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[1] Knowledge of long-range transport and vertical distribution of Asian dust aerosols in
the free troposphere is important for estimating their impact on climate. Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), surface micropulse lidar
(MPL), and standard surface measurements are used to directly observe the long-range
transport and vertical distribution of Asian dust aerosols in the free troposphere during the
Pacific Dust Experiment (PACDEX). The MPL measurements were made at the Loess
Plateau (35.95�N, 104.1�E) near the major dust source regions of the Taklamakan and
Gobi deserts. Dust events are more frequent in the Taklamakan, where floating dust
dominates, while more intensive, less frequent dust storms are more common in the Gobi
region. The vertical distribution of the CALIPSO backscattering/depolarization ratios
indicate that nonspherically shaped dust aerosols floated from near the ground to
an altitude of approximately 9 km around the source regions. This suggests the possible
long-range transport of entrained dust aerosols via upper tropospheric westerly jets. A
very distinct large depolarization layer was also identified between 8 and 10 km over
eastern China and the western Pacific Ocean corresponding to dust aerosols transported
from the Taklamakan and Gobi areas, as confirmed by back trajectory analyses. The
combination of these dust sources results in a two-layer or multilayered dust structure over
eastern China and the western Pacific Ocean.
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1. Introduction

[2] Recently, special attention has been dedicated to
understanding the effect of dust aerosols on regional and
global climates. The impact of long-range transport of dust
and air pollution from their continental sources over oceanic
regions is one of the outstanding problems in understanding
regional and global climate change. Dust mixed with air
pollution leads to a brownish haze, which absorbs and
scatters sunlight, leading to a large reduction of sunlight
at the surface [Ramanathan et al., 2001], the so-called
‘‘global dimming.’’ The vertical structure and degree of
vertical mixing between dust and pollution layers during
transport are poorly understood, primarily because of the
lack of high-resolution observations. Seasonal mean
sunlight reductions can be as large as 10–15% over large
portions of, if not entire, ocean basins. Because of the fast

large-scale transport in the upper troposphere, aerosols such
as dust and black carbon, once they enter the upper
troposphere (above �8 km), can be transported around the
earth in a latitudinal belt in a week or two. As a result, dust
from Asia can influence upper tropospheric clouds over
North America and the Atlantic, just as Saharan dust affects
clouds over North America. For example, DeMott et al.
[2003] analyzed in situ data collected during a field
experiment and concluded that fine dust from North Africa
contributed significantly to ice nuclei populations over
Florida. Using ground-based lidar polarization data, Sassen
[2002] deduced that Asian dust affected the formation and
phase of clouds, leading to unusually warm cirrus ice
clouds. Dust aerosols generated in the Taklamakan and
Gobi areas are usually transported eastward by the prevail-
ing westerlies and can pass over China, North and South
Korea, and Japan, [Iwasaka et al., 1983; Zhang et al., 1997;
Murayama et al., 2001; Uno et al., 2001; Natsagdorj et al.,
2003] and sometimes are carried farther across the Pacific
Ocean reaching North America [Uno et al., 2001; Husar et
al., 2001; Sassen, 2002]. Additional exploration and study
are required to fully understand the mechanisms and extent
of long-range transport of Asian dust. The Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite supplies a wealth of actively sensed
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data over the region and provides an outstanding opportu-
nity for studying dust vertical structure and long-range
transport.
[3] The vertical distribution of dust aerosols is another

critical factor impacting the effects of dust on radiative
forcing and climate [Claquin et al., 1998; Zhu et al., 2007;
Forster et al., 2007]. An analysis of observations by Minnis
and Cox [1978] and a model study by Carlson and Benjamin
[1980] showed that an elevated Saharan dust layer could
change the atmospheric heating rate dramatically. Liao and
Seinfeld [1998] claimed that clear-sky longwave radiative
forcing and cloudy sky top-of-atmosphere (TOA) shortwave
(SW) radiative forcing are very sensitive to the dust layer
altitude.Meloni et al. [2005] found that SWaerosol radiative
forcing at the TOA has a strong dependence on aerosol
vertical profiles. Numerous observations [Sasano, 1996;
Liu et al., 2002; Zhou et al., 2002; Murayama et al., 2001,
2004; Shimizu et al., 2004] over eastern Asia have shown
elevated dust plumes lofted into the free troposphere during
spring. Kwon et al. [1997] revealed that air masses between 2
and 4 kmmainly come from theGobi Desert, while air parcels
between 4 and 7 km originate from the region near the
Taklamakan Desert. On the basis of aircraft observations,
ground-based lidar measurements, and backward trajectory
analysis, Matsuki et al. [2003] confirmed that the Taklama-
kan Desert is an important source for the background dust in
the upper troposphere above 4 km. Airborne measurements
taken during ACE-Asia also detected multiple aerosol layers
near Tokyo [Murayama et al., 2003]. Recently, Uno et al.
[2008] reported the three-dimensional structure of Asian dust
outflow from a dust source region to the northwestern Pacific
Ocean. They found that the elevated dust was transported to
the Pacific Ocean with the major dust layer maintaining a
height between 2.5–4.0 km, with a potential temperature of
302–306 K.
[4] Prior to the availability of actively sensed data,

aerosols were measured in situ and with passive radiometers
at only selected sites around the globe. The in situ method
consists of collecting aerosol samples on filters and chem-
ically analyzing them to obtain the mass concentration of
different aerosol species. These are then converted to
number distribution and subsequently to optical depths
using Mie scattering theory [Satheesh and Ramanathan,
2000]. Radiometric surface measurements of aerosol optical
depth (AOD) at visible and near-infrared wavelengths use
an automatic sun tracking photometer (CE318, Cimel). The
measured surface-reaching solar spectral radiances are con-
verted to optical depth on the basis of their ratios to
radiances at the top of the atmosphere (TOA) [Holben et
al., 1998]. Aerosol properties measured in situ at the surface
are converted to column values using assumptions about the
vertical profiles. The surface aerosol properties are often
quite different from the column aerosol properties because
of the presence of distinct aerosol layers aloft [Ramanathan
et al., 2001]. Thus, the assumption that different days have
the same aerosol vertical profile can result in large errors
(up to a factor of two) [Satheesh, 2002]. Sun photometer
measurements yield total column optical depth but provide
no information about vertical structure. Shortcomings in
these older measurement systems have been overcome in
airborne, space-based (such as CALIPSO) and surface lidars
that can accurately profile the physical properties of dust

aerosols through the atmosphere enabling the reduction of
uncertainties in the dust aerosol radiative forcing.
[5] The international Pacific Dust Experiment (PACDEX),

conducted from March through May 2007, studied dust and
pollution transport across the Pacific Ocean by taking inten-
sive observations of dust plumes as they advected across the
Pacific and into North America. An important part of
PACDEX is understanding where the dust was generated
and how it reached the Pacific. This paper examines the long-
range transport and vertical distribution of Asian dust over
the source regions and into the Pacific Ocean troposphere
using combined CALIPSO and surface measurements.
Unlike most space-based remote sensing instruments,
CALIPSO can observe aerosols and their vertical structure
over bright surfaces and beneath thin clouds as well as in
clear sky conditions [Winker et al., 2007; Hu et al., 2006;
D. Liu et al., 2008; Z. Liu et al., 2006, 2008; Vaughan et al.,
2004; Huang et al., 2007]. However, the CALIPSO meas-
urements need to be validated by using surface lidar as well
as other in situ or surface instruments to assess the accuracy
of the retrievals. To date only a few studies comparing
ground-based lidar and CALIPSO measurements over east
Asia have been attempted and quantitative analyses of the
vertical structure of Asian dust related to lidar observations
are rather scarce. The CALIPSO measurements, used in
conjunction with surface observations, should lead to reli-
able analyses of Asian dust long-range transport and vertical
structure, and expand the understanding of their impact on
climate.

2. Satellite and Surface Data

2.1. CALIPSO Data

[6] The CALIPSO Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) instrument measures vertical pro-
files of elastic backscatter at 532 and 1064 nm near nadir
during both day and night phases of the orbit. In addition to
total backscatter at both wavelengths, CALIOP provides
profiles of linear depolarization at 532 nm. The depolariza-
tion measurements enable discrimination between ice and
water clouds and identification of nonspherical aerosol
particles. The primary products are three calibrated and
geolocated lidar profiles of 532- and 1064-nm total atten-
uated backscatters and a 532-nm depolarization ratio, which
is computed from the two polarization components of the
attenuated backscatter. The CALIPSO level 2 data products
(version 1.10) contain the cloud and aerosol layer and
column properties. Level 1B data are first averaged into
5-km cloud layer products that are used to screen out cloudy
profiles [D. Liu et al., 2008].
[7] Dust aerosols can be identified in a given altitude

range of a lidar profile using the volume depolarization ratio
(VDR), defined as the ratio of the perpendicular to parallel
components of received lidar signals (including both par-
ticulate and molecular scattering) at 532 nm. The dust
depolarization ratio is high because of the nonsphericity
of the particles. Conversely, the depolarization ratio is low
(close to zero) for other types of aerosols. Therefore, the
depolarization ratio is normally used as an indicator to
separate dust from other aerosol types [Murayama et al.,
2001]. A threshold of 0.06 is used to detect the dust layer
[D. Liu et al., 2008]. This value corresponds to a horizontal
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