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Abstract. The Sulfur Transport and dEposition Model Phase B (INTEX-B), conducted over the eastern Pacific
(STEM) is applied to the analysis of observations obtainedOcean during spring 2006. Predicted trace gas and aerosol
during the Intercontinental Chemical Transport Experiment-distributions over the Pacific are presented and discussed in
terms of transport and source region contributions. Trace
species distributions show a strong west (high) to east (low)
@ Correspondence tcS. Kulkarni gradient, with the bulk of the pollutant transport over the
(sarika-kulkarni@uiowa.edu) central Pacific occurring between20° N and 50 N in the
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2—-6 km altitude range. These distributions are evaluated in In the recent decade several airborne field campaigns have
the eastern Pacific by comparison with the NASA DC-8 andbeen conducted to study the rising impact of Asian pollu-
NSF/NCAR C-130 airborne measurements along with obsertion over the Pacific and North America. The TRACE-P
vations from the Mt. Bachelor (MBO) surface site. Thirty (Jacob et al., 2003) and ACE-Asia (Seinfeld et al., 2004)
different meteorological, trace gas and aerosol parameterBeld campaigns studied the outflow of Asian emissions to the
are compared. In general the meteorological fields are betwestern Pacific during the spring of 2001. PHOBEA-II and
ter predicted than gas phase species, which in turn are bettéF CT-2K2 field campaigns were undertaken to characterize
predicted than aerosol quantities. PAN is found to be sig-the atmospheric environment of the eastern Pacific during the
nificantly overpredicted over the eastern Pacific, which is at-spring of 2002 (Bertschi et al., 2004). The Intercontinental
tributed to uncertainties in the chemical reaction mechanism&hemical Transport Experiment, Phase B (INTEX-B) cam-
used in current atmospheric chemistry models in general angaign was conducted during the spring of 2006 by the Na-
to the specifically high PAN production in the SAPRC-99 tional Aeronautics and Space Administration (NASA) (Singh
mechanism used in the regional model. A systematic underet al., 2009).
prediction of the elevated sulfate layer in the eastern Pacific One of the scientific objectives of the INTEX-B field
observed by the C-130 is another issue that is identified andampaign was to understand the transport and evolution of
discussed. Results from source region tagged CO simulaAsian pollution with implications for North American air
tions are used to estimate how the different source regiongjuality and climate. Multiple airborne measurements from
around the Pacific contribute to the trace gas species distributhe NASA DC-8 and the NSF/NCAR C-130 aircraft were
tions. During this period the largest contributions were from made to characterize the atmospheric environment of the
China and from fires in South/Southeast and North Asia.Pacific and western North America (Dunlea et al., 2009;
For the C-130 flights, which operated off the coast of the McNaughton et al., 2009; Shinozuka et al., 2009; Singh
Northwest US, the regional CO contributions range as fol-et al., 2009). The INTEX-B campaign, with the NASA
lows: China (35%), South/Southeast Asia fires (35%), NorthDC-8 aircraft stationed over Hawaii and Anchorage and the
America anthropogenic (20%), and North Asia fires (10%). NSF/NCAR C-130 stationed over Seattle, provided a much
The transport of pollution into the western US is studied atbetter geographical coverage of the inflow of Asian emis-
MBO and a variety of events with elevated Asian dust, andsions to the east central Pacific and western North America.
periods with contributions from China and fires from both In addition to the airborne measurements, observations from
Asia and North America are discussed. The role of heterogedifferent remote sensing instruments on board the NASA
neous chemistry on the composition over the eastern Pacifisatellites and various ground based surface stations were also
is also studied. The impacts of heterogeneous reactions ahade (e.g. Wolfe et al., 2007; Reidmiller et al., 2009).
specific times can be significant, increasing sulfate and ni- Global and regional chemical transport models were used
trate aerosol production and reducing gas phase nitric acido assist the flight planning of the airborne observation mis-
levels appreciably{50%). sions during INTEX-B. Chemical transport models (CTMs)
provide valuable means to link observed pollutant concen-
trations with their emission sources. The Sulfur Transport
1 Introduction and dEposition Model (STEM), a regional chemical trans-

port model, has been previously used to assist in flight plan-
Economic development in the last few decades throughouging activities and to interpret the measurements from mul-
much of Asia has led to rapid increase in anthropogenic emistiple platforms in several other field campaigns including the
sions of aerosols and trace gases (Streets et al., 2003; Gaff-E-Asia (Tang et al., 2004b), TRACE-P (Carmichael et al.,
et al., 2006; Zhang et al., 2009). Studies have shown tha2003), ITCT-2k2 (Tang et al., 2004a) and ICARTT (Mena-
some of these aerosols and trace gases emitted from Asig@arrasco et al., 2007; Tang et al., 2007).
reach North America and significantly enhance ozone and During the INTEX-B field campaign, STEM was used in
aerosol concentration over background levels (Jaffe et al.the flight planning and to interpret observations made from
1999; VanCuren 2003; Hadley et al., 2007; Van Donkelaarthe airborne platforms. This is the first application of the
et al., 2008; Zhang et al., 2008). The transport of pollutantsregional scale STEM model to such a large geographic area
from the Asian mid-latitudes to North America is particu- that covers the source regions of Asia, the Pacific and western
larly strong during the spring season (Yienger et al., 2000;North America as seen in Fig. 1. This spatial coverage is
Bey et al., 2001; Liang et al., 2004). Long range transport ofgenerally obtained through global scale models at a coarser
aerosols and gaseous pollutants could partially offset domedorizontal resolution. The large spatial extent of the STEM
tic emission controls over North America (Liu et al., 2008). model domain has provided a great opportunity to study the
In addition, rising Asian aerosol emissions may have a cli-inflow of Asian aerosols into the Pacific and North America
matic impact on North America (Levy et al., 2008). (NA).

In this study we use our regional scale model to inves-
tigate the distributions of trace gases and aerosols over the
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Pacific and to estimate how anthropogenic, biomass burn-
ing and wind blown dust emissions from various geographi-
cal regions impact these distributions. We know from pre-
vious studies that the outflow from these sources into the
Pacific is characterized by high aerosol loadings. Tang et
al. (2003) evaluated the role of aerosols in influencing pho-
tochemistry over the western Pacific during the TRACE-P
mission. The study found that aerosol influence via photol-
ysis rate (J-values) reduced OH by 40% below 1 km and by
24% above 1km. The INTEX-B airborne observations con-
strain the model across a wider geographical region and pro-
vide an opportunity to examine the contribution of aerosols
in influencing photochemistry farther away from the source
region.

Aerosols can also influence atmospheric chemistry by pro-
viding surface area where reactions can occur (Grassian,
2002). A previous version of STEM has been used to study INTEXB C—130 Pacific flight tracks (D)

<

the impact of heterogeneous chemistry on dust surfaces dur- ¢, |
ing the ACE-Asia campaign (Tang et al., 2004b). The re- on] T % -
sults from ACE-Asia study showed that near the surface layer 57N-ﬁ“ 48 L g
heterogeneous reactions decreased the concentratiog, of O - ha )
SOy, NO2 and HNG by 20%, 55%, 20% and 95%. The sin — A . 4
INTEX-B observations again allow us to study the influence —s % -
of heterogeneous reactions with a longer time for aerosol o — . | D4 - :}
transport, mixing and aging. =) x [ )

We also use the model to investigate the relative contri- "] —a # N
butions of distant sources of pollutants relative to more lo- ] _— j | r
cal sources on the observations at the Mt. Bachelor Obser- 31 =
vatory (MBO, 44.0N, 121.7 W, 2.7 km altitude above sea 33N Aveg R

30

level (a.s.l.) in Oregon), which obtained measurements in
conjunction with the airborne observations during INTEX-
B. This is a topic of growing interest due to the changing Fig. 1. NASA DC-8 and NCAR/NSF C-130 flight tracks along
emission patterns along the Pacific Rim. with the location of ground based observation sites including Kath-
The paper is structured as follows. We first present a demandu (KTM) Nepal, Oki (OKI) Japan, Cheju (CJU) South Korea,
scription of our regional model and the emissions inventory Tfinidad Head (THD), Mt. Bachelor (MBO) during the INTEX-
used in this study (Sect. 2). The regional aerosol and trac® (Phase 2) experiment. The numbers _denote the Research Flight
gas distributions are described in Sect. 3.1. The mission{R™) numbers for the DC-8 and C-130 aircraft.
mean spatial distributions of trace gases and aerosols and
the contributions from regional anthropogenic and biomass
burning emissions are presented in Sect. 3.2. The results he STEM-2K3 version (Tang et al., 2007). STEM is a re-
the model intercomparison with DC-8 and C-130 aircraft ob- gional chemical transport model which features the SAPRC-
servations are presented in detail (Sect. 3.3). The transport 6¥9 chemical mechanism (Carter, 2000). Online photolysis
trace gases and aerosols across the Pacific and the impactigte calculations in the STEM are performed using the TUV
this transport on the western USA are discussed in Sect. 3.4Tropospheric Ultra-Violet Radiation) model (Madronich,
Finally, we present the impact of heterogeneous chemistry o2002). The TUV model needs total ozone column to cal-
dust aerosol surfaces and the contribution of aerosols in influculate the absorption of UV radiation by ozone molecules.

encing photochemistry over the Pacific (Sect. 3.5) followedFor this study, we used the daily column ozone data from the
by conclusions (Sect. 4). Ozone Mapping Spectrometer (OMI) instrument on board

the NASA Aura spacecraft. Thirty different photolysis rates

are calculated using the STEM-TUV model. The STEM uses
2 Model description and emissions inventory the SCAPE Il (Simulating Composition of Atmospheric Par-

ticles in Equilibrium Aerosol Solver) aerosol module to sim-
STEM was developed at the University of lowa in the early ulate inorganic gas to particle conversion and aerosol parti-
1980s (Carmichael et al., 1986) and has continuously underele growth (Kim et al., 1995). The inorganic aerosols in the
gone development since then to its current version which iSSTEM-SCAPE model are binned into four size bins of 0.1—

N T T T T T T T T T T v
160W 155W 150W 145W 140W 135W 130W 125W 120W 115W 110W 105W 100W
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0.3um, 0.3-1.0 um, 1.0-2.5 um and 2.5-10.0 um. The modedveraged data obtained from the ORCHIDEE model (Lath-
was run for the entire INTEX-B field campaign with 1 week iere et al., 2006). It has been shown that using the top and
for model spin up. lateral boundary conditions from a global model enhances
STEM does not require a uniform horizontal grid and canthe STEM prediction skill (Tang et al., 2007). We used the
be mapped to any map projection based on the meteorologiModel for Ozone and Related Chemical Tracers (MOZART-
cal model. The STEM preprocessor extracts all of the topog-4) global model to provide top and lateral boundary condi-
raphy and other land use variables that were used in the meions (Pfister et al., 2008) for this study. Dust emissions were
teorological model along with the meteorological parameterscalculated online using a parameterization based on previous
necessary for simulating chemical transport and removal prostudies using STEM (Tang et al., 2004b; Uno et al., 2004).
cesses. Thus, STEM has the same map projection and griimissions of sea salt within STEM were based on the work
resolution as the meteorological model. For this study, weby S. L. Gong (Gong, 2003).
used the WRF-ARW (Weather Research Forecasting) Ver-
sion 2.1.2 meteorological model developed at NCAR (Ska-
marock et al., 2005). The WRF model horizontal resolu-3 Results and discussion
tion was 50«50 km with 314x200 grid cells, and 21 verti-
cal levels with the model top at 50hPa. The vertical spac-3.1 Spatial distribution of trace gases and aerosols
ing in the WRF model was defined to have the highest den-
sity in the first km. The chemistry model was simulated Figure 1a shows the horizontal modeling domain of the
with the first 18 layers reaching up to 10.5 km above groundWRF-STEM model used in this study. Figure 1a and b also
layer (a.g.l.) height. Significant stratospheric air-mass in-show the flight tracks of the DC-8 and the C-130 during the
trusion within the model domain at higher latitudes (with- INTEX-B field campaign. The DC-8 flights span the region
out any stratospheric chemistry/parameterization in STEM)of the central Pacific from southern Alaska to Hawaii, while
limited the chemistry model’s ability to simulate higher al- the C-130 airborne observations cover a large portion of the
titudes. GFS 41x1° model forecast at 18:00 UTC from the eastern Pacific off the coast of the Northwest USA. Figure 1
National Center for Environmental Prediction (NCEP) was also shows the location of ground based measurement sta-
used for initialization and boundary conditions at a 6 h inter-tions including Mt. Bachelor (MBO) Oregon, Trinidad Head
val in the WRF calculations. The physics options used in the(THD) California, Cheju (CJU) South Korea, Oki (OKI)
WRF model are as follows: WSM-3 class simple ice schemeJapan and Kathmandu (KTM) Nepal discussed later in this
for microphysics; RRTM scheme for longwave/shortwave paper.
radiation; Monin-Obukhov scheme for surface layer; Noah The modeled mission-mean distributions of CQ, &hd
land-surface model; YSU scheme for the boundary layer;PAN at 3kma.g.l. for the INTEX-B period (15 April-15 May
and the Grell-Devenyi ensemble scheme for the cumulus pa2006) are shown in Fig. 2, and provide a context for the con-
rameterization. Evaluation of WRF model prediction skills ditions under which the aircraft experiments were conducted.
with INTEX-B observation is presented in a later section The CO distribution (Fig. 2a) reveals emission hotspots asso-
(Sect. 3.3). ciated with anthropogenic sources (such as those over India
Gridded anthropogenic emissions for Asia were obtainedand eastern China), and those associated with open biomass
from the emissions inventory developed for the INTEX-B burning (e.g., northern Thailand and Vietnam and western
mission described in detail by Zhang et al. (2009). TheRussia). These sources are larger than the North American
horizontal resolution of the gridded emissions inventory anthropogenic and open burning emissions for this domain
was 0.3 x0.5 extending from 8N-5C° N and from 80 E-  and time period, resulting in a significant west to east gra-
150 E. Emissions of volatile organic compounds were avail- dient of decreasing CO. The CO distribution also shows the
able based on the SAPRC-99 speciation. The Nationalnfluence of intercontinental transport of CO into the domain
Emissions Estimate (NEI-2001v3) was used as emissionsibove 30N through the boundary conditions provided by
for the North American region. This emissions inventory the global model MOZART. Due to these major CO inputs
has been previously used to study the regional air qualityand the transport patterns over the Pacific during this period,
over North America during the ICARTT mission (Mena- the region of enhanced CG-{20 ppb) shifts northward dur-
Carrasco et al., 2007; Tang et al., 2007). For regions outing transport over the Pacific, with peak values at latitudes
side the Asia and North America the global emissions in-greater than 30N over the eastern Pacific. The source con-
ventory from the EDGAR database (Olivier et al., 2001) wastributions and vertical structure will be discussed in more de-
used. Daily emissions forecast from biomass burning werdail in Sect. 3.2.
available from the Regional Air Quality Modeling System  The mission-mean ozone distribution at 3kma.g.l.
(RAQMS) modeling group during the INTEX-B field cam- (Fig. 2c) shows strong enhancements7Q ppb) between
paign (Al-Saadi et al., 2008). We used the same biomass-25° N and 35 N over the Asian continent, due to a com-
burning emissions for this post field mission study. Biogenicbination of stratospheric influence (e.g., over the Tibetan
emissions of terpene and isoprene were taken from a 12 yed?lateau) and anthropogenic activities (e.g., eastern China and
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Japan). The influence of anthropogenic emissions from and>20%) throughout the Pacific basin, with Siberia fire emis-
around major cities (e.g., Delhi, Kolkata, Los Angeles) andsions (Fig. 3d) being transported across the Pacific at lat-
around the major open biomass burning areas in Siberia aniludes above~35° N, and emissions from South/Southeast
Alaska are also identified. The ozone distribution shows aAsia (Fig. 3f) fires transported predominantly at latitudes be-
stronger zonal pattern than CO, with a much smaller contri-low ~35° N. Anthropogenic emissions from China (Fig. 3c)
bution from the high latitude boundaries. The mission-meanis the largest single contributor to CO over large parts of the
PAN distribution (Fig. 2e) shows a region of high photo- Pacific for this time period. Anthropogenic emissions from
chemical production over East Asia, which can help separat&outh/Southeast Asia (Fig. 3e) are smaller than the emissions
the regions of stratospheric influence from anthropogenic infrom biomass burning emissions (Fig. 3f) in these regions.
fluence of the ozone distribution discussed above. The londn the eastern Pacific anthropogenic emissions from North
range transport of PAN at high latitudes into the region is America have the largest impact on the CO distribution.
clearly shown and reflects the lower temperature of the in- Further insights into the distribution of CO and the con-
flow air during the mission period. tributions of various source regions to the CO distributions
The mission-mean horizontal distributions of aerosol sul-over the Pacific are shown in the cross section plots in Fig. 4.
fate, nitrate and dust are also presented in Fig. 2b, d, anth Fig. 4a the CO distribution from the full chemistry sim-
f, respectively. These aerosol distributions show a strongeulation along 45N shows strong zonal transport with CO
zonal pattern than the gas species discussed previously, ré-ansported into the domain from Europe largely within the
flecting the fact that the aerosols typically have a shorter life-boundary layer as seen in the distribution in the western por-
time and thus are less influenced by continental transport antion of the domain (i.e.<100 E longitude). The CO emis-
more dominated by emission source regions. For examplesions from East Asia are transported out over the Pacific
sulfate shows a strong west to east gradient, with the peakia frontal systems resulting in lifting of the CO above the
values in the west reflecting the heavy populated and indusboundary layer and into the free troposphere. The bulk of
trial regions of India and China, and is transported across théhe transported CO is at altitudes of 3-5km as shown in the
Pacific at latitudes between 2030 N. Particulate nitrate  zonal cross section along 145 longitude (Fig. 4c). As the
has a different pattern, with elevated levels on both sides opolluted air-masses reach the eastern Pacific, the frontal sys-
the Pacific reflecting regions with high N@nd NH; emis-  tems tend to move poleward, and aged air-masses subside
sions. The relative importance of sulfate with respect to ni-and mix with CO emitted from North America leading to en-
trate decreases from west to east across the Pacific, with nhanced CO levels within the boundary layer as shown in the
trate dominating over California. Both sulfate and nitrate 125 W zonal cross section (Fig. 4g).
show enhancements due to Hawaii emissions from anthro- Also shown in Fig. 4 are the cross sections for the
pogenic and volcanic sources (in the case of sulfate). Thé&China CO tracer. The meridonial cross section alongNi5
dust distribution shows maximum values in the western part(Fig. 4b) shows the major outflow of China CO at an al-
of the domain reflecting the strong source regions during thiditude of ~3km. The lifetime of CO is such (about 1-2
time period (i.e., Central Asia and China), and the region ofmonths, Liang et al., 2004) that it can be transported globally
elevated levels of dust extend across the Pacific, which im-as shown by the inflow of aged China CO air-masses com-

pacts the chemistry as discussed later in Sect. 3.5. ing into the region at the western boundary of the domain at
altitudes above 5km via the boundary conditions provided
3.2 Source/region contributions by the global MOZART model (which also included source

region tagged CO tracers). Comparison of Fig. 4a and b at
To more clearly identify the contributions from anthro- the western boundary shows that intercontinental transport
pogenic and open burning sources to the distribution of tracesf CO from Europe occurs largely within the boundary layer,
species over the Pacific, additional model calculations weravhile transport from Asia and North America (not shown) re-
performed using CO tracers from tagged source regions. Foenter the domain largely at higher altitudes. The China CO
these calculations the anthropogenic and biomass compddistributions at 160W (Fig. 4f) and 128 W (Fig. 4h) (the
nents of the CO emission inventory were broken into re-regions where the DC-8 and C-130 operated, respectively)
gions. The global model MOZART also used CO tracersshow the maximum China influence betwee80° N and
from tagged source regions and these were used as bounda#@® N and from 3 km to 9 km, with values exceeding 20 ppb.
conditions for the tagged runs. In this way the impact of NA The 160 W (Fig. 4f) plot shows that while the major trans-
CO transported around the globe and back into the Pacific vigort patterns move China emissions to areas abo9eéN30
the western and northern boundaries could be estimated. Thidere are transport pathways that move China emissions to
mission-mean contribution from various sources and regiondower latitudes (see the feature near the equator). During in-
at 3kma.g.l. are shown in Fig. 3. The results are expressedividual transport events a portion of the China emissions
in terms of % contribution from a particular source/region to get caught in subsiding motions and transported to lower lat-
the total primary CO distribution calculated using all sources.itudes, and subsequently transported in the low altitude east-
Biomass burning emissions (Fig. 3b) contribute significantly erlies.

www.atmos-chem-phys.net/10/2091/2010/ Atmos. Chem. Phys., 10, 20932010



2096 B. Adhikary et al.: Regional model analysis of aerosols and trace gases during INTEX-B

Average sulfate concentration (ug/m?)
0? km layer during INTEX—gB (b)

Average CO concentration (ppb)
at 3 km layer during INTEX—B (a)

1405} 160E |00E :,120E 140K). /4. 160E

50 60 70 90 100 110 120 130 140 160 170 180 0.1 02 05 0.75 1 1.5 2 3 4

Average ozone concentration (ppbv) Average nitrate concentration (ug/m?)
at 3 km layer during INTEX-B (C) at 3 km layer during INTEX-B

(d)

_ 120E ‘- 140E ' 160E 160E— _ 180E——_

20 30 40 50 55 60 65 70 75 80 90 100 0.010.020.030.05 0.8 0.1 0.2 0.25 0.4 0.5 0.7 1

Average PAN concentration (ppb) Average dust concentration (ug/m®)
at 3 km layer during INTEX-B (e) at '3 km layer during INTEX-B (f)

EE"V
)

T
IQO‘E’i - 120 140E 160E

0.030.050.07 0.1 0.2 0.3 0.5 0.6 0.7 0.8 09 1 1 2 5 7 10 15 20 30 40 50 75 100

Fig. 2. Mission-wide average distributions of trace gases and aerosols at 3km a.g.l. during INFE)GB (ppb)(b) Sulfate (ug/m) (c)
Ozone (ppb)d) Nitrate (ug/n?) (e) PAN (ppb) andf) Dust (ug/n?). The values on the maps denote the contour labels at sharp gradients.

The results for 125W (Fig. 4h) can be compared to the at altitudes~8 km. Our mean values of the China CO con-
transpacific transport of CO analyzed by Forster et al. (2004}ribution are significantly higher than Forster et al. (2004)
in support of the ITCT-2k2 experiment conducted in April- (~25 vs. 5ppb) which is expected as their results only in-
May 2004 in the eastern Pacific (Forster et al, 2004). Theycluded contributions from air-masses younger than 20 days
analyzed Asian transport using Asia tagged CO in the FLEX-and were based on emissions representative of 1990.

PART model. Our results (Fig. 4h) share several similarities
with theirs (see Forster et al., 2004 Flg 4) Both sets of re-3.3 Comparison with aircraft observations
sults show the Asian contribution beginning~a20° N and

extending throughout the depth of the troposphere, with thq, revious studies, we evaluated the model's capability
maximum contributions at latitudes greater thanRCNd 5 gimulating Asian outflow into the western Pacific (cf.,
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Fig. 3. Mission-wide average percent (%) contributions from source regions to total primary CO (anthropogenic + biomass) at 3kma.g.l.
during INTEX-B (a) Anthropogenic CQb) Biomass CO(c) China CO(d) North Asia -40° N) biomass CQe) South/Southeast Asia
anthropogenic C@¥) South/Southeast Asia biomass CO. The values on the maps denote the contour labels at sharp gradients.

Carmichael et al., 2003).

This is the first time that we species mean values, standard deviation, and correlation co-

have applied STEM over a domain this large, and thusefficient, R, are presented for various altitudes. In Fig. 5,
this presents an opportunity to evaluate the model forwe show the ratio of observed to predicted mean values for
the eastern Pacific under conditions of very long range30 different parameters at various altitudes. For most pa-

transport ¢10 days).

A mission-wide summary of the rameters the predicted values are within a factor of 2 (or

model predictions compared to the observations is presmaller) of the observations. The largest differences occur
sented in Tables S1 and S2 of the supplemental mafor nitric acid (significantly underpredicted) and particulate

terials (seéhttp://www.atmos-chem-phys.net/10/2091/2010/ nitrate (overpredicted), and we believe this is related to the
acp-10-2091-2010-supplement.pddbserved and modeled calculation of partitioning between gas and aerosol phases

www.atmos-chem-phys.net/10/2091/2010/
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Fig. 4. Mission-wide average latitudinal and longitudinal distributions during INTEXaBMeridonial cross section of CO at 45l (b)
Meridonial cross section of China CO at®48 (c) Zonal cross section of CO at 14E (d) Zonal cross section of China CO at P45 (e)
Zonal cross section of CO at 18W/ (f) Zonal cross section of China CO at 280 (g) Zonal cross section of CO at 129/ (h) Zonal cross
section of China CO at 128N. The values on the cross section plots denote the contour labels at sharp gradients.

as discussed later in the paper (Sect. 3.3.2). In a previou8.3.1 Meteorological parameters

study during the TRACE-P mission we found that STEM re-

produced observations better at lower altitudes (Carmichaethis was the first time that we applied the WRF model to
et al., 2003). For INTEX-B, we do not see as strong of andrive our chemical transport model. The WRF model skill
altitude dependency in the model prediction skill. The re-was evaluated for four key meteorological parameters (i.e.
sults show that meteorological variables are generally bettetemperature, Relative Humidity (RH), wind speed and wind
predicted than gas phase species, which in turn are better prefirection) essential for chemical transport with observations
dicted than aerosol quantities. Further details are presentegnboard the DC-8 and C-130 in Fig. 6. The predicted and
in the supplemental materials. Below we discuss in more deobserved DC-8 and C-130 values for all flights, shown in
tail a subset of the evaluated parameters. Fig. 6, are stratified and averaged into 1000 and 500 m bins
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£ §§ 6%). Similar results were found in global model simula-

tions for INTEX-B (Zhang et al., 2008). The underpredic-
tion of CO over the central Pacific below 3 km is larger than
indicated by the absolute error. The net CO enhancement
observed in this region is40 ppb (assuming a background
Fig. 5. Ratio of observed to model predicted mission-mean valueslevel of 100 ppb), which the model underestimates by a fac-
at various altitudes for airborne measurements during INTE(4)B  tor of 2. At higher altitudes, the model shows a slight positive
DC-8 and(b) C-130. bias with respect to the DC-8 observations. We investigated
the contribution of emissions from North America (NA) to
the C-130 vertical distributions by comparing the vertical
respectively based on flight altitude. The horizontal error CO distributions only for flight segments west of 224 in
bars in Fig. 6 represent the standard deviations of the obFig. 7d. The contribution from NA sources 1810 ppb ex-
served and simulated values. In general the model does tending to~4 km. We also see that the distribution become
good job in representing the meteorology during this period.flatter and more similar to the DC-8 distributions when the
Notable differences are seen in RH (Fig. 6b and f) whereNA influence is removed.
the model has a small positive bias in the lower troposphere, The underprediction of CO suggests that the Asian emis-
a larger negative bias in the upper troposphere, and is nojons are underestimated. Both the biomass burning and an-
able to capture the high variability seen in the observationghropogenic emissions contribute significantly to the CO dis-
at higher altitudes. The predicted horizontal winds (Fig. 6ctributions in the areas sampled by the DC-8/C-130 aircraft
and g) show a small negative bias in speed, that is most apand these emissions are highly uncertain. The underestima-
parent at altitudes around 10 km, while the direction for thetjon in predicted CO is well within the uncertainty of the es-
C-130 (Fig. 6h) is biased high below 3km, and biased lowtimates of anthropogenic and open biomass CO emissions
at higher altitudes. For both wind speed and direction the(~ 150%, Streets et al., 2003). Furthermore the DC-8 flights
predicted fields show similar variability as the observations. sampled along 160/, which had a strong gradient in CO as
discussed earlier in the cross section plot of CO at’180
3.3.2 Trace gases (Fig. 4e). Here the predicted mean profiles of CO show low
altitude enhancements (with CO between 130-140 ppb) at
The CO predictions are compared with DC-8 and C-130 ob-atitudes greater that45° N, while those at lower latitudes
servations in Fig. 7a and d, respectively. The model underdo not. The underprediction in the boundary layer enhance-
predicts CO at altitudes below5 km, to a greater extent for ment in CO for the DC-8 flights could also be due in part
the DC-8 (20 ppb, 15%) than for the C-130 flights T ppb; to a slight spatial displacement in the predicted distributions

AMS OM converted to OC
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ture many of the important features of the DC-8 and C-130
observations, including the shape of the vertical distributions
and the strong enhancement in the C-130 values below 3 km.
However the model overpredicts the sumbg0%. In terms

of individual species both the model and observations show
low NOy concentrations above 3km, and the model tends
to overpredict NQ in the boundary layer. The partitioning

of nitric acid between the gas and particle phases remains a
source of large uncertainty in atmospheric chemistry model-
ing. We present in Fig. 8f the total nitric acid calculated in
the model expressed as the sum of gas phase nitric acid and
the amount partitioned into the aerosol phase for C-130. The
total predicted nitric acid is much closer to the observed gas
phase nitric acid values, suggesting that the partitioning of
nitric acid to the particle phase in the model may be overes-

timated (similar results are found for the DC-8, results not
shown). Nitric acid predictions will be discussed further in
Sect. 3.5.2.

The model overpredicts PAN at all altitudes by factors of
~1.5-2. Both the observations and the predictions show a
very large variability in PAN at all altitudes, with ratios of
the standard deviation to mean exceeding 1 (as shown in
) . . . Fig. 8c). In previous evaluations of the STEM model over the
as described above. While such a displacement is not appafyestern pacific during TRACE-P, no such overprediction of
ent from the meteorological comparison, small errors afterpa was found (Carmichael et al., 2003). During INTEX-B
10-day transport could become a factor. the sampled air was much more aged when compared to the

For ozone (Fig. 7b and e), the model accurately capturegyRACE-P. For these INTEX-B simulations we have found
the main features in the observed ozone vertical distributnat the global model MOZART used to provide boundary
tions for both the DC-8 and C-130. The C-130 predictions conditions for these simulations overpredicted PAN by about
(Fig. 7e) have a small negative bias3ppb) in the mid-  factors of~1.2-1.5 when compared directly with the air-
troposphere. Both the observations and the model showyaft observations (Fig. 8c). STEM predictions using these
lower variability for the DC-8 flight locations than for the C- boundary conditions are shown to further increase PAN con-
130 flights (for which the model underestimates the variabil- centrations over those predicted by the global models. Sim-
ity). These vertical distributions along with the horizontal jjzr results of greater net PAN production in the SAPRC-99
distribution in Fig. 2c show that ozone over the eastern Pamechanism than in the MOZART chemistry are reported in
cific is significantly enhanced above the boundary layer. They i et al. (2010). The influence of different treatments of
impact of this feature on ozone concentration in the westernpe boundary conditions on the STEM predictions has been
US is discussed further in Sect. 3.4.3. reported previously (Tang et al., 2007). We performed addi-

An evaluation of the STEM-TUV model prediction of the tional calculations for this INTEX-B domain using two dif-
photolysis rates (J-value) for NQa critical step in the for-  ferent global models (RAQMS and MOZART). The results
mation of ozone, is shown in Fig. 7c and f. The calculation show that long lived species distributions such as CO, PAN,
of J-NO depends on the overhead column of ozone and theand G are sensitive to the boundary conditions, while short-
vertical distributions of ambient aerosol and clouds. Thus itlived species such as aerosol sulfate and nitrate are not.
is a good test of multiple parameter predictions. In general The SAPRC-99 chemical mechanism used in STEM treats
the model is able to capture the magnitude of obseted explicitly more organic peroxy radicals than many of the
NO, and the general features in the vertical structure. How-mechanisms used in global and regional atmospheric chem
ever, modeled’-NO, shows a general overprediction com- istry models. As such it tends to predict higher PAN lev-
pared to observations, and a significantly higher variability els. For example PAN calculations over Asia using SAPRC-
than observed. The high variability in the calculated J-valueso9 were compared with identical simulations using the CB-
will be discussed further in Sect. 3.5. IV mechanism by Lin et al. (2009, 2010). They found that

To further test the consistency between the modeled andAPRC-99 produced 50 to 70% higher PAN levels over pol-
observed photochemical oxidant cycles, we next compare nituted regions. Recently, observations of a spectrum of acyl
trogen oxide distributions. Figure 8 presents the gas phasperoxy nitrates in the outflow of the Sacramento CA urban
NO, NO, PAN and HNG model vs. aircraft comparisons. plume were compared with values calculated using a detailed
The predicted values of the sum of these four species capehemical mechanism with features similar to those included

Fig. 7. Comparison of STEM model predictions with DC-8 (top
row) and C-130 (bottom row) observations (@) DC-8 CO (ppb)
(b) DC-8 Ozone (ppb)c) DC-8 photolysis rate of N® (JNO»)
(s~1) (d) C-130 CO (ppb)e) C-130 Ozone (pphif) C-130 photol-
ysis rate of NQ (JNOy) (s 1).
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Fig. 9. Comparison of STEM model predictions with DC-8 (top
Fig. 8. Comparison of model predicted and observed,NOMpo-  row) and C-130 (bottom row) observations(ej DC-8 ozone pho-
nents of DC-8 (top rOW) and C-130 (bOttom rOW) during INTEX-B t0|ysis rate (]OS Sﬁl) (b’ C) DC-8 HO (OH and HQ) Specieqd’
(a) DC-8 observed NQ(b) DC-8 modeled N@ (c) Vertical profile  h) DC-8 Formaldehyde (HCHO{Qe) C-130 ozone photolysis rate
of DC-8 observed, STEM predicted and MOZART PA#) C-130 (JO3) (f, g) C-130 HG (OH and HG) species during INTEX-
observed N@ (e) C-130 modeled NQ(f) C-130 modeled (NP+  B. Note that panels (d, h) show two independent measurements
particulate N@). of HCHO, which was only measured on the DC-8 aircraft for the
INTEX-B period.

in SAPRC-99 (LaFranchi et al., 2009). They found that the
model predictions exceeded the observations by factors ofhe magnitude and variability. HOformation can be ini-
2-5, with larger discrepancies at temperatures belofCl5 tiated by the reaction of CO with the OH radical, which
which were attributed to current chemical mechanisms missalso leads to the formation of hydrogen peroxide. Hydro-
ing an important loss channel for the acyl peroxy radicals.gen peroxide is highly soluble in water and is therefore
Further research is needed to fully understand the causes efficiently removed by wet deposition. Predicted values
the overprediction of PAN. of hydrogen peroxide concentrations also show a negative
To complete the evaluation of how well the model pre- bias, consistent with the underprediction in HEigure not
dicted important aspects of the photochemical oxidant cy-shown, statistics presented in Tables S1 and S2 of the supple-
cle during the INTEX-B period we compare observed andmental materialéittp://www.atmos-chem-phys.net/10/2091/
predicted OH and the ozone photolysis rate constar®f)  2010/acp-10-2091-2010-supplement)pdf
from the DC-8 and C-130 flights (Fig. 9). The modeled OH Mao et al. (2008) analyzed the H®neasurements from
(Fig. 9b and f) shows a positive bias at lower altitudes andthe DC-8 aircraft during the INTEX-B mission and com-
negative bias at high altitudes when compared to the DC-gared the DC-8 airborne measurements with NASA Langley
observations. Modeled OH values are more accurately prebox model predictions of OH and HCHO. They also found
dicted for the C-130 observations, but the predictions un-an overprediction of OH in the boundary layer for the DC-
derestimate the variability in OH below 6 km for the C-130 8 flights and they related it to the underprediction of their
(Fig. 9f) and overestimate it for the DC-8 (Fig. 9b). The modeled formaldehyde. There were two independent mea-
overprediction of STEM modeled OH with the DC-8 obser- surements of HCHO onboard the DC-8. We present our
vations may help explain some of the underprediction of COmodel comparisons with both sets of observations in Fig. 9d
in the DC-8 CO predictions (Fig. 7a and d) as discussed irand h. The observations show a difference in the mean
Zhang et al. (2008), as the OH reaction removes CO from the&/alues, best illustrated by the boundary layer values. The
atmosphere. The calculatgdOs rates (Fig. 9a and e) cap- Mmodel predictions fall between the two different sets of ob-
ture the observed vertical structure, but with a negative biagervations. Based on our model results we cannot discern
in the upper troposphere for the DC-8, and a much highetwhether the problem resides with HCHO as one of the mea-
variability than observed. Above 5km the RH values were surement sets (i.e., NCAR-formaldehyde) seems to supports
also underpredicted (see Fig. 6¢), and this coupled with théhis hypothesis, while the other measurement set (i.e., URI-

underprediction i/-O3 can help explain the underprediction formaldehyde) does not. However, it must be kept in mind
of OH above 5 km for the DC-8. that the differences in the averages between the two HCHO

Predicted HQ vertical distributions (Fig. 9c and g) are Measurements and between each measurement set and the

consistent with the observed distributions for both the DC-model are all within the quoted measurement uncertainties.
8 and C-130, but with a systematic underprediction of both
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3.3.3 Aerosols 12000 DC-8
(a) (b)
Figure 10 presents the comparison of predicted and observe(g
aerosols from the DC-8 and C-130. For the C-130 obser- o
vations, we compare only to the AMS data, but Dunlea et 2
al. (2009) showed that the AMS and PILS instrument mea- < 4000F
sured similar concentrations of nitrate and sulfate for the 2900}
INTEX-B study. Predicted sulfate is consistent with the DC- 0 -
8 observed vertical structure (Fig. 10a), but with an under- L I I T . 0:8
prediction in the mid-troposphere. For the C-130, the model | —e— Observation —— Model

fails to capture the elevated sulfate levels above 2km that  ggq0- C-130
were observed by the C-130 (Fig. 10c). In addition the pre- ()
dicted variability is much lower than the observations. Eval-
uation of modeled S@with both DC-8 and C-130 observa-
tions (Fig. S1 and Tables S1 and S2 of the supplemental ma:
terials) shows that Sfis systematically underpredicted by
the model. Thus, it appears that the curren 8@ission es- 20001
timates are underestimated. S€missions in Asia grew sig- -

nificantly during this time period and while growth was ac- 0 0 2 4 05 00 05 10 11; 20
counted for in the INTEX-B emissions inventory, the growth S0, (ug/m’) NO; (ug/m’)

could have been underestimated (Zhang et al., 2009). The

nature of the pollutant transport in discrete plumes across th€ig. 10. Comparison of STEM model predictions versus observed
Pacific could also contribute to the underprediction of mod-aerosols from the DC-8 and C-138) DC-8 Sulfate (ug/m) (b)
eled SQ and sulfate. Dunlea et al. (2009) reported that for DC-8 NO; (ug/m?) (c) C-130 Sulfate (ug/f) and(d) C-130 NQ;
some of the flights during the INTEX-B period, the models (Hg/m).

missed the transport of large polluted air-masses that were so

intense that missing these concentrations could easily modi

; : - f¥ h as emissions and removal processes, then SOA ac-
the average vertical profiles of aerosols. As discussed furthet®"s SUc '
in Sect. 3.4.2 the predicted sulfate distribution does show ar?ou_nts fqr ?:t.)OUthO%dofrtE? OSC2: -I]:hi compalnson Ofl OM
enhancement at these altitudes, but is greatly underestimatelf gnI/en meh |g..// and fa eh Oht € Sutf)lpo(/ezrggqt/go?oa/_
But again the reason for the high sulfate in the C-130 ﬂightsterla S (sednttp://www.atmos-chem-phys.ne

that is not captured in the DC-8 observations remains an Opeﬁcp-10-2091-2010-supplement.)3df . N
question. As a further evaluation of predicted distributions of

The model overpredicts nitrate aerosols in the lower aIti-Z§80§8LZ;CeZ]en]§:ig¥] ?r?;?Céll\fjv:si:tsge(\:/zg?eleer?agges(ithg;eiﬂ
tudes for both the DC-8 and the C-130 (Fig. 10b and d). As® " i .. i
shown in Fig. 8, the modeled HN@as phase values are un- cluding Kathmandu (KTM) Nepal and Trinidad Head (THD)

derpredicted at low altitudes as well, but total nitrate (gas 4from the ABC (Ramanathan et al., 2007) project and Cheju

. . . . (CJU) South Korea and Oki (OKI) Japan from EANET net-
particulate nitrate) is well captured. This suggests that the ork (EANET, 2006). These results in terms of pa

calculated partitioning into the particulate phase on dust, se Mo, sulfate and OC are presented in Fig. 11. These lo-

salt and potassium is too strong. Furthermore the large vari- . . .
ability in the particulate nitrate is driven by the variability in cations span the longitudes from*@to 120 W (Fig. 1a).

the predicted dust, sea salt, and biomass burning aerosols. Also mcluded are results for the'lowest 1km DC-8 and C-
. : 130 flight segments. The predictions capture the strong gra-
While the AMS instrument onboard the C-130 measures . L .
: S o dient from west to east, with higher concentrations over the
organic aerosols, the STEM model in this application only . . . .
. . . western portions of the model domain, but with a systematic
calculated the concentration of primary organic carbon (OC).ne ative bias
Thus, comparison of modeled OC with AMS organic matter g '
(OM) is complex. To compare we converted AMS OMto OC 3 4 Transpacific transport
with the OM/OC ratio of 1.9 (Dunlea et al., 2009) and which
is consistent with values for rural and remote aerosols re3.4.1 Trajectory and source contribution analysis
ported elsewhere (Turpin and Lim, 2001; Aiken et al., 2008),
and found an underprediction, consistent with not accountin Fig. 12 we show five day three-dimensional back trajecto-
ing for SOA formation (e.g. Volkamer et al., 2006; Zhang et ries calculated using the WRF meteorology for points along
al., 2007; Hallquist et al., 2009). If we assume that the dif- the flight paths of selected flights. Three flights each from
ference between the observed and predicted OC is due soleljawaii (RF 11, 12, 13) and Alaska (RF 15, 16, 17) portions
to secondary organic aerosol (SOA) and not other model erof the DC-8 mission and five C-130 (RF 15, 17, 18 21, 24)
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Mission-wide mean aerosols during INTEX-B brought back into the region via transport through the north
g —T and west boundaries. The results for the C-130 (Fig. 12d) fall
100 - £ Modeled PM, between those for the Hawaii and Alaska portions. The con-
] it tributions from South/Southeast Asia fires increase with alti-
= Observed SO, tude, while the importance of anthropogenic emissions from
‘,, g NA decrease with altitude. These contributions are generally
o107 \ H 5 Modeled 0C consistent with the monthly mean distributions presented in
E) I Fig. 3, but with larger % contributions from biomass burning
- sources. This reflects the fact that the flights were designed
. (’ T to sample conditions most favorable to observing strong sig-
I T natures of transpacific transport from Asia.
3.4.2 Air-mass age and aerosol processing
0.1

T T T
L s PEE iR THD Figure 13 shows the mission-wide averages of calculated sul-

Fig. 11. Mission-wide mean aerosols at selected surface sites in-fate’ potential sulfate (SO+ sulfate) and VOC age (Tang et

cluding Kathmandu (KTM) Nepal, Cheju (CJU) South Korea, Oki al'{ 20,04)' Th? VOC ageis a relgtlve clock and gives quali-
(OKI) Japan, and Trinidad Head (THD) US along with the Dc-g tative information on the age of air-masses, and can be made
and C-130 data from all flights below 1kma.s.l. during INTEX-B. More quantitative by calibration with other air-mass age indi-
Refer to Fig. 1 for the geographic location of the surface sites usedcators (e.g., trajectory analysis). These VOC ages represent
in this figure. clocks with respect to time inside the domain and the clock
is set to zero for air-masses entering the domain through the
boundaries; thus the VOC inferred ages of air-masses at the
flights that had substantial sampling over the eastern Pacifigvestern boundary are less tha4 h. We present the results
were chosen. The trajectories were initiated at the actual latat 45 N latitude because most of the C-130 flights occurred
itude, longitude, altitude and time of the airplane researchbetween 40N and 50 N as seen in Fig. 1b. From the VOC
flight segments. The trajectories were calculated along evage distribution (Fig. 13 ¢) we see the dominant influence of
ery minute of the flight path; however, to reduce the clutterwesterly transport at all altitudes, with higher velocities at
trajectories are plotted only every thirty minutes. higher altitudes, as seen by the decrease in VOC age with in-
The back trajectory analysis shows different transport patcreasing altitude. Air-masses at 260 typically have ages
terns for the Hawaii, Alaska, and eastern Pacific portions ofon the order of 200 h, a duration similar to that found in pre-
the INTEX-B mission. The Hawaii portion is dominated by vious studies (Jaffe et al., 1999; Reidmiller et al., 2009). The
air-masses passing over east central China reaching as far200 h age contour provides a demarcation of regions heav-
back as South Asia (Fig. 12a). In Fig. 12, air-mass back traily impacted by Asia outflow (to the west) and NA outflow
jectories are colored by the altitude along the trajectory, andto the east). The NA outflow typically has ages-120 h at
as expected the higher altitude air travels further reflectingow altitudes (e.g., east of 120V).
the increase in wind speed with altitude. The back trajecto- Sulfate (Fig. 13a) also shows a strong east to west gradient,
ries for the C-130 (Fig. 12c) show that the air-masses spent avith the highest concentrations over Central Asig(® N)
substantial time over the Gulf of Alaska. and East Asia as discussed earlier in association with Fig. 2.
For each of these sets of research flights we extracted reFhe Asian sulfate plume extends eastib40° W in the 3—
sults from the tagged CO simulation to estimate how the7 km altitude range. In addition there is a second sulfate peak
source contributions varied by altitude. Results are presentedt similar altitudes around 130V. This second peak occurs
in terms of % contribution from a specific source with respectin very old air-masses~200 h) in association with elevated
to the total contribution from all the primary CO emission dust levels. This is a region that has contributions from China
sources within the study domain (Fig. 12). For the Hawaii CO as well as contributions from Russia, North Asia biomass
flights (Fig. 12b) we see that the biomass burning emissiondurning and South Asia biomass burning as shown in Fig. 3.
from South/Southeast Asia has the largest impact at all alti- Sulfate is produced during the transpacific transport via
tudes. Emissions from China also have a significant impacthemical reactions with SQOhat escapes the boundary layer
(~20%). The Alaska DC-8 flight segments (Fig. 12f) show in the source regions. This transformation can be tracked us-
the largest contribution from China emissionrsd%), with ing the calculated sulfate to potential sulfate (i.e., the sum of
fires from North Asia and South/Southeast Asia each consulfate plus S@expressed as sulfate) ratio, which shows that
tributing ~20%. North America (NA) anthropogenic emis- the portion of available sulfur in the form of sulfate increases
sions are more significant in this region than for the Hawaii across the Pacific, consistent with Steansformation to sul-
portion, reaching~15%. The majority of NA CO observed fate as it advects eastward to North America. Modeled re-
in this region is due to the NA CO transported globally and sults show that as air-masses approach the North American
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Fig. 12. Back trajectories of wind vectors and tagged anthropogenic/biomass CO tracers illustrating the source region of air-masses sampled
by the selected DC-8 and C-130 flights. The back trajectories are colored by trajectory passing altitude and are plotted every 30 min along
the DC-8/C-130 flight tracks(a) DC-8 Hawaii flights (RF 11, 12, 13) back trajectorig® Contribution of tagged anthropogenic/biomass

CO tracers along the DC-8 Hawaii flights) C-130 Pacific flights (RF 15,17,18, 21, 24) back trajecto(@sContribution of tagged
anthropogenic/biomass CO tracers along the C-130 Pacific fighBC-8 Alaska flights (RF 15, 16, 17) back trajectories (b) Contribution

of tagged anthropogenic/biomass CO tracers along the DC-8 Alaska flights.

continent, the ratio of sulfate to potential sulfate decreases awith the VOC age distribution (Fig. 13c). The distributions of
the lower altitudes signifying the influence of North Ameri- VOC age and the ratio of sulfate to potential sulfate are sim-
can SQ emissions on the air-mass (Fig. 13b). However weilar east of 100 E. However west of 100E the sulfate to po-
also see regions within the boundary layer extending fromtential sulfate ratio is large reflecting the differences in how
130 W to 150 E with ratios greater than 0.8, reflecting the the “clocks” were calculated, with the sulfate clock based on
fact that air-masses reaching to near the surface can also haugormation provided through the boundary conditions and
very long residence times. The sulfate to potential sulfate rareflecting that the transport into the western boundary brings
tio represents another chemical clock, and it can be compareth air-masses high in sulfate and low in 8O
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It is interesting to point out that the mean sulfate distribu- moves some of the freshest air-masses from North America
tion does show an enhancement in sulfate at altitudes of 34€which occur in the lowest 3 km and which have higher OC
7 km, consistent with the C-130 observations, but it is muchto sulfate ratios). The Dunlea screening method looks only at
lower than observed. While the model extraction at the timeair-masses that have large enhancements of Asian pollution.
and locations of the actual flights show only a slight enhancedt removes the North American air-masses as well as Asian
ment in sulfate in the 2—7 km altitude range (Fig. 10c), a dis-air-masses that have low pollution contributions. Their re-
placement of the predicted feature slightly to the west wouldsults show a different vertical profile with the lowest values
be consistent with the observations. But again the magni{<0.2) occurring near the surface and increasing @3 at
tudes need to be much bigger, and most likely the emission8 km. Above 3 km the value remains &0.3. At altitudes
are underestimated. above 4 km all the profiles show that the ratio is on the order

We also examined the modeled OC to sulfate ratios a®of 0.3-0.4.
this has been discussed previously by Dunlea et al. (2009) The STEM predicted OC to sulfate ratio profiles for the
and Peltier et al. (2008) for the same INTEX-B campaign. various screening methods are also shown in Fig. 14. The
The OC to sulfate ratio reflects the differences in emissionsmagnitude of the OC/SQratio from the STEM predic-
wet removal, and formation processes of these two typesions is larger than the corresponding observed AMS ra-
of aerosol. Dunlea et al. (2009) compared organic carbortio. This may be due to the substantial underprediction of
(converted from OM measurements) ratio with AMS sulfate, sulfate aerosol, although OC is also underpredicted as dis-
while Peltier et al. (2008) examined the water soluble organiccussed above. The sulfate and OC profiles for the data
carbon (WSOC) with sulfate aerosols using their PILS instru-screened by Dunlea et al. (2008) and Peltier et al. (2008)
ment. STEM model results based on monthly mean OC andriteria are shown in Figs. S3 and S4 of supplemental ma-
sulfate mixing ratios presented in Fig. 13d agree with Peltierterials (seenttp://www.atmos-chem-phys.net/10/2091/2010/
et al. (2008) C-130 observations in that up to an altitude ofacp-10-2091-2010-supplement.pdfVhile the absolute ra-
~3 km the ratio of OC/sulfate is about 1 or higher. As we tios are biased high, the predicted profiles capture the impor-
follow the Asian air-mass (from VOC age or from the sul- tant features of the observation based ratios. For example
fate/potential sulfate ratios) we found that the ratio declinesthe impacts of the various screening methods on the profiles
as we move up in altitude to value€.4, which is also con-  are clearly shown. The Peltier method results in a reduction
sistent with the observations. of the ratios at all altitudes, with the greatest differences in

Both studies compared the aerosol ratios of organic carthe lower 2km. The Dunlea screening results in a greater re-
bon to sulfate with their own separate definitions of Asian duction in the ratios. These results can be understood in the
air-mass origin to elucidate the transport and transformatiorcontext of the information presented in Fig. 13 and its discus-
of aerosols across the Pacific. Dunlea et al. (2009) idension. Both screening techniques remove contributions of OC
tified air-masses of Asian origin using observed AMS sul- and sulfate of North American origin. The criteria used by
fate >1 pg/n? and included only those data sampled by the Dunlea removes a substantially larger fraction of the North
C-130 west of 125W . Peltier et al. (2008) screened data America contribution. The low values near the surface in
for Asian CO greater than 75% of the total anthropogenicthe Dunlea screening is due to the fact that these observation
FLEXPART CO as air-masses originating from Asia. The points are very aged as reflected in the monthly mean air-
STEM predictions were examined using the data screeningnass age distributions shown in Fig. 13c. These results sup-
criteria defined by Dunlea et al. (2009). We also classi-port the idea that the OC to sulfate ratio is lower in more aged
fied the STEM data similar to Peltier et al. (2008) study us-air-masses. However, these results should be interpreted cau-
ing predicted CG 100 ppb and tagged China anthropogenic tiously, as Peltier et al. (2008) compared WSOC/sulfate ra-
CO=>50% of the predicted total anthropogenic CO as screentios while we compared OC/sulfate ratios.
ing criteria. Dunlea et al. (2009) showed that AMS and PILS
instrument both showed similar results for sulfate concentra3.4.3 Influence of transpacific transport on the
tion during the INTEX-B period. We used AMS sulfate and western US
AMS OC (calculated from OM) data for comparison as it was
readily available for both Peltier et al. (2008) and Dunlea etThere is currently keen interest in evaluating the importance
al. (2009) screening techniques mentioned above. The O®f intercontinental transport of pollution (NRC, 2009; HTAP,
to sulfate ratios screened in these ways are shown in Fig. 1£2007). Observations of trace gases and aerosols were also
Also shown are the OC to sulfate ratios for all the data pointsavailable from the surface site at Mt. Bachelor Observatory
for the C-130 flights (no screening). Using all the data the(MBO, 44.0° N, 121.7 W) in Oregon. Observations at MBO
OC to sulfate ratio is approximately 1 in the lowest 3km, have been shown to be particularly useful in studying long
and drops to a value 6f0.3 between 3 and 6 km. The Peltier range transport (Jaffe et al., 1999; Wolfe et al., 2007; Rei-
screening method shows a similar altitude dependency of themiller et al., 2009). Here we analyze the MBO data with
OC to sulfate ratio, with lower values-Q.6) in the lower  respect to the INTEX-B conditions. The comparison of pre-
altitudes. This is the result of their screening method that re-dicted ozone and PAN with measurements from MBO during
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Fig. 13. Mission wide average meridonial cross sections of aerosols®dtl 4furing INTEX-B (a) Sulfate(b) Sulfate to Potential Sulfate
ratio (¢) VOC age (hours) and) OC/SQ, ratio. The values on the cross section plots denote the contour labels at sharp gradients.

8000 for ozone (Fig. 15a), PAN (Fig. 15b) and dust (Fig. 15c).
6000 2 / Dust is a good tracer for transpacific transport during this

] e period as this is a period of active dust emissions in Asia.
4000+ - The vertical distribution of dust (Fig. 15c) over MBO shows
2000 e ?

Altitude (m)
3
SN
N

that dust events occur on synoptic time scales, and pass over
this location between 3-7 kma.g.l. altitudes. Dust reaches

0% N EEI VR I I R Y. the surface in subsiding air-masses through entrainment into
1 1 .
° AMS 0CISO, o Mode,ed;c,sq thfe boundary layer as _s.hov.vn on 11 May. .The ozone cur-
—e— All data Obs C130 @ Obs Dunlea et al., screening--- Obs Peliter et al., screening tain shows hlgh Varlablllty in the upper altitudes with in-
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fluence of stratospheric ozone as well as from long range
transport (Fig. 15a). The PAN vertical structure shows the
influence of local sources as well as elevated plumes associ-
ing the OC (OM/1.9) and Spmeasurements from AMS aboard ated with long range transport (Fig. 15b). There are peri.ods
the C-130 aircraft. The Dunlea et al. (2008) screening criteriaWhen ozone and PAN are not F:orrelated, but more periods
are Observed AMS SQ> 1 pug/n? and sampled west of 125y When they are correlated showing that long range transport
longitude. The Peltier et al. (2008) criteria used are modeledin the upper troposphere during this period brings together
CO> 100 ppb and model tagged China anthropogenic>(8D%  air masses of widely different origins. This is also shown by
of the predicted total anthropogenic CO. the dust distribution correlations with ozone, which occurs

in the dust source regions wherein the low pressure systems

bring dust up from the surface and ozone down from high
the INTEX-B is shown in Fig. 15d. The model is able to altitudes. The patterns show differences and similarities in
capture both the magnitude as well as the temporal trends ahe vertical structures between these three components, and
ozone and PAN. It is important to note that modeled PAN these illustrate the complexities in the processes at play dur-
is much closer in agreement to the measurements at MBQng the long range transport over the Pacific. The superim-
than when compared to the airborne DC-8 and C-130 meaposed time series of modeled surface level dust, ozone and
surements. This may be due to the fact that regional proPAN (Fig. 15d) further illustrates the different characteristics
duction of PAN plays a larger role and that the emissionsof these three constituents. For example, the ozone peak on
over NA are better characterized than over Asia. We alsahe 22 April is associated with relatively low PAN (with peak
show calculated vertical distributions as a function of time

Fig. 14. Average vertical profiles of OC/SQratio during the
INTEX-B campaign. The observed OC/g@atio is calculated us-
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MBO along the eastern side of the ridge bringing descending
air of stratospheric origin from the North. The ridge clearly
separates the ozone transported from Asia which is on the
western side of the ridge. Thus the air over MBO has high
ozone and low dust as shown clearly in the vertical profiles
of Fig. 15. On 3 May (Fig. 16c), there is another weak ridge
over the eastern Pacific which transports pollution from the
North. This ridge is not as strong as on 22 April. To the east
e e 7o 75 s s o w oo merm of the ridge ozone and PAN are correlated, with maximum
__PAN (ppt) over MBO values at the surface, and moderate values aloft. Dust values

W at the surface remain low, reflecting the lack of local emis-
sions and wet removal along its transport path. The third pol-
lutant peak over MBO around 11 May (Fig. 16e) shows zonal
flow transporting dust, ozone, PAN and other pollutants from
Asia to the west coast of the US.

To further understand the flow characteristics of these
three events, we estimated ozone/PAN/dust distributions
backward in time by combining the corresponding observed
values at MBO with air-mass back trajectories. For this anal-
ysis, we used three-dimensional 12 day backward trajecto-
ries calculated from the model to assess the impact of long
range transport over MBO. The location of an air parcel at a
particular time was represented by the trajectory segment lat-
itude and longitude endpoints. The entire geographic region
covered by the trajectories was divided into an array of grid
cells. It was assumed that the concentration did not change
from the value observed at MBO for a particular time along
the back trajectories. Let; ; be the number of segment end-
points ini, j™* grid cell that denote the trajectories arriving
at MBO when the time corresponds to a particular pollution
event described above. The average concentration of each
grid cell C; ; was calculated by using the Eq. (1):

Allitude (meters)
JITHIEE

Altitude (meters)
EEEEEEEESE

Atitude (meters)
gEg § §EE8

0 v
T i 1 =) )
g & 2 § § § 3 i
b S & - © = © 1 &
Cij=——> Ci (1)
O Observed Ozone (ppbv) & Observed PAN*100 (ppbv) mj j =1

= Model Ozone (ppbv) = Model PAN x100 (ppbv)

-« Model Dust (ug/m® . .
e el where C; denotes the observed concentration at the time

) ] ) ) when the back trajectory was initialized. Thus the concen-
S'g: 15|'N(Taé;(-'ge altitude cross bsegi'\?s Oft tracg ga;ses /":‘T%MBO tration of species was reconstructed along the path of back
urnng - (2) ozone (ppbfb) (ppt) (c) Dust (ug/m) trajectories. Further details are described elsewhere (Kurata
(d) Comparison of observed and modeled ozone and PAN at the . .
t al., 2004). The trajectories were colored by the mean

surface. Note that panel (d) also includes the modeled dust. Th ) . .
values on the cross section plots denote the contour labels at shaﬂfsewed pollutant Concentrat'_on ‘T"SSOC'ated with them and
gradients. these results are also shown in Fig. 16. The reconstructed
concentration plot of ozone along the trajectory path for the
first event around 22 April clearly shows the path of the
ozone being anti-correlated with PAN), and low dust values.high ozone (Fig. 16b, grid cells colored in red) coming from
The peak around 3 May has both high ozone and PAN buthe north with relatively lower values along the direct Asian
low dust concentration. Finally the peak around 11 May hastransport path. Similar plots for PAN and dust (not shown)
high ozone, dust and PAN. show low values consistent with the above findings. Like-
To help put these three periods in perspective modeledvise, the plot of PAN for the event on 3 May shows that high
ozone, PAN and dust distribution at 3km a.g.l. at 18 Z for 22 values of PAN (Fig. 16d) and ozone (not shown) with rela-
April, 3 May and 11 May are shown in Fig. 16. Wind barbs tively lower dust (not shown) originate along the path coming
are also plotted in these figures to illustrate the transport patfrom the north/northwest direction. Finally for the peak on
terns. On 22 April, modeled ozone (Fig. 16a) is high over May 11, the dust plot (Fig. 16f) clearly shows that the high
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Fig. 16. Horizontal distribution of modeled ozone, PAN, and dust at 18 z, 3kma.g.l. layer along with redistributed concentration along back
trajectories on 22 Apri{a, b), 3 May (c, d) and 11 May(e, f) during INTEX-B.

values of dust, along with PAN and ozone (not shown) aremodel. After the initial few days, the predicted values cap-
transported along the zonal flow originating from Asia. ture the magnitude and much of the observed variability with

We also analyzed the CO observations at MBO (Fig. 17).5°Me offsets in timing and magnitude, which may be in part

The observed and predicted CO concentrations at the surfaci!€ {0 the resolution of the model and displacements in the
at MBO are shown in Fig. 17d. At the start of the time series flow fields.. An exception being that the model overestimates

both the model and the observations show very small vari{h€ peak on 11 May. We investigated this further by using

ability, but the model shows a systematic offset. We do notthe results from the tagged-CO tracer simulation to estimate
have :':1 clear explanation for this, but as it was a period 0fthe contribution of different emission sources and regions at
prolonged high concentrations in the observations, it could/BO- Time series of source region tagged CO over MBO

be do to a biomass emission issue that is not captured in ot >-3kma.g.l. and at the surface are also shown (Fig. 17b
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and c¢). Connecting these two figures, we show the modeled
CO curtain over MBO (Fig. 17a). At the surface (Fig. 17¢)

the predicted CO levels are influenced by NA emissions, as
well as by emissions from China and South/Southeast Asia
fires. NA fires also contribute at discrete times. For exam-
ple the predicted peak on 11 May is not seen as out of the
ordinary in the observations. The model attributes this to a
biomass plume from North America, which is not obvious

from the observations. The contribution from US/Canada

 (ppb)

sources at the surface show clearly a small diurnal cycle asso- 16408 A
ciated with boundary layer processes and up-slope and down- B0 89 100 110 130 130 140 %0 160 170 180 200
slope winds. Even at the surface the contribution from distant 80 4 5.3 km AGL (b)
sources is approximately 50%. At 5.3kma.g.l. (Fig. 17b) — e0d] i
the contributions from China and South/Southeast Asia fire 2 w0
emissions grow in importance. The largest contributions o
from China and North Asia fire emissions occur around 11 % 2]
May, a period that also had high dust amounts as discussed 0
earlier. 200 —
3.5 The impact of aerosols on tropospheric chemistry g 150

over the Pacific Ocean g‘ 100 -

O 50 -
During the INTEX-B experiment the aerosol loadings in the <
domain were often quite high due to anthropogenic emissions 0
and emissions from biomass burning and wind blown dust. 240 .
Aerosols can impact the atmospheric chemistry throughava- (d)
riety ways, including altering photolysis rates and through Ewn ¢ e oo ':“ .
heterogeneous ref';\ctlons on par'qcle surfaces. We have previ- 3 4 .-3;“‘ Ak ‘*w-&‘.:{ﬁ?w‘.‘
ously shown that in the East Asia outflow these effects can 120 i Bl o . T
be large (Tang et al., 2003, 2004b). We performed addi- 80 - I' | | ] : :
tional calculations to evaluate the effects of aerosols during 16Apr 21Apr 26Apr 1May 6May 11May 16 May
the INTEX-B period. In one experiment we turned off the
effect of aerosols in the TUV photolysis model (i.e. made the A Observed CO ® Modeled CO
aerosol concentration values equal to zero in the TUV sub- - ?;l’;;}’:;f;’%o '.'”é;i‘;:"ég“ co
routine). Figure 18 shows the percent change in the mean B NAsiaBiomassCO @ $ AsiaBiomass CO
= N America Biomass CO

concentrations of OH, ozone, N@nd sulfate aerosol due to
changes in the photolysis rate calculation for the Hawaii por-
tion (16 —30 April) of the INTEX-B campaign. Our results Fig._ 17. (a)Time altitude cross section of CO, time series of source
show that aerosols strongly influence the chemistry of shor{ﬁg'(‘:; L?r?]egric;gn";cs[;gz/e?f;ﬂarhgéh(gl)ezugang‘:\;’g%v‘gg‘”n
Ilve_d species like OH and_Npover the pQIIUtEd regions of INTEX-B. Tﬁe values on the CO cross section plot denote the cog-
Asia and the western Pacific. In East Asia the OH values O ur labels at sharp gradients.
averaged decrease and pievels increase by 20 to 30% due
to the effects of aerosols on the photolysis rates, which in turn
impact sulfate and ozone, resulting in decreases in the aerosol
laden air-masses by5%. An important component in the portant during the 2001 NASA TRACE-P and ACE-Asia
calculated variability in the photolysis rates discussed earlieffield campaigns by Tang et al. (2004b). An additional simu-
in the paper is due to the variability in the predicted aerosollation was performed where the reactions of o0zone; @
mass and its vertical distribution. This can be seen in theNO, and HNQ on dust were turned off. The change in trace
large variability in the predicted particulate nitrate (Fig. 10), species distributions are presented in Fig. 19. In the East
which reflects the variability in the dust, sea salt and biomasssia outflow the impact of heterogeneous reactions on dust is
burning aerosols. The other major component is the variabilsignificant, increasing the average aerosol sulfate and nitrate
ity in the predicted clouds. by up to 10% and 20%, respectively, while reducing ozone
We also examined the importance of heterogeneous chenlevels by 5 to 10%. Over the central and eastern Pacific,
istry on the trace species distributions during INTEX-B. Het- where the INTEX-B flights were conducted, the mean im-
erogeneous chemistry on dust surfaces was shown to be inpacts of the heterogeneous reactions on dust for sulfate and
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Fig. 18. Average percent change in the concentration of trace gases and aerosols without the contribution of aerosols in photolysis rate calcu-
lation during the Hawaii portion of INTEX-Ba) OH (b) Ozone(c) NOx and(d) Sulfate. Shown are ((with aerosol —without aerosol)/without
aerosol)100. The values on the maps denote the contour labels at sharp gradients.

nitrate were 1-5%. These mean effects are smaller than thog®n. The model shows a very similar behavior (Fig. 20b)
found for the TRACE-P/ACE-Asia experiments by Tang et as that based on the observations. In Fig. 20c and d, we
al. (2004b). This reflects the fact that the INTEX-B period of plot the observed and modeled ratio of particulate nitrate
April/May 2006 had lower dust levels than the March/April to total nitrate (sum of particulate nitrate and gaseous nitric
period of 2001, and that the flight operations were conductedacid). Observations show that for Ca concentrations above
over the eastern Pacific, far away from the outflow regions~0.5 ug/n?, the nitric acid partitions into the dust, reducing
sampled during TRACE-P/ACE-Asia experiments. the gas phase concentrations®§0% (as discussed further
However the impacts of the heterogeneous reactions af! McNaughton et al., 2009). The model shows qualitatively
specific times during dust transport episodes can be mucR Similar behavior.
larger than the mean impacts discussed above. McNaughton These results show that aerosol interactions can play im-
et al. (2009) analyzed the aerosol and gas phase measurBortant roles in the atmospheric chemistry over the Pacific.
ments on the DC-8 aircraft to show that in the presence ofl Ne results also show that there remain large uncertainties in
dust both sulfate and nitrate aerosol production is increasedhe modeling of these interactions. This was illustrated by
and that as a result of the dust reactions, gas phase nitric acii€ comparisons of predicted HN@nd particulate nitrate
levels are reduced appreciably. In Fig. 20a we show plots ofVith observations which showed that the model appears to
observed sulfate to total potential sulfate (sum of sulfate ancPverestimate the partitioning into the aerosol phase. Further
SOp) as a function of aerosol Ca for all DC-8 flights, for al- guidance is needed from laboratory studies to help improve
titudes above 1.5 km, CO ands@reater than 90 and 40 ppb, the model treatment of heterogeneous chemistry on ambient
respectively, andBe less than 800 fCis/frto exclude data ~ 2erosol.
influenced by clean air-masses and stratosphere. The data
points show an envelope, with the ratio increasing with in-
creases in Ca. Also shown are the predicted values for the
same ratio plotted as a function of predicted dust concentra-
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Fig. 19. Average percent change in the concentration of trace gases and aerosols without heterogeneous chem. during the Hawaii portion o
INTEX-B (a) OH (b) Ozone(c) Nitrate and(d) Sulfate. Shown are ((heterogeneous — without heterogeneous)/without heterogég€ous)
The values on the maps denote the contour labels at sharp gradients.

4 Summary general the meteorological fields were better predicted than
gas phase species, which in turn were better predicted than

The STEM regional chemical transport model was used tc?erosol quantities. Despite successfully predicting many of
simulate the distributions of trace gases and aerosols ovéf!® measured parameters, the results identified areas where
the Pacific during the April/May 2006, which was the time Prediction improvements are needed. For example the pre-
period of the INTEX-B experiment. This was a period dicted CO enhancgments were underpredlgteq over the cen-
with active biomass burning emissions in South/Southeastral Pacific; mostly likely cause is that the emissions from an-
Asia, North Asia and North America, active wind blown dust thropogenic and open burning sources were underestimated
events, and strong westerly flows. As a result pollutants weréluring this time period. Other issues point to potential struc-
transported into and across the Pacific. Trace species distrfUral problems in our models. For example PAN was signif-
butions show strong west (high) to east (low) gradients, Withlc_antly overpredlct_ed. over the eastern Pacific. Thls was at-
the bulk of the pollution transport over the central Pacific oc- tributed to uncertainties in the chemical mechanisms used in

curring between-20° N and 50 N at altitudes betweer2 current atmospheric chemistry models in general, and specif-
and 6 km. ically to the high PAN production rates in the SAPRC-99

The modeled fields over the eastern Pacific were evaluategleChanism used in our regional model. The systematic un-
using the observations from the NASA INTEX-B field cam- erprediction of the elevated sulfate layer in the eastern Pa-

paign. Thirty different meteorological, trace gas and aerosoq\'jlc observed by the C-130 was another problem identified,
s

arameters were compared. The STEM chemical transoo hile the model predicts such an enhancement at altitudes
P P ' P aetween 3 and 6 km, it was significantly underestimated. At

was driven by the recently developed Weather Research an is point we do not know whether this is a problem with the

\',:v(;;e?gj;év:/oRng r;etggéo!gg'?r?lcrgotiﬁlh mSinV\;eR;urrneosdgisoz emissions in the region, or some other process in the
9 J P g model (such as wet removal).

the meteorology over the eastern Pacific in terms of wind
speed and direction, temperature and relative humidity. In
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(a) (b) The impact of heterogeneous chemistry on dust surfaces
1.0 . ad was also (_avaluated. Th_e results shovyed that these mecha-
& i N S . nisms are mportant and in dust laden air-masses can gnhance
% " ; £+ the production of aerosol sulfate and nitrate, and significantly
£ 0.6 o + reduce the nitric acid concentrations over the central and
£ 044 z eastern Pacific. Modeled results showed that while aerosol
< i . impacts on photolysis rates were important over the source
3 027+ g region, they were not significant over the central and eastern
004 . ————— Pacific. The results also showed that there remain large un-
00 04 08 12 00 04 08 1.2 certainties in the modeling of these interactions. This was il-
UNH Ca (ug/m’) UHN Ca (ug/m’) lustrated by comparisons of predicted HN@nd particulate
d) nitrate with observations, which showed that the model ap-
10 pears to overestimate the partitioning into the aerosol phase.
- > T Further guidance is needed from laboratory studies to help
2 S o8 ‘g Ho improve the model treatment of heterogeneous chemistry on
s RN A e S \
_g ;,., 06 + o5 . #; e ambient aerosol.
2 Z 044 :ﬁ%ﬁﬁ Finally these results show that chemical transport mod-
g § fa %J{# i els provide an important tool for the analysis of comprehen-
g 027 z 027 & 2 sive data sets such as those obtained in INTEX-B. However
L 0.0 W fwl“ : there remain important limitations as discussed above. Fur-
0 5 10 15 20 25 0 5 10 15 20 25 ther improvements in the models will require better estimates
Model dust (pg/m’) Model dust (ug/m’) of emissions, a better understanding of aerosol-gas phase in-
[~ Observation + Model] teractions, and a better understanding of the root causes of

errors in the prediction of important aspects of the photo-

Fig. 20. Comparison of model predicted ratios with DC-8 obser- chemical processes.

vations(a) observed S@Potential SQ ratio (b) observed aerosol
NOg3/(aerosol N@+HNO3) (c) Modeled SQ/Potential SQ ratio
(d) Modeled aerosol Ng/(aerosol NG+HNO3).
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