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Abstract. Multi-scale tracer and full-chemistry simulations significantly influence surface {20-30h later. These re-
with the STEM atmospheric chemistry model are used tosults show the importance of characterizing the vertical struc-
analyze the effects of transported background ozong (O ture of the lateral boundary conditions (LBC) needed in air
from the eastern Pacific on California air quality during the quality simulations. The importance of the LBC oR fre-
ARCTAS-CARB experiment conducted in June, 2008. Pre-diction during this period is further studied through a se-
vious work has focused on the importance of long-rangeries of sensitivity studies using different forms of LBC. It
transport of @ to North America air quality in spring- is shown that the use of the LBC downscaled from RAQMS
time. However during this summer experiment the long- global model that assimilated MLS and OMI data improves
range transport of ©is also shown to be important. Sim- the model performance. We also show that the predictions
ulated and observedzQransport patterns from the coast to can be further improved through the use of LBC based on
inland northern California are shown to vary based on me-NASA DC-8 airborne observations during the ARCTAS-
teorological conditions and thes(Qrofiles over the oceans, CARB experiment. These results indicate the need to de-
which are strongly episodically affected by Asian inflows. velop observational strategies to provide information on the
Analysis of the correlations of £at various altitudes above three-dimensional nature of pollutant distributions, in order
the coastal site at Trinidad Head and at a downwind surfaceéo improve our capability to predict pollution levels and to
site in northern California, show that under long-range trans-better quantify the influence of these Asian inflows on the
port events, high @air-masses (g>60 ppb) at altitudes be- US west coast air quality.

tween about 2 and 4 km can be transported inland and can
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1 Introduction and intense episodes og@ollution, in which the impact of
long-range transport is believed to reach its annual minimum.
Tropospheric ozone (§) is an atmospheric pollutant harmful Based on multi-year observations, Parrish et al. (2010)
to human health and agriculture, and is also one of the mostontend that the observed summertimga®er northern Cal-
important green house gases. The US National Ambient Ailifornia is directly proportional to transported background
Quality Standard (NAAQS) for daily maximum 8-h average from the eastern Pacific, and estimate a transport time of
Oz has recently been lowered to 75 ppb, and is likely to be20-30h for coastal ©@at 1-2.5km altitude over Trinidad
lowered further to between 60 ppb and 70 ppb in future reg-Head (THD) to impact surface concentrations over inlagd O
ulatory reviews of its direct impacts on human health. Thenon-attainment areas. Backgroung i@ the transported air
California Air Resource Board (CARB) currently sets more averaged 58 ppb on the days that €&ceeded the current
stringent state 1-h and 8-hs@tandards at 90 ppb and 70 ppb 75 ppb NAAQS at one example site, and was occasionally
to better address longstanding urban and regiongh©b-  above 75 ppb. This summertime study associated transported
lems. background concentrations with higher local concentrations
The US Environmental Protection Agency (EPA) has de-in several locations heavily influenced by @rmed locally
fined Policy-Relevant Backgrounds@PRB) as those con- from nearby anthropogenic emissions. Oltmans et al. (2008)
centrations that would occur in the United States in thehas found that summertime backgroungd levels over the
absence of anthropogenic emissions in continental Nortreastern Pacific in southern California are similar to those in
America (EPA, 2006). The PRB concentration defines thenorthern California. In addition, Parrish et al. (2009) pointed
level below which national @regulatory standards cannot out the potential similarity in transport patterns from coastal
be set. This includes£Formed through photochemical reac- to inland areas over northern and southern California. How-
tions involving precursors originating exclusively from con- ever, the impact of transported backgroungd@er southern
tinental biogenic sources, wildfires, and lightning, as well asCalifornia is more difficult to discern because of the weaker
O3 transported from outside of North America and from the vertical mixing and the higher local production levels.
stratosphere. Current literature indicates an increasing trend Assessing the contributions of distant sources on local pol-
of background @ due to rising global emission trends, and lution levels remains a challenging problem and reducing
projects that PRB will continue to rise until the end of the the uncertainty in estimates requires a better understanding
21st century in North America (Jaffe et al., 2003; Lin et al., of transport patterns that bring together long-range trans-
2000; Vingarzan et al., 2004). Previous work has reportedported air masses and local pollutants (NAS, 2010). Three-
a wide range of backgroundsOn the northern hemisphere dimensional chemical transport modeling is an important
based on modeling studies and observational analysis, witkomplement to observation-based approaches and is critical
estimates varying from 15 ppb to 60 ppb (Fiore et al., 2003;to fully understand the factors responsible for reported long-
Lefohn et al., 2001; Jaffe et al., 2003). Many of these studiegime trends (Law, 2010), as well as short-term variations in
have analyzed observations at remote sites to determine thée properties of transported air masses.
contributions of long-range $transport. However, remote This paper investigates the impacts afttansported from
sites of interest are not completely devoid of local anthro-the eastern Pacific on California air quality using observa-
pogenic impacts (Nolle et al., 2001), and thus these analysetional data collected during the California portion of the Arc-
must include techniques to exclude the contributions fromtic Research of the Composition of the Troposphere from
regionally polluted air-masses. Modeling studies are also of-Aircraft and Satellites (ARCTAS-CARB) experiment. Dur-
ten used, but they contain uncertainties due to coarse spati@ihg the time period of this experiment California was strongly
resolution and quality of inputs (Fiore et al., 2003). While influenced by Asian inflows, and research flights were able
estimates vary due to differences in season, location, elevao study the air mass chemistry over the eastern Pacific and
tion, experimental and modeling methods, there is considerinland over California. These observations are analyzed
able agreement that less than 40 ppb of PRB is due to naturalsing results from the STEM regional-scale modeling sys-
sources in North America, peaking in spring, and 5-15 ppbtem, including tracer model and full-chemistry simulations
is due to trans-continental transport of Fiore et al., 2002;  at two horizontal resolutions. Results from the tracer model
Vingarzan et al., 2004; McKendry et al., 2006). and back trajectories are employed to determine days dur-
Transported @from outside the continental US, together ing the experiment when California was strongly influenced
with locally-formed @, contributes to the variability in © by Asian inflows. We show the direct and indirect effects of
observed at inland sites in California. A recent study hasforeign inflows on measurement sites located at THD, in the
reported an increasing trend in backgroungid®er the east-  northern Central Valley, and in southern California. Based on
ern Pacific since the 1980s during springtime, when Asiantrajectories and @concentration correlation analysis, trans-
emissions have their greatest impacts on the western Nortport times from the coast to the valley and their altitudi-
America (Cooper et al., 2010). Fewer studies have focusedhal relationships are estimated for the specific time period
on the role of background£In the summertime (Fiore etal., influenced by Asian inflows and over the entire ARCTAS-
2003; Parrish et al., 2010), a period with the most frequentCARB period. The amount of ©transported into northern
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California from the free troposphere is estimated according2.2 Model and data
to observed @vertical profiles and the inferred transported
altitudes. 2.2.1 Model

One research flight was designed to measure air over the , i
eastern Pacific under inflow conditions, providing data to!n SupPort of the ARCTAS field experiment we operated a
help establish better boundary conditions for use in air qual/€9ional chemical weather forecasting system. This system
ity predictions. Additional modeling analysis was done usingW&S used both in forecast mode to assist in flight planning,
these data to evaluate the impact of model lateral boundar§nd in post-analysis mode for data analysis. The system was
conditions (LBC) over the eastern Pacific on predicted sur-d€signed and used for the ARCTAS-CARB, and polar spring
face Q; concentrations over California. The implication of @nd summer portions of the experiment. In this paper we fo-
these results for observation and model approaches to imcUS on the period from 18-28 June 2008. The modeling sys-
prove G; prediction are also discussed. tem is based on the Sulfur Transport and dEposmon Model
(STEM). The STEM model has been used in several past
field campaigns (Carmichael et al., 2003; Tang et al., 2004a,
b, 2007; Adhikary et al., 2010). The modeling system ap-
plied here (D’Allura et al., 2010) includes three components,
illustrated in Fig. 1:

2 Methods

2.1 Mission introduction and observational data

ARCTAS-CARB was conducted in June 2008 by the Na-
tional Aeronautics and Space Administration (NASA). The
NASA DC-8 aircraft platform sampled trace gas and aerosol
concentrations through four scientific flights over California
on 18, 20, 22, and 24 June 2008. One of the mission’s sci-

1. a hemisphere tracer model to study long range transport
of pollutants and dust with 60 km horizontal resolution
and 30 vertical layers to the stratosphere;

2. a continental scale gas-phase and aerosol chemical

transport simulation on a subset of the hemispheric grid
with a 60 km horizontal resolution and 18 vertical layers
with the same intervals as the tracer model (i.e., the 18
lowest layers);

entific objectives was to characterize upwind boundary con-
ditions necessary to model inlan@ (acob et al., 2010) and
the 22 June flight was designed specifically for this purpose.
On this day, the DC-8 took off from Palmdale, CA, flew over
the Pacific Ocean to THD, and then circled back to Palm- 3,
dale along the coast (Fig. 1c¢). This flight will be a focus of
this paper. In addition to airborne measurements, continu-
ous hourly @ measurements were made at CARB and Clean
Air Status and Trends Network (CASTNET) surface sites ) ) -
(http://www.arb.ca.gov/qaweb/siteinfo.ghpttp://www.epa. The northern hemisphere calculation utilized a tagged
govicastne)l Ozone soundings were also launched on 20,tracer version of STEM (Tang et al., 2004a). This model
22 24, and 26 June 2008 at the remote coastal THD sitgalculates a variety of aerosols, as well as several air mass
(ftp://ftp.cmdl.noaa.gov/ozwv/ozone/ARCIONS/CARB/ markers. Because of it_s long atmospheric Iife-time of 1-2
Within the CARB and CASTNET surfacesOnonitoring months, carborl monoxide (CQ) IS oné of the primary trac-
network, five California sites were selected for the presen€s Used to estimate the contributions of geographic areas to
analysis (Fig. 1c). Three of them are located in California’s N€mispheric-scale transport. For this study, we included CO
Central Valley: an isolated rural site, Tuscan Butte (TB), tracers forgght regions in the hemispheric domain (Fig. 1a):
which has the highest £2design value (i.e., the 3-year av- the US.mamIand, Alaska, anada, Greenland, Europe, RUS'
erage of the fourth highest daily maximum 8-h average O Si& Chinaand qtherAS|a nations. Thgge tracers are designed
mixing ratio) in the Northern Sacramento Valley (Parrish et {0 répresent primary CO only. Additional tracer calcula-
al., 2010); a suburban site, Walnut Grove Tower (WGT), t|0r_1$|nclude air mass ages ba_ised on various ghem|cal clogks,
20 miles south of Sacramento: and a remote CASTNET site‘,’Vh'Ch represents a combination of transport time, source in-
Lassen Volcanic National Park (LAV), located to the east of tensities and diffusion, using emission and decay rates as a

valley. The other two are the CASTNET site at Joshua Tred’"0XY and a variety of aerosols including sulfate, black car-
National Monument (JOT) in southern California, chosen to bon and dust. Further details of the tracer model can be found

compare with the northern sites, and a background coastdl 1angd et al. (2004a).

site at THD, selected for identifying the transport patterns 1€ STEM full-chemistry model calculates chemistry re-
from coast to inland. Elevations of these sites are 572 mactions based on SAPRC 99 gaseous chemical mechanism

0m, 1756 m, 1244 m and 20 m, respectively. (Carter, 2000), with photolysis rates coupled with the on-
line Tropospheric Ultraviolet-Visible radiation model (TUV)
(Madronich, 2002). It also includes a four-bin aerosol
module with thermodynamics calculated using the Simulat-
ing Composition of Atmospheric Particles at Equilibrium

a regional-scale gas-phase and aerosol chemical trans-
port domain centered over California with a 12 km hor-
izontal resolution and 32 vertical layers at smaller inter-
vals than in 1) and 2).

www.atmos-chem-phys.net/10/6947/2010/ Atmos. Chem. Phys., 10, 69482010
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Fig. 1. (a) Averaged (24-h) surface contributions of anthropogenic China CO as % during 21-24 June in the entire tracer domain; averaged
(24-h) O3 concentrations at surface from tfi® 60 km (partial domain) an¢t) 12 km (entire domain surface sites and 22 June DC-8 flight
path included) model simulations during 18—-28 June 2008.

(SCAPE II) model (Kim and Seinfeld, 1995). A detailed al., 1997), the NOAH land and surface model (Chen and
description of the current STEM-2K3 model can be found Dudhia, 2001), Monin-Obukhov similarity theory (Monin

in a recent paper by Adhikary et al. (2010). The STEM and Obukhov, 1954) with the Mellor-Yamada-Janjic plane-
full-chemistry calculations were performed using 60 km andtary boundary layer closure scheme (Janjic, 2002), WSM 5-
12 km resolutions in this study and the model setups are sumelass microphysics (Hong et al., 2004) and the Betts-Miller-
marized in Table 1. The predictions at two different reso- Janjic scheme (Janjic, 2000). The STEM preprocessor was
lutions provide the opportunity to test the sensitivity of re- used to extract topography and other land use variables along
gional Q; distributions to model resolution and the treatment with the meteorological parameters. Other model inputs,
of lateral boundary conditions. The 60 km resolution is rep-such as emissions, initial and boundary conditions were grid-
resentative of that used in more advanced global-scale chended for the same map projection and grid resolution, which
ical transport models, while the 12 km resolution representswill be discussed in detail in the following sections.

a more typical resolution used in regional-scale air quality

studies. 2.2.3 Emissions

2.2.2 Meteorology
An ARCTAS-specific emission inventory was developed

In this study, meteorology fields for all three grids were gen-based on regional-specific information on fuels and activ-
erated by the Advanced Research Weather Research & Foréy from various economic sectors to support the field ex-
casting Model (WRF-ARW) Version 2.2.1 (Skamarock et al., periment (Streets et al., 2008ttp://mic.greenresource.cn/
2007) with forecast and reanalyzed meteorological inputsarctaspremissiof). For the continental US the ARCTAS
(Mesinger et al., 2006) for the 60 km and 12 km simulations,emissions inventory includes anthropogenic emissions from
respectively. The 60km WRF grid included 30 layers andthe 2001 National Emissions Estimate Version 3, an up-
the 12 km grid included 40 layers. The tracer model used thedate of the 1999 US National Emissions Inventory with
simulated meteorological fields from all 30 layers; while the growth factors applied by Source Classification Code, and
60 km and 12 km full chemistry simulations only used the augmented with national inventories for Canada (2000) and
lowest 18 and 32 layers, respectively. The WRF-ARW simu-Mexico (1999). Daily biomass burning emissions from the
lations at both resolutions utilized the same physics and dyReal-time Air Quality Modeling System (RAQMS) (Pierce
namics schemes. The primary physics options include Godet al., 2007), provided by the Cooperative Institute for Me-
dard shortwave (Chou and Suarez, 1994) and Rapid Radigeorological Satellite Studies (CIMSS) were used. Bio-
tive Transfer Model (RRTM) long wave scheme (Mlawer et genic emissions of terpene and isoprene were taken from

Atmos. Chem. Phys., 10, 6946968 2010 www.atmos-chem-phys.net/10/6947/2010/
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Table 1. Summary of STEM inputs for base cases in two resolutions.

Model Inputs Raw data sources Raw data resolutions
60 km/18 layers/6 h 12 km/32 layers/1 h 60 km 12 km
base case base case
Meteorology, WRF GFS + one time NARR +daily SST 6h,1x 1° 3h,36 km
221 step SST
Anthropogenic NEI 2001, weekday CARB 2005, pro- 1°x 1°,1h 4kmx 4km,1h
Emissions varied from week- jected from 2002,
(point and ends daily varied.
mobile) Out of CARB
domain filled with
NEI 2001
Biogenic Orchidee CARB 2005, pro- 1°x 1°, 4kmx 4km,1h
Emissions jected from 2002, monthly averaged
daily varied
Biomass bur- RAQMS real time MODIS-detected 1°x 1°,12h 1kmx 1km, 24 h
ning Emissions hot spots being

processed by the
prep-chem-source

model, mass-

conserved normal-

ization
Top and Lateral RAQMS real time STEM 60 kmbase 2°x2°,6h& 60 km x 60 km,
Boundary (gases) + STEM case 60 km x 60 km, 18 layers, 6 hrs
Conditions tracer (several 6h

aerosols)

Ozone column, re- Measured by Ozone Mapping Spec- 1°x 1°,1day
quired by the TUV trometer (OMI) instrument on board the
model NASA Aura spacecraft, daily

twelve-year-averaged data from the Orchidee model (Lath-available climatological information. In a previous study we
iere et al., 2006). have shown that the use of temporal and spatial variations in
For the analysis of the ARCTAS-CARB portion of the top and lateral boundary conditions downscaled from global
experiment discussed in this paper we performed additionaimodels can enhance model performance, especially for long-
simulations at 12 km using anthropogenic and biogenic emislive species and over areas less impacted by local pollution
sions re-gridded from a contemporary CARB 4 km emission(Tang et al., 2007). In a follow-on study Tang et al. (2009)
inventory. Biomass burning emissions were generated byalso concluded that the use of global model predictions for
the prep-chem-source model (WRF/Chem Version 3.1 userst BC improved the correlation coefficients of surface e-
guide, 2009), which used the MODIS — detected point firediction over the U.S. west coast. However, the global model
information at 1 km ground resolution (Davies et al., 2009; boundary conditions also contain large uncertainties, which
Giglio et al., 2003) and was adjusted at each time step tget transferred into the regional models. For example Tang

match total emissions rates from RAQMS. et al. (2009) found for the US that the use of global model
boundary conditions, while improving many aspects of the
2.2.4 Lateral boundary conditions predictions may also increase thg @ean bias. Thus there

is a need to continue to develop methods that can improve
Lateral boundary conditions are a significant source of unthe quality of the boundary conditions. In this paper we ex-
certainties in the predictions of regional air quality. Tra- plore further the sensitivity of regional models to a variety of
ditionally they have been set at constant values based owestern LBCs (Table 2).

www.atmos-chem-phys.net/10/6947/2010/ Atmos. Chem. Phys., 10, 69482010
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Table 2. Summary of STEM lateral boundary condition sensitivity studies.

Name Descriptions Resolution(s)
applied
60 km 12 km

Clean Western Bound- Constant40 ppb @ 90ppb CO Vv
ary Conditions Clean as western LBC
WBC)

Fixed RAQMS Bound- Temporally fix top BC and v
ary Conditions Fixed LBCs for all species using av-

BC) eraged 20-day BCs in the base
case

Reduced Western Reduce 10 ppb of ®from the v

Boundary Conditions  western LBC in the Fixed BC

(Reduced WBQ case

Observational-based = Measurements on the June 22/ v

Western Boundary DC-8 flight were interpolated to

Conditions Qbs. STEM grids as western LBC

case$ for the flight week, species in-
cluded: NQ, CO, Gz, Hy0Oo,
PAN, HNO3, SO,

In the base simulation for the 60 km domain the LBC for  Additional simulations were performed in the 60 km reso-
thirty gaseous species, and the top boundary conditions folution model with various western LBCs to further study the
ten gaseous species (not listed) were taken from the archivesensitivity of modeled @to the western LBC in the 60 km
RAQMS real-time chemical analyses data with a 6 hour res-model grid. These studies were designed to isolate the im-
olution. RAQMS real-time chemical analyses included as-pact of the LBC on the & predictions in the outer grid,
similation of stratospheric (above 250 mb} @rofiles from  as it is this information that gets transferred into any inner
the Microwave Limb Sounder (MLS) and cloud cleared to- grids. In the Clean WBC case,3@&nd CO concentrations
tal Oz columns from the @ Monitoring Instrument (OMI)  in the western LBC were set to constants (vertically, hori-
onboard the NASA Aura satellite. The RAQMS @rofiles  zontally and temporally) at 40 ppb and 90 ppb, respectively.
were compared with measurements by Tropospheric EmisThis constant 40 ppb background; @vel is often used as
sion Spectrometer (TES) onboard the NASA Aura satel-a baseline for @ risk assessments by the US EPA. In the
lite for Step and Stare observations over the Eastern PaFixed BC case, temporal variability was eliminated in the
cific (150° E-120 E, 30 N—60C° N) during 15 June-15 July. top and all LBCs by using 20-day (10 June—30 June 2008)
RAQMS mean biases relative to TES were generally lesgime-averaged RAQMS boundary conditions. In the Reduced
than 10%, except near 100 mb where the bias was up to 209%/BC case, a systematic bias in ozone was introduced to the
lower than TES. The RMS errors ranged from 20 to 40% in Fixed BC values by reducing{by 10 ppb in every grid cell
the troposphere with peaks near 200 mb and below 800 mtalong the western boundary. Finally, in the Obs case, we ex-
RAQMS underestimated tropospherigv@riability by about  plore the impact of using the observations on model perfor-
20% relative to TES. Comparison with ten Trinidad Head O mance. For this case the observations from the 22 June DC-8
sondes launched between 27 June and 6 July showed that tfflgght were interpolated to the 60 km and 12 km model grid
RAQMS real-time @ analysis had a mean high bias in the and used directly as the western LBC. Details of the various
troposphere (below 200 mb) which ranged from 10% belowLBCs used in these studies are summarized in Table 2.

500 mb to 30% at 300 mb. The 12 km base case simulation
was performed as a one-way nesting within the STEM 60 km

base case. The predictions using the 60 km resolution were
used as boundary conditions for the 12 km simulations.

Atmos. Chem. Phys., 10, 6946968 2010 www.atmos-chem-phys.net/10/6947/2010/
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VOC age time series plot for June 22 flight
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Fig. 2. (a) VOC ages andb) five-day back trajectories along the 22 June DC-8 flight path; tracer surface contributions of anthropogenic
China CO as % over California during flight tinje) 18:00 UTC(d) 24:00 UTC (00:00UTC, 23 June).

3 Results and discussions several hundred meters ta2000 m above ground. Tempo-
rally, the 12 km simulations were able to better capture the
3.1 O3 concentrations and air-mass movement during sFrong di_urnal_variati_ons in Qs_een at some of the surface
ARCTAS-CARB sites (wh|ch will be d|§cusseq in more details Iate_r). _

As mentioned earlier, during 21-24 June, Asian inflows
) . entered the west coast of the US. The mean value of the

The 24-h average surfaces@oncentrations during 18-28 ogtimate of the impact of China CO at the surface, calcu-
June 2008 from the 60 km and 12km base case simulationgyeq ysing the primary CO source region tagged tracers, is
are shown in Fig. 1b, ¢, respectively. The entire 12km do-presented Fig. 1a and expressed in terms of % of total an-
main is shown but only the US continental portion of the ,o54genic primary CO. Over the eastern Pacific the China

60km domain is included. From the 60km case we Se€nyihytion exceeds 50%, and over Northern California it
that during this period the_ entire vyestern us ha_d enh.anceqiS greater than 20%. During this period the weather over
ozone levels55 ppbv), with the highest values in Califor- - 5jifornia was dominated by high pressure centered over the

nia. From the 12km simulations much of California hag O pacific, with weak mid-latitude cyclonic disturbance (Fuel-
levels in excess of 70 ppbv, with the highest values in theberg et al., 2010). The 22 June DC-8 flight sampled over the
Centrgl Valley and in southern Ca_li_fornia. The on-shore flow o4 ctern Pacific (see flight path in Fig. 1c) under these long
conditions along _the eastern Pacific are shown by the_ strongange transport conditions. Five-day back trajectories using
west to east gradients along the west coast of California. The,e \WRF three dimensional winds were calculated along this

impact of modgl resolutior) on surface; @ als_o shown b_y day’s flight path every 15min (Fig. 2b) and show that the
the sharpness in the gradients and by the differences in thg;mpieq air masses travelled in the free troposphere from the
distributions. Horizontally, the mcreas_ed.resoluuon capturedastern Pacific before arriving at the California coast. Over
more local features around ur_ban emissions sources and belie southern California near shore portions of the inbound
ter captured aspects of the wind fields (spatially and tempogjignt nath, the flow was at lower altitudes, with air-masses

rally) over California (which will be discussed in more detail coming from the northern California coast (in purple).
below). Vertically, the 12 km simulation produced mixing

layer heights closer to those reported in previous studies ,
especially at valley sites (Dillon et al., 2002), ranging from

www.atmos-chem-phys.net/10/6947/2010/ Atmos. Chem. Phys., 10, 69482010
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Fig. 3. 12 km wind fields at roughly 1500 ifa—c)and 3000 n{d—f) above ground level (a.g.l.) over California at 18:00 UTC on 22 June (a;
d), 23 (b; e) and 24 (c; f).

The STEM tracer model includes air mass age estimation22 and 23 June. The wind speed over California decreased
calculated using chemical clocks (Tang et al., 2004a). Theon 24 June. The offshore winds at 32=8B8were from the
age along the flight paths estimated from a VOC clock assouthwest on 22 June, and shifted to northwesterly flows
a function of flight altitude and time is shown in Fig. 2a. when approaching the shore of southern California. These
Along the most of the outer (outbound) flight leg, regard- flows continued for the following two days. Coastal winds at
less of altitude, the air was well aged, with high VOC ages1500 m were northwesterly, with the Central Valley display-
(150300 h). Along the inner (inbound) leg the air mass ing greater complexity and daily variability due to local oro-
ages were a strong function of altitude, varying from a few graphic features. They became more organized on 23 and 24
hours at low altitude over southern California to 50 to 100 h June, with northwesterly winds throughout the valley. The
at higher altitudes. This reflects the changes in wind directionsouthern portions of California were under a low pressure
with altitude as shown in the trajectories. To further identify system with southwesterly winds.
the regions most heavily influenced by Asia emissions, the Corresponding predicted surface CO ang @ncentra-
% contributions to anthropogenic primary CO from China tions from the 12 km model simulation are shown in Fig. 4.
sources for the flight time and region are plotted in Fig. 2¢, Extensive areas in southern California and the Central Val-
d. These plots represent the situation when the flight Starte%y were Subject to @ concentrations exceeding 70 ppb,
sampling outbound (18:00 UTC, 22 June) and headed backspecially on 23 and 24 June, as a result of hot and dry
to Palmdale through inbound (24:00 UTC (00:00 UTC, 23 eather conditions. On these days air-masses enhanced in
June)). The CO contributions from Chinese emissions aio; and precursors were transported over the ocean and into
the surface were the greatest over northern California anghe northern portion of the valley. They were mixed together
offshore areas of the eastern Pacific, ranging from 20-80%with CO and other precursors emitted during the northern
Areas south of San Francisco had a much smaller fractionatalifornia fire events, and then transported southward where
contribution from Asian sources at these times. As shown inthey were mixed with local emissions leading to the high O
Fig. 2d, the on-shore flow persisted and the Asia influencegnd CO concentrations.
continued to advance to the east.

Further insights into flow conditions during and after this 3.2 Coastal-inland G; transport
flight period are gained from maps of 12 km wind vectors at
roughly 1500 m and 3000 m above ground level (a.g.l.) atAs discussed in Sect. 3.1, northern California was impacted
18:00 UTC on 22, 23 and 24 June 2008 (Fig. 3). At 3000 m,by pollution from Asia from 22—24 June. The coastal site at
onshore westerly winds blew at almost constant speed penéFHD is a representative station for characterizing variations
trating inland to California and then extending to Nevada onin background @ from the eastern Pacific (Oltmans et al.,
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Fig. 5. (a)Observed @ vertical profiles at THD on four sounding dayb) O3 (c) NOx (d) CO (e) PAN vertical profiles on 22 June at THD
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2008). Observed &vertical profiles from sondes launched served on 22 and 24 June, at altitudes between 1500 m and
at THD on four days (with launch times between 18:00 —3500 m. In contrast, on the relatively cleaner days of 20 and
22:00 UTC) are shown in Fig. 5a. Althoughs@as con- 26 June, @ concentrations stayed below 50 ppb at altitudes
sistently between 20-30 ppb near the surface, significantlpelow 5000m. These results illustrate the large v@ri-
higher & (with values ranging from 60—-80 ppb) was ob- ability in the air masses transported into California during
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Fig. 6. Time-height (a.g.l., m) curtain plots of anthropogenic China CO contributions as % across &beBRatb) WGT (c) LAV and (d)
THD. Their elevations are 572 m, 0m, 1756 m and 20 m, respectively.

summertime. Figure 5b—e show the vertical profiles of sev-Os distributions from the 12 km simulation (Fig. 7) clearly
eral chemicals sampled by DC-8 near the THD site at ap-show that Q transported above the boundary layer can im-
proximately the same time as thg €ounding was launched pact the surface as air-masses descend and entrain into the
on 22 June. @concentrations show similar vertical structure boundary layer. The ®vertical structure shows the com-

as the THD @ sonde results. The PAN and M@rofiles are  bined impacts of local production in the boundary layer, as
highly correlated with the @profiles. The CO profile shows well as long-range transport at higher altitudes.

three general segments as identified from the tagged tracer 14 frther understand the flow characteristics associated

CO results (not shown): marine air belowl km; amid re-  \yith periods of observed high{values, we estimated {0
gion from 1 to 5km, where CO structure is the result of a gistributions backward in time by combining the correspond-
mixture of Asian anthropogenic sources and biomass buming ghserved values with air-mass back trajectories. In this
ing from North America (below~2km); and an upper seg- methodology, we take the observed concentration and prop-
ment (above 5 km), which is a mixture of anthropogenic and,gate its value backwards in time along a wind trajectory.
biomass burning from Asia. By running multiple trajectories, and assuming that the value
Further insights into the Asia influence at THD and at in- does not change along that trajectory we can identify the gen-
land sites is shown in the time-height curtain plots of Chinaeral flow conditions and upwind regions associate with high
CO contributions (Fig. 6). The THD site was heavily in- O3 values. In this method the geographic region covered by
fluenced by Asian emissions throughout this period, withthe trajectories was divided into an array 6&1° grid cells,
persistent Asia influence abowe km, and several episodes and the location of an air parcel at a particular time was repre-
with the significant influence reaching the surface. The situ-sented by the trajectory segment latitude and longitude end-
ation on 22 June shows a strongg0%) influence from Asia  points. The average concentration colored on each grid cell
above 1km. This transport event strongly impacted inlandwas calculated by the mean observegid@ncentrations as-
regions of northern California. The China CO contributions sociated with each trajectory endpoint that landed in the sur-
jumped from below 2% to above 40% by the end of 22 Juneface grid at the discrete time intervals (Kurata et al., 2004).
atthe TB and LAV sites (see Fig. 1c for site locations). Chinaln this way, we colored three-day back trajectories originat-
inflows also affected the WGT site, but accounted for lessing from four surface sites on 23 June, based on the 12 km
than 10% at the surface. At this site the strong Asia influ-WRF meteorology fields (Fig. 8). The starting times used
ence was at higher altitudes (abov8 km). In contrast, the  were from 00:00 UTC to 23:00 UTC with one-hour interval.
impacts of Chinese sources were very small at the southerResults at LAV and TB sites show that the high observed sur-
California JOT site (not shown). The influences of trans-face Q3 levels periods were associated with inflows from the
ported background £during these Asian inflows periods at eastern Pacific and the coastal area. In contrast, higie@-
four inland surface sites were also analyzed. The time-heighods at the WGT site were associated with flows passing over
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near-coastal areas of northern California as well as flows divaried leading to the impact being more dispersed, affecting
rectly from the San Francisco Bay area. The higHeéDelsat  TB, Nevada as well as large areas south of THD. This analy-
JOT were associated with flows through the Central Valley,sis shows clearly the inland transport and entrainment of the
with some flows extending out into the eastern Pacific. eastern Pacific ®into the boundary layer.

To further characterize the influence of Gver the eastern The origin of the air masses reaching TB are shown to
Pacific on surface ©over California we examined space- be a mixture of air from Oregon transported at low alti-
time correlations. Specifically, we calculated correlationstudes &~1500 m), as well as air transported from the east-
between THD @ at multiple elevations and surface; @t ern Pacific at attitudes between 1.5 to 3km as shown in
inland sites for different hourly time offsets. We calculated Fig. 10c. These back-trajectories of air masses at about 400—
R-square values using both observational and modeled dat00 m above TB area were calculated from 00:00 UTC to
and the results for the TB site are shown in Fig. 9. Observed3:00 UTC with one-hour intervals on 22 and 23 June. We
O3 time series at THD were constructed usingsonde data  plot the back trajectory of an air mass at about 400-500m
at THD on 20, 22, 24 and 26 June. Soundings for each daybove TB area at 00:00UTC on 23 June (05:00 p.m. LT,
were averaged every 500 m up to 5000 ma.g.l. Averages foR2 June) in Fig. 10e. This air-mass was at 3500—4000 m
each altitude bin were interpolated to hourly values using aabove the eastern Pacific 40 h earlier. It then passed THD
univariate interpolation approach (Akima, 1970), and the re-at ~3000 m above sea level (a.s.l.) and descended east into
sulting altitude-specific time series were then correlated withthe valley, taking~22 h to travel from the coast to the valley,
the time series built from hourly surfaces@bservations at  where the pollutants were finally mixed down to the surface.
the TB site. Resultant correlations betwees 8 three al- The correlation between THD {Oat multiple eleva-
titude bins (1000-1500 m, 2500-3000 m, and 3500—-4000 mjions and surface §at inland sites varied throughout the
above THD and surfacedat TB are shown in Fig. 9c. High ARCTAS-CARB period. Figure 9d and e show the model
R-square values ranged from 0.67 to 0.75 at these altitudegorrelations between THD at 1500 m and 2500 m and the TB
indicating strong correlations between surfaceaDthe TB  site at different time offsets for the 18—-28 June period. Over
site and @ at all three altitudes above THD during 21 June- this longer analysis time period, no significant correlations
24 June. Surface $at the TB site was most highly corre- were observed at 2500 m. But at 1500 m, a lower maximum
lated with G at 2500—-3000 m above THD with a time lag of R-square of 0.3 was obtained for a 30-h transport time. These
around 30 h. results are similar to those from the correlation study using

This analysis was repeated using 12 km modeled data, co8-h average @based on multi-year observations (Parrish et
relating hourly concentrations at THD at the same altitudesal., 2010), and can be further explained with air-mass trajec-
with predicted hourly surface £at TB. Predicted @ ver- tories (Fig. 11).
tical structures on 22 June at THD and the time series at Similar as Fig. 10a—c, Fig. 11 shows the forward trajec-
TB are compared with observations in Fig. 9a and b. Thetories from the 12 km meteorology fields originating from
predicted values captured the ozone enhancement betwed®00 m and 2500 m above THD, together with the back-
~1.5 to 4km as observed at THD, and many of the impor-trajectories of air masses at about 400-500 m above TB area,
tant features in the time series of ozone at TB. Model-basedor every hour on 20 June (before the long-range transport
correlations in Fig. 9d and e show correlations across severavent). The air-masses on this day at 2500 m above THD
time offsets, due to the higher fidelity of the time series usedblew directly to Oregon and had no direct impact over the
in analysis. The highest R-square value was 0.68, found alB area. The air-masses at 1500 m above THD blew di-
2500 m with a time offset of 22 h, shorter than the 30 h offsetrectly to the northern California including the TB area, but
found in the observational data. stayed at~1200-1500 m above the valley surface. The pol-

To better understand the causes of theset@nsport lutants they carried were mixed down to the surface during
correlation relationships, we plot the forward trajectories day time as the boundary layer grew. The back-trajectories
in Fig. 10a, b from the 12km meteorology fields origi- in Fig. 11c also indicate that the air-masses over the TB area
nating on 22 June, from 1500 m and 2500 m above THD,were mainly from below 1500 m above the Eastern Pacific on
respectively. The starting times were from 00:00 UTC to this day.

23:00 UTC with a one-hour interval. On this day, the winds  These results show that surface i@ northern California
blew from ~2500 m above THD directly to northern Cali- can be directly influenced by {aransported over the east-
fornia (Fig. 10b). The forward trajectory starting at 2500 m ern Pacific in summer. Near the coast the influence is limited
above THD at 01:00UTC on 22 June (06:00 p.m.LT, 21 as the MBL G concentrations are typically below 40 ppb.
June) is shown in Fig. 10d. The air-mass descended as it traHowever, inland, the influence ofiDtransported at higher
eled inland into the valley, reaching the east side of the valleyaltitudes is strengthened; there coastgllévels can reach
after about 17-18 h, where it affected the TB surface con-60-80 ppb. The enhancement of Qver the ocean at higher
centrations at the end of 22 June. Upslope mountain-vallealtitudes significantly affects downwind surfacg Encen-
flows in the afternoon lifted the air-masses, and they continrations.

ued moving east. At 1500 m, the wind directions were more
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The situation in southern California is different. As dis- not as high and continuous as in northern California. Thus
cussed in the introduction, thes@ntering southern Califor- southern California is often under the influence of on-shore
nia directly from the eastern Pacific in the summer is verymarine boundary layer flows, which bring lower levels of
similar in magnitude and vertical structure to that measuredbackground @that then mix with the high emission regions.
at THD. However, the southern California coastal ranges arél'herefore, it is more difficult to detect the influence of this
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Fig. 11. Forward trajectories originating on 20 June fr¢a) 1500 m(b) 2500 m above THD(c) back trajectories originating from 400—
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eastern Pacific @on inland surface observations in southern A better representation of the LBC can be obtained by
California. During this analysis period, we did not have a downscaling results from global chemical transport mod-
situation where air over the southern portion of the easterrels. Tang et al. (2007) demonstrated that LBCs derived from
Pacific at altitudes from 1.5 to 4 km had a significant direct global models can capture much of the temporal and spatial

impact on Q at the JOT site in southern California. variability along the boundary and can enhance air quality
o . predictions. Recall that for the base simulation we took this
3.3 Model LBC sensitivity studies approach and used results from the RAQMS global model

o o as the LBC in our 60 km base simulations. The RAQMS-
Considering the significance ok@ansported from the east- predicted @ values were directly compared with thg €on-
ern Pacific on California surfacesQthe uncertainties in the des at THD on 22 June (Fig. 9a) and the observations for the
model western LBC along with the meteorological condi- 55 j,ne DC-8 flight are shown in Fig. 13. RAQMS predic-

tions can represent a significant source of error in the preiong captured the vertical gradients but generally over pre-
diction of surface @ over California. To evaluate the impact dicted Q@ by 10-20 ppb from surface to 5000 ms @alues

of the western LBC on surfaces@redictions over Califor- 51004 the flight path are shown in terms of a vertical distri-
nia, a series of LBC sensitivity simulations were performedy, +ion and as a function of flight altitude and time (Fig. 13a,

in the 60 km model grid. These tests were done using thq))_ For this flight the RAQMS model over-predicted Be-
60 km grid as this resolution is representative of that used iny,een 1.5-4 km. and showed less variability than the obser-
higher resolution global chemical transport models (CTMS), 5tions above 1km. The 60 km base case simulation is also
and that used in the outer grid in nested air quality models. presented in Fig. 13. The 60 kmy@alues are slightly higher
There are several methods to create LBCs including usingy, 5, RAQMS and the observations below 1 km, lower be-
constant values, default profile gradients, and real-time proyeen 1.5-4 km (and closer to observations), closer to the
files downscaled from global model results. Here we ShOWRAQM results at 5-8km, and higher than the observations
results for simulations using the various approaches SUmmagy e g km. These results show that while the use of global
rized in Table 2. The Clean WBC case resulted in a decreasg,yqel LBCs can improve model performance, biases can be
relative to the base case in California surfacg With large jnoquced. In this case the high bias in the RAQMS LBC
changes (exceeding 5 ppb) extending over two thirds of they; THp and along the 22 June flight path at 1.5-4 km con-
study domain, and the decrease over northern California Wagihuted to the over prediction of £at the TB site that is
generally higher than 12 ppb. The time series of surfage O grown in Fig. 12a—c.
values and their change due to the use of the Clean WBC at Additional simulations were performed to further explore

Ifzgr;?psbt;Og\cl:rcl:ul?r(la:(ljgéftazrbzzn‘c]iufﬁeTg?w(Ija(r:%Er}rS;scphoindgtes?f?e(;rt-he sensitivity of the predictions to the LBC. To explore the
rival time of Asia-influenced air as discussed earlier (Fig. 6). Importance of temporal variability we used 20-day temporal

) averaged RAQMS boundary conditions in the Fixed BC case.
The Cleap WBC case represents a typical default value Of'For this case the predicted surfacg Quring 21-24 June
ten used in air quality studies. These results demonstrate thg

importance of a better representation of the western LBC in roppeq 3_.7 ppb over more than two-thirds of California. As
. o shown in Fig. 12e, the use of temporally averaged boundary
order to improve model predictions.

conditions resulted in a decrease in predictedr@ative to
the base case by10 ppb, during the periods with large Asia
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Fig. 12. Time series plots of observed and 60 km modelajil{ase case, reduced and fixed sensitivity cases during 18—-2@&)lrase case

and clean WBC case during 18-28 J§ogbase case and sensitivity case without fire emissions during 21-24 Jy¢)TB; (d) scatter

plot of delta G (between base case and clean WBC case) and obsegvat TB; time series plots of the deltag@(e) between base case
and Fixed BC case, Reduced WBC case and Fixed BC(Easetween base case and clean WBC case at TB) from 60 km simulations at TB
during 21-24 June.
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Fig. 13. Observed and modeled (60 km STEM and RAQMS) @) vertical profiles andb) time series plots along oceanic flight path.
RAQMS and 60 km STEM base results were used as the boundary conditions for 60 km and 12 km STEM base cases respectively.

influence. This is due to the fact that the episodic Asian en-ations of changes in £at the TB site are shown in Fig. 12e,
hancements were largely removed by the time-averaging ond 1-8 ppb of @decreases can be seen. The extent to which
the LBC. The results for the sensitivity simulations where athe Qs signal was damped (i.e., lower than the 10 ppb pertur-
bias in the western LBC of 10 ppb of QG was added to the bation) reflects the degree to which [Bvels were influenced
Fixed BC case are also shown in Fig. 12a and e. Resultby local meteorological and chemical processes. The smaller
from this constant perturbation case helps illustrate how thahe change is, the larger the influence of the local contribu-
boundary values are modified within the STEM model. Aver- tions.

age changes of surface;@ver California during 1-24 June

vary from 1-6 ppb, relative to the fixed BC case. Time vari-
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Fig. 14. (a)Observed and 12 km WRF-modeled wind fields along the 22 June DC-8 flight(patbrward trajectories originating at 2—4 km
of the oceanic part of the same flight.

Figure 12a—d illustrate the model sensitivity to westernvations can help to improve the LBC. We performed an ad-
LBC over a longer period of time (18-28 June). By using ditional simulation where we used the observations over the
the clean western LBC, the predicted &t the TB site was eastern Pacific as the western LBC in the 60 km model do-
14.5 ppb lower than the base case on average. At the timemain. Sampled concentrations for eight gaseous pollutants
that 8-hr @>70 ppb (CA state standard), the difference was (NO, NO,, CO, G, H202, PAN, HNGO; and SQ) were av-
~16.2 ppb on average. The largest decreases occurred dueraged every 1000 m. The meap @ofile used for this case
ing 18-19 June and 23-24 June, and the smallgstéde on  is also shown in blue in Fig. 13a. We vertically interpolated
21 June and early 22 June. During these two periods largethese values to STEM grids, and replaced the RAQMS west-
differences are shown in Fig. 12a between the base and fixedrn LBC with these observation-based vertical gradients, in
LBC cases, as well as between the Fixed LBC and reducetboth 60 km and 12 km grids for the flight week. To iden-
LBC cases. As stated earlier during the study period therdify the regions where we would expected to see the biggest
were active biomass-burning fires. Figure 12c compares thehanges in model predictions using the observational-based
time series of observed and predicteg With and without  (Obs case) western LBC, we calculated forward trajecto-
biomass burning emissions. The biomass burning emissionges along the flight path using the 12 km WRF meteorology
had a larger impact on predicted @fter 25 June, and caused fields. The 12 km WRF meteorology is compared with the
the modeled @to be less sensitive to the LBC. aircraft observations along the flight path in Fig. 14a. In gen-

Figure 12d shows that the 1-y@ifferences between base eral the 12 km simulation is able to capture the main features
and the Clean WBC cases generally increase as the observed the flow fields. The trajectories (every one minute) for
O3 increases, with a mixture of slopes. The range in slopedlight altitudes at 2—4 km above the eastern Pacific are shown
indicates varied enhancements of i© the western LBC, as  in Fig. 14b. Air-masses sampled by the aircraft are shown
well as the different model sensitivity to LBC under Asian to travel forward in time at multiple vertical layers and then
events and fire events. descend into the Sacramento Valley, the west ridge of the

Central Valley, and along coastal southern California.
3.4 Model performance improvements

3.4.2 Model performance improvement at the surface
3.4.1 Methodology

The impact of the observational-based LBC on the 60km
Further improvements in model prediction will require re- predictions is shown in Fig. 15, where the surface dif-
ducing the uncertainties in the LBCs. The 22 June ARCTAS-ference (Base case — Obs case) over California at 18:00 UTC
CARSB flight devoted to characterizing the LBC under Asian (11:00a.m. local time) on 22, 23 and 24 June is plotted. At
inflow conditions provided data to test how additional obser-18:00 UTC on 22 June, $dropped 8-12 ppb over northern
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Fig. 15. Surface @ (a—c)and CO(d—f) difference (Base case — Obs case) over California from 60 km model simulations at 18:00 UTC on

22 June (a; d), 23 (b; e) and 24 (c; f).
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Fig. 16. Surface @ (a—c)and CO(d—f) difference (Base case — Obs case) over California from 12 km model simulations at 18:00 UTC on
22 June (a; d), 23 (b; e) and 24 (c; f).

California in the 60 km Obs case. The effects of the westerrnborder of California and Nevada. The impacts in the 12 km
LBC were first felt over northern California and then were case traveled from north to south and moved out of the study
transported to the south and the east in the next 24—48h. domain after 24 June. These smaller impacts in the 12km
The impact of the observational-based western LBC on thecase compared to the 60 km case reflects the fact that the
12 km predictions is shown in Fig. 16. Ozone changes on 2base 12km simulation did not show as high a bias in north-
June are below 5 ppb all over California, except along theern California as did the 60 km simulation. The differences in
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Fig. 17. Observed @ time series in comparison with model simulationgatTB (b) LAV (c) WGT and(d) JOT during the flight week.
Noticeable differences between the Obs case and base case results (60 km (a—c); 12 km (d)) were shown.

spatial patterns reflect the difference in meteorological fieldspreviously. Table 3a and b show that R-squares between ob-
at these resolutions, which can be implied along with the sim-served and modeled surfacg @uring 22—24 June were also
ilar trend of changes in CO at corresponded times (Figs. 15mproved at the surface sites in Obs cases, except for a slight
and 16d-f). The 12km wind fields better captured the de-decrease at TB site.

tailed inland air movements and in-valley circulations. This

is best seen in the fact that the changes in the 60 km Obs case4.3 Model performance improvement along flight

mostly happened in northern California and in limited areas path

of central and southern California. In contrast, significant

changes in @ for the 12km Obs case occurred over both 1€ improvement of @ along the 22 and 24 June DC-8
northern and southern California. flights paths was also evaluated. To quantify the reduction

of model biases, at all locations below 1000 m above ground,

T tify the | t in model simulations wh
© quantify the improvement in model simulations when ye define the Sensitivity Index (S1) in Eq. (2)

using the observational-based western LBC, modeled an
pbsgrved @time series plo'ts for four su.rface sites are §hovx{n Sensitivity Index%=

in _Flg. 17. For the three sites located in northern Callfor_nla |03 in Obs case- Observed @)
(Fig. 17a—c), the 60km base case generally over-predicted
O3 on 22 and 23 June. The Obs case reduced the over-
prediction. A detailed comparison of maximum, minimum This ratio of model bias can quantify the extent of model

and average @concentrations between model simulations improvement by using the observational-based western LBC.
and observations is summarized in Table 3a on 22 and 2®;3 predictions were improved in Obs cases at locations with
June. The @ concentrations from the 60 km Obs case were S| below 100%. We also define cumulative sensitive data
closer to observations except that it missed the peak valugoints, as well as the cumulative ratio in (3) and (4). Both of

at WGT on 23 June. In contrast, at the JOT site in southerrthem are functions of SlI.

California, there was no change of @fter replacing western

LBC with observations in 60 km during the same period (not Cumulative sensitive data pointSI) =

: . -100% 1
|Oz in Obs case- Oz in base cage ° (1)

shown). No significant differences were observed between number of data points Sl 2
12km base and Obs cases at the three northern California
sites (not shown), but at the JOT site some small changes number of data points S

were seen (Fig. 17d). As Table 3b shows, maximum, averCumulative ratio(Sl) = ()
age and minimum values of simulated @ 12 km Obs case
decreased and its average and minimugnb®tter captured Figure 18 shows that 60% and 70% of data points were
the observations. The{lecrease was larger after 23 June, improved in the 60km and 12 km Obs cases. Furthermore,

due to the transport within the Central Valley as discussed26% and 17% of all data points in 60 km and 12 km cases,

all data points
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Table 3a. Comparisons between observed and modelg@dtQhree northern California sites, better model simulations are in bold (OBS-
observations).

B LAV WGT
OBS 60km 60km OBS 60km 60km OBS 60km 60km
base Obs. base Obs. base Obs.
06/22 Max. 57.0 57.1 57.0 58.0 588 58.6 51.7 720 67.0
Mean 42.8 48.7 48.2 39.9 511 505 346 51.2 49.4
Min. 31.0 389 38.0 15.0 43.1 429 224 36.3 36.2
06/23 Max. 62.0 758 63.1 640 850 73.0 82.1 80.7 70.9
Mean 539 64.7 547 53.3 75.3 64.6 440 704 595
Min. 34. 52.2 493 40.0 62.0 54.6 21.8 624 50.6
06/22-06/24 RSQ (OBS:Model) 0.35 0.31 0.35 0.37 0.39 0.44

Table 3b. Comparisons between observed and modelg@t@he southern California site JOT, better model simulations are in bold (OBS-
observations).

JOT
OBS 12 km base 12 km Obs.
06/22 Max. 113.0 89.8 88.1
Mean 64.3 68.3 67.8
Min. 46.0 58.6 58.4
06/23 Max. 87.0 837 79.3
Mean 59.1 67.8 63.3
Min. 51.0 56.1 54.8
06/24 Max. 93.0 101.0 94.7
Mean 63.7 81.6 74.4
Min. 45.0 71.0 65.3
06/22—-06-24 RSQ (OBS:Model) 0.40 0.44

respectively, had Sl values below 80%. The model biasesnformation content in the mid to lower troposphere. Ad-
for these points were reduced by more than 20% when thaitional information is available from current satellite instru-
observational-based LBC was used. These data points amaents such as TES, however TES lacks the temporal and spa-
colored by Sl in Figs. 18b and 19c. They are mostly locatedtial coverage needed for LBCs. The measurements from air-
in northern California, along the coast of southern Califor- craft contain high information content and the observational-
nia, and downwind areas of the Central Valley. The high-based LBC can highly improve regional model performance
est improvements (with $120%) for the 60 km case were over downwind areas at lower troposphere. The challenge
over northern California, and over southern California down-that remains is to improve our observing system in ways that
wind of the Central Valley in the 12km case. These im- it can provide the spatial and temporal information needed to
provements in 60km and 12 km model performance alongmprove model predictions of air quality. This should be a
two flight paths on 22 and 24 June show some similarities topriority of our future observing systems.
the improvement seen at the surface sites in response to the
observational-based western LBC.

These results suggest that the added observations cod- Summary and conclusions
tributed appreciably to improving model predictions. Chemi-
cal data assimilation in global models holds the possibility of Tracer and full-chemistry versions of STEM model at three
reducing uncertainties in LBC used in limited-area air quality spatial scales were used to analyze the effects of transported
models. However, the RAQMS first guess boundary condi-background @ from the eastern Pacific on California air
tions used are based on MLS and OMI data that contain lowquality during the ARCTAS-CARB experiment conducted in
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We evaluated the sensitivity of modeleds @ various

0.8

0.7 :?2:2 (2) treatments of the boundary conditions and showed that mod-
0.6 eled & over downwind areas were highly sensitive to the
i western LBC during 21-24 June. The use of constant val-

ues failed to capture the variedz@ertical structures over
the eastern Pacific during this time period. We showed the
results of using top and lateral boundary conditions down-
—— . T —— scaled from the RAQMS global model, but also showed that
¥ WA e B AR ER T B AR W they can contain biases. Temporal averaging of these bound-
ary conditions is shown to be one way to reduce such biases.
In addition to model-based real-time LBC, the measure-
ments on the 22 June DC-8 flight provided actuglv@rti-
cal gradients over the ocean, which were used as LBC. Use
of these observation-based LBC was shown to improye O
predictions at four California inland surface sites and at alti-
tudes below 1000 m along two DC-8 flight tracks. The extent
of model improvement over different areas depended on base
case performance, meteorology fields and the discrepancies
of model-based western LBC from the flight observations.
We conclude from this study that:

[=1
w
Cumulative ratio

1. The pollutant transport patterns from oceanic back-
ground and their effects on California air quality (or
other similar regions) depend on the vertical structures
over the eastern Pacific and meteorological conditions.
Long-range transport of Asian inflows can change the
pollutant profiles over the eastern Pacific during sum-
mertime significantly. Capturing this variability in the
observations is important and challenging as informa-
tion is needed above the surface.

1268w 123w 120w 117w 114w

2. Accurate real-time LBC for long-live species together
Fig. 18. (a) Cumulative ratios for 60 km and 12km cases; Data with high quality meteorology fields improve model
points below 80% Sl irfb) 60 km and(c) 12km cases along the 22 predictions in areas where the background pollutants are
and 24 June flight tracks below 1000 m. transported aloft as well as their downwind regions. The
assimilation with OMI and MLS data into RAQMS to-
gether with the assimilation of in-situ measurements in
to STEM LBCs improved the model performance. Im-
provements in our observing systems that provide infor-
mation on the three-dimensional nature of pollutant dis-
tributions are needed to improve our capability to pre-
dict pollution levels and to better quantify the influence
of these Asian inflows on the US west coast air quality.

June 2008. Two different spatial resolutions and a variety of
lateral boundary conditions (LBC) were applied in the full-
chemistry model simulations.

Tracer model and back trajectories indicated that during
21-24 June strong Asian inflows affected northern Califor-
nia. Based on the 12 km meteorological fields, we analyzed
reconstructed @ distributions along air-mass back trajec-
tories originating at five California sites and correlated 0b- acknowledgementsive would like to thank the ARCTAS
served and modeled sbetween coastal THD and inland science team. This work was supported by a NASA award
TB sites to study @ transport patterns. During the entire (NNX08AH56G). The authors would also like to acknowledge
ARCTAS-CARB study period @ levels in the inflow air NOAA, the US EPA and CARB for support of the sounding
were less than 40 ppbsOelow 1.5 km. The time-lag corre- and ground measurements. The views, opinions, and findings
lations of G at this altitude with a surface site at TB showed contained in this report are those of the author(s) and should not be
maximum correlations of 0.3 and a transport time of less tharfonstrued as an official NOAA or US Government position, policy,
30h. Under Asia inflow conditions during 21—24 June the °" decision.
peak R-square value increased to approximate 0.7, and the . ]
transport altitude was extended to around 3km where 60h—IZeOIIteGI by: A. Stohl
80 ppb of coastal @was observed.
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