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The episodic nature of air pollution transport from
Asia to North America

James J. Yienger,' Meredith Galanter,” Tracey A. Holloway,® Mahesh J. Phadnis,’
Sarath K. Guttikunda," Gregory R. Carmichael,' Walter J. Moxim,*
and Hiram Levy II*

Abstract. We employ the Geophysical Fluid Dynamics Laboratory (GFDL) global chemistry
transport model (GCTM) to address the cpisodic nature of trans-Pacific pollution. The strongest
Asian CO episodes over North America (NA), occurring most frequently between February and
May, are often associated with disturbances that entrain pollution over castern Asia and amplify
over the western Pacific Ocean. Using 55 ppb of Asian CO as a criterion for major events, we
find that during a typical year three to five Asian pollution events analogous to those observed by

Jaffe et al. [1999] are expected in the boundary layer all along the U.S. West Coast between
February and May. In contrast to CO, Asia currently has a small impact on the magnitude and
variability of background ozone arriving over NA from the west. Direct and indirect Asian
contributions to episodic O; events over the western United States are generally in the 3 - 10
ppbv range. The two largest total O, events (>60 ppbv), while having trajectories which pass over
Asia, show negligible impact from Asian emissions. However, this may change. A future
emission scenario in which Asian NO, emissions increase by a factor of 4 from those in 1990
produces late spring ozone episodes at the surface of California with Asian contributions
reaching 40 ppb. Such episodic contributions are certain to exacerbate local NA pollution events,
especially in elevated arcas morce frequently exposed to free tropospheric and more heavily Asian

- influenced air.

1. Introduction

Long-range transport of aerosols and trace gases from Asia
significantly alters the composition of the remote Pacific
troposphere [e.g.. Uematsu et al., 1983, Merrill et al., 1985; Levy
and Moxim, 1989; Xiao et al., 1997, Brasseur et al., 1996; Jaffe
et al., 1997]. In spring. when storm and frontal activity in Asia is
most prevalent, scasonally maximum outflows of continental
pollution and dust are observed in both in situ observations and
satellite studies [Duce et al., 1980; Bodhaine et al., 1981;
Prospero, 1985; Prospero and Savoie, 1989; Merrill et al., 1989;
Herman et al., 1997; Stegmann and Tindale, 1999], and it has
been speculated that the springtime ozone maximum at Hawaii
may be caused in large part by Asian air pollution [Ridley et al.,
1997; Wang et al., 1998].

There is growing obscrvational evidence for an Asian impact
extending to North America. Krirz [1990] found evidence that
Asian boundary layer air can be transported to the upper
troposphere over California in 2-4 days. More recently, Jaffe er
al. [1999] observed Asian air pollution being transported to the
surface of North America (NA) during the spring of 1997. The
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following year, a visible plume of dust from a strong April Asian
dust storm was carried over North America (R. B. Husar, The
Asian dust event of April 1998, http://capita.wustl.edu/Asia-
FarEast), and Jaffe et al. [2000] has again detected Asian
pollution oft of Washington State in the spring of 1999.

Three-dimensional (3-D) global chemical transport models
(GCTMs) are also being used to study the issue. Employing a
coarse resolution (8°x10°) GCTM, Berntsen et al. [1996]
concluded that future developments in Asia will significantly
perturb free tropospheric ozone chemistry and, more recently,
found that Asian emissions raised average simulated background
springtime levels of CO and O, by an average of 34 and 4 ppbv,
respectively, over the castern North Pacific [Bernisen et al.,
1999]. Jacob et al. [1999] recently concluded that rising Asian
emissions may generate enough surface background ozone over
the western United States to counteract gains from domestic
control strategies.

While the previous simulations provide an estimation of the
monthly or seasonal mean enhancements, observations suggest
that Asian outflow is highly episodic [¢.g., Atlas et al., 1992] and
may not be well represented as a uniform "background”
enhancement. Berntsen et al. [1999] simulated episodic trans-
Pacific pollution events over NA in their GCTM study, but they
found modest low-frequency fluctuations in total CO and day-to-
day fluctuations in the Asian CO signal of only a few parts per
billion per day. In reality, synoptic-scale fluctuations are much
stronger with concentrations of CO at Cheeka Peak Observatory
(CPO) changing over a few days by 20 to 50 ppb [Jaffe et al.,
2000]. At the peak of one episode at CPO, hydrocarbon levels
approached those typically found offshore of Asia during the
Pacific Exploratory Mission (PEM) West B mission [sce Jaffe et
al., 1999 Table 2].

For our examination of the episodic nature of trans-Pacific
pollution, we employ the Geophysical Fluid Dynamics
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Laboratory (GFDL) global chemistry transport model (GCTM),
which has sufficient resolution to produce synoptic-scale tracer
fluctuations similar in magnitude and nature to those observed in
the real atmosphere [see Levy and Moxim, 1989; Moxim, 1990,
Moxim et al., 1996]. We address questions such as how well is
the Asian pollution signal over North America represented by a
mean value? How frequent are strong transport events (i.e., like
those observed by Jaffe et al. [1999] at CPO) expected during and
outside of spring, and how does this frequency differ with
location and altitude? What is the relationship between elevated
0O; levels over NA and Asian emissions?

2. Model Description

2.1. GCTM

The GCTM has a horizontal resolution of ~265 km (2.4° x 2.4°
in the tropics and 3°-3.5" x 2.4° in midlatitudes) and 11 sigma
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levels in the vertical at standard pressures of 10, 38, 65, 110, 190,
315, 500, 685, 835, 940, and 990 mbar and is driven by | year of
6-hour time-averaged winds, 6-hour sampled temperatures, and 6-
hour summed precipitation fields from a general circulation
model with no diurnal cycle [Manabe et al., 1974]. Resolved
transport is solved to second order in the horizontal and fourth
order in the vertical [sce Mahlman and Moxim, 1978 section 3],
and diffusion-based parameterizations for horizontal sub-grid
scale transport and for vertical sub-grid-scale transport due to dry
and moist convection throughout the troposphere and shear-
dependent mixing in the boundary layer are included [see Levy et
al., 1985; Kasibhatla et al., 1996] see also the appendix of Levy et
al. [1999] and references therein for details.

In Figure 1 we see that the GCTM's North Pacific wind fields
averaged over March and April are quite reasonable and in good
agreement with climatology. The primary features throughout the
troposphere of both are a high-latitude cyclonic circulation over
eastern Siberia in the upper troposphere and its associated lower
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Figure 1. March-April mean streamlines over the North Pacific for the upper troposphere (~300 mbar), lower
troposphere (~700 mbar), and surface. The model fields are constructed from the winds employed by the global

chemistry transport model (GCTM) and the observed fields are from
the analysis by Oort [1983].
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tropospheric circulation over western Alaska, a midlatitude
westerly flow across the North Pacific throughout the
troposphere, and a boundary layer (BL) high-pressure circulation
in the eastern subtropical Pacific producing the northeasterly
tropospheric trade winds of the tropical Pacific.

However, in order to realistically simulate the observed
episodic fluctuations in both relatively long-lived tracers such as
CO and shorter-lived tracers such as O,, the GCTM's transport
must also contain realistic levels of synoptic variability. The
GCTM's parent general circulation model (GCM) displays the
appropriate eddy kinetic energy scasonal maxima in the regions
of both the North Pacific and North Atlantic winter storm tracks
[Manabe et al., 1974]. In a spectral analysis of simulated N,O
time series, we showed that the dominant power in simulated
tracer fluctuations in the midlatitude lower troposphere of the
GCTM was in the synoptic range of 2 - 10 days [Levy et al.,
1982]. A detailed analysis of transport by a midlatitude storm
over and off the coast of the castern United States found that the
GCTM realistically captured the main features of synoptic-scale
transport (see Figure 5 and related discussion in the work by
Moxim et al., [1996]). Similar transport features are also captured
by the GCTM over castern Asia, as will be discussed in section 4.

2.2. CO Simulation

This work relies on the analysis of global simulations that have
been described and extensively evaluated previously for CO
[Holloway et al., 2000] and O, [Levy et al., 1997; Klonecki and
Levy, 1997; Yienger et al., 1999]. The GCTM simulation of CO is
designed for 1990 conditions that include emissions from fossil
fuel (300 Tg CO/yr), biomass burning (748 Tg CO/yr), biogenic
hydrocarbon oxidation (683 Tg CO/yr) and CH, oxidation (758
Tg CO/yr). The only CO destruction pathway is OH oxidation
based on precalculated monthly-mean 3-D OIH fields
[Spivakovsky et al., 1990] that have been scaled by 1.15 to give a
CH,CCl, global lifetime of 4.8 years (see Holloway et al. [2000]
for complete details of the CO simulation and its evaluation).

Seasonally averaged, 93% of the comparisons of GCTM
simulations with surface observations from the global Climate
Modeling and Diagnostics Laboratory (CMDL) flask network are
within +-25% [Holloway et al., 2000, Figure 7]. While the
simulated monthly time series are generally in excellent
agreement with the surface observations from Asia, the North
Pacific, and North America, we do find an ~10 pphv low bias in
January through May at Midway Island, Cape Mears, Oregon,,
and Wendover, Utah [sce Holloway et al., 2000, Figure 8]. While
much of this bias could be removed by an increase in the glohal
fossil fuel source from 300 to 400 Tg CO/yr, agreement would
significantly worsen elsewhere.  The ~20 ppbv January-May
deficit at very high latitudes, which we believe results from
excess downward transport of stratospheric air near the pole, may
also influence the midlatitudes. This low bias does not
significantly influence the synoptic-scale transport we are
examining, as Plate 1 demonstrates. With the exception of the
Asian and North American contribution analysis in Figure 5 and
6, which use an earlier CO simulation that cemployed the unscaled
OH fields of Spivakovsky et al. [1990], this study employs the
standard CO simulation. While the earlier simulation had ~7%
more total CO, the relative contributions in Figure 5 and 6, which
are transport controlled, do not differ significantly from the
standard simulation.

2.3. O, Simulation

The ozone simulation has four components: irreversible
stratospheric injection, parameterized pollution production in the
continental boundary layer (BL), surface dry deposition, and
CH,-COfacetone-H,0-NO, based chemistry throughout the
background troposphere (sec Levy er al. [1997], Klonecki and
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Levy [1997], Yienger et al. [1999] for details). The model's
explicitly simulated stratospheric injection [Levy et al., 1997] has
been significantly improved by relaxing, with a 10-day lifetime,
the GCTM's lower stratospheric ozone values to those simulated
by the GFDL SKYHI GCM [Hamilton et al., 1995; also L.
Perliski, private communication. 1997]. The resulting global net
stratospheric injection of ozone into the troposphere is 750 Tg
Oylyr.

The parameterized net production in the polluted continental
boundary layer is derived from an empirical relationship between
NO, conversion and O; production based on midlatitude
observations and theoretical studies and is employed when NO,
exceeds 200 pptv and isoprene exceeds 100 pptv. Both it and
surface dry deposition are as described previously [Kasibhatla et
al., 1996; Levy et al., 1997].

A CH,-CO/acetone-H,0-NO -0 photochemical box model is
used to construct seven-parameter interpolation tables for 24-
hour-averaged rates of ozone production and destruction in the
background troposphere (NO, < 200 parts per trillion by volume
(pptv) and isoprene < 100 pptv). With CII, specified for cach
hemisphere, the eight parameters are tropospheric pressure,
latitude, month, albedo, O,, NO,, CO, and H,0 (see Klonecki and
Levy [1997] for details). The ozone production and destruction
terms for every grid box in the buckground troposphere are then
interpolated every time step from the tables using (1) the
instantaneous ozone concentration from the current simulation;
(2) 6-hour-sampled CO and NO, concentrations from earlier
simulations using the same meteorology; and (3) monthly
averaged H,0 from observations [Qort, 1983; Soden and
Bretherton, 1996]. Both the background O chemical production
and destruction and the pollution production respond to synoptic-
scale fluctuations in O,, CO and NO,. While observed monthly-
mean H,0 does not include synoptic-scale fluctuations, the
dominant variations with height, latitude, and scason are
captured.

Although the Oy simulation responds to fluctuations in the
species important to Oy chemistry, the same is not true for CO
and NQO, where monthly-mean zonally averaged chemical rates
were used. This should not be a problem for CO, which has a
chemical lifetime of weeks to months [see Holloway et al. 2000,
Figure 2] and is not sensitive to day-to-day fluctuations in its
chemical loss rate. While NO_ has a chemical lifetime of 1-3
days, OH and NQO, are positively correlated. This would tend to
reduce the amplitude of the NO, fluctuations, but should not
significantly affect the mean response of the ozone chemistry,
which is relatively lincar over the expected range of NO,
[Klonecki and Levy, 1997]. We do not expect the lack of chemical
feedbacks for NO, and CO to affect the conclusions of this study.

In a comparison of the GCTM simulation with over 300
seasonal observations, both in the BL and at 500 mbar, from a
global set of ozonesondes [c.g., Logan, 1999] and surface
measurements [e.g., Levy et al., 1997], ~90% of the cases are
within +-25%, there is no global bias, and the seasonal
amplitudes are realistic (see Yienger et al. [1999] and Plates 4a
and 4b in this paper). However, the simulated means for many of
the midlatitude sites are systematically ~10 ppbv high for January
and February, although the respective standard deviations and
means do generally overlap. In particular, the simulated 500-mbar
mean at Sapporo, Japan, exceeds the observed mean by 15 ppbv
in winter and 10 ppbv in spring.

2.4 Determination of Asian and North American

Contributions to CO and O,

To isolate pollution from Asia, we made three separate 2-year
CO and NO, simulations: one with full global emissions, one
without surface emissions from Asia (defined to include South,
Southeast, and East Asia), and one without surface emissions
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from North and Central America. In the latter two cases, biogenic
hydrocarbon oxidation and fossil fuel and biomass burning are
considered surface sources of CO, and soil biogenic emissions
and fossil fuel and biomass burning are considered surface
sources of NO,. The first year of the run is used to equilibrate the
model, and the second year is used in analysis. We define the
contribution of either Asia or North America to total CO (Asian
CO and North American CO) as the difference between the full
emission simulation and the respective simulations without the
local emissions. Anulogous pairs of O; simulations were run and
differenced with the appropriate CO and NO, fields to determine
the impact of Asian emissions on total O, which we call "Asian
0;" (see Levy et al. [1999] for a detailed description of the NO,
sources and fields used in the 1990 simulations, and Yienger et al.
[1999] for the methodology used to generate the future "2020"
NO, sources). Both 1990 and future NO, emissions for South,
Southeast, and East Asia are taken from van Aardenne et al.
[1999].

The future projection, which is based on estimates of future
growth in energy use and assumes that rising fossil fuel
consumption will occur with no further emission controls,
increases Asian NO, emissions from 5.8 Tg N in 1990 to ~26 Tg
by 2020. New ecvidence, however, indicates that controls are
already being implemented on new energy developments in China
and that 2020 emissions will likely not be so high (D. Streets,
private communication, 1999). Therefore we consider our "2020"
scenario a "worst-case scenario” and refer to it in section 5 as a
fourfold increase in the 1990 Asian NO| emissions of NO, from
fossil fuel combustion.

250
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3. Episodic Asian CO Transport to North
America

3.1. Checka Peak Observatory (CPO): Comparison to
Observations

In Plate 1 we compare the GCTM's unfiltered total CO 940-
mbar time series from a grid box just off the coast of CPO (see
Figure 2) with the March-April 1997 [Jaffe er al., 1999] and 1998
[Jaffe et al., 2000] observations that have been filtered to remove
obvious contamination by local pollution. The 940-mbar level
was chosen to be at the altitude of CPO. Both of the GCTM
simulations, the standard case in red and the old simulation with
the unscaled Spivakovsky et al. [1990] OII in black, and the
observations display similar amplitudes and frequencies of
fluctuations. For this time period the standard simulation has a
mean of 140 ppbv CO, while the 1997 observations are 151 ppbv
and the 1998 observations are 170 ppbv. While both the 1997
observations and the simulation start to decrease in April, the
1998 observations remain high throughout, which accounts for
the significantly higher mean. This 1998 behavior, although real,
is the result of some unusual CO events which are now under
investigation [Jaffe et al., 2000].

For March and April of 1997, Jaffe et al. [1999] reported that
13% of all their isentropic trajectorices crossed over East Asia
compared to 16% of the fully 3-D trajectories in the GCTM. In
most cases the GCTM parcels traveled from Eust Asia across the
Pacific in 5-8 days, similar to the average of ~ 7 days and Figure
1 of Jaffe at al. [1999]. Interestingly, in both the model and
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Plate 1. Comparison of the GC'TM's 940-mbar time series of total CO with filtered observations from 1997 and
1998 from CPO. The red line is the standard CO simulation, and the black line is the earlier CO simulation with

unscaled Spivakovsky et al. [1990] OI1.
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Figure 2. Locations of the three points analyzed in this study: (1)
Checeka Peak Observatory (CPO), (2) central California, and (3)
north central Canada.

observations, not all "Asia trajectories” were associated with high
levels of CO. In the GCTM we found that air descending over
Japan behind troughs often arrived at CPO with relatively little
Asian CO, while other GCTM events were associated with
elevated Asian CO and raised ambicnt total CO by 20-30 ppb/d at
CPO. Overall, we capture both the mean and the synoptic-scale
fluctuations of total CO at CPO and the observed trajectory
behavior [Jaffe et al., 1999].

In Figure 3 we use the GCTM to explicitly consider the
transport of Asian CO to CPO during winter and spring. Note that
35-40 ppbv of Asian CO is present as a background with a
number of significant fluctuations and a few events of 60 ppbv or
more. In order to estimate the number of events analogous in
strength to those observed at CPO, we include a line at 55 ppbv
that roughly defines the average amount of Asian CO we estimate
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to have been present during the major Asian events observed by
Jaffe et al. [1999]. The 55-ppbv indicator was determined by
adding the 18 ppbv mean difference between Asian and non-
Asian trajectories (168 ppbv - 150 ppbv) observed by Jaffe et al.
[1999] to the 35-40 ppbv background Asiun CO in our simulation
for a range of 53 - 58. This line isolates four major Asian
pollution episodes and a number of lesser events. The number of
significant Asian CO events, along with the fact that not all of
them lead to significant total CO cevents at CPO. is consistent with
the analysis and observations of Jaffe et al. [ 1999].

Interestingly, while there is a strong correlation between Asian
and total CO, the three simulated peaks with the highest total CO
(> 175 ppb) do not correspond to events with particularly high
contributions from Asian CO, and represent three distinet 3-D
trajectories. For the first peak (March 14). an "Asian trajectory”
subsides into the BL over China and then travels across the North
Pacific, but contains only the background level of Asian CO. The
next two (March 29 and 31) both originate north of 60°N over far
eastern Siberia and the Bering Sca, but the March 31 peak starts
in the lower troposphere, subsides over castern Siberia, and then
travels across the North Pacific in the BL, while the March 29
peak starts in the BL and travels across the Bering Sca and down
the coast of Alaska. Clearly, a variety of transport conditions can
contribute to high-CO events at CPO. making an observation-
based assignment of sources very complicated.

3.2. CO Variability Across North America

In Figure 4 we examine the relative frequency of Asian
pollution events at three different grid points across NA (see
Figure 2 for locations). The grid point off the coast of CPO has
already been discussed.  The sccond grid point represents
background air arriving over central California, and the third
point is in the high latitudes over central Canada. California was
chosen because of obvious air quality concerns, while central
Canada was chosen because this remote arca will be used to
evaluate the springtime evolution of ozone and related oxidants
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Figure 4. Time series at 6-hour intervals of Asian contribution to CO at all three locations in Figure 2 at both 940
mbar (boundary layer, BL) and 500 mbar (middle troposphere). Locations and pressure levels of the time series
are labeled for each plot. The line at 55 ppbv represents an approximate baseline for major Asian CO events and
our estimate of the approximate amount of Asian CO present in the Asian pollution parcels observed at CPO by

Jaffe et al. [1999].

during the Tropospheric Ozone Production About the Spring
Equinox (TOPSE) campaign. Tree tropospheric measurements
there will likely be influenced by Asia, but the nature and extent
of this impact remain unknown. At each point we present results
for both the boundary layer (940 mbar) and the middle
troposphere (500 mbar).

Figures 4a-f reveal two major features in the frequency and
magnitude of major Asian CO episodes: (1) Both frequency and
magnitude increase sharply from the boundary layer to the middle
troposphere at all sites, and (2) the high-latitude signal is
dramatically smaller and less variable. Throughout the spring at
CPO, major Asian CO events occur ~20% of the time at 500
mbar and only ~4% of the time in the BL. Trajectories from the
GCTM reveal that flow from Asia is much more common aloft

than in the BL. Moving southward to central California (Figure
4¢) the Asian CO signal in the BL is similar to CPO though a
little less noisy. Aloft at 500 mbar (Figure 4d) major Asian CO
events occur even more {requently than at CPO and six exceed
100 ppb. Over central C anada, while the BL signal (Figure 4e) is
muted and nearly always representative of the mean
enhancement, there is still an obvious increase in the Asian signal
at 500 mbar (Figure 4f), though the events are fewer and much
smaller than they were for the midlatitude sites.

There is a growing awareness of the regional significance of
annual burning in southern China and Indochina. Evidence for
periodic enhancement of free tropospheric ozone over Hong
Kong in spring due to biomass burning was recently reported by
Liu et al. [1999]. During PEM West B, Blake et al. [1997]
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reported that the outflow of combustion products observed below
25°N appeared to be from biomass burning, as opposed to farther
north where the signal was distinctly urban. In addition, the
satellite-derived Total Ozone Mapping Spectrometer (TOMS)
aerosol index shows a consistent March-April maximum in
southern China and Indochina that is likely to be caused by soot
from biomass-burning fires [Herman er al., 1997]. The
trajectories for the largest Asian CO event (~80 ppbv) in early
February at 500 mbar over central Canada and the four strongest
(>100 ppbv) over California originate over southeastern Asia
where spring biomass burning accounts for more than 50-70% of
the local CO emissions [Galanter et al., 2000]. This burning,
which contributes 20%-30% of the total CO at 500 mbar over
California, helps explain the high levels of Asian CO observed
there.

3.3. Asian CO Versus North American CO

All the Asian CO episodes discussed up to this point have
exceeded the North American contributions (recall that the NA
contribution to total CO was computed analogously to Asian CO
as the difference between a global simulation with and without
North American, Mexican, and Caribbean surface CO sources).

However, the importance of Asia to the overall chemical
variability of the free troposphere is not limited to just the
episodic peak events, nor to western NA. Much of the time, as
shown in Figure 5, Asian CO exceeds NA CO in the free
troposphere over much of North America. In February and March
at 500 mbar, Asian CO is almost always greater than NA CO over
most of the United States and southern Canada. In early spring,
lack of convection generally shiclds the mid-troposphere from
surface pollution. Lower down at 835 mbar, Asian CO still
exceeds local CO 60-80% of the time over western NA and 40-
60% of the time in the cast. At the surface, local sources dominate
with the exception of mountain grid boxes, which have small
local sources and greater exposure to free tropospheric air. By
June, slower transport, enhanced convection, and a shorter CO
lifetime reduce the impact of Asian CO in the lower troposphere,
although at 500 mbar Asian CO still dominates 40-80% of the
time over NA.

The above percentages, while large, do not say whether the
Asian source dominates during times of peak CO over NA or
during low values resulting from either rapid ventilation or the
absence of strong local sources. In order to put the percentages of
Figure 5 into better perspective, we present in Figure 6
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Figure 6. Scatter plots of simulated values of either Asian CO or North American (NA) CO versus total CO taken
every 6 hours at 500 mbar for three grid boxes across the United States. If Asian CO exceeds NA CO, the Asian
CO is plotted versus total CO as a circle. If the NA contribution is greater, it is plotted versus total CO as a plus.
The top three plots are for February-March, while the bottom three are for June-July.

scatterplots of the contributions to total CO from Asia and North
America versus total CO at 500 mbar for three grid boxes across
NA: central California, the Midwest (Kansas). and the East Coast
(Virginia). At each location we make two separate scatterplots for
the periods of February-March and June-July to show the
seasonal differences. A single point is plotted every 6 hours. If
the Asian contribution exceeds the NA contribution, the Asian
contribution is plotted against total CO as a circle, and if the
reverse is true, the NA contribution is plotted against total CO as
a plus. In this way, the regimes of CO when either source
dominates are clear.

In February and March over California (500 mbar) the Asian
contribution is clearly responsible for all the high CO values.
During the relatively few periods when NA dominates, total CO
is low. Moving eastward over the Midwest and East Coast, the
frequency of synoptic-scale storms increases over the source
regions, and the periods of high CO are due equally to NA and
Asia. However, even over the Bast Coast, occasional
contributions from Asia rival those from within North America
itself. The model also shows that periods of high middle
tropospheric CO over NA, regardless of origin, are as likely to
occur over California as over the East Coast.

During June and July the situation at 500 mbar is quite
different. Over California, Asia still dominates, although both
total CO and the relative contribution from Asia are much smaller
because of the shorter lifetime of CO and slower transport from

Asia. Toward the cast we attribute the highest values to NA CO
lifted from the BL.. Asia tends to still dominate about 50% of the
time, but during the minima when air propagates all the way
across NA without receiving a strong injection of CO from the
BL. While there are still a number of moderate 50-60 ppb
contributions from Asia that dominate during the middle-range
CO events over the Midwest and East Couast, NA controls all the
high CO levels.

4. Export From Asia
4.1. Synoptic-Scale Events

It is clear from Figure | that the springtime mean flow in the
troposphere will tend to transport Asian emissions toward North
America. When this flow is combined with CO's relatively long
chemical lifetime, it is not surprising that there is a significant
background level of Asian CO over NA. Towever, it is also clear
from Plate 1 and Figures 3 and 4 that both total CO and its Asian
component fluctuate a great deal with a synoptic-scule frequency
of 2-10 days. An important mechanism for this episodic export of
pollution from Asia is the development of Jow-pressure baroclinic
systems over Asia that vent the BL and loft pollution into the free
troposphere where it then may be carried rapidly across the North
Pacific.

We found that the strongest Asian CO ¢pisodes over NA were
often associated with amplifying troughs in the western Pacific
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Plate 2. A six-plot 500-mbar daily sequence of Asian CO over the North pacific showing a trans-Pacific Asian
CO transport event driven by cyclogenesis over Asia that propagated, with wave amplification in the middle
troposphere, across the North Pucific. The white lines represent instuntancous streamlines. This sequence shows
that parcels over Asia can. on occasion, advect fairly undiluted all the way across the Pacific Ocean. Movies of
this and related transport events can be viewed at the following web site (http://www cgrer.uiowa.edu/asiaimpact).
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Ocean, an area of frequent cyclogenesis known as the Pacific
storm track. The generalized nature of transport via baroclinic
waves is well established [e.g., Moxim et al., 1996; Rood et al.,
1997; Stone et al., 1999]. These systems loft BL air into the free
troposphere on the ridge side of the wave, and cause clean air to
descend on the trough side of the wave. When cyclogenesis over
Asia is followed by strong amplification in the storm track,
accelerating westerly flows can move pollution from the
continent to the central Pacific in a few days.

In Plate 2 we present a simulaled 6-day sequence of Asian CO
at 500 mbar during one such GCTM event in late February that
produced the first high episodes at 500 mbar over California and
CPO. On February 13 a surface low developed over China and
lifted BL air into the free troposphere as it moved across China,
Korea, and Japan (the remnants of two previous waves that
vented Asian air can be seen on February 13 over the U.S. west
coast and in the central Pacific). On February 15 it moved into the
Pacific Ocean, intensified, and accelerated toward the west. By
February 18 there is an Asian CO plume that features & maximum
on the eastern side of the low pressure and a tail that extends back
to Asia in the zonal flow.

This event so polluted the Pacific troposphere that episodic
pockets of elevated CO arrived at locations all over the United
States for a week. Notice that when the system reaches the
Aleutian Islands, a plume extends virtually across the entire
Pacific Ocean from East Asia. Jaffe et al. [1999] found such a
pattern responsible for the strongest pollution episode observed at
CPO and referred to it as a "conveyor-belt” in which flow is
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accelerated in a straight narrow band between the Aleutian Low
and the Pacific High [e.g., Jaffe et al., 1999, Figure 1]. The basic
structure of this simulated event is also analogous to the April
1998 venting of the Asian BL that caused a large dust event over
the western United States (R.B. Iusar. http://capita.wustl.edu/
Asia-FarEast). A sequence of NASA Goddard Space Flight
Center satellite images shows that a Pacific storm entrains and
evolves a dust plume (R.B. Husar, web sites, 1998) to a similar
spatial and temporal scale as the CO plume shown in Plate 2.

4.2. Nature and Scasonality of Winter-Spring Asian Outflow

In winter the Asian CO signal shown in Figures 4a-f has low
variability because cold surface temperatures over extratropical
Asia create a stable low-level inversion that inhibits the venting
of pollution out of the BL. Starting in late winter and early spring,
however, convection into the middle troposphere increases as the
Asian BL becomes less stable and cyclogenesis increases [Chen
et al., 1991]. By the end of May or carly June, decreasing
synoptic-scale storm activity, coupled with a weakening and
northward movement of upper level westerlies, reduces the
frequency and intensity of Asiun outflow, as scen in Figures 4a-f.

During springtime, climatological differences between the
middle and lower latitudes lead to different pathways for long-
range transport out of Asia. From China, Korea, and Japan, which
lie in prevailing westerly surface flow during spring. we found
instances of both low- and high-altitude outflow, eventually
leading to pollution episodes over NA. In general, lofting during
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Plate 3. Comparison of the GCTM's 940-mbar time series of total O, with filtered observations from 1997 and

1998 from CPO.



YIENGER ET AL.: AIR POLLUTION TRANSPORT FROM ASIA TO NORTH AMERICA

storm passage and prevailing low-level flow between storms were
both effective outflow mechanisms. On the other hand, most 3-D
springtime trajectories that traveled back over southern China and
Indochina did so in the middle troposphere, since long-range low-
level outflow south of the storm track is inhibited by the
prevailing northeasterly flow (sce Figure 1). PEM West B
analysis confirmed a sharp dropoff in the number of surface
outflow events below 25°N as compared to the midlatitudes
[Talbot et al., 1997].

5. Episodic Impact of "Asian O;" on Western NA

We would not expect the impact of Asia on O, across North
America to be as pronounced as it is on CO becuuse of ozone's
shorter lifetime, the complex role of its background chemistry,
the major contribution of local sources to local BL levels, and the
major contributions to background ozone levels in the free
troposphere from stratosphere-troposphere exchange (STE).
Indeed, Jaffe et al. [1999] were unable to detect ozone
enhancements during the episodes, atributed to Asian cmissions,
of springtime CO-acrosol-hydrocarbon pollution at CPO. This is
consistent with the observed breakdown of the CO-03 correlation
far downwind of continents during spring [e.g., Harris et al.,
1998]. However, Jacob et al. [1999] predicted that by the year
2010, Asian emissions will raise mean surface ozone in California
by ~6 ppb in May and ~3 ppb in July (relative to 1985), and they
found that the impact will increase with altitude.

5.1. Checka Peak Observatory

In Plate 3 we compare our GCTM's 940-mbar O, time series
from the occan box upwind of CPO with the March-April 1997
[Jaffe et al., 1999] and March-April 1998 [Jaffe et al., 2000]
observations from CPO, after the measurements contaminated by
local pollution have been removed. As for CO, both the simulated
time series and the observations show similar fluctuations. Unlike
CO, the Oy observations for the two years are quite similar in
April, though like CQO, they are both higher than the simulation.
The model mean for the time period is 40 ppbv with a standard
deviation (sd) of 8 ppbv, while for the observations the means are
44 and 45 ppbv with standard deviations o' S and 4 ppbv for 1997
and 1998, respectively. While the simuliated mean for the period,
which has not been filtered, is within 10% of the observed means,
it does show a number of fluctuations outside of the observed
range and has twice the standard deviation.
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We now examine the GCTM's two highest total O, peaks at
CPO. The first peak (March 5) has a trajectory that originated
over northern China at ~ 500 mbar, traveled across the North
Pacific to Alaska at the same level, and then rapidly subsided
while traveling down the coast of Alaska to CPO. The second
(March 20) 3-D trajectory originated over China at 650 mbar,
gradually subsided while crossing Korea, Japan, and the western
North Pacific, and continued in the BL to CPO. Unlike the first
peak. the trajectory for the second is extremely sensitive to its
exact termination level at CPO. For a termination level of 900
mbar, the trajectory originates at 60°N and 660 mbar over Siberia,
travels to the southeast, and subsides over Japan to 800 mbar and
then heads straight over the North Pacific to CPO. While the two
are quite similar from the central Pacific to CPO, they are quite
different at the beginning, which suggests a complex meteorology
over the western Pacific.

In Figure 7 we compare the GCTM's 940-mbar CPO time
series for total Oy and with the "Asian ;" contribution for winter
and spring. The obvious point is that the contribution of Asian
emissions to O, at CPO, with a base of ~5 ppbv or 10-15%, is
much smaller than it was for CO in Plate 1. It is also comparable
to the 4 ppbv average found previously by Berntsen et al. [1999].
We also note that the total ozone values during the major Asian
CO pollution episodes (denoted by solid circles in Figure 7) are
not raised above background, although the contributions of
"Asian O,", itself, do maximize during the four Asian CO events.

Further complicating this picture is the fact that while the two
largest O events (>60 ppbv) have "Asian trajectories” according
to the criteria of Jaffe et al. [1999], they experience only a
background level of Asian influence (-5 ppbv) and are not
associated with either major Asian CO events or large total CO
events. Clearly, any attempt to attribute long-range impacts on
the basis of local measurements and 5-10 day isentropic trajectory
analysis at midlatitude is severely limited by the complexities of
midlatitude synoptic meteorology, as well as the naturally large
vertical and latitudinal gradients in Oy, The GCTM's day-to-day
ozone variability over the North Pacific and the northwestern
United States is strongly influenced by periodic subsidence events
following the passage of cold fronts. Furthermore, Oy injected
from the stratosphere is highly correlated to ambient ozone in the
spring and accounts for roughly 40% of the ozone arriving at
CPO. In general, ozone arriving into the northwestern U.S.
boundary layer has descended from a global-scale free
tropospheric ozone reservoir that is not directly controllable by
any one nation.
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Figure 7. Time series in 6-hour intervals of ozone and its Asian component for the CPO grid box at 940 mbar.
The four largest Asian CO events are marked on the ozone time series with solid circles.
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5.2. Central California

Before examining the simulated impact of Asian emissions on
California's O4, we compare simulated 5S00-mbar and 940-mbar
monthly-meun time series of total O, for January-June with 4
years of weekly ozonesonde observations from Trinidad Head,
California (S. Oltmans, private communication, 2000) in the
upper and lower plots, respectively, of Plate 4. Neither have been
filtered for any possible local pollution, though the site, which is
at the head of a peninsula in northern California jutting out into
the Pacific Ocean, is normally expected to sample background
air. The thin black line is sampled every 6 hours and captures the
full variability in the GC'TM simulation, while the thick black line
has been sampled once a week, just as was done for the
observations. Both the weekly sampled 500-mbar and 940-mbar
simulated means and standard deviations (60 ppbv with a s.d. of
19 ppbv and 39 ppbv with a s.d. of 8 ppbv, respectively) are in
excellent agreement with the observations (57 ppbv with a s.d. of
18 ppbv and 39 ppbv with a s.d. of 8 ppbv, respectively).
However, the full simulation clearly hus very strong synoptic-
scale variability. This is driven by the arrival of baroclinic waves
from the west every few days in the GCTM and is generally not
captured in any of the weekly samples. There is no sign of the
simulated synoptic variability in the December und January
observations, though hints do appear in the other months. In a
month-by-month analysis. we find excellent agreement between
the GC'TM und observations for all months at 940 mbar and all

500mb (6hour averages)
T I T T
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months excepting December and January at 500 mbar. For those
two months the simulated standard deviations are much higher
than observed, and the simulated January mean is 25% greater
than observed.

In Figure 8 we present simulated 940-mbar and 500-mbar time
series of "Asian O;" in the grid box off the coast of central
California for our 1990 emissions and for our 4x1990 Asian NO,
emissions ("2020") case. The Junuary-Tune "Asian O," time
series, as for Asian CO, are highly episodic, with the strongest O
events occurring later than for CO, probably due to a lag between
the maximum Asian outflow and net photochemical ozone
production. At 500 mbar with 1990 emission levels (Figure 8,
upper plot), 4 events with greater than 20 ppb of "Asian ;" oceur
in May and two cach in March, April, and late February. Under
the future scenario a few springtime events at 500 mbar approach
60 ppb, and most events greater than 40 ppb have shifted to April
and May, periods which have more active photochemistry.

In the BL (Figure 8, lower plot), at 1990 emission levels a few
Asian episodes exceed 10 ppb in March-May but drop to 5 ppb in
June. Our 1990 "Asian O," contributions. driven by ~8 TgN/yr of
Asian NO, emissions, are similar in magnitude to the predicted
increases from 1985 to 2010 of Jacob er al. [1999], which are
driven by an increase of ~12 TgN/yr in NO, emissions. While we
found only a small Asian impact on current BL O, we predict
that a four fold increase in Asiun NO_ emissions, which is
expected to oceur sometime after 2020, will generate episodes of
"Asian O," in the BL that reach 30-40 ppb in May and perhaps

60 T

60 T T T
50F e 1990
F — 2020
40(
8 301
o
201

940mb (6hour averages)

Figure 8. The Asian contribution to total ozone ("Asian O,") offshore of central California at (top) 500 mbar and
(bottom) 940 mbar. In both plots we present the time series for the 1990 emissions by a dotted line and the time
series for the 4x1990 ("2020") Asian emission rates in black.
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10-20 ppb in summer. In the future, such strong trans-Pacific
events may well aggravate local pollution enough to generate
violations of the current air quality standard for O,.  This is
particularly true in higher altitude urban or suburban arcus more
exposed to free tropospheric air.

6. Conclusions

Qur analysis of the episodic nature of trans-Pacific Asian
contributions to North America CO and O, revealed the
following:

1. With regard to the GEFDL GCTM, its simulated total CO and
total Oy time series are in good agreement, both in the meuan and
in the magnitude and frequency of their fluctuations, with the
surface observations of CO and O; at CPO and the ozonesonde
observations at Trinidad Head California, and the GCTM's Asian
trajectory analysis and number of significant Asian CO events
simulated at CPO are consistent with the analysis of observations
by Jaffe et al. [1999].

2. Using 55 ppbv of Asian CO as a baseline for major Asian
pollution events from December - June, we found that their
frequency and magnitude increased markedly with height,
accounting for 20% of the total time series at 500 mbar over CPO
and nearly 50% over central California, with some events
exceeding 100 ppbv of Asian CO. Moving north over central
Canada in the region of the TOPSE mission, we found that the
overall signal variability decreased significantly. However, while
there were no major Asian events in the BLL, there were cight at
500 mbar.

3. In the springtime free troposphere over North America,
Asian CO was found to exceed the contribution from North
America most of the time in the west and up to three quarters of
the time in the cast. By summer, while Asian CO was still
dominant over the western United States, it only dominated North
American CO approximately one third of the time over the
eastern United States, and in almost all cases only when total CO
was low.

4. During winter and spring, Asian emissions made only a
small contribution to western North American O, levels in the
BL, while they played a larger, though not dominant, role at 500
mbar. For 1990 emissions, most boundary layer "Asian O,"
events in California were only in the 5-10 ppbv range during
winter and spring and less in the summer.

5. While the GCTM simulated two 60+ ppbv total ozone
events at CPO and their trajectories tracked back over the
emission regions of Asia, neither Asian CO nor "Asiun O," was
significantly different from its normal background levels.

6. In a future emission scenario in which Asian NO, emissions
were increased by a factor of 4, episodes of late spring Asian
ozone in the BL just off California were found to reach 40 ppb.

There are a number of implications of these results:

1. Given that the two largest total Oy events simulated for CPO
had "Asian trajectories” yet experienced only background levels
of "Asian O," (=5 ppbv) and Asian CO (~40 ppbv), we can
expect that attempts to attribute long-range air quality impacts on
the basis of local measurements and 5-10 day isentropic back
trajectories will be severely challenged by the complexities of
midlatitude synoptic meteorology, as well as the naturally large
vertical and latitudinal gradients in O,. Many of the synoptic
episodes of elevated total O3 and CO over the western United
States appear to combine natural processes and pollution in a
complex mixture of transport and chemistry.

2. Acrosol and chemical measurements in the free troposphere
over North America will need to account for trans-Pacific
transport when explaining synoptic-scale variability. particularly
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for those enigmatic high episodes that appear to have no local
origin.

3. Regional-scale chemical models that rely on seasonal or
monthly-averaged boundary conditions for either Pacific air or
descending free tropospheric air over NA must consider the
potential synoptic-scale consequences of such assumptions and
may underestimate the variability in tracer time series when
compared to observations.

4. While North American air quality does not now appear to be
significantly affected by Asian emissions, it would appear that
this may become a significant problem in the next few decades.
This impact is much more likely to arise from synoptic-scale
episodes than from a relatively steady increase in background Oy
levels.
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