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[1] Asian dust events occur frequently during the boreal spring season. Their optical
properties have been analyzed by using a combination of source region (ground‐based and
satellite) and remote Pacific Ocean (aircraft) measurements during the Intercontinental
Chemical Transport Experiment‐Phase B (INTEX‐B) field campaign which lasted from
7 April to 15 May 2006. A strong dust event originating from the Gobi Desert and
passing over the Xianghe surface site on 17 April 2006 has been extensively analyzed.
The surface averaged aerosol optical depth (AOD) values increased from 0.17 (clear sky)
to 4.0 (strong dust), and the Angström exponent (a) dropped from 1.26 (clear sky) to
below 0.1. Its total downwelling SW flux over the Xianghe site (thousands of kilometers
away from the dust source region) is only 46% of the clear‐sky value with almost no
direct transmission and nearly double the diffuse SW clear‐sky value. This event was also
captured 6 days later by satellite observations as well as the UND/NASA DC‐8 aircraft
over the eastern Pacific Ocean. The DC‐8 measurements in the remote Pacific region
further classified the plumes into dust dominant, pollution dominant, and a mixture of dust
and pollution events. HYSPLIT backward trajectories not only verified the origins of each
case we selected but also showed (1) two possible origins for the dust: the Gobi and
Taklimakan deserts; and (2) pollution: urban areas in eastern China, Japan, and other
industrialized cities east of the two deserts. Based on the averaged satellite retrieved
AOD data (0.5° × 0.5° grid box), declining AOD values with respect to longitude
demonstrated the evolution of the transpacific transport pathway of Asian dust
and pollution over the period of the field campaign.
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1. Introduction

[2] Dust is a significant type of particulate that contributes
to the aerosol effect, being one of the leading uncertainties
in radiative forcing [Intergovernmental Panel on Climate
Change, 2001, 2007]. Aerosols can have an impact on
global/regional climate through its so‐called “direct” and
“indirect” radiative effects by changing the optical proper-
ties of the Earth’s atmosphere specifically through the
scattering and absorption of both solar and thermal infrared
radiation [Tanré et al., 2001]. This can have a further effect
of warming the layer in which the dust resides while cooling
the surface [Li et al., 2007a]. Dust can also influence the
aerosol indirect effect by altering the size distribution of

cloud water droplets which can interfere with the hydro-
logic cycle.
[3] Strong episodic dust events in Asia frequently occur in

the spring months between March and May [Li et al., 2007a;
Sun et al., 2001; Dibb et al., 1997, 2003; Tsunematsu et al.,
2005]. These events routinely originate from the Gobi
Desert between Mongolia and north‐central China and the
Taklimakan Desert in western China. Under specific mete-
orological conditions (e.g., wind speeds greater than 5 m/s
associated with a low‐pressure system and a dry spring
season), airborne mineral dust and soil can be lofted into the
free atmosphere and is capable of traveling from Asia to
North America via the Pacific Ocean [Tsunematsu et al.,
2005; Murayama et al., 2001; Husar et al., 2001]. As the
dust plumes move eastward with prevailing winds, they can
also pass over the various regions of central and eastern Asia
and draw up large concentrations of dust and aerosols native
to those regions into the free troposphere. How the prop-
erties of Asian dust both evolve and impact locations distant
from their origin is still in question. Studying the trans-
continental and transpacific transport of both dust and
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aerosols plays a vital role in the understanding of regional
and global climate change.
[4] Over the past few decades, several field campaigns

have been carried out over the western Pacific region such
as the Pacific Exploratory Mission (PEM‐West A and B)
[Bachmeier et al., 1996] and The Aerosol Characterization
Experiment‐Asia (ACE‐Asia) along with the Transport and
Chemical Evolution‐Pacific (TRACE‐P) in 2001 [Huebert
et al., 2003; Jacob et al., 2003] to study the impact of
dust transport on downwind regions. To further improve our
understanding of sources and sinks of environmentally
important gases and aerosols through the constraints of
atmospheric observations, NASA led a field experiment
called the Intercontinental Chemical Transport Experiment‐
Phase B (INTEX‐B) during the spring of 2006 over the
eastern Pacific Ocean (H. B. Singh et al., The Interconti-
nental Chemical Transport Experiment‐Phase B (INTEX‐B):
An update, 2006, http://avdc.gsfc.nasa.gov/Documentation/
Validation_Plan/PDF/INTEXB_WhitePaper.pdf). (INTEX‐B,
the second phase of the main field experiment called
INTEX‐North America, was a two‐part field experiment
with the first half of INTEX‐B conducted over Mexico, but
for this paper, INTEX‐B here only refers to the second half
of the campaign over the eastern Pacific Ocean.) The major
goals of INTEX‐B were to quantify the transpacific trans-
port and evolution of Asian dust and assess its implications
for regional climate.
[5] This study focused on analyzing the optical properties

of the dust plumes observed over both the Xianghe sur-
face station and the remote Pacific, where the DC‐8 aircraft
had intensive measurements of any evidence of dust plumes
that may be observed during the middle of the 2006 spring
season. We also attempt to use Terra/Aqua measurements to
outline the transpacific transport process during the same
time period. Based on available data, we want to examine
three scientific issues of Asian dust: (1) aerosol properties
along with surface and top‐of‐atmosphere (TOA) radiation
budgets, (2) aerosol properties as functions of both their
points of origin and destination, and (3) the major transport
pathway based on the satellite (Terra/Aqua) measured AOD.
This paper reports the optical properties of Asian dust, as
well as its strength and evolution from its source regions
(e.g., Gobi and Taklimakan deserts) to the remote Pacific
Ocean during INTEX‐B. The data sets used in this study
include surface, satellite (Terra/Aqua), and aircraft (Uni-
versity of North Dakota (UND)/NASA DC‐8) observations,
as well as NOAA HYSPLIT model trajectories.

2. Data and Methodology

[6] Several data sets have been collected and used to
analyze the Asian dust in this study. Surface observed/
retrieved AOD, solar irradiance, and Angström exponent (a)
were collected from the East Asian Study of Tropospheric
Aerosols: an International Regional Experiment (EAST‐
AIRE) for China [Li et al., 2007b]. The satellite AOD and
TOA albedo were derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) and Clouds and the
Earth’s Radiant Energy System (CERES) observations,
respectively, on Terra and Aqua satellites. The UND/NASA
DC‐8 aircraft participated in the INTEX‐B field mission,
and for this study, the NASA Langley Airborne Differential

Absorption Lidar (DIAL) and TSI 3563 integrating nephe-
lometer data were used. The surface, aircraft, and satellite
data were collected during the period of April–May 2006 for
this study and are discussed in sections 2.1–2.3.

2.1. Surface

[7] Radiation and aerosol data in China were collected at
the Xianghe (39.753°N, 116.961°E) Observatory of the
Institute of Atmospheric Physics, Chinese Academy of Sci-
ences. The observatory is located between two megacities
with Beijing 70 km to the northwest and Tianjin 70 km to the
southeast. This site has been taking continuous measure-
ments of various surface radiation and aerosol quantities
since September 2004. The total, direct, and diffuse down-
welling shortwave (SW) radiation were measured at a 1 min
temporal resolution with the Kipp and Zonnen’s CM21 and
CM11 radiometers, a normal incidence pyrheliometer (NIP),
and a black and white pyranometer, respectively, with an
uncertainty of ∼5 W m−2 [Li et al., 2007a].
[8] Aerosol optical depth (AOD) was derived from the

Cimel‐318 Sun photometer measurements [Holben et al.,
1998]. The Sun photometer is a multichannel, automatic
Sun‐and‐sky scanning radiometer with a spectral range
between 340 and 1020 nm, with a total uncertainty under
cloud‐free conditions of <±0.01 for l > 440 nm and <±0.02
for shorter wavelengths. The AOD values were retrieved at
three discrete wavelengths (440, 500, and 700 nm) and
were taken 30 s apart to create the triplet observation per
wavelength used in the cloud‐screening process. The triplet
observations were made at 15 min intervals to discriminate
clouds in the variation of the triplet since the temporal
variation of clouds is typically greater than that of aerosols.
If any clouds were missed by the triplet observations, these
outliers were removed by inspecting the AOD data for
possible cloud contamination. Therefore, the AOD values
used in this study exclude most cloud‐contaminated data.
The Angström Exponent (i.e., the slope of the spectral
optical depth) a, was calculated by the linear square fit
slope of the spectral Sun photometer measurements as a
function of wavelength on a logarithmic scale. For this
study, only level 2.0 data (cloud‐screened and quality‐
assured) were used.
[9] The total sky imager (TSI‐440) takes snapshots of the

sky on a continuous 1 min basis each day from sunrise to
sunset. Due to the high frequency of images captured, a
movie of sky conditions was generated for each day [Li et al.,
2007a]. Images from the TSI‐440 were used to help distin-
guish between cloudy and dusty conditions at Xianghe.
Though dust storms are generally associated with strong
synoptic systems that generate clouds, the images from the
TSI‐440 show a difference between sky‐obscuring aerosol
haze and cloudiness as atmospheric aerosols tend to be less
variable than clouds (i.e., on average, a haze layer can linger
for a longer time period than clouds).

2.2. Satellite

[10] The satellite data sets used in this study were the
Terra Edition2B and Aqua Edition1B CERES Single
Scanner Footprint (SSF) products and include the “Rev1”
calibration adjustment to the CERES shortwave (SW) record
to account for optics contamination during the first few
years on orbit [Matthews et al., 2005]. The CERES instru-
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ments on the Terra and Aqua satellites measure radiances
that are converted to broadband fluxes using Angular Dis-
tribution Models (ADMs) sampled and optimized for each
satellite orbit. Estimated uncertainties in the solar‐reflected
(SWtoa

↑ ) single field‐of‐view instantaneous radiative fluxes
at TOA are 13 W m−2 [Chambers et al., 2002; Loeb et al.,
2003]. The SSF combines the CERES broadband flux
measurements at a 20 km resolution with coincident, sub-
sampled 1 km MODIS cloud and aerosol retrievals [Wielicki
et al., 1996; Ignatov et al., 2005]. These data sets include
the MODIS‐retrieved visible (550 nm) AOD (MOD04 on
Terra; MYD04 on Aqua) and CERES‐derived TOA albedo
over the Asian continent. The MOD04 product uses
sophisticated cloud screening and aerosol retrieval algo-
rithms developed by the MODIS cloud and aerosol groups
with uncertainties of 0.03 ± 0.05AOD over ocean and 0.05 ±
0.15AOD over land [Tanré et al., 1997; Ackerman et al.,
1998; Martins et al., 2002; Remer et al., 2005].

2.3. DC‐8 Aircraft

[11] The UND/NASA DC‐8 aircraft platform remotely
measured the in situ aerosol properties during 10 flights
(Figure 1) with a total of 85 h over the central Pacific
Ocean between Hawaii and Alaska. For this study, the
DIAL and nephelometer measurements were used to
determine the location of dust in the atmosphere. The types
of measurements used in this study include: (1) pressure
altitude, longitude, and latitude (i.e., along the flight track)
and (2) optical properties – aerosol scattering ratios at 588
and 1064 nm from the Differential Absorption Lidar (DIAL),
aerosol scattering coefficients at 450, 550, and 700 nm from

the nephelometer, and (3) Angström exponent and spectral
curvature values derived from nephelometer measurements.
[12] The DIAL measurement system, developed by the

NASA Langley Research Center, measured aerosol back-
scattering in both visible (l = 588 nm) and near infrared
(IR, l = 1064 nm) wavelengths [Browell et al., 1998]. The
vertical resolution of the DIAL measurement system was
30 m, a horizontal resolution of 2.3 km and a 10 s temporal
resolution along the DC‐8 flight track. The equation to
calculate the aerosol scattering ratio, Rl(z) at a given
wavelength (l) is given by

R� zð Þ ¼ �1 zð Þ þ �2 zð Þ
�2 zð Þ ; ð1Þ

where b1(z) and b2(z) are the backscattering coefficients
(∼r6/l4) by aerosols and air molecules at altitude z,
respectively. Typical scattering ratios are close to 1 for
regions free of aerosol, and greater than 1 for the dust
plumes. Note that the cloud particles usually have a very
large scattering ratio at both wavelengths because the back-
scattering coefficient is proportional to sixth power of par-
ticle size (∼r6/l4) [Dong and Mace, 2003].
[13] For the TSI Model 3563 nephelometer onboard the

DC‐8 aircraft, aerosol integrated light scattering coefficients
at three wavelengths in the visible spectrum (450, 550, and
700 nm) were measured. For fine mode aerosols, the aerosol
scattering coefficients inversely increase with wavelengths
from 450 to 700 nm, but for coarse mode aerosols the
aerosol scattering coefficients are nearly independent of
wavelength. Therefore, for fine mode aerosols, the slope of

Figure 1. A map showing nine UND/NASA DC‐8 flight tracks during INTEX‐B over the remote
Pacific Ocean and AERONET surface site (Xianghe, near Beijing). The solid lines are the flights used
this study.
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this relationship can be given by the Angström exponent
(a). The equation for calculating a is given by

� ¼ � log ��1=��2ð Þ= log �1=�2ð Þ½ �; ð2Þ

where tl1 and tl2 are the optical depths at two given wa-
velengths l1 and l2. The optical depth is proportional to the
aerosol scattering ratio bl, therefore, the ratio of tl1 and tl2
is proportional to the ratio of bl1 and bl2. Gobbi et al.
[2007] pointed out that a is a good indicator of aerosol
size in the solar spectrum: a > 1 represents fine mode,
submicron aerosols; 0 < a < 1 represents a mixture of coarse
and fine modes; a ∼ 0 represents existing coarse, super-
micron particles.
[14] Correction factors designed by Anderson and Ogren

[1998] were applied to the nephelometer data prior to use
in this study. First, the nephelometer measurements were
corrected by calibrating the instrument with gas particles
since they undergo Rayleigh scattering and do not show the
near‐forward‐scattering biases as do particles close to or
greater than 1 mm [Anderson and Ogren, 1998]. Second, the

nephelometer measurements were corrected to 0°–180°
from its original detection angles of 7°–170°. The temporal
resolution of sampling averaged roughly 10 s in order to
limit instrument noise. The scattering coefficients derived
from nephelometer measurements are used to distinguish the
coarse mode (dust) and fine (pollution) aerosols within
Asian dust plumes.

2.4. Dust Plume Selection Criteria Over Source/Sink
Regions and During Transport

[15] The criteria for selecting clean, cloud‐free events
(hereafter called clear events) are (1) direct SW more than
80% of total SW, (2) diffuse SW less than 20% of total SW,
(3) a greater than 1, (4) AOD values retrieved from both
surface and satellite less than 0.4, and (5) high‐pressure
system over the Gobi Desert. Strong dust events are selected
using the following criteria: (1) direct SW less than 20% of
total SW, (2) diffuse SW more than 80% of total SW, (3) a
less than 0.3, (4) AOD values retrieved from both surface
and satellite greater than 1, and (5) low‐pressure system
over the Gobi Desert, and very strong pressure gradient near

Figure 2. Aerosol scattering ratios observed by Differential Absorption Lidar (DIAL) on DC‐8 aircraft
during the INTEX‐B field campaign over the remote Pacific Ocean. The four selected dust events used in
this study: (a) Case I, (b) Case II, and (c) Case III and IV.
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the surface site. Dust events that fall between the clear‐sky
and the strong dust criteria are deemed as weak events
though the magnitude of their optical properties vary
between the clear sky and strong dust values. All events
(clear, strong, and weak) were not cloud contaminated and
were identified by both TSI‐440 video and MODIS visible
channel images.
[16] Three conditions needed to be met before selecting

the cases of Asian dust transport to the remote Pacific
Ocean: (1) only the observations over remote Pacific Ocean
were used, (2) DIAL aerosol scattering ratios at 1064 nm
were used to determine the time periods and altitudes of the
dust plumes (∼5 km or 500 hPa) as well as discern between
dust plumes and contaminants (e.g., clouds and sea salt,
Figure 2), and (3) nephelometer total aerosol scattering
coefficients at 450, 550, and 700 nm wavelengths were used
to identify the fine and coarse model aerosols in the dust
plumes. Cirrus clouds can be inferred from backscattering
values of 50 and higher as well as their resident altitude of
greater than 7 km. Coarse mode sea salt dominates the
aerosol composition in the boundary layer over the Pacific
Ocean and can bias dust plume results more toward being
largely coarse mode. Data from flight legs of less than 2 km
in altitude (within the boundary layer) were eliminated in
order to minimize any sea salt contaminations in this study.
[17] In order to analyze the properties of dust plumes

carrying mixtures of Asian dust and pollution, Gobbi et al.
[2007] proposed a method involving both spectral curvature
(da) and a to track mixtures of pollution with dust. Spectral
curvature is defined as the change in a over a range of three
wavelengths and is useful in separating fine mode aerosols
(da < 0) from mixtures (da ∼ 0) [Gobbi et al., 2007]. The
equation for calculating da using the a measurements at the
wavelengths of 450, 550, and 700 nm is as follows:

�� ¼ �450�700 � �550�700 ð3Þ

where da and a were related to aerosol size distribution. The
values used for deriving empirical relationships in these
studies ranged from −1 to 1.Gobbi et al. [2007] demonstrated
that da can be very close to zero under the conditions of low
concentration of fine aerosols. By using the relationship
between da and a, they were able to discern situations where
fine mode aerosols were dominant in a modeled dust plume
from a mixture of both fine and coarse mode aerosols. They
further suggested that any appreciable concentration of fine
aerosol particles (usually generated from the gas to particle
conversion process) could affect the overall physical prop-
erties of the Asian dust plume.
[18] Table 1 gives the annual mean Angström exponent

values for desert and some representative urban regions in

Asia. Desert regions have typically a values less than 1 due
to the presence of coarse mode particles while urban areas
that are dominated by fine mode pollution particles have
a values greater than 1. In some urban area such as Lanzhou
which locates downwind of Gobi Desert, its annual mean a
are very close to 1. This is one the best examples for well
mixed urban pollution and the dust particles. Coexistence of
coarse and fine particles is evidenced at the polluted sites
downwind of arid regions [Gobbi et al., 2007].

3. Results and Discussions

[19] In this study, only one event for each of the following
categories of sky conditions: the clear‐sky, strong dust,
strong pollution, and mixed pollution with dust categories
is presented. Backward trajectories are used to track the
dust events to the eastern Pacific where these events were
observed by the DC‐8 DIAL and nephelometer measure-
ments in addition to satellite retrievals. Backward trajectories
are also used to obtain information on the possible origins
of the dust plumes as they travel from the Asian mainland
to the remote Pacific Ocean.

3.1. Clear Sky (Clean, No Dust, Cloud‐Free)

[20] To determine the baseline and provide the background
values for studying Asian dust at Xianghe, China, a clear‐sky
event on 10 May 2006 is analyzed first with surface and
satellite data. As shown in Figure 3a, the maximum total,
direct, and diffuse downwelling SW fluxes are 1003 W m−2,
849 W m−2, and 160 W m−2, respectively. These values
represent the typical meteorological conditions of a cloud‐
free day, when aerosol loading is low and SW scattering/
absorbing is mainly due to atmospheric molecules. The
surface AOD and a values are nearly constant throughout
the whole day with the averages of 0.17 (at l = 500 nm) and
1.26, respectively. Comparing the Xianghe a values with the
annual mean of Beijing (the nearest city) indicates that fine
mode particles may have dominated in this event (Figure 3b).
[21] As illustrated in Figures 4a and 4b, the AOD values

(∼0.16–0.2) retrieved from MODIS over the surface site
are very close to the surface retrieved AOD, and the TOA
albedo is also low (∼0.2). The MODIS visible channel
image (Figure 4c) further proves that this is a clear‐sky
event with little aerosol loading right over the surface site,
but has some aerosol loading about 200 km south of the
surface site (Figure 4c) and clouds in the southeast region.
In Figure 4d, the NCEP daily averaged sea level pressure
(SLP) showed a high‐pressure system extending from the
northwest over the Gobi Desert to Xianghe during this
event. The subsidence associated with the high‐pressure
system as well as a weak pressure gradient kept wind speeds
low at the surface and suppressed any dust or aerosols from
lifting high into the atmosphere. Therefore, the integrated
observations provide accurate dust‐free background infor-
mation for us to investigate the dust events.

3.2. Dust Events

[22] As discussed in the beginning of this section, both
surface and satellite observations/retrievals were used to
identify and classify dust events into two main categories:
(1) weak and (2) strong, as determined by their optical,
physical, and strength of the synoptic system in their source

Table 1. Annual Means and Standard Deviations of a Measured
at Sites in the Chinese Sun Hazemeter Network (CSHNET)

Site Name Ecosystem a

Fukang desert 0.99 ± 0.38
Eerduosi desert 0.42 ± 0.41
Shapotou desert 0.71 ± 0.29
Shanghai urban 1.08 ± 0.24
Lanzhou urban 0.90 ± 0.23
Beijing urban 1.48 ± 0.56
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Figure 3. The total, direct, and diffuse downwelling shortwave (SW) fluxes measured at the Xianghe
site. Aerosol optical depth (AOD) was derived from the Cimel‐318 Sun photometer measurements.
(a, b) Clear‐sky event and (c, d) strong dust event.

Figure 4. (a, e) Retrieved AOD from MODIS, (b, f) observed TOA albedo from CERES, (c, g) MODIS
visible image, and (d, h) pressure pattern, for clear‐sky event on 10 May 2006 (Figures 4a–4d) and for
strong dust event on 17 April 2006 (Figures 4e–4h). Note that the red color in Figures 4a and 4e repre-
sents the AOD values ≥0.55.
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region. These dust events are then summarized in Tables 2a
and 2b.
3.2.1. Strong Dust Event Over Xianghe
[23] An intense Asian dust storm occurred over the

Xianghe site on 17 April 2006 as shown in the MODIS
visible channel image (Figure 4g) and reported by local
observers on the ground. The Bohai Sea is completely
obscured by the dust layer, the averaged AOD and TOA
albedo over the Xianghe site are 0.76 and 25%, respectively
(Figures 4e and 4f). This dust event was driven by a strong
low‐pressure system (Figure 4h) that swept over Mongolia,
the Gobi Desert, and passed over Xianghe. Consistent with
the satellite observations, the TSI‐440 movie at the Xianghe
site showed no clouds over the site, indicating that the dust
almost completely obscured the sun (i.e., no direct SW
transmission).
[24] Figure 3c presents the total, direct and diffuse

downwelling SW fluxes, and their corresponding maximum
values at the Xianghe site on 17 April 2006. The direct SW
is no more than 25 W m−2 and diffuse SW accounts for 90%
or greater of the total incoming solar radiation due to the
large amount of scattering by the aerosol particles. The
AOD and a values over the Xianghe site are greater than 4.0
and less than 0.1, respectively (Figure 3d), and are consis-
tent with the surface SW observations. This a value corre-
sponds to the value for strong dust (desert source region)
given in Table 1. Since Xianghe is close to Beijing, a value
greater than one is expected, however, the retrieved a value
is much less than one for this event, indicating that the dust
loading significantly altered the optical properties over the
region.
[25] The nearly diminished direct SW transmission can

also be explained by radiative transfer theory (T ∼ e−t). The
impact of this strong dust event on surface SW radiation
budget is significant with the significant reduction in total
and direct and an increase in diffuse radiation. Compared to

the clear‐sky maximum SW observations, its total and direct
SW transmissions have been reduced 53% and 97%,
respectively, whereas it’s diffuse SW transmission increased
177%. Averaged AOD increases from 0.17 (clear‐sky
average) to 4.0 (strong dust), and a drops from 1.26 (clear
sky) to below 0.1. Although these results are based on the
point of observations over the Xianghe site, they are con-
sistent with dust laden air from desert regions (Table 1). Xia
et al. [2007] studied the effects of aerosols on the surface
radiation budget in northeastern China and found that the
direct SW flux could be reduced by up to −522 W m−2 per
unit of AOD with 66% of the reduction being offset by
an increase in diffuse SW flux.
[26] Although the MODIS‐retrieved AOD values over the

surface site are not as large as the surface retrievals, the high
AOD values over areas south of the Xianghe site corre-
spond nicely with this dust event. The large AOD difference
between surface and MODIS retrievals in this case indi-
cates the MODIS aerosol retrieval algorithm for strong dust
events over land may need to be improved. The averaged
TOA albedo is 25% over the surface site, which is an
increase of 10% (absolute) from the clear‐sky value. From
radiative transfer calculations and observations in this study,
increasing AOD (up to 4) can slightly increase the TOA
albedo, but can significantly impact downwelling SW trans-
mission, especially for direct SW (Figure 3c).

3.3. Asian Dust and Aerosol Transport Pathways
as Observed by Satellite and DC‐8

[27] Figure 5 shows the averaged AOD values retrieved
from MODIS observations on Terra and Aqua during the
INTEX‐B period (from 7 April 2006 to 15 May 2006). The
major pathways of aerosol plumes as observed from both
Terra and Aqua are quite consistent, but the absolute values
are slightly different over the land regions. As illustrated in
Figure 5a and 5b, there are two dust plumes: the pollution

Table 2a. Summary of the Physical and Optical Properties of the Asian Dust Event Over the Source Region
(Xianghe, China) During the INTEX‐Ba

Measurement Clear Sky Strong Dust Weak Dust

Surface Observations
Total SW 1000 W/m2 500 W/m2 900 W/m2

Direct SW 85% 10% 70%
Diffuse SW 15% 90% 30%
AOD 0.25 ± 0.14(92) 2.0 ± 1.34(69) 0.92 ± 0.49(122)
Angstrom Exponent 1.27 ± 0.17(92) 0.14 ± 0.15(69) 0.36 ± 0.19(122)
Pressure high low low

Satellite Observations
AOD 0.29 ± 0.11 (11) 1.12 ± 0.89 (16) 0.78 ± 0.23 (12)
Albedo 16.34% ± 0.87% (11) 24.89% ± 9.21% (34) 19.23% ± 11.24% (16)
Visible clear strong yellow appearance hazy

aThe weak dust event is a brief comparison to the clear sky and strong dust events.

Table 2b. Summary of the Physical and Optical Properties of the Asian Dust Event Over the Remote Pacific Ocean
During the INTEX‐B Measured by DC‐8

Case Mean Angstrom Exponent Mean Spectral Curvature Remarks

Case I 0.46 ± 0.63 −0.49 ± 1.61 strong dust plume
Case II 1.53 ± 0.23 −0.31 ± 0.63 strong pollution plume
Case III 0.40 ± 0.36 −0.25 ± 0.97 mixture of strong dust and pollution
Case IV 0.60 ± 0.29 −0.23 ± 0.89 mixture of strong dust and pollution
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plume (bottom arrow) and the dust plume (top arrow)
originated from two different source regions. Note that there
is a large gap in both Terra and Aqua (white, no retrievals
from MODIS) over Mongolia, which may represent very
high AODs which cannot be retrieved by the current
MODIS aerosol retrieval algorithm. Both dust plumes
originated from two different regions which have two dif-
ferent paths that finally meet over the remote Pacific. In this
study, we intend to qualitatively demonstrate the plume
pathway trend using the Terra/Aqua observations, but not
quantitatively address the absolute difference of their AOD
retrievals, which is beyond the scope of this study. Trans-
pacific transport during INTEX‐B appears to have a steady
northeasterly direction as barely any aerosols are found

below 35°N latitude once they reach the eastern Remote
Pacific. Though there are indications of meridional flow in
certain individual cases, the general flow across the Pacific
for the aerosols is zonal.
[28] Plume characteristics are given by the AOD values

from both the Terra and Aqua retrievals. As the aerosols are
transported across the Pacific Ocean, they are prone to both
wet and dry deposition as well as dispersion over time.
Figure 5c shows a steady decline in aerosol optical prop-
erties over time along their transport pathway. The con-
centration of fine mode aerosols generally decreases in the
absence of dust but when mixed with dust, heterogeneous
chemical reactions can occur which may cause a slow
degradation of the total aerosol layer [Leaitch et al., 2009].

Figure 5. Averaged MODIS AOD values with a 0.5° × 0.5° grid box during the period 17 April to
15 May 2006 on (a) Aqua and (b) Terra, and (c) their transpacific transport overall zonal trend.
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For example, the AOD values peak over the east coast of
China, then drop significantly over the East China Sea,
and eventually level off to the values close to 0.2 as they
approach the remote Pacific. The major plume transport
pathway can be seen clearly by following the retrieved AOD
values which suggests: plumes exiting the Asian mainland
containing very high AOD values transport slightly north-
east, then turn slightly eastward after passing through the
middle of the Pacific until reaching close to the 145° meridian,
and ultimately turn northeast toward the west coast of
Canada.
[29] The time periods and altitudes of dust plumes for all

flight tracks over the remote Pacific can be easily identified
by using DIAL measurements of aerosol scattering ratios at
1064 nm (Figure 2). However, it is difficult to quantitatively
analyze the dust plumes by using the DIAL measurements
only, especially for discerning the fine and coarse mode
aerosols in the dust plumes. Therefore, it is necessary to use
the nephelometer data to do further study. Nephelometer
data in conjunction with the technique developed by Gobbi
et al. [2007] are utilized to verify which mode (fine or
coarse) aerosols dominated in the selected four dust plumes.
Scattering ratios and Angström exponent values are used as
proxies for both Asian dust and pollution (Figures 6 and 7).
[30] For the 17 April 2006 dust event (Case I), the spectral

data show a weak wavelength dependence of scattering
coefficient values at three different wavelengths (Figure 6a)

until a peak at 2100 UTC appears where the wavelength
dependence increases suddenly. Immediately after the peak,
the dependence becomes negligible. Figure 6b shows that
the mean (and standard deviation) a is 0.46 ± 0.63, suggests
that an abundance of coarse mode particles existed in the
plume as given by values in Table 1. The scattering coef-
ficients and a values in Figures 6a and 6b indicate that
coarse model aerosols are dominant in the Case I.
[31] The 24 April 2006 dust event (Case II, Figure 6c)

shows a strong wavelength dependence of the scattering
coefficients at three wavelengths. The scattering coefficients
at the shorter wavelength (l = 450 nm) are consistently
larger than those at the higher wavelength (l = 700 nm)
because the backward scattering coefficients decrease with
increasing the wavelength with the presence of fine mode
aerosols in the plume. The averaged a (Figure 6d) is 1.53 ±
0.23 and the da values lie mostly in the negative range with
a mean value of −0.31 ± 0.63, which indicates an influence
of Asian pollution in this case (Table 1).
[32] The 29 April 2006 dust events (Cases III and IV,

Figure 7) were observed at different time periods (Figure 2c).
The a values were 0.40 ± 0.36 for Case III and 0.60 ± 0.29
for Case IV with both being less than the Case II values. The
a values for Case III and IV, however, are less and greater,
respectively, than those in Case I, indicating a mixture of
coarse and fine mode aerosols within both dust events. For
Case III, the scattering coefficients at the three wavelengths

Figure 6. (a, b) The Case I (17 April 2006) and (c, d) Case II (24 April 2006) used in this study. The
scattering coefficients at three wavelengths (450, 550, and 700 nm) (Figures 6a and 6c), and Angström
exponent a versus spectral curvature as observed by the TSI Model 3563 nephelometer onboard the
DC‐8 aircraft during the INTEX‐B field campaign (Figures 6b and 6d).
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are nearly the same (as those in Case I) during the period
1.3–1.54 UTC (Figure 7a); subsequently, sharp peaks and
strong wavelength dependence occurred for the scattering
coefficients after that (as those in Case II). The spectral
dependences also strongly increased during the period of
1.54–1.77 UTC (not shown here). Case IV had a wavelength
dependence throughout the time interval though not as
strong in magnitude as Case II. Case IV had a larger a mean
value as compared to Case III which suggests even more
fine aerosols or pollution but again, not as much as Case II.
[33] To further track these four cases back to their regions

of origin, we used the NOAA backward trajectory model at
three different altitudes: 3 km, 5 km, and 7 km AGL (R. R.
Draxler and G. D. Rolph, HYSPLIT (Hybrid Single‐Particle
Lagrangian Integrated Trajectory) Model, 2003, http://www.
arl.noaa.gov/ready/hysplit4.html). According to Qiu and
Sun [1994], aerosol dust particles can be transported east-
ward from China to the Pacific Ocean in the 2 to 7 km
height range, and this is the reason to choose these three
altitudes in this study. It should be noted that the altitudes
used in some of the HYSPLIT analyses may differ from the
chosen levels as dust plume altitudes will change during
transport.
[34] Figure 8 shows the back‐trajectory analysis of the

selected four cases (using the 5 km (blue) trajectory line as a
proxy for plume altitude). Key points describing the simi-
larities and differences from the model output include: (1)
for Cases I and III, the dust plumes originated from the Gobi
Desert, and (2) for Cases II and IV, the dust plumes origi-

nated from the Taklimakan desert. The transport time of dust
plumes for the four cases are around 7.5, 8, 5, and 7 days, to
reach the remote Pacific regions where the dust plumes were
observed by the DC‐8 aircraft. However, the transport time
was only approximated because the measurements were not
taken at the same location. From previous studies, the dust
plumes normally take, on average, 7 to 10 days to move out
of the Gobi Desert area to the United States. Therefore, the
model outputs are 240 h in duration in order to explore all
possible sources of the air masses.
[35] For Case I, the center height of dust plumes is around

5 km, ranging from 3 to 7 km (Figure 2a). From the back
trajectory analysis, the blue and red lines (Figure 8a) orig-
inated from the Gobi Desert area and did not pass over the
highly polluted area, whereas for Case II, the dust and
pollution plume was located around 5–7 km and sampled by
DC‐8 at roughly 7 km (Figure 2b). The back trajectory
showed that the green and blue lines originated from the
Taklimakan desert and did pass through highly polluted
areas. Therefore, the outputs of the back trajectory model
did support the findings from DC‐8 measurements in Cases
I (coarse mode) and II (fine mode).
[36] For Cases III and IV, the green and blue lines orig-

inated from central China, and the data suggested a possible
scenario of air masses containing dust plumes that were
lifted above the boundary layer and passed through many
urban areas (Figures 8c and 8d). Trajectories that come from
different regions but cross paths over either the Gobi or
Taklimakan Deserts are also scrutinized in order to see how

Figure 7. Same as Figure 6 for Cases III and IV.
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pollution and dust can comingle at various points during
their transpacific transport processes.

4. Summary and Conclusions

[37] Tables 2a and 2b summarize the measurements and
retrievals from surface, satellite, and DC‐8 aircraft observa-
tions of dust events. These results were based on two clear‐
sky cases, six strong dust events, and five weak dust events
during the April–May 2006 INTEX‐B field experiment. The
values in the clear‐sky (clean, no dust) column provide
background information and can be used as a baseline for
identifying the dust events originating at East Asia, as well as
for studying their strength and time evolution during the
transpacific transport.
[38] Over the source region, the averaged total down-

welling SW flux at surface is 1000 W m−2 during the clear‐
sky condition, including 85% of direct and 15% of diffuse
transmissions. The averaged surface observed/retrieved
AOD and a are 0.25 and 1.27, and the averaged MODIS
AOD and CERES TOA albedo are 0.29 and 16.3% under
clear‐sky conditions. For the strong dust events, their
averaged total downwelling SW flux is only 50% of the
clear‐sky average, and their averaged direct and diffuse SW
transmissions contribute 10% and 90% of total SW trans-

mission, respectively, which is opposite to the clear‐sky
results. Their averaged AOD (∼2) is higher, while their
averaged a (0.14) is lower, than their clear‐sky counterparts.
The satellite retrieved AOD and TOA albedo are 1.12 and
25%, which is consistent with the surface observations. For
the weak dust events, their averaged values fall between the
clear‐sky and strong dust results. For example, their aver-
aged total downwelling SW flux is 90% of clear‐sky mean,
AOD is around 0.78–0.92, a is 0.36, and TOA albedo is
19%.
[39] Over the remote Pacific Ocean the ongoing evolution

of the dust plumes was tracked by examining their optical
properties for the four selected cases. From the four cases, it
was shown by DC‐8 aircraft data (optical measurements)
that the Asian dust plumes were in various states of exis-
tence suggesting an interaction between Asian dust and
pollution during transport. The spectral data can also infer
the plume radiative properties depending on which aerosol
mode (coarse or fine) dominates within the plume. The
aerosol scattering coefficients for Case I had the weakest
wavelength dependence which suggested strong dust load-
ing. From the back trajectory analysis, the blue and red lines
passed over the Gobi Desert and did not pass through highly
polluted areas, which strongly supports the findings from
DC‐8 measurements. The aerosol scattering coefficients for

Figure 8. The NOAA HYSPLIT Backward Trajectories of dust plumes intercepted by DC‐8 aircraft
(denoted by black circles) over the remote Pacific Ocean for (a) Case I (2100 UTC 17 April 2006),
(b) Case II (0300 UTC 24 April 2006), (c) Case III (0200 UTC 29 April 2006), and (d) Case IV (0400 UTC
29 April 2006). The heights of the dust plumes used in the analysis, 3000 m (red line), 5000 m (blue line),
and 7000 m (green line), represent the range of heights of the dust plume intercepted by the DC‐8 aircraft.
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Case II had the strongest wavelength dependence where the
large Angström exponent (a > 1) for this case suggested that
the dust plume was dominated by pollution, which was
further proven by back trajectory analysis. For Cases III and
IV, the magnitude of wavelength dependence fell between
those found in Cases I and II (i.e., a mixture of coarse and
fine mode aerosols in these two dust plumes as supported by
the back trajectory analysis).
[40] These results provide invaluable information for

quantifying the optical properties of Asian dust/pollution as
well as their strength and evolution from their source to the
remote Pacific regions. However, some overlying issues
exist. For example, there are either no retrievals or lower
AOD values (compared to the surface retrievals) during the
strong case events over the land regions. The NASA
MODIS Deep Blue aerosol retrievals, which have been
improved significantly over the land regions, should be used
in the future work [Hsu et al., 2004, 2006]. Though the
NOAA HYSPLIT can verify the origins of aerosol and dust
plumes, it is unable to account for any deposition along the
transport pathway. Therefore, a more robust dust aerosol
model should be used to account for both dry and wet
deposition processes in future studies. As based on the
results of this study, a second paper on the chemical com-
position of the dust plume aerosols during the INTEX‐B
and how they interact with one another during transport out
of Asia has been done. Eventually, both of these studies
will help climate and atmospheric chemistry modelers get
more accurate estimations of such extreme aerosol loading
at the source and along the transport pathway.
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