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Abstract. The performance of the Weather Research andstand processes that affect both climate and air quality, in-
Forecasting regional model with chemistry (WRF-Chem) cluding emission assessments, transport and chemical aging
in simulating the spatial and temporal variations in aerosolof aerosols, aerosol radiative effects. Simulations were per-
mass, composition, and size over California is quantified usformed that examined the sensitivity of aerosol concentra-
ing the extensive meteorological, trace gas, and aerosol medions to anthropogenic emissions and to long-range trans-
surements collected during the California Nexus of Air Qual- port of aerosols into the domain obtained from a global
ity and Climate Experiment (CalNex) and the Carbonaceousnodel. The configuration of WRF-Chem used in this study
Aerosol and Radiative Effects Study (CARES) conductedis shown to reproduce the overall synoptic conditions, ther-
during May and June of 2010. The overall objective of the mally driven circulations, and boundary layer structure ob-
field campaigns was to obtain data needed to better undeiserved in region that controls the transport and mixing of
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trace gases and aerosols. Reducing the default emissions inal processing of aerosols and their precursors (e.g., Aan de
ventory by 50 % led to an overall improvement in many sim- Brugh et al., 2012; Nilsson et al., 2001), vertical motions as-
ulated trace gases and black carbon aerosol at most sites asdciated with sub-grid scale clouds that affect the vertical
along most aircraft flight paths; however, simulated organictransport of aerosols (e.g., Gustafson et al., 2008), the spa-
aerosol was closer to observed when there were no adjustial extent and lifetime of clouds that affects aerosol chemi-
ments to the primary organic aerosol emissions. We founccal and size transformation within clouds (e.g., Ervens et al.,
that sulfate was better simulated over northern California2011; Fahey and Pandis, 2001) and photochemistry above
whereas nitrate was better simulated over southern Califorand below clouds (e.g., Feng et al., 2004; Tang et al., 2003),
nia. While the overall spatial and temporal variability of and precipitation that controls wet removal of aerosols and
aerosols and their precursors were simulated reasonably wellheir trace gas precursors (e.g., Wang et al., 2013; Yang et
we show cases where the local transport of some aerosdll., 2012; Barth et al., 2007). Third, the level of complexity
plumes were either too slow or too fast, which adversely af-in the treatment of aerosol chemistry (equilibrium versus dy-
fects the statistics quantifying the differences between obnamic approach for gas-to-particle partitioning, the number
served and simulated quantities. Comparisons with lidar anef aerosol species and gas-phase precursors) (e.g., Baklanov
in situ measurements indicate that long-range transport oét al., 2014) and size distribution (bulk, modal, and sectional
aerosols from the global model was likely too high in the approaches) varies among models. A fourth factor is the in-
free troposphere even though their concentrations were releeomplete understanding of secondary organic aerosol (SOA)
tively low. This bias led to an over-prediction in aerosol op- formation, aging, and removal based on laboratory and field
tical depth by as much as a factor of 2 that offset the understudies, which leads to large uncertainties in simulated SOA
predictions of boundary-layer extinction resulting primarily (e.g., Heald et al., 2011; Spracklen et al., 2011; Hodzic et al.,
from local emissions. Lowering the boundary conditions of 2013). The spatial resolution of regional models contributes
aerosol concentrations by 50 % greatly reduced the bias ino all four of these factors, but the implications of ignor-
simulated aerosol optical depth for all regions of California. ing the sub-grid scale variability of aerosol properties (Qian
This study shows that quantifying regional-scale variationset al., 2010; Gustafson et al., 2011) is largely unexplored.
in aerosol radiative forcing and determining the relative role Therefore, inadequate resolution of the large observed spatial
of emissions from local and distant sources is challengingand temporal variability of aerosols is a fifth factor. Finally,
during ‘clean’ conditions and that a wide array of measure-regional model predictions are often influenced by bound-
ments are needed to ensure model predictions are correct fary conditions that are either specified by prescribed clima-
the right reasons. In this regard, the combined CalNex andological values or obtained from coarser global models that
CARES data sets are an ideal test bed that can be used t@an represent long-range transport of trace gases and aerosols
evaluate aerosol models in great detail and develop improvethat affect local concentrations. Therefore a sixth factor con-
treatments for aerosol processes. sists of errors from global model predictions that are propa-
gated into the regional model domains. It is likely that one
or more of these six factors are more significant for some
regions than others.
1 Introduction Previous chemical transport modeling studies over the
continental US have shown geographical variations in model
Accurately simulating aerosol number, mass, compositionperformance. For example, Kang et al. (2010) used the
size distribution, and hygroscopicity continues to be a majorCMAQ model with a horizontal grid spacing of 12 km over
challenge for air quality and climate models. There are sevthe continental US for a 1-year period and showed thag M
eral factors that contribute to errors in regional-scale modekoncentrations were generally too low over the eastern US
predictions of aerosol properties. First, it is well known that during the summer of 2007 and too high during the win-
the complex spatial and temporal variability in human ac-ter months of 2007. The model performance was more vari-
tivities (e.g., fossil fuel uses, biomass burning) and natu-able in California, a region with large topographic, land
ral sources (e.g., biological emissions, dust, sea-salt) condse, and population variations, with positive biases at some
tribute to uncertainties in trace gas precursor and primarystations and negative biases at other stations. A simulation
aerosol emission estimates. Emission inventories suitable foover the continental US for 2009 using the GEOS-Chem
regional models have been developed by many organizationsiodel (Walker et al., 2012) with a horizontal grid spacing
for specific cities, regions, or countries, but they are oftenof 0.5° x 0.6 showed that while predicted annual mean
rely on different assumptions and apply only for specific sulfate concentrations over the continental US were similar
time periods (e.g., Granier et al., 2011). Second, errors aristo observations, nitrate and ammonium were too high over
ing from meteorological parameterizations in regional mod-the eastern and mid-western US and too low over California,
els directly affect the simulated aerosol life cycle. Meteoro- where the observed concentrations were the highest. They in-
logical processes that have large uncertainties include, turdicated that the bias in nitrate over California was likely due
bulent vertical mixing that affects the dilution and chemi- to both ammonia emission estimates that were too low and
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simulated boundary-layer depths that were too high. Heald etong-range transport of pollution from Asia can lead to errors
al. (2012) reported similar spatial variations in the biases inin simulated regional-scale trace gas and aerosol concentra-
sulfate and nitrate over the US during 2004, 2009, and 201Qions over California.
from their GEOS-Chem simulations over North America. While air quality issues associated with PMconcen-
Huang et al. (2012) used the STEM model with a 60 km gridtrations have been the driving factor for previous measure-
spacing to show that the performance in simulating surfacenents and modeling studies in California, improving the un-
black carbon over a 2-week period during June, 2008 variedierstanding of regional-scale climate-chemistry interactions
over the US, with the largest negative biases in the southeastnd aerosol radiative forcing has received increasing atten-
ern US and the highest positive biases over the northeasterion in recent years (e.g., Xu et al., 2013; C. Zhao et al.,
US. They also noted that black carbon was als®0 % too ~ 2013). National and local agencies are interested in knowing
low on average for surface sites in the southwestern US anthe relative contributions of local and upwind anthropogenic
that the differences in simulated vertical profiles of black car-pollution and their impact on current and future climate. Un-
bon compared with NASA DC-8 aircraft data over California derstanding the climate impact of aerosols first requires that
could be attributed to the coarse spatial grid spacing that doethe aerosol life cycle be represented reasonably well, which
not permit the model to resolve the variability in meteorology requires that models accurately simulate aerosol composi-
associated with topographic variations in the vicinity of Los tion, size distribution, hygroscopicity, and optical properties
Angeles and the San Joaquin Valley. in addition to total mass. This is a challenging task. To ad-
Several field campaigns have been conducted in Califordress model uncertainties associated with climate and air-
nia to collect data needed to better understand and chaquality relevant atmospheric processes, two campaigns were
acterize ozone and particulates in the region and to adeonducted in California during the spring and early summer
dress modeling challenges using higher spatial resolutiorof 2010 that collected extensive meteorological, trace gas,
that better represents the terrain inhomogeneity in Califor-and aerosol data: California Nexus (CalNex): Research at
nia. These campaigns include the Southern California Airthe Nexus of Air Quality and Climate (Ryerson et al., 2013)
Quality Study (SCAQS) conducted in August 1987 (Law- and the Carbonaceous Aerosol and Radiative Effects Study
son, 1990), the South Coast Air Basin of California (So- (CARES) (Zaveri et al., 2012). A few meteorological and
CAB) study during September 1993 (Frasier et al., 1996),aerosol model evaluation studies for this period have been
the Southern California Ozone Study (SCOS) conducted beeompleted. The Weather Research and Forecasting (WRF)
tween June and October of 1997 (Croes and Fujita, 2003)model with a 4 km horizontal grid spacing was used to evalu-
the 1999-2001 California Regional Particulate Air Qual- ate the simulated boundary layer and thermally driven circu-
ity Study (CRPAQS) conducted between December 1999 tdations over central California using CARES measurements
February 2001 (Chow et al., 2006), the 2000 Central Cali-(Fast et al., 2012) and the simulated boundary layer and
fornia Ozone Study (CCOS) (Fujita et al., 2005), the Studyland/sea breezes over the southern California coastal zone
of Organic Aerosols at Riverside (SOAR) conducted be-using CalNex measurements (Angevine et al., 2012). Ens-
tween July and August 2005 (Docherty et al., 2011), the Bio-berg et al. (2013) used CalNex ground and aircraft mea-
sphere Effects on AeRosols and Photochemistry Experimensurements to evaluate predictions of trace gases, inorganic
(BEARPEX) conducted between August and October 2007aerosols, and black carbon made by the CMAQ model with
(Bouvier-Brown et al., 2009), and the Arctic Research of thea 4 km grid spacing over southern California, while Knote et
Composition of the Troposphere from Aircraft and Satellites al. (2014) used the CARES and CalNex data and the WRF-
— California Air Resources Board (ARCTAS-CARB) exper- Chem model to evaluate the effect of various glyoxal treat-
iment conducted in June 2008 (Jacob et al., 2010). Manyments on the formation of SOA.
modeling studies that employ these field campaign data have The combined CalNex and CARES field campaigns pro-
focused on the performance of simulated meteorology (e.g.yide an unprecedented data set in terms of the number of pa-
Bao et al., 2008) and ozone (e.g., Jacobson, 2001; Jin et alkameters measured and their spatial and temporal resolution
2010; Lu et al., 1997). Modeling studies of aerosol massthat can be used to evaluate predictions of aerosol concen-
composition, and size distribution using these field campaigrtration, composition, hygroscopicity, and size needed to un-
data have focused on the performance in regions where corderstand the sources of uncertainties in estimates of aerosol
centrations are usually the highest, either in the vicinity of radiative forcing. We have combined the data from these two
Los Angeles (e.g., Griffin et al., 2002; Held et al., 2005; field campaigns with other operational monitoring data set
Jacobson, 1997; Meng et al., 1998; Vutukuru et al., 2006;into the Aerosol Model Testbed (AMT) framework as de-
Zhang et al., 2004) or over the San Joaquin Valley (e.g., Purscribed by Fast et al. (2011). The first objective of this study
et al., 2009; Ying and Kleeman, 2009; Zhang et al., 2010).is to evaluate regional-scale predictions of aerosols, aerosol
Since regional-scale models depend on boundary conditionprecursors, and meteorological processes affecting aerosols
provided by other models, Huang et al. (2010) and Pfisterusing as much of the measurements collected over California
et al. (2011) use large-scale chemical transport models anduring the field campaign period. While several factors are
ARCTAS-CARB measurements to show that uncertainties inknown to contribute to errors in aerosol predictions, it is not
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feasible to investigate all of them in a single study. Therefore,and the interactions of aerosols clouds, and radiation (Ryer-
our second objective is using the AMT and the CalNex andson et al., 2013). Ground-based instruments were deployed
CARES data set to investigate two sources of uncertaintiesat two sites in southern California as shown in Fig. 1a: one in
emissions estimates and long-range transport, and their effe@asadena (34.14N, —118.112 W, ~240mm.s.l.) (Chan
on the predictions of aerosols and their precursor over Calet al.,, 2013; Hayes et al., 2013; Pennington et al., 2012;
ifornia. In contrast to most previous modeling studies thatThompson et al., 2012; Veres et al., 2011) and one in Bakers-
focus on either the Los Angeles Basin or San Joaquin Valfield (35.346 N, —118.968 W, ~ 123 mm.s.l.) (Alm et al.,
ley, the combined CalNex and CARES data set enables th€012; Liu et al., 2012; Rollins et al., 2012, 2013; Y. Zhao
model to be evaluated over a larger region where aerosolst al., 2013). Four research aircraft, the NOAA WP-3D, the
are influenced by a wider range of meteorological conditions.National Oceanic and Atmospheric Administration (NOAA)
Not surprisingly, we find that model performance varies overTwin Otter, the Center for Interdisciplinary Remotely Piloted
the region and some trace gases and aerosol species are sifkerosol Studies (CIRPAS) Twin Otter and the NASA B-
ulated better than others. The sensitivity simulations show200, sampled atmospheric conditions aloft and the NOAA re-
many trace gases and black carbon emissions in the latesearch vessel (R/V) Atlantis sampled atmospheric conditions
emissions inventory are likely too high in the entire region. along the coast of California. In situ measurements of meteo-
We also show that while errors in long-range transport dorological, trace gas, and aerosol quantities were collected by
not significantly affect simulated aerosol properties close tothe WP-3D (Bahreini et al., 2012; Ryerson et al., 2013; Lan-
the surface near emissions sources, small errors in free troparidge et al., 2012; Moore et al., 2012; Pollack et al., 2012;
spheric aerosol concentrations led to a large positive bias itWarneke et al., 2011; Peischl et al., 2012), CIRPAS Twin Ot-
simulated aerosol optical depth. This indicates that regionalter (Duong et al., 2011; Metcalf et al., 2012; Craven et al.,
scale climate simulations can easily produce erroneous re2013; Hersey et al., 2013), and the R/V Atlantis. The Tun-
sults regarding the relative role of local emissions and long-able Optical Profiler for Aerosols and oZone (TOPAZ) differ-
range transport on local aerosol radiative forcing, even oveential absorption lidar (DIAL) was deployed on the NOAA
regions with substantial overall emissions such as CaliforniaTwin Otter (Langford et al., 2012) and the High Spectral Res-
A brief description of the field campaign measurementsolution Lidar (HSRL-1) (Hair et al., 2008) was deployed on
and how they are incorporated into the AMT is included in the B-200 (Scarino et al., 2014). As shown in Fig. 1a, most
Sect. 2. The configuration of the regional aerosol model isof the CalNex aircraft and research vessel sampling was con-
described in Sect. 3. The comparison of the model simula-ducted in southern California in the vicinity of the Los An-
tion with the measurements is presented in Sect. 4, startingeles basin. Ozonesondes were launched at six sites to ob-
with discussion of model performance associated with me-tain profiles of meteorological quantities along with ozone
teorological and trace gas quantities in Sects. 4.1 and 4.2nixing ratio in the region (Cooper et al., 2011). A detailed
respectively. Most of our analysis will focuses on model per-description of the instrumentation for each of the CalNex
formance in simulating aerosol properties, divided into car-surface sites and mobile platforms is given by Ryerson et
bonaceous aerosols in Sect. 4.3 and inorganic aerosols ial. (2013).
Sect. 4.4. Section 4.5 presents the model performance on CARES was designed to address science issues associ-
aerosol volume and number distributions. The impact of sim-ated with the interactions of biogenic and anthropogenic
ulated aerosols on aerosol optical depth and extinction is preprecursors on secondary organic aerosol (SOA), black car-
sented in Sect. 5 since comparisons with observations is wapon mixing state, and the effects of organic species and
of evaluating simulated aerosol concentrations throughout @erosol mixing state on optical properties and the activation
vertical column where in situ measurements may not existof cloud condensation nuclei (CCN) (Zaveri et al., 2012).
Section 6 is a discussion that compares the present simuAs shown in Fig. 1b, ground-based instruments were de-
lations with those conducted by other CalNex investigatorsployed at two sites in northern California: one in Sacramento
and describes how various model uncertainties contribute t¢38.649 N, —121.349 W, ~30mm.s.l.) and the other in
model performance, while Sect. 7 summarizes our primaryCool (38.889N, —120.974W, ~450mm.s.l.), a small
findings. town located about 40km northeast of Sacramento. The
Sacramento and Cool sites are also referred to as “T0” and
“T1”, respectively, to denote transport time intervals associ-
2 Measurements ated with the predominately southwesterly daytime winds.
This sampling strategy was based on the known transport
Measurements collected in California during May and Junepathways of the Sacramento plume that was also observed
of 2010 as part of the CalNex and CARES campaignsduring BEARPEX (Bouvier-Brown et al., 2009). Three re-
are used to evaluate mesoscale predictions of aerosols arsarch aircraft, the DOE G-1, the NASA B-200, and the
aerosol precursors. CalNex was designed to address scNOAA Twin Otter sampled atmospheric conditions aloft in
ence issues relevant to emission inventory assessment, difhe vicinity of the TO and T1 sites. In situ measurements
persion of trace gases and aerosols, atmospheric chemistrgf meteorological, trace gas, and aerosol quantities were
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(a) CalNex sampling locations (b) CARES sampling locations
RS ) i 4 NS .

NASA B-200 s

CIRPAS Twin Otter s«

NOAA WP-3D E= NASA B-200

NOAA Twin Otter NOAA Twin Otter &
NOAA R/V Atlantis DOE G-1

(c) operational meteorological sampling (d) operational air quality sampling

1 - Trinidad Head
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3-CCL 10-SAC 3 — Monterey
3 4-CCO 11-USC 4 - Fresno

5-GRM 12-VIS 5-UCsB

6-IRV 13-WAP
14 - TRK

. 6 —Goldstone

7 — Table Mountain
8 — CalTech

9 — Elsegundo

10 — La Jolla

e surface meteorology
O radiosondes
O radar wind profiler Southern CA §

e surface air quality
© IMPROVE
O AERONET

Figure 1. Geographic distributions of fixed and mobile sampling during(#)eCalNex andb) CARES campaigns along with operational
(c) meteorological an@) air quality sampling sites. Yellow circle ifa) and(b) denote measurement supersites while blue linés)idenote
geographic regions to compute statistics. Gray shading denotes model topography.usidgim. The modeling domain extends150 km
west of the western boundary shown above. BBBodega Bay, BKF= Bakersfield, CCl= Chowchilla, CCO= Chico, GRM= Gorman,
IRV = Irvine, LHS = Lost Hills, LVR = Livermore, ONT= Ontario, SAC= Sacramento, US& University of Southern California, VIS
= Visalia, WAP = Whiteman Airport Pacomia, TRK Truckee.

collected by the G-1 while the NOAA Twin Otter and the by several agencies were available from several hundred sur-
B-200 had the same remote sensing instrumentation as duface sites, hourly profiles of wind speed and direction were
ing CalNex. Zaveri et al. (2012) describe the instrumentationavailable from 14 radar wind profilers, and profiles of tem-
for each of the surface sites and mobile platforms. Most ofperature, humidity, pressure, wind speed, and wind direction
the sampling during CalNex occurred between 15 May andfrom radiosondes were launched up to twice a day at four
16 June, while sampling during CARES occurred between Zites in California. An air-quality monitoring network op-
and 28 June. erated by the California Air Resources Board (CARB) pro-
In addition to the extensive measurements collected fronvides hourly data on ozone ¢Q nitrogen oxides (N¢), sul-
the two campaigns, a wide range of meteorological and airfur dioxide (SQ), carbon monoxide (CO), P, and PMg
guality data are routinely collected over California as shownat sites throughout Californiahttp://www.arb.ca.gov/aqd/
in Fig. 1c and d, respectively. Meteorological data collectedagmoninca.htn The Interagency Monitoring of Protected
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Visual Environment (IMPROVE) network (Malm et al.,, Table 1. Selected WRF-Chem configuration options used for this
1994) provides 24 h average aerosol composition at 20 sitestudy.
in California. Additionally, there were 10 sites during 2010

that provided measurements of column integrated aerosol op- Atmospheric process ~ Option
tical properties (e.g., aerosol optical depth) as part of the Advection monotonic
NASAs AErosol RObotic NETwork (AERONET) (Holben Long wave radiation RRTMG
et al., 1998; Dubovik et al., 2002) Shortwave radiation RRTMG

A discussion on how the CARES, CalNex, and operational Surface layer Monin—Obukhov (Janic)
measurements have been merged into a single data set (Fast similarity theory
et al.,, 2011) is included in the Supplement in Fig. S1. Land surface Noah

Boundary layer Mellor—Yamada—Janic

Cumulus convection  Kain—Fritsch

Cloud microphysics ~ Morrison

Gas-phase chemistry SAPRC-99
Photolysis FTUV

Aerosol chemistry MOSAIC with volatility

3 Model description

Version 3.3.1 of the WRF-Chem community model (Grell et

al., 2005) is used in this study to simulate the evolution of basis set (VBS)
aerosols over California. The model configuration is similar Direct effect on
to that used for operational meteorological and tracer fore- Indirect effect off

casting during CARES as described by Fast et al. (2012), ex-
cept that trace gas and aerosol chemistry are now included.
The specific physical parameterizations used in this study,
also available in the public release of the model, are listed in
Table 1. We use the SAPRC-99 photochemical mechanisnyses from the NAM model so that the simulated large-scale
(Carter, 2000a, b) to simulate gas-phase chemistry, and thffows did not diverge from observed synoptic conditions. A
MOSAIC module (Zaveri et al., 2008) with eight size bins test simulation without data assimilation (not shown) pro-
to simulate aerosol chemistry, thermodynamics, kinetic gasduced similar results, suggesting that the free tropospheric
particle partitioning for inorganic species, and aerosol dy-meteorological conditions were largely governed by the lat-
namics. The simplified two-product volatility basis set (VBS) eral boundary conditions.
parameterization is used to simulate equilibrium SOA parti- Anthropogenic emissions were obtained from the CARB
tioning as described in Shrivastava et al. (2011), except thaP008 ARCTAS emission inventory developed for the NASA
the factor of 2 used to increase primary organic aerosol emisArctic Research of the Composition of the Troposphere from
sions in that study to obtain better agreement between simAircraft and Satellite (ARCTAS) mission over California
ulated primary organic aerosol (POA) and estimates of POA(Pfister et al., 2011). The CARB inventory contains hourly
derived from aerosol mass spectrometer (AMS) data is noemissions for a 13-day period using a 4 km grid spacing over
employed here. California. We created diurnally averaged emissions from 5
The model domain encompasses all of California, Nevadapf the weekdays and 2 of the weekend days and used those
and the adjacent Pacific Ocean using a horizontal grid spacaverages for all weekdays and weekends in the entire 2-
ing of 4km. The domain is identical to the domain used in month simulation period. Anthropogenic emissions from the
Fast et al. (2012), and extends150 km further over the 2005 National Emissions Inventory (NEI) were used for re-
ocean than is shown in Fig. 1. A stretched vertical coordi-gions outside of California. Emissions of semi-volatile and
nate that uses 65 grid levels extends up to 16—20km a.g.lintermediate volatility SOA trace gas precursors were as-
with a 30 m grid spacing adjacent to the surface and 43 levsumed to be 6.5 times the mass of primary organic aerosol
els located within 2km of the ground. The simulation pe- emissions from anthropogenic and biomass burning sources
riod is from 1 May to 30 June 2010. Initial and boundary as in Shrivastava et al. (2011) and Tsimpidi et al. (2010).
conditions for the meteorological variables were based orBiogenic emissions were computed on-line using the Model
analyses from the National Center for Environmental Pre-of Emissions of Gases and Aerosols from Nature (MEGAN)
diction’s North American Mesoscale (NAM) model, while model (Guenther et al., 2006) and lumped into isoprene, ter-
initial and boundary conditions for trace gases and aerosolpenes, and sesquiterpenes for the SAPRC-99 photochem-
were obtained from the global MOZART model (Emmons et ical mechanism. Sea-salt emissions (sodium and chloride)
al., 2010). Boundary conditions were updated at 6 h intervaldrom the ocean were computed online using fluxes based
from both models and then interpolated linearly in time by on predicted surface winds and boundary layer quantities
WRF (Skamarock et al., 2005). Instead of performing a seriesas described by Gong et al. (2002). While biomass burning
of short forecasts, a single simulation was performed over thend dust emissions are not considered in the present study,
2-month period in which four-dimensional meteorological long-range transport of smoke and dust from Asia as rep-
data assimilation was applied above 1.5km a.g.l. using analresented by MOZART were included through the boundary
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Anthropogenic VOC Emission Rates

Biogenic Isoprene Emission Rates

Figure 2. Spatial distribution of anthropogenic volatile organic compounds (VOC) (top) and biogenic isoprene (bottom) emission rates for
a representative day at 10:00 LST over California and in the vicinity of the Pasadena, TO, and T1 supersites (white dots). The middle panels
depict the Los Angeles Basin and the right panels depict a portion of the Sacramento Valley. Contours denote model topography (m) and
regions that are not shaded denote low emission rates.

conditions. Satellite detection methods indicated that theresume anthropogenic emissions during 2010 would be less
were very few fires in California during this 2-month period. than during 2008, but the exact amount is still under inves-
Anthropogenic VOC and biogenic isoprene emission rategigation using a variety of methods. A few recent modeling
over California and in the vicinity of the Los Angeles and studies have examined how reasonable the 2008 emission in-
Sacramento supersites at 10 Local Standard Time (LST) on gentory is for this region. Using inverse modeling, Brioude et
representative day are shown in Fig. 2. As expected, the highal. (2013) developed an improved CO and Nébnission in-
est anthropogenic volatile organic compound (VOC) emis-ventory for the Los Angeles basin to correct for inconsisten-
sion rates are proportional to population density. A portioncies in amounts and spatial distributions found in the CARB
of the interstate highway system is also evident in the fig-emission inventory. To reduce uncertainties in VOC emis-
ure, especially in the sparsely populated regions of Nevadaions and their speciation, Knote et al. (2014) applied mea-
and southeastern California. While biogenic emissions occusured VOC/CO emission ratios obtained from the Los An-
in most non-desert regions of California, the emission rategyeles basin during CalNex. They found considerable differ-
are highest along the foothills of the Sierra Nevada that areences (up to a factor ef 10 for some VOC species) in the es-
dominated by oak trees. timates of VOC emissions as well as OH concentrations be-
Two preliminary simulations (not shown here) were per- tween the CARB inventory and the amounts estimated from
formed that used either the merged CARB 2008 and NEIthe measured VOC/CO emission ratios in the Los Angeles
2005 inventories or only the NEI 2005 inventory over the basin. These updates have not yet been incorporated in the
entire model domain. While both simulations usually over- publicly released inventory, and have not been considered in
predicted CO, N, and black carbon (that largely originate our study.
from traffic emissions), concentrations from the simulation Until a more refined inventory for 2010 is available,
that used the CARB 2008 inventory were closer to observawe performed a default simulation, called “DEF_ANT”,
tions in both southern and northern California (not shown).that employed the merged CARB 2008 and NEI 2005 in-
This is consistent with the decrease in anthropogenic emisventories (Table 2) and two sensitivity simulations, called
sions over the past decade in California reported by Bahadut50%_ANT” and “0%_ANT” as indicated in Table 3. The
et al. (2011) and ARB (2009). Table 2 lists the total daily two sensitivity simulations reduce the anthropogenic emis-
trace gas and aerosol emissions over the modeling domaisions by 50% (except for SOand NHs) in the former
for weekday and weekend periods. It is reasonable to asand eliminate them in the latter. Reducing anthropogenic
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Table 2. Total daily emissions (metric tons) of trace gases and fine particulatesH)Pder the modeling domain for weekday and week-

end periods derived from the 2008 CARB emission inventory (over California) and the 2005 National Emissions Inventory (elsewhere) as
described in the text. VOC are the sum of all non-methane volatile organic compounds and other inorganic (OIN) are other inorganic aerosol

of unspecified composition.

co NO, SO, NHg

VOC BC ©OA SQ NOz OIN

weekday
weekend

13669.0 3409.3
14430.9

509.9 803.6 33022 56.9 156.1 43.1 14 2424
2031.0 499.7 803.3

32385 548 1236 472 14 2373

Table 3.Description of simulations performed for this study.

fore, evaluation of the simulated meteorological quantities
is presented only for the DEF_ANT simulation. Aerosol in-

Simulation Description direct effects, cloud chemistry, and wet scavenging are cur-
Name rently neglected since there were relatively few clouds and
DEF_ANT Default configuration that employs the little rain over land during the 2-month period.

merged CARB 2008 emissions inven-

tor)_/ over (_:alifornia and NEI 200_5 4 Model evaluation

emissions inventory elsewhere. Bio-

gﬁtnég ggjiseela_salt emissions are com- The AMT software is used to extract variables rglated to me-
50%_ ANT 50 % reduction of anthropogenic emis- teorological, trace gas, aero_sol, ar_1d aerosol optlcal propertles

sions, with the exception of SOand from the four WRF-Chem simulations compatible with most

NH3 that are left unchanged; otherwise of the measurements collected during CARES and CalNex

identical to DEF_ANT and perform most of the statistics shown in this section. Bias
0%_ ANT no anthropogenic emissions, otherwise is expressed in terms of simulated minus observed values.

identical to DEF_ANT In addition to root mean square error (RMSE) and correla-
50%_LBC 50 % reduction of aerosols for the ini-

tion coefficient R), we also use the index of agreement (1A)

tial and boundary conditions, otherwise

. . developed by Willmott (1981) that varies between 0 and 1
identical to 50 %_ANT

where 1 indicates a perfect match. While the AMT was orig-
inally conceived to test aerosol process modules while all
other processes remain the same, the same methodology is

emissions by 50 % is a rather large adjustment consideringJSEd her_e_to assess model sensitivity to emissions and bound-
a 2-year trend, but this factor also assumes the CARB 200&y conditions.

emission estimates may be too high for that time period. Meteorological predictions during CalNex and CARES
Kozawa et al. (2014) recently reported similar reductions inusing the WRF model have been discussed previously by
NOy and BC emission estimates based on truck-dominated\ngevine et al. (2012) and Fast et al. (2012), respectively.
freeways in Los Angeles from 2009 to 2010. All three simu- AN evaluation of the simulated meteorological quantities not
lations include on-line biogenic and sea-salt emissions. Thélescribed previously is included in the Supplement and in
simulation with no anthropogenic emissions is performed toTables 4-7. In summary, the overall simulated diurnal and
estimate the relative contribution of local emission sourcesMulti-day variations in meteorological quantities (temper-

and long-range transport on aerosol concentrations througrature, humidity, wind speed and direction, boundary layer
out California. One additional sensitivity simulation is per- depth) that affect the evolution of trace gases and aerosols are

formed, called “50%_LBC” in which aerosols for the ini- consistent with a wide range of CARES and CalNex mea-

tial and boundary conditions obtained from MOZART are Surements and the model’s statistical performance is simi-

reduced by half in addition to reducing the anthropogenic'af to those from other chemical transport modeling studies.

emissions by 50 %. As will be shown later, total aerosol massWVhile the near-surface wind speeds are too high, the over-

near the surface is usually not significantly affected by long-all bias in simulated winds aloft is closer to zero and trans-

range transport, but small aerosol concentrations in the fre®0rt processes throughout the troposphere controls the move-

troposphere transported from Asia are the primary contribu/nent of trace gas and aerosol plumes. Nevertheless, rela-

tor to aerosol optical depth outside of major urban areas. tively small errors in the simulated meteorological quanti-
The four simulations all employ aerosol direct effects (Fastties can stillimpact the timing and spatial variability of these

et al., 2006), primarily to obtain aerosol optical properties toPlumes as will be shown later.

compare with measurements. The impact of different aerosol

loading and distributions among the simulations on radiation

and subsequently meteorology is small (not shown); there-

Atmos. Chem. Phys., 14, 10013:006Q 2014 www.atmos-chem-phys.net/14/10013/2014/



J. D. Fast et al.: Modeling regional aerosol and aerosol precursor variability over California 10021

Table 4. Performance of simulated temperature (T), relative humidity (RH), wind speed (WS), and wind direction (WD) in terms of bias,
root-mean-square error (RMSE), correlation coeffici®)t &nd index of agreement (I1A) for the surface stations depicted in Fig. 1c. Statistics
given for all of California (CA) and by region (Fig. 1c).

Variable Region Observed Bias RMSE R 1A
Mean
CA 289.9 -05 34 090 0.94
Southern_CA 2920 -0.3 35 0.87 0.93
T (K) San Joaquin valley 293.1 -0.2 31 090 0.95
Sacramento Valley 2923 0.7 3.2 089 0.9
Coastal 287.4 -0.2 32 0.86 0.92
Interior Mountains 2889 -0.9 36 092 0.95
CA 55.6 2.7 175 0.76 0.87
Southern CA 577 -7.0 19.2 0.76 0.86
RH (%) San Joaquin Valley 49.2 -55 146 0.79 0.87
Sacramento Valley 543 -0.7 14.0 0.79 0.89
Coastal 65.9 0.2 171 0.72 0.85
Interior Mountains 47.3 -0.5 175 0.74 0.85
CA 3.0 1.3 27 057 0.70
Southern_CA 2.6 1.2 26 058 0.68
1. SanJoaquin Valley 29 1.3 25 052 0.65
WS (ms™) Sacramento Valley 3.2 11 24 053 0.69
Coastal 3.0 1.7 3.0 056 0.66
Interior Mountains 3.8 0.7 27 061 0.77
CA 285.0 -12.7 99.9 0.27 0.77
Southern CA 15,0 —225 121.0 0.23 0.67
WD () San Joaquin Valley 315.0 —9.7 68.8 0.38 0.81
Sacramento Valley 255.0 -34 90.5 0.34 0.77
Coastal 285.0 -3.1 75.3 0.27 0.82
Interior Mountains 15.0 -17.6 114.8 0.20 0.78
4.1 Trace gases As seen in Fig. 3a, simulated CO from the 50%_ANT

simulation performs better than DEF_ANT at all the super-
As mentioned previously, it is likely that the CARB emission sites. The diurnal and multi-day variations from 50 %_ANT
inventory developed for the 2008 ARCTAS field campaign at the urban supersites agree reasonably well with obser-
may not be representative for the CalNex and CARES fieldyations as shown in Fig. S5 in the Supplement. Errors in
campaign period in 2010. To demonstrate the sensitivity ofthe simulated boundary layer depth cannot account for the
the model results to trace gas emission rates, the observagrge CO mixing ratios simulated by DEF_ANT. At the ru-
and simulated diurnally averaged mixing ratios of CO, NO, rg| T1 site, the simulated CO from 50%_ANT is still too
NO2, NH3, SO, five volatile organic compounds (VOCs), high. The 0%_ANT simulation shows that there are periods
and ozone at the four supersites are shown in Figs. 3, 4 anghhen the background mixing ratios from long-range trans-
5. Since CO reacts slowly, its spatial and temporal variationsport lead to higher than observed CO mixing ratios (12—16
can be used to evaluate how well transport and mixing pro-and 20—-24 June in Fig. S5d in the Supplement), suggesting
cesses are represented by models. Nitrate evolution is conhat the global MOZART simulation contributes to these er-
trolled by temperature and concentrations of NO,2N&nd  rors over California. In general, the CO from the boundaries
NHs, while sulfate is produced by oxidation of 30/OCs  may be 20-30 ppb too high on many days. Therefore, errors
will influence oxidant chemistry and play a role in SOA for- in simulated CO are due to both uncertainties in the emis-
mation. Finally, ozone is a useful quantity to examine since itsjons rates and boundary conditions, with the errors associ-
is the byproduct of photochemistry that also impacts aerosohted from boundary conditions relatively more important at

chemistry and high concentrations can adversely affect huryral locations, such as T1, where emission rates are much
man health. Ozone has also been shown to be correlated witémaller than in the urban areas.

SOA (Herndon et al., 2008; Wood et al., 2010) and the SOA  Uncertainties in the boundary conditions do not likely
treatment used by the model depends on simulated hydrox\ontribute to the over-predictions of NO and NGn
radical (OH) concentrations (Shrivastava et al., 2011). the DEF_ANT simulation, since the mixing ratios from
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Table 5. Performance of simulated temperature (T), relative humidity (RH), wind speed (WS), and wind direction (WD) in terms of bias,
root-mean-square error (RMSE), correlation coefficigt)t @nd index of agreement (IA) for all of the aircraft flight paths and ship track.

Platform Number of Observed Bias RMSE R 1A
Data Points Mean
G-1 24213 2947 -2.3 3.53 0.89 0.90
T (K) WP-3D 442273 287.4 —2.9 511 0.90 0.92
CIRPAS Twin Otter 3415 289.3 -3.0 421 0.86 0.86
R/V Atlantis 35489 287.7 1.1 268 069 0.79
G-1 24041 39.3 0.1 1290 0.65 0.80
RH (%) WP-3D 442273 375 —-4.0 1755 0.70 0.82
CIRPAS Twin Otter 3413 49.2 -5.8 19.88 0.60 0.76
R/V Atlantis 35489 84.8 —6.6 15.30 0.49 0.66
G-1 23988 54 -0.2 3.80 045 0.65
WS (m sl wpP-3D 440073 6.2 -0.1 398 0.71 0.83
R/V Atlantis 35488 4.9 2.0 438 0.33 0.58
WD (°) G-1 23988 195.0 9.6 57.60 0.36 0.84
WP-3D 440073 315.0 -3.7 68.24 0.27 0.79
R/V Atlantis 35488 255.0 124 7240 0.23 0.60

0% _ANT are very low compared to the observations asmixing in the boundary layer, the observations indicate an
shown in Figs. 3b, 3c, S6, and S7 in the Supplement. Asncrease in S@mixing ratios around sunrise that do not de-
with CO, NO and NQ are in better agreement with obser- crease dramatically during the day. In contrast, the observed
vations from the 50 %_ANT simulation; however, the simu- and simulated average diurnal variation in S8 Pasadena
lated mixing ratios are still too high in Pasadena. As shownis similar, but the simulated mixing ratios are far too high
in Figs. 3d and S8 in the Supplement, the observed and simsuggesting that emissions in this region are likely too high.
ulated diurnal variation in ammonia (Nhlat Bakersfield are VOCs, including isoprene, terpene, and methyl-vinyl-
very similar, although simulated mixing ratios are somewhatketone+ methacrolein  (MVK+ MACR), toluene and
lower than observed. At the Pasadena site, simulateg NHformaldehyde were measured by proton transfer reaction
is too high, with peak mixing ratios occurring just before mass spectrometer (PTR-MS) instruments (Lindinger et al.,
sunrise when the observations have a minimum value. Thd998) deployed at Pasadena, TO, and T1 and a gas chro-
simulated diurnal variation in Nflat Pasadena and Bakers- matography instrument (Gentner et al., 2012) at Bakersfield.
field are very similar, but the observations at Pasadena extsoprene, terpene, and MVAKMACR originate primarily
hibit much less diurnal variability. While the observed diur- from biogenic emissions, while toluene and formaldehyde
nal variation in HNQ is reproduced by the model and the are associated with anthropogenic emissions. We note
mixing ratios from the 50%_ANT simulation are similar to that Liu et al. (2013) recently found that isoprene-derived
observed at Bakersfield (Figs. 3e and S9 in the Supplementperoxyl radicals were measured by the PTR-MS at the same
HNOj3 from all the simulations is too low at the Pasadena mass-to-charger{/z) ratio as MVK and MACR; therefore,
site. the measurements are likely to be higher than reality.

Model results also indicate that the amount of,Sfans- The model reproduces the observed diurnal and multi-day
ported from Asia is also very small, as shown by comparisonvariations in isoprene (Figs. 4aand S11 in the Supplement) as
of the observations with the 0%_ANT simulation in Figs. 3f well as the trend in peak mixing ratios, with the highest mix-
and S10 in the Supplement. The diurnal and multi-day vari-ing ratios at the T1 site, followed by TO, Pasadena, and Bak-
ation of SQ is simulated reasonably well at the TO site, al- ersfield. However, daytime mixing ratios from DEF_ANT
though the magnitude is higher than observed at night. Theand 50 %_ANT are usually a factor of 2 too low. Simulated
episodic nature of the SOnixing ratios associated with the terpene at the TO site is also a factor of 2 too low as shown
interacting synoptic and thermally driven flows (Fast et al., in Figs. 4b and S12 in the Supplement, but the mixing ratios
2012) and their impact on sulfate (50 in the vicinity of are closer to observed at night. Conversely, simulated terpene
Sacramento will be discussed in Sect. 4.4. In Bakersfield, thenixing ratios are similar to observations during the day but a
overall magnitude of S@simulated is similar to observed, factor of 3 too high at night at the T1 site. Figures 4c and S13
but the diurnal variation is not represented well by the model.in the Supplement show that simulated MMKMACR is too
While the model often has the highest concentration at nightow at Pasadena, TO, and the T1 sites throughout the day.
after midnight that decreases rapidly with daytime vertical These results suggest that there are likely uncertainties in
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Table 6. Performance in simulated wind speed (min terms of bias, root-mean-square error (RMSE), correlation coefficRintand

index of agreement (lA) for the radar wind profilers shown in Fig. 1c. Statistics given for range gates (measurements at discrete altitudes)
close to~ 250, ~ 1000, and~ 2000 m a.g.l.. Statistics at TRK are not given because relatively little data were available May and June of
2010.

Station Height Number of Observed Bias RMSE R IA

(ma.g.l.) Observations mean
BBY 245 1359 9.4 0.5 33 0.79 0.88
BKF 239 1265 2.2 2.3 36 0.08 0.34
CCL 253 1294 7.1 1.7 35 0.69 0.80
CCO 239 1347 7.3 0.3 40 054 0.74
GMN 253 622 55 6.3 6.0 034 0.51
IRV 290 1160 1.4 2.2 28 036 044
LHS 239 1206 5.6 0.1 3.0 0.60 0.77
LVR 271 1379 4.4 2.1 34 056 0.66
ONT 266 395 2.1 2.1 1.7 0.34 0.52
SAC 220 1370 7.0 0.6 3.0 064 0.79
USsC 271 1193 3.1 1.2 25 058 0.71
VIS 271 1381 5.8 1.2 34 073 0.83
WAP 245 1024 2.7 1.6 27 052 0.64
BBY 994 630 7.0 0.8 23 0.67 081
BKF 992 1278 5.0 0.3 29 043 0.67
CCL 1006 1067 6.5 —0.5 28 056 0.75
CCO 992 753 73 24 33 034 0.57
GMN 1006 660 81 -1.1 40 0.29 0.57
IRV 977 1074 3.0 1.2 28 014 044
LHS 992 1160 6.7 -0.5 31 051 071
LVR 1021 1237 6.6 0.3 28 059 0.77
ONT 1010 402 2.8 0.6 1.4 0.16 0.46
SAC 1021 1059 57 -0.2 24 061 0.78
USsC 1021 702 3.6 1.6 28 033 051
VIS 1021 1014 4.8 0.4 22 058 0.76
WAP 989 908 5.4 1.0 29 059 0.75
BBY 1983 352 79 -05 1.5 0.78 0.88
BKF 1954 1302 74 -1.0 32 051 0.70
CCL 1969 946 6.3 —1.6 31 035 0.59
CCO 1954 702 79 -25 35 051 0.66
GMN 1969 475 9.1 -24 2.8 047 0.66
IRV 2014 629 6.9 —1.0 2.2 0.65 0.80
LHS 1954 1130 72 -1.2 29 056 0.73
LVR 1986 841 76 -04 23 067 0381
ONT 2014 370 6.0 —0.8 1.7 055 0.74
SAC 1957 957 7.0 -0.8 25 061 0.77
USC 2014 367 6.5 —-0.3 1.6 050 0.72
VIS 2003 962 52 -1.0 2.3 043 0.65
WAP 2027 821 82 -14 28 057 0.74

biogenic emission rates obtained from MEGAN. As shown species computed by MEGAN are lumped together. Knote et
in Guenther et al. (2006) a 1 degree error in simulated temal. (2014) suggest that there is a deficient description of vege-
perature could lead to & 15% error in isoprene emission tation in urban areas in the MEGAN land use database, lead-
rate, but the relatively small errors in simulated tempera-ing to too low biogenic emissions over Los Angeles. In their
ture do not fully explain the under-prediction in isoprene. work with WRF-Chem, they increased emissions of all bio-
While MEGAN computes 138 biogenic species, SAPRC-genic VOCs as determined in MEGAN by a factor of 2.5 over
99 (as with any photochemical model) has a limited num-grid points with an “urban” land use type in WRF-Chem.
ber of VOC species and consequently many of the biogenicThus, uncertainties in the biogenic trace gases can arise from
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Figure 3. Observed and simulated diurnally averadaylcarbon monoxide (CO)b) nitrogen oxide (NO)(c) nitrogen dioxide (N@),

(d) ammonia (NH), (e) nitric acid (HNGg), and(f) sulfur dioxide (SQ) over the 2-month period at the Pasadena, Bakersfield, TO, and

T1 supersites. Gray shading denotes night. Missing observations indicate measurements were not collected at a particular site. 50 %_LBC
simulation results not shown since they are nearly identical to those from the 50 %_ANT simulation.

the species-lumping in SAPRC-99 and from how well vege- As seen in Figs. 5a and S16 in the Supplement, the model
tation is represented in the model, particularly in the vicinity captures the diurnal and multi-day variability of ozone. Day-
of the sampling sites. For example, Fig. 2 shows that simutime peak values are well simulated at the TO and T1 sites,
lated biogenic emissions vary by a factor of 2 within 8 km of but are too low at the Bakersfield and Pasadena sites. Re-
the T1 site. The 0%_ANT simulation also demonstrates thatducing ozone precursor emissions in the 50%_ANT simu-
isoprene and terpene mixing ratios are sensitive to anthrolation, increased peak ozone mixing ratios at Pasadena, but
pogenic emissions rates while MMKMACR are not very  reduced daytime ozone concentration at Bakersfield. Statis-
sensitive; therefore, uncertainties in some biogenic specieics describing the performance of the model in simulating
are also affected by uncertainties in anthropogenic emissionszone at all the surface monitoring sites are given in Ta-
Toluene is emitted by anthropogenic sources, and as witlbles S15-S17 in the Supplement. Ozone from the DEF_ANT
the other primary anthropogenic emissions the 50 %_ANTsimulation is too low overall by 3.9 ppbv in contrast with the
simulation is closer to observed at all four sites as showrresults at the Bakersfield and Pasadena sites that are 13 to
in Figs. 4d and S14 in the Supplement, except during thel5 ppbv too low on average. The overall bias over California
night at Bakersfield. As shown in Figs. 4e and S15 in thefrom the 50 %_ANT simulation is nearly identical to the bias
Supplement, afternoon formaldehyde mixing ratios from thefrom the DEF_ANT simulation; however, the bias in ozone is
DEF_ANT simulation are closer to observations at the fourimproved for the southern California and Sacramento Valley
supersites, while the 50 %_ANT simulation better representsegions. A similar difference between the two simulations is
the mixing ratios at night and several hours after sunrise.  also produced for the sum of NO and MO
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Table 7. Performance in simulated wind direction (degrees) in terms of bias, root-mean-square error (RMSE), correlation cogjficient (
and index of agreement (IA) for the radar wind profilers shown in Fig. 1c. Statistics given for range gates eld@g0te~ 1000, and
~ 2000 ma.g.l. Statistics at TRK are not given because relatively little data were available May and June of 2010.

Station Height Number of Observed Bias RMSE R 1A

(ma.g.l.) observations mean
BBY 245 1359 315.0 3.7 444 037 0.84
BKF 239 1265 285.0 16.3 66.0 0.33 0.81
CCL 253 1294 315.0 1.2 396 043 0.78
CCO 239 1347 135.0 -2.1 67.0 052 0.87
GMN 253 622 345.0 -14.6 71.3 0.07 0.93
IRV 290 1160 165.0 —-11.5 70.1 0.33 0.73
LHS 239 1206 345.0 2.6 66.3 0.05 0.88
LVR 271 1379 255.0 17.2 553 0.32 0.69
ONT 266 395 2550 -7.9 712 025 0.61
SAC 220 1370 255.0 144 36.5 045 0.84
uscC 271 1193 255.0 -21.5 675 043 0.81
VIS 271 1381 3450 -0.1 532 0.29 0.79
WAP 245 1024 165.0 5.5 65.8 043 0.82
BBY 994 630 345.0 4.1 406 0.32 0.93
BKF 992 1278 3450 -15 585 0.26 0.86
CCL 1006 1067 315.0 7.2 50.2 041 0.85
CCO 992 753 165.0 14 75.6 0.30 0.83
GMN 1006 660 3150 -0.9 58.8 040 0.91
IRV 977 1074 165.0 16.6 89.0 0.31 0.76
LHS 992 1160 345.0 -0.7 456 0.20 0.96
LVR 1021 1237 285.0 7.2 43.0 0.32 0.94
ONT 1010 402 225.0 9.5 81.2 046 0381
SAC 1021 1059 345.0 5.6 56.2 0.31 0.89
uscC 1021 702 345.0 -6.1 71.8 0.14 0.89
VIS 1021 1014 345.0 -3.2 52.8 0.28 0.86
WAP 989 908 345.0 4.6 60.3 0.38 0.90
BBY 1983 352 150 -6.0 348 0.48 0.98
BKF 1954 1302 315.0 0.8 443 049 0.91
CCL 1969 946 165.0 16.1 65.6 034 0.82
CCoO 1954 702 165.0 2.9 63.3 0.16 0.85
GMN 1969 475 285.0 -25 609 0.38 0.87
IRV 2014 629 285.0 -83 50.3 044 091
LHS 1954 1130 345.0 3.0 439 0.39 0.93
LVR 1986 841 255.0 3.4 40.0 0.56 0.96
ONT 2014 370 285.0 -89 522 044 0.92
SAC 1957 957 195.0 4.6 43.2 0.60 0.95
usc 2014 367 315.0 -0.8 40.7 0.62 0.95
VIS 2003 962 345.0 7.0 479 030 091
WAP 2027 821 3150 -3.1 439 0.50 0.92

Observed and simulatedyQthe sum of @ and NQ, is too high. Observed and simulated OH is shown in Fig. 5c¢ for
shown in Fig. 5b because it is often used as an indicator othe Pasadena site. OH is a useful indicator of daytime pho-
photochemistry that removes the effect of titration by NQ. O tochemistry; however, OH measurements have large uncer-
from the 50 %_ANT simulation is in much better agreementtainties and the observed nighttime mixing ratios in Fig. 5¢
with observations at the Pasadena site during much of thevere removed since there are much fewer measurements con-
day, but is still too low during the afternoon. Whilge@om tributing to the diurnal average. Decreasing anthropogenic
the DEF_ANT simulation is in better agreement with the ob- emissions in the 50 % ANT simulation results in higher OH
servations at Bakersfield and Sacramento, we have showmixing ratios than in DEF_ANT and somewhat higher than
that NO, NQ, and some of the VOCs in that simulation are
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Figure 4. Observed and simulated diurnally averagajlisoprene(b) terpene(c) methyl-vinyl-ketone+ methacrolein (MVK+ MACR),

(d) toluene, ande) formaldehyde (CHO) over the 2-month period at the Pasadena, Bakersfield, TO, and T1 supersites. Gray shading denotes
night. Missing observations indicate measurements were not collected at a particular site. 50 %_LBC simulation results not shown since they
are nearly identical to those from the 50%_ANT simulation.

observed on average. The impact of OH mixing ratios onary layer was~ 250 m (Angevine et al., 2012). Off-shore pro-
simulated SOA formation will be discussed in Sect. 4.3. files made by the WP-3D flight on 16 May indicated a well
Figure 6 shows the comparison of observed and simu-mixed layer that was- 550 m deep (Angevine et al., 2012);
lated CO, NO, N@, NH3, HNO3, SO, and & distribu- however, the simulated boundary layer depth in that region
tions in terms of percentiles for all the G-1 flights (as high varied from 300 to 500 m. The largest over-predictions of
as ~3.2kmm.s.l.), all the WP-3D flights north of 3Bl CO, NO, and NG over the ocean occurred when the ship
(as high as~6.8kmm.s.l.), all the WP-3D flights south of is in the vicinity of Los Angeles (not shown), suggesting
35° N (as high as~ 5.6 kmm.s.l.), and the entire RV-Atlantis that emissions may also be too high along the coast or that
transect in the marine boundary layer. The statistics for thehe simulated local circulations transport too much material
WP-3D aircraft are divided in this way so that the northern from the land to the ocean. As with the rural T1 site, back-
transects are more comparable to the G-1 in the vicinity ofground mixing ratios from the global MOZART model may
the Sacramento while the southern transects are expected &ffect CO mixing ratios over the ocean but uncertainties in
have higher mixing ratios associated with the large emissionshe boundary conditions are not likely to affect simulated
in the Los Angeles Basin. As with CO, NO, and pNéx the NO and NQ. The median simulated NHmixing ratios of
supersites, the results from the 50 %_ANT simulation are in~ 1 ppb over northern California are about 2.5 ppb lower than
better agreement with the observations than the DEF_ANTobserved (Fig. 6b), which is similar to the average differ-
simulation. However, the 50 % _ANT simulation still has sig- ence between average observed and simulated mixing ratios
nificantly higher than observed mixing ratios along the RV- at the Bakersfield site (Fig. 3d) during most of the day. In
Atlantis transects in the marine boundary layer. These overeontrast with the over-prediction in NHat the Pasadena site
predictions are likely related to the simulated marine bound-(Fig. 3d), the simulated Nflaloft over southern California
ary layer depth near the coast of southern California thatis close to observed (Fig. 6¢). HN®nixing ratios from the
was often too shallow (as low as 30 m — one vertical modelDEF_ANT and 50 % _ANT simulations are somewhat higher
level). In contrast, radiosondes launched from San Nicolasand lower, respectively, than observed over both northern and
Island indicated that the average depth of the marine boundsouthern California. In addition, the simulated HN®@ixing
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Figure 5. Observed and simulated diurnally averadelozone (@), (b) Ox (O3+ NO>), and(c) OH over the 2-month period at the

(a) Pasadena, Bakersfield, TO, and T1 supersites. Gray shading denotes night. 50 %_LBC simulation results not shown since they are nearl
identical to those from the 50 %_ANT simulation. M@ot measured at T1, OH not yet available at Bakersfield, and OH not measured at TO

and T1.
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Figure 6. Percentiles for carbon dioxide (CO), nitrogen oxide (NO), nitrogen dioxidey(N&@mmonia (NH), nitric acid (HNG), sulfur

dioxide (SQ), and ozone (@) for all (a) G-1 flights,(b) WP-3D flights north of 38N, (c) WP-3D flight flights south of 35N, and(d) the

entire RV-Atlantis sampling period. Vertical lines denote 5th and 95th percentiles, boxes denote 25th and 75th percentiles, and the white
dots denote the 50th percentiles. Note thatgNiths not measured on the G-1 or the RV-Atlantis, but the model results are included for
completeness.
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Figure 7. Percentiles as a function of height for isoprene, monoterpenes, methyl-vinyl-ketapthacrolein (MVK+ MACR), toluene, and
formaldehyde for al(a) G-1 flights(b) WP-3D flights north of 38N, and(c) WP-3D flight flights south of 35N. Vertical lines denote 5th

and 95th percentiles, boxes denote 25th and 75th percentiles, and the white dots denote the 50th percentiles. Note that formaldehyde was n:
measured on the G-1, but the model results are included for completeness.

ratios are usually closer to observed than at the Pasadena sigrge fraction of the G-1 samples occurred over the forested
(Fig. 3e). Simulated S&is generally too low aloft along all  foothills of the Sierra Nevada (Fig. 1a and b). As with the su-
the G-1 and WP-3D flights, even though the overall simu-persites, simulated mixing ratios of biogenic species aloft are
lated magnitude was similar to that observed at the TO andoo low, although the simulated isoprene along the WP-3D
Bakersfield sites. Observed medianS@lues are between transects in northern California are only somewhat lower
0.4 and 0.7 ppb, while the simulated values are between 0.08han observed. While toluene along the G-1 flights from
and 0.2 ppb. In contrast, the model significantly over pre-the DEF_ANT simulation are similar to observed, simulated
dicts SQ in the marine boundary layer along the RV-Atlantis toluene is somewhat higher than observed along the WP-3D
transects. The simulated 75th percentiles-abeppb, but the  flights over both southern and northern California. Simulated
observed values are 0.5 ppb. The factors that contribute to toluene from the 50%_ANT simulation is in better agree-
the over-prediction in marine boundary layer S&e likely  ment with the WP-3D data, but lower than observed for the
the same as those for NO and p@\s with the supersites, G-1 data. As with ozone, formaldehyde from the 50%_ANT
the DEF_ANT simulation produces ozone aloft in the vicin- simulation is too low and somewhat lower than from the
ity of Sacramento that is similar to observed, but is too low DEF_ANT simulation.
everywhere else. The 50 %_ANT simulation decreases ozone Additional statistics for the same trace gases as in Figs. 6
aloft, but improves the simulation over the ocean somewhatand 7 are given in Tables 8 and 9 for the G-1 and WP-3D
The high simulated NO mixing ratios lead to too much ozoneflights, respectively. The biases are similar to the per-
titration in the marine boundary layer. centile shown previously. As expected, the statistics from the
PTR-MS instruments were also deployed on the G-10%_ANT simulation are usually poor because it neglects an-
(Shilling et al., 2013) and WP-3D (Warneke et al., 2011) air- thropogenic emissions. For the simulations that include an-
craft; therefore, we also compare the observed and simulatethropogenic emissions, the temporal and spatial variations in
isoprene, terpene, MVK- MACR, toluene, and formalde- ozone, CO, and formaldehyde are similar to observed along
hyde distributions in Fig. 7. Observed biogenic trace gasthe flight paths as indicated by correlation coefficients be-
mixing ratios from the G-1 are about an order of magnitudetween 0.6 and 0.8. Somewhat lower correlation coefficients
higher than those from the WP-3D north o3 because a between 0.4 and 0.6 were produced for NO,IN{Soprene,
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and toluene. The lowest correlation coefficients were pro-the T1 site. While some of the multi-day variations in BC
duced for S@, MVK 4+ MACR, and terpene. Statistics quan- that are associated with the changing meteorological condi-
tifying the performance in select trace gases averaged over atlons are also reproduced, there are days in which the model
the surface monitoring sites in California by region (Fig. 1c) performs better than others. Simulated BC from 50%_ANT
and for the individual supersites are given in Tables S15, S16¢an be twice as high as observed on some days and it did
and S17 in the Supplement for the DEF_ANT, 50%_ANT, not produce the occasional peak concentrations that were
and 0%_ANT simulations, respectively. Model performanceobserved to exceed 1 pgtat the Pasadena site. BC con-
varies from day to day based on the simulated meteorologeentrations from the 0% _ANT simulation are occasionally
ical conditions and how well emissions are represented fohigher than the observations and during the same time pe-
a particular day. Therefore, additional statistics on the traceiods when background CO concentrations were higher than
gases from the DEF_ANT simulation for the individual G-1 observed. The background BC concentrations are small, usu-
flights are given in Tables S18-S26 in the Supplement anally less than 0.03 pug r#; however, this is~ 43 % of the av-
for the individual WP-3D flights in Tables S26-S36 in the erage observed concentration of 0.07 pgfrat the rural T1
Supplement. site. Reducing background BC concentrations improves sim-
In summary, the simulated anthropogenic trace gases fromlated BC at the T1 site (not shown), but does not have as
the 50%_ANT and 50 %_LBC simulations that reduced thelarge an impact at the Pasadena and TO sites since the overall
emission rates in the 2008 CARB inventory were usually concentrations are higher. These results suggest that long-
closer to the surface and aircraft measurements collected durange transport of BC as simulated by MOZART may be too
ing the CARES and CalNex campaigns. Simulated isoprendarge. While the uncertainties in background BC will have
and terpene mixing ratios were usually too low at the surfacenegligible impact on total Plys mass, it does have a signifi-
and aloft, except that simulated terpene was too high at nightant impact on computed aerosol radiative forcing over most
at two surface sites. A number of factors probably contributeof California as will be discussed in Sect. 5.
to the errors in simulated biogenic species, such as meteo- Simulated BC aloft was also compared with SP2 measure-
rological uncertainties, specification of vegetation types andments collected along the entire G-1, WP-3D, and CIRPAS
lumping of VOC species in MEGAN, and errors in simu- Twin Otter aircraft flight paths in terms of percentiles over
lated anthropogenic emissions that interact biogenic sourcethe sampling period as shown in Fig. 9a. Similar to the sur-

as shown by simulation 0 %_ANT. face BC concentrations in Fig. 8 and to simulated CO and
NO aloft (Fig. 6), BC concentrations from the 50 %_ ANT
4.2 Carbonaceous aerosols simulation were closer to observations although they are still

somewhat higher than observed. Observed and simulated

Single Particle Soot Photometers (SP2) were used to meaoncentrations along the G-1 flight paths and the WP-3D
sure black carbon (BC) concentrations at three of the superflight paths north of 35N have similar medians and range of
sites and on three research aircraft. The SP2 measures singlealues. Higher concentrations were observed and simulated
particle refractory BC mass for particles for a discrete sizeby the WP-3D and CIRPAS Twin Otter aircraft in the vicinity
range. Metcalf et al. (2012) report a detection range of 80 toof the Los Angeles Basin; therefore, the model was able to
696 nm volume equivalent diameter for the SP2 on the CIR-reproduce the overall characteristics of higher and lower BC
PAS Twin Otter. Therefore, we use the first four size-bins in concentrations over southern and northern California. The
the model (0.625 um) to compare BC simulated mass withobserved and simulated percentiles along the CIRPAS Twin
the SP2 measurements. Both Metcalf et al. (2012) and Lan®©tter flight paths are also higher than those from the WP-3D
gridge et al. (2012) note that the overall uncertainties on SP&ince the Twin Otter usually flew in the immediate vicinity
reported BC mass due to calibration and other factors couldf the Los Angeles Basin, while the WP-3D also often flew
be as much a%40 %. Laborde et al. (2012) report that uncer- over the ocean and desert farther from the Los Angeles Basin
tainty in BC mass of=10 % can be achieved when the SP2 is where BC concentrations were lower. The 50%_LBC simu-
carefully tuned and calibrated. The detection limits and un-lation produced the best results for all locations. Statistics on
certainty in mass may vary somewhat among the CalNex and@C for individual aircraft flights from the DEF_ANT simu-
CARES SP2 instruments and as a function of time, dependiation are given in Table S37 in the Supplement.
ing on the size of the peak BC mass distribution, and are not To demonstrate how well the model represents the spa-
accounted for here. tial and temporal variability of BC, observed and simulated

The time series and diurnal averages of observed and sinBC for two flights on 21 May in the vicinity of Los Angeles
ulated BC at the supersites are shown in Fig. 8. As withare shown in Fig. 10. On this day, the CIRPAS Twin Otter
CO and NO that are emitted predominately by transportaflew over the urban area and through Cajon Pass northeast
tion sources, BC concentrations in the 50 %_ANT simulationof Los Angeles, and the WP-3D sampled primarily over the
are closer to observations than in the DEF_ANT simulationocean. While observed BC concentrations from the WP-3D
where simulated values are usually too high. The model als@lose to the ocean surface in the marine boundary layer were
reproduces much of the diurnal variability of BC, except at usually around 0.02 pg nf, somewhat higher concentrations

www.atmos-chem-phys.net/14/10013/2014/ Atmos. Chem. Phys., 14, 100086Q 2014



10030 J. D. Fast et al.: Modeling regional aerosol and aerosol precursor variability over California

Table 8. Performance of simulated carbon monoxide (CO), nitrogen oxide (NO), nitrogen dioxidg (Bl@fur dioxide (SQ), ozone (@),
isoprene, methyl-vinyl-ketone methacrolein (MVK+ MACR), toluene, terpene, and formaldehyde over all the G-1 flights in terms of bias,
root-mean-square error (RMSE), correlation coefficid®)t @nd index of agreement (IA).

Trace Simulation  Number of Observed Bias RMSE R 1A
gas data points mean (ppbg) (ppbv)
DEF_ANT 13.9 340 060 0.71
50%_ ANT -50 227 062 076
co 0%_ANT 22675 1402 545 347 045 049
50% LBC -51 228 062 0.76
DEF_ANT 032 124 054 061
50%_ ANT -0.13  0.66 0.56 0.69
NO 0%_ANT 21491 042 040 086 026 033
50% LBC -0.13  0.66 056 0.69
DEF_ANT 063 211 057 064
50%_ANT -030 117 058 0.72
NO2 0% ANT 20361 105 599 167 028 039
50%_LBC -031 116 059 0.72
DEF_ANT -028 077 025 051
50%_ANT -028 077 026 051
SO 0%_ANT 0.59 -059 092 0.12 042
50%_ LBC -028 077 026 051
DEF_ANT 34 124 077 085
50%_ANT —26 9.9 077 087
O3 0%_ANT 22378 481 189 234 040 o051
50%_LBC —27 100 077 087
DEF_ANT —040 094 0.65 0.49
. 50%_ANT -036 0.87 070 0.61
Isoprene 0% ANT 21617 053 v10 072 072 084
50%_LBC -036 0.87 070 0.61
DEF_ANT -037 0.81 065 053
50%_ANT -034 078 0.68 057
MVKHMACR  996_aNT 21636 038 516 068 067 068
50%_LBC -0.34 078 0.67 057
DEF_ANT 004 015 040 055
50% ANT —0.03  0.09 042 064
toluene 0% ANT 20470 009 508 011 035 042
50%_LBC -0.03 009 042 064
DEF_ANT —0.06  0.09 025 0.46
50% ANT -0.05 0.09 027 048
terpene 0% ANT 21606 007 502 010 032 055
50%_LBC -0.05 0.09 026 048
between 0.02 and 0.05 pgthwere observed-1kmm.s.l.  to observations than the other simulations. As expected,

above the ocean. The model suggests that the higher BBC concentrations were an order of magnitude or more
concentrations at 1 km m.s.l. were influenced by local emis-higher over the urban areas. BC concentrations measured
sions that were transported over the ocean. BC concentrasn the CIRPAS Twin Otter were as high as 0.3 HgPmBC

tions from the DEF_ANT and 50 %_ANT simulations are from the DEF_ANT simulation was too high except above
higher than observed at both altitudes. As with the rural sur-2kmm.s.l., and the 50%_ANT and 50 % _LBC simulations
face sites, the BC concentrations from the 0% _ANT simula-were in much better agreement with observed BC. The lo-
tion are frequently higher than observed over the ocean. Coneation and magnitude of the simulated peak BC concen-
sequently, simulated BC from 50 %_LBC is usually closer trations were sometimes consistent with the measurements,
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Table 9. Performance of simulated ozonegQcarbon monoxide (CO), nitrogen oxide (NO), nitrogen dioxide gN@mmonia (NH), sul-
fur dioxide (SQ), isoprene, methyl-vinyl-ketone methacrolein (MVK+ MACR), toluene, terpene, and formaldehyde over all the WP-3D
flights in terms of bias, root-mean-square error (RMSE), correlation coeffig@natd index of agreement (1A).

Trace Simulation  Number of Observed Bias RMSE R 1A
gas data points mean (ppbv) (ppbv)
DEF_ANT 170 456 0.80 0.86
509% ANT 63 342 080 086
co 0%_ANT 40189% 1952 596 607 027 043
509%_LBC 65 343 080 086
DEF_ANT 036 222 057 0.67
509%_ ANT ~014 135 059 0.69
NO 0%_ANT 370374 047 045 173 007 017
50%_LBC 014  1.35 059 0.69
DEF_ANT 128 434 065 0.72
509%_ ANT —025 248 065 0.78
NG, 0% ANT 356465 153 148 352 006 030
50%_LBC _025 247 066 0.78
DEF_ANT 368 1523 047 0.28
509%_ANT 345 1510 0.46 0.29
NH3 0%_ANT 301891 580 582 1682 004 021
50%_LBC ~338 1509 046 0.29
DEF_ANT ~014 091 030 051
509%_ ANT ~028 077 026 051
S& 0%_ANT 385293 046 045 091 006 034
50%_LBC ~015 089 032 052
DEF_ANT 56 132 064 077
509%_ ANT 88 140 067 073
O3 0%_ANT 387766 590 196 244 040 o051
50%_LBC -89 140 067 073
DEF_ANT _001 009 062 078
. 509%_ ANT ~001 009 057 0.74
Isoprene 0%_ANT 20380 005 012 027 043 043
50%_LBC ~001 009 057 074
DEF_ANT 005 014 023 044
509%_ ANT 004 013 024 044
MVK+MACR 06 ANT 1227 011" 005 014 026 049
50%_LBC 0.04 013 024 045
DEF_ANT 010 025 076 0.66
509%_ ANT 001 010 076 0.86
toluene 0% ANT 22350 007" 506 014 004 034
50%_LBC 001 010 076 0.86
DEF_ANT —001 002 041 047
50%_ANT ~0.01 002 026 0.39
terpene 0% ANT 21654 001 h00 002 028 051
50%_LBC ~001 002 026 0.39
DEF_ANT ~0.69  1.04 077 0.76
50%_ANT ~0.88  1.19 0.77 0.69
formaldehyde 0%_ANT 22833 1.92 136 171 062 050
50%_LBC ~0.88 119 077 0.69
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Figure 8. Observed and simulated time series (left panels) and average diurnal variation (right panels) of BC at the four supersites. Simulated
BC is the total of the first four model size bins (i.e., aerosol diameters up to 0.625 um). Gray shading denotes night and vertical lines in right
panels denote measurement uncertainty range. Results from 50 %_LBC simulation not shown since it is nearly the same as the 50 %_ANT
simulation. Bakersfield results shown for completeness even though no BC measurements were made at that site.

(a) BC percentiles for all aircraft flights Valley as shown in Fig. 11. These flights enable the model
o o o o to be evaluated over a larger geographic area. As the WP-3D
_ oso] L os0] L 0s0] [ os0] . flew across the San Joaquin Valley, higher BC concentrations
B were observed over the eastern side of the valley that con-
025 PO P o) i “ Pz ﬁ i tribute to peak concentrations of 0.04 ughbetween 16:30
000 ﬁ ﬁﬁ.c. 0001 & B | 000 0 - and 20:30 LST. The model does not produce the strong gradi-
(b) OA percentiles for all aircraft flights ent across the valley during the aircraft sampling period. The

8 8 8 8

simulated BC at~1kma.g.l. in the right panel of Fig. 11
. shows that at 14:00LST, just prior to the WP-3D flight,
ER EoY SRS EY b higher concentrations are simulated along the eastern side of
2] “ o2 “ 24 “ Foo2] # ## . the valley consistent with measurements. Higher concentra-
L] —t o +t o - tions of BC originating from the Bay Area are transported
G-1 WP-3D>35°N  WP-3D<35°N  CIRPAS Twin Otter into the San Joaquin Valley, reducing the simulated variabil-
opserved SO%ANT 0% ANT - 50%.LBC ity of BC in the valley after 16:00 LST. Thus, transport er-
Figure 9. Percentiles fofa) black carbon (BC) an¢b) organicmat-  '0rs in the model contributed to the differences between the
ter (OA) for all G-1, WP-3D, and CIRPAS Twin Otter flights. Ver- observed and simulated variability in BC along the WP-3D
tical lines denote 5th and 95th percentiles, boxes denote 25th anflight path. The agreement between the observed and simu-
75th percentiles, and the white dots denote the 50th percentiles. lated BC concentrations is much better in the vicinity of Los
Angeles at all altitudes. The simulated variability in BC con-
centrations from the 50%_ANT and 50 % _LBC simulation

. ) o are nearly identical to observations, although the simulated
but the simulated BC concentrations from 50%_ ANT and concentration are somewhat higher than observed.

50%_LBC were still too high between 10:15 and 10:45 and |, contrast to the CARES and CalNex data. somewhat
12:30 and 13:00 LST. This indicates that there are still unceryitferent statistics are obtained when comparin’g the simu-

tainties in simulated thermally driven circulations, boundary |ations to the daily averaged BC measurements at the re-
layer turbulent mixing, and/or emissions over the Los Ange- i« IMPROVE site as shown in Table 10. For this data
les Basin that affect local variations in BC. set, correlation coefficients that were greater than 0.64 rep-

24 May is another day in which both the WP-3D and CIR- roqent the model's ability to replicate the multi-day varia-
PAS Twin Otter flew over southern California; however, the (i, rather than the diurnal variations. The bias in BC from

WP-3D sampled primarily over the southern San Joaquin
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Figure 10. Observed and simulated BC on 21 May 2010 along the WP-3D and CIRPAS Twin Otter flight paths (left panels) and spatial
variations in observed BC (right panel). Gray contour lines in right panel denote model topography.
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Figure 11. Same as Fig. 10, except for 24 May 2010.

the DEF_ANT and 50%_ANT simulations was 0.02 and the importance of modeling studies to not rely solely on rou-
—0.02 ug M3, respectively. When the boundary conditions tine monitoring measurements.
of BC are reduced in the 50 % _LBC simulation, the biases As shown by Hayes et al. (2013), Hersey et al. (2013), Liu
increased to-0.04 pug nT3. Based on this data set, the bias et al. (2012), Setyan et al. (2012), and Shilling et al. (2013),
could be due to local anthropogenic emissions, boundarprganic aerosol (OA) is the largest fraction of total non-
conditions, or a combination of both. In contrast with the refractory aerosols observed during CARES and CalNex.
evaluations using CARES and CalNex data, the 50 % _LBCThe time series and diurnally averaged OA obtained from
simulation performed worse. If the field campaign obser-High-Resolution Time-of-Flight Aerosol Mass Spectrome-
vations were unavailable, it is possible to conclude thatters (AMS) deployed at each of the supersites are shown
reducing the CARB emissions by 25 % would produce BCin Fig. 12 along with simulated OA. Since the AMS mea-
concentrations closer to the observations. Part of the reasosures submicron aerosol mass (Canagaratna et al., 2007), OA
for the different BC statistics between IMPROVE and SP2from the first four model aerosol size bins up to 0.625um
data sets are likely due to measurement technique; the IMdiameter are used to compute OA comparable to the mea-
PROVE method could have interference from organic car-surements. While there will be some uncertainty in the com-
bon (e.g., Lack et al., 2014) that erroneously increases reparison due to the exact cut-off of the AMS measurements
ported BC concentrations. The differences in statistics streséwvhich may vary among the four instruments), simulated OA
in the fifth size bin (0.625-1.25pum) is usually small and
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Table 10.Performance of simulated P\ at the IMPROVE monitoring sites in terms of bias, root-mean-square error (RMSE), correlation
coefficient R), and index of agreement (1A).

Aerosol Simulation Observed Bias RMSE R 1A
composition mean (ugm)  (ugn3)
DEF_ANT -0.27 0.43 0.63 0.66
50%_ANT -0.31 0.47 059 0.62
SO 0% _ ANT 0.70 —-0.42 0.58 0.35 0.50
50%_LBC —0.44 0.55 0.65 0.55
DEF_ANT -0.14 0.56 0.58 0.75
50%_ ANT —-0.33 0.58 0.57 0.65
NOs 0% _ ANT 0.48 —0.48 0.75 0.04 041
50%_LBC -0.32 0.57 0.57 0.66
DEF_ANT 002 0.07 069 081
50%_ ANT —-0.02 0.07 0.64 0.70
BC 0% _ANT 0.10 —0.07 0.11 0.24 047
50%_LBC —0.04 0.08 0.69 0.66
DEF_ANT 0.41 0.73 0.74 0.74
50%_ ANT —0.05 0.38 0.74 0.85
oc 0% _ANT 0.68 —-0.51 0.71 0.52 0.48
50%_LBC —0.09 0.38 0.74 0.85
DEF_ANT —-0.29 0.99 0.81 0.26
sea salt 50% ANT 034 —-0.29 0.99 0.84 0.27
0% _ ANT ’ -0.30 0.99 0.88 0.27
50%_LBC —0.30 0.98 0.86 0.29
DEF_ANT -0.18 0.58 0.47 0.24
cl 50%_ ANT 0.19 —-0.18 0.57 0.60 0.24
0% _ ANT ’ -0.18 0.57 0.79 0.25
50%_LBC -0.18 0.56 0.79 0.27
DEF_ANT 0.27 223 050 0.71
50%_ ANT —0.83 220 046 0.62
PMz.5 0%_ANT 3.90 -2.00 3.03 0.08 045
50%_LBC —1.68 258 051 0.59
DEF_ANT 1.26 7.18 0.37 0.58
50%_ ANT 0.05 740 031 054
PMio 0%_ANT 10.19 ~1.37 8.02 0.22 050
50%_LBC —-3.26 7.87 035 0.59

does not contribute significant mass, as will be shown latefPAS Twin Otter aircraft was reported to vary between 0.141
(Fig. 22a). Uncertainties in the aerosol mass from the AMSto 0.382 pg m?, depending on the flight (Craven et al., 2013)
instruments vary but typical errors have been reported to bend is similar to the G-1. Observed and simulated composi-
up to about 30% (Bahreini et al., 2009; Canagaratna et al.tion concentrations are usually well above AMS detection
2007; Middlebrook et al., 2012). Detection limits depend on limits, and thus the limits do not affect the model evaluation
the averaging time period. For the AMS at the T1 site, thesignificantly.

2.5min detection limits were reported to be 0.075, 0.011, Atthe Pasadena site, observed peak concentrations of OA
0.018, and 0.01 pgn? for OA, SO;, nitrate (NG), and exceeded 10 ugnt on several days; however, simulated
ammonium (NH), respectively (Setyan et al., 2012). For OA concentration in from all the simulations were too low
the AMS on the G-1 aircraft, the 13 s detection limits of 0.3, and usually less than 5 pgT (Fig. 12). OA concentrations
0.07, 0.05, and 0.15 ug T for OA, 50421_* NO3, and NI—[{, from the DEF_ANT simulation are closer to observations
respectively (Shilling et al., 2013), were higher because ofat the Bakersfield, TO, and T1 sites, with the model repro-
the much shorter sampling period needed for aircraft operaducing much of the observed multi-day and diurnal variabil-
tions. The detection limit for OA from the AMS on the CIR- ity. At these sites, OA from the 50 %_ANT and 50 %_LBC
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Figure 12. Observed (AMS instrument) and simulated time series (left panels) and average diurnal variation (right panels) of OA at the four
supersites. Simulated OA is the total of the first four model size bins up to 0.625 um diameter. Gray shading denotes night and vertical lines
in right panels denote measurement uncertainty range. 50 %_LBC simulation results not shown since they are nearly identical to those from
the 50%_ANT simulation.

simulations are lower than observed and 1-1.5 pig lower the PMF estimate at the TO site (Fig. 13b), except that simu-
than those from the DEF_ANT simulation. The 0%_ANT lated POA is up to 0.5 ugnt too low during the afternoon.
simulation shows that boundary condition OA is a small frac- For both Pasadena and the TO site, POA from 50%_ANT
tion of the total OA at the Pasadena site, so that OA is domi-is lower as expected and is lower than the PMF estimate.
nated by local sources. While OA from the 0% _ANT simu- At the Bakersfield and T1 sites (Fig. 13c and d), however,
lation is still small at the other sites, it is not an insignificant the 50%_ANT simulation produces a diurnal average that
fraction of the total OA. The relatively higher OA from this is nearly identical to the PMF estimate while the POA from
simulation is not from long-range transport, but associatedhe DEF_ANT simulation is too high all day. These results
with biogenic SOA since the biogenic precursor emissionssuggest that POA emission rates from the CARB emission
are larger at these sites and particularly for T1. As describednay be reasonable, at least in the highly populated areas.
in Fast et al. (2012) and Setyan et al. (2012), the meteoroThe over-prediction in POA from the DEF_ANT simulation
logical conditions after 20 June are more favorable for SOAat the rural T1 site could be due to the horizontal resolution.
formation, which is consistent with the increase in biogenic As seen in Fig. 2, the city of Auburn is located just northwest
SOA from the 0%_ANT simulation during this time period. of T1 and the 4km grid spacing, which is the same resolu-
Since OA is composed of primary and secondary matetion as the 2008 CARB emission inventory, likely results in
rial, we use the results of positive matrix factorization (PMF) numerical smoothing of anthropogenic plumes to the adja-
analyses that have been applied to the AMS data from theent model grid cell over the T1 site. The spatial resolution
Pasadena (Hayes et al., 2013), Bakersfield (Liu et al., 2012)of the emission inventory could also be an issue at the Bak-
TO, and T1 (Setyan et al.,, 2012) data sets to provide esersfield site since it is located at the edge of the city (Alm et
timates of observed POA and SOA. To assess the modedil., 2012).
sensitivity to emissions, a direct comparison of observed Figure 13a shows that the large under-prediction in OA
and simulated POA is more appropriate than relying on OAat Pasadena for both the DEF_ANT and 50%_ ANT simu-
alone. Figure 13 compares the diurnally averaged simulatedhtions is due primarily to simulated SOA that is too low.
POA and SOA with estimates derived from PMF. At the The model does produce more SOA during the day sim-
Pasadena site (Fig. 13a), the overall magnitude of POA fronilar to the observed increase during the late morning and
the DEF_ANT simulation is similar to the PMF estimate, ex- afternoon, but the formation rate is far too low. The uncer-
cept that the model is up to 1 ugrtoo high at midnightand  tainties in POA emissions are far less than those associated
up to 1 pg nT3 too low during the afternoon. The DEF_ANT with SOA, so that changing the POA emissions is unlikely to
simulation also produces a diurnal average that is similar tosolve the under-prediction in SOA for the current volatility
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(a) Pasadena - (b) Sacramento (T)) genic chemistry are canceling each other out to some extent.
" H ‘% ﬁ 2] + i In addition, semi-volatile and intermediate VOCs form SOA
2 2} Mt J‘» ﬂ;rH.T TT 1;“ ++++++ ++ + i rapidly in the current VBS approach, whereas light aromat-
s M w ics (e.g., toluene) will make SOA continuously over several
& o] [ o] days. Multi-generational chemistry for aromatics is currently
R oy 2 12 1’ o 0 e 2 180 ignored; however, Hodzic et al. (2013) use an explicit model

e +++ ++ : +u++ to show thatltgis profceﬁs coultlj be important at regional scales
E Foo2- N - over several days of chemical processing.
5 ?W**M +++++‘; M102s,,4 +++++*' Simulated OA aloft was also compared with AMS mea-
T 1 o T e o surements collected by the G-1, WP-3D, and CIRPAS Twin
) Otter aircraft in terms of percentiles over the sampling pe-
9 Bakerstield - 10 ) riod as shown in Fig. 9b. The observed OA concentrations
mg ] . from the G-1 are higher than those from the WP-3D since
z 2] r 057 r the highest OA concentrations occurred during the last few
Q o] 55 loo®e] 00 W days of June and the last WP-3D flight north of Bbwas

0 6 12 18 o0 0 6 12 18 0 on the 18 June. As with the TO and T1 sites, OA concentra-
T 44+H++ lH' m + 4? W I tions from the DIEF_ANTI ?imulat:]on wrt]are crlloser to Iobser-
E H Lo pbeT T8l vations over northern California than the other simulations.
g’ ZM ZTHM'H% T g While OA from the DEF_ANT simulation was very similar
D g | o T/ ———— to observations from the WP-3D south of°3%, that sim-

0 6 tim;(’isn 18 0 0 6 hour1(2LST) 18 0 ulation produced higher than observed concentrations along

PME 50% ANT 0% ANT the CIRPAS Twin Otter paths. The variations in OA concen-

trations from the 50 %_ANT simulation were also closer to
Figure 13. Diurnal averages of primary and secondary organic Twin Otter observations. Note that the flight days and sam-
aerosol components at tifa) Pasadena(b) TO, (c) Bakersfield,  pling period for the WP-3D (4 May-22 June) and Twin Otter
(d) T1 sites. Blue dots denote values derived from AMS measure<lights (6-28 May) are not identical, so that observed and
ments using positive matrix factorization (PMF) techniques. Simu-gimulated percentiles for these two data sets are likely to be
lated POA and SOA are the total of the first four model size bins up jittarant. Nevertheless, these results aloft are substantially

Fo Q.625 pum diameters. Gray shading denotes_nlght and vertical Ime@iﬁerent than the under-predictions of OA at the Pasadena
in right panels denote measurement uncertainty range. 50 %_LBC.

simulation results not shown since they are nearly identical to thoses'te' Statlstlc_:s on QA for |nQ|V|dl_JaI aircraft ﬂ'ghts from the
from the 50% ANT simulation. DEF_ANT simulation are given in Table S38 in the Supple-

ment.

To further illustrate the uncertainties in OA predictions,

Fig. 14 compares the observed and simulated OA and CO
basis set approach to SOA unless POA is increased to urfrom the G-1 flights on 12 and 28 June. The afternoon
realistic levels compared with PMF estimates. As shown inG-1 flight on 28 June had the highest OA observed during
Fig. 5c, simulated OH is too high in the DEF_ANT simu- CARES, while 12 June had low OA concentrations as a re-
lation. Since SOA formation rate in the VBS approach de-sult of strong northwesterly winds associated with an upper-
pends on OH, the over-prediction in OH would suggest thatlevel trough (Fast et al., 2012). The simulated CO along the
simulated SOA should be too high. The results indicate thaflight path on 28 June is similar to observations downwind
SOA formation processes from anthropogenic sources aref Sacramento, except that the peak concentrations in cen-
missing or not represented adequately at this urban site. Iter of the plume (points A and B in Fig. 14a) are too low.
contrast, simulated SOA is closer to the PMF estimates aWhile the simulated southwesterly up-slope winds are sim-
the other sites (Fig. 13b—d). Setyan et al. (2012) show thatilated reasonably well as described in Fast et al. (2012), the
a large fraction of SOA at the T1 site originates from bio- simulated boundary layer (BL) depth during the afternoon
genic sources. However, the 0%_ANT simulation that in- of 28 June was 61 % higher than observed at 13:00LST and
cludes only biogenic SOA produces less than 0.5 i§ on 25 % higher than observed at 16:00 LST, leading to excessive
average at T1, suggesting that most of the simulated SOA islilution within the model. The spatial variation in simulated
from anthropogenic sources. Since POA in the DEF_ANTOA is similar to CO, indicating that simulated SOA is in-
simulation is too high and biogenic SOA is a small fraction fluenced or controlled by anthropogenic sources; however,
of the total SOA, the model is likely producing the correct the concentrations from both DEF_ANT and 50 %_ANT are
magnitude in SOA for the wrong reasons at the T1 site. It ap-much lower than the AMS measurements. Peak values from
pears that uncertainties associated with anthropogenic semBEF_ANT are~ 7 ug nm3, while observations are as high as
volatile and intermediate volatility precursor emissions that25 pg nt3. In addition to too much dilution, two other fac-
are poorly constrained and yields of multigenerational bio-tors likely account for the under-prediction in OA. First, the
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Figure 14.0bserved and simulated OA during CARES in the vicinity of Sacramento for the aftern¢@2& June angb) 12 June(a) and
(b) represent days with high and low observed OA, respectively. Simulated OA is the total of the first four model size bins up to 0.625 um
diameter.

regional OA background concentrations transported into thdated CO, they cannot explain the bias in simulated OA. The
Sacramento region are too low, even though background corproduction of SOA is likely too low on this day as well.
centrations of CO are close to observed. Second, the model In contrast, the spatial distributions of OA were usually
likely under-estimates enhanced SOA production resultingsimulated better in the vicinity of the Los Angeles Basin.
from anthropogenic emissions mixing with biogenic SOA Examples are shown in Fig. 15 for WP-3D flights on 20
precursors as described in Setyan et al. (2012) and Shillingnd 3 June that had relatively higher and lower peak OA
et al. (2013). concentrations, respectively. On both days, the model repro-
Similar to the G-1 measurements, lower OA concentra-duced the spatial variability in both CO and OA reasonably
tions are simulated during the afternoon of 12 June tharwell. The correlation coefficients for OA on 20 and 3 June
on other days. The simulated concentrations are usually lesswere 0.83 and 0.7, respectively. The peak concentrations in
than 1 ug 3 while the observed concentrations are betweenOA from the DEF_ANT and 50 %_LBC simulations were 5
2 and 3 pgm? (Fig. 14b). The model also fails to capture and 3 pg 3, respectively, for both days while the observed
the spatial variability in OA and CO on this day. The bot- peak values were between 7 and 10 pgfnmOA concentra-
tom panel of Fig. 14b shows that highest concentrations otions from both simulations were much closer to observed
observed OA are located on the eastern side of the valleypn 3 June, with the DEF_ANT simulated OA somewhat
but the model produced peak concentrations over the westerhigher than observed and 50%_ANT simulated OA some-
side of the valley. The spatial pattern in simulated CO is sim-what lower than observed.
ilar to OA (not shown). While the simulated wind speed and In general, BC from the 50 %_ANT simulation was much
direction at the Sacramento radar wind profitet kma.g.l.  closer to most surface and aircraft measurements than the
was very similar to the observations (Fig. S4a in the Supple-simulation that used the default emission inventory. Sim-
ment), the simulated winds along the G-1 flight path wereulated BC was also somewhat further improved in the
northerly along the foothills of the Sierra Nevada and the ob-50% _LBC simulation in remote regions where a relatively
servations were northwesterly. Tables S3 and S4 in the Suphigher fraction to the total aerosol mass is influenced by
plement show that the performance in simulated winds alongooundary conditions provided by the global model. In con-
the G-1 flight path was reasonable during the morning of 12trast, organic matter (OM) simulated by the DEF_ANT simu-
June but decreased significantly during the afternoon. Whildation was usually closer to observations than the other simu-
transport errors likely accounts for all of the errors in simu- lations but the statistics show that performance varies signif-
icantly over California. Simulated POA from the DEF_ANT
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(a) WP-3D flight during afternoon of June 20 (b) WP-3D flight during morning of June 3
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Figure 15. Observed and simulated OA during CalNex in the vicinity of Los Angeles dui@)ghe afternoon of 20 June an(t) the
morning of 3 June(a) and (b) represent days with high and low observed OA, respectively. The white dot denotes the location of the
Pasadena supersite. Simulated OA is the total of the first four model size bins up to 0.625 pm diameter.

simulation was also closer to POA derived from AMS mea- produced by the 0%_ANT simulation at all four sites. Con-
surements at the Pasadena and TO site, but the 50 %_ANGgentrations as high as 3 ugrhwere produced in Pasadena
simulation POA was closer to the derived POA at the Bak-between 31 May and 8 June, suggesting that that the over-
ersfield and T1 sites. While uncertainties in POA emissionsall increase in SﬁT during that period was associated with
contribute to errors in simulated OM, the largest source ofsources outside of the domain. In fact, the magnitude and

uncertainty in simulated OM is the treatment of SOA. multi-day variability of SQ from the 0% _ANT simulation
_ were close to observed, suggesting that local emissions of
4.3 Inorganic aerosols SO, do not significantly contribute to SO production in

the vicinity of Sacramento during June. However, this does
. ) . nhot seem plausible since there are large emissions of SO
tained f_rom the_ AMS instruments at the f_our_SUperS'teSupwind of Sacramento in the Carqueniz Strait and intrusions
along W|th_the simulated values are shown in Fig. 16480 of marine air transports Sfp produced by these emissions
concentrations from the DEF_ANT and 50 %_ANT SimU- 4, yards Sacramento (Fast et al., 2012; Setyan et al., 2012;
lations at the Pasadena site are about a factor of 2 t00 10W 5 ej et 1., 2012). Decreasing the boundary conditions of
on average, and the simulated diurnal variability is Weakeraerosols from MOZART for the 50% LBC simulation re-
than observed. The simulated multi-day variations are qual'sults in S(i_ concentrations that are close to observed most
itatively similar to observed with higher concentrations be- times of the day.

tween 15 and 20 May and between 31 May and 8 June.. an example of the impact of the marine intrusions on the

While the average S concentrations from the DEF_ANT  ¢;rmation and transport of SP from the Bay Area to the T1

and 50 % _ANT simulations are similar to observations at thesite on 26 June is shown in Fig. 17. On this day, the observed

Bakersfield site, the model fa_ils to capture peak concentraz 4 simulated near-surface winds are southwesterly (up-
tions frequgntly obser_’ved during the_late afte_rnqqn. _In Co”'slope) throughout the late morning and afternoon (10:00—
trast, the simulated diurnal and multi-day variability is pre- 1g.09| 5T), although the observations are more variable than

dicted reasonably well by the model at the TO and T1 siteS g 1ated.” Simulated Sp from the 50%_LBC simulation
but the concentrations from the DEF_ANT and 50%_ANT i yery similar to observed, with concentrations increas-
simulation are up to 50 % too high. While S@mlsspns ing from 0.4 to 1.0 ug m3 between 08:00 and 14:00 LST.
were the same in the DEF_ANT and 50% ANT simula- 1 contoyr plots of simulated ﬁo distributions over cen-

tions, differences in photochemistry altered the formationtral California at 05:00. 09:00. and 14:00 LST also show a
rate of SG~. SG~ concentrations of~0.5pgnT3 were R '

The time series and average diurnal variation oﬁSGb-
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Figure 16. Observed and simulated time series (left panels) and average diurnal variation (right panel%)‘cmsma four supersites.

Simulated S@_ is the total of the first four model size bins up to 0.625 um diameter. Gray shading denotes night and vertical lines in right
panels denote measurement uncertainty range.

trajectory of the mean winds originating at the oil refinery trations exceeding 5ugm on many days. Daily peak con-
source at 05:00 LST. By 09:00 LST, a plume ofﬁ@s pro-  centrations were usually less than 3 pghat Bakersfield,
duced downwind of the oil refinery that has been transportedalthough concentrations were as high as 7.5a§mn 1
more than halfway towards the T1 site. The model also in-day. At the TO and T1 sites, NOconcentrations were much
dicates that S§7 is formed locally in the vicinity of the T1  |ower, usually less than 0.3 ugthso that it comprised only
site as a result of photochemistry acting on previous days minor fraction of the total aerosol mass. In contrast with the
emissions. By 14:00LST, the air mass from the oil refin- poor simulation of S@T, the magnitude and temporal vari-
ery reached the T1 site at the same time as the observeghility in NO; is predicted reasonably well at the Pasadena
peak concentrations. The highest 55Cconcentrations, up — site. Decreasing anthropogenic precursor emissions in the
to 1.5 ug n73, are produced south of Sacramento because 050%_ANT simulation increases the concentration of;NO
the spatial and temporal variations in the thermally drivensomewhat to be closer to observed, but both the DEF_ANT
winds during the day that spread the plume along the foothillsand 50 %_ANT underestimate the daily peak concentrations
of the Sierra Nevada. A time series of simulated,3Md  on many days. The performance in simulatedN@x the
SOﬁ_ along the air mass trajectory indicates that asﬁSO Bakersfield site is not as good as at the Pasadena site. While
is gradually produced along the trajectory. Sf&creases as the observed and simulated peak concentrations both occur
a result of both photochemistry and mixing in the growing around sunrise, the simulated NQ@alls to near zero by the
convective boundary layer. Peak concentrations 0?{3636 late afternoon and the rate of increase at night is lower than
actually produced at 12:00 LST over Sacramento as verticabbserved. The AMS measurements at the TO and T1 sites in-
mixing rates after that time exceed photochemical productiordicate the presence of low concentrations at all times; how-
during the late afternoon. The model therefore suggests thadver, the simulated NDis nearly zero except for short pe-
the increase in S at the T1 site is due to both local pho- riods of time in June in which ND concentrations are as
tochemistry of aged_ emissions and same-day transport frF’rﬂigh as 1 g m3. The low observed N concentrations that
the Bay Area superimposed on a background concentratiogg not exhibit significant diurnal variations coupled with the
that decreases slightly during the day (not shown). known transport patterns suggest a regional background of
The observed and simulated §@t the four supersites is O that the model does not reproduce. Given the lack of
shown in Fig. 18. Pasadena had the highest observeg NO HNO; or NH3 measurements at these sites, it is difficult
with concentrations up to 20 ugTh on 2 days and concen- to determine the reason for the under-predictions; however,
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Figure 17. Observed and simulated time series of wind direction anﬁi’S@hft panels), near-surface %O distributions between the San
Francisco Bay area and the T1 site at 05:00, 09:00, and 14:00LST and one air mass trajectory that arrives at the T1 site at 14:00LST
during the peak afternoon %O concentration (upper right panels), and evolution oﬁSﬁBOz, and boundary layer (BL) height along the
trajectory (lower right panel).

comparisons with the WP-3D measurements (Fig. 6b) sugulated aloft is similar to the G-1 measurements. Even though
gest that NH emissions over northern California are likely the average concentrations from the 50 % LBC simulation
too low that could also impact NDproduction. were very similar to observed at the TO and T1 sites, reducing
Figure 19 depicts the performance in simulatedj{N&t the boundary conditions of aerosols leads to simulatei:fSO
the four supersites. While the instantaneous data from theloft that is 50 % lower than observed. A similar trend in the
TO AMS is noisy, the average values are similar to those alSOﬁ_ percentiles among the simulations was produced along
the T1 site; therefore, the data are included for completethe WP-3D flights north of 35N, except that the overall con-
ness. As with SQY, reducing anthropogenic emissions in centrations from the DEF_ANT and 50 %_ANT simulations
the 50%_ANT simulation leads to lower I\IHat all sites.  concentrations are lower than observed. The simulatép’SO
The overall performance in simulated NiHat the Pasadena from the DEF_ANT, 50%_ANT and 50 %_LBC simulations
site is very similar to NG in that much of the diurnal and are higher over southern California than over northern Cal-

multi-day variability is captured by the model, although the ifornia, similar to the aircraft observations. While the simu-

concentrations are a factor of 2 too low on average. At the'ated G is lower than observed along the WP-3D flight

Bakersfield site, the model produces an average diurnal varipaths, the DEF_ANT and 50 %_ANT simulation are higher

ation similar to observed with the peak concentration of than observed along the CIRPAS Twin Otter flight paths.

NHj{ around sunrise as observed, but the daily peak con:rhe overall concentrations from the 50%_LBC simulation

centrations are better simulated in May than during June2'€ closest to the CIRPAS Twin Otter measurements. As

The performance of the model is best at the T1 site; how-With the AMS measurements, the simulated Nend NH;

ever. the simulated N}I concentrations from the DEE ANT &'€ much lower over northern California than over southern
and 50%_ANT simulations are somewhat too high. Simi- California. The DEF_ANT simulation produced §Qon-

lar to SG~ at this site, reducing the boundary conditions of cNeFr:Jtrratlons closer to observed overblsouthirn 8?;"&2'? and
aerosols also lower NH The average reduction in NHis 4 concentrations were comparable to the win

~0.08 ugnt2 even though the background concentrationst?]ttegor;eafégmentls‘t.ln c_ontlrast, tt?etﬁ'mwﬁtzdé’\‘mm
from the 0%_ANT simulation are 0.03 pgthor less. This € — simutation IS closest to the Wi-sL) measure-

indicates that reduction in N;['—Hs due primarily to the re- ments. Additional statistics for all of the aircraft flights are

duction of pre-existing aerosols that ammonia can condensgir;g\'\?n timn-l;a?liiiiijii_l?ﬂ?nhdt St?t'St;SSnfzﬁr_nr tt::e DSE:%';_';III
upon, rather than reducing I\Il-from the boundaries. simuiation fo ualtights are give avles ~

As with OA | d the simulated o- in the Supplement. The spatial and temporal variations as re-
S wit » we also compared the simulate $ON 3 flected by the correlation coefficient and index of agreement

and NI-Q with the AMS measurements collected on the G-1, 516 i general the best for OA, followed by BC ﬁONHJ’
WP-3D, and CIRPAS Twin Otter aircraft in terms of per- 'y ' ’ '

.Cegtg%‘f ?S ShODV\IIEnFmA[\:Iilqll ZO.Jnsg%?trZ?\ﬁgith ovler—.predictri]ons In summary, the model is able to simulate much of the di-
In 5L, from — an 0 simulation atthe ;- and multi-day variability of the inorganic aerosol con-

TO and T1 sites, the overall median and range of S&M-  centrations. Simulated S0 concentrations were too low at
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Figure 18. Observed and simulated time series (left panels) and average diurnal variation (right panelsy aft B@ four supersites.
Simulated N@ is the total of the first four model size bins up to 0.625 um diameter. Gray shading denotes night and vertical lines in right
panels denote measurement uncertainty range. Results from 50 %_LBC simulation not shown since it is nearly the same as the 50 %_ANT
simulation.
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four supersites. Gray shading denote night and vertical lines in right panels denote measurement uncertainty range. Sirjiu'mted NH
total of the first four model size bins up to 0.625 um diameter.
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Table 11.Performance of simulated aerosol composition over all the G-1 flights in terms of bias, root-mean-square error (RMSE), correlation
coefficient R), and index of agreement (1A).

Aerosol Simulation Observed Bias RMSE R 1A
composition mean (UgT®)  (ugni3)
DEF_ANT -0.03 0.32 0.45 0.65
_ 50%_ANT —0.09 0.34 041 0.62
30421 0%_ ANT 053 -0.28 0.44 0.06 0.44
50%_ LBC -0.21 0.38 0.43 0.59
DEF_ANT -0.14 0.35 0.30 0.41
_ 50%_ ANT -0.17 0.37 0.16 0.39
NOg 0%_ ANT 031 -0.29 0.45 -0.14 0.37
50%_LBC -0.21 0.39 0.18 0.40
DEF_ANT -0.11 0.23 0.15 0.40
NHT 50%_ ANT 016 -0.14 0.19 0.06 0.42
4 0%_ANT ' -0.16 0.19 -0.09 0.42
50%_ LBC -0.14 0.19 0.06 0.42
DEF_ANT 0.09 0.11 0.54 0.53
50%_ ANT 0.03 0.06 0.55 0.67
BC 0%_ANT 0.07 -0.03 0.07 0.18 0.38
50%_ LBC 0.01 0.05 0.54 0.69
DEF_ANT -1.70 3.32 0.76 0.70
50% ANT —-2.73 4.23 0.78 0.54
OA 0%_ANT 4.16 -3.75 5.34 0.78 0.44
50%_ LBC —-2.77 4.25 0.78 0.54
DEF_ANT -0.01 0.04 0.07 0.15
cl 50% ANT 001 -0.01 0.04 0.02 0.14
0%_ANT ' -0.01 0.04 0.07 0.18
50%_LBC -0.01 0.04 0.03 0.14

Pasadena and Bakersfield, but much closer to observatiorthe Sacramento Valley te-6.8 (58 % lower than observed)
at the northern California surface sites and along most ofover southern California. The temporal variability in Ps
the CARES and CalNex aircraft flight paths. fl@oncen-  also better simulated in some regions of California than oth-
trations from all the simulations were generally too low, ex- ers. For example, relatively higher correlation coefficients of
cept along the CIRPAS Twin Otter flight paths. In general, 0.48 and 0.44 were obtained for southern California stations
so}; is better simulated in northern California and N@& where the biases were the greatest for both the DEF_ANT
better simulated in southern California. While the statisticaland 50 %_ANT simulations, respectively. The lowest corre-
performance for all the simulations is similar at most loca- lation coefficients of 0.09 and 0.16 from the DEF_ANT sim-
tions, the DEF_ANT simulation produced inorganic aerosol ulation were produced for the Coastal and Interior mountain
concentrations that were somewhat closer to observations. regions, respectively that are the stations that are least influ-
enced by local anthropogenic emissions.
4.4 Aerosol mass, volume, and size distribution In addition to total aerosol mass, it is also important to ad-
equately simulate the aerosol size distribution to show that
Table 14 presents statistics that quantify the performance ithe model represents the total aerosol mass for the right
simulated total PMs mass at all the available operational reasons. Accurately representing the aerosol size distribu-
monitoring sites shown in Fig. 1d. The simulated M tion also affects aerosol radiative forcing and the ability of
mass from the DEF_ANT simulation is too low in gen- aerosols to serve as CCN. The TO and T1 sites had mea-
eral except over the Sacramento Valley, with the largest avsurements from Scanning Mobility Particle Sizer (SMPS)
erage bias of-4.5ugnT3 over southern California which ~ and Aerodynamic Particle Sizer (APS) instruments that were
is ~38% lower than the observed mean concentration ofused to evaluate the simulated number and volume size dis-
11.8 pg nr3. Reducing the primary emissions by 50 % leads tributions in terms of percentiles as shown in Fig. 21. The
to larger biases in the 50%_ANT simulation, with biases SMPS measures number as a function of mobility diameter
ranging from—1.3 ug nT3 (27 % lower than observed) over
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Table 12. Performance of simulated aerosol composition over all the WP-3D flights in terms of bias, root-mean-square error (RMSE),
correlation coefficientR), and index of agreement (1A).

Aerosol Simulation Observed Bias RMSE R 1A
composition mean (ugm)  (ugn3)
DEF_ANT -0.20 0.47 066 0.74
_ 50%_ANT -0.24 050 064 0.71
50121 0% ANT 0.75 —-0.42 0.68 0.39 0.50
50%_ LBC -0.37 057 0.64 0.66
DEF_ANT 0.03 1.64 057 0.74
_ 50%_ANT -0.41 153 0.56 0.64
NO; 0% ANT 0.71 -0.69 1.92 0.07 0.28
50%_LBC -0.40 152 0.57 0.66
DEF_ANT -0.10 056 0.66 0.79
NHT 50%_ANT 048 -0.24 059 0.64 0.68
4 0% _ ANT ’ -0.44 0.82 0.08 0.38
50%_LBC -0.27 060 0.65 0.68
DEF_ANT 0.08 0.15 0.64 0.70
50%_ANT 0.02 0.09 064 0.75
BC 0% _ ANT 0.08 -0.03 0.12 0.19 0.37
50%_LBC 0.00 0.09 0.64 0.76
DEF_ANT 0.23 1.35 0.71 0.83
50% ANT —0.58 1.47 071 0.72
OA 0%_ ANT 174 -1.31 219 0.33 048
50%_LBC -0.64 1.49 0.72 0.72
DEF_ANT -0.02 0.11 0.17 0.30
cl 50% ANT 0.02 -0.02 0.11 0.12 0.23
0%_ ANT ’ -0.02 0.11 0.04 0.16
50%_LBC -0.01 0.12 0.08 0.22

that is similar to geometric diameter used by the model. Theal., 2012) and is shown in Fig. 22. While the largest OA mass
APS measures number as a function of aerodynamic diames observed and simulated in the size range of bin 3 (0.156—
ter; therefore, the observed values have been adjusted to g8-313 um) in the model (Fig. 22a), the simulated distribution
ometric diameter (Baron and Willeke, 2001) using a densityis narrower than observed so that the mass is too low in bins
of 2.36gnT3 based on 20% SP (1.8gcnT3), 20% sea  1-2 (0.039-0.156 um) and 4 (0.313-0.625 um). As described
salt (2.2gcm?), and 60% other inorganics (2.6 g ch). in Setyan et al. (2012), Sfp had a bimodal mass distribu-
Note that some uncertainty is introduced here since the actudlon with peak values around 0.4 um. Although the simulated
composition of aerosols > 1 pm was not measured and comSC;~ in bin 4 (0.313-0.625 um) was close to the observed
position will likely vary in time (DeCarlo et al., 2004). The mean value, peak concentrations from the model (Fig. 22b)
results from the 50 %_LBC simulation are shown since it bet-occurred in bin 3 (0.156-0.313 um). Simulated concentra-
ter represented the observed composition, except for organigons were also too low in bins 1-2 (0.039-0.156 pm), and
aerosol (OA), than the other simulations. The gray shadingd (0.625-1.25 pm). As shown previously in Fig. 18 the simu-
in Fig. 21 denotes the size range of the eight size bins emlated NG; (< 1.25 um) is usually too low at the T1 site; how-
ployed by the MOSAIC aerosol model. The average numberever, the model does produce more N@ass in bins 5-7
distributions (Fig. 21a, b) at both sites are lower than ob-(0.625-5 um) as shown in Fig. 22c. The shape of the simu-
served for bin 1 (0.039-0.078 um), higher than observed follated S(j‘ and Nl—[f mass distributions are similar to one
bins 2 and 3 (0.078-0.313 um), similar to observeq for binsanother, as are the shape of the observeifsmd NI—Q dis-

4-6 (0.313-2.5 um), and lower than observed for bin 7 (2.5+ibytions (Fig. 22d). In contrast with simulated 30 the
5.um). The correspondmg volume distributions have S'm'larsimulated NIj]L concentrations in bins 3 (0.156-0.313 um)
biases as expected (Fig. 21c, d). and 5 (0.625-1.25um) are similar to observed while con-

The simul_ated aerosol_ cqmp_osition distrib_ution is also centrations in bins 1-2 (0.039-0.156 um) and 4 are too low
compared with the AMS distribution at the T1 site (Setyan et(0 313-0.625 um)
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Table 13. Performance of simulated aerosol compaosition over all the CIRPAS Twin Otter flights in terms of bias, root-mean-square error
(RMSE), correlation coefficientR), and index of agreement (I1A).

Composition  Simulation Observed Bias RMSE R IA
mean (ugm3)  (ug )
DEF_ANT —0.05 0.54 0.16 0.43
_ 50%_ANT -0.31 0.57 0.27 0.42
50421 0%_ANT 0.60 —0.10 0.54 0.16 0.43
50%_LBC —0.22 0.58 0.11 0.44
DEF_ANT —0.57 2.02 0.49 0.68
_ 50%_ANT -1.76 276 -0.16 0.41
NO; 0%_ANT L -1.14 2.24 0.43 0.56
50%_LBC -1.10 2.20 0.44 0.58
DEF_ANT —0.45 0.85 0.51 0.64
NHT 50%_ANT 0.96 —0.96 1.27 0.15 0.43
4 0%_ANT ' —0.64 0.97 0.47 0.54
50%_LBC —0.66 0.98 0.47 0.54
DEF_ANT 0.19 0.26 0.41 0.36
50%_ANT —0.02 0.09 -0.15 0.24
BC 0%_ANT 0.05 0.08 0.13 0.39 0.51
50%_LBC 0.07 0.12 0.41 0.54
DEF_ANT 0.21 0.99 0.70 0.83
50%_ANT —1.65 2.02 0.53 0.45
OA 0%_ANT 181 —0.52 1.00 0.70 0.78
50%_LBC —-0.54 1.02 0.70 0.78
DEF_ANT -0.10 0.16 0.02 0.38
cl 50%_ANT 012 —0.09 0.15 0.12 041
0%_ANT ' -0.11 0.16 —-0.01 0.38
50%_LBC -0.11 0.16 0.01 0.39

Composition distributions are also shown in Fig. 22e, f as athe PALMS instrument at the T1 site are not yet available for
percent of the total mass for the observed and simulated dissomparison.
tributions, respectively. For the simulated composition dis- An evaluation of both the fine and coarse aerosol compo-
tribution, BC, sea-salt (NaCl), and other inorganic materialnents at the Pasadena site using the available measurements
(OIN) are shown since they comprise a significant fractionis shown in Fig. 23. The observations suggest that the sim-
of the total mass. While the T1 site is located®00 km from ulated PM s OIN is roughly twice as high as observed dur-
the ocean, Laskin et al. (2012) provided evidence of chlo-ing CalNex. In contrast, simulated sea-salt concentrations are
ride depletion in aged sea salt particles sampled along thsimilar to observed for Pi¥s—PM;j, and are also a much
G-1 flight paths using scanning electron microscopy, scaniarger fraction of the total mass compared to £Mhe large
ning transmission X-ray microscopy, and near edge X-rayamount of simulated sum of OASOE‘_-F NO3 for PMz5—
absorption fine structure spectroscopy techniques. Moffet ePM; is due mostly to N@. The average simulated AM
al. (2013) employ similar microscopy techniques using par-NO3~ is too low while the simulated PM—PM, 25 is too
ticles collected at the TO and T1 sites to show that dust anchigh, suggesting that the size distribution is skewed towards
sea-salt particles were more prevalent at coarser sizes on 2fie coarser sizes, similar to the T1 site (Fig. 22¢).
and 28 June. Comparing Fig. 22f with Fig. 21d suggests that Additional analyses of the SP2 and single particle mea-
simulated coarse mode NaCl and OIN concentrations are togurements are needed to provide more quantitative informa-
high. Some of the simulated OIN results from long-rangetion to assess the simulated mass and size distributions asso-
transport of dust in the MOZART model, as will be shown in ciated with BC, NaCl, and OIN. Size distribution measure-
the next section. Simulated sub-micron NaCl and OIN com-ments using different instruments were also collected at other
prise 20-40 % (depending on size) of the total mass at thgurface sites and on two research aircraft, but additional eval-
T1 site. This fraction is much higher than observed at theuation of simulated size distributions will be performed later
Pasadena site (Hayes et al., 2013), but measurements from
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Table 14.Performance of simulated P\ for all the surface operational monitoring sites in terms of bias, root-mean-square error (RMSE),
correlation coefficientg), and index of agreement (1A).

Region Simulation Observed Bias RMSE R 1A
Mean (ugnt3) (g 3)
DEF_ANT —-2.8 7.0 0.45 0.58
CA 50%_ ANT 8.4 —-4.4 7.9 0.44 0.48
0%_ANT —6.3 9.5 0.13 0.42
DEF_ANT —-4.5 8.1 0.48 0.60
Southern CA 50 %_ANT 11.8 —6.8 9.7 0.44 0.50
0%_ANT —-9.51 12.2 -0.04 0.43
DEF_ANT -15 5.1 0.46 0.63
San Joaquin 50%_ANT 7.7 -3.6 6.0 043 0.51
0%_ANT -5.6 7.7 0.08 0.44
DEF_ANT 0.1 3.7 0.32 0.52
Sacramento Valley 50%_ANT 4.8 -13 3.8 0.30 0.43
0%_ANT —-2.7 4.7 0.08 0.42
DEF_ANT -3.0 7.2 0.09 0.34
Coastal 50 %_ANT 6.5 -3.7 7.5 0.11 0.36
0%_ANT —-4.6 8.0 0.23 0.37
DEF_ANT 2.2 8.2 0.16 0.31
Interior Mountains 50%_ANT 6.3 -3.2 8.5 0.15 0.30
0%_ANT —-4.1 8.9 0.07 0.31
(a) SO > percentiles for all aircraft flights after information from all the SP2 and single particle instru-

20 2.0 2.0

ments are available.
154 r 1.54 r 1.54
1.0

0% # Lh. Foo * *ﬁ* Foo ﬁ &h, R ul 5 Extinction profiles, AOT, and AOD

0.0 0.0 0.0 0.0

ugm*®

20Oy porcenticp foral aroraf fights 6 We have also compared the simulated extinction profiles
15 Eos] with the observed profiles obtained from the HSRL-1 on
%o N EY FY i the B-200 aircraft during the CARES and CalNex cam-
s . L] i paigns to infer how well the model represents profiles of
% ﬁ P b JL aerosol mass that are not necessarily sampled by the in situ
00 L _0-07*‘_“ -0 o —t measurements on the other research aircraft. The aerosol
1oL percanties for all aroraf fights s optical depth (AOD) is the vertically integrated extinction

throughout the entire atmospheric column usually obtained

E os] L osl L7 FoA from AERONET and satellite measurements. In contrast, the
s . A L aerosol optical thickness (AOT) is the vertically integrated
# “ # “L_ lL extinction over a discrete layer. For CARES and CalNex,
00 4t oo Lol 0 AOT from the HSRL was obtained from the ground to the
G-1 WP-3D >35° N WP-3D < 35°N CIRPAS Twin Otter

aircraft sampling altitude which was 9 kmm.s.|.

As an example, the observed and simulated extinction for
Figure 20. Percentiles for(a) sulfate (Scﬁ‘), and (b) nitrate the B-200 flight on 25 May over southern California is shown
(NO3), and ammonium (Nljg) for all G-1, WP-3D, and CIRPAS in Fig. 24. The highest extinction was observed in the con-
Twin Otter flights. Vertical lines denote 5th and 95th percentiles, vective boundary layer (below 1.4kmm.s.l. in Fig. 24a, d)
boxes denote 25th and 75th percentiles, and the white dots denoigver the Los Angeles basin where the emissions are the high-
the 50th percentiles. Note the scale differs for the northern andest. Extinction from the DEF_ANT simulation is also highest
southern flights for NG and NH; . in the convective boundary layer, but the magnitude is 1.5—
2 times lower than observed on average. This is consistent
with the underprediction in aerosol mass at the Pasadena site

observed 50%_ANT 0%_ANT 50%_LBC

www.atmos-chem-phys.net/14/10013/2014/ Atmos. Chem. Phys., 14, 100086Q 2014



10046 J. D. Fast et al.: Modeling regional aerosol and aerosol precursor variability over California

105% AR | L L 105%
1 (a) TO number distribution 1 (b) T1 number distribution
10* 3 E 104’; E
] Nt 5
10° E Iunl '““ L 10° E L
— i W i &
E 10% 4 Eo10%5 3
[a) 3 3
g i (o) i
35 10" E 10" E
2 3 3
° ] ]
10°4 SMPS E 10y E
i APs i
10" 4 Eo10"4 3
10 : : 10 : :
0.01 0.10 1.00 10.00 0.01 0.10 1.00 10.00
geometric diameter (um) geometric diameter (um)
1000: n PR n PR n PR 1000: n N n PR
] (c) TO volume distribution ] (d) T1 volume distribution
% 1004 E 1004 o
S 1 1
E
2 ] ]
[a)
8) 4 (I 4
"
3 104 W“ (o) F1.04 L
“NH““ o
SRl - [ Y
0.01 0.10 1.00 10.00 0.01 1.00 10.00
geometric diameter (um) geometric diameter (um)

Figure 21. Overall observed aerosol number distribution from the SMPS (red) and APS (blue) instrument¢aaffibend(b) T1 sites

during June 2010 along with the simulated aerosol number distribution (dcdy@nd (d) same aga) and (b), except for aerosol volume
distribution. Thick red and blue lines denote 50th percentile and thin vertical red and blue lines denote the 5th and 95th percentiles for the
observations. Gray vertical lines denote simulated 5th and 95th percentiles, boxes denote 25th and 75th percentiles, and the white dots deno

the 50th percentiles.

(e.g., Fig. 23); nevertheless, simulated aerosol mass aloft waayer within 1km m.s.l.; however, the lidar also detected a
closer to observed along the WP-3D and CIRPAS Twin Ot-layer of aerosols between 1.5 and 3.5kmm.s.l. above the
ter flight paths. When the effect of long-range transport isboundary layer (Fig. 25a). Extinction from the DEF_ANT
reduced in the 50% LBC simulation, the simulated extinc-simulation was similar to observed in the free troposphere
tion in the free troposphere is much closer to observed buand somewhat lower than observed in the convective bound-
the aerosol mass and extinction in the convective boundanary layer (Fig. 25b, d). This is consistent with predictions
layer is further reduced as well (Fig. 24b, d). Even thoughof aerosol mass, particularly OA, that are too low along the
the boundary layer extinction is under-estimated, the simu-G-1 flight paths. The model qualitatively captured the ver-
lated AOT from DEF_ANT is higher than observed by about tical structure of aerosols in the convective boundary layer
a factor of 2 (Fig. 24e) because of over-predictions in theand the layer aloft. Similar to the layer described in Fast
vertically integrated extinction in the free troposphere. Sim-et al. (2012), daytime upslope flows transport trace gases
ilarly, the AOT from the 0% _ANT simulation is higher than and aerosols from the valley over the Sierra Nevada that are
observed which does not seem reasonable and also suggestshsequently transported back over the valley at night. The
the background aerosol concentrations from MOZART are0 % _ANT simulation produced no such layer aloft (Fig. 25d),
too high. The AOT from the 50% LBC simulation is the indicating that the layer is produced by local emissions and
closest to observed outside of the Los Angeles Basin wher@ot long-range transport. As with the previous case in south-
the emission rates are relatively low. ern California, simulated extinction above 3.5 km was higher
Another example in the vicinity of Sacramento during than observed. Reducing aerosols from long-range transport
CARES on 27 June is shown in Fig. 25. As expected, thein the 50 % _LBC simulation improved the extinction above
highest extinction was observed in the convective boundand.5 kmm.s.l., but also led to extinctions being lower than
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Figure 22. Observed size distribution ¢&) OA, (b) SO, (c) NO3, and(d) NHjlr (thick colored lines) at the T1 site along with the
percentiles for each size bin from the 50 %_LBC simulation (gray). Vertical lines denote 5th and 95th percentiles, boxes denote 25th and
75th percentiles, and the white dots denote the 50th percer{gesnd (f) depict % of total mass by composition as well as total mass.
Dashed lines irfe) and(f) are for the total of OA, SQT, NO3, and Nl—ﬁ', while the solid line in(f) is for all aerosol components in the

model.

observed PM, simulated PM, o5 over land was usually low and consequently water uptake
16.96 ug m3 observed  50%_LBC 8.02 ug m? R .
ug m ug m on aerosols would likely be small. As shown in Table 5,
700 Tos the mean observed relative humidity aloft ranged between
e o 37 and 49 % among the three aircraft. The simulated relative
2 9% humidity was close to observed for the G-1 flights, but the
924 o2 relative humidity was usually 6 % too low for the WP-3D

and CIRPAS Twin Otter flights. For the G-1 flight on 27
observed P, — PM, simulated PM, ;- PM, June (Fig. 25), observed relative humidity ranged from 20 to
sy observed  50% LBC 1T 55 % and the model was 5 % too low over a portion of the

ug m3 ug m3 . . . . .
BC 0.03 0.01 flight path. The low relative humidity also implies that errors
bomasebumng 008 in simulated relative humidity do not adversely affect simu-
ol compustion 016 a7 lated water uptake. Nevertheless, the aircraft did not sample
indentied o3 13 the entire vertical column as measured by the HSRL on the

B-200 aircraft so there could be locations and times when
the relative humidity is sufficiently high and permits conden-

Figure 23. Average aerosol composition observed (left) and simu- Sation of water on aerosols. In addition to errors in aerosol
lated (right) at the Pasadena site. Observations adapted from Haye&omposition mass, errors in the simulated size distribution
et al. (2013) where PMobservations obtained from AMS, ele- (as shown in Sect. 4.4) could also affect the predicted optical
mental carbon / organic carbon EC/OC Sunset Analyzer, and X-rayproperties.

fluorescence analysis and B&-PM; observations obtained from We have also compared the simulated AOD with the
PALMS particle types. AERONET measurements (Fig. 1d) made during the 2-
month simulation period as well as the measurements from
the moving R/V Atlantis platform as shown in Fig. 26. Con-

observed below 3.5 kmm.s.I. (Fig. 25c, d). As with Fig. 24, sistent with the lidar analyses, AOD is usually too high
AOT from the DEF_ANT simulation is too high compared to from the two simulations that employ the MOZART bound-
the lidar AOT. The 50 %_LBC simulation produces AOT that ary conditions of aerosols (DEF_ANT and 50 %_ANT). The

is closer to observed outside of the anthropogenic plumes?0 %_LBC simulation produces the AOD that is most con-
but is too low where extinction in the convective boundary Sistent with the measurements. Much of the observed tem-

layer was observed to be the highest. poral variability is reproduced by the model at all the sites,
Simulated aerosol water could also play a role in the bi-€xcept at Caltech. Itis likely the bias in AOD at the Caltech
ases in extinction; however, the observed relative humiditysite results from the large under-prediction of OA (Fig. 12)
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Figure 24. (a) Observed extinction along the B-200 aircraft flight on 25 May over southern California and the corresponding simulated
profiles from(b) DEF_ANT and(c) 50 %_LBC. (d) Percentiles of extinction as a function of altitude over the entire flight binned for
the observations and DEF_ANT simulation, where vertical lines denote 50th percentiles from the 50 %_ANT, 0%_ANT, and 50%_LBC
simulation.(e) Observed and simulated column integrated AOT obtained from the extinction profiles along the flight path sfipwn in

and scj— (Fig. 16) as well as sub-grid scale variability in ported from Asia is similar in magnitude to the total primary
emissions and meteorology. While the mean AOD from theparticulate emissions over North America. In the 0%_ANT
50%_ANT simulation (0.171) is closer to observed (0.160) simulation, dust from MOZART contributes on average to
at Caltech, that result is not consistent with the large under50-85 % of the total PMs in the free troposphere over Cal-
prediction in surface aerosol concentrations. C. Zhao eifornia. This study clearly demonstrates that regional-scale
al. (2013) use the WRF-Chem model, the 2008 CARB emis-AOD simulations depend on how well global chemical trans-
sion inventory, and MOZART boundary conditions to simu- port models represent the long-range transport of aerosols
late AOD and aerosol radiative forcing over California dur- from Asia to North America. While there were no large dust
ing 2005. While the model configuration is different than in events during our simulation period that might be represented
this study (i.e., coarser spatial resolution, different trace gageasonably well by global models, simulating relatively clean
chemistry, and simpler aerosol model), their simulated AODconditions is important when interpreting the simulated AOD
at four AERONET sites were similar to or lower than ob- during CalNex and CARES period. In addition to the treat-
served. Itis not clear why the performance in simulated AODment of dust emissions, uncertainties in anthropogenic emis-
is so different, since both modeling studies use MOZART sions over Asia and how well MOZART represents processes
to represent long-range transport of aerosols. It is possibl¢hat affect aerosol lifetime (e.g., chemical aging, wet re-
that both global emission inventories (2005 versus 2010)moval) subsequently affects the boundary conditions used by
and long-range transport (different synoptic conditions) con-the present regional-scale simulation.
tribute to different performance in MOZART over California.

As described by Yu et al. (2012), aerosols (mostly dust)
originating from Asia likely contribute a significant fraction
of the AOD over the western US and the mass of dust im-
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Figure 25. (a)Observed extinction along the B-200 aircraft flight in the vicinity of Sacramento on 27 June and the corresponding simulated
profiles from(b) DEF_ANT and(c) 50 %_LBC. (d) Percentiles of extinction as a function of altitude over the entire flight binned for
the observations and DEF_ANT simulation, where vertical lines denote 50th percentiles from the 50 %_ANT, 0%_ANT, and 50%_LBC
simulation.(e) Observed and simulated column integrated AOT obtained from the extinction profiles along the flight path sfipwn in

6 Discussion of 4km. Since that study also uses the CARB 2008 emis-
sion inventory, their CMAQ simulation should be most com-

To investigate aerosol radiative forcing over California, asParable to the DEF_ANT simulation. They also found that

well as other regions, requires that temporal and spatial variSimulated BC concentrations were usually higher than ob-
ations in aerosol mass, composition, and size be simulate§€"Ved, with biases between 0.09t0 0.19 g for five CIR-
reasonably well. While the overall performance of the modelPAS Twin Otter flights and betweenr0.03 and 0.07 ug m

in simulating these quantities during the CalNex and CARES(O five WP-3D flights. In this study, biases in BC are be-
is similar to other studies, there is certainly room for im- tween 0.08 and 0.20 ug for the same five Twin Otter

provement. We have presented differences between observdfights and between 0.06 and 0.13 ugfor the same five

and simulated quantities that can be attributed to either 1oWP-3D flights (Table S37 in the Supplement). So the model

cal emissions, sub-grid scale meteorology (particularly at théP€rformance is similar for the Twin Otter flights, but the
Pasadena site), secondary formation processes (mostly froRf€S€nt WRF-Chem simulation has a somewhat higher bias
SOA), long-range transport (mostly dust, but some anthro-han CMAQ for the WP-3D flights. For inorganics, Ensberg
pogenic species as well), or a combination of these uncer€! & (2013) report biases in §Q NOj, and NH; that
tainties. To date, only a few aerosol modeling studies have/ary between 0.0 to 1.30 ugm, —1.47 to—0.31ugnt®,
been conducted using the CalNex and CARES data and brietnd—0.77 to—0.11 pg mr3, respectively among the 10 air-
comparison of the model performance with those studies i$raft flights. In this study, we obtain biases that vary be-
described next. tween —0.19 to 0.32ugm?3, —2.22 to 0.75ugms, and

Ensberg et al. (2013) evaluated simulated inorganic and-1-03 to 0.12pgm? for SG;~, NO3, and NH;, respec-
black carbon aerosols from the CMAQ model that used a dotively (Tables S39-S41 in the Supplement). Biases irffSO
main encompassing southern California with a grid spacing

www.atmos-chem-phys.net/14/10013/2014/ Atmos. Chem. Phys., 14, 100086Q 2014



10050 J. D. Fast et al.: Modeling regional aerosol and aerosol precursor variability over California

(a) Trinidad Head mean (e) McClellan mean
0.5 0.5
0.4 0.058
[a] o 03
o e} 0.161
< < 0.2 .
0.149
0.1 0.088
0.0
1 656 9 131721 25629 2 6 10 14 18 22 26 30
(f) Goldstone
05 mean
04 [ 0.059
Q o 03 L
Q Q 0.120
< < 0.2 Fonaan
0.116
0! MMWW 0083
0.0 5
1 56 9 1317 21 25629 2 6 10 14 18 22 26 30
(g) Table Mountain ) mean
0.5
0.4 [ 0046
Q o 03 L
Q o] 0111
4 < 02 b on
01 [ 0.080
0.0 ()
1 5 9 1317 21 2529 2 6 10 14 18 22 26 30
(d) La Jolla mean 08 (h) R/V Atlantis transect mean
04 [ 0087
a o 03 r
0.181
97- 9: 0.2 e
0.170
0.1 r
0.104
0.0 L
1 6 9 131721 2529 2 6 10 14 18 22 26 30 1 5 9 1317 21 26 29 2 6 10 14 18 22 26 30
day (LST) day (LST)
observed 50%_ANT 0%_ANT 50%_LBC

Figure 26. Observed and simulated AOD at 500 nm at {ag Trinidad Head,(b) Monterey, (c) Caltech,(d) La Jolla, () McClellan,
() Goldstone, andg) Table Mountain AERONET sites depicted in Fig. 1d ghdl along the R/V Atlantis transect depicted in Fig. la.
Average values over the 2-month period are given to the right of each panel.

from CMAQ were consistently positive, while biases in NO  tion period. The simulated diurnal variations in $ONO_,
and NI—Q were negative. In contrast, the biases in the presenand NI—[lF concentrations at the four supersites reported in
study were both higher and lower than observed for the inorKnote et al. (2014) are similar to those shown in this study.
ganic aerosols depending on the flight. The different statisticsSThere are some differences in simulated N@ the Bak-
between the CMAQ and WRF-Chem simulations likely arise ersfield and Pasadena sites, and the simulated overall mean
from a number of factors. While the emissions are aImostNHj is higher in Knote et al. (2014) and closer to observed.
the same, the models use different treatments for meteorofhese differences are likely due to differences in the trace
ogy, trace gas chemistry, and aerosols and employ boundaryas chemistry between MOZART and SAPRC-99 that will
conditions from different global chemical transport models. influence gas-to-particle partitioning. Not surprisingly, the
Differences in S@ are likely due to the lack of aqueous largest difference between the two studies is associated with
chemistry and cloud—aerosol interactions in this study thatOA, with consistent over-predictions at the four supersites in
might be important at times in the Los Angeles Basin andKnote et al. (2014) and consistent under-predictions in this
over the adjacent ocean where most of the CIRPAS Twin Otstudy. However, simulated average OA in this study is simi-
ter measurements were collected. lar in magnitude to many of the aircraft measurements. Knote
Knote et al. (2014) also use the WRF-Chem model, withet al. (2014) employ an anthropogenic SOA formation based
a similar domain size and resolution as in this study, theon a tracer co-emitted with CO as described by Hodzic and
2008 CARB emission inventory, the MOSAIC aerosol model Jimenez (2011), while the present study uses a VBS approach
(but with four size bins), and the same global models fordescribed in Shrivastava et al. (2011). Interestingly, simu-
boundary conditions. Differences in their model configura- lated OH at the Pasadena site is higher than observed in our
tion with the present study include some of the meteoro-DEF_ANT simulation and is too low in Knote et al. (2014),
logical parameterizations, the use of the MOZART photo- showing that different photochemical mechanisms will lead
chemical mechanism, SOA treatment, and a shorter simulato different biases in OH that will affect SOA concentrations
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to some extent. Since SOA is the largest fraction of OA atdriven circulations. However, sub-grid scale effects due to
most sites and most times, differences in the treatment ofariations in emissions in the vicinity of the T1 site likely
SOA will have a large impact on simulated BM contribute to errors in the relative contribution of anthro-
It would be useful to compare the different treatments usedoogenic and biogenic sources of trace gases and aerosols.
in Ensberg et al. (2013) and Knote et al. (2014), as well as Errors in simulated secondary aerosol formation and aging
other studies with those used in this investigation to moreprocesses result from uncertainties in precursor emissions,
fairly compare the performance of trace gas and aerosol treamissing multigenerational oxidative chemistry for organics,
ments when all other processes such as domain configuraand model treatments of gas-to-particle partitioning. For ex-
tion, meteorology, emissions, and boundary conditions areample, there may be missing sources of%S(m a portion
the same. This would also be useful to better identify the ar-of the Los Angeles basin that could contribute to the under-
eas of improvement needed in specific processes that affegrediction in S(ﬁ_ at the Pasadena site. However, we show

the aerosol life cycle. Such a process-oriented methodologyhat errors in S@~ predictions over northern California are
was proposed by Fast et al. (2011) and is worth consideringikely due to relatively small transport errors in space and
in the future which can be achieved by merging code into atime. It is not clear what processes are contributing to the
single version of WRF-Chem. under-prediction in NQ. At the Pasadena site, simulated
It was also useful to examine model performance over allNH3 was too high during most of the day on average sug-
of California because of the terrain complexity and land- gesting that simulated NDshould be too high. Therefore,
ocean contrasts that influences boundary-layer properties anéle entire nitrogen cycle needs to be examined to determine
circulations in the vicinity of major anthropogenic sources. whether emissions of other precursor species, such as NO
In general, the magnitude and diurnal and multi-day vari-and NQ, are contributing to errors in NP Unfortunately,
ations in OA, SG~ and NH} were better simulated over there were no Ni and HNG; observations over northern
northern California, while NQ was better simulated over California during CARES (other than a few WP-3D flights
southern California. While the temporal and spatial varia-over northern California) to help evaluate the under predic-
tions in BC were similar to observed, the simulated concen-ions of NG; at the surface and aloft in that region.
trations were usually too high everywhere using the CARB It is not surprising that there are errors in simulated
2008 emissions. The magnitude was better represented in t®A concentrations, given that the theoretical understand-
model when BC emissions were reduced by half, suggesting of SOA formation and chemical processing is incom-
ing a bias in the emissions inventory. Conversely, compar-plete. When the model does simulate reasonable OA con-
ison of the POA factor determined from PMF analyses of centrations, it may be for the wrong reasons. OA under-
AMS measurements with the simulated POA suggests thapredictions in the current model may be due to missing
the CARB 2008 emissions inventory of POA was reason-important interactions associated with anthropogenic emis-
able for this period. PMF analyses from the AMS measure-sions influencing biogenic SOA (e.g., Carlton et al., 2010)
ments obtained on the G-1, WP-3D, and CIRPAS Twin Otteror using lower yields that neglect multigenerational biogenic
(Craven et al., 2013) aircraft are needed to further evaluatehemistry (Shrivastava et al., 2011) which were shown to
the emissions inventory. Over southern California, the largesbe important on some days during CARES (Shilling et al.,
errors in aerosol composition concentrations occurred at th@013; Setyan et al., 2012). In addition, the current model
Pasadena sampling site; however, these errors were smallébes not include contributions of glyoxal chemistry that was
aloft along the aircraft transects in the vicinity of Los An- shown by Knote et al. (2014) to potentially produce up to
geles. The near-surface wind speed bias and the inability of 15 % more SOA in the vicinity of the Los Angeles basin.
the model to represent the large wind direction variations atBiomass burning was a source of trace gases and aerosols
the Pasadena site (Fig. S2d and e in the Supplement) sugeglected in this study. While relatively few fires were ob-
gests that sub-grid scale effects associated with the terrain arserved in California by satellite detection methods during
influencing model performance at this site. The model perthe 2-month period, biomass-burning aerosols from a large
forms better aloft because the aircraft sampled a significanhumber of small, undetectable fires could contribute to the
portion of the urban plume affected by the larger-scale land-background concentrations of OA and BC. Analyses of the
sea breezes and thermally driven circulations in the basinmass spectra from single particle measurements (Cabhill et al.,
Differences in performance along the aircraft flight paths2012) indicate that a substantial fraction of aerosols could
(predominately during the day) and at the Pasadena site malye associated with biomass burning; however, the analyses
be due to a simulated nighttime boundary layer that is toocannot determine whether they are due to local or distant
shallow, leading to near-surface concentrations of most tracgources and there can be confounding factors that lead to
gases that are too high at night. The model performance igverestimation of biomass burning particles with single par-
also better at the other three primary sampling sites becausiécle measurements (Hayes et al., 2013; Aiken et al., 2010).
the local terrain is simpler and the 4 km grid spacing is likely In our study, biomass burning from long-rang transport is
sufficient to represent the local slope and valley thermallyincluded through the boundary conditions, but the current
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MOZART configuration does not differentiate OA anthro- the northern Pacific Ocean. Additional analyses of single par-
pogenic, biomass burning, or biogenic sources. Another issuéicle measurements (e.g., Laskin et al., 2012; Moffet et al.,
is that MOZART likely underestimates SOA severely (Dun- 2013; Vaden et al., 2011) coupled with size distribution in-
lea et al., 2009; Emmons et al., 2010), which influences thdormation are needed to fully evaluate the simulated dust and
WRF-Chem boundary conditions of OA. We acknowledge sea-salt aerosol.
that reducing the anthropogenic emission rates by 50 % is ar- While no field campaign can provide measurements to
bitrary, but some adjustment is needed to account for likelyevaluate every aspect of an aerosol model, the extensive me-
reductions in emissions over time in California. teorological, trace gas, and aerosol measurements collected
Considering that the current theoretical understanding ofduring CalNex and CARES is the most comprehensive data
SOA formation and transformation processes is highly un-set currently available for the western US. It is particularly
certain (e.g., Jimenez et al., 2009), errors in the treatmentiseful to assess the strengths and weaknesses of current and
of organic aerosol processes in models are expected (e.gaew treatments of SOA because of the proximity of both an-
Volkamer et al., 2006; Hodzic et al., 2010). New insights thropogenic and biogenic precursors, the complexity of me-
from recent laboratory and field data (e.g., Perraud et al.teorology that will influence aerosol formation, growth, and
2012; Vaden et al. 2011; Virtanen et al. 2010) as well asremoval, and the use of state-of-the-science instrumentation
explicit modeling studies (e.g., Lee-Taylor et al., 2011) thatto provide data on organic gases and aerosols.
identify important organic chemical reactions, examine the
role of semi- and intermediate volatile organic compounds, )
and quantify phase and volatility of SOA will likely provide 7 Summary and conclusion

improved modeling frameworks. Still unaccounted removal __ . _ . .
This study integrated the wide range of meteorological,

processes of organic vapors that are in equilibrium with SOA ) )

may also significantly affect SOA concentrations (Hodzic etchem|stry, and aero;ol data collected d_urlng the C.:ARES and

al., 2013). The results of simulated OA using a revised VBSCaINex field campaigns and by operational monitoring net-

framework that includes new findings on volatility and frag- works into a single publicly available data set for the Aerosol
Modeling Testbed. The AMT was used to comprehensively

mentation (Shrivastava et al., 2013) will be presented in a . .
subsequengc study ) P evaluate the performance of one configuration of the WRF-

We demonstrated that evaluating predictions with only syr-Chem model to simulate aerosols and their precursors over

face aerosol concentrations is insufficient in terms of under-C2/ifornia between May and June of 2010. We also assessed

standing uncertainties contributing to column optical prop—the .sensitiv_ity of the gerqsol .predictigns fo uncertainties as-
erties that affect aerosol radiative forcing. It would have thqatedl V(\;'th thg e:nlssmn mventc:rlesh and dbt(;]urtldtzry COS'I
been difficult, if not impossible, to ascertain errors associ- thons. thdependent measurements showed that the mode

ated with simulated aerosols originating outside of the Cali_captured the overall meteorological conditions as reflected

fornia region without the extensive aircraft and remote sens /" simulated temperature, humidity, cloudiness, circulations,

ing measurements available during CalNex and CARES. Thé”md boundary layer depth. Any errors in the meteorological
regional sampling from the HSRL-1 on the B-200 aircraft guantities are consistent with those typically seen in other
was the most valuable measurement to quantify the overptr_]l_ehr mes_os;:_alde_ modeflltrrl]g StUd('jeSI.' tud the foll
prediction in aerosols in the free troposphere. Even though € main findings ot this modeling study are the toflow-
the simulated concentrations were relatively small in the free9-

troposphere compared to boundary layer concentrations, the _ Reducing the 2008 CARB emissions inventory by 50 %
vertically integrated effect was large enough to affect predic- improved simulated CO, N and anthropogenic hy-

tions of AOD that will affect shortwave radiation reaching drocarbons such as toluene and formaldehyde at most
the surface. The in situ measurements also provided some  gjies and along most aircraft flight paths.

evidence of over-predictions in the free troposphere for tran-

sects upwind of urban emission sources; however, the lidar — Reducing anthropogenic emission rates led to reduc-
provides more complete information on aerosol loading and tions in mixing ratios of isoprene and terpene when
extinction in the vertical column than could possibly be ob- biogenic emissions rates remained the same. It is pos-
tained from in situ sampling. In addition, the in situ measure- sible that there are uncertainties in biogenic emissions
ments do not provide information for all aerosol components from the on-line MEGAN model used in WRF-Chem,
or coarse aerosols (> 1 um). Kassianov et al. (2012) showed but uncertainties in these emissions are also coupled
that coarse particles often contributed more than 50 % of the  to interactions with anthropogenic sources that affect
total observed aerosol volume during CARES and that even  the oxidation capacity of the atmosphere, as shown by
during clean conditions those coarse particles contribute sig-  comparing the simulations with and without anthro-
nificantly to direct aerosol radiative forcing. Yu et al. (2012) pogenic emissions. Isoprene mixing ratios were usually
used satellite measurements averaged over multiple years to  too low in the simulations that employed anthropogenic
show that dust contributes a large fraction of the AOD over emissions, except at the Bakersfield site and along the
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WP-3D flights north of 35N where the simulated val- The extensive data collected during CaINEX and CARES
ues were similar to observations. provide a valuable opportunity to make sure that aerosol op-
) ) S tical properties are simulated adequately for the correct rea-
— Simulated spatial and temporal variability in BC was gons. The combined field campaign and operational data pro-
qualitatively similar to surface and aircraft measure- jige an ideal test bed to evaluate aerosol models in more de-
ments when emissions of BC are reduced by 50%. (4| and develop improved treatments for aerosol processes.
Simulating SOA is particularly important since it is often the
largest fraction of observed fine mode aerosol mass. New
particle formation events were observed during CARES (Za-

other adjustments to the emissions, comparisons witlbvgrl';t Iil" quzt; Set;ianl et2ﬂ122014()jabndttCalNex (Alnl_et atlﬁ,
PMF results suggest that the original POA emission es- , Fennington €t al., ) and better representing the

timates may be reasonable. growth of aerosols could affect the overall mass and num-
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— Simulated S@‘ was too low in southern California, but role of mixing state on aerosol optical properties and cloud
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These challenging issues will be explored in forthcoming

— Simulated N@ was too low everywhere, but the mag- studies using the CalNex and CARES test bed.
nitude as well as the diurnal and multi-day variability

was better represented over southern California.

— While the spatial and temporal variability of OA is sim-
ulated reasonably well, the magnitude is generally too
low, particularly at the Pasadena site. In contrast with
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