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Lyatt Jaeglé,1 Daniel A. Jaffe,2 Heather U. Price,2,3 Peter Weiss-Penzias,2 Paul I. Palmer,4

Mathew J. Evans,4 Daniel J. Jacob,4 and Isabelle Bey5

Received 31 October 2002; revised 5 June 2003; accepted 9 July 2003; published 10 September 2003.

[1] Ground and airborne measurements of CO, ozone, and aerosols were obtained in the
northeastern (NE) Pacific troposphere during 9 March–31 May 2001 as part of the
PHOBEA-II project (Photochemical Ozone Budget of the Eastern North Pacific
Atmosphere). The GEOS-CHEM global three-dimensional model of tropospheric
chemistry was used for flight planning, as well as for data analysis after the field mission
to examine the origin of CO and ozone over the NE Pacific. The model successfully
reproduces the observed CO levels, their temporal variability, and vertical gradients,
strongly suggesting a good understanding of the sources, transport and chemistry of CO in
the NE Pacific. For ozone the model underestimates mean surface observations by 8 ppbv,
overestimates aircraft profiles by 5 ppbv, and does not reproduce the temporal variability
of the observations. Possible explanations for model error in the ozone simulation are
discussed. We find a pervasive influence of Asian and European anthropogenic sources on
the levels of CO in the NE Pacific troposphere. In the 0–6 km column over our surface
site, Asian and European emissions account for 33% (42 ppbv) and 15% (21 ppbv) of
CO, respectively. Asian and European emissions are responsible for smaller fractions of
the 0–6 km ozone column, 12% (5 ppbv) and 5% (2 ppbv), respectively. The full
influence of Asian emissions (including secondary ozone production by export of its
precursors) approaches 16% of ozone. The model successfully captures three
intercontinental transport events observed during the PHOBEA-II campaign: one at the
surface and two in the free troposphere. While all three events were characterized by large
CO enhancements (by 20–40 ppbv), only one case showed significant ozone enhancement
(by 20 ppbv), induced by high-latitude transport of Asian pollution mixed in with
stratospheric ozone. INDEX TERMS: 0322 Atmospheric Composition and Structure: Constituent

sources and sinks; 0340 Atmospheric Composition and Structure: Middle atmosphere—composition and

chemistry; 0341 Atmospheric Composition and Structure: Middle atmosphere—constituent transport and

chemistry (3334); KEYWORDS: long-range transport, CO and O3, Pacific
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1. Introduction

[2] Ozone and carbon monoxide play key roles in the
troposphere. Tropospheric ozone controls the oxidizing
power of the atmosphere. At the surface, it is a major

pollutant, harmful to human health and vegetation. In the
middle and upper troposphere, ozone is an important
greenhouse gas. Ozone is transported to the troposphere
from the stratosphere, and is also produced in the tropo-
sphere by the oxidation of CO, methane and nonmethane
hydrocarbons (NMHC) in the presence of nitrogen oxides
(NOx = NO + NO2) and hydrogen oxides (HOx = HO + HO2)
[e.g., World Meteorological Organization (WMO), 1999].
[3] Carbon monoxide provides the primary OH sink in

much of the troposphere. In addition, CO is a useful tracer
of anthropogenic activities. The major sources of CO are
fossil fuel combustion, biomass burning, biofuel burning,
and oxidation of atmospheric CH4 and of NMHCs [Logan
et al., 1981]. The lifetime of CO is in the range of weeks to
months, while ozone has a shorter lifetime, ranging from
days to weeks, depending upon the environment.
[4] Observations from the late 19th and early 20th

century combined with models suggest that Northern Hemi-
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sphere tropospheric ozone concentrations have increased by
25–50% since preindustrial times due to increasing anthro-
pogenic NOx, CO, CH4, and NMHC emissions from fossil
fuel combustion and biomass burning [Prather and Ehhalt,
2001, and references therein]. East Asia, in particular, is a
region experiencing rising emissions due to rapid economic
growth over the last few decades [Akimoto and Narita,
1994; Elliott et al., 1997; van Aardenne et al., 1999; Streets
and Waldhoff, 2000]. As a result, ozone in the boundary
layer and lower troposphere of East Asia has been increas-
ing by about 2% per year [Logan, 1994; Lee et al., 1998].
Continued increases in NOx and NMHC emissions, espe-
cially in developing regions of the world, may cause
tropospheric O3 to increase more dramatically through the
21st century [Prather and Ehhalt, 2001].
[5] Observations have shown that Asian emissions of

gases and aerosols can be transported to North America in
6–8 days, under certain meteorological conditions [Andreae
et al., 1988; Kritz et al., 1990; Parrish et al., 1992; Jaffe et
al., 1999, 2001, 2003; Husar et al., 2001; McKendry et al.,
2001; Kotchenruther et al., 2001a; Price et al., 2003;
Thulasiraman et al., 2002]. Enhanced mixing ratios of
CO, peroxyacetyl nitrate (PAN), NMHCs, radon, industrial
aerosols, and mineral aerosols have been identified in these
airmasses coming from East Asia. However, not all of these
airmasses with clear anthropogenic signatures are charac-
terized by ozone enhancements [Jaffe et al., 2003], suggest-
ing loss of ozone during transport over oceans or reduced
photolysis rates over emission areas (and thereby weak
ozone production) due to high aerosol loading [Dickerson
et al., 1997; Liao et al., 1999; He and Carmichael, 1999].
Identification of ozone enhancements from long-range
transport of Asian emissions is further complicated by the
possible mixing of anthropogenic emissions with strato-
spheric ozone [Carmichael et al., 1998].
[6] Based on chemical transport model (CTM) calcula-

tions, current emissions from Europe and Asia contribute on
average 4–7 ppbv O3 at the surface in North America,
relative to a total background of 25–55 ppbv [Berntsen et
al., 1999; Jacob et al., 1999; Yienger et al., 2000; Wild and
Akimoto, 2001; Fiore et al., 2002]. A future doubling of
Asian emissions might increase surface ozone by another
4 ppbv over Western North America [Berntsen et al., 1999].
Such an increase would offset the benefits from domestic
reductions in anthropogenic emissions in the U.S. [Jacob et
al., 1999]. However, these estimates remain highly uncer-
tain, and current understanding of intercontinental transport
of Asian effluents and their effects on the global troposphere
are limited by the lack of observations constraining the
CTM calculations of Asian sources, transport and chemical
transformation.
[7] During the spring of 2001 the TRACE-P (Transport

and Chemical Evolution over the Pacific) [Jacob et al.,
2003] and ACE-Asia (Aerosol Characterization Experi-
ment-Asia) [Huebert et al., 2003] experiments were both
operating in the western North Pacific region, where they
sampled the gas and aerosol composition of the Asian
outflow. Simultaneously, we made ground and airborne
observations in the northeastern (NE) Pacific as part of the
PHOBEA-II project (Photochemical Ozone Budget of
the Eastern North Pacific Atmosphere). The main goal of
the PHOBEA project is to understand the impact of upstream

anthropogenic emissions on the NE Pacific troposphere
[Jaffe et al., 2001; Kotchenruther et al., 2001a]. During
these three missions, several CTMs [Kiley et al., 2003] were
used for flight planning to optimize the value of observations
in constraining and evaluating CTM simulations of Asian
sources, outflow and chemical evolution [Jacob et al.,
2003].
[8] In this paper we utilize the PHOBEA-II ground and

airborne observations in the NE Pacific during the spring of
2001, along with the GEOS-CHEM global model of tropo-
spheric chemistry [Bey et al., 2001a] to understand the
sources of atmospheric CO and O3 in the NE Pacific. Price
et al. [2003] give a detailed description of the results from
the airborne component of PHOBEA-II. In parallel papers
in this issue, the GEOS-CHEM model is used to interpret
the TRACE-P observations in the western Pacific [Liu et al.,
2003; Palmer et al., 2003; Evans et al., Emissions, trans-
formations, and impact of Asian NOx, to be submitted to
Journal of Geophysical Research, 2003, hereinafter referred
to as Evans et al., submitted manuscript, 2003]. Our focus in
this paper is to evaluate the current effects of Asian and
European outflow in the NE Pacific. In particular we wish
to address the following questions: What are the sources and
budgets for CO and O3 in the NE Pacific? Can global model
simulations quantitatively capture intercontinental transport
events arriving in the NE Pacific?

2. Observations and Model

[9] The PHOBEA-II mission combined surface observa-
tions at the Cheeka Peak Observatory (CPO, 48.3�N,
124.6�W, 480 m) on the western tip of Washington State
and airborne profiles to 6 km altitude in the area immedi-
ately off the coast from CPO. During the first phase of the
PHOBEA experiment, we used this site for observations
during March–April 1997 and March–April 1998 [Jaffe et
al., 2001] and conducted airborne measurements off the
coast in the spring of 1999 [Kotchenruther et al., 2001a].

2.1. Ground-Based Observations

[10] For this work we began ground-based measurements
of CO, O3, PM10 and PM2.5 at CPO on 9 March 2001. The
experimental methods for CO and O3 are identical to those
given by Jaffe et al. [2001]. Briefly, CO was measured by a
commercial gas filter correlation infrared instrument
(Advanced Pollution Instruments model 300) modified for
higher sensitivity. Calibration occurred once per day with a
working standard referenced to a NIST standard reference
material. An instrument zero is performed every 20 min by
routing the airstream through a heated catalyst that oxidizes
CO to CO2. Ozone was measured using a standard UV
absorption instrument (Dasibi AH1008) with temperature
and pressure compensation. Calibration of the ozone instru-
ment was performed using a standard O3 calibrator
(Columbia Scientific) immediately prior to the campaign
and zero checks were performed daily.

2.2. Vertical Profiles

[11] For the vertical profiles we used a twin-engine
Beechcraft Duchess aircraft. Profiles were conducted on
12 days during spring 2001: 29 and 31 March; 1, 5, 8, 9, 11,
14, 25, and 27 April; and 1 and 6 May. All profiles were
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obtained in the vicinity of CPO at 48.31 ± 0.03�N latitude,
124.63 ± 0.08�W longitude, and at altitudes between 0 and
6 km. The Duchess aircraft can carry the pilot plus one
passenger and approximately 240 kg of instrumentation.
Carbon monoxide and ozone, as well as NMHCs and
aerosol scattering coefficient, were measured onboard the
aircraft [Price et al., 2003]. We collected whole air samples
in stainless steel canisters for measurements of CO (by gas
chromatography with a reduction gas analyzer detector). In
situ measurements of O3 were obtained with a new light-
weight UV absorption instrument (2B Technologies)
[Bognar and Birks, 1996]. We have extensively tested this
new instrument against a standard UV instrument (Dasibi)
as well as against an ECC ozonesonde on flights during
summer 2001 [Snow et al., 2003], demonstrating very close
agreement. Price et al. [2003] give more details on the
instrumentation, calibration procedures and flight patterns.

2.3. GEOS-CHEM Model

[12] Global simulations of O3-NOx-NMHC chemistry are
conducted with the GEOS-CHEM global three-dimensional
(3-D) model of tropospheric chemistry [Bey et al., 2001a]
driven by GEOS DAO (Data Assimilation Office) assimi-
lated meteorological data [Schubert et al., 1993]. The
simulations presented here use GEOS-CHEM version 4.33
(http://www.as.harvard.edu/chemistry/trop/geos/) and two
years (2000–2001) of GEOS-3 assimilated meteorological
observations with a horizontal resolution of 2� latitude by
2.5� longitude and 46 vertical layers. Meteorological inputs
are available with a 3- to 6-hour time resolution depending
on the variable. The simulations are initialized on
1 February 2001 after a one-year spin-up with a 4� � 5�
horizontal resolution to speed up the calculations.
[13] The tropospheric O3 simulation includes a detailed

description of O3-NOx-NMHC chemistry (24 tracers, 120
species, and over 200 chemical reactions) [Bey et al.,
2001a]. Recent updates to the GEOS-CHEM model are
described by Martin et al. [2003]. In particular, for the
simulations presented in our study, we are using a reaction
probability gN2O5 = 0.03 for the heterogeneous reaction
N2O5 + H2O ! 2 HNO3 on aerosols in the GEOS-CHEM
model. Earlier versions of the GEOS-CHEM model used
gN2O5 = 0.1, following the recommendation of Jacob
[2000]. This recommendation was based on laboratory
measurements of N2O5 hydrolysis with H2SO4/H2O aerosol
particles under stratospheric conditions [Sander et al., 2000,
and references therein]. However, in the troposphere, sul-
furic acid aerosols are much more dilute and often contain
ammonia and nitrate. Laboratory measurements under tro-
pospheric conditions for dilute sulfuric acid aerosols as well
as liquid (NH4)2SO4 and NH4HSO4 aerosols indicate gen-
erally lower gN2O5 values, ranging between 0.01 and 0.05,
with a significant dependence on temperature and relative
humidity [e.g., Hu and Abbatt, 1997; Hallquist et al., 2000;
Kane et al., 2001]. For soot, an upper limit of gN2O5 < 0.02
is recommended by Sander et al. [2003]. Reaction proba-
bilities >0.02 have been measured for aqueous NaCl aero-
sols [Zetzsch and Behnke, 1992; George et al., 1994].
Lower uptake coefficient (gN2O5 < 3 � 10�3) were mea-
sured for NaNO3 aerosols [Mentel et al., 1999], dry
(NH4)2SO4 aerosols [Mozurkewich and Calvert, 1988; Hu
and Abbatt, 1997], and dry NaCl aerosols [Sander et al.,

2003]. We have thus adopted an intermediate value of
gN2O5 = 0.03 for all aerosols in the GEOS-CHEM model.
This smaller gN2O5 results in a longer NOx lifetime and thus
an average 10% increase for NOx, 10% increase for OH, 3–
5 ppbv increase for ozone and 8–10 ppbv decrease in CO
relative to the case with gN2O5 = 0.1, consistent with the
results of Dentener and Crutzen [1993]. The intermediate
gN2O5 value that we have chosen reflects the average
temperature and relative humidity of the troposphere, but
is likely to be too high for warm and humid boundary layer
conditions and too low for colder middle and upper tropo-
spheric conditions. Evans et al. (submitted manuscript,
2003) include a more sophisticated scheme for calculating
gN2O5 based on local temperature and relative humidity.
[14] Stratosphere-troposphere exchange of ozone is sim-

ulated with the Synoz (synthetic ozone) scheme ofMcLinden
et al. [2000], using a global cross-tropopause flux of 475 Tg
O3 yr�1. We use a base anthropogenic emission inventory
for 1985 as described by Wang et al. [1998], including NOx

emissions from the Global Emission Inventory Activity
(GEIA) [Benkovitz et al., 1996], nonmethane hydrocarbon
emissions from Piccot et al. [1992], and CO emissions from
B. N. Duncan et al. (Model study of the variability and trends
of carbon monoxide (1988–1997): 1. Model formulation,
evaluation, and sensitivity, submitted to J. Geophys. Res.,
2003, hereinafter referred to as Duncan et al., submitted
reference, 2003) and Yevich and Logan [2003]. These
emissions are scaled to 1998 following Bey et al. [2001a].
We use the seasonally varying climatological biomass burn-
ing CO emissions developed by Duncan et al. [2003].
Biomass burning emissions for other species are based on
the CO emissions using the emission factors described by
Staudt et al. [2003]. Analysis of satellite observations show
that biomass burning emissions in southeast Asia and India
were close to average during spring 2001 [Heald et al.,
2003], justifying the use of a climatological average. For
CO, our anthropogenic emissions for Asia (10�S–60�N,
60�–150�E) are 257 Tg yr�1 (fossil fuel: 160 Tg yr�1;
biofuel: 97 Tg yr�1), with an additional 119 Tg yr�1 from
biomass burning.
[15] The GEOS-CHEM tropospheric chemistry model

has been extensively evaluated and used to study ozone
and its precursors over different regions of the globe [e.g.,
Bey et al., 2001a, 2001b; Liu et al., 2002; Fiore et al., 2002;
Palmer et al., 2001; Li et al., 2002a, 2002b; Martin et al.,
2002]. In particular, the model reproduces well the observed
latitudinal and vertical composition of the Asian chemical
outflow over the western Pacific, as well as its episodic
export [Bey et al., 2001b; Liu et al., 2002, 2003; Palmer et
al., 2003; C. L. Heald et al., Transpacific satellite and
aircraft observations of Asian pollution, submitted to
J. Geophys. Res., 2003, hereinafter referred to as Heald et
al., submitted manuscript, 2003]. The present study builds
on these previous evaluations and extends them to examine
the fate of the Asian chemical outflow and its impact on the
NE Pacific troposphere.
[16] To investigate the origin of CO and ozone in the

model we conducted two sensitivity simulations based on
the full chemistry ozone simulation: (1) a tagged CO
simulation resolving source regions using archived monthly
averaged OH concentrations; (2) a tagged ozone run using
archived daily rates of ozone (actually odd-oxygen, which is
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a conserved tracer: Ox = O3 + NO2 + 2 � NO3 + HNO3 +
PAN + HNO4 + 3 � N2O5) production rates and loss
frequencies. For the tagged CO simulation [Bey et al.,
2001b; Li et al., 2002a], we focus on four anthropogenic
tracers, ‘‘North American FF CO,’’ ‘‘Asian FF CO,’’
‘‘Asian BB CO,’’ and ‘‘European FF CO’’ (specific geo-
graphical regions are defined in Table 1). Each of the ‘‘FF’’
(Fossil Fuel) tracers combines contributions from fossil fuel
and biofuel sources, while the Asian ‘‘BB’’ (Biomass
Burning) tracer refers to biomass burning sources. For all
the results presented here the ‘‘Asian CO’’ tracer will refer
to the sum of FF and BB Asian CO tracers. In addition to
direct emissions of CO there is a large chemical source form
the oxidation of methane and NMHCs, which we treat
following the approach of Duncan et al. (submitted manu-
script, 2003). Loss of CO by reaction with OH and
production of CO by oxidation of CH4 and biogenic VOCs
(isoprene, methanol, monoterpenes, and acetone) are calcu-
lated using monthly mean OH concentrations from the
GEOS-CHEM full chemistry simulation. Using these OH
concentrations, we calculate a lifetime of 6.3 years for
methylchloroform, consistent with current best estimate of
5.99 years by Prinn et al. [2001] from methylchoroform
measurements. More details on the tagged CO simulations
can be found in the work of Palmer et al. [2003]. The
tagged ozone simulation [Li et al., 2002a; Liu et al., 2002]
transports eight Ox tracers from different regions. We will
refer to these tagged Ox tracers as ‘‘tagged O3’’ tracers as
ozone generally represents more than 95% of Ox. Results
will be presented for ozone originating in the stratosphere,
upper troposphere (400 hPa-tropopause), middle tropo-
sphere (700–400 hPa) and lower troposphere (700 hPa-
surface). The lower troposphere is further subdivided into
three separate continental tracers (Asian, European and
North American, see Table 1 for geographical regions)
and one tracer over the Pacific Ocean.
[17] The tagged ozone simulation gives information on

the direct export of ozone produced in the lower troposphere
over the continent of origin: ‘‘tagged Asian O3’’ represents
the ozone produced from ozone precursors (natural and

anthropogenic) within the lower troposphere above Asia.
Evaluating secondary production of ozone resulting from
free tropospheric transport of ozone precursors from Asian
is less straightforward. Our approach is to conduct a
simulation with Asian anthropogenic sources turned off.
The difference (delta O3 = standard simulation � simulation
without Asian sources) should reflect the combined effects
of direct transport and secondary production. One caveat is
that the nonlinearity of ozone production results in an
overestimate of ozone production from natural sources close
to the continent of origin, and thus an underestimate of
Asian contribution. We will thus estimate a lower limit of
the contribution from exported precursors by comparing
‘‘delta O3’’ to the ‘‘tagged Asian O3’’ tracer.

3. Use of Global Model Forecasting to Identify
Flight Days

[18] Vertical profiles were made on 12 days between 29
March and 6 May 2001 in the area immediately off the coast
from Cheeka Peak Observatory (section 2.2). Consistent
with the goals of the PHOBEA experiment, we targeted
days when long-range transport from sources on the Eur-
asian continent seemed likely. We also sought to sample
clean marine airmasses. However, we endeavored to avoid
days affected by recent emissions from the west coast of
North America. A number of tools were used to identify
such days. This includes the GEOS-CHEM forecast results
driven by meteorological GEOS-3 forecasts from NASA
Goddard (http://polar.gsfc.nasa.gov/operations/terra.php).
We also used local meteorological data, results from the
University of Washington’s high resolution MM5 simula-
tions (http://www.atmos.washington.edu/mm5rt/), satellite
infrared and visible imagery, the TOMS aerosol index
(http://jwocky.gsfc.nasa.gov/aerosols/today_aero.html) and
forecast trajectories using NOAA’s Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model (http://
www.arl.noaa.gov/ready/hysplit4.html).
[19] As an example of the use of the model forecasts,

Figure 1 shows the GEOS-CHEM CO forecast for 13 April

Table 1. Source Contributions to CO Over the Northeastern Pacific From the Tagged CO Simulationa

Source Regionsb

Northeastern Pacific:
0–6 km Columns 35–60�N,

165�W–125�W

Cheeka Peak Observatory:
0–6 km Columns 48.3�N,

124.8�W

Cheeka Peak Observatory:
48.3�N, 124.8�W,

480 m

Fuel combustionc

North America 1.5a (10%) 1.7a(11%) 25e (17%)
Europe 2.4 (15%) 2.3 (15%) 25 (17%)
Asia 4.1 (26%) 4.0 (26%) 36 (24%)
Others 0.3 (2%) 0.3 (1%) 2 (2%)

Biomass burning
Asia 1.2 (7%) 1.1 (7%) 6.8 (4.6%)
Others 1.3 (8%) 1.3 (8%) 9.2 (6.4%)

Atmospheric productiond 5.0 (32%) 5.0 (32%) 43 (29%)
Total 15.8 (100%) 15.7 (100%) 147 (100%)

aValues are mean tropospheric columns (in 1017 molecules/cm2) below 6 km altitude for 9 March–31 May 2001 from
the tagged-CO simulation. Percentages are indicated in parenthesis.

bSource regions are defined as follows: North America (24–88�N;142.5–47.5�W), Europe (36–88�N; 17.5�W–
65�E), Asia (�12.5–88�N; 65–153�E).

cFuel combustion includes fossil fuel and biofuel combustion.
dAtmospheric production includes CO production from the oxidation of methane, isoprene, monoterpenes, acetone,

and methanol.
eIn this last column, values are in mixing ratios (in ppbv) for the tagged-CO simulation sampled at the location of

CPO for 9 March–31 May 2001 (Figure 2).
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2001 at 6 GMT. This 3-day ‘‘look-ahead’’ forecast was
initialized 0 GMT on 10 April. On 13 April, an airmass with
a high mixing ratio of CO from Asia was predicted to be
near the coast of Washington State. We conducted a vertical
profile on 14 April 2001 between 1 and 2 GMT and indeed
found significantly enhanced CO, aerosols and NMHCs at
4–6 km altitude [Price et al., 2003]. In fact the CO and
NMHC mixing ratios and the aerosol scattering coefficient
in this airmass were the largest we observed during the
spring of 2001. This airmass appears to have started as a
large dust storm that originated in central Asia in early April
and left the Asian continent on 8 April after picking up
substantial amounts of anthropogenic emissions as it
crossed East Asia. The dust storm was detected by the
TOMS satellite Aerosol Index (AI) product and the Sea-
WIFS sensors as it moved across the Pacific [Price et al.,
2003; Thulasiraman et al., 2002; Huebert et al., 2003].

4. Comparison of Model and Observations

4.1. Carbon Monoxide

[20] Figure 2 shows the observed CO mixing ratios at the
CPO ground-site along with the GEOS-CHEM modeled
values between 9 March and 31 May 2001. Both observa-
tions and model results (sampled at the location of CPO) are
averaged over 4 hours. Model uncertainty (due to coarse
horizontal resolution and errors in the meteorological fields)
is assessed by also sampling the model in the grid boxes
directly to the north, south, and west of CPO. The resulting
range of mixing ratios is indicated with the gray shading on
the upper panel of Figure 2. The model generally captures
the observed levels, the slow decline of CO throughout
April and May resulting from increasing levels of OH
radical, as well as the timing and magnitude of periods
with enhanced and low concentrations. The events with
high levels of CO correspond to extended periods of
easterly winds bringing air recently influenced by North
American emissions (20 March, 15 April, 20 May). These
conditions generally occur when a surface high pressure

system moves inland over the Pacific Northwest, resulting
in low-level off-shore flow.
[21] Two notable exceptions to the good agreement are

4 April (model overpredicts observations by 40 ppbv) and
13–16 May (model underpredicts observations by 50 ppbv),
which are characterized by a poor performance of the coarse
2� � 2.5� resolution wind fields in capturing sharp gradients
in meteorological conditions near CPO. For example, on
4 April a pressure trough located over western Washington
resulted in a sharp shift of surface winds from south
westerly to northeasterly. The model placed CPO on the
eastern side of the trough, influenced by North American
emissions, while the CPO wind observations show that the
site was still under southwesterly wind conditions. Indeed,
when we sample the model in the grid box to the west of
CPO we find much better agreement for this day (lower
boundary of shaded gray area on Figure 2).
[22] Overall, there is very good agreement between

modeled CO (146 ± 21 ppbv) and observed CO (150 ±
17 ppbv) for the time period of observations (Figure 4a).
The correlation coefficient (r = 0.79) indicates that the
model captures 62% of the day-to-day variability in CO.
The spring 2001 CO observations are similar to 1997
observations (159 ppbv) but much lower than the observa-

Figure 1. April 10 2001 (0 GMT) GEOS-CHEM model
forecast for 13 April 2001 at 6 GMT. Total CO concentra-
tions predicted at 600 hPa. The location of our measurement
area at and above the Cheeka Peak Observatory (CPO:
48.3�N, 124.6�W) is indicated with a circle and arrow.

Figure 2. (top) 9 March–31 May 2001 comparison
between model (black line) and observations (dark gray
line with circles) at CPO for CO. Both model and
observations are 4-hour averages. The GEOS-CHEM model
is sampled at the location and altitude of CPO. Model
uncertainty due to meteorology and resolution is assessed
by also sampling grid boxes immediately to the north, west,
and south of CPO. The gray shading indicates the resulting
envelope of model results. (bottom) Time series of
individual modeled contributions from Asian (solid line
with triangles), North American (gray line), and European
(dashed line) source regions at CPO. The arrow indicates
the 11 March long-range transport event discussed in
section 7.

JAEGLÉ ET AL.: NE PACIFIC CO AND O3 BUDGETS GTE 23 - 5



tions in 1998 (177 ppbv) at CPO. Jaffe et al. [1999] attribute
the higher values in 1998 to unusually high biomass
burning emissions in Indonesia and Siberia.
[23] Figure 3 shows a comparison of observed and

modeled CO mixing ratios as seen in the vertical profiles.
One difficulty in this comparison is the short timescale
(�1 hour) and small spatial extent of the Duchess flights
relative to the longer timescale on which wind fields are
updated (6 hours) and the coarse horizontal resolution of the
model. Given the variability in hourly CO levels (Figure 2),
a small temporal and geographical displacement of meteoro-
logical features in the assimilated wind fields might lead to
large discrepancies between modeled and observed profiles.
To assess this potential error, we plot the modeled profile
sampled at the time and location of the flights, and an
envelope of four other profiles displaced in time by ±6
hours and displaced horizontally by one grid-box around
CPO (gray shading in Figure 3). For most of the flights,
there is little variability in the modeled profiles, reflecting
the spatial uniformity of the modeled CO fields. However,
in a few cases, such as 31 March and 5, 14, and 27 April,
there are larger differences. The first 2 days correspond to
periods of easterly low-levels winds bringing increasing

amounts of North American CO to the region, while the last
2 days reflect the arrival of Asian CO plumes in the free
troposphere above the CPO site (see Figure 11).
[24] For the vertical profiles, the mean measured CO

mixing ratio was 139 ± 20 ppbv, compared to a mean
modeled value for the ensemble of flights of 136 ± 17 ppbv,
showing very good agreement (Figure 4b). The correlation
coefficient (r = 0.73) reflects the model’s ability to capture
the observed variability. The 2001 airborne profiles of CO
show no statistically significant difference relative to the
1999 observations [Price et al., 2003].
[25] We need to assess whether our sampling strategy

(section 3) resulted in a dataset representative of all types
of airmasses and chemical conditions characteristic of
springtime NE Pacific troposphere. We thus compare in
Figure 5 CO column densities up to 6 km above CPO, both
for the observations and the GEOS-CHEM model. The
observed column densities are obtained by combining
aircraft profiles with the simultaneous ground-based CO
observations at CPO. For the first two flights (29 March
and 31 March), ground-based observations are not avail-
able and we use instead the 15 March–15 April observed
mean value of 160 ppbv. The GEOS-CHEM CO columns

Figure 3. Profiles of CO observed during the 12 flights of the Duchess aircraft between 29 March and
6 May 2001. The observations (dark gray circles connected by gray lines) are compared to results from
the GEOS-CHEM model (black lines) sampled at the time and location of the observations. The gray
square symbols indicate simultaneous observations of CO at the ground. Model uncertainty due to
meteorology and resolution is assessed by also sampling grid boxes immediately to the north, west, south,
and east of CPO within 6 hours of flight time. The light gray shading indicates the envelope of model
results. Individual contributions from Asian, North American, and European source regions are also
shown. Note that the individual contributions have been scaled by a factor of two for clarity.
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were obtained at the location of CPO. For the days when
measurements were made, the average 0–6 km CO
column was 15.3 � 1017 molecules/cm2 from the data
and 14.6 � 1017 molecules/cm2 from the GEOS-CHEM
model sampled at the time closest to observations, showing
good agreement. The mean modeled column for the
9 March–31 May period is 15.7 � 1017 molecules/cm2.
The similarity of the modeled column for all dates and the
column for just the flight days suggests that the flight days
are a good representation of CO levels for the entire time
period. Furthermore, the relative importance among CO
sources (33% Asia; 17% North America; 15% Europe, see
Figure 5) is nearly identical for the model sampled for all
flight dates and for the entire measurement time-period,
implying that the choice of flights was representative of the
mixture of sources influencing the NE Pacific.
[26] Heald et al. (submitted manuscript, 2003) (using the

same GEOS-CHEM model version and emission inventory
as this study, with the exception of a daily varying biomass
burning inventory in Asia) have compared the full-year
GEOS-CHEM model results for 2001 to NOAA/CMDL
ground station CO measurements at representative sites in
the Northern Hemisphere and find no bias in the simulation
for spring. A comparison to satellite observations of CO
columns from the MOPITT instrument during spring 2001

also shows no significant bias and a high correlation (Heald
et al., submitted manuscript, 2003). The ability of the model
in reproducing both background values and day-to-day
variability in CO observations was also reported by Li et
al. [2002a] in their comparisons of the GEOS-CHEM model
to surface observations in the Atlantic at Sable Island and
Mace Head. The level of agreement for CO is similar for
both studies (Li et al.: r = 0.59–0.71, Mean Model/Obs =
0.88–0.94; this study at the CPO ground site, r = 0.79,
Mean Model/Obs = 0.98). The very good agreement be-
tween model and observations for CO strongly suggests that
the GEOS-CHEM model is accurately simulating the emis-
sion sources, transport, and CO chemistry. In contrast,
comparisons between CO observations obtained in the
Eastern Pacific during TRACE-P and chemical transport
models show a significant negative bias of the models
[Kiley et al., 2003]. All the models in the intercomparison
used the detailed CO fossil fuel and biofuel emission
inventory developed by Streets et al. [2003] for Asia in
2000 (212 Tg yr�1), which is 20% lower than our emission
inventory (257 Tg yr�1). Palmer et al. [2003] conducted an
inverse modeling analysis using the TRACE-P CO obser-
vations and the GEOS-CHEM model driven by the Asian
emission inventories from Streets et al. [2003] and Heald et
al. (submitted manuscript, 2003). They find that a 30%
increase in anthropogenic emissions over China, close to the
levels used in our study, largely eliminates the model bias.
Streets et al. [2003] and Carmichael et al. [2003] attribute
the underpredition of Chinese emissions in their studies to
an underreporting of domestic coal use in central China.

4.2. Ozone

[27] Figure 6 shows a comparison of measured and
modeled O3 at CPO, and Figure 7 shows a comparison
for the twelve vertical profiles. At the ground, the model
systematically underestimates the observations by 8 ppbv

Figure 4. Scatter plot of daily averaged observed con-
centrations and modeled concentrations of CO and O3 for the
CPO ground site (a and c), and aircraft profiles (b and d)
during spring 2001. The mean mixing ratios (±standard
deviations) of the measured and modeled values are
indicated in each panel, as well as the mean ratio between
model and observations and the correlation coefficient (r). A
line with a 1:1 slope is indicated with a dashed line.

Figure 5. Timeseries of column CO concentrations at
CPO (below 6 km altitude) between 9 March and 31 May
2001. The gray circles represent the observations on the
twelve flight days, where surface levels of CO are taken
from the ground-based observations. The solid black line
shows the hourly GEOS-CHEM column. Also shown are
the individual anthropogenic contributions from Asia (black
line and triangles), North America (gray line), and Europe
(dashed line) from the tagged CO simulation. Note the
factor of two difference in scale for the total CO columns
(left axis) and individual tagged components (right axis).
The arrows indicate three long-range transport events from
Asia discussed in section 7.
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(observations: 47 ± 5 ppbv; model: 39 ± 5 ppbv), while aloft
the model overestimates the observations by 5 ppbv on
average (observations: 45 ± 9 ppbv; model: 50 ± 8 ppbv)
(Figures 4c and 4d). The model bias increases with increas-
ing altitude. One possible explanation for the bias at CPO is
related to heterogeneous loss of NOx via N2O5 hydrolysis.
As noted in section 2.3, Hallquist et al. [2000] and Kane et
al. [2001] found a strong temperature and relative humidity
dependence for gN2O5. Thus our use of a uniform gN2O5 =
0.03 will tend to be too high in the boundary layer and too
low in the colder middle and upper troposphere. A sensi-
tivity simulation using gN2O5 = 0.1 (more appropriate for
the middle troposphere) decreases modeled ozone levels by
5 ppbv, nearly eliminating the positive bias in the free
troposphere, while worsening the negative bias at the
surface. Evans et al. (submitted manuscript, 2003) also find
that their GEOS-CHEM modeling results over the western
Pacific are very sensitive to assumptions about gN2O5.
Using gN2O5 = 0.1 in the model yields a systematic negative
bias of 10 ppbv for O3 compared to TRACE-P observations,
and a factor of 2 overestimate of the observed boundary
layer NOx. On the other hand, assuming gN2O5 = 0.01
largely resolves the O3 negative bias and NOx positive bias.
Alternative explanations for the model bias include uncer-
tainties in NOx emission inventories, or a misrepresentation
of stratospheric-tropospheric ozone flux for the time-period
of observations.
[28] The weak correlation coefficient between model and

observations (r < 0.4) reflects in part the small variability of

observed ozone. We note that in their comparison of the
GEOS-CHEM model to four Atlantic surface O3 sites, Li et
al. [2002a, 2002b] find a better correlation (r = 0.5–0.82),
relative to our study (r = 0.37). One of the differences
between the records compared is the large day-to-day
variability in O3 at the Atlantic sites presented by Li et al.
(ozone background of 30–40 ppbv with levels ranging from
10 ppbv to 60 ppbv) driven by the proximity to source
regions (Eastern north America for Sable Island and
Bermuda; Europe for Mace Head and Westman Island).
At Cheeka Peak Observatory in spring, the variability in
observed ozone is weaker (background of 45 ppbv with two
events up to 60 ppbv and two events down to 30 ppbv,
Figure 6), reflecting the prevailing westerly winds bringing
aged Pacific air from a complex mixture of sources
(section 6). In addition, even during easterly wind conditions
observed ozone levels remain low because of the high
latitudes and low levels of pollution inwesternNorthAmerica
during spring. In fact North American influence on ozone at
CPO appears to be overestimated in the model (section 6).
[29] The springtime observations of ozone obtained at

CPO in 2001 are very similar to mean observations from the
1997 and 1998 (1997: 43 ppbv, 1998: 45 ppbv), while the
airborne ozone profiles in 2001 are on average 11 ppbv
lower than the profiles obtained in 1999 [Kotchenruther et
al., 2001a]. Price et al. [2003], attribute the greater levels of
ozone in 1999 to enhanced stratosphere-troposphere ex-
change and/or biomass burning.

5. Pathways for Long-Range Transport of CO
and Ozone to the North Eastern Pacific

[30] The main meteorological features influencing spring-
time transport over the North Pacific are the Siberian
anticyclone, the Aleutian low, and the Pacific high. Spring
is a transition period between the East Asian winter mon-
soon circulation to the summer monsoon circulation (start-
ing in May) during which the Siberian anticyclone and the
Aleutian low weaken, while the Pacific high becomes more
widespread. Strong westerly flow throughout the tropo-
sphere dominates most of the North Pacific basin, and
northeasterly trade winds dominate the tropical latitudes.
A comprehensive meteorological analysis of transport over
the North Pacific during spring 2001 is presented by
Fuelberg et al. [2003].
[31] The distribution of average (0–6 km) CO and ozone

mixing ratios for the North American, Asian and European
tagged tracers are shown in Figure 8, along with their
respective horizontal fluxes. The concentrations and fluxes
are averaged over the two and a half month time period of
the 2001 PHOBEA-II campaign. Figure 9 shows the vertical
distribution of concentrations and westerly fluxes of these
tracers for a latitudinal cross-section at 125�W, along the
west coast of North America.

5.1. North American Influence

[32] Over the Eastern United States, frontal lifting of
North American boundary layer air towards the Atlantic is
the dominant export pathway of pollution [Prados et al.,
1999; Stohl and Trickl, 1999; Stohl, 2001; Cooper et al.,
2002; Li et al., 2002a]. A small fraction of North American
pollution can also be exported to the Pacific through three

Figure 6. (top) 9 March–31 May 2001 comparison
between 4-hour average model (black line) and observations
(gray line with circles) at CPO for ozone. As in Figure 2, the
envelope of model results of nearby gridboxes is indicated
by the light gray shading. (bottom) Time series of individual
modeled contributions from Asian, North American, and
European source regions at Cheeka Peak from the tagged-
Ox simulation. The arrow indicates the 11 March long-range
transport event discussed in section 7.
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pathways: (1) episodic easterly low-level flow north of
40�N (discussed in section 4); (2) northeasterly flow on
the southern branch of the Pacific high south of 30�N; and,
(3) circumpolar circulation reaching the Pacific. These
pathways result in 10–20 ppbv CO over the NE Pacific
(Figure 8a). Westerly circumpolar transport through path-
way (3) extends throughout the free troposphere, resulting
in 1–2 � 10�10 moles CO s�1 cm�2 between 2 and 10 km,
while easterly transport via 1 and 2 occurs in the lower
troposphere south of 30�N and north of 40�N (Figure 9a).
[33] The largest rates of springtime ozone production in

North America occurs in the Eastern United States, colo-
cated with large anthropogenic emissions of NOx and
NMHCs, resulting in North American O3 levels greater
than 30 ppbv. With its shorter lifetime due to photochem-
istry and surface deposition, North American O3 is exported
less efficiently relative to CO, contributing only 2–4 ppbv
of ozone over the northern Pacific (Figure 8d). The largest
influence is found off Baja California with up to 20 ppbv
coming from anthropogenic American emissions (via path-
way 2). The vertical distribution of North American ozone
fluxes at 125�W (Figure 9d) shows that westerly transport

of North American ozone results in a 0.5–1 � 10�10 moles
O3 s

�1 cm�2 flux between 2 and 12 km (pathway 3), while
stronger easterly fluxes (up to2.5�10�10molesO3 s

�1 cm�2)
occurs in the lower troposphere for latitudes south of
30�N (pathway 2), fueled by large rates of ozone pro-
duction. Some of the ozone and CO transported through
pathway 2 is entrained in the trade winds, and can thus
influence the composition of the Northern Tropics [Staudt
et al., 2001].

5.2. Asian Influence

[34] Liu et al. [2003] and Carmichael et al. [2003] show
that the major processes driving export of Asian anthropo-
genic pollution to the Pacific during spring 2001 are frontal
lifting in warm conveyor belts (WCBs) ahead of cold fronts
and boundary layer transport behind the cold fronts. The
WCB is an ascending airstream ahead of a surface cold front
[e.g., Carlson, 1980; Browning, 1999]. In addition, convec-
tion over South East Asia is important for driving the export
of biomass burning emissions south of 30�N. Once over the
Pacific, rapid westerly winds throughout the troposphere
can transport Asian anthropogenic and biomass burning

Figure 7. Ozone profiles during the 12 flights of the Duchess aircraft between 29 March and 6 May
2001. The observations (dark gray circles connected by gray lines) are compared with results from the
GEOS-CHEM model (black lines) sampled at the time and location of the observations. The gray
square symbols indicate simultaneous observations of CO at the ground. As in Figure 3, the light gray
shading indicates the envelope of modeled profiles for nearby grid boxes within 6 hours of flight time.
Individual contributions from Asian, North American, European, and stratospheric source regions from
the tagged-Ox simulation are also shown. Note that the individual contributions have been scaled by a
factor of two for clarity.
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effluents across the Pacific [Jaffe et al., 1999; Yienger et al.,
2000].
[35] Asian sources account for 40–50 ppbv of CO in the

NE Pacific troposphere (Figure 8b), roughly one third of the

total CO (Table 1), consistent with previous analyses
[Berntsen et al., 1999; Yienger et al., 2000; Staudt et al.,
2001]. Most of this Asian CO originates from fossil fuel
combustion, with only 5–10 ppbv coming from biomass

Figure 8. Modeled mean concentrations (0–6 km altitude) of North American, Asian, and European
anthropogenic CO and ozone for 9 March–31 May 2001. The arrows represent the tracer horizontal mass
fluxes between 0 and 6 km altitude.

Figure 9. 9 March–31 May 2001 vertical cross section at 125�W of tagged CO and ozone fluxes
(colored contours in ppbv) from North American, Asian and European anthropogenic sources. The
dashed contour lines (in units of 10�10 moles s�1 cm�2) represent horizontal fluxes of the tracers.
Positive values are for westerly fluxes, while negative fluxes (hatched areas) represent easterly fluxes.
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burning emissions, based on our climatological biomass
burning emission inventory. Asian sources affect a large
region of the NE Pacific, from the surface to 12 km altitude
between 30 and 60�N (Figure 9b). This Asian influence
shows a maximum at 4–10 km where warm conveyor belts
deposit most of the transported CO [Yienger et al., 2000;
Stohl, 2001; Liu et al., 2003]. At these altitudes the westerly
fluxes reaches 10–15 � 10�10 moles CO s�1 cm�2

(Figure 9b), but substantial fluxes (>5 � 10�10 moles CO
s�1 cm�2) are also reaching lower altitudes, illustrating the
importance of boundary layer transport of Asian CO across
the Pacific.
[36] Direct transport of surface ozone produced over Asia

results in 4–6 ppbv of ozone in the NE Pacific, roughly
10% of total ozone (Figure 8e). Figure 9e shows a maxi-
mum Asian ozone contribution of 6–8 ppbv between 2 and
10 km altitude, induced by faster westerly transport at these
altitudes and a longer lifetime for ozone.
[37] The Asian tagged O3 tracer represents transport of

ozone produced within the Asian lower troposphere but
does not account for secondary ozone production via
export of NOx and PAN from Asia. The difference between
our standard full chemistry simulation and a simulation
without Asian anthropogenic sources simulation (delta O3,
Figure 10) is a lower estimate of the combined direct
transport and secondary ozone production from Asia (see
section 2.3). By comparing Figures 10a and 8e, we find that
the influence of secondary ozone production increases
ozone by 2–4 ppbv on average in the NE Pacific for the
0–6 km column and is particularly significant in the areas
influenced by the subsidence in the Pacific High pressure
system as well as over the deserts in the Western U.S.
where strong dry convection can entrain Asian pollution
from aloft [Jacob et al., 1999]. At the surface, there is only
a 10–20% increase in ozone, reflecting the minor role of
secondary production at low altitudes (compare Figure 10b
with Figure 9e). In the upper troposphere over the eastern
Pacific, secondary production results in a doubling of the
Asian impact on ozone between 10 and 30�N. At these low
latitudes, convection is the dominant export pathway from
Asia [Liu et al., 2003], and thus rapid lifting of Asian NOx

followed by efficient ozone production during transport
becomes a significant source of ozone.

5.3. European Influence

[38] Export of European pollution is generally confined to
the lower troposphere below 3 km altitude [Staudt et al.,
2001], as a result of the high latitudes of emissions and the
relative infrequency of cyclogenesis to efficiently vent the
boundary layer [Stohl, 2001]. The main pathway for export
of European pollution is northward to the Arctic [e.g.,
Raatz, 1989]. However, under the influence of the Siberian
anticyclone, a fraction of European emissions is transported
towards Asia [Newell and Evans, 2000; Bey et al., 2001b],
where it accounts for 30–50 ppbv CO and 4–6 ppbv of
ozone (Figures 8c and 8f ). After reaching the East coast of
Asia, the pollution can then be exported to the Pacific in
postfrontal boundary layer outflow where it mixes with
Asian pollution [Liu et al., 2003] and is carried in the storm
track across the Pacific, mostly remaining at low altitudes
and high latitudes (Figures 9c and 9f ). This type of low-
level transport is not efficient for ozone, which has a short

lifetime in the lower troposphere; however, European CO
can reach the United States. Overall the European influence
results in 20–30 ppbv CO and 2–4 ppbv ozone in the NE
Pacific (Figures 8c and 8f ).

6. Origin of CO and Ozone at CPO

[39] Springtime CO concentrations at the CPO ground
site are dominated by anthropogenic sources from Asia
(43 ppbv), with significant contributions from North Amer-
ican (25 ppbv) and European (25 ppbv) sources (Figure 2,
Table 1). The Asian contribution is mostly from fossil fuel
and biofuel sources and only a small amount comes from
biomass burning (7 ppbv). Most of the remaining CO comes
from oxidation of methane and biogenic NMHCs. At the
surface, 77% of the variability in the modeled CO is
controlled by the variability in the North American source.
Variability in Asian and European source contributions ex-
plain an additional 20% of the variability. Enhancements in

Figure 10. 9 March–31 May 2001 mean concentrations
(0–6 km altitude) and vertical cross section at 125�W of
Delta O3 (= standard simulation-simulation without Asian
emissions). Delta O3 is a lower estimate of the combined
direct transport and secondary ozone production from Asia.
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Asian and European contributions often coincide (Figure 2),
reflecting their mixing in post-frontal boundary layer out-
flow over the East Asian coast. With increasing altitude, the
relative contributions from European and North American
sources decrease while the Asian contribution increases
(Figure 3).
[40] In contrast to CO, the Asian and European contribu-

tions to ozone levels are much smaller (Figures 6 and 7). At
CPO, based on our tagged-ozone simulation, we find that
4 ppbv (11%) originate from production in the Asian lower
troposphere (with an additional 1.5 ppbv coming from
secondary production), while 2 ppbv (5%) come from
Europe, and 6 ppbv (16%) from North America, as sum-
marized in Table 2. The remaining contributions are mostly
from chemical production over the Pacific, middle and
upper troposphere, and stratosphere. The North American
contribution explains 27% of the modeled ozone variability,
while the Asian and European contributions together ex-
plain another 25% of ozone variability (the remaining
variability is driven by stratospheric and free tropospheric
sources). The model appears to overestimate the North
American influence on ozone at CPO: increases in total
ozone associated with the many high North American O3

events in Figure 6 (coinciding with CO enhancements in
Figure 2), are not present in the observations. Measurements
at CPO during spring 1997 and 1998 [Jaffe et al., 1999]
often showed high concentrations of NOx, PAN, and CO
associated with observed ozone titration or lack of O3

enhancement, during easterly flow from the nearby Seat-
tle/Vancouver/Portland urban areas. With its 2� � 2.5�
horizontal resolution, the model dilutes NOx emissions from
nearby regions resulting in ozone production in the model.
This overestimate of North American ozone production
partly explains the poor correlation coefficient between
model and observations (section 4). Given the model bias
and poor correlation in reproducing the observed ozone we
emphasize that our estimate of Eurasian source contribu-
tions for ozone is uncertain, but that we have much greater
confidence in our estimate of Eurasian contributions to CO.
[41] How representative of the larger NE Pacific region

are measurements made at the ground and above CPO? To

answer this question we compare modeled tropospheric
columns (up to 6 km) averaged over the NE Pacific (defined
as 165–125�W; 35–65�N) to the columns at CPO (Tables 1
and 2). The CO columns are almost identical (CO: 15.8 �
1017 molecules/cm2 in the NE Pacific, and 15.7 � 1017

molecules/cm2 above CPO), implying that the 0–6 km
column near CPO is indeed representative of the NE Pacific.
The only difference comes from a slightly larger influence
of North American contribution at the surface. The 0–6 km
modeled O3 columns above CPO are identical to the
average O3 columns over the NE Pacific (6 � 1017

molecules/cm2), and in the tagged-ozone simulation, the
North American influence dominates even more at CPO
relative to the average NE Pacific columns (Table 2), but is
likely to be due to the model’s overestimate of North
American influence noted above.
[42] Table 3 presents the terms contributing to the

modeled Ox budget in the NE Pacific during PHOBEA-II.
We have subdivided the budget into three altitude regions:
below 3 km altitude there is a net loss of Ox, between 3 and

Table 3. Ox Budget Over the Northeastern Pacifica

Budget

0–3 km 3–6 km 6–12 km

Chemistry
Production 1.9 1.6 1.1
Loss �2.2 �2.2 �0.8

Advection
West 5.8 21 46.9
East �4.8 �17.4 �39.2
North �1.3 �2.7 �3.6
South �1.3 �1.2 �4.4

Vertical transport
Top 1.9 2.5 3.2
Bottom 0.0 �1.9 �2.6

Deposition
Wet �0.5 �0.1 �0.02
Dry �0.7 0.0 0.0

Net �1.2 �0.4 0.6
aResults are from the full chemistry simulation. Values are in Gmoles/day

for 9 March–31 May 2001 averaged over the NE Pacific (35–60�N,
165�W–125�W). Positive values correspond to net sources for that region.

Table 2. Chemical Contributions to Odd-Oxygen (Ox) Over the Northeastern Pacific From the Tagged Ox

Simulation

Source Regionsa

Northeastern Pacific:
0–6 km Column 35–60�N,

165�W–125�W

Cheeka Peak Observatory:
0–6 km Column 48.3�N,

124.8�W

Cheeka Peak Observatory:
Mixing Ratios 48.3�N,

124.8�W, 480 m

Lower troposphere
North America 3.6b (6%) 4.6b (8%) 6.5c (16%)
Europe 3.1 (5%) 2.9 (4.8%) 2.2 (5.5%)
Asia 7.6 (13%) 7.1 (12%) 4.4 (11%)
Pacific 8.7 (15%) 8.4 (14%) 9.5 (24%)
Others 4.5 (6%) 3.5 (5.2%) 2.6 (6.5%)

Middle troposphere 16.0 (27%) 17.0 (28%) 6.7 (17%)
Upper troposphere 7.2 (12%) 7.1 (12%) 3.2 (8%)
Stratosphere 9.3 (16%) 9.4 (16%) 4.9 (12%)
Total 60 (100%) 60 (100%) 40 (100%)

aSource regions are defined as: lower troposphere (700 hPa-surface), middle troposphere (700–400 hPa) and upper
troposphere (400 hPa-tropopause). Subdivisions within the lower troposphere follow the same continental geographic
regions defined in Table 1.

bValues are mean tropospheric columns (in 1016 molecules/cm2) below 6 km altitude for 9 March–31 May 2001 from
the tagged-Ox simulation. Percentages are indicated in parenthesis.

cIn this last column, values are in mixing ratios (in ppbv) for the tagged-Ox simulation sampled at the location of CPO
for 9 March–31 May 2001 (Figure 6).
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6 km altitude the Ox budget is nearly balanced, and between
6 and 12 km altitude there is a net production of Ox. In the
lower part of the troposphere (<3 km), the Ox sources are
controlled by advection from the west, descent from higher
altitudes, and photochemical production. These sources are
more than balanced by sinks in the form of advection out of
the region through the East, North and South, deposition,
and photochemical loss. Subsidence in the Pacific High
pressure system appears as an important mechanism for
supplying Ox to the NE Pacific lower troposphere. In the
middle and upper troposphere the dominant Ox source is
westerly advection, which increases with increasing altitude.
Below 6 km there is net photochemical loss of ozone in NE
Pacific region, consistent with the photochemical box model
analysis of Kotchenruther et al. [2001b].

7. Case Studies of Trans-Pacific Transport
of Pollutants

[43] The episodic nature of trans-Pacific transport [e.g.,
Jaffe et al., 1999; Yienger et al., 2000; Hess et al., 2000] can
be clearly seen at CPO in Figures 2 and 5, as well as in
Figure 11, which shows the time-height dependence of
Asian and European contributions to CO above CPO.
Strong long-range transport episodes with Asian CO >
60 ppbv occur on 12 separate times (see Figure 11) and
are seen much more frequently in the middle and upper
troposphere compared with the lower troposphere, where
only one such episode is predicted by the model, on 11
March 2001. This lower tropospheric long-range transport
episode resulted in an increase in CO observed at CPO,
lending confidence to the model transport (arrow on
Figure 2). Two other Asian long-range transport episodes

with smaller CO enhancements can also be noted in the
surface observations and the model on Figures 2 and 11: 6–
8 April and 28–29 April 2001. Jaffe et al. [2003] identified
three episodes of long-range transport in the spring 2001
PHOBEA-II aircraft profiles for 29 March, 14 April, and
6 May. Significant gas and aerosol layers were observed on
all three flights. Back trajectories suggest an Asian source
region while the gas and aerosol composition suggest
industrial sources sometimes accompanied by mineral dust
sources. The GEOS-CHEM model misses the 29 March
event. However, the model does capture the 14 April and
6 May cases (Figures 3 and 7), and attributes the CO
enhancements to transport of Asian pollution, consistent
with the interpretation of Jaffe et al. [2003]. We now focus
on a case-by-case analysis of these three long-range trans-
port events which were observed in the NE Pacific and
captured by the model: 11 March, 14 April, and 6 May 2001.

7.1. 11 March 2001

[44] The 11 March 2001 event is unique in two respects:
the large contribution from Asian sources, exceeding
60 ppbv of CO at the ground (Figure 2), and the vertical
extent of the enhancement, which occurred throughout the
troposphere, reaching a maximum of 115 ppbv Asian CO at
6 km altitude (Figure 11). Figure 5 shows a 30% increase
in modeled column CO below 6 km altitude. NOAA
HYSPLIT [Draxler and Hess, 1997] back trajectory calcu-
lations (not shown) indicate low-level transport from Asia
with a transit time of 7 days at the surface, and a more
rapid transit in the middle troposphere, confirming the
GEOS-CHEM results. The observations exhibited enhanced
CO for a 24-hour time period (�30 ppbv enhancement
relative to mean spring levels) but no enhancements in

Figure 11. Time height cross section of Asian and European contributions to CO (in ppbv) at CPO. The
vertical lines show the timing and vertical extent of PHOBEA-II flights. The arrows indicate the three
long-range transport events discussed in section 7 (11 March, 14 April, and 6 May 2001).
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ozone or aerosols. The model captures the timing of this
event remarkably well but somewhat underestimates the
increase in CO (Figure 2). The model also predicts an
increase in Asian ozone to 8 ppbv (Figure 6). These are
the largest levels of Asian ozone calculated at CPO for
spring 2001, but the resulting small increase (�5 ppbv) in
ozone on top of the background levels is difficult to identify
in the total modeled ozone levels, consistent with lack of
enhancement in the O3 observations.
[45] This long-range transport event has its origin in an

intrusion of cold mid-latitude air deep into the South
China Sea in early March 2001. This ‘‘cold-surge’’ was
associated with a surface cold front extending to northern
Japan. Using the GEOS-CHEM model, Liu et al. [2003]
find that outflow of Asian pollution over South China
occurred both in the warm conveyor belt ahead of this
cold front, as well as in the boundary layer behind the
front. This cold surge lead to the highest eastward flux of
CO in the lower free troposphere over the western Pacific
in spring 2001.
[46] Figure 12, presenting average mixing ratios of Asian

CO between 0 and 6 km as well as horizontal fluxes and sea
level pressure maps, illustrates the sequence of events
between 4 March and 11 March 2001. The low pressure
system at 42�N, 150�E forced Asian pollution outflow over
the Pacific to the northeast, with maximum horizontal fluxes
between 25� and 40�N on 4 March. Over the next few days
the cyclone traveled on a northeast trajectory in the Pacific
storm track and merged with another cyclone forming over
the Gulf of Alaska. By 8 March, the Asian CO was located
in the lower troposphere behind the cold front, as well as
ahead of the cold front in the warm conveyor belt, where it
ascended to the middle troposphere with a southerly flow.

On 7 and 9 March, the TRACE-P DC-8 aircraft flew out of
Hong Kong across the cold front. Lifting of Asian CO
ahead of the cold front between 4 and 8 km altitude was
apparent in both observations and in model simulations [Liu
et al., 2003; Carmichael et al., 2003]. Strong subsidence
capped the high levels of CO observed in the boundary-
layer outflow behind the cold front.
[47] Strong wind speeds throughout the troposphere

allowed rapid transport of this Asian pollution across the
Pacific. The upper tropospheric leading edge of the Asian
CO tracer, traveling in the warm conveyor belt, reached the
North American coast on 10 March at 12 GMT (Figure 11).
It was followed one day later by the lower tropospheric
Asian CO, channeled between the low pressure system over
the Gulf of Alaska and the Pacific high (Figure 12). By that
time some of the upper tropospheric Asian CO started
subsiding on the east side of the Pacific anticyclone off
the Oregon and California coasts.

7.2. 14 April 2001

[48] The 14 April case was discussed by Price et al.
[2003] and Jaffe et al. [2003] and appears to have started as
a large dust storm induced by a low-pressure system passing
over the Gobi desert on 6 April 2001 [Gong et al., 2003].
Over the next few days the system intensified and moved
towards northeast Asia, passing over areas with high an-
thropogenic emissions. It then rapidly crossed the Pacific,
and on 13 April the leading edge of the pollution plume
reached the Washington and Oregon coasts between 2 and
6 km altitude (Figures 1 and 11).
[49] On 14 April the observed CO was significantly

enhanced between 4 and 6 km altitude, reaching 173 ppbv,
but ozone showed little to no enhancement (Figure 7). The

Figure 12. (top) Daily Asian CO mixing ratios (in ppbv, colored contours) averaged between 0 and 6
km for 4 March, 8 March, and 11 March 2001. The arrows show averaged horizontal fluxes. (bottom) Sea
level pressure for 4 March, 8 March, and 11 March 2001.
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GEOS-CHEM model predicts a somewhat smaller CO
enhancement displaced to lower altitudes (3–5 km) result-
ing from Asian CO. The model also somewhat under-
estimates the lower tropospheric maximum and attributes
it to a combination of Asian and European influences
(Figures 2 and 3). In fact European influence on CO was
the highest calculated at CPO for spring 2001 (40 ppbv),
however the simultaneous decrease in Asian contribution
resulted in no overall increase in total modeled CO levels,
consistent with observations. This European CO plume
traveled below the Asian plume and was initially exported
over the Pacific behind the low pressure system ahead of the
one which caused the dust storm. By 13 April the Asian
plume, which is traveling at higher altitudes, has caught up
with the European plume and both are arriving over North
America at the same time.

7.3. 6 May 2001

[50] During the last days of April, the Siberian anticy-
clone extended to the East, over the Sea of Okhotsk,
where it remained stationary for the first few days of May
(Figure 13). As a cyclone approached this blocking high from
the west on 1 May, the strong pressure gradients between the
two systems forced a northward surge of Asian pollution
towards the Arctic. The Asian pollution traveled at low levels
on the western and northern sides of the anticyclone. It then
came under the influence of a developing surface low
pressure system over Alaska and was rapidly transported
along a northwesterly trajectory to the NE Pacific. Because
the Asian anticyclone was the dominant pressure system
guiding the export of Asian pollution, most of the transport
initially remained at low levels. This is consistent with the

backtrajectory analysis of Price et al. [2003] for this 6 May
event, indicating a high-latitude Eurasian origin for air below
3 km altitude and an aged marine origin above.
[51] On 6 May the GEOS-CHEM model captures the

observed CO and ozone enhancements between 1 and 3 km
altitude (Figures 3 and 7). The CO enhancement is attrib-
uted to Asian sources. For ozone, the model assigns the
increase to a combination of a strong Asian component and
a stratospheric contribution. The northerly route (compared
with the 11 March case) precluded strong photochemical
loss of ozone, thus explaining the large 12–15 ppbv Asian
ozone above CPO (Figure 7). The stratospheric intrusion
was associated with the upper-level cut-off low and mixed
in with the Asian pollution prior to its arrival over CPO. We
confirmed the stratospheric origin of the air by examining
TOMS total ozone satellite images, and by identifying dry
air in GOES-West channel 2 water vapor imagery. The
nearby Quillayute, Washington (47.95�N, 124.55�W)
sounding indicated that the stratospheric intrusion occurred
between 1.5 and 3 km altitude, consistent with the modeled
ozone profiles in Figure 7.

8. Conclusions

[52] During the PHOBEA-II project, continuous observa-
tions of CO, ozone, and aerosols were obtained between
9 March and 31 May 2001 at the Cheeka Peak Observatory
(48.3�N, 124.6�W, 480 m), a coastal site in Washington
State. These observations were complemented by twelve
vertical profiles (0–6 km) conducted above CPO with a
twin-engine Beechcraft Duchess aircraft. The PHOBEA-II
project took place at the same time as the TRACE-P and

Figure 13. (top) Daily Asian CO mixing ratios (in ppbv, colored contours) at 2.5 km (740 hPa) for 1, 3,
and 5 May 2001. The arrows show averaged horizontal fluxes. (bottom) Sea level pressure for 1, 3, and 5
May 2001.
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ACE-Asia field missions, which both sampled the western
north Pacific troposphere. The GEOS-CHEM chemical
transport model forecasts were successfully used not only
to probe a number of trans-Pacific pollution transport
episodes in the NE Pacific but also to gather a representative
dataset throughout the spring.
[53] The GEOS-CHEM model provides a very good

simulation of CO observations both at the ground and aloft,
reproducing average levels and day-to-day variability. The
model’s ability in capturing CO observations strongly
suggests a good understanding of CO sources (in particular
Asian sources), loss, and transport mechanisms, consistent
with the analysis of Palmer et al. [2003] and Heald et al.
(submitted manuscript, 2003).
[54] For ozone, the model underestimates the ground-

based observations by 8 ppbv, overestimates the aircraft
profiles by 5 ppbv, and does not capture the temporal
variability of the observations. These model biases could
be due the assumption of a uniform gN2O5 = 0.03 for the
heterogeneous reaction N2O5 + H2O ! 2HNO3 on aerosols
(laboratory measurements indicate a strong temperature and
relative humidity dependence for gN2O5) or could also be
due to misrepresentation of stratosphere-troposphere ex-
change during spring 2001 and uncertainties in NOx emis-
sion inventories. The poor correlation between observed
and modeled ozone reflects the lack of variability in the
observations and an apparent model overestimate of nearby
North American influence on ozone because of the model’s
coarse horizontal resolution.
[55] With GEOS-CHEM simulations tagging CO and

ozone according to source regions, we examined the impact
of Asian and European sources on the composition of the
NE Pacific troposphere. We find that 33% of CO in the 0–
6 km near CPO comes from Asian sources and 15% from
European sources, while North American sources account
for 11%. The Asian contribution increases with increasing
altitude, while the North American and European contribu-
tions decrease. At the surface, North American CO sources
become more important (17%) and account for 77% of the
variability in CPO observations. In the 0–6 km column near
CPO, direct transport of ozone produced over Asia and
Europe respectively account for 12% and 5% of ozone. We
estimate that the full contribution from Asian emissions to
O3 in the 0–6 km column (including secondary production
of ozone from export of Asian PAN and NOx to the free
troposphere) is at least 16%. Given the poor performance of
the model in reproducing O3 observations, a large uncer-
tainty is associated with our calculation of O3 source
contributions. However, we have greater confidence in our
estimate of Eurasian contributions to CO because of the
very good agreement with observations.
[56] We find that the budget of odd-oxygen in the NE

Pacific below 6 km is characterized by net loss: photochem-
ical loss and deposition are partly counterbalanced by
westerly advection and photochemical production. Above
6 km there is net photochemical production of ozone in NE
Pacific region.
[57] Based on back trajectory calculations combined with

observed layers of enhanced gases and aerosols, Jaffe et al.
[2003] identified three episodes of long-range transport of
air pollutants and dust from Asia in the PHOBEA-II aircraft
observations. The GEOS-CHEM model captures two of

these episodes and confirms the Asian origin of these
airmasses. Using the tagged CO simulation, we identified
an additional long-range transport event in the surface
observations at CPO and linked it to strong post-frontal
boundary layer outflow observed 4 days earlier in the
western Pacific during TRACE-P [Liu et al., 2003;
Carmichael et al., 2003]. In all three cases reproduced by
the model, both observations and model show clear
enhancements in CO. However, only in one of these cases
is ozone enhanced. This enhancement is captured by the
model and is attributed to a combination of transport of
Asian ozone at high latitudes and ozone of stratospheric
origin. In the other two cases, the modeled contribution
from Asian ozone increases to 8–10 ppbv but the total
levels of ozone are not significantly enhanced, rendering
detection of Asian influence on ozone difficult.
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