheme. This has now been complemented ihave no impact on cloud microphysics. However, this con-
WRF-Chem v3.3 with the additional option to use the Morri- stant droplet number affects the autoconversion of cloud
son microphysics scheme. The simulations presented in thigvater to rainwater and thus affects the rainwater and rain-
study were performed by using the code as implemented irdrop number concentrations. Another difference between
WRF-Chem v3.2.1, which was then released to the public inAERO and MET is that in the MET simulation, the predicted
v3.3. droplet sizes and number concentrations from the micro-

For comparison purposes, two simulations were con-physics scheme do not feed into shortwave radiation scheme,
ducted: one with aerosol-cloud interactions (referred to aswhere the predicted cloud water and a constant effective ra-
AERO) and the other with aerosol and chemistry modulesdius are used. The activation and more complex couplings
turned off and droplet number prescribed (referred to aswith interactive aerosols are described as follows. Activation
MET). Table 1 shows the model configuration used for theof aerosols to cloud droplets is based on the maximum su-
simulations in this study. The configuration is representativepersaturation, which is diagnosed using a combination of the
for simulations involving full aerosol-climate effects. The resolved vertical velocity and turbulent motions, in combina-
Model for Simulating Aerosol Interactions and Chemistry tion with the internally mixed aerosol properties within each
(MOSAIC) (Zaveri et al., 2008) is implemented with a sec- size bin (Chapman et al., 2009). Aerosol-cloud interactions
tional approach where the size distributions for both unacti-in warm clouds occur in two ways: aerosols affect clouds
vated/interstitial and activated aerosols are represented witfactivation of CCN is the main source of cloud droplets) and
8 bins whose lower and upper dry diameters are listed in Ta€louds affect aerosols (wet removal is the main sink of sub-
ble 2. What is new compared to previous published stud-micron particles and cloud chemistry is a major source of
ies using the MOSAIC aerosol module is the inclusion of sulfate). The interactions between clouds and shortwave ra-
DMS chemistry as a source of atmospheri®@d sulfuric  diation for the first indirect effect are implemented by link-
acid (HbSOy). In this study, a correction has been made toing the predicted cloud droplet number from the Morrison
the reaction rate for the decomposition of methanesulfonylmicrophysics scheme with the Goddard shortwave radiative
(CH3SOy) radicals into S@, which has been incorporated scheme. The second indirect effect is handled directly by
into WRF-Chem v3.3. Secondary organic aerosol formationthe microphysics scheme for warm-rain processes, where the
(Shrivastava et al., 2010) is not included in the simulationsnumber of activated particles affects precipitation and cloud
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Table 1. Primary model configuration settings.
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Atmospheric Process WRF Option

Tracer advection Monotonic

Longwave radiation RRTM

Shortwave radiation Goddard

Surface layer MMS5 similarity theory

Land surface Noah

Boundary layer YSU

Deep and shallow cumulus clouds Turned off
Morrison

Cloud microphysics

Gas phase chemistry

Aerosol chemistry

Photolysis

Aerosol direct & semi-direct effects

CBM-Z with DMS reactions
8-bin MOSAIC (for AERO)
Madronich (for AERO)

Turned on (for AERO)

Aqueous chemistry, wet scavenging, and cloud-aerosol interactions  Turned on (for AERO)

The model domain covers part of the northern Chilean and
southern Peruvian coasts and the nearby Southeast Pacific,
roughly 63 W-93 W in longitude and 11S-36 S in lati-
tude. Throughout the paper, two regions, the “coastal region”
and the “remote region”, are defined. The two regions are

Table 2. Particle dry-diameter range for the eight MOSAIC aerosol
size bins employed in this study.

Bin  Lower Diameter  Upper Diameter

(um) (um) - .
separated by the 78 meridian with the west (remote re-

1 0.0390625 0.078125 gion) characterized by remote marine aerosol conditions and
g Obozgégg 0612&255 the east (cpastal _region) ch_a.racterized by anthropogenic in-
4 6.3125 (').625 fluences mixed with the maritime background. From the sur-
5 0.625 1.25 face to 50 hPa, the model has 64 vertical layers, and the layer
6 1.25 25 thickness increases from30 m at the surface t6-50 m at

7 25 5.0 1 km and~90 m at 2 km above the ocean surface. The hor-
8 5.0 10.0 izontal grid spacing is 9 km. Excluding five-days of model

spin-up, the simulation period is from 00:00 UTC 15 October
2008 to 00:00 UTC 16 November 2008. Initial conditions,
lifetime. Aerosol effects on longwave radiation are not in- boundary conditions, and time dependen_t sea surface temper-
L . tures (SSTs) for meteorology were obtained from the Global

_cluded in this study, but_have_ also been recently mcorporatet?_orecast System (GES) model output with a 0.5-degree grid
Into WRF.V3'3 as described .".1 Zhao etal. (2010). spacing, while the Model for Ozone and Related chemical

Advection of spglar qqant|t|es (e.g., aerosol a.n.d Iﬂ'yd"m"Tracers (MOZART) provided the initial and boundary con-
eteor number mixing ratios) was foupd to be. critical to th_e ditions for trace gases and aerosols. Emissions used for the
performance of a double-moment microphysics scheme MAERO simulation are as follows. Coarse and fine mode sea-
corporated into WRF when simulating stratocumulus cloudsg_+ emissions are based on Gong et al. (1997) and Mona-
with interactive CCN, particularly near strong gradi_ents han et al. (1986), which neglect sea-salt production through
(Waf‘g etal., 2009); therefore, we employ the_monoton_|c ad'breaking waves, while ultrafine sea-salt emissions follow
vection scheme for model scalars and chemical species fo{tlarke et al. (2006). Sea-salt particles are treated as NaCl
beFter accuracy i,n advection even though it is more compu;, the model. DMS emissions are calculated using a sim-
tathnally expenswg. plified Nightingale et al. (2000) scheme with constant SST

_S|mul_ated evolution of the MBL and stratocumulus clouds 44 4 geographically uniform ocean surface DMS concentra-
will be highly dependent upon the Planetary Boundary Layerijon of 2.8 mmol 1 as specified in the VOCA Modeling Ex-
(PBL) parameterization with our 9 km horizontal grid spac- neriment Specification h¢tp://www.atmos.washington.edu/
ing. In this study, the YSU scheme (Hong et al., 2006) is ~muyant/vocals/model/VOCAModel Spec.htn  Terres-
used, which employs nonlocal-K (vertical diffusion coeffi- g piogenic emissions are calculated using the MEGAN
cient) mixing for momentum, entrainment of heat and mo- Genther et al., 2006) emission module in WRF-Chem. The
mentum fluxes at the PBL top, a local-K approach for atmo-\,oca Emission inventory compiled for VOCA supplied
spheric diffusion above the mixed layer, and a critical bulk anthropogenic (both point and area source emissions are
Richardson number of zero for the PBL top.
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included) and volcanic emissions. Emissions of carbonmatter (OM). The AMS instruments on the C-130 (De-
monoxide (CO), oxides of nitrogen (N® SO, ammo-  Carlo et al., 2006) and the United Kingdom (UK) British
nia (NHg), black carbon (BC), organic carbon (OC), parti- Aerospace-146 (BAe-146) aircrafts measured aerosol com-
cles 10 um or less in diameter (R}, particles 2.5um or  ponents aloft for particle sizes (vacuum aerodynamic diam-
less in diameter (Plk), and volatile organic compounds eter) between 0.05 and 0.5 pm and the AMS on the G-1 air-
(VOCs) are included in the VOCA inventory; oceanic NH craft (Kleinman et al., 2011) measured aerosol compositions
emissions are not included. Biomass burning emissionsn the 0.06—0.6 um diameter range. The AMS (Hawkins et
(CO, NQ, SO, NH3, VOCs, OC, BC, and PWk) are al., 2010) onboard the RB research vessel provided surface-
based on the MODerate resolution Imaging Spectroradiomelevel particle measurements in the submicron range. The
ter (MODIS) fire counts and combustion estimates that de-BAe-146 AMS dataset retrieved with collection efficiency
pend on location-specific vegetation type (Wiedinmyer et al.,of 1 was used, and the detailed justification can be found in
2011). Windblown dust emissions are based on the Shaw eAllen et al. (2011).

al. (2008) formulation. The sub- and supermicron chloride and sodium aerosols
were sampled by two-stage multi-jet cascade impactors
2.2 Observational data (CIS) on the RB, with 50 % aerodynamic cutoff diameters

of 1.1 and 10 pm at 60 % relative humidity. Submicron chlo-
A wide range of meteorological, trace gas, and aerosol mearide and sodium were also sampled by a Particle Into Liquid
surements were collected during VOCALS-REXx as describedSampler (PILS) on the G-1 aircraft, with a sampled particle
in Wood et al. (2011b). The NCAR C-130 aircraft and size range of 0.06—1.5 um at ambient humidity. The samples
the NOAA Ronald H. Brown research vessel (hereafter RB)obtained with both the CIS and PILS were analyzed using ion
were selected as the main measurement platforms for thehromatography. Corresponding modeled aerosol concentra-
model evaluation in this study due to two main reasons: (l)tions were obtained by first converting the measured parti-
both the C-130 and RB provided measurements farther intele wet-diameter size range to a dry-diameter size range (us-
the remote ocean region-88° W) of the model domain; this  ing the model’s aerosol hygroscopicity), and then integrating
extended longitudinal data coverage is necessary for the puthe model’s aerosol size distribution over this dry-diameter
pose of contrasting different aerosol and cloud characterisrange. For model size bins partially included in the sampling
tics over polluted and clean environments; and (2) the RBrange, a local quadratic fit between logarithmic diameter and
provided energy fluxes, DMS ocean-to-air transfer velocity, mass in adjacent bins was used to estimate the mass in a par-
and other near-surface measurements that are important tl bin.
the model assessment, and those measurements are comple-
mentary to measurements obtained on the flight platforms2.2.2 Cloud droplet sizing data, precipitation sizing
The selection of the RB as one of the two main platforms data and cloud heights
leads to the division of the model domain into two regions
(remote and costal regions) since the RB sampled more inCloud droplet sizing data measured by a PMS Cloud Droplet
tensively around~85° W and ~75°> W. Within the domain, Probe (CDP) were available for 12 out of the 14 C-130
there are about twice as many samples over the coastal ré¢lights. This probe measures droplets in diameters of 1—
gion compared to the remote region from both the C-130 and#8 pm.
RB platforms during the VOCALS-REXx. Here we briefly de-  Precipitation sizing data obtained by PMS 2D-cloud (2D-
scribe the observations that are employed in this modelingC) probes on the C-130 and BAe-146 were used to derive rain
study. Detailed descriptions of the instruments can be foundates. The 2D-C probes on the C-130 and BAe-146 measured
elsewhere (e.g., Allen et al., 2011; Wood et al., 2011a; Yangdroplet spectra within 62.5-1587.5um and 37.5-812.5pum

etal., 2011). diameter ranges, respectively, with 25 um resolution. Note
that excluding smaller size raindrops 2.5 um and<37.5
2.2.1 Aerosol number and mass concentrations for the C-130 and BAe-146, respectively) could lead to a

slight underestimation of the derived rain rates. In calcu-
During the VOCALS-REX, a Particle Measurement Systemlating rain rates from the measured droplet size distributions,
(PMS) Passive Cavity Aerosol Spectrometer Probe (PCASPjelationships between fall velocities and raindrop diameters
measured accumulation mode aerosol particles (dry diamewere based on Rogers and Yau (1989). Rain rates derived
ter 0.117-2.94 um) on the aircraft. For the purpose of matchfrom the 2D-C measurements were then averaged for each
ing aerosol particle sizes between PCASP measurements ari0 s flight leg segment with constant heading and elevation.
model simulations, this study uses only measured aerosol Cloud top and cloud base height retrievals were from
particle concentrations with diameters of 0.156-2.69 um.  measurements by the Wyoming cloud radar (WCR) and an
Aerosol Mass Spectrometers (AMS) described belowupward-pointing lidar (WCL) aboard the C-130 aircraft, re-
measured non-refractory, non-sea-salt mass loading ofpectively. Measurements on the C-130 mostly rely on the
aerosol sulfate, ammonium, nitrate, and particulate organigetrieved cloud heights and flight elevations to determine

www.atmos-chem-phys.net/11/11951/2011/ Atmos. Chem. Phys., 11, 1MB%5-2011



11956 Q. Yang et al.: Assessing regional scale predictions of aerosols, marine stratocumulus

whether measurements are within the MBL. For the G-1and 2000
BAe-146, a combination of the flight elevation, relative hu-

midity (or difference in temperature and dew point), and E
liquid water content measurements were used to determine< 1000F
whether the measurements are within the MBL. The same g 1/
rules are also applied to the C-130 when cloud height data = >9°F i

are not available. ohil
2000

T T U ]
[coastal coastal]

1500 F

BAe Sonde ] F BAe Sonde
AERO AERO

MET 1 F MET

T T
[coastal

2.2.3 Satellite data

—~ 1500 F g
I [ L ]
MODIS aerosol and cloud products (Level Il Collection + 1000F :/ - .
5) were also used to evaluate the WRF-Chem simula- o E RB Sonde § [ RB Sonde ]
tions. Comparing with ground-based AERONET observa- ~ °9OF f} e E e E
tions, Collection 5 MODIS aerosol optical depth (AOD) is ok L
within the expected accuracy df (0.03 +0.05) for more 2000 :
than 60 % of the time over the ocean, wheres the AOD —~ 1500 F =
value (Remer et al., 2008). Both Terra and Aqua satel- o :
lites have MODIS sensors aboard; however, according to £ 1000F /¥ 1F ]
Remer et al. (2008) Terra AOD has an unexpected and un- £ sook ERBLgonde 3
explained higher value over the ocean. Therefore, we only E JF M A\

used MODIS aerosol products from Aqua. To be consistent, ot 1 L .
we present cloud products from Aqua in Fig. 7, although 20 3(?8 31002 . 4(9 kg6") 8
the related statistics are included in Table 5 for both Aqua ’ ’

and Terra satellites. In addition, we employed the low-cloudgiy 1 vertical profiles of virtual potential temperaturéf and
cover products retrieved from the GOES-10 channel 4 in-yater vapor mixing ratiody) measured by radiosondes released

frared radiances as described in Abel et al. (2010), availablgom the RB ship (red) and those from AERO (blue) and MET (light

on a 0.8 x 0.5° grid, and outgoing shortwave (SW) fluxes blue) simulations. The shaded area represgrts of the obser-

measured by the Clouds and the Earth’s Radiant Energy Syssations. The dash blue lines also indicate théo of the AERO

tem (CERES) aboard Terra (Loeb et al., 2005). simulations. Numbers of observational profiles used for the averag-
ing are 31, 54, and 23 for panels in top, middle, and bottom rows,
respectively.

3 Model results evaluated against observations

In this section, model simulations are evaluated against mea- . :
surements from VOCALS-REx and satellite retrievals for more well-mixed over the coastal region than over the remote

the period from 00:00 UTC 15 October 2008 to 00:00 UTC ng‘fer?gf%eéz Z":ﬁ'gg 'f?eozzrt"ggcgff::ﬁs (()%/Srdtehriareet
16 November 2008. Comparisons with aircraft- and ship- glon, g pling

S all., 2009) within the MBL over the remote region that sep-

based measurements used coincident data whereby mode )
data were interpolated to the time and location of each me drates the well-mixed cloud layer from the subcloud layer.
surement daturg Basic statistics. i.e. mean. standard devia-he coastal region has a stronger temperature inversion with
’ T ' a 10-12 K increase ifA, within inversion layers (also see Ta-

tion, and median, prov!ded m_TabIes 37 are based on Me&;1e 3). The mean observed humidity and temperature in the
surements from all available flights and cruises and their cor-

responding coincident model predictions during the 31-dayMBL over the coastal and the remote regions, however, are
. ) -“not statistically different (at 98 % confidence level) between

period for the coastal and remote regions, and for the entlr%he two regions

domain. MODIS retrievals were first gridded to the model . ’ ) i

domain. Then, both the gridded satellite data and the coin- Differences between AERO and MET in mean profiles

cident model predictions were averaged over the entire studf v @ndgy are small, in general, except within the sim-

period for the statistics shown in Tables 3-7. ulated inversion layer. In the coastal MBL, mean temper-
atures in the MBL from both simulations have small neg-
3.1 Boundary layer structure ative (—0.6K for AERO and—0.9K for MET) and posi-

tive biases (0.6 K for AERO and 0.8K for MET) compared
Since marine stratocumulus clouds are sensitive to boundario radiosondes and dropsondes, respectively. The positive
layer conditions, we first evaluate simulated vertical profilesbias in mean temperature compared to dropsondes origi-
of virtual potential temperaturé\() and water vapor mixing nates from biases in the upper MBL where the mean sim-
ratio (gv) with those observed by RB radiosondes and BAe-ulated temperature deviated from observed well-mixed val-
146 dropsondes (Fig. 1 and Table 3). The observed MBL isues (Fig. 1). Over the coastal region, the simulaggdalues
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Table 3. Observed and simulated MBL temperature and humidity, 10-m wind speed, SST, and boundary layer height.

Variable Platform/ Coastal regin Remote regioh  Both regions
(Units) Simulations Mean/Std Mean/Std Mean/Std
Temperature, humidity, and MBLE£
RB 290.9/0.9 291.2/0.6 291.0/0.8
AERO 290.3/1.2 290.7/0.6 290.4/1.1
b MET 290.0/1.1 290.9/0.6 290.6/1.0
Ov(K)
BAe-146 290.6/0.8 - -
AERO 291.3/1.2 - -
MET 291.4/1.0 - -
RB 7.9/0.7 8.1/0.7 7.9/0.7
AERO 8.3/0.7 8.4/0.7 8.4/0.7
MET 8.2/0.8 8.0/0.6 8.2/0.7
qv
(gkghP BAe-146 8.0/0.6 - -
AERO 9.1/0.7 - -
MET 9.1/0.9 - -
RB 39.7 20.0 -
AERO 29.6 17.9 -
MET 23.0 23.9 -
déyldh®
(Kkm~1) BAe-146 30.4 - -
AERO 24.7 - -
MET 21.8 - -
RB —16.8 —-12.9 -
AERO —-11.6 -12.1 -
MET —-8.2 —-125 -
dqyldh®
(gkg~lkm™1) BAe-146 -11.2 - -
AERO —6.0 - -
MET —-5.1 — -
RB 1263/113 1431/163 1313/151
AERO 1136/153 1398/186 1213/202
MET 1197/189 1686/139 1343/285
MBLH (m)
BAe-146 1122/130 - -
AERO 1051/168 - -
MET 1133/184 - -
Winds, SST
RB 4.8/1.3 8.2/1.3 6.2/2.1
Uip(m s hf AERO 4.9/1.6 8.8/1.1 6.4/2.4
MET 4.8/1.4 8.8/1.2 6.4/2.3
RB 291.2/0.9 291.7/0.6 291.4/0.8
SST (K) AERO 290.9/0.5 291.7/0.5 291.3/0.6
MET 290.9/0.5 291.7/0.5 291.3/0.6
Accumulation mode aerosol (0.156-2.69 pm) concentration
Na (cm3) C-130 243/147 105/95 184/144
a AERO 160/68 81/36 126/68

Droplet number concentration

C-130 203/84 85/55 154/93
AERO 160/94 75/56 124/90

Ng (cm™3)

DMS transfer velocity Kw), MBL DMS and S& air concentrations

1 RB 3.80/1.96 9.04/2.95 5.69/3.44
Kw(cmh™)

AERO 6.29/3.53 15.85/3.76 9.73/5.85

. RB 43.2/27.5 78.2/21.6 56.9/30.6

DMS Air (ppv) - AERO 138.4/49.6 216.5/41.0  169.1/60.1

SOpair (ppty) G130 54.0/74.5 27.8/18.7 40.8/55.7

pp AERO 38.8/71.6 11.8/17.3 25.2/53.6

a Coastal and remote regions are defined as east and west\8f #hin the model domain, respectivel.For the lowest 1 km within MBLS For the inversion layef Including
23 and 54 (RB) radiosonde profiles over the remote and coastal regions, respetiivelyding 31 (BAe-146) dropsonde profiles over the coastal reéidte value for the RB is
derived using measurements on the ship and the COARE 3.0 bulk flux model (Fairall et al., 2011).
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from both simulations, on average, are biased high within Sonde AERQ MET
MBL (biases of 0.4-1.1gkg') and in lower free tropo- o
sphere (above MBL ang2km, biases of 1.6-2.2 gKg) £
with more significant biases seen in the comparisons with
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the dropsondes. The larger biases in AERO and MET com- < 1000:_ ]
pared to the dropsondes are associated with the larger bi- F ., . \ o w s ]
ases in model predictions during 2—10 November, when the  sooL
observed temperature inversion is weaker and the vertical -85 _nggnu do ( deqree)‘75 -70
variability in humidity is large (with the possible presence of

multi-cloud layers). Toniazzo et al. (2011) also noted early  2000f
November to be a period with reduced synoptic-scale vari- .
ability, lower inversion heights and increased cloud cover.
The RB had measurements on 2—3 November before a 6-daye
break in sampling and the mean profiles were less affectedg '°°°F

1500 F

—
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by profiles measured during this synoptic episode. Over the = oof 15 3 3 " 8 13 ]
remote region, the simulated mean temperature and humid- 0 5 10 15 20
ity are in excellent agreement with AERO simulations with Hours (local time)

the simulated mean values being not statistically different o _ o _
(at 98 % confidence level) from observations at most vertical"19- 2. Longitudinal and diurnal variations of the MBL heights de-
layers from the surface to 2 km. Over this region, the biasedVed from the RB radiosonde and BAe-146 dropsonde measure-

of the simulated mean profile in MET are mostly within the ments (red), and from the AERO (blue) and MET (light blue) simu-
inversion layer lations. Only radiosonde profiles are included in the bottom panel.

. . . . The MBL heights are determined from temperature profiles in com-
As shown in Table 3 and Fig. 1, the AERO simulation bet- ,4tion with humidity profiles. The numbers of observational data

ter predicts the temperature and humidity gradients withingsed are indicated below the data points.
the inversion layer than the MET over both regions, except
for the humidity gradient over the remote region.

The zonal and diurnal variations of predicted MBL depths than observations, which is consistent with our results near
are compared to those from the RB and BAe-146 observathe coastal region but not over the remote region. This might
tions, as shown in Fig. 2 and Table 3. Since BAe-146 drop-pe due to differences in model setup, including the use of a
sonde data were released within a narrow time window dur-ifferent PBL scheme. As with Rahn and Garreaud (2010),
ing the day (14:00-16:00 UTC), they have not been includecthe low bias in the mean MBL depth near the coast in both
in the diurnal variability plot (bottom panel of Fig. 2). In AERO and MET simulations could be explained by an over-
simulations using the YSU PBL scheme, clouds often formprediction of low-level onshore wind speeds which lead to
on top of the on-line diagnosed PBL heights. Therefore, thehigh biases in low-level divergence over a several hundred
MBL depth is determined as the lowest height where the lo-meter vertical layer resulting in lowering of MBL heights.
cal temperature gradient is at least 3 times the gradient be- No significant diurnal variations in MBL depth are ob-
low it. When a reasonable MBL depth is not found using served or modeled (bottom panel of Fig. 2). The lack of
this approach, the MBL depths for both model simulations gjstinct diurnal variations in MBL depth is consistent with
and observations are determined from humidity profiles in azyidema et al. (2009) and Rahn and Garreaud (2010) that
similar manner. The clear longitude dependence of observegescribe weak dependence of MBL depth on air-sea tempera-
MBL depths (in the range of 900-1600 m), which deepen far-yre differences. In addition, there is considerable day-to-day
ther away from the coast, is also reflected in both AERO andgnd spatial variability in MBL heights as reflected in stan-
MET simulations (Fig. 2). The MBL depth from the MET dard deviationsd4 = 151 m for the radiosonde observations;

simulation has a positive bias 6f250 m (Table 3) over the 5 =202 m and 285 m for the AERO and MET, respectively).
remote region. Inclusion of interactive aerosols in the AERO

simulation leads to a lower MBL than in MET, giving bet- 3.2 Aerosol and cloud droplets

ter agreement with observations over the remote region (Ta-

ble 3). However, the mean MBL depth from AERO is ap- 3.2.1 Aerosol and cloud droplet number concentrations
proximately~100 m too low over the coastal region com-

pared to radiosondes and dropsondes. The lower simulateBIBL processes, transport, and anthropogenic and natural
MBL depths when aerosols are included are linked to the re-aerosol and precursor emissions influence the distribution of
duction of MBL top entrainment and mean subsidence rateserosol. In this section, we first compare the model simulated
which are discussed later in more detail. The WRF sim-and aircraft in-situ measured accumulation mode aerosol
ulations described by Rahn and Garreaud (2010) using theumber (v, 0.156-2.69 um, Fig. 3 and Table 3) and cloud
Mellor-Yamada-Janjic PBL scheme had lower MBL depths droplet humber concentration®v{, Fig. 3 and Table 3).
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C130 AERO in which their focus region was along 28 and multiple air-

o~ 300k cioud craft measurements ofy were included. The modeled cloud
'g 200 _ _ droplet concentrations are lower by 21 % and 13 % over the
= E coastal and the remote regions, respectively, which is related
lg 100E 3 to the low biases in the predicted aerosol concentrations.
o Aerosol, CCN and cloud droplet number concentrations
) E over the SEP are strongly influenced by pollution outflow

400E 3 from the continent. In Fig. 10 of Bretherton et al. (2010b),
o : sub—cloud daily MODIS-derived Ny were compared against aircraft
£ 300 3 3 measurements, and it showed the occurrence of a few strong
= 200F 3 outflow events along 265 over the SEP. The longitude-
o 100;_ 3 time plot of model (AERO) predicted CCN concentrations
2 og (at 0.1% supersaturation) at 975hPa are shown in Fig. 4

(left panel). The model succeeds in capturing the timing and
strength of the observed outflow events shown in Fig. 10 of
Fig. 3. Droplet number concentrations in the cloud layer and aerosolBretherton et al. (2010b). During the VOCALS-REX, the
number concentrations in the sub-cloud layer observed on the C-138trongest pollution outflow event along 28 peaked on 18
aircraft (red) and predicted by the AERO simulation (blue). The October, and the cleanest period was around 8 November.
aerosol size range is 0.156-2.69 um in diameter for observationghe four contour plots on the right panel of Fig. 4 illustrate
and 0.156-2.5 um for the model. The error bar represets. the horizontal distribution of MODIS-derived (using Eq. (2)
of George and Wood, 2010) and model-predictégdduring
Observed aerosol and cloud droplet number concentrationthe two time periods, respectively. Model simulatégcom-
both have strong longitudinal gradients over the coastal repares reasonably well with observations. The model repro-
gion. As shown in the bottom panel of Fig. 3, the observedduces the outflow pattern from coastline towards the ocean
Na in the sub-cloud layer (on average 170 m above sea sumwith a band of highNy several-degrees wide in longitude

85W 80w 75W 70W

face) is 290t 117 cnt3 just west of the coast (71-7RV), along the coast. Considering the relatively large uncertain-
decreasing to 117 93 cnt 3 at~78> W. The mean observed ties in satellite-derived/q due to averaging over only several
concentration over the remote region is #0985 cnt 3 (Ta- instantaneous satellite snapshots and the timing differences

ble 3). The modeledvy in the sub-cloud layer resembles between satellite overpasses and model outputs, the agree-
the observed in longitudinal variation. However, simulated ment in the outflow patterns is remarkably good. The model
Na concentrations (from model size bins 3—-6) are lower thanalso capturesVy spatial patterns during the clean event. The
observations with mean biases of 34% and 23 % over theaccurate predictions of both events demonstrate the model’s
coastal and remote regions, respectively. The predicted sizability to capture daily/synoptic scale variations of aerosol
distribution peaks at model size bin 2 (0.08-0.16 um in di-and clouds, and suggest that the model is suitable for stud-
ameter), and the number concentration in model size bin Jes at such scales (e.g., pollution outflow studies), which is
is about 1.5 times the modeleéd, concentration (includes another advantage of using WRF-Chem with the prognostic
model bins 3-6). Thus, errors in the size distribution couldtreatment of aerosols and cloud-aerosol interactions.
contribute to the number bias. Given the multitude of source

and sink processes tha? affect aerosol number concentrations,, 5 aerosol mass and composition

the~30 % N, bias is quite good.

Overall, simulated and observed cloud droplet humber

concentrations exhibit the same longitudinal gradient as tha’to‘erOSOI mass and composmo_n are (_)'Fher Important mea-
ures that can be used to derive additional aerosol proper-

of the aerosol. This is expected, since hygroscopic aerosot )
particles acting as CCN can activate and form new cloudt’es: ;uch as aerosol volume, surface area, and density, when
droplets. The observedy has a mean value of 240 ¢ comb!ned with aeros',ol number. Over the SEP., th observed
near the coast and decreases to below 12GFcan~78" W, and simulated submicron aerosol mass is dominated by sul-
and further decreases to a mean value of-8&% crm3 over fate over both the coastal and remote regions for the mea-

the remote region. The observed longitudinal variatioNin sure_d chimlcalhsipggles ("s" s(;J-Ifate, nltt)rate, admmgnlurg, :)r(-j
is in general agreement with the variation shown in Fig. 1192nic carbon, chloride, and sodium). Observed and modele

of Allen et al. (2011) in which CDP measurements on both MBL submicron aerosol mass concentrations of the different

the BAe-146 and C-130 were included. The domain aVer_chemical species are shown in Fig. 5 and Table 4. Obser-
age near-surfacly of 154 cnm3 measured by the C130 (Ta- vations on different platforms and the AERO both show that
ble 3) is in-between the meaNy values of 164 cm3 and sulfate contributes te-55 % of the total submicron aerosol
142 cnm3 based on aircraft and MODIS measurements dur-MasS measured by the AMS.

ing the VOCALS-REX obtained by Bretherton et al. (2010b),
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Fig. 4. Longitude-time plot of model (AERO) predicted CCN (at 0.1 % supersaturation) concentrations at 975 hPa aBrig;26° in

latitude), and illustration of episodic horizontal distribution of MODIS-derived (Aqua) cloud droplet number concentrgtian(NAERO-

predicted cloud topVg during a strong outflow event (peaks on 18 October 2011, red solid line) and during a clean period (around 8 November
2011, red dash line). To obtain a more complete data coverage over the domain, M@®Ri& composed from available retrievals in 3

days (centered at the peak of the event), and correspondingly only model predictions at around satellite overpass time (18:00-20:00 UTC)
during the 3-day period are included.

The predicted non-sea-salt submicron sulfate concentraremote region suggests the underestimation of sulfate from
tions over the coastal region are roughly 37 % and 15 %DMS oxidation or too rapid sulfate removal, as addressed in
lower than the observed values, which are 0.85 pi§ and more detail later in Sect. 4.
1.13ugnr® based on the AMS instruments onboard the For ammonium mass concentrations, the simulated val-
C-130 and RB, respectively. The AMS and PILS on the yes are significantly smaller than the corresponding measure-
G-1 measured sulfate concentrations of 1.10fadrand  ments for both the submicron (0.07—0.09 pghvs. 0.11—
1.29 ug 3, respectively. Over the coastal region, the high 0.37 ugmr3) measured on different platforms and supermi-
mean sulfate concentration (181 Hg%Table 4) measured cron sizes (0.08 ugrﬁ vs. 0.23ug m3) measured on the
by the AMS on the BAe-146 is dominated by the high valuesRrB over the coastal region (Table 4). Over the remote re-
(mean of 2.82 ugm®) in a pollution plume study flight on  gion, the detected ammonium concentrations (Table 4) are
10 November 2008. Excluding this flight, the mean sulfateonly slightly above instrument detection limits. The differ-
concentration (1.13 ugn?) over the coastal region observed ences between values observed on the RB and those of the
on the BAe-146 is in close agreement with those measure¢-130 over this region may reflect the difference in instru-
on the RB and C-130 (Table 4), which is underpredicted byment detection limits. The corresponding predicted submi-
30% in AERO. Observed submicron sulfate concentrationscron ammonium is also smalkQ.03 pug nt3) over the re-
from different platforms are 0.27—0.39 pg(Table 4) over  mote region.
the remote region. These observed values over both coastal Regarding nitrate aerosol, the PILS on the G-1 detected

and remote regions are in general agreement with those ig 124 0 10 ug m3 (boundary layer, mission-averaged). In

Fig. 8 of Allen et al. (2011). Over the coastal region, the ¢onrast, nitrate was not detected by the AMS. This differ-
higher mean sulfate concentration from the RB in Table 4gnce js consistent with the explanation that uptake of nitric
compared to Fig. 8 of Allen et al. (2011) is mostly because,iq agvected to the MBL occurred only on sea-salt aerosol,
we only used the RB observations within the VOCALS-REX pt not on acidic sulfate aerosol. Upon acidification by nitric

period (15 October-15 November), which is a subset of the, g sea-salt aerosol loses hydrochloric acid by volatiliza-
RB observations. For the supermicron sulfate, observationgop, |eaving behind sodium nitrate, which was undetectable
from the CIS on the RB show similar values@55ugm>)  py the AMS because of its refractory nature. The loss of
between remote and coastal regions. The simulated Supegporide in sea-salt aerosol results in a lowered chloride to
micron sulfate was in good agreement20 % lower) with  sogiym ratio than that of the seawater, referred to as chlo-
those observed on the RB over the coastal region, but wagqe deficit. The chloride deficit observed on G-1 was 0.77
80 % lower over the remote region. The larger bias over the(molar ratio, MBL, mission-averaged) reduced from 1.16 of
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Table 4. Observed and simulated MBL submicron and supermicron aerosol composition.

Aerosol Platform (instrument)/ Diameter Coastal re§ionRemote regioh  Both regions
Simulations (um) Mean/std Mean/std Mean/std
(ugm3) (ugm3) (ugm3)
C-130 (AMS) 00505 085112 0.27/0.33 0.63/0.95
AERO RTEY0.72/0.72 0.16/0.11 0.50/0.63
RB (AMS) 0.06.10 113085 0.39/0.26 0.87/0.79
AERO ST 0.71/0.40 0.15/0.08 0.51/0.4
BAe-146 (AMS) 00505 181192 0.27/0.19 1.59/1.88
AERO SPTEY0.98/0.73 0.22/0.11 0.87/0.73
Sulfate G-1 (AMS) 1.10/0.92 - -
AERO 0.06-0.6 4 45/0.06 - -
G-1 (PILS) 1.29/1.01 - -
AERO 0.06-15 ) 63/1.02 - -
RB (CIS) 11 1.08/0.95 0.31/0.15 0.76/0.82
AERO == 0.76/0.36 0.20/0.15
RB (CIS) 1140 053/0.14 0.59/0.16 0.55/0.15
AERO T 0.41/0.17 0.12/0.07 0.29/0.20
C-130 (AMS) 00505 0-13/024 0.03/0.08 0.09/0.20
AERO PTE2 0 0.07/0.07 0.01/0.02 0.05/0.06
RB(AMS) 0.06.10 0-30/0.12 0.20/0.04 0.28/0.11
AERO ~PTHY 0 0.09/0.05 0.01/0.01 0.08/0.06
BAe-146 (AMS) 00505 037029 0.04/0.13 0.32/0.29
Ammonium  AERO P72 0.07/0.05 0.02/0.02 0.06/0.05
G-1 (AMS) 0.11/0.09 - -
AERO 0.06-0.6 4 59/0.05 - -
RB (CIS) 11 0.23/0.17 0.07/0.04 0.16/0.15
AERO = 0.08/0.06 0.01/0.02 0.05/0.06
C-130 (AMS) 00505 0-19/0.47 0.08/0.14 0.14/0.39
AERO SPTEY0.13/0.10 0.04/0.03 0.10/0.10
RB (AMS) 00610 0320013 0.25/0.07 0.29/0.12
AERO SPTHY 0 0.14/0.07 0.03/0.02 0.11/0.08
Organics  pae 146 (AMS) 00505 0-21/032 0.04/0.2 0.19/0.4%
AERO PTE 0 0.12/0.06 0.05/0.03 0.11/0.06
G-1 (AMS) 0.16/0.06 - -
AERO 0.06-06  4417/0.19 - -
G-1 (PILS) 0.25/0.39 - -
AERO 0.06-15  §39/0.23 - -
_ RB (CIS) 11 0.03/0.02 0.06/0.02 0.04/0.02
Chloride  AgRro =+ 0.02/0.03 0.11/0.05 0.06/0.06
RB (CIS) 1110 3021114 4.18/1.27 3.41/1.34
AERO T 6.25/2.23 8.81/2.70 7.19/2.72
G-1 (PILS) 0.28/0.36 - -
AERO 0.06-15 4 35/0.16 - -
, RB (CIS) 11 0.07/0.02 0.06/0.02 0.07/0.02
Sodium AERO == 0.14/0.04 0.14/0.04 0.14/0.04
RB (CIS) 1110 180057 2.35/0.69 2.02/0.66
AERO T 4.23/1.42 5.78/1.77 4.87/1.71

2 Coastal and remote regions are defined as east and westWf &thin the model domain, respectively.
b The BAe-146 measurement data only covered the east edge of the remote regior? W848l mean longitude of 79W).
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4T T The simulated values, on average, agree with that of G-1

‘ —
WRF remote WRF coastal ;zi within 6 %, while they are underpredicted in the model by
\ ’ \ . 25-56 % compared to those on other platforms. Over the
/ DOMEE remote region, the C-130 and RB observed very different
Fos g m= 0.4 pg m™ 1.0 gg m™ 1.1 ug m™ mcl OM concentrations (0.08 ug‘rﬁ vs. 0.25ug m3), which are

| C130 | RB | C130 | RB . . . . .
o oo e e likely related to differences in sampling upper cutoff diame-

ters and instrument detection limits. AERO does not include
oceanic emissions of organic compounds, so the simulated
~0.03-0.04 pg m30OM over the remote region is solely due
to continental sources. According to Hawkins et al. (2010),
OM over the SEP has a dominant contribution from anthro-
pogenic sources, and an additional, smaller contribution from
primary marine sources based on measured functional groups
and trace elements during VOCALS-REX. Lower OM con-
centrations in MOSAIC could also result from the omission
of secondary organic aerosol (SOA) formation processes.
Remote Coastal The contribution of SOA to OM is variable depending on fac-
tors such as precursor concentrations, oxidant level, etc, and
Fig. 5. MBL submicron aerosol mass composition from VOCALS- the organic mass associated with clean marine air (Hawkins
REx measurements and from the AERO simulation. The measureet al., 2010).
ments are provided by AMS instruments onboard the C-130, RB, The mean simulated chloride and sodium aerosol mass
and G-1 and those sampled by the CIS and a PILS onboard the RBith diameter below 1.5 um is in good agreemen®t %

and G-1, respectively. The pie charts and the total aerosol masﬁigher) with those sampled by the PILS (0.25 u@ﬁﬁor

provided below them are based on the AERO simulation; only data . . .
along C-130 and RB tracks at the sampling time are included intoChlorlde and 0.28 ug s for sodium) over the coastal region.

the calculations. The dividing longitude for the coastal and remoteThe submicron chloride sampled on the RB has a domain-

regions is 78W, and the BAe-146 measurement data only covered@verage of 0.04ugn?, which is overpredicted by-50 %
the east edge of the remote region (78-84with a mean longitude N AERO (Table 4). The predicted supermicron chloride
of 79° W). concentrations (6.25-8.81 ugm® are approximately twice

the observed values (3.02—4.18 ug¥non the RB over the
coastal and the remote regions (Table 4). The AERO pre-
dicted sodium concentrations are also a factor of 2.0-2.4
higher than the RB observed values (Table 4). Note that the
composition of freshly-emitted sea-salt particles reflects that
of seawater, treating sea salt as NaCl in the model implies
an overestimation of the sodium and chloride emissions by
25% and 10%, respectively. After accounting for this ef-
fect, the supermicron sodium and chloride are overestimated
by a factor of 1.9. The overestimation in the supermicron
sizes could be related to errors in the predicted sea-salt size
spectrum, which could also affect modeled dry deposition of
larger particles.

As shown in Fig. 5, both observations and the simulation
Fig. 6. AOD from MODIS (Aqua) measurements (left panel) and show 2-3 times higher total submicron mass concentration
from the AERO simulation (right panel) during the VOCALS-REX /1 the coastal region compared to the remote region. This
gfé'?ndduggcljy model data at satellite scanning locations and tlmes‘nighlights the importance of continental sources and the re-

' sulting outflow over maritime regions near the coast.

Aerosol mass (ug m™>)
N

seawater. Chloride deficit was also observed on the RB dur3.2.3 AOD

ing VOCALS-REX (Yang et al., 2011). We note that chloride

deficit is well simulated by the AERO, but nitrate was under- AOD is an important wavelength-dependent property that di-

predicted by~50 % compared to the PILS. rectly relates to aerosol direct radiative forcing, and is a func-
The observed organic matter (OM) concentrations overtion of the aerosol loading, composition, and size distribu-

the coastal region are 0.16-0.21 uginfor smaller size tion. The AOD at 0.55 um spectral wavelength from MODIS

(<0.6 um) particles measured on the flight platforms andis compared with the coincident data from AERO in Fig. 6

0.32 ug n72 for the submicron particles measured on the RB.for the VOCALS-REXx period. The model reproduces the
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Table 5. Observed and simulated cloud properties.

Variable Platform/ Coastal regiBn Remote regiof  Both regions
(Units) Simulations Mean/Std Mean/Std Mean/Std
Effective radius, cloud water path, and cloud optical thickness
MODIS Terra 11.3/2.2 14.5/2.0 13.4/2.6
AERO 10.5/1.1 12.6/1.7 11.9/1.8
MET 8.5/0.6 8.5/0.6 8.5/0.6
re (LM)
MODIS Aqua 10.9/2.1 13.5/1.8 12.7/2.3
AERO 9.6/1.2 11.8/1.7 11.1/1.8
MET 8.0/0.5 8.2/0.6 8.1/0.6
MODIS Terra 79.2/23.1 99.2/20.1 92.8/23.1
AERO 83.2/32.5 70.5/22.5 74.6/26.8
2 MET 100.4/40.4 115.7/42.9 110.8/42.7
CWP (gnT°)
MODIS Aqua 58.1/19.1 66.9/16.9 64.1/18.1
AERO 44.9/20.9 51.6/19.8 49.4/20.4
MET 50.1/24.1 70.6/32.9 64.1/31.8
MODIS Terra 10.6/2.3 10.4/1.8 10.4/2.0
AERO 17.7/16.5 11.9/3.7 13.8/5.5
MET 19.2/7.6 21.9/8.0 21.0/8.0
CoT
MODIS Aqua 7.9/2.1 7.1/1.5 7.4/1.7
AERO 10.4/4.8 9.1/2.9 9.5/3.7
MET 9.3/4.4 13.1/6.1 11.9/5.9
Cloud fraction, cloud base and cloud thickness
GOES-10 73.7/10.8 76.4/5.6 75.4/8.2
Daytime CF (%) AERO 79.1/8.2 69.5/6.5 73.3/8.6
MET 79.4/8.2 73.9/5.5 76.1/7.2
GOES-10 86.5/8.5 87.3/5.0 87.0/6.7
Nighttime CF (%) AERO 89.4/7.3 80.3/5.0 84.0/7.9
MET 88.9/7.3 84.2/5.5 86.1/6.7
C-130 867 1090 991
Cloud base height (m) AERO 736 945 828
MET 771 1075 941
C-130 280 390 341
Cloud thickness (m) AERO 292 335 316
MET 293 429 369

11963

2 Coastal and remote regions are defined as east and west 9f &thin the model domain, respectively.

general spatial features observed by the satellite quite wellcrepancies between AERO and the observed AOD include a
The domain-average AODs are 0®.06 and 0.1# 0.06 broader band of enhancements in AERO near the Peruvian
for MODIS and the AERO simulation, respectively. Both coast and a lack of increased AOD values along the north-
the model and observations show that high AOD values (i.e.ern part of the western lateral boundary. The latter issue
>0.2) are located along the coast, especially in a broads most likely due to an underestimation of oceanic emis-
band with peak AOD values of approximately 0.3—0.4 off sions, or overestimations of aerosol dry deposition and/or
the northern Peruvian coast. The strong AOD gradient neawet scavenging in this region. Both the model and ob-
the coast suggests influences from continental pollution outservations have smaller AOD values farther offshore south
flow, which is also consistent with the longitudinal variation of ~23° S, where the dominant westerly surface flow often
of aerosol loadings from in-situ instruments (Fig. 3). Along- brings in relatively clean marine air (Bretherton et al., 2004).
shore winds associated with high-pressure systems combined

with the Andes that form a physical barrier lead to aerosol

transport from continental sources such as Santiago, Chile,

to the northern coastal region (Huneeus et al., 2006). Dis-
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MODIS re has a distinct longitudinal gradient north of
30° S (Fig. 7) with values increasing from8 um right off
the coast ta>16 um near 9OW. This spatial distribution is
consistent with the AOD gradient shown in Fig. 6. A simi-
: -- ¢ lar longitudinalre gradient is simulated in AERO, though the
T TR largere south of 30 S is not well captured in the model. The
I ————— e m— Efective Rodius (um) domain-average, (Table 5) values are-13 um for MODIS
observations on the Terra and Aqua, and are 11-12 um for
AERO. In comparison, MET substantially underestimated
re (~8-9um), due to the use of the default, constant cloud
droplet number concentration of 250t which is repre-
sentative of the conditions near land (Fig. 3). Although re-
ducing the constan¥y of 250 cn13 to a more representative
85W 75W 85W 75W 85W 75W . .
= Cloud Water Path (g m™) average droplet number concentration of 150 éincreases
domain-average: by 14 %, the uniform droplet number con-
centration in MET still limits the spatial and temporal vari-
ability of re.
The domain averages of CWP are 93 and 644 imased
on Terra and Aqua satellite retrievals, respectively. The
PETI AERO domain-average CWP values are underestimated by
e G114 Opticd] THiciness ~20% compared to both satellites. The MET predicted do-
10z e e e main averages of CWP are in good agreement with Aqua ob-
Fig. 7. Effective radius, cloud water path, and cloud optical thick- servations in the afternoon, bu_t are overestimated by 23%
ness during the VOCALS-REX period from MODIS (Aqua) re- com.pared.to_ morning observations on the Terra. The CWP
trievals and from the AERO and MET simulations. spatial variations (Fig. 7) are better simulated in AERO than
in MET, and the strong diurnal variation as reflected by
the 45 % morning-to-afternoon decrease in domain-average
CWP (based on the difference in Terra and Aqua observa-
tions) is better simulated in AERO (51 % decrease) than in
MET (73 % decrease). In AERO, the negative bias in CWP
over the remote region might be related to the underpre-
diction in droplet number. Low droplet number concentra-
tions due to under-predicted aerosol concentrations result in
shorter cloud lifetime. In MET, changing the constawt
from 250 to 150 cm? only reduces CWP by 3 % over the re-
mote region, although the rain rate over this region increases
by about 35 %; this is due to the very weak drizzle simulated

I L
0 15 30 45 60 75 90 105 120 135 150

15S f=

Night [

25S |-

e VI a——— in MET, which is discussed in more detail in Sect. 3.6.
_—— == Both AERO and MET overestimate the COT but with a
Cloud Fraction (%) substantially high bias~60-100 %) seen in MET (Fig. 7

and Table 5). The doubled COT in MET is related to its

Fig. 8. Mean low cloud fractions during day and night for the near constant smatt (10 um) and the overestimated CWP
VOCALS-REX period retrieved from the GOES-10 (left), and those that are used in calculating COT (i.e., COT cloud wa-
from the AERO (middle) and MET (right) model simulations. ter content/,). The satellite-observed 40% morning-to-
afternoon decrease in domain-average COT is also better
simulated in AERO £45 % decrease) than in ME®{5 %
3.3 Effective radius, cloud water path, and cloud optical ~ decrease).
thickness

Simulated cloud optical properties, which are cloud top ef-
fective radius£e), cloud water path (CWP), and cloud optical
thickness (COT), are compared against those from MODIS.
As shown in Fig. 7 and Table 5, AERO results, in general,
agree better with observations than do MET results for these
three cloud properties.
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3.4 Cloud fraction, cloud base, and cloud thickness 25 [T T | T 7 | T | T T T T T 111
i WCL/WCR

Figure 8 shows mean low cloud fractions retrieved from [ ovg=341 m 1
the GOES-10, and those in the AERO and MET during the 201 QESQE 6m
VOCALS-REx. The presence of low clouds is diagnosed @ i MET
based on the criterion of cloud water mixing ratio exceed- ~— I avg=369 m
ing a threshold of 0.01 g kgt anywhere in a grid column be- > 151 ]
low 700 hPa. The resulting cloud fraction for the columnis < I ]
then set to either O or 1. When averaging over the simulation 3 10 i ]
period, the cloud fraction represents the frequency of cloud g
occurrence. o i

Satellite observations reveal more cloudiness during the 5 L ]
night than during the day with a maximum located ne&r0 [ ]
and several degrees in longitude away from the coastline. | | ]
AERO and MET broadly reproduce the day-night contrast Ll L] =
as well as the northeast-southwest gradients in cloudiness 0 200 400 600 800 1000
as seen in satellite observations. The domain-average low Cloud thickness (m)

cloud fraction from satellite is 7% 8 % during the day and

0, i i i -
87+7% during the night (Table 5), which are well pre Fig. 9. Histogram of cloud thickness from the Wyoming cloud lidar

di.Cted (3% b_iases) in both AERO and MET _SimU|ationS (WCL) and radar (WCR) observations (red), and from the AERO
with MET having slightly better agreement with observa- (blue) and MET (light blue) simulations.

tions. While AERO mean cloud fractions are overestimated
(3—4 %) over the coastal region, they are underestimated by

7% over the remote region (i.e., near the south and Weshe petter predicted in MET than in AERO. The underpredic-
boundaries of the domain), as discussed in more detail iR;,, (~160 m) of the mean cloud base height in AERO com-
Sect. 4. . . . pared to observations on the C-130 is consistent with its low
The near-coast minimum in low cloud fraction result- ;¢ (mean bias 0f110 m) of MBL heights compared to ra-

ing from enhanced orographic subsidence associated withjosonde measurements on the RB. AERO does particularly
synoptic-scale ridging (Toniazzo et al., 2011) is evident inyye| 5t simulating the frequency of clouds thicker than about
GOES-10 data with minimum values around $and south 500 m, while MET overestimates these thicker clouds and
of 20° S along the coastline during the day. The nighttime \njerestimates clouds between 300 and 500 m thick (Fig. 9).
near-coast minimum cloudiness appears at similar locationg, MeT when using a constandy of 150 cnm3, cloud thick-

as in the daytime along the northern Chile coastline but withass is reduced by 20 m over the remote region, agreeing bet-
higher values. Both AERO and MET are able to capture theiq, \with observations.

minimum cloud fractions at these locations but to a smaller
spatial exten_t. An exception is alqng the coast south 65;3 3.5 TOA and surface energy fluxes
where the simulated cloud fraction exceeds 80 % at night.
Between the two minima, both the observed and simulated
results show high cloud fractions along the coastline whichTop-of-atmosphere (TOA) outgoing energy fluxes are modu-
are likely associated with the dynamical blocking of the sur-lated by water vapor, aerosol, and cloud properties, and sur-
face wind by the southern Peruvian Andes, leading to conface energy fluxes are linked to SST, wind speed, air-sea tem-
vergence and a mean upward motion (Garreaud and MunozZerature, humidity differences, and cloud forcing (de Szoeke
2005). et al.,, 2010). The simulated TOA outgoing SW fluxes are
Observations and simulations show that cloud thicknesssompared against those measured by the CERES onboard the
increases with distance from the coast. Both AERO andTerra satellite (Fig. 10).
MET modeled cloud thickness are in excellent agreement The spatial pattern of satellite TOA outgoing SW fluxes
with the observations~340 m), with~25m low and high is consistent with the broad feature of the observed daytime
mean biases (Fig. 9 and Table 5), respectively. While thecloud fraction shown in Fig. 8. The observed SW fluxes
mean cloud base height from the C-130 over the remote rehave a band of maximum values 450 W nT2) nearly par-
gion (~1100m) is within the 1000-1200 m range (median) allel to the Peruvian coastline. As shown in Table 6, the
reported by Bretherton et al. (2010b) for their transition anddomain-average SW flux simulated by AERO (348 Wan
remote regions, over the coastal region our observed meais close to the satellite retrievals, although this is due to
cloud base height~900 m) is lower than their cloud base compensation between positive and negative biasés $bo)
height (median, 1000 m), which is most likely due to their over the coastal and the remote regions, respectively. AERO
inclusion of only flight data along 2@5. Cloud base heights has a band of maximum fluxes roughly collocated with the
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Table 6. Observed and simulated top-of-atmosphere (TOA) outgoing shortwave radiation and surface fluxes.

Variable Platform/ Coastal regiBn Remote regiohi  Both regions
(Units) Simulations Mean/Std Mean/Std Mean/Std
TOA outgoing fluxes
TOA SW MODIS Terra 360.8/69.6 341.2/52.5 347.5/59.2
(Wm-2) AERO 410.4/90.8 318.6/61.9 348.1/84.2
MET 395.8/90.9 376.9/70.8 383.0/78.3
Surface fluxes
Sensible heat RB 3.0/3.2 6.1/6.5 4.1/4.9
(Wm-2) AERO 9.6/4.5 15.1/6.7 11.6/6.0
MET 7.413.5 10.3/5.6 8.5/4.6
Latent heat RB 76.5/23.9 115.5/30.5 90.7/32.4
W m’2) AERO 76.6/25.2 140.7/34.7 100.0/42.4
MET 76.7/123.4 149.1/39.7 103.1/46.2
swyP RB 261.5/362.4 227.3/311.8 239.8/331.5
(Wm-2) AERO 257.0/356.8 209.5/295.1 226.8/319.7
MET 222.3/336.0 238.2/323.9 232.4/328.4
Lw b RB 373.7/21.4 364.9/25.6 370.2/23.5
(Wm-2) AERO 376.0/17.9 362.5/29.1 371.1/23.6
MET 375.2/18.2 367.3/27.0 372.3/22.2

2 Coastal and remote regions are defined as east and west Wf &thin the model domain, respectively.
b pownward fluxes.

75W 85W

650

in the AERO and MET simulations.

75W
wmm— TOA SW (W/m?
T TOA S (W/m?)

The TOA model-satellite comparison presents a regional
view. Alternatively, a sonic anemometer onboard the RB
monitored surface fluxes at a high time frequency (10 min)
along the ship track allowing us to examine the associated
longitudinal and diurnal variations (Fig. 11). The observed
surface fluxes include sensible heat, latent heat, downward
shortwave, and downward longwave fluxes (Table 6). Ob-
served sensible heat fluxes are small (domain average of

4 W m~2) with a weak longitudinal gradient. The mean sen-
Fig. 10. Top-the-atmosphere (TOA) outgoing shortwave (SW) ra- sible heat flux is a small negative value at arount\8)and
diation fluxes measured by the CERES (Terra) and those simulatede Szoeke (2010) also noted the small sensible heat flux at
80° W associated with the relatively small mean sea-air tem-
perature difference at based on a few years of cruise obser-
vations along 290S. The sensible heat fluxes simulated by
observed maximum. But the observed SW minimum alongAERO and MET are biased high with means of 12 \Wam

the coast near 55 is not well captured. For this particular and 9 W nT?2, respectively, and have a more distinct increas-
region, although AERO simulated COT is smaller than obser-ng trend towards the west. Associated with solar heating of
vations (Fig. 7), the impact of this negative bias on outgoingthe atmosphere, both observed and simulated sensible heat
SW fluxes is compensated by overestimations of both AODfluxes have a decreasing tendency from late morning to the
(Fig. 6) and cloud fraction (Fig. 8). In AERO, the biases afternoon (10:00-17:00 LT), although this decreasing ten-
in cloud fraction correlate well with the biases in TOA SW. dency continues to late evening (22:00 LT) in the observa-
For example, the low biases near the west boundary corretions but ends several hours earlier in the simulations.

spond to the underestimation of cloudiness in this region. In Both measured and simulated surface latent heat fluxes in-
the MET simulation, TOA SW fluxes are overestimated by crease with distance from the coast due mostly to the increase
~10 % over both coastal and remote regions. The substarin wind speed. The mean 10m wind speed derived using
tial overprediction of cloud optical thickness in MET (Fig. 8) RB measurements and the Coupled Ocean-Atmosphere Re-
also contributes to this high bias. sponse Experiment (COARE 3.0) bulk flux model (Fairall et
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Table 7. Observed and simulated in-cloud and near-surface rain rates.

Regions Platform/ Coastal regidn Remote regiofi Both Regions
(Units) Simulations Mean/Median Mean/Median Mean/Median
C-130 0.668/0.112 6.891/0.396 3.704/0.161
Incloud " gpe146 046210000  1.240/0.001  0.574/0.008
(mmday™™)  aAgro 0.037/0.013 0.163/0.052 0.099/0.019
MET 0.012/0.004 0.052/0.013 0.031/0.006
C-130 0.001/0.000 5.175/0.002 3.619/0.000
Nearsurfack pre 146 00010000  0.279/0.000  0.014/0.008
(mmday™)  Agro 0.037/0.033 0.069/0.053 0.052/0.042
MET 0.023/0.018 0.059/0.044 0.040/0.027

a Coastal and remote regions are defined as east and west @f #8thin the model domain, respectivel§. The BAe-146 measurement data only covered the east edge of the
remote region (78-81W with mean longitude of 79W). ¢ Below 300 m for BAe-146.

. ombﬂaah) : AERO S MET _The mean downward_ SW flux from the AER_O agrees
sensge nee sensiele neo within 2 % with observations over the coastal region, and is
~8% lower over the remote region. The MET simulation
underestimates SW fluxes byl5 % over the coastal region,
but overpredicts by 5 % over the remote region. The apparent
better-predicted SW fluxes over the coastal region in AERO
compared to MET indicate better-predicted daytime cloud
cover along the path of the ship in AERO over this region.
The diurnal variation of incoming SW fluxes in Fig. 11 is

200 fTatent heat 200 fTatent heat

£

= 0 0

% 0 oo (d‘ﬁef”ce) plotted as differences between modeled and observed values

© oo 3 SN }Mr* due to the large diurnal cycle. Both simulations tend to un-
200 —100 T derpredict SW in the morning; AERO shows apparent better
125 g e predictions t_han QOes MET iq the afternoon. The gnalysis
390 390 shown here is a direct comparison of observed and simulated

380
370
360 360
350 350

380 iy

370 data in corresponding times and locations and does not ac-

count for the large instant biases in SW due to prediction bi-
340 340 ases in instantaneous cloud field. Therefore, given this strict
85w 80w 75W 70w 0 5 10 15 20 . .
Longitude (degree) Local time (hour) comparison, the results are quite good.
Predicted downward longwave fluxes and observations
Fig. 11. Longitudinal and diurnal variations of surface fluxes in- are in good agreement with mean differences of less than
cluding sensible heat, latent heat, downward shortwave, and downi \W m—2. The observed downward longwave fluxes have a
ward longwave fluxes, from the sonic anemometer observations oRyistinct diurnal variation with higher values-880 W nt2)
the RB (red) and from the AERO (blue) and MET (light blue) simu- at night and a minimum%350WnT2) in the afternoon
lations. The diurnal cycle of incoming shortwave fluxes is plotted asa[g 5:00 LT). The AERO simulates a slightly better variation

the difference between modeled and observed values. The vertic . . -
bars indicatet 20, whereo is the standard deviation of the mean an does the MET during the day. The diurnal and longitudi-

value given byo = \/Var(x;)/n, where varg;) is the variance of nal variations of thg surfac'e downwelling SW' and LW fluxeg
data used for the averaging, and n is the number of the data point$(€ strongly associated with the corresponding variations in
Note that due to the large variability in some parameteris not clouds.

represented as the square root of the variance as in other figures.

3.6 Rainrate

al., 2011) increases from 4.8 m'sover the coastal region to

8.2ms ! over the remote region. The observed surface la-Rain rate in marine stratocumulus is tightly connected to
tent heat flux has a mean value of 91 WmThe mean latent  both cloud macro and microphysical properties, and rain pro-
heat flux from AERO (100 W m?) shows a slight improve- cesses exert important feedbacks to the MBL through re-
ment from that (103W m?) of MET. The observed latent distribution of heat and moisture. Modeled rain rates are
heat fluxes do not have a distinct diurnal variation; the simu-compared against those derived from measurements by 2D-C
lated latent heat has biases which peak in the early morningprobes onboard the C-130 and BAe-146 aircrafts. Mean and
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o MET

median in-cloud and near-surface rain rate values are pre-  100¢ © T | : ]
. . £ 75 70 70 . 284219216 . 164152150 135130 126 1

sented in Table 7. In-cloud rain rates are averaged over the o : - ' 2DC

in-cloud flight legs with various depths in the cloud layer. 10¢ 8 § Lo

The in-cloud and near-surface rain rates from the C-130 and<,
BAe-146 agree within 30 % over the coastal region with the
differences most likely associated with different particle size
detection ranges of the instruments. This good agreemen ' ] S
provides additional confidence in the derived rain rates from &

both 2D-C probes in this study. The rain rates over the re-  o.01.

mote region from the BAe-146 are much smaller than those E ‘ ! !
measured by the C-130 and are not representative of the en 0001 o 82 | 78 74 N
tire remote region since the BAe-146 2D-C measurements

only covered a small longitudinal range over the east edge of

the remote region (78-81V with mean longitude of ): Fig. 12. Box and whisker plots of longitude-binned rain rates from

Therefore, the rain rate _dlscussmn that follows is based enz *" " curements (red) by a 2D-C probe onboard the C-130
tirely on C-130 observations.

- =l ve ) o . aircraft and from corresponding in-cloud values in the AERO (blue)
Noticeable longitudinal gradients exist in observed in- ang MET (light blue) simulations. The bottom and top of the box
cloud and near-surface rain rates200 m above the ocean are 25th and 75th percentiles. The median is shown inside the box.
surface). Observed average in-cloud rain rates increase byhe 10th and 90th percentiles are shown by the dash outside the
about 10-fold (0.668 vs. 6.891 mmday from the coastal box. The open circles indicate outliers (lower than 10th or higher
to the remote region (Table 7). Overall, the longitudinal vari- than 90th percentiles). The diamonds show the mean over all legs
ations in rain rates are captured in model simulations but prein each longitude bin. The numbers on the top indicate the number
dicted rain rates are about an order of magnitude smaller thaff data points used to produce the box and whisker plot.

the observed values within the cloud layer (Fig. 12 and Ta-

ble 7). Our calculated mean rain rates are higher than those . : . .
of Bretherton et al. (2010b) derived from a different 2D-C raindrop cutoff diameter in measurements. Evaporation be-

probe and the maximum radar reflectivity. However, the me_Iow cloud base might shrink raindrops to sizes smaller than

dian values of our in-cloud and near-surface rain rates agregz'5 um at the near-surface layer, which could not be de-

reasonably well with those of the radar derived rain rates inteCtGd by. t'he 2D-C probe. . .
In addition, the model did not reproduce the large vari-

Bretherton et al. (2010b). We used the precipitation sizing_, .. = . .
( ) precip g bility in observed rain rates. The observed rain rates are as

data observed using the 25 um resolution 2D-C probe whicly. . o
is more reliable than the other 10 um resolution 2D-C probe igh as 100 mm day’ on some flight legs, as indicated by the

on the C-130, of which the true resolution was later found un_outliers (red circles in Fig. 12.),.yet the mOdeIEd drizzle rates
stable (A. Schanot, personal communication, 2010). AER a'rely'exceed 2mmda§/. This IS most I|kely a model reso-
produces higher rain rates than the MET, with the AERO me-lution issue. The rain rates derived from flight data were av-
dian rain rates being generally close to the 75th ercentileeraged over abo_ut 9km fI|_ght_d|stance, which is comparable
g9 y P to our model horizontal grid size. However, the WRF model

of MET, resulting in closer agreement with observations for .
AERO. is known to actually resolve processes at scales about 7 times

In the near-surface layer, drizzle was barely observed ovel',he horizontal grid spacing (Skamarock, 2004). Higher ver-

the coastal region. Over the remote region although the c)b_ycal and horizontal resolution simulations will be conducted

served mean near-surface rain rate-is % of the in-cloud " a follow-on study to explore this resolution issue.

value, the median rain rate in near-surface layer is drastically

smaller than the in-cloud value (0.002 vs. 0.396mnTddy 4 Discussion

The observed strong near-surface/in-cloud contrast seen in

median rain rates but not in the means could be explained bypbservations show that the MBL is more well-mixed and
the skewed distribution of rain rates. Light rain occurs morecapped with a stronger temperature inversion over the coastal
frequently in the SEP stratocumulus, dominates the mediamegion (70-78W) than over the remote region (78-88/).
value, and is associated with smaller mean raindrop size antthe simulated mean MBL temperature and humidity, in gen-
relatively high evaporation rates below clouds. In contrast,eral, are in good agreement with the observed values over the
the mean precipitation rate is dominated by relatively heav-remote region, but larger biases are found over the coastal
ier rain, which is associated with larger mean raindrop sizeregion in both AERO and MET simulations during early
and hence relatively lower evaporation rates below cloudsNovember when the MBL top inversion is weaker and the
In both simulations, the near-surface/in-cloud rain rate con-vertical variability of humidity is large.

trasts are not well represented, although these observed con-

trast might be larger than in reality due to a 62.5 um lower
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The predicted MBL depth has a 130 m reduction whenvariation in aerosols. Consistent with the underestimation of
aerosol-cloud interactions are included in the model simu-accumulation mode aerosol, the cloud droplet number con-
lation (i.e., in AERO). Processes at different scales influencecentrations are also too low.

MBL depths over the SEP. For example, large-scale subsi- The well-simulated variability oiVg during the polluted
dence tends to suppress the growth of MBL; the local changand clean episodes illustrate the capability of the model with
of MBL depth with time may be affected by the horizon- prognostic aerosols in simulating variations of aerosol and
tal advection of temperature and moisture at the top of theclouds at daily/synoptic scales, and thus the model is suitable
MBL (Rahn and Garreauh, 2010); active turbulent mixing for studies at such scales.

corresponds to a higher MBL, and entrainment deepens and Non-sea-salt sulfate is the dominant aerosol species in sub-
dries the MBL (Wood and Bretherton, 2004; Zuidema et al., micron mass concentrations over both coastal and remote re-
2009). Lower MBL depths in AERO compared to MET in- gions within the SEP MBL. It is tempting to attribute the
dicate the active role of aerosol and aerosol-cloud interactarger underprediction in sulfate mass over the remote re-
tions in modifying those MBL processes. The horizontally gion compared to the coastal region (35-62 % vs. 11-37 %)
and temporally averaged subsidence rate in the layers abouwe the underprediction of secondary sulfate produced from
the MBL is consistently stronger in AERO than in MET; DMS oxidation. However, further investigation does not sup-
at 850 hPa, the average subsidence rate is 0.24&nms  port this explanation. The mean AERO-predicted DMS air
AERO, which is about 0.015 cnt$ higher than in MET. The  mixing ratio is approximately a factor of 3 higher than the
AERO-predicted MBL top entrainment rate (0.67 cnsis mean RB observations (Table 3) which can be partially ex-
about 24 % smaller compared to that of the MET simula- plained by the~71 % overestimation of the DMS ocean-to-
tion (0.88cms?t). The entrainment rate was estimated us- atmosphere transfer velocitk). The high bias inky, oc-

ing Eq. (4) of Yang et al. (2009) with 5-min model outputs curs mainly at higher wind speeds (hot shown), consistent
of tracer concentrations. It is worth noting that the estimatedwith Blomquist et al. (2006). Another source of error is the
entrainment rate is larger than the nighttime entrainment rateetting of a constant oceanic DMS as in the VOCA model
(0.4cmst) estimated by Yang et al. (2009) using budget intercomparison specifications. However, given the transfer
analysis of measured DMS during the VOCALS-REX. This velocity overestimate, the prescribed seawater DMS would
is very likely due to vertical resolution near cloud top and have to be unrealistically low to cause the sulfate bias. De-
in the inversion layer. LES model simulations show entrain-spite the high predicted DMS levels relative to observations,
ment is very sensitive to the vertical resolution and generallypredicted MBL S@ mixing ratios are underestimated (11.8
use finer resolution (e.g., 5 min Bretherton et al., 2010a) tharvs. 27.8 pptv) over the remote region. Sensitivity tests show
in our simulations. However, there is no reason to expecthat most of the emitted DMS converts to §@hich then
that the bias (relative to the Yang et al. estimate) would dif- converts to sulfate primarily via aqueous phase cloud chem-
fer significantly between the AERO and MET simulations, istry reactions. Speeding up the DMS gas-phase chemistry
so the 24 % difference in entrainment rates between the twdowers DMS air concentrations but has little impact on sul-
simulations should be meaningful. The 130 m lower MBL fate (not shown). Therefore, the underestimation of sulfate
depth in AERO, compared to MET, could thus be explainedis unlikely due to modeled DMS emissions or oxidation. An
by the entrainment and somewhat stronger mean subsiden@dternate explanation is that wet removal of sulfate, particu-
in AERO. The AERO, compared to MET, also produces im- larly that just formed by cloud chemistry, is too rapid in the
proved moisture and temperature gradients in the capping inmodel, and this needs further investigation. The underesti-
version layer. The strengthening of the inversion near themation of sulfate near the coast is likely due to low biases in
coast by including aerosol in the model is likely due to the continental emissions and/or transport biases.

atmospheric diabatic heating induced by the direct effect of The simulated chloride and sodium mass concentrations
the absorbing aerosols and the resulting semi-direct effect ofor diameters below 1.5 um are in good agreement with ob-
enhancing cloud evaporation (Matsui et al., 2006; Dunionservations from the PILS on the G-1, but the supermicron
and Velden, 2004). Particularly, compared to the MET, theconcentrations are approximately double the observations
stronger inversion in the AERO leads to weaker entrainmenfrom the ICS on the RB. This suggests possible errors in the
and suppresses the vertical growth of the MBL. predicted sea-salt size spectrum for larger sizes.§ um),

Simulated MBL aerosol is evaluated against observationsvhich could also affect the modeled dry deposition. More
in number, mass composition, and optical properties. The obdetailed observed sea-salt size distributions are not avail-
served strong gradient in accumulation mode (0.16—-2.69 umable; however, the substantial overestimation in the mass
aerosol number concentrations near the coast over the SEfRemonstrates the need to further evaluate the sea-salt emis-
region is also predicted reasonably well in the AERO simula-sion scheme used in WRF-Chem to bring mass concentra-
tion. The predicted accumulation-mode aerosol humber hasions and sizes of sea-salt particles into better agreement with
a low bias of about~30 %, which is in rather good agree- the observations. Compared with PILS observations, chlo-
ment for simulating aerosol number. The longitudinal varia- ride deficit is well simulated by the AERO, but nitrate was
tion in droplet number, in general, corresponds to the spatialnderpredicted by~50%. The low mean nitrate amount
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in AERO compared to that of PILS observations indicatesspatial extent, with the exception along the coast south of
a possible low bias in anthropogenic precursor emissions ofibout 23 S where the simulated cloud fraction exceeds 80 %
nitrate. at night. The fairly well simulated near-coast clear skies
Anthropogenic outflow and synoptic influences on the spa-in MET indicates that the near-coast cloud clearance is a
tial variation of the mean AOD field are apparent in both largely synoptic-induced event as concluded by Toniazzo et
satellite observations and simulations. Simulated AOD val-al. (2011) and references therein.
ues agree well with observations on a domain-average ba- The TOA outgoing SW fluxes manifest the cloud albedo
sis, although the near-coast enhancements cover a broadeffect, and are closely related to cloud fraction and cloud top
area in the model. The high AOD close to the coast is con-e. The domain-average SW flux simulated in AERO is simi-
sistent with the predicted aerosol mass along the G-1 flightar to the observed (34% 59 W m~2), although this is the re-
tracks that was also somewhat higher than those of the C-136ult of a positive bias (49 W i) over the coastal region and
(Fig. 5). a negative bias{23 W m2) over the remote region. The
Despite the inevitable uncertainties in the predictedpositive bias in albedo over the coastal region in AERO is re-
aerosol mass, composition, and size distribution, cloud opiated to the overprediction of the near-coast cloud fraction.
tical properties are, in general, better simulated in the AEROThe negative biases near the west boundary in the AERO
than in the MET. In the simulations, the location of high are related to the aforementioned underestimation of cloud
aerosol loading mostly corresponds to low CWP over thefraction near west and south boundaries. MET overestimates
coast. The aerosol semi-direct effect is one of the possiTOA SW by 35W n12 over both coastal and remote regions.
ble reasons for the low CWP with high aerosol concentra-In MET, the overprediction of cloud optical thickness in the
tions (Matsui et al., 2006). Higher cloud droplet numbers SW scheme also contributes to the high bias in mean cloud
in a polluted environment are associated with a more stablalbedo.
atmosphere (Painemal and Zuidema, 2010; and references Both observed and simulated sensible and latent heat
therein); Despite the highly complex relationship betweenfluxes increase towards the west. The near-surface air in the
drizzle and stability, the LES modeling study by Jiang et remote region is warmer (by 0.5K, on average) and more
al. (2002) showed that, relative to a clean environment, wheréwumid (by 0.6 gkg?, on average) than the coastal region
cooling from drizzle evaporation below cloud base destabi-(statistically significant with 98 % confidence level) accord-
lizes the slice of layer below cloud base (relative to the sur-ing to the observations on the ship platform. This observed
face), drizzle inhibition in polluted air leads to a relatively gradient is consistent with the conclusion from de Szoeke et
stable atmosphere and a less effective supply of moistural. (2010) using multi-year cruise observations along20
from the surface to cloud layer, resulting in low CWP. Similar differences (0.8K and 0.3 gkd) between the two
Inclusion of interactive aerosols in AERO also leads to regions are also simulated in the model. These differences in
better simulated cloud top optical properties, CWP, and  near-surface temperature and specific humidity and the gra-
COoT). dients in SST and wind speed (Table 3) all contribute to the
Predicted period-mean cloud fields from both simulationsseen longitudinal gradients in sensible and latent heat fluxes
are in good agreement with the satellite observations. Whilen both RB observations and model simulations. Both sen-
AERQO slightly overestimates (3—4 %) over the coastal region sible and latent heat fluxes are overpredicted by the AERO
cloud fractions are underestimated by % over the remote and MET. Sensible heat fluxes are small but they are sig-
areas which is mainly due to the underestimation of cloudi-nificantly overpredicted in both simulations over the remote
ness close to the west and south boundaries of the model doegion. The mean surface latent heat fluxes are overpre-
main. The underprediction of cloud fraction over the westdicted by~20 % in AERO and by~30 % in MET. The mean
and south boundaries also results in a negative bias in TOASTs in the simulations are in close agreement with obser-
SW compared to satellite observations. In AERO, smallvations over the remote region, thus are unlikely to be re-
cloud droplet number concentrations near west and soutlsponsible for the higher predicted biases (Fig. 11) over this
boundaries allow droplets to grow into large raindrops whichregion; although the mean SSTs are biased low (by 0.3K)
deplete the available liquid water leading to underestimationover the coastal region (Table 3). For both AERO and MET
in cloud fraction in these areas. The predicted cloud thick-simulations, the positive mean bias (0.6Msin surface
ness in AERO is in excellent agreement with the radar/lidarwind speed partially explains the positive biases in latent
observations, which is consistent with better-simulated CWPand sensible heat fluxes over the remote region. The cold
variations in AERO. The underprediction-{60 m) of the  bias (mean biases 0f0.5K for both simulations) in the
mean cloud base/top height in AERO compared to observalowest model layer also contributes to the mean positive bi-
tions on the C-130 platform is consistent with its underpre-ases in simulated sensible heat. However, the near-surface
diction (mean low bias of 110 m) in predicted MBL heights humidity bias (mean biases 6f0.5gkg ! for both simu-
compared to radiosonde measurements on the RB. lations) seems to contradict the positive mean bias in pre-
Both AERO and MET show near-coast cloud fraction dicted latent heat fluxes. There are still unexplained model-
minima over similar locations as observed but to a smallermeasurement differences in surface sensible and latent heat
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fluxes that are likely to be associated with some limitationspability and forms the foundation for future studies using
of the surface layer scheme (the Monin-Obukhov similarity the coupled scheme. The 31-day (15 October—16 Novem-
theory scheme in WRF) when applied over the SEP. Thisber 2008) WRF-Chem simulation with aerosol-cloud inter-
requires further investigation. Note that this scheme hasactions (AERO hereafter) is also compared to a simulation
been improved recently (Jimenez et al., 2011) and is plannedET hereafter) with fixed cloud droplet number concen-
to be released to the WRF community in the near futuretrations in the microphysics scheme and simplified cloud
(P. A. Jimenez, personal communication, 2011), although theand aerosol treatments in the radiation scheme. The well-
revised scheme was only evaluated over land. Surface inconpredicted aerosol quantities, such as aerosol number, mass
ing longwave fluxes have better agreement with observationsomposition and optical properties, and the inclusion of full
over the coastal region and in the overall diurnal cycles inaerosol-cloud couplings lead to significant improvements in
AERO. Downwelling SW fluxes are better predicted over the many features of the predicted stratocumulus clouds: cloud
coast region and in the afternoon in AERO. optical properties and microphysical properties such as cloud
The simulated in-cloud drizzle rates have similar longitu- top effective radius, cloud water path, and cloud optical
dinal gradients as seen in the observations, although they aitétickness, and cloud macrostructure such as cloud depth and
significantly underestimated and have low variability. With- cloud base height. In addition to accounting for the aerosol
out a shallow convection scheme, the model will not bedirect and semi-direct effects, these improvements feed back
able to reproduce the observed heavier rains such as thoge the prediction of boundary-layer characteristics and en-
>100mmday®. Even with a shallow convection scheme, ergy budgets. Particularly, inclusion of interactive aerosols
the model would probably not be able to produce correctin AERO strengthens the temperature and humidity gradi-
heat and moisture transports that are crucial in sustainingnts within the capping inversion layer and lowers the marine
the organized precipitating stratocumulus clouds, since théoundary layer depth by 130 m from that of the MET simu-
PBL parameterization is not designed to handle open-cellation. These differences are associated with weaker entrain-
dynamics. In addition, our 9 km horizontal spacing is inad- ment and stronger mean subsidence in AERO. Mean TOA
equate in resolving open cellular cloud structures, althoughputgoing shortwave fluxes, surface latent heat, and surface
the vertical model resolution of 50 m is comparable to thedownwelling longwave fluxes are in better agreement with
30m used in the large-eddy simulation (LES) in Wang andobservations in AERO, compared to the MET simulation.
Feingold (2009a, b). Observations (e.g., Wood et al., 2011a) The well-simulated timing and outflow patterns of pol-
and LES simulations (e.g., Wang and Feingold, 2009a, b)uted and clean episodes demonstrate the model’s ability to
found that strongly precipitating stratocumulus clouds typ-capture daily/synoptic scale variations of aerosol and cloud
ically consist of narrow open-cell walls of less than 10 km properties, and suggest that the model is suitable for study-
in width which is much smaller than our model’s effective ing atmospheric processes associated with pollution outflow
resolution &7Ax). Therefore, horizontal resolution are also over the ocean.
likely to be responsible for the inability of our simulations  The simulations conducted as part of this study were sub-
to reproduce correct precipitation variability. Future stud- mitted to the VOCALS modeling assessment that will be
ies will be conducted to investigate this resolution-related is-published in the near future. This paper supplements the up-
sue with an ultimate goal of improving the parameterizationcoming broad assessment by showing links between aerosols
of stratocumulus-related subgrid scale processes in climatand clouds, and providing additional insights into the ca-
models. pability of current regional model with interactive aerosols
in predicting aerosol and cloud fields over the SEP region.
Our findings as presented in this paper will help explain
5 Summary and conclusion some of the differences among model results in the assess-
ment. Our evaluation also implies the importance of treat-
This study assesses the ability of the recent chemistrying aerosol-cloud-radiation interactions in climate modeling.
version (v3.3) of the Weather Research and Forecastindgresults from this study illustrate that an accurate representa-
(WRF-Chem) model to simulate boundary layer structure,tion of aerosol properties, variations, their interactions with
aerosols, stratocumulus clouds, and energy fluxes over thelouds, and impacts to radiation through direct and first-
Southeast Pacific ocean. Measurements from the VAdindirect effects in models could improve the MBL structure,
MOS Ocean-Cloud-Atmosphere-Land Study Regional Ex-TOA/surface energy fluxes, and cloud properties in regional
periment (VOCALS-REX) and satellite retrievals (i.e., prod- scale simulations; similar improvements are expected in cli-
ucts from the MODerate resolution Imaging Spectrora- mate models with aerosol-cloud-radiation coupling. This
diometer (MODIS), Clouds and the Earth’s Radiant Energystudy compared two extreme cases: one with prognostic
System (CERES), and GOES-10) are used for the assesserosol and aerosol-cloud-radiation couplings, and the other
ment. The Morrison double-moment microphysics schemewith a cloud droplet concentration that is fixed in space and
is newly coupled with interactive aerosols in WRF-Chem. time, and simplified cloud and aerosol treatments in the ra-
This study demonstrates the effectiveness of the new cadiation scheme. It might be possible to reasonably capture
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average spatial and temporal variability of some microphys-emission. Some of the analyses were completed using the Aerosol
ical variables using prescribed temporal/spatial gradients oModeling Testbed tools developed as part of the Aerosol Climate
droplet concentrations or background aerosol with simplifiedInitiative supported by Laboratory Directed Research Development
cloud and aerosol treatments in the radiation scheme. program at Pacific Northwest National Laboratory.
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