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Abstract. We describe the synoptic and regional-scale me-lected trace gas and aerosol measurements during 23 time
teorological conditions that affected the transport and mix-periods; however, direct transport occurred during only eight
ing of trace gases and aerosols in the vicinity of Sacramentopf these periods. The model also showed that emissions from
California during June 2010 when the Carbonaceous Aerosalhe San Francisco Bay area transported by intrusions of ma-
and Radiative Effects Study (CARES) was conducted. Therine air contributed a large fraction of the carbon monoxide in
meteorological measurements collected by various instruthe vicinity of Sacramento, suggesting that this source likely
ments deployed during the campaign and the performancaffects local chemistry. Contributions from other sources of
of the chemistry version of the Weather Research and Forepollutants, such as those in the Sacramento Valley and San
casting model (WRF-Chem) are both discussed. WRF-Chendoaquin Valley, were relatively low. Aerosol layering in the
was run daily during the campaign to forecast the spatialfree troposphere was observed during the morning by an air-
and temporal variation of carbon monoxide emitted from 20borne Lidar. WRF-Chem forecasts showed that mountain
anthropogenic source regions in California to guide aircraftventing processes contributed to aged pollutants aloft in the
sampling. The model is shown to reproduce the overall cir-valley atmosphere that are then entrained into the growing
culations and boundary-layer characteristics in the region, alboundary layer the subsequent day.

though errors in the upslope wind speed and boundary-layer
depth contribute to differences in the observed and simu-
lated carbon monoxide. Thermally-driven upslope flows that
transported pollutants from Sacramento over the foothills ofl
the Sierra Nevada occurred every afternoon, except durin h il relativelv | taini iated with
three periods when the passage of mid-tropospheric trough ere are stll relatively ‘arge uncertainties associated wi
disrupted the regional-scale flow patterns. The meteorologi—sfpatlal and temp-oral Va.‘”ab"'ty of predicted aer.osol proper-
cal conditions after the passage of the third trough were théIes from.both air quality (e.g. Yu et aI.,_ 2008; Mathur et
most favorable for photochemistry and likely formation of al., 2008; Mangold et al., 2011) and climate models (e.g.
secondary organic aerosols. Meteorological measurement%momOn et al., 2007). For example, the complex processes

and model forecasts indicate that the Sacramento pollutarﬁontroIIing secondary organic aerosols (SOA) and their op-
. . . ical and hygroscopic properties are not known definitivel
plume was likely transported over a downwind site that col- (Jimenez 63;%' 2089_ \F;adzn etal., 2011) and therefore it h);s
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1760 J. D. Fast et al.: Transport and mixing patterns over Central California

been difficult to parameterize and simulate organic aerosotor in which urban aerosols age due to coagulation, conden-
components accurately for the correct reasons (e.g. Volkamesation, and photochemical processes. Agricultural land use
et al., 2006). Global (e.g. Kinne et al., 2006) and regionalsurrounds Sacramento on the valley floor, while oak and pine
(e.g. McKeen et al., 2007, 2009) model inter-comparisontree species are more common over the lower and upper el-
studies have revealed a wide range of predictions in theevations, respectively, of the Sierra Nevada. Anthropogenic
magnitude and the diurnal variations of aerosols that can bérace gas precursors transported over the foothills will even-
attributed to many sources. Regional-scale predictions ofually mix with biogenic emissions, possibly enhancing SOA
aerosol mass are not well correlated with observations whemproduction (e.g. Weber et al. 2007). The proximity of the
paired in space and time and there is a positive bias duringnthropogenic and biogenic emissions coupled with the con-
the winter (Mathur et al., 2008). Biases in simulated aerosolsistent wind patterns that simplify the logistics of sampling
mass also vary geographically, such as the differences bdrace gases and aerosols were the reasons the Carbonaceous
tween the eastern and western US (Kang et al., 2010). Aerosol and Radiative Effects Study (CARES), supported by
One reason for the geographic variations in model perforthe US Department of Energy, was conducted in the vicinity
mance is that topography may not be adequately resolvedyf Sacramento during June 2010. The science objectives of
which affects local heating and cooling at the ground andthe campaign were to obtain measurements that:
consequently the simulated low-level winds and turbulent
mixing. Thermally-driven circulations associated with com- 1. Investigate SOA formation from anthropogenic and bio-
plex terrain can lead to more variability in trace gas and  genic precursors and the potential interaction between
aerosol distributions than those over relatively flat terrain. them,

Evaluating models in areas of complex terrain, such as the . . .
) 2. Characterize time scales of black carbon aging and

western US, also becomes problematic because measure- : : L )
o . . quantify the relative contributions of condensation and

ments from a monitoring site may not be representative of : o .
. . coagulation to black carbon mixing state evolution, and
the entire area encompassed by a model grid cell.
~Several field campaigns have been conducted in Califor- 3. Quantify the effect of aerosol mixing state (i.e. exter-
nia to evaluate and improve air quality model predictions, in- pally or internally mixed) and the role of organics on the

cluding the Southern California Air Quality Study (SCAQS) associated optical and cloud condensation nuclei (CCN)
conducted in August 1987 (e.g. Lawson, 1990), the San activation properties.

Joaquin Valley Air Quality Study (SJVAQS)/Atmospheric
Utility Signatures Predictions and Experiments Study (AUS- Zaveri et al. (2011) describes the rationale for CARES as
PEX) Regional Modeling Adaptation Project (SARMAP) well as the participants, sampling sites and platforms, spe-
during August 1990 (e.g. Lagarias and Sylte, 1991), thecific trace gas and aerosol instrumentation, and initial find-
Southern California Ozone Study (SCOS) between June anihgs.
October of 1997 (e.g. Croes and Fujita, 2003), the Cen- In this paper we describe the meteorological sampling
tral California Ozone Study (CCOS) during July and August strategy for CARES, the overall meteorological conditions
2000, and most recently the Arctic Research of the Compothat controlled the transport, mixing, and transformation of
sition of the Troposphere from Aircraft and Satellites (ARC- aerosols in the vicinity of Sacramento, and the performance
TAS) that was also conducted over California during Juneof an operational mesoscale model in simulating the local
2008 (Jacob et al., 2010). The focus of these campaignsvinds, temperature, humidity, and boundary layer height.
was to collect meteorological and trace gas measurementSarbon monoxide (CO) emissions were tagged by source in
to study oxidants; therefore, concurrent measurements of dehe model and the forecasted CO is used to illustrate transport
tailed aerosol properties were generally not collected. and mixing patterns and identify likely anthropogenic emis-
Modeling studies utilizing data collected by these field sion sources that influenced trace gas and aerosol measure-
campaigns (e.g. Seaman et al., 1995; Dabub et al., 1999; Janents at the surface sites and along aircraft flight paths. Both
cobson, 2001; Bao et al., 2008; Jin et al., 2010; Huang et al.the field data and operational forecasts are then used to de-
2010; Michelson et al., 2010; Pfister et al., 2011) have im-fine periods in which transport from the urban to the rural site
proved the understanding of how meteorological processefikely occurred. The model is also used to identify the pri-
in California affect the spatial variations and chemical trans-mary meteorological processes responsible for aerosol lay-
formation of pollutants. Various routine measurements anders observed in the free atmosphere over Sacramento during
several special studies in the Central Valley of California CARES. The meteorological context provided by this study
have shown that pollutants emitted from Sacramento, Cali-will inform and support subsequent analyses of the observed
fornia during the summer are frequently transported by thetrace gases and aerosols performed by other researchers.
thermally-driven upslope flows that draw the urban air to-
wards the northeast over the foothills of the Sierra Nevada
(Murphy et al., 2006). This corridor downwind of Sacra-
mento effectively serves as a mesoscale daytime flow reac-
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Fig. 1. Locations of the primary surface sampling sites, TO and T1, in relation to the G-1 flight paths (yellow lines) during CARES. Blue
dots denote radar wind profilers, orange dots denote surface meteorological network, and red dots degotetdring network.

2 Meteorological sampling ally occurred at progressively later times of the afternoon
the farther the site was located northeast of central Sacra-
A wide range of instruments was deployed at two groundmento, suggesting that the observed southwesterly upslope
sites, TO and T1, during CARES that continuously mea-winds transported ozone produced in Sacramento over the
sured trace gases and aerosol properties between 2 and £§othills of the Sierra Nevada. For example, peak ozone oc-
June 2010 as described in Zaveri et al. (2011). Meteorologcurred on average between 13:00 and 14:00 LST at the Sacra-
ical instrumentation was also deployed at each site to quanmento and Del Paso Manor stations, at 15:00 LST at the Ro-
tify winds, temperature, and humidity that affect the evolu- seville and Folsom stations, and at 17:00 LST as the Auburn
tion of aerosols in the region. As shown in Fig. 1, the TO and Cool stations (Fig. 1). Timing of the peak ozone mix-
site (38.63 N, 121.35 W) was located about 15km north- ing ratios varied somewhat from year to year, likely affected
east of downtown Sacramento on the American River Col-py ambient meteorological conditions. We also used a La-
lege campus at an elevation of 30 m. The T1 site (3887  grangian particle dispersion modeling system, FLEXPART-
121.02 W) was located just south of Cool, a small town WRF (Doran et al., 2009) prior to the campaign to quantify
40km northeast of TO, at an elevation o460 m in the  the diurnal variability of scalars that were unaffected by pho-
foothills of the Sierra Nevada. The names of the sites standochemical transformation during June of 2008. Peak surface
for “time 0" and “time 1” for the expected downwind trans- concentrations of the passive scalars occurred on average at
port from Sacramento to Cool, adopting the names of sur14:00LST in Roseville, 17:00LST at Cool, and 20:00 LST
face sites during the MILAGRO campaign (Molina et al., atthe Blodgett Forest site, similar to the climatological anal-
2010). Figure 1 also shows the locations of surface staysis of ozone in Table 2. On days with southwesterly winds,
tions where hourly-averaged meteorological and air-qualitytransport times between the Sacramento area and Cool were
data are made available through the California Air Resourcegetween 2 and 8 h with the shorter transport times associ-
Board websitelfttp://www.arb.ca.gov/agmis2/agmis2.php  ated with particles emitted over the eastern suburbs and the
West of Lake Tahoe is the Blodgett Forest site where thelonger transport times associated with particles emitted from
Biosphere Effects on AeRosols and Photochemistry Experidowntown Sacramento. Based on these analyses, the T1 site
ment (BEARPEX) was conducted between 2007 and 2009vas located near Cool so that aerosols emitted from Sacra-

that collected a wide range of meteorological, trace gasmento would undergo aging over a few hours before sunset
and aerosol measurements (e.g. Bouvier-Brown, 2009). Al{at~20:30 LST during June).

though this site did not operate during CARES, analysis of
data from BEARPEX data coupled with CARES data should Both surface sites were equipped with a meteorological
provide insights into aerosol aging of the Sacramento plumestation to obtain measurements of wind speed and direc-
as it mixes with biogenic sources of aerosols and aerosol pretion, temperature, pressure, and humidity at 1-min intervals.
cursors. Radiosondes were launched 5 times per day (08:00, 11:00,
The T1 site was selected based on an analysis of meteord3:00, 15:00 and 17:00LST) to obtain profiles of pressure,
logical and trace gas measurements collected by CARB ovetemperature, and humidity in the troposphere at both sites on
a 5-year period between 2005 and 2009 during the month oflays when the G-1 aircraft (Zaveri et al., 2011) was sam-
June. As shown in Table 2, peak ozone mixing ratios usu-pling. On other days, radiosondes were released once a day
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These meteorological data, along with the other measure-
ments collected during the campaign, are available through
the DOE's ARM climate Research Facility archivittp:
IIwww.archive.arm.goN In this study we also employ CO
measurements. CO was measured by resonance fluorescence

Table 1. Selected WRF-Chem configuration options used for
this study.

Atmospheric Process  Option

Advecton ~ Monotonic instruments on the G-1 and at TO, and by a Teledyne Gas
Longwave Radiation ~ RRTM Correlation absorption spectrometer at T1.

Shortwave Radiation  Goddard

Surface Layer Monin-Obukhov (Janic)

Land Surface S',:ln;;:'ty theory 3 Operational forecasting

Boundary Layer Mellor-Yamada-Janic

cumulus Convection  Grell 3-D Ensemble The WRF-Chem model (Grell et al., 2005; Fast et al., 2006)
Cloud Microphysics ~ Thompson was run operationally during the field campaign to help plan
aircraft flight operations up to three days in advance by sim-
ulating the transport and mixing of the Sacramento pollutant
plume. The model domain encompassed all of California,

at 13:00 LST. After the campaign, the convective boundary

layer depth was derived from the radiosonde data by examyvestern Nevada, and the adjacent Pacific Ocean using a hor-

ining the vertical gradients in both potential temperature and zor;tal gt;:dtsp?cm dg gf 4 ktml'g‘ szt(r)el;[ched \;ertlcall coo&cggatg d
humidity. Hourly-averaged wind profiles over the Central system that extended up fo 25-s0xma.g.l. employe gn

Valley were obtained from a radar wind profiler, operated I4e:\)’/ els,dwm; a 3t0-dm gtr;]d sgicmg fa:jr]Jacent to dthe:\riurface i.nd
by the Sacramento Metropolitan Air Quality Management h noces ocae:[ wi t'm m gf € groun t ehspg0| Ic
District, located~35 km south-southwest of TO (Fig. 1). pNysICS parameterizalions used for various atmospheric pro-

While the range gates of the radar wind profiler extend upciefsde?na_}/atl)l;’:lblle '[‘r;he publrlcr;e[[ez:rlisze tiofnthe Wn?r'; C:lde ;re
to~5.2kma.g.l., range gates near 2.0 kma.g.l. have missin Ste avle _. €se parameterizations, commonly €

data 32 % of the time and the percentage of missing data int oned by the WRF community, were also _cho_sen based on
creases to over 74 % above 3.0kma.g.l. A sodar deployed atpew overall performance.for previous applications of WR.F
the T1 site obtained wind profiles at half-hour intervals over V€ have_ c_onducted. A time step o_f 12.5 was .u_sed,_ which
the foothills of the Sierra Nevada. The range gates from thavas sufficiently small so that numerical instabilities did not

sodar extended up to 500 m AGL at 20-m increments, Withdevelcr)]pffor the fore_ch_ts (zljunng t_he campalgr.L
missing data 20 % of the time or less within 140 m of the sur- /21 forecasts initialized at 00:00 UTC (16:00LST) were

face. A 915-mHz radar wind profiler was also deployed atproduced once per day. Initial and boundary conditions for

the T1 site that collected data only during the last week ofthe meteorological variables were based on analyses from the

the field campaign. Solar radiation was measured by a pyraI_\la'uonal Center for Environmental Prediction’s North Amer-

nometer (Eppley PSP) and a multi-filter rotating shadowband®2" Mesoscgle (NAM) mod_el. As will be shown later, the
radiometer (MFRSR) deployed at the T1 site and at McCIeI-foreC‘ﬁ?ted winds were predicted reasongbly. well There. are
lan Airport where the research aircraft were based, abou{hree likely (_axplanatmns: (1) the domain size 2) terrain-
5 km west-northwest of TO. Radiation instruments were notInduced forcing, and (3) mostly sunny conditions. While the
deployed at the TO site because nearby trees would have offiomain encompasses all of Cal_if_ornia_l, it is still sufficier_1tly
structed the viewing angle. Instead, they were deployed nea?ma” so that the boundary conditions influence the predicted

one of the airport runways that had unobstructed views of theambient conditions above the boundary layer over the interior
horizon of the domain. The local terrain leads to circulations that are

In addition to extensive trace gas and aerosol propertf{edc'ftaf/:e and clonS|stder}t fromkday—to—diy In tlhe absfence of
measurements, the G-1 aircraft also collected pressure, win ouds. Mesoscale models are known to have larger forecast

temperature, and humidity data aloft at 1-s (or shorter) inter-e’rrorS during pe_:riods of clouds and precipitation; hoyveve_:r,
vals along the flight paths depicted in Fig. 1. Flights gener_mhostlyhclear skies were occurred over much of California
ally occurred either during the morning (08:00-12:00 LST) throughout June 2010. _ _ ,

or the late afternoon (14:00-18:00 LST) at altitudes usually 17ace gas and aerosol variables were not included in the
between 0.4 and 2.5kmm.s.l. NASA's B-200 King Air re- operational forecasts because the primary purpose was to
search aircraft, equipped with a High Spectral Resolution Li-Provide estimates of the evolving transport and mixing of
dar (HSRL) (Hair et al., 2008), obtained measurements ofPollutant plumes and the relative contribution of local and
aerosol backscatter, extinction, and depolarization over cenMOre distant sources. The computational expense of sim-

tral California and along most of the same flight paths as theations that included chemical processes would have also
G-1. prevented 72-h forecasts from being available each morning

to brief the aircraft crew. The model was configured to sim-
ulate 20 carbon monoxide (CO) tracers tagged by emission

Atmos. Chem. Phys., 12, 17594783 2012 www.atmos-chem-phys.net/12/1759/2012/
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Table 2. Time of day (LST) in which peak ozone mixing ratio occurs most frequently during the month of June for stations shown in Fig. 1.
Multiple hours are listed when the frequency of occurrence differs by one or zero.

Monitoring Station 2005 2006 2007 2008 2009

Sacramento 15 13 14-15 14 13
Paso Del Manor 16 14 14 15 13-14
Sloughhouse 14 14 16 15 14
Elk Grove 15 13 14 14 14
Folsom 15-16 15 14-15 15 15
Roseville 14-16 15 15 15 15
Auburn 16-17 17 18 17 17
Cool 16-17 17 17 16-17 17
Placerville 15-16 17 18 18 16

source region using hourly emission rates available at a 4-
km grid spacing developed by the California Air Resources
Board (A. Kaduwela, personal communication, 2010) for the
NASA Arctic Research of the Composition of the Tropo-
sphere from Aircraft and Satellite (ARCTAS) mission over
California (Pfister et al., 2011). Figure 2 depicts those grid
cells with emission rates above a threshold value of 0.05
moles CO s? cell"1, which was~84 times lower than the
maximum rate. Emissions in grid cells below this thresh-
old were neglected and the simulations assume that they dc
not contribute significantly to CO in the vicinity of Sacra-
mento. Separate tracers were used for central Sacramentc
the eastern suburbs, the Auburn area in the foothills northeas
of Sacramento, and the Placerville area in the foothills east
of Sacramento. Two tracers represented the emissions fron
small cities over rest of the Sierra Nevada. Emissions in the
Sacramento Valley and San Joaquin Valley were divided into
four and six tracers, respectively, while the entire San Fran-
cisco Bay region was treated as one CO tracer source. The
remaining three CO tracers were divided into three source
regions over southern California. The 20 source regions are

also grouped into eight larger geographic sources, denoteflig. 2. Spatial distribution of the CO tracer source regions em-

by the color shading in Fig. 2, used in the analyses presentegloyed by the operational WRF-Chem forecasts during CARES. A
later. total of 20 source regions were defined, but colors denote larger ge-
. . . . . ographic source regions used in subsequent plots, where the paren-
Emissions from fires were notincluded in the Ope_rat'onaltheses indicates the number of source regions grouped together per
forecasts. Only a few fires were observed by satellites (€.9¢qor.

MODIS hotspot data) in the vicinity of Sacramento during
the campaign.

Initial CO conditions for each forecast were based on theCO mixing ratios in the Sacramento region were estimated
24-h forecast from the previous day and boundary conditiongy taking the difference between two regional-scale simula-
were set to very low, constant values of 1.0e-9 ppb. In realtions from the coupled North American Mesoscale (NAM) —
ity, background CO mixing ratios are likely to vary in time Community Multiscale Air Quality (CMAQ) modeling sys-
as a result of long-range transport from Asia (e.g. Jaffe etem (Otte et al., 2005): one in which the boundary condi-
al., 1999; Huang et al., 2010). WRF-Chem was not coupledions were obtained from the Real-time Air Quality Model-
with a global model prediction system since the primary pur-ing System (RAQMS) (Pierce et al., 2007) and one which
pose was to predict plume locations to guide aircraft opera-used fixed boundary conditions. These NAM-CMAQ simu-
tions rather than simulate exact magnitudes. To compare thiations were run using a parallel version of the Operational
WRF-Chem forecasts with measurements, background CONAM-CMAQ that was being tested during the Research at
mixing ratios need to be included. Time-varying backgroundthe Nexus of Air Quality and Climate Change experiment

Sierra (2)

In some plots, these 2
source regions grouped
together and shown in red

Sacramento

Bay Area

Southern California (3) ™

/
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(d) 12 UTC June
N AL Sﬁp

(f) 12 UTC June 27 _

e

Fig. 3. Winds (arrows) and geopotential heights (contours) at 700 hPa from the NAM analyses at 12:00 (@6 dune(b) 11 June(c)
14 June(d) 16 June(e) 18 June, andf) 27 June. Red dot denotes Sacramento. Contour interval of 30 m.

conducted in California called CalNex (Cooper et al., 2011; As will be shown later, the performance of the forecast

http://www.esrl.noaa.gov/csd/calngx/The horizontal grid  system was successful because the location and relative mag-

spacings for RAQMS and the parallel NAM-CMAQ simula- nitude of simulated tracer plumes were consistent with CO

tions were 2 degrees and 12 km, respectively. NAM-CMAQ measured by the G-1 aircraft. This study evaluates the per-

was run using the 2005 National Emissions Inventory pro-formance of the modeling system using the field data to sup-

jected for 2008. Background CO mixing ratios derived from port the model’s use in helping to explain how meteorolog-

the differences between the two NAM-CMAQ simulations ical processes contribute to the regional distribution of trace

over the period ranged from 67 to 116 ppb. gases and aerosols. Since CO was tagged by source, we pro-
During the campaign, the forecasts were used to predictide estimates of which sources likely affected the TO and

tracer transport so that the principal investigators could planT1 sites as well as how the contribution of those sources vary

flight paths up to two days in advance. Particular attentionalong the aircraft tracks.

was paid to whether Sacramento sources of CO would be

transported towards the T1 site and the predicted relative

contribution of local sources and San Francisco Bay Area4 Meteorological conditions

emissions in the region. Animation of the daily forecast

products and a map depicting the spatial distribution of theAn overview of the thermally-induced flows influenced by

tracer sources is given http://acrf-campaign.arm.gov/cares/ topography in California is given by Bao et al. (2008). For

forecast the Sacramento Valley, these include the diurnal upslope

and downslope flows along the Sierra and coastal range,

Atmos. Chem. Phys., 12, 17594783 2012 www.atmos-chem-phys.net/12/1759/2012/
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Fig. 4. Observeda) wind speed andb) direction at the 563 ma.g.l. range gate from the Sacramento radar wind profiler (blue dots) along
with the simulated winds from the operational WRF forecasts at the same level (red lines). OlfcpB@gdmeasured at the TO site. Gray

shading denotes nighttime periods and arrows denote three periods of northwesterly synoptic flow associated with the passage of trough:
over California.

the near-surface flow of marine air through the Carquinezoccurred over northern California during this period, with
Strait (Fig. 1), and the nocturnal Schultz Eddy in the Sacra-weaker winds over southern California (Fig. 3a). A trough
mento Valley. All of these flows were observed during formed over the western US on 10 June, producing strong
CARES; however, multi-day variations in the synoptic con- northerly winds over California by 11 June (Fig. 3b). This
ditions modulated the local flows and influenced the transportrough persisted over the region and gradually weakened by

and mixing of pollutants in the region. 14 June. While winds aloft on 14 June were still north-
westerly, they were much weaker (Fig. 3c). Another trough
4.1 Synoptic-scale winds aloft passed over California two days later on 16 June (Fig. 3d).

Westerly winds occurred over northern California by 18 June

Cool and wet conditions were frequently observed over(Fig- 3€) after this trough rapidly passed over the western
northern California during May 2010 due to lingering effects US and propaggted over southern Canada. A third trough
of a moderate EI Nino, and intermittent cloudiness persisted®@sSed over California on 21 June (not shown) that produced

the first several days of June. While local thermally-driven northerly winds aloft over northern California; however, this

circulations control the near-surface transport of pollutants [fough was the weakest of the three during the month, with

they are modulated by synoptic-scale motions aloft. The 7Oo_the weakest pressure gradient and wind speeds aloft. After
hPa wind and geopotential height fields at select times during2 June for the remainder of the month, the upper-level pres-
CARES are shown in Fig. 3 to illustrate the evolving synoptic SUre gradients over California were weak, producing light
conditions. For comparison, the height of the Sierra NevadZ1d variable winds at the 700-hPa level such as shown on
ridgeline reaches its maximum at Mt. Whitney with an ele- 27 June (Fig. 3).

vation of 4.4 km, but is lower in the Lake Tahoe area east of

Sacramento where peaks reach around 3 km elevation. 4.2 Local winds

During the first part of the campaign between 3 and 9 June,
winds aloft over central California were generally westerly to The impact of the troughs in the vicinity of Sacramento can
southwesterly. This occurred as a result of a low-pressurde seen in the time series of wind speed and direction at the
system over the Gulf of Alaska and a high-pressure sys563-m level range gate of the profiler, which are shown in
tem over the southwestern US Relatively strong wind speed§&ig. 4a and b, respectively. Prior to the first major trough,

www.atmos-chem-phys.net/12/1759/2012/ Atmos. Chem. Phys., 12, 17583 2012
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the winds were generally westerly to southwesterly and ususecond and third troughs shifted the winds to the northwest,
ally less than 10m3s'. As the first major trough moved but the wind speeds were weaker and the duration of the
through the region on 10 June, the wind direction shiftednorthwesterly winds was much shorter than the first trough.
to the northwest and the speeds increased to as much d8he WRF model was able to simulate much of the tem-
20ms L. The northwest winds persisted until 14 June whenporal wind speed and direction variability at this location.
the winds became southwesterly again. The passage of thEhe mean observed and simulated wind speed was 5.8 and
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5.1ms, respectively, and the simulated mean wind direc-a few days of decreasing maximum afternoon temperatures.
tion was nearly the same as observed. The temporal variAfter the troughs passed over central California, maximum
ability of the wind speed and direction at higher altitudes of temperatures began to rise again. After the third trough, tem-
the radar wind profiler was similar to the 563-m range gate,peratures increased over the next several days with afternoon
except that the wind speeds further aloft were weaker. Peakeak values reaching 4C€ on 27 and 28 June. Simulated
winds speeds during the passage of the troughs occurred b&/RF temperatures agreed with the observations, with a bias
tween 250 and 600 ma.g.l. of 0.9°C and a correlation coefficient of 0.92.

The impact of the local winds can be seen o, 3@xing The time series of relative humidity (Fig. 6b) clearly show
ratios measured at the TO site, as shown in Fig. 4c. Sincdncreasing values during the afternoon resulting from near-
there are relatively few large sources of 5@ the vicinity ~ surface marine air intrusion from the San Francisco Bay Area
of Sacramento, the source of observed 8@s likely the re-  and peak values at night associated with lower temperatures.
fineries located along the Carquinez Strait (Fig. 1), near theéBut there is also a multi-day variation in relative humidity
eastern end of San Francisco Bay. The daily westerly flowwith the lowest values during the campaign being associated
of marine air usually transported $@nto the Central Val-  with the passage of troughs and the strong northerly flow that
ley and over the TO site. The low $@nixing ratios during  cuts off the marine air intrusions. After a trough passes over
the three troughs indicate that the northwesterly winds transthe region, descending air aloft adiabatically warms and be-
ported cleaner air from the northern Sacramento Valley oveicomes drier. Consequently, relative humidity during trough
Sacramento. events is much lower. Daytime values of relative humidity

The wind speed and direction from the 100-m range gatewere generally less than 50 % throughout the campaign, sug-
of the sodar at the T1 site are shown in Fig. 5. This rangegesting that uptake of water onto aerosols was likely very
gate was chosen because it is roughly at the same altitudemall. While relative humidity is often higher near the top of
above sea level as the winds shown in Fig. 4 over the centhe convective boundary layer, radiosonde measurements of-
ter of the valley. While this range gate is much closer to theten indicated the entire boundary layer was relatively dry as
ground than the range gate shown for the Sacramento prowill be shown later. The model was able to reasonably repro-
filer, the wind speeds at the same height above the ground gtuce the variability in relative humidity, which is important
TO were usually 5 ms! higher than at T1 between 11 and 12 for accurately simulating aerosol evolution and aerosol op-
June (not shown) during the passage of the first trough. Théical properties. The relative humidity mean bias and corre-
wind directions associated with the troughs were similar tolation coefficient over the campaign were.8 % and 0.86,
those at the Sacramento profiler, except that they were soméespectively. Multi-day trends in near-surface moisture are
what more westerly during daytime. This suggests that themore clearly seen in the time series of specific humidity
Sierra Nevada still exerted a thermal influence on the nearshown in Fig. 6¢c. Observed and simulated specific humid-
surface winds, so that the flow turned up the terrain as thdty of 10-12gkg* occurred between 2 and 7 June, and it
troughs moved through the region. The wind direction atdecreased during the middle of the month before rising again
the T1 site also exhibited much more diurnal variability than after the passage of the third trough on 22 June. The lowest
over the valley floor. Winds were generally southwesterly values of 3—4 gkg! occurred during the second trough on
during the day. Nocturnal downslope flows were southeast-16 June.
erly (local slope flows) up to 20 June, but after the passage of Table 3 summarizes the performance of the model in sim-
the third trough the nocturnal downslope flows were north-ulating meteorological quantities aloft compared with all of
easterly (predominantly down-valley, following the Ameri- the G-1 flights. While the biases were relatively low for all
can River). After the third trough, the diurnal variability in quantities, simulated temperature and humidity were more
wind direction increased. The WRF model was able to re-highly correlated with observations than wind speed and di-
produce much of the temporal variability of winds observed rection.
during the campaign at both the TO and T1 sites; however, The time series of solar radiation shown in Fig. 6d indi-
the simulated wind speed was usually higher than observegates that the field campaign period had mostly sunny skies
in the model grid cell corresponding to the 100-m sodar rangdn the vicinity of Sacramento, but there were many days with
gate at T1. The mean observed and simulated wind speeds &irrus clouds aloft that reduced the peak incoming solar ra-
this altitude at the T1 site were 3.0 and 4.6\respectively. ~ diation somewhat. 4 and 24 June were the only days in

which clouds significantly reduced incoming solar radiation
at the surface. WRF overestimated the cloudiness on 4 June,
4.3 Local temperature, humidity, and clouds but underestimated cloudiness on 24 June, which likely con-
tributed to the daytime temperature biases (Fig. 6a) on those
Figure 6 shows the diurnal variations in near surface tempereays.
ature, relative humidity, specific humidity, and solar radiation The overall meteorological conditions during the cam-
at the TO site during the campaign. The temperature varipaign affected variations in ozone at the TO site and at the
ations (Fig. 6a) indicate that the troughs were preceded byYCARB air quality monitoring station at Cool (Fig. 7). Prior
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Fig. 7. Observed ozone at the TO site (dark blue) and from the CARB observations at Cool (light blue). Gray shading denotes nighttime
periods and arrows denote three periods of northwesterly synoptic flow.

Table 3. Statistics quantifying the performance of predicted meteorological variables and carbon monoxide along the 21 G-1 aircraft flights
during CARES, where IA is the Index of Agreement that varies between 0 (no agreement) and 1 (perfect agreement).

Variable WRF mean Obsmean WRF Obsc mean bias IA  correlation
coefficient
Temperature (K) 295.6 295.4 5.8 5.8 0.2 0.97 0.95
Potential temperature (K) 301.8 301.6 4.8 51 0.2 0.96 0.93
Relative humidity (%) 37.3 38.5 16.0 13.7 -1.2 0.86 0.75
Mixing ratio (g kg~1) 6.5 6.8 2.4 2.4 -0.3 091 0.84
wind speed (ms?) 5.4 5.8 2.8 8.6 -0.4 027 0.20
Wind direction (deg) 235.3 220.3 66.2 80.0 15.0 0.66 0.40
Carbon monoxide (ppb) 137.4 150.6 476 197.3 -13.2 0.16 0.10

to the first trough, ozone mixing ratios measured at the TOtential temperatured(profiles along with the boundary-layer
site never exceeded 60 ppb. The peak afternoon values aepth on 28 June is shown in Fig. 8. In both the model and
Cool were lower than at the TO site, but the nighttime val- observations, the estimated boundary-layer depth is based on
ues were nearly the same. The first trough decreased thine gradients of and humidity.

diurnal variability of ozone at both sites. Peak afternoon For 28 June, the simulated boundary layer depth is some-

ozone mixing ratios were sor_newhatl highgr a few days af, hat shallower than observed at 06:00 and 09:00 LST (Fig.
ter this event, before decreasing again during the passage é¥a and b). At the TO site, the near-surface simulated

the second trough. After the third trough, ozone gradually in- otential temperature is 2-3K colder than observed. By

creased during the last part of the campaign, reaching nearl§23:oo LST (Fig. 8c), the simulated temperatures become 1

90 ppb on 27 and 28 June at the TO site. These two days Were" 5« warmer than observed in the boundary layer, which

also the warmest days of the campaign. Larger differences "Eonsequently leads to simulated relative humidity being 5—

ozone between the two sites are also seen throughout the di'O% too low. Simulated boundary layer depth at this time
urnal cycle after 22 June. Peak afternoon values were higher

S is ~0.5km higher than observed at TO an@.7 km higher
at Cool than at T0 on some days, and the nighttime values atthan observegd at T1. Later in the afternoon at l6g:100 LST
Cool usually became higher than at TO. Differences in ozon

betw the t " likelv due to hiaher titration b Noe(Fig. 8d), differences between the simulated and observed
etween the two sites are Tikely due 1o igher titration by boundary layer depth decrease+6.2 km at the T1 site. Er-

at night over the city, additional daytime photochemcial pro- rors in the evolution of the simulated boundary layer depth

duction downwind of Sacramento, and local wind patternsOn this day, and on many other days, are associated with

t_hat may or may not tran_sport the highest ozone mixing ra'timing. Such differences could affect the interpretation of
tios directly over the T1 site.

comparisons of observed aircraft trace gases and simulated

4.4 Boundary-layer depth guantities aloft, as will be shown later.

The overall performance of the WRF model in simulating
The depth of the boundary layer affects the dilution of traceboundary-layer depth during the campaign is shown in Fig. 9.
gases and aerosols via vertical mixing processes, and corFhe simulated boundary-layer depths were usually within
sequently chemical reaction rates and mixing ratios. There30 % of the observed depths. Averaged over the entire cam-
fore, assessing the performance of simulated boundary-laygraign, WRF-predicted boundary-layer depths were 5-10 %
depth is important when evaluating predictions of trace gasesigher than observed at all times of the day. The biases at the
and aerosols. An example of the observed and simulated poFO and T1 sites at 16 LST were 44 and 188 m, respectively,
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suggesting that model performance was somewhat worsthe top of the boundary layer by finding the peak vertical
over the higher terrain. gradient in the aerosol backscatter. Because there are often
. layers of aerosols above the boundary layer, the technique
Boundary-layer depths can also be estimated from aerosalyemnts 1o differentiate between the boundary-layer top and
profiles obtained from lidars (e.g. Shaw etal., 2007; Van Pulyiher neaks in the vertical gradient in aerosol backscatter.

etal., 1994). Airborne lidars provide an opportunity to quan- conyersely, the WRF-simulated boundary-layer top is deter-
tify spatial and temporal variations in boundary layer depthineq where the vertical gradient in potential temperature
(e.g. White et al., 1999) that are difficult to obtain by other oy ~aads a threshold.

methods that rely on fixed sites. An automated wavelet tech-
nique adapted from the one described by Brooks (2003) has A comparison of the HSRL and simulated boundary-layer
been applied to the HSRL data. This technique determineslepths during the day over the entire campaign is shown in
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T ity in CO compares with measurements collected both on the
287 G-1 aircraft and at the two surface sites. The relative con-
24 observed - HSRL tribution of various source regions at the sampling locations
simulated - WRF-Chem predicted by the model is also quantified. We first examine

- C
O n
< C
E 2.0 - the spatial distribution of CO along the G-1 flight paths on 28
£ ] 6_2 - and 21 June when the daytime winds in the boundary layer
3 r were southwesterly and northwesterly, respectively.
8 12 -
= . - 5.1 CO tracers aloft
§ 0.8 -
E ] C During the morning of 28 June, the highest CO mixing ra-
8 0'4_; a3 tios were observed close to the emission sources in Sacra-
04 mento (Fig. 11a). CO mixing ratios often exceeded 250 ppb
8 9 10 11 12 13 14 15 16 17 over the city, while lower CO mixing ratios between 140 and
time (LST) 200 ppb were measured along the flight transects over the T1

site. Simulated CO variations include a background value
Fig. 10. Observed (blue) and simulated (red) boundary layer depthfrom the RAQMS/NAM-CMAQ modeling system of 90 ppb
along the B-200 flight paths over central California in terms of per- on this day and are very similar to measurements over most
centiles for each hour of the day over the entire campaign. Filledof the flight path. The largest difference was produced for the
boxes denote the 25th and 75th percentiles and vertical lines denoigrofile obtained up to 2.5km m.s.l. around 09:00 LST when
the 5th and 95th percentiles. Lines connecting the white dots denotghe simulated CO mixing ratios were just above the 90 ppb
the median value for each hour. background values and observed CO varied between 120 and
160ppb. The model suggests that 40 to 80% of the CO
over the city originated from the Bay Area. As the convec-

Fig. 10, expressed in terms of percentiles. Differences i boundary | he relati ibution f h
the techniques (aerosol gradients versus potential tempereﬁ'—Ve oundary layer grew, the relative contribution from the

ture gradients) contribute to uncertainties in the boundary—Sacramento source increased after 11:00LST and the con-

layer height estimates. Nevertheless, the two methods prot—rIbUtlon from the Bay Area decreased to about 30%. The

duce qualitatively similar results, with low boundary-layer model also indicates that in the vicinity of T1 during the late

depths during the morning and higher depths with increase{”oming’ CO originated from. Sacramento’. Sacramgnto val-
variability during the afternoon. Depths derived from WRF 'Y’ Bay Are_a, a_md local foothills sources with approximately
are usually lower than those from HSRL before 11:00 LST, equal contributions. :
but the median and range of the 25th and 75th percentiles S the southwesterly upslope flow strengthened during the
are similar after 11:00 LST. The large spatial variability in day, ,CO er_mtted from Sacrame_nto was Fransported over the
boundary-layer depth over central California along the B-200f00thills, with the plume centerline passing south of the T1
flight paths between the two methods was often very similarSit€ @ shown in Fig. 11d for the afternoon G-1 flight. The
as well (not shown). G-1 aircraft found CO mixing ratios as high as 250 ppb 12
Despite the differences between the two methods of estilo 20 km southeast of the T1 site. The simulated spatial dis-

mating boundary-layer depth, estimates derived from HsRribution of_CO i_s s_imilar to the observations, with peak val-
will be extremely useful since it provides spatial and tempo-Y€S Occurring within a few kilometers of observed peak val-

ral evolution of the boundary layer that cannot be obtainegU€s: However, the simulated magnitude is too low compared

from any other type of information and therefore can more 0 the observations. In addition to uncertainties in emission
rigorously evaluate meteorological models, such as WRFrates, the under-prediction in CO mixing ratios may be due

A more in-depth analysis of boundary-layer depths derivedt© two factors. First, the predicted boundary layer depth dur-
from HSRL data compared with WRF simulations will be ing the afternoon is too deep over the valley floor as shown in
presented in future studies. Fig. 8, which would dilute simulated CO mixing ratios. Sec-

ond, it is possible that the background concentrations are too
low on this day, as indicated by the profile during the morn-
5 Anthropogenic influences in the vicinity ing shown in Fig. 11a. However, the simulated profile of CO
of Sacramento at 14:30LST is very similar to the measurements. In con-
trast with the morning, the CO plumes during the afternoon
Since the meteorological quantities predicted by WRF are of-are comprised primarily of emissions from Sacramento. Be-
ten similar to the observations during CARES, the model istween the morning and afternoon G-1 flight, much of the Bay
expected to adequately represent the transport and mixing ohrea CO plume was transported out of the region (not shown)
the CO tracers emitted from anthropogenic sources. We novgo that the contribution from the Bay Area was usually less
evaluate how well the predicted spatial and temporal variabil-than 20 % at the same locations as the Sacramento plume.
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(a) Observed CO Along Morning G-1 Flight on June 28 (d) Observed CO Along Afternoon G-1 Flight on June 28
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Fig. 11. (a)Spatial distribution of observed CO along the G-1 flight path during the morning of 28(Butiene series of observed and
simulated CO, an¢t) simulated CO originating from various source regions. Fig(agge), and(f) are the same gg), (b), and(c), except

for the afternoon of 28 June. Gray shadinda)and(d) denotes emission rate of CO from the CARB inventory reapportioned to the WRF
grid and black dots denote missing data.

The southwesterly transport shown in Fig. 11 occurred fre-denoted by B, C, D, E, F, and H, indicate locations where
quently during CARES, although the position of the plume the G-1 likely intersected the Sacramento plume. Simulated
centerline passed south of T1, directly over the T1, or northCO was qualitatively similar to the observations, except that
of T1 depending on the exact wind direction on each day. Asthe simulated CO over the city was too low and the sim-
discussed previously, the passage of upper-level troughs andated CO from A to B and from C to D was higher than
northwesterly winds over central California disrupted the lo- observed. The model indicates the contribution of emission
cal valley and upslope flows; therefore, we next examine thesources outside of Sacramento to CO in the vicinity of the
distribution of CO during these meteorological conditions. TO site was small, with 10 ppb of CO transported from other

As shown in Fig. 12, the G-1 flight plan was modified on sources in the Sacramento Valley. For the transects sou_theast
21 June to have two southwest-to-northeast transects perpefR! Sacramento, the simulated Sacramento tracer contributed
dicular to the anticipated trace gas and aerosol plume downtC & arge fraction of the CO from Ato B, Cto D, and G to H.
wind of Sacramento associated with the northwesterly winds 7Or Segment C to D of Fig. 12a, the aircraft flew from C to the
During the morning (Fig. 12a), CO was as high as 210 ppbnor.theastend of the transect, and then back qverthe same lo-
over the city in the vicinity of the TO site with lower mixing cgtlons towards the southwest to D. The locations of the peak
ratios observed downwind. Peaks in the CO mixing ratios,s'mmawd CO therefore occurred northeast of the observed
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(a) Observed CO Along Morning G-1 Flight on June 21 (d) Observed CO Along Afternoon G-1 Flight on June 21
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Fig. 12. Same as Fig. 11, except for 21 June.

peak of CO near points C and D. The aircraft data also in-that are also consistent with the high fraction of simulated
dicates an abrupt peak on CO near points C and D whereaSacramento CO tracer at those locations. In contrast with the
the simulated plume width was broader. Bay Area emissiongnorning in which multiple sources are mixed together in the
comprised a large fraction of the CO south of Sacramentovalley atmosphere south of Sacramento, the CO in the val-
as the plume from this region was transported through thdey during the afternoon is divided into two distinct plumes.
Carquinez Strait and then into the San Joaquin Valley by theéOne plume located over the eastern valley is made up mostly
northwesterly winds. San Joaquin emission sources began toy the downwind Sacramento plume with low concentrations
contribute to a significant fraction of CO along the transectfrom Sacramento Valley sources. The other plume is located
farthest from Sacramento. on the west side of the valley and is comprised mostly of Bay
surface wind shifted Area and San Joaguin Valley sources. Oyer the Weste_rn side
slightly to the west so that peak downwind CO mixing ratios of the valley, the simulated CO mixing ratios are too high at
during the afternoon were locatee?0 km east of the morn- 16:00'. 16:30’. and 17:00LST suggesting that there are errors
dassouated with transport and mixing of the Bay Area plume

ing’s plume centerline. During the morning the observe . . : )
plume centerline was located near points C and D in Fig. 12390 this day. It is possible that the model overestimated the

but peak CO mixing ratios during the afternoon were fur- influx of a_ir t_hrough the Carquinez Strait, and that in reality
ther east as indicated by the location of the yellow and greeﬁhose emissions were transported elsewhere.

dots in Fig. 12b. Points A—F in Fig. 12b denote peaks in The model predicted reasonably well the timing and lo-
the CO mixing ratios that likely originate from Sacramento cation of the Sacramento CO plume on most days, and the

During midday of 21 June, near-
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| - - _ 5.2 CO tracers at the TO and T1 sites

307, ¢ [
We next describe variations in CO at the surface at the TO
| 1ss — 1k I and T1 sites during the campaign, since one objective of
25— —~ - CARES is to characterize transport between Sacramento and
550 E@ observed the downwind site that affects the interpretation of aerosol
i ] simulated | aging derived from the measurements. Evaluating simulated
1% — e }—— r CO at TO (Fig. 14) will help determine if the emissions of
2.0 - 051 L F— CO and the boundary layer processes in Sacramento are sim-
T 1 — e }— . ulated adequately. Prior to the campaign we expected that
X 1 e — L F— i southwesterly winds would transport trace gases and aerosols
L 15 — Ll over the foothills, leading to increases in those quantities dur-
3 1023 —4:,}%— r ing the late afternoon and early evening. Evaluating simu-
= 1 — I lated CO at T1 (Fig. 15) and quantifying the contributions of
© e —EI—[:] the sources regions will help define periods when this trans-
1.0 oy — T — I port scenario likely occurred.
] —] e }— L Figure 14a shows the 30-min averaged observations of
g7y — L H—— CO at the TO site, along with the simulated CO from the
05 - — e — L operational WRF-Chem forecasts, the simulated CO from
1 8857 L I - the RAQMS/NAM-CMAQ modeling system, and the derived
NCH. temporal variability of background CO. The simulated multi-
00 2132 { '. ] P day and diurnal variations in CO from the operational WRF-
. T T T T I Chem forecasts are similar to the measurements; however,
50 100 150 200 250 the correlation coefficient is only 0.38 and the simulated con-
carbon monoxide (ppb) centrations are too high on most days. The observed and sim-

ulated CO mixing ratios averaged over the month of June are
_ _ ~ 152 and 230 ppb, respectively. The temporal variations in
o e o e, O preicted by RAQUSINAVLCVAQ in Sacramerio e
pressed in terms of percentiles. Dotg denotes 50th pgrcepr)ltile, box Sslm”ar to WRF-Chem, and the correlation Coeff'c'e’_“ of be-
denotes range between 25th and 75th percentiles, and lines den(i\éle_en RAQMS/NAM_'CMAQ and the observations is 0.33.
5th and 95th percentiles. While the concentrations of CO from RAQMS/NAM-CMAQ
are also too high with mean value of 186 ppb, they are closer
to the observations than those from WRF-Chem. Some dif-
WRF-Chem forecasts were useful to help guide aircraft op-ferences are expected between the two models because the
erations by identifying transport patterns that were consistentateral boundary conditions, grid spacing, choice of meteo-
with the campaign objectives and determining which flight rological parameterizations, and emissions inventories em-
pattern to perform. The performance of the model in simu-ployed are not the same.
lating CO aloft for all G-1 flights is summarized by the statis-  The average diurnal variation of CO, shown in Fig. 14b,
tics listed in Table 3 and percentiles that have been binnednore clearly depicts the biases in the two models. If a cor-
into 250-m increments as shown in Fig. 13. Bins with higher rection is applied that subtracts the mean bias from the WRF-
number of samples indicate the altitudes at which the air-Chem predictions, denoted by the dashed line, then the di-
craft flew most often. Overall, the simulated and observedurnal variation is quite similar to the measurements. Peaks
percentiles are very similar within 0.5km of the ground. in the observations tended to occur in the morning just af-
Above this altitude, simulated median CO was usually 10ter sunrise and just after sunset because traffic emission rates
to 20 ppb lower than the measured median. The likely ex-are higher and the boundary layer depths lower during those
planations for the under-prediction aloft are the uncertaintiegperiods. During the afternoon, the deeper convective bound-
in the background concentrations from long-range transporgry layer reduces CO concentrations. While the WRF-Chem
and over-predictions of the afternoon boundary layer heightoredicts peaks at the correct times and with higher concen-
(e.g. Figs. 8 and 9) that excessively dilute simulated CO mix-trations after sunset than just after sunrise, the peaks from
ing ratios. The correlation coefficient is only 0.10 because ofRAQMS/NAM-CMAQ usually occur 2 to 3 h sooner than ob-
relatively small displacements in the simulated Sacramentserved and there is little distinction between the peak values
plume when compared to the observed plume. during the morning and early evening.
The fact that the simulated non-bias-corrected CO mixing
ratios at the TO site are high relative to observations con-
trasts with the finding that simulated CO within 0.5km of
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Fig. 15. Same as Fig. 14, except at the T1 site northeast of Sacramento.

the surface throughout the modeling region is similar to themodel high traffic emissions are spread over the TO site re-
G-1 measurements (Fig. 13). The most likely explanation isgardless of the wind direction. WRF-Chem could be run with

the resolution of the emissions inventory that contains fixedsmaller grid spacings to better resolve local traffic emissions,
emission rates within & 4 km grid cells. TO is located close but results would not change significantly unless the resolu-
to Interstate 80 (Fig. 1b) and Auburn and they occupy thetion of the emissions inventory could be increased as well.
same or adjacent grid cells in the model. Thus, within theAnother potential explanation could be that the simulated
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vertical extent of mixing during the early morning and after surface winds are somewhat higher than observed (Fig. 5a).
sunset is too low. Figure 9 shows that the simulated boundAs with the TO site, the resolution of the emissions is a likely
ary layer depth during the early morning at TO was too low reason for the over-prediction of CO around sunset. The lo-
on several days; however, there are no measurements to evalal emissions associated with the smaller communities, such
uate predicted boundary layer height after sunset. One alsas Auburn, Placerville, and the Interstate 80 and Highway 50
could argue that the emission rates may be too high, but decorridors may be poorly represented and influence the T1 site
creasing the emission rates by a factor of two would then leadoo often.

to CO mixing ratios being too low in comparison with G-1  The observed average CO at T1 during the campaign ex-
measurements. hibited little diurnal variation (Fig. 15b), except for a peak

The contributions of CO from the source regions influ- value at 21:00 LST. The collapse of the boundary layer after
encing the TO site in Fig. 14c show that local Sacramentosunset coupled with fresh local emissions likely contributes
contributes the largest fraction, as expected. Bay Area emisto the peak CO at 21:00 LST. On average, the simulated CO
sions are present in Sacramento every day, except for threis similar to observed except that the model produced a peak
periods (11-13, 16-17, 21 June) when troughs passed ovet sunset, three hours sooner than observed.

California and transported CO to the south and east. During The contributions of CO from the various source regions
the trough events, CO emissions from sources in the Sacran Fig. 15c¢ indicate that emissions from the foothills sources
mento Valley are present in Sacramento but the magnitudaround T1 contribute most of the CO above background lev-
is relatively low. The model also shows that emissions inels at the T1 site. Even though the local emission rates
the foothills could be transported as far as the TO site bywithin 12 km (3 model grid cells) are low compared to those
nighttime downslope winds on some days, but this was noin Sacramento, they are the major contributor to the over-
a common occurrence. The Bay Area contribution has a diprediction in peak CO around sunset. Sacramento and the
urnal variation that is similar from day to day, as shown in Bay Area contribute the remainder of the CO at the site.
Fig. 14d, and contributes to a large fraction of the total COIn fact, the model suggests that the Bay Area contributes
at night. While CO that is transported from the Bay Area to a relatively larger fraction of CO than does Sacramento.
through the Carquinez Strait arrives in Sacramento duringAs the Bay Area pollutants are transported through the Car-
the late afternoon and early evening, the relative fraction ofquinez Strait, the spatial coverage increases as the plume is
CO from the Bay Area does not increase. At night, additionaloften split between the Sacramento and San Joaquin Valleys.
CO from the Bay Area is transported into Sacramento as thdaytime upslope flows transport Bay Area pollutants over a
local emissions are transported over the Sierra, so that thiarge portion of the western Sierra Nevada. In contrast, the
fraction of CO in Sacramento becomes on average as higl$acramento plume is narrower because of its proximity and
as 50% at 03:00LST (Fig. 14d). Winds through the Car-changing wind directions during the day often leads to its
quinez Strait also diminish at night so that the transport ofplume passing over T1 only for a short period of time (e.g. a
fresh emissions diminishes until the thermally-driven winds few hours) rather than continuously during the day. As might
form the next day. The pulse of CO from the Bay Area is be expected, the influence of the Sacramento and Bay Area
transported north into the Sacramento Valley or south into thesources was nearly zero during the first two trough events.
San Joaquin Valley before sunrise so that the most of the CO The average diurnal variation in simulated CO fraction in
in the early morning originates primarily from Sacramento. Fig. 15d shows that between midnight and sunrigg0 %

The variation of CO at the T1 site in the foothills, as well of the CO above background originated from the Bay Area,
as the sources that contribute to CO, is significantly differ-similar to the predicted fraction over TO. The fraction of CO
ent than at TO, as shown in Figure 15. The observations ddrom Sacramento increases during the morning as southwest-
not show strong peaks during the morning (Fig. 15a) becauserly winds develop, with the eastern suburbs peaking one
the site is not located close to large mobile sources as is thour sooner at noon because of their closer proximity to T1.
TO site. There are peaks in CO during the late afternoornLocal sources in the foothills contribute to the majority of
and early evening on some days that are likely associatethe T1 peak CO at 18:00 LST. If these local sources are cut
with transport from Sacramento and other nearby sources tin half, the simulated afternoon peak CO mixing ratios were
the site. While the model is qualitatively similar to the mea- much closer to observations (not shown).
surements on many days, there are differences. For example, The contributions from the Sacramento source regions at
simulated CO is consistently too high from 14-16 and 18-T1 provide insight into likely periods of interest to CARES
20 June and simulated afternoon peak values are higher thastientists. Table 4 summarizes periods in which Sacramento
observed on many days. The observed and simulated C®acers contributed to greater than 30 % of the total anthro-
mixing ratios averaged over the month of June are 122 angbogenic CO. Note that Table 4 is based solely on model pre-
150 ppb, respectively, and the overall correlation coefficientdictions and future studies will define in better detail the ac-
is only 0.15. For those days in which the temporal variationtual transport periods based on anthropogenic trace gas and
is similar to observed, the simulated peak values often occuaerosol signatures. There are 23 such episodes between 2 and
a few hours sooner than observed because the upslope ne@8 June. “Direct” indicates that the predominant trajectory is
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Table 4. Periods (LST) when the simulated fraction of CO from Sacramento sources at the T1 site is greater than 30 %, indicating periods of
transport from Sacramento to T1.

Episode Start Start End End Peak Peak Peak Sacramento Plume
Day Hour Day Hour Fraction Day Hour Transport
1 2 12 3 3 0.76 2 14 DirecttoT1
2 3 10 3 16 0.71 3 12  Centerline NW of T1, then moves though T1 to the S
3 3 23 4 0 0.44 3 23 Centerline SE of T1, then moves through T1to N
4 4 9 4 13 0.57 4 10 DirecttoT1
5 4 22 5 9 0.73 5 3 Recirculation of aged plume over foothills
6 6 2 6 7 0.43 6 3 Recirculation of aged plume over foothills
7 6 11 6 21 0.73 6 14 Directto T1, then moves tothe S
8 7 12 8 5 0.72 7 13 Directto T1, then moves to the N
9 8 13 8 15 0.40 8 14 Centerline NW of T1, then moves to the N
10 9 12 9 17 0.74 9 12 Directto T1, then moves to the N
11 14 12 14 22 0.57 14 13 Centerline NW of T1, then moves to the N
12 15 12 16 6 0.52 15 23 Directto T1, then moves S of T1, and back again to the N
13 18 13 18 19 0.51 18 18 Centerline NW, then moves over T1, and back again to the N
14 19 13 19 20 0.48 19 18 Centerline NW of T1, then moves to the N
15 21 9 21 11 0.47 21 9 Centerline SE of T1, then moves directly over T1
16 22 12 22 18 0.62 22 15 Directto T1
17 23 0 23 5 0.39 23 4  Recirculation of aged plume over foothills
18 23 11 24 2 0.55 23 16 Directto T1, then moves to the N
19 24 12 24 18 0.54 24 17 Centerline NW of T1, then moves to the N
20 25 12 25 21 0.55 25 13 Centerline SE of T1, then moves N through T1
21 26 13 26 20 0.55 26 14  Centerline NW of T1, then moves through T1 to the S, and back
N again
22 27 12 27 13 0.39 27 13 Centerline SE of T1, and stays to the S
23 28 10 28 14 0.45 28 11 Centerline SE of T1, and stays to the S

a straight line from Sacramento to T1. However, the transporback over Sacramento. The layers of aged trace gases and
pathway on most days is not direct. The Sacramento plumeerosols are subsequently entrained into the growing convec-
is often transported towards the northeast during the morntive boundary layer the following day. The processes and
ing and passes northwest of the T1 site. As wind directionssources contributing to pollutants in the valley atmosphere
become more westerly during the afternoon, the Sacramentabove the boundary layer are illustrated in Figs. 16—18.
plume moves to the south and sweeps over the T1 site. On
other days, the plume centerline is south of the T1 site. And Figure 16a depicts the simulated profile of CO over the
on other days, the plume centerline can move across the TIO site during the entire campaign. To eliminate fresh emis-
site more than once. Some of the periods listed in Table 4sions, only the corresponding column burden of CO above
are during the evening and early morning when CO that hashe boundary layer is shown in Fig. 16b. The fraction of CO
been transported into the foothills is simply being recircu- above the boundary layer originating from various source re-
lated around the region by light and variable winds. Thus,gions is shown in Fig. 16c. Prior to the first major upper-level
the air mass trajectories may follow either a circuitous routetrough, the model suggests that some anthropogenic emis-
or a direct route from Sacramento to T1. sions remain in the region and the majority of the CO aloft
originates from Sacramento and the Bay Area. As the first
major trough passes over California between 11 and 13 June,
6 Regional recirculation of tracers the amount of CO aloft is reduced significantly because the
strong northerly winds transport only emissions from smaller
In addition to diurnally-varying slope flows near the surface sources in the Sacramento Valley and from the foothills of
resulting from the heating and cooling along the mountainsthe Sierra Nevada over Sacramento. After the trough moves
compensating flows aloft likely affect the transport and mix- to the east, the meteorological conditions permit CO to in-
ing of pollutants in the region. By coupling model predic- crease aloft for two days, until the second major upper-level
tions with measurements collected during CARES, recircu-trough on 16 June again quickly transports CO from Sacra-
lation at night is shown to likely transport aged trace gasesnento towards the San Joaquin Valley. After the second ma-
and aerosols from the western slopes of the Sierra Nevadpr trough, the amount of CO aloft gradually increases during
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periods. Arrows denote three periods of northwesterly synoptic flow.

the remainder of the month. The third major trough on 20these altitudes have been available to directly verify such pre-
June was too weak and brief to significantly reduce CO lev-dictions (Whiteman, 1990; Zardi and Whiteman, 2012). The
els. During this period the amount of CO from the foothills vertical wind shear between the two flows could also gener-
sources is higher than prior to the first major trough and emis-ate mechanical turbulence and mix trace gases and aerosols.
sions from the San Joaquin Valley are present. Although theDuring the early evening as the boundary layer collapses,
fraction of CO from these two source regions is small com-some of the CO remains in the residual layer. A portion of
pared to emissions from Sacramento, the Sacramento Vathe CO over the mountain slopes is transported back toward
ley, and the Bay Area, the model indicates that transport andhe west forming layers aloft over valley floor (Fig. 17a) by
mixing patterns after the second major trough were different22:00 LST, as the upslope flow weakens and easterly flow
from those prior to 10 June. aloft descends to lower altitudes during the early evening.
At this time over the lower slopes of the Sierra Nevada, the

The temporal evolution of the simulated 3-D wind and del prod terly d | f d t10 th
boundary layer structure was examined to determine the pror-no €l produces easterly downsiope Tlow adjacent to the sur-

cesses responsible for the layers of CO aloft. An example igace, westerly upslope flow persisting from the aftermoon
above the surface layer to 0.7 kma.g.l., and easterly flow be-

shown in Fig. 17 between 16:00 and 22:00LST on 22 June, . .
Figure 16a and b show that the morning of 23 June was one Otty\_/een 0'7. and 1.5kma.g.l. (Fig. 1.7b)' Winds from t'he radar
the periods with the highest amount of CO above the morn-W'.nd profiler deployed at t'he T.l S't? from 16 to 22:00LST
ing boundary layer in Sacramento. (Fig. 17c¢) show that the wind directions were southwesterly
between 0.2 and 0.9 km m.s.l. and southeasterly between 0.9
Southwesterly upslope flows transported CO from Sacraand 1.8 kma.g.l. The simulated wind profiles during this pe-
mento and the Bay Area over western slopes of the Sierraiod were qualitatively similar to the measurements, although
Nevada Mountains during the afternoon of 22 June. Abovethere are differences in the speed and direction at specific
the convective boundary layer, an easterly compensating flowimes. Measurements from the Sacramento radar wind pro-
was produced by the model (not shown). This compensatingiler (Fig. 17d) indicate that the winds aloft between 1 and
flow is a common feature predicted by mesoscale models irp kmm.s.l. were light and variable during this period. Both
complex terrain (e.g. Mahrer and Pielke, 1977; Rampanellihe measurements and modeling suggest that easterly flow

et al., 2004), but few observations over terrain slopes and at
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Fig. 17. West-east vertical cross sections through the TO site at 22:00 LI&)f6O from all anthropogenic sources afid simulated wind

direction (denoted by N, NE, E, SE, S, SW, W, and NW). Observed radar wind profiler (blue) and simulated (red) wind speed and direction
profiles at the(c) T1 and(d) TO sites between 17 and 23 PDT, 22 June. Dark gray shading denotes terrain height and light gray shading in
(c) and(d) denote range of simulated values.

aloft over the lower mountain slopes converges with the light Aerosol layers were observed by the HSRL on the B-
winds over the valley center during the evening. After mid- 200 aircraft over central California during the morning on
night, the layer of easterly winds aloft gradually diminishes many days. Figure 18a depicts aerosol backscatter profiles
and becomes light and variable (not shown). Thus, the reciralong the B-200 flight path (Fig. 18c) during the late morning
culation pattern and light winds aloft are responsible for COof 23 June between 09:00 and 11:00 LST. While the high-
remaining in the valley atmosphere by next morning. Thisest backscatter in the valley occurred within the convective
reservoir of CO subsequently contributes to surface value®oundary layer up to 0.5kmm.s.l., layers of aerosols were
through entrainment into the growing convective boundaryobserved above the boundary layer and below 2.5kmm.s.I.
layer the next day. The simulated CO layers aloft along the B-200 flight path
The process described above is known as the “mountairfFig. 18b) are consistent with the aerosol backscatter mea-
chimney effect” or “mountain venting”, first described by Lu surements, resulting from the processes described in Fig. 17.
and Turco (1996) for ozone plumes in Los Angeles. Lang-Although the operational WRF-Chem forecasts did not sim-
ford et al. (2010) presented measurements from an airbornalate aerosol evolution, these results indicate that the recir-
ozone lidar that recently provided evidence of ozone layersulation of local anthropogenic emissions is a process con-
aloft resulting from mountain venting. The recirculation pat- tributing to these aerosol layers. These aerosol layers are
tern and transport of CO into the free atmosphere in thislikely influenced by biogenic sources during transport over
study is similar, except that the terrain geometry and localthe Sierra Nevada.
meteorology is different from the Los Angeles basin. Vent- The operational WRF-Chem forecasts coupled with ob-
ing of boundary layer aerosols into the free atmosphere haserved wind profiles and HSRL data show that the model
been observed by lidars in other regions, such as over centré able to simulate the processes responsible for producing
Mexico (Fast et al., 2011) and over the Alps (Neyki et al., layers aloft above the Sacramento Valley. Our next step will
2000; Henne et al., 2004). be to use WRF-Chem in a similar configuration to simulate
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the emissions, transport, mixing, chemical transformation, To support aircraft sampling during the campaign, the

and deposition of aerosols to determine the relative role oMVRF-Chem model was used to forecast the spatial distribu-
aerosol chemistry in relation to meteorological processes thation and temporal variation of CO emitted from 20 source re-

govern aerosol evolution in the Sacramento Valley. gions. We showed that the forecasted diurnal and multi-day
variations in near-surface temperature, humidity, and winds
at the surface and aloft were in reasonable agreement with
the observations. Errors in the near-surface simulated wind

A combination of measurements and modeling was useoSpeed associated with the daytime upslope flows at T1 were
. . o somewhat larger than over the center of the valley. The ver-
to describe the overall meteorological conditions that af-

g tical extent of boundary layer mixing is an important me-
fected the transport and mixing of trace gases and aerosols orological process that affects the dilution of trace gases
the vicinity of Sacramento, California during the June 2010 g P g

CARES campaign. The anticipated thermally-driven flows, and aerosols near the surface. Observed and simulated after-

. . noon boundary layer depths were usually less than 2 km dur-
favorable for transport of pollutants from the city (site TO) . . i
to the downwind sampling site in the foothills of the Sierra ing CARES. The mean simulated boundary-layer depth at 16

Nevada (site T1), were observed during CARES. However,LST dunng the campaign was 44.and 188 m h'gh?r than the
i ) . .. 'mean radiosonde observations at the TO and T1 sites, respec-
the passage of mid-tropospheric troughs over California dis-. .
. L tively. The simulated boundary-layer depths were usually
rupted these local flows during three periods: 10-13 June, . ° ) . .
within 30 % of those derived from radiosonde observations,

16-17 June, and 20-21 June. The troughs produced nort vhich is typical of those produced by current boundary-

westerly near surface winds, transporting pollutants emitteqN o .
. . .. layer parameterizations. Some of these differences can be at-
from Sacramento into the San Joaquin Valley and signifi-

cantly reducing local pollutant concentrations, The WindStrlbuted to errors in the boundary-layer growth rate produced

were particularly strong, exceeding 15 mtson 11, 12, and by the model that is affected by predicted ambient tempera-

16 June. The meteorological conditions after the passage Ot]u_res, surface heat fluxes, as well as the treatment of vertical

the third upper-level trough, from 22 to 28 June, were the " x'"9:

most favorable for photochemistry and likely SOA forma- _ Forecasts of the downwind Sacramento CO plume posi-
tion. Mostly sunny conditions with periods of thin cirrus 10N Were also in reasonable agreement with aircraft mea-

clouds were observed during the campaign; 4 and 24 Jun8urements on most days because the predicted meteorology

were the only days during which clouds significantly reducedas Similar to observed. The observed and simulated me-
incoming shortwave radiation. dian and range of CO mixing ratios were similar at altitudes

below 0.5 km m.s.l.; however, simulated CO was somewhat

7 Summary
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lower than observed at most altitudes above 0.5km. While — The model suggests that it was possible for San Joaquin
the forecasts were useful in the field to confirm that the down- Valley emissions to be transported to the Sacramento
wind aircraft transects would intersect emissions from Sacra-  Valley during the latter part of the campaign, but the
mento, the simulated CO tagged by source region providesa  levels were small compared to contributions from local
means of examining how trace gases and aerosols are likely  emissions.

transported and mixed together in the region. The main find-

ings from the analysis of the simulated CO tracers are: The results presented here can be used to interpret time
. . . series of trace gases and aerosols sampled at the T1 site that
— Emissions from the San Francisco Bay Area CO”tT'bUtedwm be described in other studies. Analysis of the measure-
on avera_ge_40 t0 50% of the CO over the_TO_ site be-ants will provide additional evidence of when transport of
Meen m|dn|ght and 06:00 L.ST' As local em|SS|on_rates anthropogenic emissions from Sacramento occurred. Our re-
increased du_rm_g the morning, the average fract!on Ofsult:s also stress the importance of specifying the chemical
Bay Area emissions decreased to about 20 % during th‘E)oundary conditions using predictions from global models to

day. Bay Arga emissions were absent over Sacramgntgccount for long-range transport that likely influences some
and the T1 site only during the three trough events W|thtraCe gas and aerosol species over California

associated northwesterly winds. In a future study, the WRF-Chem model will be used to

— The fraction of CO originating from Sacramento and assess its ability to simulate aerosol evolution in the region.
Bay Area sources increases at the T1 site during theOf particular interest is how well new treatments of primary
morning and peaks on average in the early afternoorand secondary organic aerosols represent observations of or-
between 12:00 and 13:00LST. CO mixing ratios re- ganics and their optical and hygroscopic properties using the
main relatively constant during the day as transport isextensive surface and airborne measurements collected dur-
offset by dilution associated with the growing convec- ing CARES coupled with the CalNex dataset.
tive boundary layer. A surprisingly large fraction of
the CO above background over the T1 site originatedAcknowledgementsiVe thank the numerous scientists, pilots,
from sources in nearby cities. Local emissions pro-and other staff that contributed to the data collection during
duced simulated peak CO mixing ratios between 18 andCARES. Data were obtained from the Atmospheric Radiation

19:00 LST; however, the observed peak CO occurred aMeasurement (ARM) Program sponsored by the US Department of
21:00LST Energy, Office of Science, Office of Biological and Environmental

Research (OBER), Climate and Environmental Sciences Division.
— Simulated transport of CO from Sacramento to the T1We also thank the staff at Northside School in Cool and American
site occurred during 23 periods throughout the cam-River College, particularly Wendy Westsmith and Laduan Smedley,

paign. Three of these periods occurred at night as Cd‘or the use of their facilities. Elaine Chapman provided valuable
.' comments on the content of this paper. This research was supported

p_rteV|oust transported east of T1 came back over theby the US DOE’s Atmospheric Science Research (ASR) Program

Site. under Contract DE-AC06-76RLO 1830 at Pacific Northwest

1 National Laboratory (PNNL). PNNL is operated for the US DOE

— Daytime transport from Sacramento directly to the T ) .
by Battelle Memorial Institute.

site only occurred on 8 days. An equally likely scenario
was for Sacramgnto (?O to be tranqurted northwgrd byEdited by: G. McFiggans
light southerly winds in the valley during the morning.

As southwesterly winds developed during the day, the

plume centerline shifted to the south and east, sweeping

over the T1 site. The opposite sweeping pattern from
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