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Abstract

In May 2003, both MODIS aerosol optical depth (AOD) and carbon monoxide (CO)
measurements from MOPITT show significant trans-Pacific transport to North Amer-
ica. We apply the global chemical transport model, GEOS-Chem, to analyze the main
features of the long-range transport events. Enhancements of MOPITT CO over the5

tropical Pacific are much broader than MODIS AOD enhancements. We find in model
simulations that a major fraction of the CO enhancements in the subtropics in May is
due to biomass burning in Southeast Asia in April. Biomass burning CO was recircu-
lated into the subtropical high-pressure system and lingered for a much longer period
than aerosols transported at higher latitudes. Simulated AOD enhancements are due10

to a combination of dust, sulfate, and organic and elemental carbons. Dust contribu-
tion dominates the AOD enhancements in early May. Model results indicate that dust
transport takes place at higher altitude than the other aerosols. MODIS observations
indicate a bias in model simulated pathway of dust transport in one out of the three
cases analyzed. Sensitivities of dust transport pathways are analyzed in the model.15

The dipole structure of transport, consisting of the Aleutian Low to the north and the
Pacific High to the south, over the Pacific is found to be a key factor. The placement
of the dipole structure relative to model parameters such as up-stream wind field and
source location may lead to the high sensitivity of simulated transport pathways.

1 Introduction20

Trans-Pacific transport of Asian pollutants is evident in in situ and satellite observa-
tions (Merrill et al., 1989; Parrish et al., 1992, 2007; Jaffe et al., 1999; Wang et al.,
2003, 2006). Global model simulations showed that the transport has an impact on
regional air quality as well as radiative forcing in the United States (Jacob et al., 1999;
Takemura et al., 2002; Chin et al., 2002; Park et al., 2003; Hadley et al., 2007). The25

transport events of pollutants, affecting the contiguous United States, largely occur on
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a continuous basis throughout the year (Liang et al., 2004), while the transport events of
dust occur on average once a year, preferentially in spring, with intensive occurrences
in just selected years (1993, 1998, 1999 and 2001) (Jaffe et al., 1999, 2003; Heald
et al., 2006). These events lead to episodic increases in atmospheric concentrations
of dust and pollutants in the downstream regions (Parrish et al., 2007) or year round5

enhancements in the background levels, particularly in the west coast of the United
States due to Asian pollution transport (VanCuren et al., 2005; Hadley et al., 2007).
A typical transport event takes approximately 6–8 days across the Pacific (Takemura et
al., 2002).

A variety of studies have been conducted for better understanding of Asian pollutant10

transport and they have provided a lot of insights into the impacts of the transport.
However, there still remain large uncertainties in model calculations (e.g., Chin et al.,
2002). Specifically, the state of the art models are capable of simulating the approx-
imate transport pattern but are not suitable for quantitative analysis in some cases
(Heald et al., 2006). Due to the general lack of observations, only a limited number of15

trans-Pacific transport events have been used in model evaluations and characteriza-
tions of the transport events. Over the vast stretch of the Pacific Ocean, satellites are
often the only observation platform available. The advantage of satellite observations
is that multiple species are available with extended spatial coverage for multiple years.

As part of the NASA Earth Observing System (EOS) program, the Terra and20

Aqua satellites were launched in 1999 and 2002, respectively. They both have sun-
synchronous, near-polar, and circular orbit. Aboard both satellites, the MODerate
resolution Imaging Spectroradiometer (MODIS) (Salomonson et al., 1989; King et al.,
1997) monitors the globe with a wide spectral range, with near daily global coverage
and relatively fine spatial resolution. The Aqua satellite passes across the equator in25

an ascending node at approximately 13:30 LT, while the Terra satellite passes across
the equator in a descending node at 10:30. The difference in orbits results in different
view and cloud conditions for observations at a given location. Hence MODIS AOD
measurements from both platforms were analyzed in this study. The aerosol algorithm
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of MODIS has been validated under a variety of conditions (Remer et al., 2002; Levy
et al., 2003; Chu et al., 2005). Along with the aerosol measurements from MODIS,
we used carbon monoxide (CO) measurements from the Measurement Of Pollution In
The Troposphere (MOPITT) (Clerbaux et al., 2002; Deeter et al., 2002; Emmons et
al., 2008) in this study. MOPITT aboard the Terra satellite was designed to measure5

atmospheric concentrations of a number of gases and meteorological variables.
Relative to in situ observations, satellite observations from MODIS and MOPITT

provide limited or no information in the vertical distribution in the troposphere and their
retrieval uncertainties are larger. We attempt to minimize the uncertainty of the mea-
surements by finding the strongest trans-Pacific transport events in the satellite obser-10

vations and apply a global chemical transport model (CTM), GEOS-Chem, to analyze
these events. In the analysis, we take into consideration the measurement uncertain-
ties and focus the modeling analysis on the characteristics well defined by the satellite
measurements. In this study, we scanned the 2002–2008 AOD measurements from
MODIS to identify strongest trans-Pacific transport events of Asian aerosols. MODIS15

AOD measurements have larger uncertainties than MOIPITT CO, and therefore cor-
responding CO measurements from MOPITT were subsequently examined to confirm
the transport events. May 2003 was found to be the period of largest enhancements
of trans-Pacific aerosols as well as CO through visual inspection of the 7-year data.
Three events were identified for this month. We applied the GEOS-Chem model to sim-20

ulate the long-range transports of aerosols and CO across the Pacific in these events.
We find two major issues in the model simulations of trans-Pacific CO and dust en-
hancements in one out of the three cases. We then examine the physical processes
represented in the model to understand the mechanisms.

2 Model description25

We use the GEOS-Chem global 3-D model (Bey et al., 2001a) to simulate the trans-
Pacific transport of aerosols and CO in May 2003. The model (version 7.3.6) is driven
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by assimilated meteorological fields of the Goddard Earth Observing System (GEOS)
version 4 and contains a detailed oxidant-aerosol chemical mechanism. The GEOS-
Chem model we used in this work calculates concentrations of aerosol and gaseous
trace species at a horizontal resolution of 2◦×2.5◦ for 30 vertical layers, 17 of which are
in the troposphere. Within the model, aerosols are assumed to be externally mixed and5

the AOD at 550 nm for each aerosol component is calculated using the formulation by
Tegen and Lacis (1996). We conducted a simulation of aerosols and CO for a 7-month
period, including a 6-month model spin-up and a 1-month simulation for the analysis of
the transport events.

The simulations of aerosols and CO in this study are similar to the previous study by10

Heald et al. (2006) with minor modifications as described below. The global sources of
sulfur, ammonia, and NOx are described by Park et al. (2004). Carbonaceous aerosol
emissions are taken from Cooke et al. (1999) for fossil fuel sources and Yevich and
Logan (2003) for biofuels. Sea salt and dust emission are calculated following the
schemes of Monahan et al. (1986) and Ginoux et al. (2001), respectively. Implemen-15

tation of dust emission and mobilization schemes (Ginoux et al., 2001; Zender et al.,
2003) in GEOS-Chem is described by Fairlie et al. (2007). Details of the standard
GEOS-Chem formulation can be found elsewhere (Park et al., 2003, 2004; Heald et
al., 2006, and references therein).

We calculated contribution of anthropogenic and biomass burning sources in Asia to20

the column CO distributions over the Pacific using tagged CO tracers (Bey et al., 2001b)
by source type and region. The tagged CO simulation was initialized through the
6-month model spin-up as the standard full chemistry simulation, and it used monthly
mean OH concentration field archived from a previous standard simulation of year 2001
by Evans et al. (2005).25

We employed the dust mobilization scheme by Zender et al. (2003) in place of that by
Ginoux et al. (2001) to test the sensitivity of uplifting of dust particles and subsequent
transport to dust emission schemes. Biomass burning emissions of Elemental Carbon
(EC), Organic Carbon (OC), and CO are based on the dry mass burned data with an
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averaging period of 8 days from the Global Fire Emission Dataset (GFED) (Randerson
et al., 2008). Year-specific biomass burning emissions were used for both full chemistry
and tagged CO simulation due to the significant inter-annual variability as shown in the
previous studies (Park et al., 2003; Chin et al., 2007). Since this study is focused
on events with a duration of about a week, emission estimates with a finer temporal5

resolution, than the monthly averages typically used, are used. Global emissions from
wildfires of EC, OC, and CO are in the ranges of 0.03–0.1 Tg C, 0.23–1.12 Tg C, and
4.48–16.36 Tg CO, respectively, for each 8-day period in spring 2003. The variation of
emissions within a month is up to 35% from the monthly average values.

3 Spatial patterns of trans-Pacific transport events10

MODIS AOD measurements from both the Terra and the Aqua indicate a series of
strong trans-Pacific transport events of Asian aerosols in May 2003. Figure 1 com-
pares observed and simulated AOD during the three events occurred on 1–8, 10–17,
and 21–28 May 2003. Only Aqua observations are shown, since Terra MODIS shows
comparable results for all the events. MODIS AOD measurements indicate approx-15

imately an 8-day duration of individual transport events. Here, we present average
values for the last 4 days of the transport events, in which AOD enhancements due to
trans-Pacific transport are well formed, as a compromise between MODIS sparse daily
spatial coverage (due mainly to cloud interference) and the deformation of transport
plumes over time. Only GEOS-Chem results, corresponding to the clear-sky MODIS20

measurements, were used for averaging. It is apparent that the model AOD values are
lower than MODIS retrievals over the Pacific. The previous study by Heald et al. (2006)
also reported GEOS-Chem underestimation of AOD over the Pacific during a period
of massive dust storms in April 2001. Levy et al. (2003) indicated that the assump-
tion of spherical dust is responsible for errors in retrieval of African dust, leading to25

overestimated AOD at 550 nm. Chu et al. (2005) suggested approximately 50% over-
estimation of MODIS AOD at 550 nm in the presence of Asian dust in the Pacific based
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on comparison with in situ measurements. Quantitative assessments of the simulated
AOD values are therefore severely limited by the retrieval uncertainties. We focus the
analysis on the transport pathway patterns. To account for the MODIS AOD overes-
timation (Chu et al., 2005), we reduced the MODIS values by 30% for comparison
purposes in Fig. 1.5

The MODIS measurements show slightly different transport pathways in three trans-
port events; the plume in the second event was transported at lower latitudes across
the Pacific than the first and third events. The transport pathway patterns were simu-
lated reasonably well in the second and third events, while the simulated plume in the
first event is clearly shifted to lower latitudes compared to the observations, resulting in10

model underestimates of aerosol loading in the North Pacific and overestimates in the
Central Pacific.

We also show the simulated CO columns during the same periods as the AOD distri-
butions in Fig. 1. What is interesting here is that the simulated spatial pattern of column
CO is closer to the MODIS AOD pattern than simulated AOD is in the first event. In the15

second and third events, both simulated CO column and AOD patterns are similar to
MODIS AOD. Therefore the simulations of column CO could provide some clues to the
model biases in the AOD simulation, which we will explore in the following sections.

4 Accumulation of CO over the Central Pacific

Before going into detailed model analysis of AOD simulations, we first evaluate model20

simulated column CO with MOPITT observations (Fig. 2). The sensitivities of MOPITT
to tropospheric CO have altitude dependence (Deeter et al., 2002). We process the
model results with MOPITT averaging kernel for a proper comparison. A careful in-
spection of the observed and simulated column reveals that while the model generally
captures the observed magnitude and distribution of MOPITT CO, the observed high25

CO columns extends further south to the Central Pacific than the model results.
The dichotomy of good simulation of the northern part of the plumes but

1361

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 1355–1382, 2010

Trans-Pacific
transport of dust and

CO

J. Nam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

significant underestimation of the southern part of the plumes is likely driven by an
underestimation of CO emissions at lower subtropical latitudes. Heald et al. (2003)
indicated that biomass burning effluents of southeast Asia are transported over
the Pacific at lower latitudes than Asian anthropogenic pollution. According to
the GFED inventory, biomass burning released a total of 3.58 and 0.11 Tg CO5

during April and May 2003, respectively, in the Indochina Peninsula (Fig. S1
in the electronic supplement http://www.atmos-chem-phys-discuss.net/10/1355/2010/
acpd-10-1355-2010-supplement.pdf). We increased the CO emissions in that region
by a factor of 2, 4, and 8, respectively to investigate the sensitivity of column CO over
the Central Pacific to this emission. Figure 2 shows the model results when Burma10

biomass burning was increased by a factor of 8. Column CO is enhanced more over
the Central Pacific than the North Pacific. While a factor of 8 increase leads to some
overestimates of column CO compared to MOPITT, a factor of 4 increases underes-
timates, suggesting a factor of 4–8 increases of emissions in the region based on
MOPITT observations.15

The underestimation of the biomass burning source in Southeast Asia was corrob-
orated by the tagged CO simulation (Fig. S2 in the electronic supplement). While the
contribution of biomass burning CO from Southeast Asia is mainly over the subtropical
Pacific Ocean, the contribution of anthropogenic emissions from Southeast Asia pro-
duce a large latitudinal gradient from the subtropics to mid and high latitudes. Since the20

model does not underestimate CO columns at mid and high latitudes (Fig. 2), it is more
likely that the emission bias is from biomass burning than anthropogenic emissions.

Biomass burning in the Indochina Peninsula occurred mostly in April 2003, and –
70% of the CO emissions occurred in the first half of April. We show the effects of
increasing biomass burning by a factor of 8 only in April in Fig. 2. Due to its long lifetime25

against oxidation, CO emitted in April 2003 could affect the atmospheric distribution of
CO one month later. Biomass burning CO from the Indochina Peninsula in April was
recirculated into the subtropical high-pressure systems, subsequently transported to
the Central Pacific, and lingered towards the end of May. The CO enhancements
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decrease as CO is oxidized. We see in Fig. 2 the large effect in the first event and
more moderate effects in the second and third events.

To analyze further the impacts of Southeast Asian biomass burning emissions, we
analyze surface observations by NOAA ESRL (Fig. 3, Novelli et al., 2008). Among the
active ESRL sites in April–May 2003, the Mariana Island site in Guam (GMI, the loca-5

tion of which is shown in Fig. 2) is in the closest vicinity of the biomass burning plumes
(Fig. 2). While it is further south from the plume pathways, Fig. 2 shows that the site is
located in a region sensitive to biomass burning emissions from the Indochina Penin-
sula. When biomass burning emissions from the Indochina Peninsula are increased by
a factor of 8 in April only, the model result captures the observed CO enhancements.10

The CO increase relative to the original GFED inventory is 41% in the middle of April
and up to 26% in the beginning of May. Although 70% of biomass burning emissions
from the Indochina occurred in the first half of April in the GFED inventory (Fig. S1 in the
electronic supplement), the simulated CO enhancements due to increase of biomass
burning emissions become significant in the second half of April, reflecting in part the15

relatively slow transport in the subtropics compared to mid and high latitudes in April
and May (winds at 500 and 900 hPa will be shown in Fig. 8). We conduct another sen-
sitivity simulation, in which the anthropogenic CO emissions over southeast China are
doubled. Since the CO enhancements over the subtropical Pacific are only apparent
in the first half of May (Fig. 2), the doubling of CO emissions is applied in the 6 months20

before May. The effects on surface CO at the GMI site and the distributions of CO over
the Pacific are relatively minor (Fig. 3 and Fig. S3 in the electronic supplement).

The simulated CO enhancement from increased biomass burning lasted into the first
week of May (Fig. 3). Simulated CO is lower than the observation on 12 May but
is in agreement on 14 May, indicating that either biomass burning CO in Southeast25

Asia is underestimated in early May or that the accumulation of biomass burning CO
from April dissipates too fast in the model because of model transport error. Additional
measurements between 6 and 12 May would be necessary for more detailed modeling
analysis.
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5 Characteristics of transport events

We use the GEOS-Chem results to apportion AOD into dust, sulfate, carbonaceous
(EC and OC), and sea salt aerosols in the troposphere. Figure 4 compares the trans-
Pacific distribution of dust AOD with all the other aerosol AOD (total AOD − dust AOD)
simulated by the model. Among the three events, dust AOD contributes as much and5

more to the total AOD over Central and Eastern Pacific than the other aerosols dur-
ing the first event. It is also the event when dust AOD is transported further into the
West Coast of the United States than the other aerosols. In the other two events, dust
AOD tends to lag behind the other aerosol AOD. The latitudinal displacement of trans-
port pathways between dust and the other aerosols is also most significant in the first10

event. The large dust signal in the first event provides an opportunity to use MODIS
measurements to constrain dust transport.

Sulfate aerosols account for 40–60% of all the other aerosol AOD (except dust) over
the Pacific; carbonaceous and sea salt aerosols account for the rest. Dust and sulfate
aerosols together contribute 70–80% of the total AOD downwind during the first and15

the second events and 50–60% during the third event. The relative contribution from
carbonaceous aerosols in the third event is larger than the two other events.

In addition to horizontal distribution, we examine the altitude distribution of aerosol
transport simulated by the model (Fig. 5). In all three events, dust is transported at
higher altitudes, mainly 500 hPa, than the other aerosols and CO. It is transported faster20

since the strength of westerlies increases in altitude. Transport of the other aerosols
and CO occurred at relatively low altitudes, extending from ground up to 600 hPa. Not
only was the transport slower at low altitude, as shown in the longitudinal extent of
AOD, the horizontal distributions of column AOD are also different (Fig. 4) reflecting in
part the vertical wind sheer in the mid-latitude westerlies over the Pacific. Simulations25

using the dust mobilization scheme by Zender et al. (2003) show similar results in both
horizontal and vertical distributions (not shown). Since sulfate and hydrophilic organic
aerosols can be easily scavenged during convection, our selection of largest MODIS
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aerosol AOD enhancement events over the Pacific may have led to a study period with
fewer convections than normal over East China. As a result, the pollutant transport
from East China is mainly at low altitudes.

While the transport pathways of observed AOD and simulated CO are consistent,
simulated AOD transport is veered southward compared to the observations (Fig. 1).5

In contrast, simulated CO transport pathway at midlatitudes is consistent with obser-
vations (Fig. 2). These comparisons indicate that the bias in AOD transport is driven
by the bias of dust transport (Fig. 4). A key reason for the large difference in transport
pathways of dust and the other aerosols or CO is the geographical distributions of their
sources. Dust sources are located over the two most active deserts in Asia, the Takli-10

makan and Gobi deserts, in the model. The other aerosols and CO are emitted mainly
from anthropogenic sources over East China and biomass burning over southeastern
Siberia and the Indochina Peninsula. Meteorological transport for dust therefore differs
from the other aerosols or CO in the model. We explore in detail the factors contributing
to the model bias in dust transport pathways during the first event.15

6 Model bias in dust transport pathway during the first event

We chose the first event since the dust signal and model bias are larger than the
other two events. We first conduct a sensitivity simulation of CO because its chemical
lifetime is long and model simulated transport pathway of CO is consistent with the
observations (Fig. 2). In the sensitivity simulation, we redistribute CO emissions for20

East Asia (∼125 Tg CO) from a month before the first event onset (30 March) through
the end of the first event (8 May) evenly in the dust source regions (to be shown in
Fig. 7).

Simulated horizontal and vertical distributions of CO transport are compared be-
tween the sensitivity and the standard simulations in Fig. 6. In the sensitivity simulation,25

transport of CO released in dust source regions is veered southward to lower latitudes
and at higher altitudes (300–500 hPa) than in the standard simulation. The transport
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pattern is consistent with transport of dust shown in Figs. 4 and 5. The uplifting of dust
in the standard model is therefore related to meteorological conditions near the source
regions.

The meteorological fields used for model calculation were analyzed for its contribu-
tion to the model bias. In the following analysis, we show the meteorological fields in5

the first 2 days of the event if transport of interest is near the source regions and the
meteorological fields in the second half of the event if transport is over the Pacific. The
period of dust event was identified based on MOIDS AOD measurements (not shown).
Figure 7 shows the distribution of averaged tropospheric vertical air mass flux over the
period of the first 2 days (1–2 May) of the event. Large areas of upward flux are found10

over the dusty regions north of the Tibetan Plateau. In contrast, high surface CO and
sulfate are located in regions with weak uplifting. Furthermore, in close proximity to
dust source region, strong upward flux is found throughout the first two days of the
event. Once lifted into the upper troposphere, dust is transported quickly by strong
westerlies.15

It is possible that vertical transport is overestimated by the model over the dust
source regions. We therefore conduct a second sensitivity simulation, in which ver-
tical advection of dust is reduced by 50%. Suppressing vertical transport did not affect
the spatial distribution of trans-Pacific dust transport (not shown). A third sensitivity
study was conducted to investigate the impact of deep convection on dust lifting. Deep20

convection did not play a significant role in lifting dust particles (not shown), as we
would not expect deep convection over arid regions. Therefore, the transport appears
to be more sensitive to the location of sources than the rate of uplifting.

Figure 8 shows horizontal wind vectors in two different vertical layers (900 and
500 hPa) and the corresponding distributions of dust and CO during the second half25

of the first transport event. The divergence of transport over the Pacific is driven largely
by a dipole structure of clockwise high-pressure system (the Pacific High) to the south
and counter-clockwise low-pressure system (the Aleutian Low) to the north (also noted
by Holzer et al., 2005; Liang et al., 2005; Liu et al., 2005; Zhang et al., 2008). The
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strongest transport is between the two systems, where the pressure gradient is largest.
Because of the difference in emission locations, simulated CO transport is mostly
caught by the northern counter-clockwise transport towards the northeast, whereas
the simulated dust transport is mostly caught by the clockwise transport towards lower
latitudes. Southward transport by the Pacific High is even stronger at higher altitude5

where dust transport mostly occurs. The transport pathway divergence due to the
dipole structure of atmospheric circulation may be common in late spring. Previously,
Wang and Zeng (2004) showed the model transport error in May 2000 diagnosed by
the correlations of ethane and propane.

Figures 1 and 4 clearly indicate that the simulated dust transport is veered too far10

south in the model. We suggest here two possible reasons for the model bias. First,
it may be related to a potential model bias of (horizontal) advection. We compare the
GEOS-4 wind fields at 500 hPa and 900 hPa with the reanalysis from the National Cen-
ters for Environmental Prediction (NCEP) (Kanamitsu et al., 2002) in the first two days
of the event (Fig. S4 in the electronic supplement). While the dipole feature of trans-15

port over the Pacific is similar in the two reanalysis fields, we find that both downwind
from dust source regions (south of 45◦ N at 500 hPa) and over the Northeastern China
(north of 45◦ N at 500 hPa), the northerly wind is stronger in GEOS-4 than NCEP to-
ward the Pacific High. Stronger northerly wind of GEOS-4 is also observed at 900 hPa
near 45◦ N. Since the fast transport is at the center of the dipole structure, it is con-20

ceivable that a relatively small changes in the transport in the model could lead to
drastic changes in the trans-Pacific transport pathway. The GEOS-Chem model cur-
rently cannot use the meteorological data from the NCEP reanalysis, so we cannot
test the sensitivity. We applied instead the HYSPLIT (Draxler et al., 1997) to com-
pute the forward trajectories from the two most active deserts, Gobi and Taklimakan25

deserts. Since the HYSPLIT model cannot use the NCEP reanalysis winds, we used
the NCEP Final Analysis (FNL) meteorological fields. The calculated trajectories are in
better agreement with MODIS AOD observations than our simulation of dust transport
(Fig. S5 in the electronic supplement).
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Another possibility is that the dust source regions prescribed in the model have
a bias. If dust sources extended further north or northeast, closer to Siberia, a sig-
nificant biomass burning source region of CO, EC, and OC, transport of dust in the
model would be similar to CO and other aerosols and in closer agreement with the
satellite observations. This study used the GOCART source function with latest Chi-5

nese desert maps from the ACE-Asia study (Chin et al., 2003), which include the recent
desertification areas, more active in dust release than existing deserts, in the Eastern
Inner Mongolia (east of 110◦ E). We did not find newer desertification maps in China to
use in this study.

7 Conclusions10

MOPITT and MODIS observations show three events of rapid trans-Pacific transport in
May 2003. We applied the global GEOS-Chem model to simulate these events. We find
significant model biases in the first of the three transport events. While the observed
transport pathways of CO and aerosols are generally consistent, enhancements of CO
over the tropical Pacific are much broader than MODIS AOD enhancements. On the15

basis of model sensitivity studies, we find that the major fraction of the subtropical CO
enhancements in the first half of May is due to biomass burning in Southeast Asia
in April. Surface observations and model simulations of CO at the GMI site from the
NOAA ESRL network provide corroborating evidence. Biomass burning CO was re-
circulated into the subtropical high-pressure systems and lingered for a much longer20

period than aerosols transported at higher latitudes. The biomass burning emissions
from the Southeast Asia appear to be substantially underestimated in the GFED inven-
tory in April 2003.

AOD enhancements are due to a combination of dust, sulfate, and organic and ele-
mental carbons. Model results indicate that dust transport takes place at higher altitude25

than the other aerosols. Of the three transport events, simulated AOD transport has
a clear bias in the first event. We attribute the bias to the transport of dust in the model.
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The model sensitivity is driven by a dipole structure over the Pacific with clockwise high-
pressure system (the Pacific High) to the south and counter-clockwise low-pressure
system (the Aleutian Low) to the north. The most rapid transport occurs in between
the high-low pressure systems. As a result, relatively small changes of upwind source
or transport could lead to a large change (as a result of bifurcation) in the transport5

pathway. CO and the other aerosols are transported mostly through the Aleutian Low
(counter-clockwise system veering to the north), while dust in the model is transported
through the Pacific High (clockwise system veering to the south). Stronger transport
toward the Pacific High in GEOS-4 meteorological fields than in the NCEP reanalysis
and in the FNL meteorological fields is likely a major factor contributing to the model10

bias.
Depending on the location of the dipole structure, trans-Pacific transport pathways

simulated in the model could be very sensitive to model parameters such as up-stream
wind field and source location, which may have large uncertainties. The resulting im-
pacts on the simulated source-receptor relationship of pollutant transport from Asia to15

North America are large. The dipole structure therefore poses a challenge on the mod-
eling capability to simulate the transport pathways of pollutants across the Pacific and
to project the impacts of Asian pollutants on North America.
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P., and Sachse, G.: Measurements of Pollution In The Troposphere (MOPITT) validation
through 2006, Atmos. Chem. Phys., 9, 1795–1803, 2009,10

http://www.atmos-chem-phys.net/9/1795/2009/. 1358
Evans, M. J. and Jacob, D. J.: Impact of new laboratory studies of N2O5 hydrolysis on global

model budgets of tropospheric nitrogen oxides, ozone, and OH, Geophys. Res. Lett., 32,
L09813, doi:10.1029/2005GL022469, 2005. 1359

Ginoux, P., Chin, M., Tegen, I., Prospero, J. M., Holben, B., Dubovik, O., and Lin, S. J.: Sources15

and distributions of dust aerosols simulated with the GOCART model, J. Geophys. Res.,
106(D17), 20255–20273, 2001. 1359

Hadley, O. L., Ramanathan, V., Carmichael, G. R., Tang, Y., Corrigan, C. E., Roberts, G. C.,
and Mauger, G. S.: Trans-Pacic transport of black carbon and ne aerosol (D<2.5 µm) into
North America, J. Geophys. Res., 112, D05309, doi:10.1029/2006JD007632, 2007. 1356,20

1357
Heald, C. L., Jacob, D. J., Fiore, A. M., Emmons, L. K., Gille, J. C., Deeter, M. N., Warner, J.,

Edwards, D. P., Crawford, J. H., Hamlin, A. J., Sachse, G. W., Browell, E. V., Avery, M. A.,
Vay, S. A., Westberg, D. J., Blake, D. R., Singh, H. B., Sandholm, S. T., Talbot, R. W., and
Fuelberg, H. E.: Asian outflow and transpacific transport of carbon monoxide and ozone25

pollution: an integrated satellite, aircraft and model perspective, J. Geophys. Res., 108(D24),
4804, doi:10.1029/2003JD003507, 2003. 1362

Heald, C. L., Jacob, D. J., Park, R. J., Alexander, B., Fairlie, T. D., Yantosca, R. M., and
Chu, D. A.: Transpacific transport of Asian anthropogenic aerosols and its impact on surface
air quality in the United States, J. Geophys. Res., 111, D14310, doi:10.1029/2005JD006847,30

2006. 1357, 1359, 1360
Holzer, M., Hall, T. M., Stull, R. B.: Seasonality and weather-driven variability of transpacific

transport, J. Geophys. Res., 110, D23103, doi:10.1029/2005JD006261, 2006. 1366

1371

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.atmos-chem-phys.net/9/1795/2009/


ACPD
10, 1355–1382, 2010

Trans-Pacific
transport of dust and

CO

J. Nam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Jacob, D. J., Logan, J. A., Murti, P. P.: Effect of rising Asian emissions on surface ozone in the
United States, Geophys. Res. Lett., 26, 2175–2178, 1999. 1356

Jaffe, D., Anderson, T., Covert, D., Kotchenruther, R., Trost, B., Danielson, J., Simpson, W.,
Berntsen, T., Karlsdottir, S., Blake, D., Harris, J., Carmichael, G., and Uno, I.: Transport of
Asian air pollution to North America, Geophys. Res. Lett., 26, 711–714, 1999. 1356, 13575

Jaffe, D., McKendry, I., Anderson, T., and Price, H.: Six new episodes of trans-Pacic transport
of air pollutants, Atmos. Environ., 37(3), 391–401, 2003. 1357

Kanamitsu, M., Ebisuzaki, W., Woollen, J., Yang, S. K., Hnilo, J. J., Fiorino, M., and Potter, G. L.:
NCEP-DOE AMIP-II reanalysis (R-2), Bull. Am. Meteorol. Soc., 83(11), 1631–1643, 2002.
136710

King, M. D., Kaufman, Y. J., Menzel, W. P., and Tanre, D.: Remote-sensing of cloud, aerosol,
and water-vapor properties from the Moderate Resolution Imaging Spectrometer (MODIS),
IEEE T. Geosci. Remote, 30(1), 2–27, 1997. 1357

Levy, R. C., Remer, L. A., Tanré, D., Kaufman, Y. J., Ichoku, C., Holben, B. N., Livingston, J. M.,
Russell, P. B., and Maring, H.: Evaluation of the Moderate-Resolution Imaging Spectroradi-15

ameter (MODIS) retrievals of dust aerosol over the ocean during PRIDE, J. Geophys. Res.,
108(D19), 8594, doi:10.1029/2002JD002460, 2003. 1358, 1360

Liang, Q., Jaegle, L., Jaffe, D. A., Weiss-Penzias, P., Heckman, A., and Show, J. A.: Long-
range transport of Asian pollution to the Northwest Pacific: seasonal variations and trasnport
pathways of carbon monoxide, J. Geophys. Res., 109, D23S07, doi:10.1029/2003JD004402,20

2004. 1357
Liang, Q., Jaegle, L., Wallace, J. M.: Meteorological indices for Asian outflow and transpa-

cific transport on daily to interannual timescales, J. Geophys. Res., 110, D18308,
doi:10.1029/2005JD005788, 2005. 1366

Liu, J., Mauzerall, D. L., Horowitz, L. W.: Analysis of seasonal and interannual variability in25

transpacific transport, J. Geophys. Res., 110, D04302, doi:10.1029/2004JD005207, 2005.
1366

Merrill, J. T., Uematsu, M., and Bleck, R.: Meteorological analysis of long range transport of
mineral aerosols over the North Pacific, J. Geophys. Res., 94, 8584–8598, 1989. 1356

Monahan, E. C., Spiel, D. E., and Davidson, K. L.: A model of marine aerosol generation via30

whitecaps and wave disruption, in: Oceanic Whitecaps and Their Role in Air-Sea Exchange
Processes, Monahan E. C. and Niocaill, G. M., Springer, New York, 167–174, 1986. 1359

Novelli, P. C. and Masarie, K. A.: Atmospheric Carbon Monoxide Dry Air Mole Fractions from the

1372

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 1355–1382, 2010

Trans-Pacific
transport of dust and

CO

J. Nam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

NOAA ESRL Carbon Cycle Cooperative Global Air Sampling Network, 1988–2007, Version:
2008-07-02, available at: ftp://ftp.cmdl.noaa.gov/ccg/co/flask/event/(last access: 11 January
2010), 2008. 1363

Palmer, P. I., Jacob, D. J., Jones, D. B. A., Heald, C. L., Yantosca, R. M., Logan, J. A.,
Sachse, G. W., and Streets, D. G.: Inverting for emissions of carbon monoxide from Asia5

using aircraft observations over the western Pacific, J. Geophys. Res., 108(D21), 8828,
doi:10.1029/2003JD003397, 2003.

Park, R. J., Jacob, D. J., Chin, M., and Martin, R. V.: Sources of carbonaceous aerosols over
the United States and implications for natural visibility, J. Geophys. Res., 108(D12), 4355,
doi:10.1029/2002JD003190, 2003. 1356, 1359, 136010

Park, R. J., Jacob, D. J., Field, B. D., Yantosca, R. M., and Chin, M.: Natural and transboundary
pollution influences on sulfate-nitrate-ammonium aerosols in the United States: Implications
for policy, J. Geophys. Res., 109, D15204, doi:10.1029/2003JD004473, 2004. 1359

Parrish, D. D., Hahn, C. J., Williams, E. J., Norton, R. B., Fehsenfeld, F. C., Singh, H. B., Shet-
ter, J. D., Gandrud, B. W., and Ridley, B. A.: Indications of photochemical histories of Pacific15

air masses from measurements of atmospheric trace species at Point Arena, California, J.
Geophys. Res., 97, 15883–15901, 1992. 1356

Parrish, D. D., Stohl, A., Forster, C., Atlas, E. L., Blake, D. R., Goldan, P. D., Kuster, W. C., and
de Gouw, J. A.: Effects of mixing on evolution of hydrocarbon ratios in the troposphere, J.
Geophys. Res., 112(D10), doi:10.1029/2006JD007583, 2007. 1356, 135720

Randerson, J. T., van der Werf, G. R., Giglio, L., Collatz, G. J., and Kasibhatla, P. S.: Global
Fire Emissions Database, Version 2 (GFEDv2.1). Data set. Available online (http://daac.ornl.
gov/) from Oak Ridge National Laboratory Distributed Active Archive Center, Oak Ridge,
Tennesse, USA, 2008. 1360

Remer, L. A., Tanre, D., Kaufman, Y. J., Ichoku, C., Mattoo, S., Levy, R., Chu, D. A.,25

Holben, B., Dubovik, O., Smirnov, A., Martins, J. V., Li, R.-R., and Ahmad, Z.: Val-
idation of MODIS aerosol retrieval over ocean, Geophys. Res. Lett., 29(12), 8008,
doi:10.1029/2001GL013240, 2002. 1358

Salomonson, V. V., Barnes, W. L., Maymon, P. W., Montgomery, H. E., and Ostrow, H.: MODIS:
Advanced facility instrument for studies of the Earth as a system, IEEE T. Geosci. Remote,30

27, 145–153, 1989. 1357
Takemura, T., Uno, I., Nakajima, T., Higurashi, A., and Sano, I.: Modeling study of long-range

transport of Asian dust and anthropogenic aerosols from East Asia, Geophys. Res. Lett.,

1373

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
ftp://ftp.cmdl.noaa.gov/ccg/co/flask/event/
http://daac.ornl.gov/
http://daac.ornl.gov/
http://daac.ornl.gov/


ACPD
10, 1355–1382, 2010

Trans-Pacific
transport of dust and

CO

J. Nam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

29(24), 2158, doi:10.1029/2002GL016251, 2002. 1356, 1357
Tegen, I. and Lacis, A.: Modeling of particle size distribution and its influence on the radiative

properties of mineral dust aerosol, J. Geophys. Res., 101, 19237–19244, 1996. 1359
VanCuren, R. A., Cliff, S. S., Perry, K. D., and Jimenez-Cruz, M.: Asian continental aerosol

persistence above the marine boundary layer over the Eastern North Pacific: Continuous5

aerosol measurements from Intercontinental Transport and Chemical Transformation 2002
(ITCT 2K2), J. Geophys. Res., 110, D09S90, doi:10.1029/2004JD004973, 2005. 1357

Van Donkelaar, A., Martin, R. V., and Park, R. J.:
Estimating ground-level PM2.5 using aerosol optical depth determined from satellite remote
sensing, J. Geophys. Res., 111, D21201, doi:10.1029/2005JD006996, 2006.10

Wang, Y., Shim, C., Blake, N., Blake, D., Choi, Y., Ridley, B., Dibb, J., Wimmers, A., Moody, J.,
Flocke, F., Weinheimer, A., Talbot, R., and Atlas, E.: Intercontinental transport of pollution
manifested in the variability and seasonal trend of springtime O3 at northern mid and high
latitudes, J. Geophys. Res., 108(D21), 4683, doi:10.1029/2003JD003592, 2003. 1356

Wang, Y. and Zeng, T.: On tracer correlations in the troposphere: the case of ethane and15

propane, J. Geophys. Res., 109, D24306, doi:10.1029/2004JD005023, 2004. 1367
Wang, Y., Choi, Y. S., Zeng, T., Ridley, B., Blake, N., Blake, D., and Flocke, F.: Late-spring

increase of trans-Pacific pollution transport in the upper troposphere, Geophys. Res. Lett.,
33, L01811, doi:10.1029/2005GL024975, 2006. 1356

Yevich, R. and Logan, J. A.: An assessment of biofuel use and burning of agri-20

cultural waste in the developing world, Global Biogeochem. Cycles, 17(4), 1095,
doi:10.1029/2002GB001952, 2003. 1359

Zender, C. S., Bian, H. S., and Newman, D.: Mineral dust entrainment and deposition
(DEAD) model: description and 1990s dust climatology, J. Geophys. Res., 108(D14), 4416,
doi:10.1029/2002JD002775, 2003. 1359, 136425

Zhang, L., Jacob, D. J., Boersma, K. F., Jaffe, D. A., Olson, J. R., Bowman, K. W., Worden, J. R.,
Thompson, A. M., Avery, M. A., Cohen, R. C., Dibb, J. E., Flock, F. M., Fuelberg, H. E., Huey,
L. G., McMillan, W. W., Singh, H. B., and Weinheimer, A. J.: Transpacific transport of ozone
pollution and the effect of recent Asian emission increases on air quality in North America:
an integrated analysis using satellite, aircraft, ozonesonde, and surface observations, Atmos.30

Chem. Phys., 8, 6117–6136, 2008,
http://www.atmos-chem-phys.net/8/6117/2008/. 1366

1374

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.atmos-chem-phys.net/8/6117/2008/


ACPD
10, 1355–1382, 2010

Trans-Pacific
transport of dust and

CO

J. Nam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 

0o 

30o N

60o N

MODIS 5~ 8 

0o 

30o N

60o N

MODIS14~17 

90o E 120o E 150o E 180o 150o W 120o 
0o 

30o N

60o N

MODIS25~28

 

GEOS-Chem 5~ 8 

GEOS-Chem14~17 

90o E 120o E 150o E 180o 150o W 120o 

GEOS-Chem25~28

 

0o 

30o N

60o N

GEOS-Chem 5~ 8 

0o 

30o N

60o N

GEOS-Chem14~17 

90o E 120o E 150o E 180o 150o W 120o 
0o 

30o N

60o N

GEOS-Chem25~28

0.00 0.15 0.30 0.45 0.60

Aerosol optical depth [ unitless ]

 0  1  2  3  4

CO total columnn [ 1018 mols cm-2 ]

Fig. 1. AOD at 550 nm over the Pacific during 5–8 (first row), 14–17 (second row), and 25–28
(third row) of May 2003 observed by MODIS (first column), simulated by GEOS-Chem (second
column), and carbon monoxide (CO) total column simulated by GEOS-Chem over the same
region during the same periods (third column). MODIS AOD values were reduced by 30% (see
text for details).

1375

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/1355/2010/acpd-10-1355-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 1355–1382, 2010

Trans-Pacific
transport of dust and

CO

J. Nam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 

0o 

30o N

60o N

MOPITT  5~ 8

 

GEOS-Chem  5~ 8

 

GEOS-Chem  5~ 8

 

0o 

30o N

60o N

GEOS-Chem  5~ 8 

0o 

30o N

60o N

MOPITT 14~17

 

GEOS-Chem 14~17

 

GEOS-Chem 14~17

 

0o 

30o N

60o N

GEOS-Chem 14~17 

90o E 120o E 150o E 180o 150o W 120o 
0o 

30o N

60o N

MOPITT 25~28

 

90o E 120o E 150o E 180o 150o W 120o 
GEOS-Chem 25~28

 

90o E 120o E 150o E 180o 150o W 120o 
GEOS-Chem 25~28

 

90o E 120o E 150o E 180o 150o W 120o 
0o 

30o N

60o N

GEOS-Chem 25~28

 0.0  1.0  2.0  3.0  4.0

CO total column [ 1018 molecules cm-2 ]

-1.0 -0.5  0.0  0.5  1.0

Difference in CO [ 1018 mols cm-2 ]

Fig. 2. CO total columns over the Pacific during 5–8 (first row), 14–17 (second row), and
25–28 (third row) of May 2003 observed by MOPITT (first column) and simulated by GEOS-
Chem with original biomass burning emissions (second column) and with enlarged biomass
burning emissions (third column). Indochina biomass burning emissions in April (not May) are
increased by a factor 8 in this simulation. The fourth column shows the difference of column
CO in this simulation (third column) from the standard simulation (second column). MOPITT
averaging kernel was applied to the model results. The location of the NOAA ESRL monitoring
site (GMI) is shown as an open triangle.
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Fig. 3. Time series of simulated (lines) and observed (asterisks) CO mixing ratios at the Mar-
iana Island site in Guam from 1 April to 20 May 2003. The model result using the GFED CO
inventory is shown in red line. The sensitivity result with 8 times biomass burning CO emissions
from the Indochina Peninsula (only in April) is shown in blue line.
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Fig. 4. AOD at 550 nm of dust (left) and of all the other aerosols (right) simulated by GEOS-
Chem over the Pacific during 5–8 (first row), 14–17 (second row), and 25–28 (third row) May
2003.
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Fig. 5. Simulated AOD density (per hPa) cross sections of dust (first column), sulfate (second
column), and the rest of aerosols (third column), and simulated CO mixing ratio during 5–8 (first
row), 14–17 (second row), and 25–28 (third row) May 2003 across the Pacific, averaged over
40–60◦ N as a function of longitude and altitude.
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Fig. 6. Horizontal (first row) and vertical (second row) distributions of CO transport in the sen-
sitivity (first column) and standard simulations (second column). The GFED biomass burning
emissions are used in both simulations. See text for the details of the sensitivity simulation.
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Fig. 7. Distributions of tropospheric vertical air mass flux, simulated CO mixing ratio, and
simulated column AOD density of dust and sulfate in the first model layer during 1–2 May 2003.
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Fig. 8. Wind vectors at 900 hPa (first row) and 500 hPa (second row) used for model simulation
along with the spatial distributions of dust (first column) and CO (second column) during 5–8
May 2003 over the Pacific. The GFED biomass burning emissions are used.
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