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[1] During the spring of 2002, vertical profiles of O;, CO, nonmethane volatile organic
compounds (VOCs), and total aerosol scattering were collected over the northwestern
coast of Washington State as part of the University of Washington’s Photochemical Ozone
Budget of the Eastern North Pacific Atmosphere (PHOBEA) research campaign. These
observations coincided with NOAA’s Intercontinental Transport and Chemical
Transformation 2002 (NOAA-ITCT 2K2) project. Thirteen research flights were
conducted from 29 March through 23 May and several well-defined polluted layers of
varying thickness (~0.2 to >3 km) were observed at altitudes between 0 and 6 km. These
layers were characterized by correlated enhancements of O;, CO, VOCs, and particles. We
observed rapid transpacific transport of polluted air masses on 15 April and 14, 17,

and 23 May 2002, with AO3 and ACO (where A refers to the enhancement over
background) exceeding 30 and 60 ppbv, respectively, and total acrosol scattering of green
light (“0gp (550 nm)») €Xceeding 65 Mm !, These episodes were efficient in transporting O3
to the northeast (NE) Pacific troposphere, with AO;/ACO ratios in the pollution layers
varying from 0.22 to 0.42 mol mol™'. In contrast, the average Aoy (550 nm)y/ACO ratio
of the mid-May events (0.66 = 0.21 (10)) was more than twice that of the 15 April event
(0.32 £ 0.05). The correlation between O, CO, aerosols, and VOCs coupled with back-
trajectory analyses, satellite data, and the GEOS-CHEM global chemical transport
model indicate that the primary source of pollution observed on 15 April originated from a
mixture of Asian anthropogenic and biomass-burning emissions. For the May events, our

analyses indicate that the early onset of the 2002 Siberian fire season was a significant

source of the pollution episodes observed in May.
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1. Introduction

[2] Transpacific transport of trace gases and particles
from the Eurasian continent to the northeast (NE) Pacific
has been well established throughout the past 2 decades. To
the best of our knowledge, Andreae et al. [1988] first
provided detailed airborne-based measurements of the

"Department of Interdisciplinary Arts and Sciences, University of
Washington-Bothell, Bothell, Washington, USA.

“Department of Atmospheric Sciences, University of Washington,
Seattle, Washington, USA.

3Department of Chemistry, University of Washington, Seattle,
Washington, USA.

Copyright 2004 by the American Geophysical Union.
0148-0227/04/2003JD004328$09.00

D23S12

long-range transport (LRT) of Eurasian emissions to the
remote NE Pacific troposphere during May 1985. Many
subsequent ground-based and airborne-based measurement
campaigns have confirmed that under certain circumstances,
trace gases including ozone (O;), carbon monoxide (CO),
radon, nitrogen oxides (NOy), volatile organic compounds
(VOC:s), and particles of Eurasian origin may be transported
to the NE Pacific within 5 to 6 days [Kritz et al., 1990;
Parrish et al., 1992; Jaffe et al., 1999, 2001, 2003;
McKendry et al., 2001; Kotchenruther et al., 2001a; Price
et al., 2003, 2004]. Additionally, several studies have used
Global Chemical Transport Models (GCTM) to quantify the
impacts of Eurasian emissions on the NE Pacific tropo-
sphere [Bernsten et al., 1999; Jacob et al., 1999; Jaeglé et
al., 2003]. For example, using the GEOS-CHEM model,
Jaeglé et al. [2003] suggest that the transport of Eurasian
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anthropogenic and biomass-burning emissions accounted
for, on average, 17% of O3 and 48% of CO in the NE
Pacific lower troposphere (0—6 km above mean sea level
(asl)) during the spring of 2001.

[3] Many different emission sources contribute to the
trace gases and aerosols transported from Eurasia including
uplifted mineral dust, natural and human-caused biomass
fires, and fossil fuel and biofuel (e.g., wood, charcoal, and
agricultural waste) combustion. Meteorological conditions
play a key role in the transport of Eurasian emissions to the
NE Pacific, particularly throughout the winter and spring
[Merrill et al., 1985, 1989; Hoell et al., 1997; Newell and
Evans, 2000; Liu et al., 2003] when strong midlatitude
westerly winds transport airmasses of Eurasian origin over
the northwestern Pacific Ocean. Subsequently, the cyclonic
rotation of the Aleutian Low coupled with the anticyclonic
rotation of the Pacific High directs the Eurasian continental
outflow toward the NE Pacific Ocean and western North
America.

[4] To improve our understanding of the impacts of the
LRT of Eurasian emissions, the University of Washington’s
Photochemical Ozone Budget of the Eastern North Pacific
Atmosphere (PHOBEA) science initiative, which began in
the spring of 1997, uses ground-based and airborne-based
observations of O3, CO, VOCs, and aerosols to help
determine the influence Eurasian emissions have on O;
photochemistry and the chemical composition of the NE
Pacific troposphere and marine boundary layer (MBL)
[Jaffe et al., 1999, 2001, 2003; Kotchenruther et al.,
2001a, 2001b; Price et al., 2003, 2004]. Prior to this study,
two PHOBEA airborne campaigns were conducted in the
springs of 1999 [Kotchenruther et al., 2001a, 2001b] and
2001 [Price et al., 2003]. The spring 2002 research flights
were conducted concurrently with PHOBEA ground-based
observations made at the University of Washington’s
Cheeka Peak Observatory, (“CPO,” located at 48.3°N,
124.6°W and 480 m (asl)) [Weiss-Penzias et al., 2004]
and with the National Oceanic and Atmospheric Adminis-
tration’s Intercontinental Transport and Chemical Transfor-
mation 2002 (ITCT 2K2) research project (D. D. Parrish et
al., Intercontinental Transport and Chemical Transformation
2002 (ITCT 2K2) and Pacific Exploration of Asian Conti-
nental Emission (PEACE) Experiments: An overview of the
2002 winter and spring intensives, submitted to Journal of
Geophysical Reasearch, 2004).

[s] The primary goals of the PHOBEA 1999 and 2001
airborne studies included (1) investigating the impacts of
Eurasian emissions on the composition and photochemistry
of the NE Pacific troposphere and (2) investigating the
relationships between measured species and the information
these relationships provide about the emission sources. The
goals of the PHOBEA 2002 airborne campaign are to add to
the observations of the previous studies with particular
interest in the relationships between O;, CO, particles,
and VOCs in polluted airmasses transported to the NE
Pacific. In the 1999 and 2001 airborne studies, CO obser-
vations were made using canister sampling. In comparison,
the 2002 airborne study was the first time we deployed a
continuous ultraviolet resonance-fluorescence (UV-RF) CO
instrument to compliment our measurements of O; and
aerosol scattering, which greatly improved our capabilities
for understanding CO-Os-aerosol relationships. Because the
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PHOBEA 2002 airborne campaign extended further into the
spring than the previous two campaigns, a new and impor-
tant finding of this study is the influence of Siberian
biomass-burning emissions on the NE Pacific atmosphere
during the late spring.

2. Experiment

[6] From 29 March through 23 May 2002 we conducted
13 flights using a small research aircraft (Beechcraft Duch-
ess 76) over the NE Pacific Ocean (47.8°-48.5°N and
123.9°-125.4°W). A typical flight departed from Paine
Field in Everett, Washington and ascended to ~6 km (asl)
en route to the sampling location located west of CPO
(Figure 1). Upon reaching this area, vertical profiles were
collected during a spiraling descent to ~0.5 km (asl)
followed by a return flight leg for a cumulative flight time
of ~3.5 hours. Two rear-facing 1/4-inch o.d. (3/16-inch i.d.)
inlets were used for the collection of canister whole air
samples and continuous measurements of ambient air,
respectively. A suite of instruments were employed for
continuous measurements of Oz, CO, total aerosol scatter-
ing of light (o), ambient pressure, temperature, relative
humidity (RH), and flight position (altitude, latitude, and
longitude). The canister samples collected during each flight
were subsequently analyzed for CO and VOCs. With the
exception of the continuous CO instrument, the PHOBEA
airborne measurement platform has been described else-
where [Price et al., 2003; Snow et al., 2003], and therefore
only a brief description of the measurement techniques are
provided below.

2.1. Continuous Measurements

[7] Our flight track was mapped using a hand-held Global
Positioning System (GPS) (Trimble, Inc.), which logged the
flight coordinates every 5 s. Ambient temperatures and
relative humidity (T/RH) were collected using a T/RH
probe (Vaisala, Inc., model HMP 45), which extended
~20 cm from the outer skin of the aircraft. To assure the
quality of these measurements, the temperature and relative
humidity vertical profiles were compared with balloon-
sonde measurements taken over Quillayute, Washington,
located ~50 km southeast of CPO (available from the
University of Wyoming’s Department of Meteorology web-
site at http://weather.uwyo.edu/upperair/sounding.html). For
each flight we found an excellent agreement between our
temperature and RH measurements and the sonde data.

[8] Ozone measurements were made using a miniature
ultraviolet (UV) absorption analyzer (2B Technologies,
Inc.) [Bognar and Birks, 1996], which has a precision and
accuracy of =4 ppbv for 10-s signal averaging. An external
03-CO-aerosol sampling inlet, consisting of a 15 cm stain-
less steel elbow (6.35 mm i.d.) and ~1.5 m of Teflon tubing
(6.35 mm i.d.), brought outside air to the O3 analyzer at a
flow rate of ~15—-20 L min~'. Laboratory tests before and
after the PHOBEA 2002 campaign indicated that at this
flow rate no measurable O; losses or passivation effects
occurred on the stainless steel or Teflon walls of the sample-
inlet system.

[¢] An integrating nephelometer (TSI, Inc., Model 3563)
measured total aerosol scattering coefficients of blue, green,
and red light (05, 450 nm)> Osp (550 nm)» a0d Oy (700 nm))s
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Figure 1. Map of the Pacific coastal region where vertical

profiles were collected. Also shown are locations of major
urban areas and the University of Washington’s Cheeka
Peak Observatory (CPO).

respectively. Owing to flow rates and the design of the rear-
facing inlet, particles with a geometric diameter >0.8 +
0.2 pm were excluded from these measurements [Price et
al., 2003; Jaffe et al., 2003]. The nephelometer was cali-
brated with gases of known scattering coefficients (filtered
air and CO,) and has a total uncertainty of +0.2 Mm ™'
(1 Mm ™ '=1 x 10°m ") or 11%, whichever is greater, for a
60-s averaging time. Zero-offsets of the instrument were
determined during individual flights by flowing HEPA
filtered air through the instrument en route to the vertical
profiling location. Afterward, the scattering coefficients
were corrected to standard temperature and pressure (STP
(1 atm, 273 K)) and are reported as such throughout the
remainder of this paper.

[10] In previous PHOBEA airborne campaigns, CO was
measured exclusively using canister whole-air sampling
with subsequent gas chromatography-reduction gas ana-
lyzer (GC-RGA) analysis. Up to eight canisters were
sampled per flight, and thus the collection of highly
resolved CO vertical profiles in the 0—6 km column was
impractical. During the 2002 campaign, we continued to
use canisters for CO analysis but also deployed an
ultraviolet resonance-fluorescence (UV-RF) CO analyzer
(Aerolaser, Inc., Model 5002) for collecting 1-s measure-
ments of CO [Gerbig et al., 1996, 1999]. In addition to the
fast time response, the UV-RF CO instrument has high
sensitivity (<2 ppbv for 10-s averaging time) and a
detection limit of ~1.8 ppbv. Approximately three in-flight
calibrations were performed per flight using a commercial
CO standard in synthetic air (Scott Gas, Inc.), which was
referenced to a primary laboratory CO standard (National
Institute of Standards and Technology standard reference
material, (NIST-SRM) 2612a). The total estimated uncer-
tainty of the UV-RF CO measurements is ~5% for a 10-s
averaging time. Owing to logistical difficulties, the UV-RF
CO analyzer was not operated during 4 of the 13 flights
(Flights 1, 2, 4, and 6).

2.2. Canister Measurements

[11] A total of 81 whole-air canister samples were col-
lected during the 2002 airborne campaign. Six canister
samples were collected during each flight at altitudes of 6,
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5,4, 3,2, and 0.5 km (asl) and two additional canisters were
available during flights for sampling “layers of interest,”
which were identified during our spiraling decent using the
real-time O3, CO, and aerosol measurements. All whole-air
samples were collected while maintaining a constant alti-
tude (50 m) for ~2—5 min. Subsequent to the research
flights, the samples were analyzed for CO (as described
above) and nonmethane VOCs using a cryogenic precon-
centration injection technique with high-resolution gas
chromatography separation and flame ionization detection
(GC-FID). For a more detailed description of the tech-
niques, we refer the reader to Doskey and Bialk [2001]
and Price et al. [2003, 2004]. The precision of our RGA CO
analysis, as determined from replicate measurements
throughout the campaign, is ~2% with a total estimated
uncertainty of <5%.

2.3. Trajectory Analysis

[12] Back trajectories were calculated to determine the
source regions for airmasses in the vertical profiles using
the NOAA Air Resources Laboratory (NOAA-ARL)
Hysplit model (available at http://www.arl.noaa.gov/ready/
hysplit4.html). The Hysplit model was operated with the
National Center for Environmental Prediction’s (NCEP)
FNL meteorological data set and vertical motions were
calculated using model vertical velocities. For each flight,
the Hysplit model was used to calculate 10-day back
trajectories at 500-meter intervals within the 0—6 km
column at the sampling location and during the hour closest
to the measurements.

2.4. Global Chemistry and Transport Model Analysis

[13] For atmospheric chemistry transport simulations and
postmission analysis, we used the GEOS-CHEM global
tropospheric chemistry model, version 5.03 (available at
http://www-as.harvard.edu/chemistry/trop/geos), which is
driven by assimilated meteorology from the Goddard Earth
Observing System (GEOS) of the NASA Global Modeling
and Assimilation Office. The model simulates tropospheric
03-NO,-VOC chemistry and includes ~120 chemical
species and 24 tracers [Bey et al., 200la]. For the
PHOBEA 2002 period, we used the GEOS-3 monthly
meteorological fields at a horizontal resolution of
2° latitude by 2.5° longitude and at 30 vertical levels.
The model’s chemical mechanism, treatment of aerosols,
emissions, transport, and deposition are described by Bey
et al. [2001a] with recent updates by Martin et al. [2003].
The GEOS-CHEM model has been extensively evaluated
against observations in many studies [Bey et al., 2001a,
2001b; Li et al., 2002a, 2002b; Palmer et al., 2001, 2003;
Fiore et al., 2002; Jacob et al., 2003; Liu et al., 2002;
Martin et al., 2002]. These include recent comparisons to
the PHOBEA 2001 airborne and ground-based observa-
tions [Jaeglé et al., 2003], the PHOBEA 2002 ground-
based observations [Liang et al., 2004], and the ITCT-2K2
airborne observations (R. Hudman et al., Ozone production
in transpacific Asian pollution plumes and implications for
ozone air quality in California, submitted to Journal of
Geophysical Research, 2004).

[14] In addition to simulations with climatological bio-
mass-burning emissions [Duncan et al., 2003], we also
conducted a simulation with enhanced CO emissions over
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Siberia reflecting the early spring 2002 boreal fire season.
In this simulation, CO was tagged according to source
regions and emission type (e.g., Asian fossil fuel and
biofuel, Southeast Asian biomass burning, and boreal
biomass-burning emissions) and uses OH fields from the
full chemistry simulation following Bey et al. [2001b]
and Jaeglé et al. [2003]. We estimate that the April and
May 2002 Russian boreal fires consumed a land area of
~4 million hectares [Sukhinin et al., 2003; E. Hyer,
personal communication, 2003]. Assuming 30 Mg of bio-
mass were consumed per hectare [Stocks, 1991; Cahoon et
al., 1994, 1996; Levine and Cofer, 2000] and an emission
factor of 120 g CO emitted per kg of biomass consumed
[Hegg et al., 1990; Radke et al., 1991; Susott et al., 1991,
Cofer et al., 1996; Yokelson et al., 1997; Goode et al.,
2000], we estimate 14 Tg CO emitted from these fires
during this period (4 Tg in April and 10 Tg in May). This is
a factor of 4 higher than our climatological biomass-
burning emission inventory. For comparison, global bio-
mass-burning emissions for these 2 months account for, on
average, 59 Tg CO, mostly due to biomass fires in
Southeast Asia [Duncan et al., 2003]. It has been noted
elsewhere that the majority of fires in the Russian Far East
appear to be crown fires [Kasischke et al., 1999; Kasischke
and Bruhwiler, 2002], although there is some debate on this
issue [Conard et al., 2002]. Because the high energy
associated with boreal crown fires can lift smoke plumes
into the free troposphere [Cofer et al., 1996; Lavoue et al.,
2000], our “tagged-CO” simulation vertically distributes
the Siberian biomass-burning emissions between 1.5 and
4.5 km above the surface.

3. Results and Discussion

3.1. Intercomparison of UV-RF and GC-RGA
CO Measurements

[15] A comparison between the GC-RGA and UV-RF CO
measurements is useful for validating the accuracy of the
new UV-RF CO instrument. Figure 2 shows the GC-RGA
CO measurements from the whole-air samples plotted
against the continuous UV-RF CO. The UV-RF CO data
in Figure 2 are the averages of the 1-s measurements
collected during the corresponding period when a canister
sample was collected (~4 min) and the error bars represent
the variability (10) of the 1-s measurements within this time
span. Typically, the variance in the UV-RF CO measure-
ments was <5 ppbv, although in some of the highly polluted
layers CO concentrations varied as much as 25 ppbv.
Accounting for the combined uncertainties of the two
measurement techniques, the near-unity slope (0.984 with
y-intercept forced to zero) and the high R? value (0.951)
indicate good agreement between the two instrumental
methods and that no measurement biases were evident in
either technique.

3.2. Intercomparison With the NOAA WP-3D
Aircraft Measurements

[16] During Flight 10 (11 May), we conducted an inter-
comparison flight with the NOAA WP-3D research aircraft.
The WP-3D and Duchess collected vertical profiles from
~2050 to 2115 and ~2135 to 2250 (UTC), respectively,
within the 0—6 km column and over the region bounded by
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Figure 2. Plot of UV-RF versus GC-RGA CO measure-
ments during this study. The UV-RF data have been
averaged to the canister fill-time (~4 min) and the error bars
represent the variability within a set of 1-s measurements.
The solid line and the dashed line represent a least squares
linear regression with the origin forced to zero and the one-
to-one correlation line, respectively.

47.8°-48.2°N latitude and 124.8°-125.2°W longitude.
Figure 3 shows a comparison of the O3 and CO vertical
profiles collected by both aircraft. Both aircraft observed
similar major features in the CO vertical profiles with
maximum concentrations of ~190 ppbv in a layer at
4.2 km. However, many of the minor features differ between
the two profiles. The Duchess UV-RF CO values are usually
higher (by as much as 8 ppbv) than those of the WP-3D.
Similarly, in our comparison between the WP-3D and
Duchess canister CO vertical profiles, the Duchess canister
CO is also higher. We note that the differences are within the
combined uncertainties of the measurements. Also, it is
worth emphasizing that this was not a “wingtip-to-wingtip”
intercomparison. Hence reasons for the differences between
the collected CO vertical profiles may include real changes
that occurred in the CO profile between the aircraft sampling
times and slight discrepancies between primary CO stand-
ards employed by the research groups.

[17] There is good agreement between the two O3 vertical
profiles, as the average of the differences between the
corresponding O3 measurements throughout the 0—6 km
column is less than 1 ppbv. However, Figure 3 shows that
the Duchess O; profile is noisier than the WP-3D Oj;
measurements and that the peaks of the two enhanced layers
at ~4.2 and 5.5 km are not as well resolved in the Duchess
O; profile as those in the WP-3D profile. This is likely due
to the better precision and accuracy of the WP-3D Oj;
instrument (1o precision of 0.2 ppbv and 2% accuracy)
compared with the UV absorption O3 instrument used in this
study (see section 2.1). Nonetheless, there is no evidence of
bias between the two sets of Oz observations.

3.3. Overview of the PHOBEA 2002 Airborne
Measurements

[18] Table 1 provides a statistical summary of our mea-
surements and Figure 4 shows the mean and median vertical
profiles of Oz, CO, 0, (550 nm) €thane (C,Hg), methyl
chloride (CH;Cl), ethyne (or ‘‘acetylene,” C,H,), and
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Figure 3. Vertical profiles of CO and O; collected by the
NOAA WP-3D and UW Duchess research aircraft during
Flight 10 (11 May 2002). Solid symbols denote continuous
measurements and open symbols represent canister CO
measurements.

propane (C;Hg). Although we measured a total of nine
VOC s, the four VOCs listed above accounted for ~90% of
the total VOC (TVOC) mixing ratios quantified during
PHOBEA 2002. We identified one canister sample
(Flight 3, 1 km) that was likely contaminated by ship
emissions and exclude this and other samples of regional
pollution sources (Flights 5 and 6 at 1 and 2 km) from the
data in Table 1 and Figure 4. The vertical profiles in Figure 4
illustrate the pronounced effects that the LRT of Eurasian
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0 T T T
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emissions had above the MBL. Specifically, O3, CO, oy,
(550 nm), and many VOCs peak between 3.5 and 5.5 km.
Ethane, which comprised more than half of the TVOC
observed in this study, generally decreases with increasing
altitude with a minimum median value of 924 pptv at 6 km
and a peak value of 1251 pptv in the 1-km bin. Similarly,
C,H, and C;Hg display the same general trend with peak
median mixing ratios of 201 and 159 pptv, respectively, at
4 km. In contrast, CH;Cl showed little variability through-
out the 0—6 km column, with a mean of 582 + 11 (1o) pptv.
3.3.1. Comparison of Airborne Observations With the
GEOS-CHEM Model

[19] Figure 5 shows a comparison of the mean O3 and CO
vertical profiles from both the PHOBEA 2001 and 2002
observations and includes mean Oz and CO vertical profiles
from the GEOS-CHEM simulations, which uses data
corresponding to the integrated flight times of the respective
campaigns. Both simulations use the same climatological
biomass-burning emission inventories. For comparison,
Figure 5b also includes the mean O3 and CO vertical
profiles from the model simulations with the April and
May 2002 Siberian biomass-burning enhancements
(section 2.4). The model reproduces the 2001 CO observa-
tions reasonably well [Jaeglé et al., 2003] but for O3 the
model displays a negative bias of 8 ppbv at the surface and,
on average, a positive bias of ~5 ppbv above the MBL
(Figure 5a). Figure 5b shows good agreement between
the GEOS-CHEM model and the 2002 O3 observations at
0-3 km and at 6 km, with a negative bias of ~0—3 ppbv at
these altitudes for the simulation with the Siberian biomass-
burning enhancements. However, the model displays a
negative bias of ~7—10 ppbv at 4 and 5 km. Likewise,

[
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Figure 4. Vertical profiles of O3, CO, VOCs, and aerosol scattering (A\ = 550 nm) during the ITCT-
PHOBEA 2002 airborne campaign. The means (closed diamonds), standard deviations of the means (1o,
error bars), and medians (open squares) are derived from the 13 research flights after local (North

American) pollution sources were removed.

5of 16



D23S12

BERTSCHI ET AL.: PHOBEA 2002 AIRBORNE OBSERVATIONS

D23S12

“UO1OAOP JO JIWI| IOMO] MO[Ig,
‘Apmys sty ur spunodwod orueSio s[ne[oA paynuenb [e0) oyy Jo wng,
(W 066) SI] UdAI3 Jo FuLIANEdS [0SOIOR [BI0],

stsequated ur umoys (O) UONEIASD prepuels,
“papn[our 10U Ak (W G 7> ‘9 PuB G SIYSI[]) SIOINOS [LIUSUNUOI UBILIDUIY YMON AQ Padudnpul sjuswsas W31y,

YLET TIVE S 0¢ I €l T €8 716 11S 78 8S¢€ 0€ 85¢ 8€S 796 799 6291 LIPq 8% 0ZI 681  LOT T6T 81 6L 09-S¢S
0bST L18€E v 1€ LIPa T1 € LTl 8 €Il v L9 TIT TEs 09 €26 68% 9€9 €0L 6781 P9 LY 0CI €T 011 08¢ 0T L8 SS—St
1851 99€€ S sy AIPa #1 € 9 S L6 S 19 LET 18% 0T 0T¢ LSS 61L 989 S6ST P9 89 6C1 €1C  SITLLT 81001 SH—t¢€
SLLT T60€ ¥ € 16 106 6 T8 LLy 6t 8€€ 08 €Tt 9%S 0L ¥T8 S0ST AIPq 6€ T 991 111 L0T 81 6L S€-ST
88LT 0SLT v LT LIPq LT IPq 8L 8 011 L 9§ 7Tl 69¢ TS 06T 9bS 8SL  8TOI 6TST P9 1T YTI ¥ST bIT LLT 61 ¥L ST
LL8T €06T TSt v TSI TI 08 L€y I€1 11€ 10T 8¢ ¥E€S T19  6T0T LOST IPq T1 LTI 8ST  OIT L9T LTSL  ST1-S0
wniuIy Nﬁ\@ wnuxop
0z61 11 ¢ Sl 4 ! 49 ]! 109 ¥26 661 43! 9¢1 ¥S  09-6¢
Te6l1 01 4 11 81 ! 0L1 20! 18 €66 veT 9¢1 6€1 19 ¢SSt
120¢C 6 4 01 0T 2l €LI 8S1 8¢ €Il we 8¢l Sel 8y  SE-ST
66TT €l 4 01 0€ 61 S61 44 vLS L9TT 08°0 LyT I+l 6  ST-ST
1¥ee 11 4 S 1T 2l 161 LLT 0LS 1scl 99°¢ 6b1 Tl 0S SI1-S0
uvipajy
(€vS) ¥10T 9 11 ©+ (12) 81 (€2) 8¢ (F1) 91 (Tt ¥91  (zo1) o€l (Lo1) 0€9  (L6D) €101 (T19) ¥$°¢ 02 6¢1 B I¥I (€D IS 09-§¢
(8€9) 91¢CT (8) T1 ©+ (€9) 12 (LD og L er (871 €T (bTI) 8SI () €85 (5S€) 8911 (IL1D 29°L (€9) 0sT  (s©)ssT (91) 85 SS—S¥
Ly) 66T (01) €1 (9 ¢ LD v1 (T0) 1¢ D61 (zr) s  (8L) L91 (8+) 865 (292) zoTI (88°S1) 0811 (60091 (19D 091 (S1)8S  SHv—§¢
(ove) TLiT (®) 11 (©)¢ (1¢) 2z 09 Lt (€1) 61 (S9) 8L1 (£6) 081 (1) 985 (S91) SHI1 #0°¢) 00°¢ (D w1 (psger  @Der $€-§T
(662) 81¢€T (8) ¥1 ) ¥ (o) 81 (62) 6¢ (¥1) T () 00z (28) 891 (1L) T19  (ssD) vyt (88°T) 9¢'T (8) ¥¥1 ©ovt (Do T¢I
(8€€) 09¢T Wzl Dz # 9 ¥ LE (r1) Tz (s9) oz (v11) 67T (€2) 895 (6L1) 8LTI (0£0) 18°¢ oD L1 (0D ThI © 8 S1-50
n«b ) UOUDIA( pADPUDIS PUD UDIJN
mdd add add add Add add add Add mdd “apuopy) add WA oSSy a5 Aqdd Aqdd Aqdd wy ‘urg
p DOAL ‘uonjo],  ‘Guexdy-N  ‘Quejuad-N  ‘Queing-N  ‘QueIng-os]  ‘QUIJAIO0Y ‘ouedoig TAYRIN ‘oueyig ‘0OvVHOd ‘0D AN 6] dpmny

PNy £q paredaides pue udredwe) 700z
VAGOHd oY) SuLn( poAIdsqQ SISSeULITY OjIoeJ Pue ueiseiny jo podsuel] oduey-uoT oy wor (W 0s9) 95 ‘wu (g6 = \) JySIT uooIn) Jo JuL0)edg [0SOIOY [BI0], PUR SOSBL) Q0BIL [ [qBL

6 of 16



D23S12

Altitude (km)
o

= Airborne

BERTSCHI ET AL.: PHOBEA 2002 AIRBORNE OBSERVATIONS

== GEOS-CHEM

Observations

D23S12

T =1

]~

|

L~

I

L

—

—_

30 40 50 60 T0

80 75 100 125 150 175 200

CO (ppbv)

0, (ppbv)
a)
8-
_— ﬁ 1
j:; A
£ <]
El —

E / —+— GEOS-CHEM
; = #- GEOS-CHEM
7 wi Sib. BB

—i= Airhorne
Observations
0

0 40 50 60 70
0, (ppbv)
b)

80 75 100 125 150 175 200

CO (ppbv)

Figure 5. Comparison of the O; and CO vertical profiles produced from the GEOS-CHEM and
airborne observations from (a) PHOBEA 2001 and (b) PHOBEA 2002. Both simulations use the same
climatological biomass-burning emission inventories. The PHOBEA 2002 observations are compared
with the GEOS-CHEM modeled vertical profiles with and without Siberian biomass-burning emission

enhancements (see text).

the agreement between the 2002 CO observations and the
model CO is reasonably good from the surface to 1 km, yet
the model displays a negative bias of, on average, ~26 ppbv
between 3 and 6 km. As noted in the previous section, these
were the altitudes where the observed enhancements of trace
gases and particles due to LRT are most pronounced. This
suggests an additional source (or sources) of ozone, CO,
aerosols, and VOCs during the 2002 study in comparison
with the 2001 study.

[20] Figure 6 shows the GEOS-CHEM time-height cross
sections from the simulation of three tagged CO tracers
transported to CPO (48.3°N, 124.6°W) from Asian CO
(including fossil fuel and biofuel emissions) (Figure 6a),
Asian biomass-burning CO from southeast (SE) Asia
(Figure 6b), and Asian biomass-burning CO emissions
from boreal fires in Russia (Figure 6¢) with enhanced
emissions reflecting the early spring 2002 boreal fire
season. Figure 6 also includes the times when the 2002
airborne observations were made between 25 March and
27 May 2002 (indicated by black vertical lines and flight
number). From mid to late April, Asian anthropogenic
sources account for ~30—60 ppbv of the tagged-CO near
the surface. Enhanced CO levels were also observed at
CPO during these long-range transport events [Weiss-
Penzias et al., 2004; Liang et al., 2004]. In contrast, most
of the SE Asian biomass-burning CO contribution (~15—
30 ppbv) was above ~3—4 km. In comparison with the
former two sources, the GEOS-CHEM simulation esti-
mates that Siberian biomass-burning CO increases in

frequency and magnitude throughout the lower troposphere
from mid-April through May 2002.

3.3.2. Case Studies of 2002 Long-Range Transport
Events

[21] Here we present four case studies of LRT observed
during PHOBEA 2002. The term “event” describes epi-
sodes of transpacific transport based on the following
criteria: (1) CO and oy, (550 nm) Must be elevated relative
to monthly median levels by >50 ppbv and 20 Mm ',
respectively; (2) local winds must be consistently from the
Pacific and away from any regional pollution sources for the
duration of the event; (3) trajectories must be consistent
with the local winds and indicate transpacific transport.
3.3.2.1. Flight 3 (15 April 2002)

[22] Figure 7 shows the vertical profiles of Flight 3,
which was the first LRT event observed during PHOBEA
2002. From 10 to 15 April 2002, the Pacific High was at
~45-55°N latitude and 165—175°W longitude and the
Aleutian Low was located over the northeastern Gulf
of Alaska (~50-60°N, 130—150°W). This system con-
ducted westerly winds from the Northwest Pacific to the
Washington state coastline. Meteorological conditions
were characterized by westerly winds throughout the 0—
6 km column and a low cloud layer extending from 0.5 to
3 km. A layer of enhanced pollutants was present from 3
to 6 km. Ozone, CO, and o, (550 nm) levels in the polluted
layer exceeded 85 ppbv, 270 ppbv, and 50 Mm ™', respec-
tively. In addition, most of the VOCs observed between
3 and 6 km were significantly enhanced and accounted for
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Figure 6. GEOS-CHEM time-height cross sections of the tagged-CO simulation at CPO (48.3°N,
124.6°W) throughout the spring of 2002. The numbered vertical lines show the vertical range of the
PHOBEA 2002 research flights. The cross sections show (a) Asian anthropogenic, (b) Southeast Asian
biomass burning, and (c) Siberian biomass burning sources of CO. Note that each CO cross section is
scaled differently. See color version of this figure at back of this issue.

the maximum VOC mixing ratios observed during this
study.

[23] In previous years, springtime LRT events in the NE
Pacific have contained a significant component of desert
dust [Jaffe et al., 1999, 2001, 2003; Husar et al., 2001;
Price et al., 2003, 2004]. Therefore we used our aerosol
scattering data to investigate the possibility that mineral dust
may have been entrained in this polluted airmass. Price et
al. [2003] have shown that the Angstrom exponent, &,
calculated from our nephelometer data is a good indicator
of mineral dust. The Angstrom exponent is calculated using
equation (1):

g. ()\1/)\2) = — IOg(OspO\,l)/Gsp(xg)] / 10g(>\1/>\2). (1)

In general, scattering measurements of mineral dust and
coarse mode particles provide lower Angstrom exponents
(~1 to 1.5) than fine mode particles (~2 to 2.5). The a
(Nss0/N700) in the 3—6 km column was, on average, 2.1 +
0.3 (lo), indicating a lack of dominance of coarse mode
particles in the aerosol mode distribution of this event.

[24] This event was also captured by the GEOS-CHEM
model, which assigns its origins to Asian anthropogenic
emissions (30—40 ppbv CO) with smaller contributions
from biomass burning (<20 ppbv CO). Figure 8 shows the
10-day Hysplit back trajectories and the time-height profiles
of this event. Figure 8 also includes NASA/MODIS active
fire detections made from 5 to 11 April 2002 (made
available through the University of Maryland at http://
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Figure 7. Vertical profiles of O;, CO, VOCs, and aerosol scattering (A = 550 nm) during the 15 April
event. The VOC measurements in the marine boundary layer (<1 km) showed evidence of local ship

exhaust (see text) and not included.

firemaps.geog.umd.edu). For a detailed discussion of the
MODIS fire products, we refer the reader to Justice et al.
[2002]. The MODIS fire detections have a resolution of
1° x 1° and indicate that the highest fire activity at this time
was in Southeast Asia (~30—15°N, 90—120°E). The back
trajectories for this event indicate that most of the air masses
we observed during the 15 April event passed through the
region within 35—45° N latitude and 110—140° E longitude
and were uplifted from ~2—4 km (above ground level, agl)
to 4—8 km (agl), followed by rapid transport (~4—5 days)
across the Pacific Ocean.

3.3.2.2. Flights 11-13 (14, 17, and 23 May 2002)

[25] Figures 9a—9c illustrate the vertical profiles of the
major trace gases and total aerosol scattering (0gp (550 nm))
for Flights 11-13 (14, 17, and 23 May, respectively), which
we refer to collectively as the “May events.”” The largest of
these events was observed during Flight 12 (Figure 9b). A
dry, polluted layer was observed above 3.5 km atop a moist
and much less polluted airmass that extended down to the
MBL. Within the polluted layer, O3, CO, C,Hg, CoH,,
C3Hg, and og, (sso nmy Were all enhanced relative to their
May 2002 median levels by ~25 ppbv, 80 ppbv, 350 pptv,
100 pptv, 250 pptv, and 40 Mm ™", respectively, with only a
slight enhancement in CH5Cl (<10 pptv). A sharp concen-
tration gradient in O3z, CO, and o (550 nm) Was observed at
~3.5 km, where the levels of these species plummeted by
~40 ppbv, 80 ppbv, and 40 Mm ', respectively.

[26] Figures 9a and 9c¢ show the respective vertical
profiles observed during Flights 11 and 13. While the
layers of interest were vertically narrower than the
17 May event, these layers show similar enhancements
of O3 (10-20 ppbv), CO (40-70 ppbv), and oy, (550 nm)
(30-60 Mm™'). In addition, Flight 13 had the largest
Osp (550 nm) and O3 mixing ratios observed during this study
(68 Mm~! and ~100 ppbv, respectively). Similar to the
17 May event, almost all VOCs exhibited significant

enhancements that were correlated with the enhancements
of O3, CO, and ogys50 nm)- Additionally, the Angstrom
exponent, & (As50/N\700), determined from the aerosol scat-
tering data collected during these events varied from 2.3 to
2.4, indicating a submicron aerosol size distribution.

[27] Figures 10a—10c show the NOAA Hysplit trajecto-
ries for the May events superimposed over the maps of
the NASA/MODIS active fire detections for 1-6 May
(Figure 10a), 7-13 May (Figure 10c), and 14—19 May
(Figure 10c) 2002. The backward trajectories indicate that
the polluted airmasses observed during May originated from
areas near the southeast Russian border with China and
Mongolia, and the MODIS fire detections indicate that the
highest fire activity in early May 2002 was between ~45°
and 60°N latitude. We note that all of the May events
originate from a vast area but that the high frequency of fire
detections in these areas indicate that biomass-burning
emissions are likely a significant contribution to the May
events. We also note that the 14 May back trajectories
(Figure 10a) started near a region in southeastern Russia
(~40-50°N, 120—150°E) dominated by fire activity and
subsequently passed over central Japan at 3—4 km above
ground level (agl) before transport across the Pacific. In
contrast, the 14 and 23 May events were transported over
the Pacific at much higher latitudes (>50°N), yet originated
from regions also dominated by fire activity. As indicated
by the GEOS-CHEM model, emissions from several other
sources (both anthropogenic and natural) mixed in with the
LRT plumes. However, our observations, coupled with
the satellite data, back-trajectories, and the GEOS-CHEM
model (discussed below), indicate that the Siberian fires are
a predominant source of the May events.

[28] As noted earlier, the GEOS-CHEM model predicts
enhanced transport of CO from Siberian fires for all three
May events profiled here, yet the magnitude is relatively
small (2—12 ppbv) compared with our airborne observa-
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Figure 8. The NOAA Hysplit back trajectories for the
upper air mass (~3.5 to 6 km) observed during 15 April
2002. Also shown are active fires detected in Asia from 5 to
11 April 2002 by the NASA TERRA/MODIS satellite. Each
marker represents active fire detections within a 1° x 1°
grid. The bottom plot shows the temporal profiles of the
altitudes (above ground level, agl) of the individual back
trajectories.

tions (40—70 ppbv). These discrepancies are most likely
due to uncertainties in CO emission factors, burned area
estimates, coarse vertical resolution of the model (~1 km),
and/or excessive dilution of emissions during transport in
the model. It is worth noting that the model captures the
altitude ranges (2—5 km) where the Siberian LRT events are
observed. In a simulation where we limit emissions to the
boundary layer, the modeled CO enhancements are generally
weaker and restricted to altitudes below 2 km. The model
simulations were not sensitive to the maximum height of
emissions (which we varied between 2.5 and 4.5 km), as
long as some emissions were injected above the boundary
layer. This underscores the importance of the injection height
on the global fate of biomass-burning emissions.
3.3.3. Enhancement Ratios of the 2002 Events

[29] Here we detail our observations of O3-CO-aerosol
relationships to provide further insight into the LRT events.
The observed correlations between CO, Os, particles, and
VOC in the aged haze layers of the 2002 events are
indicative of combustion sources. The difference between
the CO concentrations in a polluted airmass from that of
the CO concentrations in the background air (ACO =
COpoltution — COpkg) can be used to normalize the excess
mixing ratio of a coemitted species (i.e., AX/ACO). While
O3 is not a primary emission, significant levels of O3 are
produced downwind when CO, CHy, and VOCs react with
hydroxyl radicals (OH) in the presence of NO, and sunlight.

BERTSCHI ET AL.: PHOBEA 2002 AIRBORNE OBSERVATIONS
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Because CO is indicative of combustion sources and has a
relatively long lifetime in the troposphere, AO3/ACO
(defined as the “enhancement ratio” or “ER”) is commonly
used as an indicator of photochemical Oz production in
polluted airmasses originating from combustion processes
[Wofsy et al., 1992; Jacob et al., 1992; Parrish et al., 1993;
Mauzerall et al., 1996, 1998; Goode et al., 2000; Forster et
al., 2001; Yokelson et al., 2003; Hobbs et al., 2003; Price et
al., 2004].

[30] The determination of the background concentration
of CO and trace gases can be problematic. A common
method employed in airborne studies is to collect back-
ground measurements at approximately the same height but
outside of the polluted layer of interest [Goode et al., 2000;
Yokelson et al., 2003; Hobbs et al., 2003]. In airborne
measurements of LRT this is impractical, since haze layers
are often dispersed horizontally over a large region. A more
practical approach uses the measurements of unpolluted
airmasses above and below the polluted layer as a back-
ground. However, this too may be problematic when a
polluted layer extends above the maximum sampling alti-
tude (e.g., Flight 12) or when the boundary between the
haze and background are poorly delineated. To overcome
these difficulties, we employed two methods. First, we used
the April and May median vertical profiles, respectively, to
simulate the background concentrations during the events.
Second, the monthly backgrounds were compared with the
backgrounds determined by the clean layers above and
below the polluted layer for each event. For Flights 3 and
12 only the airmasses below the polluted layers were used
as a background reference.

[31] Table 2 lists the enhancement ratios and excess mix-
ing ratios for all species measured during the four PHOBEA
2002 events. The AO5/ACO and Adg, (550 nmy/ACO values
are reported with respect to the UV-RF CO observations, and
the VOC ERs are given with respect to the corresponding
canister RGA CO measurements. For each event, the
continuous measurements of Oz, CO, and o, (550 nm) Were
averaged every 100 m within the polluted airmasses before
calculating the ER. Measures were taken to avoid including
O3, CO, and oy, values from the “clean™ layers above
and below the well-delineated boundaries of the pollution
layers while calculating the 100-m averages. Subsequently,
the 100-m average AOs, ACO, and Ac;, (s50 nm) Values were
used to determine AO3/ACO and Aoy, (550 nm)y/ACO values
for every 100-m interval. Finally, within each plume, the
“100-m” ERs were segregated with respect to the altitudes
where canisters were collected and averaged with respect to
the time of the canister measurements.
3.3.3.1. Ozone Enhancement Ratios

[32] The observed AOs/ACO values during the 2002
events vary from 0.22 to 0.42 ppbv ppbv ' and are
comparable to the range of AO3/ACO values reported in
aged (>24 hours) emissions from previous field studies
conducted at middle and high northern latitudes [Wofsy et
al., 1992; Mauzerall et al., 1996, Wotawa and Trainer,
2000; Forster et al., 2001]. For example, during a 1990
summer field study conducted at high latitudes in North
America, Mauzerall et al. [1996] report AO3;/ACO ratios
ranging from ~0.11 to 1.3 within aged anthropogenic
pollution plumes and from ~0 to 0.66 in aged biomass-
burning plumes. They attributed the lower AO3/ACO ratios
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Figure 9. Same as Figure 7 but for the May events: (a) 14 May, (b) 17 May, and (c) 23 May 2002.
Correlated enhancements of O3, CO, total aerosol scattering (A = 550 nm), and most VOCs are evident

above 3.0 km in all of the profiles.

observed in the biomass-burning plumes to lower NOy
emissions from biomass burning compared with that of
urban and industrial combustion processes.

[33] In this study, the highest AO3/ACO ratio was
measured within the 15 April plume, yet this plume also
had the highest variability (0.26—0.42) as AO3/ACO ratios
decreased with increasing altitude. This trend was also
observed for the og, (ss0 nm) C2Ho, and CsHg ERs, while
the C,Hg and C4H;(, ERs remained consistent throughout

11 of

the plume. Because of the variability in the enhancement
ratios of the VOCs with similar or longer atmospheric
lifetimes than CO (e.g., Co,H, and CH;Cl), it appears
likely that the 15 April event was not as well-mixed
compared with the 17 May event. Again, the GEOS-
CHEM model predicted an enhancement in Asian CO
for 15 April with a dominant contribution from Asian
anthropogenic sources during this event. The AO3/ACO
ratios observed during all four events are in reasonably
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Figure 9. (continued)

good agreement with an “event” AO3/ACO mean value
of 0.29 £ 0.07 (1o0). This is in contrast to highly variable
O3 enhancements relative to CO in previously observed
LRT events in the NE Pacific (e.g., AO3/ACO = —0.06 to
1.52 mol molfl) [Jaffe et al., 2003; Price et al., 2004],

which included surface events and at least one large
mineral dust event.
3.3.3.2. Aerosol and VOC Enhancement Ratios

[34] In contrast to the ozone ERs, the Aoy, (550 nmyACO
ratios for the 2002 events are highly variable. For example,

Table 2. Excess Mixing Ratios and Enhancement Ratios, ER (Relative to CO), of the Airborne Measurements Collected During the Four

PHOBEA 2002 Events®

15 April 14 May 17 May 23 May
Species 6.5-55km 55-45km 45-35km 45-42km 65-55km 55-45km 45-35km 44-4.1 km
Excess Mixing Ratios
UV-Rf CO, ppbv 106 109 69 41 60 64 71 47
O3, ppbv 27 32 29 11 15 17 15 17
Osp (550 nm)» Mm ™! 29 35 24 31 30 34 36 46
GC-RGA CO, ppbv 62 108 68 36 54 59 50 44
Ethane, pptv 680 992 623 367 551 625 455 418
Ethyne, pptv 198 396 306 173 209 258 231 183
Propane, pptv 277 409 216 110 147 182 51 121
N-butane, pptv 69 100 78 11 28 21 8 10
Iso-butane, pptv 38 58 49 3 12 10 3 8
N-pentane, pptv 6 122 26 4 0 0 1 5
Toluene, pptv 0 12 33 5 0 1 0 2
Methyl chloride, pptv 352 0 120 0 0 0 5 0
N-hexane, pptv 1 11 9 0 1 1 0 0
Enhancement Ratios (mol mol™")

AO;/ACO 0.26 0.30 0.42 0.28 0.24 0.27 0.22 0.36
Ay, (550 nmyACO 0.27 0.32 0.36 0.77 0.51 0.52 0.51 0.99
Aethane/ACO 0.0110 0.0092 0.0092 0.0102 0.0103 0.0106 0.0092 0.0094
Aethyne/ACO 0.0032 0.0037 0.0045 0.0048 0.0039 0.0044 0.0047 0.0041
Apropane/ACO 0.0045 0.0038 0.0032 0.0031 0.0027 0.0031 0.0010 0.0027
An-butane/ACO 0.0011 0.0009 0.0012 0.0003 0.0005 0.0004 0.0002 0.0002
Ai-butane/ACO 0.0006 0.0005 0.0007 0.0001 0.0002 0.0002 0.0001 0.0002
An-pentane/ACO 0.0001 0.011 0.0004 0.0001 - - - 0.0001
Atoluene/ACO - 0.0001 0.0005 0.0001 - - - 0.0000
Amethyl chloride/ACO 0.0057 - 0.0018 - - - 0.0001 -
An-hexane/ACO - 0.0001 0.0001 - - - - -

*0Ozone and oy, (sso nm) ER are reported relative to the UV-RF CO and VOC ER are reported relative to RGA CO.
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Figure 10. Same as Figure 8 but for the polluted layers measured during (a) 14 May, (b) 17 May,
and (c) 23 May 2002. The NASA/MODIS fire detections in Figures 10a—10c show detections made from
1-6 May (Figure 10a), 7—13 May (Figure 10b), and 14—19 May (Figure 10c) 2002, respectively.

the average Aog, (sso nmy/ACO during the May events
(0.66 + 0.22) is more than twice that of the 15 April event
(0.31 +£0.04), possibly due to greater particle deposition or a
relatively smaller aerosol source for the 15 April event.
However, the HYSPLIT4 model indicates that the 15 April
event had a shorter transit time than the May events,
remained above the MBL during transit, and was subjected
to little precipitation during transport. Thus the difference
between the Aoy, (550 nm)y/ACO values is most likely due to
relatively high particle emission rates (with respect to CO)
at the source regions of the May events, which is typical of
smoke from large, high-intensity biomass fires [Ward and
Hardy, 1991; Radke et al., 1991; FIRESCAN Science Team,
1996; Reid and Hobbs, 1998; Reid et al., 1998].

[35] With the exception of methyl chloride, the VOCs in
Table 2 have similar or shorter atmospheric lifetimes than
that of CO. Assuming significant VOC losses during
transport (relative to CO) from reaction with OH, the ERs
presented in Table 2 may be considered lower limits to the
emission ratios of these VOC:s at the source regions. Butane,
2-methyl-propane, pentane, toluene, and hexane all have
atmospheric lifetimes ~<4 days and make up <5% of the
total excess VOCs measured during each of the May events.
Ethane, emitted from both biomass and fossil fuel combus-
tion, has a similar lifetime to that of CO and has the highest
ER (~9.9 £ 0.7 x 10~ mol mol™") of all the VOCs.

[36] The CH;Cl ERs vary significantly between the April
and May events with a maximum ACH;CI/ACO value of
5.7 x 10~ mol mol " observed during the 15 April event
and negligible enhancements observed during the May
events. Methyl chloride has an atmospheric lifetime of
approximately 0.5—1 year, which is much longer than that
of CO, indicating that the variations between the April and
May events are primarily due to different sources and/or
emission rates and not atmospheric removal processes. The
absence of enhanced CH;Cl in the May events is particu-
larly interesting because biomass burning is considered a
major global source of CH3Cl [Crutzen et al., 1979;
Andreae et al., 1996; Blake et al., 1996; Lobert et al.,
1999]. However, CH5;Cl emissions are known to vary

significantly by fuel and fire type. For example, in their
overview of emissions from global biomass burning,
Andreae and Merlet [2001] present a compilation of labo-
ratory and field measurements that indicate CH3CI emission
rates can vary by as much as an order of magnitude. Using
the data presented by Andreae and Merlet [2001] (and
references therein), the predicted CH3Cl emission ratio
relative to CO for extratropical fires is ~3.0 + 2.0 X
10~* mol mol™'. Using this estimate with the maximum
ACO value observed on 17 May (71 ppbv), we predict a
CH;Cl enhancement of 21 & 14 pptv, which is only ~4% of
ambient CH;Cl concentrations observed during the 2002
spring. Therefore the lack of enhanced CH;Cl in the May
events does not necessarily exclude biomass burning as the
primary source of the May events.

[37] Finally, it is important to note that agricultural
residue burning is prevalent throughout regions of Asia
and that a relatively high number of Asian households use
biofuels (wood, charcoal, and dung cakes) as a primary
energy source [Streets and Waldhoff, 1999]. During the
recent TRACE-P study, observations made in Asian urban
plumes indicated high levels of CH3Cl and HCN, indicating
that Asian urban areas are a significant source of emissions
from the combustion of agricultural residue and wood
biofuels [Jacob et al., 2003; Li et al., 2003; Blake et al.,
2003]. Compared with temperate and boreal fires, biofuel
and tropical fires may emit larger amounts of CH;Cl relative
to CO [Andreae and Merlet, 2001]. Therefore the correla-
tion of enhancements of CH3Cl with CO, aerosols, and
hydrocarbons suggest that the observed pollutants in the
15 April event had a component from biofuel and/or tropical
biomass fires. Furthermore, as noted in section 3.3.2.1, the
GEOS-CHEM model predicts that a significant fraction of
the observed pollutants in the 15 April event originated
from Southeast Asian biomass burning.

4. Summary and Conclusions

[38] In this study we made airborne measurements of
trace gases and aerosols in the northeast (NE) Pacific

13 of 16



D23S12

troposphere during the ITCT-PHOBEA spring 2002 re-
search campaign. This was the third PHOBEA airborne
campaign but the first time we used a new UV-RF CO
instrument for continuous measurements of CO to compli-
ment our continuous observations of O3 and aerosols. A
comparison of the UV-RF CO technique and our canister
CO measurements showed that there was a good agreement
between the methods with no evident measurement biases.
Furthermore, this was the first campaign that we were able
to conduct an intercomparison of our airborne observations
with a separate airborne measurement platform. In our
comparison with the NOAA WP-3D research aircraft, we
found a generally good agreement between corresponding
measurements; the most important of these were O; and
CO. There was a good agreement between O; observations,
although our O; vertical profile was slightly noisier due to
electrical noises that have since been addressed. Our CO
measurements displayed a slight difference relative to the
NOAA WP-3D measurements by ~1-8 ppbv but agree
within the combined uncertainties of the measurement
techniques.

[39] An overview of the vertical profiles of trace gases
and particles throughout the NE Pacific troposphere (0—
6 km) during the 2002 spring indicates that LRT of Eurasian
emissions had the most significant impacts above 2 km.
Specific episodes of the LRT of polluted air masses were
identified on 15 April and 14, 17, and 23 May 2002.
Observations of aerosol scattering and VOC enhancement
ratios (relative to CO) coupled with back trajectories,
remote sensing of biomass fires, and the GEOS-CHEM
model indicate that the 15 April event consisted of trace
gases and particles from both Asian anthropogenic and
Southeast Asian biomass-burning emissions, while the
major sources of the May events were Siberian biomass
fires from the early 2002 Russian fire season. To the best of
our knowledge, these were the first observations of spring-
time transpacific transport of Siberian biomass-burning
emissions to the NE Pacific.

[40] We found that the four events had comparable O;
enhancement ratios (AO3/ACO) that ranged from 0.22 to
0.42 mol mol™". The positive AO3/ACO ratio indicates that
all of these events were efficient at transporting O3 to the
NE Pacific troposphere. In contrast, our measurements of
aerosol scattering relative to CO (Ao y(sso nm)y/ACO) in the
May events are at least twice as great as those observed in
the 15 April plume (0.51—-0.99 Mm ' ppbv ' and 0.27—
0.36 Mm ' ppbv ', respectively), indicating that the May
fires also had significant impacts on particulate levels of the
NE Pacific troposphere during the PHOBEA 2002 cam-
paign. The enhancement ratios of ethane, ethyne, and
propane (with respect to CO) were similar throughout the
four events, with respective means of (9.9 + 0.7) x 107,
(42+0.5) x 1072, and (2.7 £ 0.8) x 10~> mol mol ™' and
are consistent with emission ratios from fossil fuel, bio-
fuel, and biomass burning. However, methyl chloride
enhancements were very small or negligible during the
May events, yet this is consistent with our current knowl-
edge of VOC emissions from temperate and boreal forest
fires. Additionally, the methyl chloride enhancements
observed during the 15 April event, coupled with the
GEOS-CHEM results, indicate that a portion of this plume
contained Asian biomass-burning emissions, which possi-
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bly include sources such as biofuel and agricultural waste
burning.
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Figure 6. GEOS-CHEM time-height cross sections of the tagged-CO simulation at CPO (48.3°N,
124.6°W) throughout the spring of 2002. The numbered vertical lines show the vertical range of the
PHOBEA 2002 research flights. The cross sections show (a) Asian anthropogenic, (b) Southeast Asian
biomass burning, and (c) Siberian biomass burning sources of CO. Note that each CO cross section is

scaled differently.
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