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Abstract. We evaluate a regional-scale simulation with irreversibility in rain wet removal; overestimation of marine
the WRF-Chem model for the VAMOS (Variability of the DMS and sea salt emissions, and accelerated aqueous sulfate
American Monsoon Systems) Ocean-Cloud-Atmosphere-conversion. Our findings suggest that WRF-Chem simulates
Land Study Regional Experiment (VOCALS-REX), which marine cloud-aerosol interactions at a level sufficient for ap-
sampled the Southeast Pacific’s persistent stratocumuluglications in forecasting weather and air quality and studying
deck. Evaluation of VOCALS-REX ship-based and three air-aerosol climate forcing, and may do so with the reliability
craft observations focuses on analyzing how aerosol loadingequired for policy analysis.

affects marine boundary layer (MBL) dynamics and cloud
microphysics. We compare local time series and campaign-

averaged longitudinal gradients, and highlight differences in1  |ntroduction

model simulations with (W) and without (NW) wet deposi-

tion processes. The higher aerosol loadings in the NW cas€louds play a major role in Earth’s radiative balance (Ra-
produce considerable changes in MBL dynamics and cloudnanathan et al., 1989; Cess et al., 1989). However, uncer-
microphysics, in accordance with the established conceptuahinties in the processes that affect cloud optical properties
model of aerosol indirect effects. These include increase irand modify this balance are still high (Solomon et al., 2007).
cloud albedo, increase in MBL and cloud heights, drizzle These processes are driven by the indirect climatic effects of
suppression, increase in liquid water content, and increase iaerosols (Lohmann and Feichter, 2005), which can modify
cloud lifetime. Moreover, better statistical representation ofcloud albedo (Twomey, 1991) and lifetime (Albrecht, 1989),
aerosol mass and number concentration improves model fievaporate clouds (GralRl, 1979), change thermodynamics in
delity in reproducing observed spatial and temporal variabil-deep convective clouds (Andronache et al., 1999), increase
ity in cloud properties, including top and base height, dropletprecipitation in ice clouds (Lohmann, 2002), and change the
concentration, water content, rain rate, optical depth (COD)surface energy budget (e.g., Liepert, 2002).

and liquid water path (LWP). Together, these help to quantify Low-level marine clouds have been shown to contribute
confidence in WRF-Chem’s modeled aerosol-cloud interac-substantially to cloud radiative forcing (Ramanathan et al.,
tions, especially in the activation parameterization, while 1989). However, these clouds are not well represented by
identifying structural and parametric uncertainties including: contemporary models (Wyant et al., 2010). Previous work
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has shown problems in the ability of global and regional aerosol feedbacks to meteorology. Q. Yang et al. (2011)
models to accurately represent marine stratocumulus cloudgresent a comprehensive evaluation of the WRF-Chem sys-
(Vellore et al., 2007; Otkin et al., 2009; Wyant et al., 2010; tem on a regional scale highlighting the effects of aerosol
Abel et al., 2010), leading to difficulties in predicting cloud feedbacks, showing that the inclusion of aerosol-cloud inter-
cover on an operational basis (e.g., Shah et al., 2010). Somactions typically improve model performance in simulating
problems are thought to be related to boundary layer schemedoud properties.
generating insufficient vertical mixing, resulting in an unre-  In this work, we build upon previous regional simulations
alistically shallow cloud-topped boundary layer (Otkin and including aerosol feedbacks using the WRF-Chem model.
Greenwald, 2008). By comparison, Large Eddy Simula-Several modeling studies have performed sensitivity anal-
tion (LES) models have been shown to more effectively de-yses of the effects of aerosol loading on cloud properties
scribe stratocumulus clouds and their transitions (e.g., Feinfe.g., Chen et al., 2011). Starting from a base configuration,
gold et al., 1998; Khairoutdinov and Kogan, 2000; Bernerwe find another configuration that better represents aerosol
et al., 2011; Wang et al., 2010). Efforts have been made tanass and number concentrations, and then analyze the im-
couple models at both scales (regional and LES), obtainingpacts of these different aerosol loading on MBL dynamics
accurate representation of stratocumulus (Zhu et al., 2010)and cloud microphysics, and compare them to observations
However, operational use of these coupled models for numerand to the canonical conceptual model of warm cloud indi-
ical weather prediction (NWP) or climate studies is not yet rect effects. We perform an extensive evaluation of different
feasible. Cloud data assimilation has been an alternative wagspects of the model representation, and identify areas for
to improve clouds in NWP (e.g., Vellore et al. 2006; Errico improvements and remaining problems.
et al., 2007; Michel and Auligs, 2010).

Uncertainties in modeling aerosol indirect effects dimin- > M
. s . . . ethods
ish our capability to generate reliable climate projections,
to evaluate policy guestions and geo-engineering proposFor the purposes of defining representative spatial zones
als, and to provide accurate weather and air quality prediccharacterized by broadly internally similar thermodynamic
tions. Including indirect aerosol effects has been shown toaerosol and composition regimes (when averaged over the
improve cloud representations in global models (Lohmannlength of the VOCALS-REx campaign) we choose to use the
and Lesins, 2002), and a range of approaches in modelinghree areas as defined by Bretherton et al. (2010) and Allen
them have been assessed (Ghan and Easter, 2006). On thtal. (2011). These are the “coastal zone” (or “off shore”,
regional scale, including aerosol indirect effects tends to im-east of 78 W), and the “remote zone” (west of 8W), with
pact clouds optical properties (Chapman et al., 2009) andhe two regions separated by a “transition zone” near the
precipitation (Ntelekos et al., 2009), and often produces bet78 W meridian (73 W-80 W).
ter cloud representation by optical properties, dynamics an , .
microphysics (Gustafson et al., 2007; Q. Yang et al., 2011)%'1 WRF-Chem model configuration
The LES scale has been able to show the effect on cloudhe WRF-Chem model simulates meteorology and atmo-
structure by different cloud condensation nuclei (CCN) load-spheric constituents, as well as their interactions (Skamarock
ings, and effectively simulate the dynamics of open cells,et al., 2008; Grell et al., 2005). We configured WRF-
“pockets of open cells,” and closed cell marine clouds (WangChem v3.3 with a combination of model structures, para-
and Feingold, 2009a, b). metric choices, and input data to best represent marine stra-

Intensive measurement campaigns provide a wealth of obtocumulus conditions, atmospheric chemistry, and secondary
servations that present the opportunity to evaluate modelserosols, with the goal of future use in meteorological and air
and to identify, quantify, and hopefully reduce these un-quality forecasting.
certainties. The VAMOS Ocean-Cloud-Atmosphere-Land A 12x12 kn? horizontal resolution domain is employed,
Study Regional Experiment (VOCALS-REx, Wood et al., covering 92 W-65" W longitude and 49S-12 S latitude.
2011) was an international field program designed to makeThis choice attempts to optimize between spatial resolu-
observations of poorly understood but critical components oftion, critical for representing cloud dynamics, and complete
the coupled climate system of the southeast Pacific on theoverage of the VOCALS region of the Southeast Pacific
coast of Chile and Peru. Reactive gas and aerosol obsewithin the limitations of computing time. The domain ac-
vations show a marked longitudinal gradient from elevatedcounts for most major Chilean and Peruvian anthropogenic
values close to shore due to polluted conditions to cleanesources shown in airmass trajectories (Chand et al., 2010) to
remote conditions (Allen et al., 2011), while cloud proper- impact VOCALS-REXx observations, including the Andean
ties correlate to some extent with this gradient (Brethertoncordillera, and covers the entire VOCALS-REX experimen-
et al.,, 2010). Model evaluation studies emerging from thetal domain (to~85° W), with a margin towards the west
campaign have identified difficulties in accurately represent-and north to avoid excessive boundary condition influence
ing MBL and stratocumulus clouds (Abel et al., 2010; Sun on meteorology and atmospheric composition. Following
et al.,, 2010; Andrejczuk et al., 2011) without considering recommendations by Wang et al. (2011), a 75-level vertical
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resolution was chosen to reduce MBL and cloud height un-2009) and modeled hourly using WRF-Chem’s plume rise
derestimation. The firstfew levels are as in Saide et al. (2011)jnodel (Freitas et al., 2006, 2007). Volcanic and anthro-
with ~10 m thickness, and the average vertical layer spacingpogenic emissions, including point and area sources, were
between 60m and 3km is60m. In preliminary testing, taken from the VOCA inventory described in detail by Mena-
this resolution produced accurate MBL and cloud heights forCarrasco et al. (2012). Table 1 shows a summary of the
all longitudes, which were-100—-300 m greater than the 39- sources of information for the emission inventories com-
level resolution used in Saide et al. (2011). piled for this research. In cases where particulate matter
Model structure was configured to combine modules in-(PM) was not speciated, 10 %, 30% and 70 % were associ-
cluded in contemporary WRF-Chem public release code thaated to elemental carbon, organic carbon and crustal aerosol,
best represent known aerosol, cloud, and MBL processes angspectively. Chemical boundary conditions are obtained
their couplings. Wherever possible, the most complete reprefrom 6-hourly MOZART global simulations (Emmons et al.,
sentations of complex physical and chemical processes wer2010). MOZART fields were found to overestimate near-
chosen. This application requires a boundary layer closureshore concentrations, so the model was started from clean
scheme that can make use of (and maintain numerical stabilnitial conditions and spun up for 6 days to avoid biasing
ity at) high vertical resolution, and can accurately representesults. MOZART sulfur dioxide (S& boundary condi-
the diurnal evolution of the MBL at low wind speeds. Mellor- tions in the free troposphere (FT) were found to be under-
Yamada type schemes have generally exhibited good clouéstimated, so a global minimum background level of 30 ppt
representation under these conditions (Otkin and Greenwaldand a 50 ppt minimum for heights over 3.5 km were set, in
2008; Zhu et al., 2010; Rahn and Garreaud, 2010). Theagreement with flight profile measurements in the remote re-
MYNN level 2.5 scheme (Nakanishi and Niino, 2004) was gion (Allen et al., 2011; Kazil et al., 2011). Sea salt aerosol
chosen since it performed well in prior applications at this emissions were modeled following Gong et al. (1997), but
resolution over Chile (Saide et al., 2011). The Lin micro- resultant concentrations from the default scheme were found
physics scheme (Chapman et al., 2009) and Goddard shotd substantially overestimate ship-based measurements from
wave radiation (Chou et al., 1998; Fast et al., 2006) werethe NOAA RV Ronald H. Brown (Ron Brown). In order to
chosen to support aerosol direct, indirect, and semi-direcivoid misleading indirect effects due to these biases, submi-
feedbacks to meteorology. Activation of aerosols from thecron emissions were reduced by a factor of 10 and super-
interstitial to the cloudborne “attachment state” (Ghan andmicron emissions were reduced by a factor of 2, in line with
Easter, 2006) is based on a maximum supersaturation detecampaign-averaged observations from the Ron Brown. De-
mined from a Gaussian spectrum of updraft velocities andfault WRF-Chem sea salt emissions do not consider sulfate
the internally mixed aerosol properties within each aerosolcoming from seawater, speciating sea salt as Na and Cl only.
size bin (Abdul-Razzak and Ghan, 2002). The updraft ve-Wind-blown dust was not modeled, due to known high biases
locity distribution is centered in the model vertical wind in WRF-Chem's online wind-blown dust emissions, concen-
component plus the subgrid vertical velocity diagnosed fromtrations, and resultant aerosol optical depth over land, and
vertical diffusivity. No cumulus scheme was used follow- poor model representation of Andean dust composition. No
ing the recommendation of Q. Yang et al. (2011). The organic sea emissions were considered in this study, as there
RRTM longwave radiation scheme (Mlawer et al., 1997) waswas little to no evidence of these submicrometer particles
used. Gases and aerosols were simulated using the CBMduring the campaign (Shank et al., 2012). Also, no secondary
gas-phase chemical mechanism (Zaveri et al., 1999; Fasirganic aerosols (SOA) were modeled as the fraction of SOA
et al.,, 2006) with dimethyl sulfide (DMS) reactions cou- to total organic aerosol is thought to be low in this region
pled to the 8-bhin sectional MOSAIC (Zaveri et al., 2008) (~10 %, Kanakidou et al., 2005). New patrticle formation is
aerosol module. Seawater DMS concentration was set tanodeled by the Wexler et al. (1994) scheme.
2.8 nM, following the VOCA Modeling Experiment Specifi- WRF-Chem simulations covered the entire VOCALS-REX
cation fttp://www.atmos.washington.eduwyant/vocals/ campaign period, 15 October—16 November 2008, along
model/VOCAModel Spec.htmand in agreement with mea- with the extra 15days that Ron Brown stayed in the do-
surements during VOCALS-REX (Hind et al., 2011). DMS main (16-30 November). The model was run with an ini-
is transferred to the air using sea-air exchange as in Liss antlal “chemical” spin-up period of 6 days with meteorology
Merlivat (1986). re-initialized from analyses at the middle of the modeling
We chose emissions and chemical boundary conditions tgeriod using the previous chemical state. We found that 3—
best resolve spatial and temporal variability in aerosols andt days of spin up are necessary to overcome the underesti-
their precursors, taking into account a complete range of natmated MBL height present in the National Centers for En-
ural and anthropogenic emissions sources. Continental emisdAronmental Prediction (NCEP) Final Analysis (FNL) from
sions of biogenic trace gases (e.g., isoprene) were predicte@FS (Sun et al., 2010), as only increasing vertical resolution
hourly by the MEGAN algorithm (Guenther et al., 2006), is insufficient for debiasing the offshore MBL (Andrejczuk
and daily biomass burning locations and fuel loadings wereet al., 2011).
obtained from FIRMS MODIS fire detections (Davies et al.,
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Table 1. Summary of emissions inventories configurations. Areas are divided in metropolitan region, which is located on Central Chile, the
rest of Chile and the rest of the domain.

Geographical area  Sector Inventory name Species Base year
Metropolitan Mobile sources SECTRA PM, PMys, CO, 2010
region NOy, SO, VOCs,
NH3
Metropolitan Residential sources Chilean Ministry of PM1g, PMy5, CO, 2005
region environment NOy, SC&, VOC,
DICTUC (2007) NH3
Metropolitan Point sources Chilean Ministry of PM1o0, PMy5, CO, 2005
region environment NOx, SO, VOC,
DICTUC (2007) NH3
Rest of Chile Power plant Chilean power plant PMio, PMps, CO, 2009
emissions emissions standard NOy, SC&, VOC,
KAS (2009) NH3
Rest of Chile Smelter emissions Chilean air quality PM1g, PMy5, CO, 2010
standards revision NOy, SC&, VOC,
Mena-Carrasco (2010) NH3
Rest of Chile Mobile sources SECTRA regional PM1o0, PMy5, CO, 2005
Corvahn et al. (2005) NOX, VOC
Rest of domain Total anthropogenic ex-EDGAR 3.2 PMio, PMps, CO, 2005
cluding power Olivier et al. (1994) NOx, SO, VOC,
and smelting NH3
Rest of domain Total anthropogenic Bond et al. (2004) Black carbon and or2005

ganic carbon

We found that aerosol wet deposition has a large influ-can collect thousands of particles by collision-coalescence
ence over the modeling results. In the present version obut, as some have observed (Mitra et al., 1992; Feingold
WRF-Chem, in- and below-cloud wet removal of gases andet al., 1996), only one aerosol is released after evapora-
aerosols in CBMZ-MOSAIC are modeled following Easter tion. Since rain rates increase as aerosol nhumber concen-
et al. (2004). This mechanism assumes that the removakration decrease, a cloud-scavenged ultra-clean layer can be
processes are irreversible, and does not consider aerosol rgenerated which can lead to conditions of particle nucle-
suspension due to rain evaporation. This becomes an imation (Kazil et al., 2011) potentially recovering the number
portant issue for the Southeast Pacific during Austral springpof particles lost before. Without an aerosol module that in-
since most of the drizzle observed during VOCALS-REX cludes reversible wet deposition, and for the sake of study-
evaporated before reaching the surface (Bretherton et aling the sensitivity to different aerosol loads, both simulations
2010), leading to a great contrast between cloud base andere conducted for the whole period. The simulation with
surface rain rates. Thus, irreversible removal of aerosol bywet deposition turned on is hereafter referred as the base
rain might create an unrealistically strong sink, which is sup-run or “W”, while the simulation without wet deposition
ported by previous modeling results (Q. Yang et al., 2011).is called “NW”. Since W represents large aerosol removal,
Kazil etal. (2011) implemented wet removal considering rainwhile NW no aerosol removal, we hypothesize that a model
evaporation, but for a different modal aerosol approach andwvith a correct wet deposition scheme should be bounded by
in the context of LES simulations. To assess the importancehese two states.
of modeled wet removal processes, we performed simula-
tions where wet deposition was excluded, which results in2.2 Observations
higher aerosol loadings. This represents an upper limit to

below cloud aerosol, and reflects the fact that low rain rates! N€ observations used for comparison are provided by the

were observed at the sea surface (0.01midn average) YOCALS-REX airborne and marine platforms. Carbon
during the VOCALS campaign (M. Yang et al., 2011), indi- monoxide (CO), Ozone (§), SG;, DMS gases; and sulfate
cating that most rain evaporated before reaching the surfacE>@): nitraté (N@), ammonium (NH) and organic carbon
(Bretherton et al., 2010), suggesting nearly zero wet deposi 0QC) |nterst|t|e_1l aerosol (from AMS: non-refractory non-sea
tion. Thus, by turning off wet deposition the unrealistic sink salt) observatlons.collected by the NSF C-130, DoE G-1,
of aerosol mass generated by not considering resuspension [g¥AM BAe-146 aircrafts and Ron Brown are thoroughly
removed. However, the effects in terms of number concendescribed by Allen et al. (2011), Kleinman et al. (2012),

tration are uncertain due to complex interactions: one droplef/- Yang et al. (2011), and Hawkins et al. (2010), while
C-130 cloud water composition measurement methods can
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be found- in Benedict et al. (2012). The University Table 2. Measure of model performance using data obtained from
of Wyoming 94 GHz cloud radar (WCR) aboard C-130 5 pox and whisker plot. A “match” is defined as a model (observa-

provided radar reflectivities, which were then correctedion) median or mean being in between the two percentiles of the
(Bretherton et al., 2010) and converted to rainfall esti- observation (model) distribution. Matches ranges from 4 (perfect
mates using the Z-R relationship described in Comstockmatch) to 0 (no match). An “overlap” is defined as when mod-
et al. (2004). This presents results consistent with Particleeled and observed inner quartiles (boxes) or inner deciles (whiskers)
Measuring Systems (PMS) Two Dimensional Cloud Probeoverlap. Overlaps ranges from 2 to 0. The final performance is
(2D-C) probe rainfall estimates during VOCALS (Brether- assigned as the best of the three criteria.

ton et al., 2010). The WCR, along with an upward-pointing

lidar (WCL) provided cloud top and base height estimates Matches in Matchesin  Overlaps
from the C-130 (Bretherton et al., 2010). Cloud top and base the 25th—75th  the 10th-90th
heights from Ron Brown were estimated using a millimeter- percentile percentile
wave cloud radar (MMCR) and a Vaisala CL31 ceilome- Excellent 4or3 _ _
ter, respectively (de Szoeke et al., 2010). Capping inversion  Very good 2orl - -
height (CIH) was estimated as the height at which the tem-  Good - 4or3 2
perature was a minimum, provided the relative humidity was  Fair - lor2 1

0

at least 45 % (Jones et al., 2011) in both Ron Brown sound-  Poor - -
ings (Wood et al., 2011) and aircrafts vertical profiles. C-130
Gerber PVM-100 Probe cloud water content, PMS Cloud

Droplet Probe (CDP) and Forward Scattering Spectrometer Here, we introduce a measure of accuracy deduced from

Probe (FSSP-100) cloud droplet number concentration, an .
PMS Passive Cavity Aerosol Spectrometer Probe (PCASP ese plots, hereafter referred to as the Box and Whiskers
BoW) metric and summarized in Table 2. We define a

accumulation mode aerosol number concentration observa: " . . ;
. . . . match” as a model (observation) median or mean falling
tions used are described in Kazil et al. (2011) and Brether_between the two prescribed percentiles of the observation
ton et al. (2010). BAe-146 cloud and accumulation mode P P

model) distribution. The first criterion (Table 2, column
aerosol measurements (Allen et al., 2011) were performe ; -
S . ) uses the 25th and 75th percentiles (boxes in Fig. 1) and
with similar instruments as in C-130 (Droplet Measurement .
. . .~ "the second criterion (Table 2, column 2) uses the 10th and
Technologies (DMT) CDP-100, PCASP) while G-1 (Klein- o0 oo vilas (whiskers in Fig. 1). The third criterion (Ta
man et al., 2012) used a DMT Cloud and Aerosol Sampling P 9. %)

. . “ble 2, column 3) is based on overlapping of the 25th and
(CAS) probe and a PCASP, respectively. An intercompari- . . i
son of the cloud microphysics probes fitted to BAe-146 and75th (box overlapping) and 10th and 90th (whisker overlap

C-130 was performed on 31 October 2008 and 4 Novem-ping) percentile distributions. The net level of accuracy is

ber 2008. The aircraft performed straight and level runs (Ofdetermmed from the sum of these three criteria, which is

. . .*~converted into a qualitative category: excellent, very good,
the order of 103. of km in Iength) thro.ugh the same region good, fair and poor. Some of the advantages of the Bow
of cloud approximately 5min apart, finding that the num-

; k S .. method are that: it is independent of the variable being as-
ber concentration, LWC and size distributions were simi- ) . -
L o . sessed; no absolute threshold of accuracy is specified for any
lar within calibration and systematic error. However, G-

. ) . . . variable; it is based on basic statistical parameters; it can eas-
1 cloud microphysics measurements showed inconsistenci

e . ) :
compared to other probes used (Kleinman et al., 2012) prob'—Fy be read from a box and whisker plot; and it transforms

ably due to shattering of drizzle on CAS inlet (McFarquhar a quantitative measure of accuracy into a qualitative descrip-
X tion. However, some issues could be encountered when the
et al.,, 2007). On the Ron Brown, total number of particles

over 13 nm was measured with a TSI 3010 Condensation F,arc_ilstrlbutlons are strongly skewed, as the mean could be found

ticle Counter. Cloud optical depth (COD), cloud liquid water OUtSId? the inner quart|!e. )
path (LWP) and cloud effective radius were obtained from Statistics for cloud microphysics and aerosol number con-

MODIS-Aqua retrievals. centration were computed for aircrafts profile means instead
of local point to point comparisons, since observed clouds
2.3  Performance statistics could be in different levels than model values, generating

mismatches with modeled and observed clouds both present,
We present box and whisker plots of longitudinal profiles atPut at different levels. For estimating the modeled 117 nm
20° S (e.g., Fig. 1) in order to assess model performance irf© 3um PCASP aerosol number concentration, values from
a consistent manner across trace gas, aerosol, and cloud propns 310 7 (156 nm to 2.5 um) are integrated along with 42 %
erties, and to focus evaluation on the longitudinal gradients2f the second bin (78 to 156 nm), which corresponds to the
identified in VOCALS-REX observations as the most impor- fraction over 117 nm using the logarithmic diameter.
tant characteristics of aerosol and low cloud regimes in the Aircraft modeled and observed gases, aerosol mass, cloud
Southeast Pacific (Allen et al., 2011; Bretherton et al., 2010) heights and rain statistics were computed for one minute
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Fig. 1. Observed and modeled statistic for selected gaseous and aerosol species gridded into 2.5 degree longitudinal zones it Between 22
and 18 S. For each zone, centre solid (dashed) lines indicate the median (mean), boxes indicate upper and lower quartiles with upper and
lower decile whiskers. The sampling time in decimal hours in each longitude bin is indicated at the top. Left column and right column are
for marine boundary layer (MBL) and free troposphere (FT), respectively.

average values, while Ron Brown statistics were computedtloud microphysics. Finally, spatial and temporal variability

for ten minute intervals. For the case of rain statistics, modein chemical transport and cloud effects are investigated on an

results are not filtered for missing observations and viceepisodic basis.

versa as information on rain frequency can be extracted from

the total sampling time in each longitude bin on the top of 3.1 Trace gas and aerosol evaluation

the box and whisker plots (e.g., Fig. 1). This creates mi-

nor inconsistencies; mainly in the 100 m height eStimateS,Figure 1 shows aircrafts flight statistics for gaseous and

which was not measured in sub-cloud flight legs (Brethertonaerosol concentration for selected species for the MBL and

etal., 2010). free troposphere (FT). For this plot, MBL concentrations
were considered for heights lower than 1200 m or below
cloud, and FT concentrations for heights in between 1700

3 Results and discussion and 3200m in order to avoid cloud contamination (Allen
et al., 2011). Trace gas data quality was assessed by inter-

We first focus on evaluating atmospheric concentrations ofcomparison between aircrafts, obtaining 1.5 and 4 ppb as the

selected gases and aerosols for the base and NW simulationsncertainties for CO and{respectively (Allen et al., 2011).

Then, model performance is assessed for MBL dynamics ands seen in Fig. 1, MBL CO is overestimated across the entire
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modeled longitudinal range with the exception of the CIOSeTabIe 3. Observed and modeled cloud chemistry statistics. Values

to the shore bin where highly polluted plumes were detected,here the observations (model) were inexistent were removed from
by the G-1. Measurement uncertainty is well below thesethe model (observations) statistics.

differences pointing to a model bias. Neglecting these non-

resolved plumes, close to shore overestimation is probably Observation NW model
due to a lower MBL than observed (see Sect. 3.2), while re- Mean Stddev Mean Std dev
mote zone issues are likely due to overestimation of the MBL
CO MOZART boundary conditions, as these air masses of- P 4.94 0.91 4.12 0.43
ten had no contact with the continent for a long time period H202 (LM) 13220 13094 153.44 7347

-1

(Allen et al., 2011). However, we cannot rule out the pos- TO_C (hgCL™) 20289 710 16246 1953.0
ibility th binati f . inC | Chil CI~ (UN) 855.3 1205.0 1220.2 1450.7
sibility that a combination of overestimates in Central Chile - (UN) 7277 12039  28.41 32.22

ant_hropogemc emissions (e.g., Jorquer.a and §astro, 2010; 3023— (UN) 20835 46594 13342 15271
Saide et al., 2009) and too much entrainment in the model Nai @uN) 12046 2008.6 12533 1486.8
could generate MBL concentrations similar to FT concentra- 4+ (UN) 0065 163.89 251 288
tions. The latter case is less likely, as it would have similarly Cazz‘lf uN) 128.60 203.39 0.00 0.00
affected Q. Remote FT CO shows very good to excellent
performances driven mostly by MOZART boundary condi-
tions over the east-central Pacific. Even though MBL CO
shows poor to fair performance in Bow metrics, differences
are no more than 15 ppb, and the observed longitudinal tren
(decreasing towards remote zone) and spredd(pbb) are

often well simulated, indicating that transport in the MBL is . : : .
resolved. The base and NW models show very small dif-by boundary condlthns, showing the importance of setting
ferences, attributable to changes in entrainment and MBI_IOWer thresholds for influx from_l\/_IOZART (see Sect. 2). In
heights (see Sect. 3.2). the MBL, the model usually exhibits very good performance,
but cannot maintain the-20 ppt lower threshold observed.
When looking at the modeled S@iurnal cycle, the higher
similar spread. There is no clear longitudinal trend in eithervallues are obtained after DMS photochemical destruction,
the model or the observations. An important point is that, but rgpldly decay to yalues as low as 1 ppt due to CIOUd. pro-
as mentioned in Allen et al. (2011), the model resolves thec€SsINg and conversion to $@erosol. Modeled conversion.
~30 ppb difference between MBL and FT and also the higherappears to occur at a higher rate than observed, which is in-

variability in the FT. The lower @in the MBL is the result vestigated later in more detai'l. .Finally, Fig. 1e shows sul-
of chemical destruction during the day, transport from FT fate mass concentrations statistics. MBL;3fkarly shows

during the night due to entrainment (M. Yang et al., 2011),the Impact of wet deposition as no remote zone W and NW

and lower photolysis rates and temperatures under the cIouHmdel distributions overlap. The obsc_ervations are typically
deck. Due to the ability of the model to correctly maintain closer to the NW results, and sometimes between the two

the MBL to FT Qs difference, we surmise that entrainment simulations. As most of the rain evaporated before reaching
is simulated effectively. Hydroxyl radical (OH) in VOCALS the sea surface, we find that the NW results are more realis-

MBL was estimated by Yang et al. (2009) from the DMS :!C' ar}dh'_[hﬁtg'\r}lysover_es_umatlotn COU'S E.e gue toSthe (lzon:jblna-
budget and found to have maximum diurnal values of 3-5 lon othig emissions rates and high 80 SQ, clou

10° molecules cm3. WRF-Chem showed OH peaks in the conversion yields. In the FT, both configurations show sim-
lower end of this ra.nge at2 5-335x 10° molecules crm3 ilar results with very good to excellent BoW performances.

Statistics for gas and aerosol components of the sulfur cy-Other species play much smaller roles in aerosol composi-

cle are shown in Fig. 1c—e. The C-130 measured FT DMStion' The quel sign_ificantly underestimat_es N@OSSibly.
(Fig. 1c, right panel) was usually below the detection limit due to emissions, which are poorly constrained in the region),
(5 ppt) 'as in the model. The spikes in DMS for the 75th estimates of N@are below detection limits as observed, and

to 90th percentile show times where the cloud top heightsaccuraIter predicts organic carbon (not shown). Most mod-

were>1700 m, which is better captured by NW as explained eled NG is fOL.md. in the coarsgr sectional bins, as it is dis-
later. In general, MBL DMS has a high bias, with poor to Placed by SQin fine aerosol bins due to the low Non-

fair BOW scores. As discussed by Q. Yang et al. (2011) thiscentrations (Seinfeld and Pandis, 2006), and therefore rarely

is likely related to an overestimation of DMS emissions due@Ppears in aircrafts AMS observations, where aerod_ynamlt_:
to overestimation of the modeled DMS ocean: a'[mosphered'ameter is capped at 500_7.00 nm. Coarser.aerosol |s_dom|—
transfer velocity. Similarly to CO, and despite the emission natgq by sea-salt, where N@isplaces Cl creating a chioride
bias, the modeled longitudinal trend is captured very weIIdefICIt (Q. Yang etal., 2011).

by the model. Ron Brown atmospheric DMS measurements

showed higher values, in better agreement with the model
gut still lower. FT SQ is also skillfully simulated, present-
ing mostly excellent Bow metrics and follows the observed
longitudinal trend. FT Remote zone $@ mostly affected

Figure 1b shows ©was well simulated for both the MBL
and FT, with very good to excellent Bow metrics, and with
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NH4+ NHa+ NH4+
2%

S04-2 NO3-
58% 0%

SO04-2_ ~ _NO3-
5% 1%

(a) C-130 Observations (b) WRF-Chem NW all bins (c) WRF-Chem NW bins 1-3

Fig. 2. Pie charts for modeled ionic species for C-130 observations representing cloud comg@$itiod the no wet deposition model
(NW) using collection of wet aerosol along the flight track for all bjbjsand for bin 1, 2 and 3 (40 nm to 300 nm aerosol diameter) (m)ly
Units are in pN.

In order to further explore S£xo sulfate conversion pro-  for sized-resolved cloud chemistry (e.g., Fahey and Pandis,
cesses, we compare cloud chemistry observations to the NVZ001), and that aqueous chemistry should be considered for
model (Fig. 2 and Table 3), as both models show similarnucleation and accumulation modes only (Kazil et al., 2011).
cloud aerosol composition. Consistent with observationsMeasurements considering the nature of the cloud condensa-
(Benedict et al., 2012), model results show that bulk (sum-tion nuclei (CCN) composition and size should also be per-
ming all sizes) cloud drop ion concentrations are dominatedormed (Bator and Collett, 1997). Analyzing the®b path-
by sea salt, followed by sulfate (Fig. 2a, b). Bulk sulfate con-way, H,O, concentrations are slightly overestimated by the
centrations are underestimated, since sulfate coming fronmodel (Table 3), which cannot explain the S@ap between
seawater is not modeled. As shown by Table 3, in generamodel and observations. M. Yang et al. (2011) found that
the model does a good job representing the mean and varto close the S@ budget, the Martin and Damschen (1981)
ability of the ion concentrations. The most notable problemsH»0O5 rate expression yielded best results, while other reac-
are Ca?2, which is very low since no dust was modeled, and tion rates were too fast to reach mass balance. We compared
NHg4, which is underestimated as it was in the AMS intersti- these rates to the McArdle and Hoffmann (1983) rates im-
tial aerosol evaluation. Model pH shows the same tendencyplemented in WRF-Chem, reaching the same answer, which
as observations, increasing towards the remote region as sutould explain the difference in SO Another factor that in-
fate aerosol is more abundant close to shore (not shown¥luences increased SQiepletion is the consistent overesti-
However, model pH is always under 5, while values up to mation of cloud fraction, as WRF-Chem NW shows aver-
7 were observed, leading to underprediction in mean pH (Taage cloud fractions of 86 % on the Ron Brown track, while
ble 3). We found that the bulk model is extremely sensitive tothe MMCR on board of Ron Brown (M. Yang et al., 2011)
chloride concentrations, as a decrease in only 5 % h(@s showed values of 67 %.
in observations) will increase average pH by 1 and increase
single values up to 2.5 pH units. This is important, as WRF-3.2 MBL and marine Stratocumulus dynamics
Chem uses a bulk cloud chemistry scheme (Chapman et al.,

2009) and small variations in Cl(thus in pH) can generate B0x and whisker plots for cloud base and cloud top for the
a shift in the dominant mechanism of $® sulfate conver- VOCALS-REX period are shown in Fig. 3a, b. The WRF-
sion, from the roughly pH independens®, reaction (Mar- ~ Chem NW model shows up to 200 m higher mean and me-
tin and Damschen, 1981) to they @action which increases dian cloud top and base heights than the base model, bring-
in rate with pH (Hoffmann and Calvert, 1985), resulting in ing it closer to observations. The largest differences are
a Speeding up of the &O sulfate conversion and even fur- found in the remote zone. The h|gher accumulation mode
ther reductions in S®concentrations. However, as pointed @erosol load obtained by NW allows for a less broken cloud
out by M. Yang et al. (2011), most droplets nucleate from deck with smaller droplet radius and less precipitation (see
sulfate particles, so their pH will be acidic and dominated by Sect. 3.3), which affects the MBL energy budget by decreas-
the hydrogen peroxide reaction. This behavior for the major-ing average downward shortwave radiation (SW), upward
ity of droplets is seen in modeled cloud water aerosol in thesurface heat flux and top of the atmosphere (TOA) outgo-
bins that dominate nucleation (Fig. 2c). We also see very lowind longwave radiation (LW) by 50-60 W, ~3Wm™2

sea salt influence, as Napercentage is low and Clis dif-  and 1-3Wm?, respectively. Precipitation, SW absorption
fused into the droplet from HCI gas rather than entering theand LW COOIing of clouds are the main drivers of entrainment

droplet as sea salt. All this implies that there is clear needn & cloud topped boundary layer, which in turn determines
its cloud height. As shown by Pincus and Baker (1994),
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(a) 29 26 58 55100108 93 97 80 7.9 63 64 20 22 zone the NW heights captured well the observations (mostly
I 0 22 0ps 20 ] excellent BoW classifications) while the base model under-
£ o0l WhE e AW | estimated the heights (fair to excelent Bow scores). The NW

3 EEE E]éél model also better represents observed temperature and water

a 1000l ﬁ El—%é | vapor profiles in the remote zone both from aircraft profiles
and ship-based soundings (not shown), as the typical MBL

(b) 19 1.8 45 43 88 95 6.9 7.1 85 83 7.5 7.5 12 1.2 structure approaches the observed vertical profile. Even so,

_ A 8888 8 T8 g2 there are still some periods where the model does not simu-
Ssoof 1ol e W late the very high cloud heights observed in the remote zone,
§ $é¢ E‘Eﬁ EE[% - _ as depicted by the 95th extremes of the observed distribu-
grooor LI L =TT %EEIE‘%EI T % 1 tion and as seen in the Ron Brown time series in Fig. 4,
° sool. * T T gél which are responsible for the lower model means. However,

(C)g 8,8 117 5355 €& s 747 & these periods of poor performance appear episodic, and there

2 v 57 — 78 ops° are periods where WRF-Chem NW does reach the observed
gz wgg_g:z: NW' heights (e.g., RFO3 and RF05 on Fig. 4). Episodic under-
= . ] estimation of cloud heights is thought to come from meteo-
go % #—ﬁ @@é %—ﬁ 7 rological boundary condition issues, as the model is unable

8 i to represent the high clouds condition occurring over several

e o5 o2 80 75 5 25 70 days (e.g., 19-23 November). The model shows good agree-
Longitude ment with observations for a range of very different condi-

] ) ] ) ) tions: a 20S/POC drift flight (RF02) with very thin clouds,
Fig. 3. Box and whisker plots for different variables derived from two flights to 85W (RF03 and RF05) with different longi-
aircrafts measurements as in Fig (4) and (b): cloud top and bot- tudinal cloud trends, and a coastal pollution survey flight

tom from U. of Wyoming radar (WCR) and lidar (WCL), respec- . o . . .
tively. (c) Decoupling index, the horizontal dashed line indicates (RF12) capturing the latitudinal gradient in cloud height.

the 0.5gkg® decoupling threshold (see explanation on the text). N order to explore the model representation of MBL. dy-
The numbers above each zone represent sampling time in decim&lamics in more detail, a decoupling measure was computed.
hours for(a) and(b), and number of profiles fc). Jones et al. (2011) showed that an effective decoupling indi-
cator can be calculated as the difference in total water mix-
ing ratio (g, water vapor plus cloud water) between two lev-
when number concentration of droplets increase, precipitaels: 25 % and 75 % of the capping inversion height (CIH),
tion decreases, which increases entrainment. However, thisonsidering a value below (above) 0.5 gikgas a coupled
also generates extra cloud water that produces thicker cloudglecoupled) MBL. Observed decoupling index and capping
that absorb more shortwave radiation (lower model down-inversion height were obtained here from aircrafts vertical
ward SW), heating the layer and decreasing entrainmentprofiles following the method of Jones et al. (2011), and
Also, when clouds rise, cloud top temperature tends to demodeled values were obtained mapping the profiles and com-
crease, decreasing LW cooling (model TOA outgoing LW puting a modeled CIH and decoupling index. Figure 3c
decrease) and thus reducing entrainment. An overall increasshows longitudinal statistics for all aircrafts flights. Both
in entrainment is achieved which cause cloud heights to risgimulations represent several basic aspects of the observed
(Pincus and Baker, 1994), in agreement with our results.  decoupling. The modeled decoupling index is accurately
As aerosol loads increase for NW, the direct and semi-predicted everywhere (very good to excellent Bow perfor-
direct effects are also expected to change. However, semimance) but in the transition zone, where performance is
direct effects should not play an important role as BC ob-lower but still good. On average, areas west of iBare
servations (Shank et al., 2012) and model results show verglecoupled while areas east of°# are coupled both in the
low concentrations. A simulation where the aerosol radia-observations and the model, and better represented by the
tion feedbacks were turned off using the NW configuration NW simulation. The spread of the decoupling index on each
shows small differences for cloud top pressuret(l %), zone is also well simulated, with noticeable higher spread
cloud fraction 410 %) and water contenk10 %), im- west to 78 W, as these zones alternate in between coupled
plying that indirect effects dominate under clean conditionsand decoupled MBLs. Observations show a sharp longitu-
like those observed during VOCALS-REX, where aerosol ra-dinal transition from coupled to decoupled MBLs, which is
diative effects become more important under heavily pollutedalso represented by the model.
conditions (Koren et al., 2008).
As seen in Fig. 3a, b, close to shore both simulations have3.3 Cloud microphysics
large cloud height negative biases (fair to good BoW), as the
coarse resolution is unable to resolve the steep topographlyigure 5 shows statistics for cloud properties and for aerosol
and land-sea transition (Wang et al., 2011). In the remotenumber concentration. Model cloud water representation is
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Fig. 4. Observed and NW model cloud bottom, cloud top and capping inversion height (CIH) time series from Ron Brown (top) and four
C-130 flights (bottom). Shaded areas represent night periods.

very good to excellent (in Bow metrics) for both models not captured by the PCASP aerosol number concentrations,
(Fig. 5a), but the NW model typically shows higher amounts as it only measures aerosol diameters over 117 nm. Free
of cloud water than the base model as clouds are more petroposphere aerosol number concentration (Fig. 5d) follows
manent and thicker (consistent with the Twomey effect foundthe same trend as in the MBL, with good to excellent BowW
by Albrecht, 1989). A clear difference is seen when analyz-accuracy and few differences between the two simulations.
ing number of droplets (Fig. 5b) where the increase in cloud . ) o

albedo is more evident (Twomey, 1974) and modeled inner Rain estimates extracteq frpm radar rgﬂecthes and
quartiles do not overlap over the remote region. This is a remodel statistics are shown in Flg. 6. Focusing on the cloud
sult of the difference in sub-cloud aerosol number concentralOP (&) and cloud base (b) plots, it can be seen that the model
tion (Fig. 5¢), where not even the modeled deciles ove”ap_captgres in-cloud rain stratification, showing lower mean and
Comparing observed and model droplet number and aerosdnedian values for the cloud top. WRF-Chem also represents
number concentration in the remote zone, the NW modelthe longitudinal gradient in rain rate (Bretherton et al., 2010).
presents excellent results while the base model is biased lowyhe NW model tends to exhibit better agreement with ob-
(poor to good BoW scores), showing vast improvements inservations, showing Iqwer mean and medlan ral_nfall rates.
cloud microphysics by increasing the sub-cloud aerosol to! "® NW model has higher concentrations of activated par-
near observed levels. We found consistency in the results, a4cles and smaller effective droplet radius, which decrease
when aerosol loads are relatively close to observations, th@utoconversion and suppress precipitation (Albrecht, 1989).
number of droplets also becomes closer to the observationd .ne equilibrium reached in the base simulation is off since as
We thus conclude that the activation routine in WRF-Chem isMOre precipitation is produced, more particles are scavenged
consistent and reliable. The inability of NW to represent the (@nd not recovered after evaporation), further reducing the
lower end and spread of the cloud droplet and aerosol numPumber of particles and leading to even more precipitation
ber distributions can be related to not considering wet depoln @ reinforcing feedback. Besides showing higher precipita-
sition, as aerosol number is expected to decrease for intendion rates, the base run also shows higher precipitation occur-
sub-cloud rain events since a single droplet can collect a largé€nce alqng the flight track (sampling time on the top of ea_lch
amount of particles and release just one when evaporatioR!0t), while the NW results tend to agree more closely with
occurs (Kazil et al., 2011). Close to shore overestimationOPServations. At lower altitudes (500 and 100 m), observed
of droplet number concentration by both simulations may pePrecipitation occurrence decreases, which is al_so captured by
explained by the slight overestimation of aerosol number and?0th models, with the NW model always showing lower oc-
also by the fact that the model finds that the aerosol num<urrence. At 100m, the base model shows better agreement
ber concentration in the 1st bin (40 to 78 nm in diameter) iswith remote observed rain rates and NW overestimates the

an important contributor to activated particles. The latter ismean and medium. Since the NW rain is scarcer, in agree-
ment with observations, heavy drizzle events tend to skew
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Fig. 5. Box and whisker plots for selected cloud properties and Fig. 6. Box and whisker plots for radar derived and modeled rain
aerosol number concentration as in Fig.(4) Profile mean cloud  at different heights as in Fig. 1(a) and (b) corresponds to rain
water content(b) Profile mean number of droplets concentration. rates just below the cloud top and at the cloud base whjland

(c) and (d): marine boundary layer (MBL) and free troposphere (d) corresponds to rain rates at fixed heights of 500 and 100 m. The
(FT) mean profile aerosol number concentration. Number of pro-numbers above each zone represent sampling time in decimal hours.
files is indicated at the top of each longitude bin.

unable to generate a thick enough cloud layer and drizzles

the distribution. However, modeled rain range given by thetoo much, while the NW clouds do not dissipate when mov-
outer deciles agrees with the observations. ing westwards, thereby increasing cloud lifetime (Albrecht,

While episodic comparisons with in-situ observations are1989). LWP path shows a different behavior, as both models
critical, it is also important to consider model performance Underestimate MODIS LWP, probably due to a model bias
for regional climatology, as the model should represent'n the Lin microphysics parameterization, as the Morrison
monthly mean values and their spatial features. Figure 7cheme (Morrison and Pinto, 2005) generates higher LWP
shows COD and LWP for MODIS and both WRF-Chem sim- (Q. Yang etal., 2011), as discussed further in the text. How-
ulations. Model COD was computed by first computing the €Ver, NW model results consistently show higher values and
effective radius as in Martin et al. (1994) and then COD as@ better agreement with observations.
proposed by Slingo (1989) for the 0.64—0.69 um band, as the
MODIS reference wavelength for this retrieval is 0.65um 3.4 Aerosol feedbacks and relation to sources
(King et al., 2006). The base WRF-Chem model usually
underestimates COD, while the NW model is closer to theThe Ron Brown provided a unique platform for continuous
observations. Several features are well represented: clogeoint measurements. Not only does the vessel have a much
to shore hotspots of COD around®lS and 268S, a near- longer residence time in each regional model grid-cell than
shore local COD minimum around 36S, and an increase irresearch aircraft, it also records the complete diurnal cycle
COD around 20S from 80 W to 75 W. In the remote zone at each location. One of the points where Ron Brown sam-
(83° W to 90° W), observed COD tends to fall between both pling efforts were focused was at (2B, 75 W), where it
models but closer to NW, for the same reasons presentedpent approximately 8 days, 4 days on each leg of the cruise.
before to explain episodic performance: the base model i his area was found to be affected by coastal sources (Allen
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Fig. 7. MODIS-Aqua products and model monthly averages for the VOCALS period (15 October to 16 November). First and second row
show cloud optical depth (COD) and liquid water path (LWP), respectively while first, second and third columns show MODIS, the base
model and the no wet deposition (NW) model, respectively.

etal., 2011; Bretherton et al., 2010; Hawkins et al., 2010). Tothe subtropical low-level jet (Garreaud and iz, 2005;
evaluate model performance and aerosol interactions, Fig. 8&lufioz and Garreaud, 2005). By performing a simulation
compares total observed sulfate to the base and NW modelsvithout DMS initial conditions and emissions, we estimate
Observed values are closer to the NW model, but both modthe DMS contribution to sulfate to be from 15% to 25%
els resolve most of the periods wheresS@ncentrations in-  in mass (which could be overestimated as shown in previ-
crease over 1 ugnt. As seen in Fig. 8b, the Sepisodes  ous sections) by the time the plume reaches the Ron Brown
are well correlated with aerosol number concentrations ovefocation for the case analyzed, showing that these episodes
13nm in diameter, a relationship also represented by there generated mainly by anthropogenic sources. The ability
model. Observed aerosol number concentration is in the higlof these plumes to reach this zone is thought to be deter-
range of the models because the lowest bin modeled is 40 nnmined by the position of the surface pressure maximum of
and does not include the 13 to 40 nm window. These sulfatehe Southeast Pacific Anticyclone (Spak et al., 2010).
episodes do not follow any diurnal pattern, and are a constant pjstant sources from Central Chile often have a visible
factor affecting aerosol concentrations in this zone. Modelfgotprintin SQ mass and aerosol number concentration over
results, including prior modeling by Spak et al. (2010) that the study domain, and these enhanced aerosols participate in
only included anthropogenic sulfur emissions, clearly indi- cloud feedbacks such as drizzle suppression. Figure 9 shows
cate that these peakS can be attributed to continental Sourcqﬁdrtain p|ots of radar reﬂectivity (proxy for precipita‘[ion) and
usually coming from Central Chile. As an example, Fig. 8¢ aerosol number concentration for C-130 RFO5 flight, show-
shows the evolution of second bin (78 to 156 nm in diame-jng very marked and correlated longitudinal gradients both
ter) SQ; (main contributor to aerosol number concentration) on aerosol load and precipitation for NW and observed val-
in a distinct pollution plume from the time emitted in Cen- yes. The base model (W) shows the same gradient (not
tral Chile until it reaches the Ron Brown, 2 days after. Whenshown), with higher rain rates in the remote region. Brether-
fresh, the maximum value of the plume is found on modelton et al. (2010) argued that lack of drizzle near the coast is
level 17, around 650 m above sea level. At this height, itnot just a microphysical response to high droplet concentra-
is transported by southeasterly trades (Rahn and Garreauglons; but other aspects such as lower LWP and thinner clouds
2010) until it makes contact with the MBL, where it starts (related to shallower and coupled MBL) can be compara-
entraining and S@to SQ, conversion is enhanced in clouds. py important. However, synoptic conditions present during
Once in the MBL, lower wind speeds result in the plume tak- RFQ5 flight were such that MBL height differences between
ing a longer time to reach the Ron Brown location. In the off shore and remote zone weren't significant (cloud top and
MBL, the plume receives additional g@ontributions from  pase heights differences less than 250 m and 200 m respec-
DMS, as a near-shore DMS emissions hot spot is found offijvely, Fig. 4) and the remote region was not decoupled (no
central Chile (26S-36' S) due to wind shear generated by vertical gradients on aerosol concentrations inside the MBL,
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also verified by flight vertical profiles as in Fig. 3) but we
still see very high precipitation gradients. Thus, differences
in aerosol load might be playing a more important role than
previously thought. The enhanced aerosols also participate in
cloud feedbacks visible in satellite retrievals of cloud prop-
erties. Figure 10a shows MODIS-Aqua cloud effective ra-
dius for an overpass on a day with a thick cloud deck, where
aerosol feedbacks are more pronounced. Figure 10b, ¢ show
model results for effective radius and second bin sulfate sur-
face concentrations. Model cloud effective radius clearly de-
creases when the MBL is dominated by high accumulation
mode sulfate concentrations, following a similar shape to
the plume, which can also be observed in the MODIS over-
pass. The scene shows two distinct plumes coming from
Central Chile: an older one between°Z3and 20S and

a fresher one in between28 and 28 S, both showing a de-
crease in cloud effective radius in both model and the ob-
servations. These findings highlights the need to consider
aerosol interactions and transport from far-away sources in
high-resolution studies and NWP applications over the re-
gion and similar persistent coastal stratocumulus in eastern
boundary tropical and subtropical areas.

3.5 Assessing differences due to model configuration

WRF-Chem is a community model with several choices
of parameterizations to represent various processes (Ska-
marock et al., 2008). These choices result in different
model configurations, which can produce different predic-
tions. For example, there are two microphysics schemes
that can be used to study aerosol indirect effects in WRF-
Chem v3.3: the Lin scheme (used in this study); and the
Morrison scheme (Q. Yang et al., 2011; Morrison and Pinto,
2005). Figure 11 shows results from a sensitivity column
study where both schemes were run until reaching stable
conditions as a function of number of droplets. Significant
differences of over an order of magnitude are found in rain
rates between both schemes. For the VOCALS-REXx case of
study, the Lin scheme rain rates showed good performance
(Fig. 6), while the Morrison scheme showed under-prediction
(Q. Yang etal., 2011), in accordance with Fig. 11. The higher
rain rates in our study can also explain the larger under-
prediction of sulfate mass and aerosol number concentration
by the base model (Figs. 1 and 3) compared to the Q. Yang
etal. (2011) study. We hypothesize that the main cause of the

Fig. 8. (a) Time series for observed and modeled,S@b) Time  oiy mismatch is the different autoconversion (cloud droplets
series for observed and modeled aerosol number concentration fot[) rain conversion) parameterization used in both schemes
diameters over 13 nm and 40 nm respectively. Black thick lines in _ P : . '

The Morrison scheme uses Khairoutdinov and Kogan (2000)

(a) and(b) divides both periods that Ron Brown stayed 4 days on S _ o ;
75°W: 29 October—1 November and 11-15 Novemb(). Com- parameterization, which uses regressed coefficients (multi-

posite of NW model second bin (78156 nm aerosol diameteg) SO plicative and power laws) from cloud drop size spectra pre-
concentration in pg m3. Each composite follows the same plume dicted by LES simulations, which shows a linear behavior
since it is emitted on Central Chile until it reaches Ron Brown in the log scale (Fig. 11a); while the Lin scheme uses Liu
(marked by a circle) two days after. The two most southern compos-et al. (2005) which introduces a threshold function which de-
ites are extracted from level 14670 m over sea level) while the pends on drop|et number concentration that is responsib|e
rest are extracted from the first model level. Scale is logarithmic. for the curve shape and rain suppression in Fig. 11a. On the
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Fig. 9. Curtain plots for radar reflectivity (Z, in dBZ) and accumulation mode aerosol number concentrationdyfomC-130 flight RFO5

on 25 October(a) and(b) shows radar observed and NW modelvhile (c) shows NW model as the curtain and one minute average PCASP
observations as colored circles. Observed Z and PCASP aerosol are 1 min average<Z Maehputed according to Appendix A. Solid
lines represent flight track with the line becoming segmente@pevery time there is a PCASP observation. For all panels, bottom scale is

time in hours and top scale is longitude in degrees.

Latitude

-78 -76 -74

78 76 -74 712 - 80 78 76 74
Longitude Longitude Longitude

Fig. 10. Horizontal plots of cloud effective radius (pmandb) and first level, second bin (78-156 nm aerosol diametep) &Dcentration
(Mg 3, ¢). (a) shows MODIS-AQUA cloud effective radius for 16 October 17:00 UTC overpass \{i)ilend(c) shows NW model results
for the same time. Model cloud effective radius is computed for the cloud top.
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10° : : actions in the model are important to represent processes in
(a) | this region (Q. Yang et al., 2011), we perform model simula-
tions designed to address the questions: what are the effects
on cloud dynamics and microphysics from changing the sub-
cloud aerosol loads? And do these effects bring model results
closer to observations when aerosol loads are in better agree-

® ment to measurements? To address these questions results
(b) | from two model simulations, with (base) and without wet de-
1 position (NW) were analyzed. Both runs represent an incom-
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—— Morrison scheme

1
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o

o]
o

~
o
T

Seof
g 501 plete modeling picture, as the base run lacks aerosol resus-
40 T o scheme e | pension (which is important in drizzling stratocumulus), and
3?0‘ e pe excluding wet deposition means neglecting a known removal
Droplet number [#/cm?] process. These simulations produce significant differences

in aerosol amounts, particularly in the remote zone where
Fig. 11. Results from column study for comparing Lin and Mor- Sulfate mass and accumulation mode aerosol number distri-
rison microphysics schemes for a profile on (80 20°S) at butions do not overlap with each other and can be one or-
00:00 UTC on 28 October 2008a) shows maximum rain rate per der of magnitude different. Observed aerosol mass and num-
profile while (b) shows liquid water path (LWP) per profile. Each ber are usually closer to the NW results, because the model
profile is run with a different droplet number concentration using wet deposition process irreversibly removes aerosol even for
a 12s time step for enough time to reach stable conditions(&or  eyaporating rain. Little surface rain was observed during the
missing points means rain rate equal to zero. campaign, so evaporation of drizzle drops is a likely source

of sub-cloud aerosols. The increase in aerosol number in

other hand, the Morrison scheme shows higher liquid wa—NW generate a significant difference between the models in

ter content (Fig. 11b), which is not completely explained by terms of marine boundary layer (MBL) dynamics and cloud

the lower precipitation, as LWP differences are still presentmf'rcrc;ph}ll_i'cs’ N atlcc(jordance to wa(rjm clogds a:cerlo sodl ljndlrlec,:[t
when rain rates are similar for low number of droplets. This &1 ccts: TS INCIUCE an INCreased numboer of cloud dropiets

is also coherent with the fact that Q. Yang et al. (2011) show Twomey, 1974) showing no overiap of the inner quartiles

better agreement to MODIS LWP than our study, where this rom the two.modelsl in the remote zone; mcreasgd MBL
configuration under-predicts it and cloud heights (Pincus and Baker, 1994) reaching up to
' 200 m differences; drizzle suppression on average concen-

Full double moment microphysics schemes (Lin scheme

. ._trations and on number of detections; incr liquid water
is double moment for cloud water only) are necessary to |m—t ations and on number of detections; increased liquid wate

I : content and increased cloud lifetime (Albrecht, 1989); which
Is (e.g., M I . X " '
prove process representation in models (e.g., Morrison et ai]ﬁelps answer the first question. MBL dynamics and cloud

2009). As autoconversion seems to be generating low per- crophvsics observed values are usuallv closer to NW or at
formance in rain rates, we propose to implement and test th%m tfpllyinlb W an txr# del P?\tjvinyth  better aerosol
Liu et al. (2005) parameterization in the Morrison scheme. castla etween bo 0Cels showing that better aeroso

statistical performance lead to changes in the right direction,

The implementation has to come along with the inclusion hich helps answer the second auestion. This studv demon
of aerosol re-suspension due to rain evaporation on the wel’ P 9 ' y

deposition scheme to avoid the MBL aerosol biases seen “si,trates the capab|l|t|e§ of the WRF-Chem moc_jel to S|mu_|ate
Figs. 1 and 3. aerosol/cloud interactions, particularly regarding the activa-

tion routine, which simulates number of droplet concentra-

tions more accurately when sub-cloud aerosol loads more
4 Conclusions closely match observations. However, the model needs fur-

ther improvements to address issues such as aerosol resus-
There is an imperative need for reducing uncertainty and im-pension in rain wet removal, overestimation in oceanic DMS
proving the atmospheric models used in studies of aerosoland sea-salt emissions, increased cloud drivent8@ulfate
cloud interactions at scales needed for NWP, air quality pre-conversion and move from bulk to sectional/modal aqueous
dictions, and policy assessments. In this context, severathemistry. Also, an assessment of model differences when
intensive measurement campaigns have been carried out tgsing distinct WRF-Chem configurations shows these seem
improve our understanding of aerosol and cloud interactiongo be related to the microphysics schemes, specifically to
and they provide an extensive data base for use in testingifferent autoconversion parameterizations which can gen-
and improving models. In this work we test the regional erate over an order of magnitude disagreement on rain rates
model WRF-Chem for the VOCALS-REx campaign which predictions for the same conditions.
focused on studying the persistent stratocumulus deck on the Besides performing campaign averaged comparisons,
South East Pacific, off the shore of Chile and Peru. Startwe quantified local model performance for stratocumulus
ing from the fact that the inclusion of aerosol cloud inter- properties and their hourly evolution against ship-based

www.atmos-chem-phys.net/12/3045/2012/ Atmos. Chem. Phys., 12, 3(0&4 2012



3060 P. E. Saide et al.: Evaluating WRF-Chem aerosol indirect effects

measurements (NOAA Ron Brown), three aircraft observa- _ (ﬂpro>l/4
tions (NSF C-130, DoE G-1, FAAM BAe-146) and satel- N 0qr

lite retrievals (MODIS) using them to explain how ae_rosols WhereN is the intercept parametes, the slope parameter,
and model processes affect system response. For instance, ; " . :
hourly evolution of cloud heights was evaluated showing aPw andp water and air denS|.t|<.as rgspectlvely, gidhe rain
good model performance for the diurnal cycle and differentWater content. Ra_1dar refle_ctnqt;ZQ IS computed as the sixth
synoptic conditions with the exception of periods where themoment of the rain drop distribution as:

model is not able to recover from the underestimated MBL ® 6

height found on the boundary conditions. Also, an episodicZ :/0 D°N(D)dD

study was performed showing that anthropogenic sources = ) ) ) )

from Central Chile substantially changed aerosol mass and/Nich is only valid for Rayleigh scattering regime. As
number, rain and cloud optical properties over the ocean botfi€ radar used in this study is W-band (94 GHz frequency,
in modeled and observed values, showing that indirect effects”3 MM wavelength) then Rayleigh scattering might not be
might be playing a more important role in modulating cloud valid for droplets over 0.5 mm (O'Connor et al., 2004). In-
properties and dynamics than stated in previous studies.  Stéad, we use Mie calculations to obtairArai et al., 2005):

In our analysis we have attempted to perform a complete A4 oo
multi-platform evaluation for a regional simulation of clouds ZMie = m/(; omieN (D)d D (A2)
and aerosols, where we included VOCALS-REx observa-
tions which were not compared to models previously, suchWhere is the radar wavelengthk the absorption coef-
as decoupling state, trace gas concentrations (carbon monoficient of water andomie the backscattering cross-section,
ide, ozone), cloud aerosol composition, cloud water ionicwhich is a function of droplet diameter and radar wavelength.
balance and radar reflectivities. These are all crucial to fullyThen, asVy is fixed for the Lin scheme (8e6m?), Zuie can
quantifying regional model performance in this tightly cou- be computed as a function of rain water content by numer-
pled system. In order to provide quantification to this eval-ically integrating this equation. For each diametayie is
uation, we introduced a new metric for assessing model percomputed using Ftzler (2002) code which is based on the
formance that uses box and whisker plots. This metric is in-Appendix of Bohren and Huffman (1983).
dependent of the variable being analyzed, thus allows doin

rforman ross-comparison in between different m I L . ) .
periormance cross-comparso between differe ode participated in the VOCALS-REx campaign, generating and

and variables. . i
. . ) . allowing us to use the complete and comprehensive data set.
Together with improving model ISsues _already r_nent'onedepecial thanks to Timothy Bates, Paquita Zuidema and Ludovic
future work should be focused on continuing to validate mod-Bariteau for helping interpret and compare observational data, to

els with aerosol and cloud interactions from measurementviliam Gustafson and Jerome Fast for comments on modeling
campaigns in other locations, as conditions for each regiorand to two anonymous reviewers for their constructive comments.
vary extensively. Also, several observation platforms suchRon Brown, C-130 and G-1 measurements were obtained from the
as close to shore flights (NERC Dornier 228 and CIRPASVOCALS data archive NCAR/EOL, which is sponsored by the

Twin Otter) and inland measurements (Iquique, Paposo andlational Science Foundation (NSF). MODIS data was obtained
. . ; from the NASA Langley Research Center Atmospheric Science

Paranal sites) were not considered as the modeling was to
) g éata Center. Special thanks to the staff of the NCAR Research

cof’arse for.thelr use (12 k?rrgrld cells). Thus, finer re;o- Aviation Facility for supporting the deployment of the C130 and
lution studies fqr the same area arg needed to exploit thest%e staff of the UWYO King Air national facility for enabling
data (4-1km grid cells). These studies help to better quan- e deployment of the WCR and WCL onboard the C130 during
tify the uncertainties in models, that need to be considered/ocaLS-REx. We also thank the UK Natural Environment Re-
when these models are used as tools for policy makers angearch Council (NERC) for funding the VOCALS UK contingent
for weather and air quality forecasts. to the project (grant ref: NE/F019874/1) and the NERC Facility
for Airborne and Atmospheric Measurment (FAAM) and Direct
Flight and Avalon for operational support of the BAe-146 aircraft.
This work was carried out with the aid of NSF grants 0748012 and
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Appendix A 0745986, grant number UL1RR024979 from the National Center
o for Research Resources (NCRR), a part of the National Institutes
Model radar reflectivity of Health (NIH), FONDECYT Iniciaddn grant 11090084, and

Fulbright-CONICYT scholarship number 15093810. Its contents

The Lin microphysics scheme implemented in WRF-Chemare solely the responsibility of the authors and do not necessarily
uses an exponential distribution for rain droplets (Chen and®Present the official views of the founding institutions.

Sun, 2002): .
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