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1  Introduction

Dust particles into the atmosphere are
actively injected in the arid regions of inland
China, with a steady presence of high-concen-
tration dust layers within the lowest layer (2 to
3 km) of the mixing layer.  Disturbances trans-
port dust particles into the free atmosphere,
and once injected into the free atmosphere, the
dust is transported over long distances and
widely dispersed.  These dust particles from
the arid regions of inland China are referred to
as the “Kosa” in Japan, and are prevalent in
the spring [Murayama et al., 2001].  The Kosa
is sometimes carried over extremely long dis-
tances, and may even cross the Northern
Pacific Ocean [Shaw, 1980; Merrill et al.,
1989].  It is believed to strongly affect the cli-
mate over a wide region extending from the
Asia-Pacific region to North America, particu-
larly in terms of the radiative forcing of the

atmosphere.  Furthermore, since most of the
Kosa particles precipitate and settle in the
ocean, they are considered to have a substan-
tial effect on the marine biosphere, as a source
of minerals entering into the seawater.
Accordingly, the importance of dust particles
in the atmosphere has been discussed from
various perspectives, but its effects have yet to
be quantitatively estimated, and to date there
is little basic data for such studies.  The results
of a survey on radiative forcing by atmospher-
ic particles have been documented in an IPCC
report [IPCC (Intergovernmental Panel on Cli-
mate Change) Third Assessment Report
2001], but quantitative evaluations of the
effects of dust particles (mineral dust) or of
the indirect effects of clouds have yet to be
performed, and many uncertainties remain.
Some of the factors inhibiting the estimation
of the effects of dust particles include (i) a
lack of basic information on seasonal varia-
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tions in ground-surface conditions, (ii) a lack
of observations and an insufficient under-
standing of the process (and effects) of the
injection of mineral particles into the atmos-
phere in the applicable regions, (iii) a lack of
understanding of the physical properties of the
dust particles, which are transformed as they
are transported through the free atmosphere,
and (iv) a lack of data on the three-dimension-
al distribution of dust particles. 

In 1994, the Lidar Group of the Communi-
cations Research Laboratory (CRL) installed a
lidar unit in Shapotou at the southernmost
edge of the Tenger Desert, in central China.
Observations using this lidar have been con-
ducted to monitor the vertical distribution of
dust particles in the local mixing layer, the
amount of injection into the free troposphere,
and the amount of dust particles transported
by the free atmosphere above [Yasui et al.,
1998(a), 1998(b)].  In 2000, the “Japan and
China Joint Project on Aeolian Dust Experi-
ment on Climate Impact (ADEC),” a research
project supported by the Special Coordination
Funds of the Ministry of Education, Culture,
Sports, Science and Technology, was
launched.  The Shapotou lidar is being used in
this project, and observations have been
enhanced accordingly [Yasui et al., 2000].
The goals of this project are to construct a
“super station” equipped with various instru-
ments (such as a lidar, a radiometer, and a
sampler) for observation over a wide area
from the Taklamakan Desert in Western China
to Japan, to obtain a vertical profile of dust
particles at multiple sites through network
observation, and to gain information on the
three-dimensional distribution of dust particles
based on an analysis combining the vertical
distribution data with horizontal data collected
by satellite observation. 

Here we present the results of analysis of
data from experimental observations per-
formed in the spring of 2001, in advance of
the full-scale observations scheduled to begin
in the spring of 2002 [Yasui et al., 2002]. 

2  Observation

2.1  Observation Site (Shapotou Obser-
vation Station)

Fig.1 shows the location of Shapotou.  The
Shapotou Station (37˚27'N, 104˚57'E; 1,250 m
above sea level) of the Cold and Arid Regions
Environmental and Engineering Research
Institute (formerly the Lanzhou Institute of
Desert Research) of the Chinese Academy of
Sciences lies approximately 300 km northeast
of Lanzhou in the Ningxia province.  The
Tenger Desert lies to the north, and to the
south is the Yellow River (Fig.2).  The CRL
Lidar Group installed a lidar for aerosol obser-
vation within the grounds of the Shapotou Sta-
tion in 1994, and has been performing obser-
vations ever since. 

In this region, temperatures during the
winter period (from December to mid-March)
are extremely low, and the entire station is
closed during this period.  Therefore, observa-
tions are limited to the period from the end of
March to November. 

2.2  Instrumentation
Installed at Shapotou is an aerosol lidar

(laser radar) that uses the second harmonic
wave of the Nd:YAG laser (532 nm).  The
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Shapotou (37˚27'N, 104˚57'E; 1,250 m
above sea level) is located approximately
300 km northeast of Lanzhou, in the Ningx-
ia province.

Location of ShapotouFig.1
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specifications and configuration of this instru-
ment are shown in Table 1 and Fig.3, respec-
tively.  When a laser pulse is emitted vertically
into the sky with a transmitting mirror, it is
scattered by aerosols and atmospheric mole-
cules, and the components scattered in the
direction of the ground (the “backscattered
components”) return to the receiver system.
An optical sensor in the laboratory determines
the time of the laser pulse emission, and so the
distance the light traveled can be calculated
based on the elapsed time before the light
returns.  The optical quantity of the scatterer
(aerosol and atmospheric molecules) can be
calculated from the intensity of the received
signal.  The lidar’s signal-processor system
consists of a signal-processing subsystem that
measures the nighttime stratosphere (to
approximately 30 km) using the photon-count-
ing method, plus an A/D signal-converter sub-
system for performing continuous daytime and

nighttime troposphere measurements. 
The mixing layer at the lowermost level of

the troposphere features high dust concentra-
tions, which result in an extremely wide signal
dynamic range.  Therefore it is impossible to
cover this entire range with a single receiver
system designed for observations of the strato-
sphere.  To resolve this problem, a new receiv-
er system (Receiver System 2, shown in Fig.3)
designed specifically for measurements of the
lowermost troposphere, was added to the lidar
in August 2001.  This enabled the expansion
of the observation range to extend from the
lowermost to the upper layers by combining
the observation results for the two systems
(Receiver Systems 1 & 2).  With full-scale
observations beginning in the spring of 2002,
measurements at heights of approximately 200
m will be attempted using a combination of
these two receiver systems. 

The results introduced in this paper are
based on observations made in the spring of
2001, before the improvements to the system,
and so only a single receiver system was
available for observation of the area from the
troposphere to the stratosphere.  Therefore the
lower-limit height for signal reception is 600
m. 
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The Tenger Desert lies to the north, with
the Yellow River to the south.

Geography near the observation sta-
tion

Fig.2

Specifications of the Shapotou lidarTable 1

Layers above 3,000 m are observed with
Receiver System 1 (for middle to upper-
layer observation), and layers from 200 m
and above are observed with Receiver Sys-
tem 2 (for lower-layer observation).

Schematic diagram of the l idar
installed at Shapotou

Fig.3



2.3  Observation Date
The dates and times of observations from

March to May 2001 are shown in Table 2. 

3  Data Analysis

3.1  Data-Analysis Method for Lidar
3.1.1  A Widely Used Analysis Method
for Measurements up to the Stratos-
phere

Normally, in analysis of lidar observation
data, the backscattering coefficientβ(z), which
represents the optical physical quantity of the
scatterer, is determined for quantitative analy-
sis.  The relationship between the backscatter-
ing coefficient and the receiver signal P(z) can
be expressed by the following lidar equations. 

Here, 
z: height
P(z): signal received from height z
E: constant for transmitted laser

pulse output
C: constant for receiver optical sys-

tem
βa(z): backscattering coefficient of

aerosols at height z
βm(z): backscattering coefficient of

atmospheric molecules at height z

Ta(z): transmittance of aerosols at height
z

Tm(z): transmittance of atmospheric mol-
ecules at height z

σa(z): extinction coefficient of aerosols
at height z

σm(z): extinction coefficient of atmos-
pheric molecules at height z

In this analysis, the backscattering coeffi-
cient was calculated using the Fernald method
[Klett et al., 1981; Fernald et al., 1972;
Fernald, 1984].  This method uses the follow-
ing equation, obtained by transforming the
lidar equation.  

When

These are referred to as S-parameters.  The
value of the S-parameter for aerosols S1(z)
depends on the particle-size distribution,
shape, and complex refractive index, and
varies at different points (or altitudes) in the
actual atmosphere.  However, when the above
information is lacking, this value is often
assumed to be a constant (S1) in the calcula-
tion.  Here, the value of S1 = 35 (frequently
used as a reference value for dust particles)
was adopted [Karyampudi et al., 1999].  The
S-parameter for gas molecules is constant at
all heights, as evident from Equation (6). 

Now let us assume that the aerosol
backscattering coefficient at a certain height
(calibration height) is knownβa(zc).  Then, the
relationship to the value at height z can be
expressed by the following equation.  
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Date and time of observations at
Shapotou from March to May 2001

Table 2
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Here,

When the value for the calibration height
is set, then this equation can be used to calcu-
late the value at height z.  

The initial aerosol backscattering coeffi-
cient at calibration heightβa(zc) was deter-
mined using the “matching method.”  In this
method, all signals from layers above 30 km
in the mid-latitude regions are assumed to be
due to Rayleigh scattering by atmospheric
molecules since there are almost no aerosols at
such heights.  The received signal profiles are
then matched with a theoretically calculated
Rayleigh scattering profile for signal calibra-
tion.  Rayleigh scattering components are cal-
culated using an atmospheric-density profile
calculated from height distribution data of
temperature and pressure collected through
observations with instruments such as a radio
sonde.  The present analysis uses the sounding
data available at the website of the University
of Wyoming (http://weather.uwyo.edu/).  Fur-
thermore, the transmittance terms in the lidar
equation (Equation (2) & Equation (3)) were
both assumed to have a value of 1 in the esti-
mation of the aerosol backscattering coeffi-
cient at calibration height.  In other words, the
constants E and C in the lidar equation are
eliminated by matching, and by assuming that
transmittance is 1, the initial value of the ratio
of scattering at calibration height Rc is deter-
mined using the equation below. 

Since the backscattering coefficient for
atmospheric moleculesβm(zc) can be theoreti-
cally determined from atmospheric density
distribution, the initial value for backscatter-
ing coefficient of aerosolβa(zc) is determined
by the valueβm(zc) and Equation (4). In the
actual analysis, the atmosphere is divided into
multiple layers in the vertical direction (reso-
lution ofΔz), and the vertical profile is deter-
mined by successively calculating the value
for the next lower layer beginning at the cali-
bration height.  In other words, the aerosol

backscattering coefficientβa(zc -Δz) is first
calculated for the layer directly below the cali-
bration layer using the value at calibration
heightβa(zc).  Then the obtained valueβa(zc -
Δz) is used to calculate the coefficient for the
next lower layerβa(zc - 2Δz), and so on, to
determine the vertical profile ofβa(z). 
3.1.2  Analyses of Results of Continu-
ous Daytime and Nighttime Tropos-
pheric Observation

The matching method in the previous sec-
tion can only be applied to data analysis for
the stratosphere above an altitude of 30 km,
where signals due to aerosols can be ignored.
With the present system, observations up to
the stratosphere cannot be made during the
daytime due to high levels of background
noise from sunlight.  Even for nighttime
observations, there are many cases in which
the matching method cannot be applied due to
low signal level from the stratosphere when
optically thick layers (e.g., layers dense with
clouds) are present in the troposphere.  How-
ever, observations of daily variations are
extremely important in tropospheric dust
observations, and so observation is continued
day and night, regardless of cloud conditions.
Therefore, an effective method must be found
for analysis of daytime data when observa-
tions cannot be performed of areas up to the
stratosphere.  In the process of lidar data
analysis at Shapotou, valid data from observa-
tions up to the stratosphere is selected from
nighttime data, standardization is performed
using the matching method, and the results are
then used to determine the instrumental con-
stants (E and C in Equation (1)).  These con-
stants are then used for standardization of all
data, including daytime data.  Next, the initial
value of the backscattering coefficient at cali-
bration height is calculated, and then the Fer-
nald method is applied. 

3.2  Treatment of the Lowermost Layer
With the present lidar instrument configu-

ration, observation cannot be made for the
section from the ground to a height of 600 m
because the transmitted light does not fall
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completely within the field-of-view of the
receiver system.  The aerosol concentration in
the lower atmosphere tends to increase expo-
nentially in the lower layers, and so it is high-
ly likely that dust particles are present in sig-
nificantly large volumes in the section
between the ground and a height of 600 m, a
section that cannot be observed using the pres-
ent lidar unit.  The volume of this unobserv-
able section was tentatively estimated by
extrapolation (based on the shape of the pro-
file for layers above 600 m) for regions where
exponential extrapolation was considered
appropriate for the lowermost layer (Fig.4).
The results of extrapolation are shown in Fig.5
for reference.  Where the profile featured a
complex shape and exponential extrapolation
seemed inappropriate, extrapolation was not
performed (shaded areas in Fig.5) and analysis
was limited to layers above a height of 600 m. 

4  Results and Discussions

4.1  Vertical Profile of the Backscatter-
ing Coefficient

Fig.5 is a time-height cross-section of the
aerosol backscattering coefficients between
the ground and an altitude of 10 km, calculat-
ed from the results of observations in March,
April, and May 2001.  The dotted lines at the
lowermost layer in each plot represent a height
of 600 m, and as stated previously, values for
layers below this level are not based on actual
observation but rather represent extrapolated
values assuming an exponential distribution.
Where exponential extrapolation seemed to be
inappropriate, the values were not calculated
and the applicable section was shaded.  The
layers of strong scattering, which appear fre-
quently at upper layers above an altitude of 5
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When the profile in the 600 to 1,000-m
range seems to follow an exponential curve,
the section between the ground and a height
of 600 m was calculated by extrapolation.

Example of extrapolation of the lower-
most layer for the vertical profile of the
backscattering coefficient

Fig.4

The horizontal and vertical axes represent
local time and geometric height from the
ground, respectively.  Since Shapotou is
1,250 m above sea level, add 1,250 m to the
plotted value for the elevation above sea
level.

The time-height cross-section of the
vertical profile of the backscattering
coefficient in March, April, and May
2001

Fig.5



km (near 4 km in the case of Fig.5(b)), are
caused by clouds.  Clouds were distinguished
from dust layers based on temporal variations
in the intra-layer structures. 

Fig.6 shows the values of extinction coef-
ficients integrated in the vertical direction
based on results of observation from March 25
to 26, and the calculation results are presented
for the height ranges of 0.6 to 5 km and 0.6 to
10 km.  The values indicate the optical depth
of the particle layer in the two ranges.  In this
example, no clouds are present in the first 600
(50×12) minutes after start of observation,
and only aerosol particle layers are observed.
After 600 minutes, clouds start to appear, and
there is a sharp increase in optical depth.  Fur-
thermore, the cloud layer displays rapid short-
term variations in optical depth, which are
believed to be caused by internal structures
characteristic of clouds.  Such distinctive
short-term variations are frequently observed
in clouds.  In the present analysis, all clouds
were successfully identified in this manner. 

The common characteristic of all plots in
Fig.5 is the existence of a dust-particle layer in
the lowermost troposphere with a ceiling at 2
to 3 km.  This layer most likely corresponds to
the local mixing layer, and when transport to

upper layers due to disturbances are small,
most of the atmospheric dust particles are
believed to remain within this layer.  Layered
structure within the mixing layer displays
large variations, and in Fig.5(c), it shifts
downwards from around 1:00 AM to dawn,
while in Fig.5(a), it shifts upward before dawn
at 3:00 to 4:00 AM, suggesting active motion
not only in the daytime but also during the
night.  

Besides those in the mixing layer, dust lay-
ers were also observed at altitudes between 4
and 5 km.  In observations on March 20 to 21,
a layer centered at approximately 4 km was
found to persist for a long time (Fig.5(a)).
This dust layer existed separately from that in
the mixing layer, and maintained a relatively
stable condition.  This implies that this layer
consisted of dust particles injected into the
free atmosphere at some other location and
transported into this region by winds in the
free atmosphere.  A similar layer is also noted
from observations on April 23 to 24 (Fig.5(e)). 

Among the observations in May, a single,
thick layer reaching up to an altitude of nearly
5 km is seen in observations from the after-
noon of May 17 to the early morning of May
18 (Fig.5(i)), indicating that favorable condi-
tions existed for dust-particle injection into the
free troposphere. 

4.2  Optical Depth of the Dust Particle
Layer
4.2.1  Optical Depth from 0.6 km to 5
km

Fig.7 shows the results of optical depth
calculation for heights between 0.6 km and 5
km.  Regions with extremely large values are
caused by clouds (Fig.7(b), (d), (e), and (f)).
Fig.8(a) shows the frequency distribution of
the ratio (in percent) of the aerosol optical
depth between 0.6 km and 5 km (AOD0.6-5km) to
that between 0.6 km and 10 km (AOD0.6-10km).
These are results for cloudless regions select-
ed from all observations from March to May.
It was found that approximately 70% or more
of the aerosols optical depth was due to
aerosols between 0.6 km and 5 km.
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Aerosol optical depths at 0.6 to 5 km and at
0 to 10 km are plotted.  The aerosol optical
depth is relatively stable with time, while
the cloud layer changes drastically within a
short time.  These characteristics were used
to distinguish between cloud and aerosol
layers.

Distinguishing cloud from aerosol layer.
Sample data for March 25 and 26

Fig.6
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According to Fig.7, AOD0.6-5km is generally
large from the afternoon to dusk, and low in
the early morning.  Such daily variations are
considered to result from changes in solar ele-
vation, and may reflect the characteristics of a
typical daily variation on a relatively calm,
clear day.  In this scenario, dust particles are
carried upward by thermals created by solar
heating of the ground in the daytime; then, rel-
atively large dust particles carried upward in
this manner settle at night due to gravity, lead-
ing to the formation of a stable stratification
due to radiational cooling in the lower atmos-
phere. 

However, in some cases, maximum optical

depths were observed near midnight (Fig.7(a),
(c)), which suggests the possibility that some
form of upward movement of dust particles
occurs at night.  To gain insight into such phe-
nomena, it is essential to conduct continuous
24-hour monitoring. 
4.2.2  Optical Depth Between Ground
and an altitude of 5 km (Results of
Extrapolation)

Fig.9 shows the results of optical depth
calculations by extrapolation for the section
between the ground and an altitude of 5 km,
for which lidar observations cannot be made,
and Fig.8(b) shows the frequency distribution
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Extremely large values are due to clouds.
Generally, AOD0.6-5km is large from the after-
noon to dusk, and small in early morning.
However, in several instances, the maxi-
mum was observed near midnight ((a) &
(c)).

Temporal variations of aerosol optical
depth at 0.6 to 5 km (AOD0.6-5km)

Fig.7

Data for observations involving clouds
were excluded from the data observed
between March and May to select for
aerosol-only data.

(a) Frequency distribution of the ratio
(in percent) of the aerosol optical
depth between 0.6 km and 5 km to
that between 0.6 km and 10 km (b).
Frequency distribution of the ratio (in
percent) of the aerosol optical depth
between 0 km and 5 km height to that
between 0 km and 10 km

Fig.8
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of the ratio (in percent) of the aerosol optical
depth between 0 km and 5 km (AOD0-5km) to
that between 0 km and 10 km (AOD0-10km).
The general trend is similar to the case of
AOD0.6-5km, although there were some cases
where significantly high concentrations of
dust particles were believed to be present in
the lowermost extrapolated layer (Fig.9(c),
(e), (g)).  Fig.8(b) also indicates that, when the
lowermost layer near the ground is included,
approximately 80% or more of the aerosol
optical depth of troposphere is considered to
be due to aerosols existing below 5 km. 

5  Conclusions

From March to May 2001, lidar observa-
tions were made to obtain vertical profiles of
the tropospheric dust layer in Shapotou,
China.  The following results were obtained
through a preliminary analysis of data. 
(1) A high-concentration dust layer is con-

stantly present with a ceiling at a height of
2 to 3 km.  This layer is believed to corre-
spond to the local mixing layer.  Active
changes are seen in the structure of the
dust layer in the mixing layer not only in
the daytime but also at night. 

(2) Dust-particle layers were sometimes
observed in the free atmosphere at heights
near 4 to 5 km.  Most of these layers were
completely independent of the dust layers
within the local mixing layer, and are con-
sidered to have been transported above
Shapotou after being injected into the free
atmosphere at another location. 

(3) On May 17 and 18, a continuous, thick
layer stretching from the mixing layer up
to an altitude of nearly 5 km was observed,
and it is believed that conditions were
favorable for injection of dust particles
from the mixing layer into the free atmos-
phere. 

(4) The aerosol optical depth, AOD0.6-5km, was
generally large from the afternoon to dusk,
and small in the early morning.  However,
in several instances, the maximum was
observed near midnight.  Such midnight

maximum cannot be explained by simple
daily variations of dust-particle layers in
the mixing layer due to solar elevation. 
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The values between 0 and 0.6 km are
results of extrapolation.  The shaded areas
in the figure represent cases in which
extrapolation seemed inappropriate; there-
fore, values for this range are not included
in the calculation (i.e., for the filled areas,
the values are the same as those in Fig.7.)
As with Fig.7, extremely large values are
due to clouds.

Temporal variations in the aerosol opti-
cal depth between 0 and 5 km 
(AOD0-5km)

Fig.9
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