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Aerosol optical properties were continuously measured with the National Institute for Environmental
Studies (NIES) compact Raman lidar over Beijing, China, from 15 to 31 December 2007. The results
indicated that in a moderate pollution episode, the averaged aerosol extinction below 1km height
was 0:39� 0:15km−1 and the lidar ratio was 60:8� 13:5 sr; in heavy pollution episode, they were 1:97�
0:91km−1 and 43:7� 8:3 sr; in an Asian dust episode, they were 0:33� 0:11km−1 and 38:3� 9:8 sr. The
total depolarization ratio was mostly below 10% in the pollution episode, whereas it was larger than 20%
in the Asian dust episode. The distinct characteristics of aerosol optical properties in moderate and heavy
pollution episodes were attributed to the difference in air mass trajectory and the ambient atmospheric
conditions such as relative humidity. © 2008 Optical Society of America
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1. Introduction

Air pollution has long been a problem in the indus-
trial nations of the West. It has now become an in-
creasing source of environmental degradation in
the developing nations of East Asia. Because of its
rapid push to industrialize, China in particular is ex-
periencing dramatic levels of air pollution over a
large portion of the country [1]. As the capital of Chi-
na and one of its biggest cities, Beijing is representa-
tive of urban air pollution in China. Soot, vehicle
exhaust gas emissions, and other pollutants fre-
quently cover up the former azure blue of Beijing’s
sky. Meanwhile, Beijing has also been experiencing
increasingly severe Asian dust storms in the spring,
due to its special geographical location. Asian dust
storms are composed of mineral particles lifted from

the arid regions in north China and Mongolia, and
they are easily transported to Beijing by the wester-
lies during the spring season. Previous research de-
monstrated that Asian dust particles play significant
roles in the climate, as do anthropogenic aerosols [2].
Thus, quantitative measurements of polluted aero-
sols and Asian dust particles over Beijing are very
important and necessary in air pollution abatement
and Asian dust studies.

Raman lidar permits the independent measure-
ment of aerosol extinction and backscatter by detect-
ing the elastic and Raman scattering signals [3], and
it has been widely and successfully used for quanti-
tative observations of aerosols [4–9], especially in
continuous and automatic operation [10]. But Raman
lidar measurements in Beijing are very rare. The
field campaign in January of 2005 reported by Tesche
et al. [11] is only one observation; however, they cap-
tured neither typical air pollution nor Asian dust
cases during their short 11 day experiment. To obtain
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the optical parameters for typical aerosol events in
Beijing is one of our motivations for the long-term
Raman lidar observation presented in this paper.
The National Institute for Environmental Studies

(NIES) compact Raman lidar system operating in
Beijing is part of the lidar network established by
NIES for monitoring polluted aerosols and Asian
dust [12,13]. The lidar site is located at the Institute
of Atmospheric Physics, Chinese Academy of
Sciences in Beijing, China (39.97 N, 116.37 E). For
this study, Raman lidar measurements included
moderate and heavy pollution, as well as the Asian
dust episodes that occurred from 15 to 31 December
2007. The results of our analysis are presented here.
Section 2 describes the NIES compact Raman lidar
system and the data analysis procedure. Section 3
presents typical profiles of optical properties for pol-
luted aerosols and Asian dust particles, and Section 4
gives a summary and discussion.

2. NIES Compact Raman Lidar and Data Analysis
Method

NIES compact Raman lidar operates in a continuous
mode (5 min of data acquisition with 10 min inter-
missions) through a window on the roof of the obser-
vation room, regardless of weather. The lidar system
employs a Nd:YAG laser (Quantel, Brilliant Ultra) as
a light source that generates the fundamental output
at 1064nm and the second harmonic at 532nm.
Transmitted laser energy is typically 40–50mJ per
pulse at 1064nm and 10–20mJ per pulse at
532nm. The pulse repetition rate is 10Hz. A 20 cm
diameter Schmidt–Cassegrain telescope (Celestron,
C8-A XLT) with a field of view of 1mrad is used to
collect the backscattered light. The receiver has four
detection channels to receive the return signal at
1064nm, nitrogen Raman scattering at 607nm,
and parallel and perpendicular polarization compo-
nents at 532nm. The optical bandwidth of each chan-
nel is 1nm at 1064nm, 3nm at 607nm, and 1nm for
two polarization channels at 532nm.
An analog-mode avalanche photodiode (Licel,

APD-1.5) is used as a detector for 1064nm, and
two photomultiplier tubes (PMTs) (Hamamatsu,
H6780-02) are used for the parallel and perpendicu-
lar polarization components at 532nm. The detected
signals are recorded with 12 bit transient digitizers
(Turtle Industry, TUSB-0212ADM) with a sampling
rate of 25MHz, corresponding to a range resolution
of 6m. The data are transferred to a PC and averaged
for 3000 laser shots (5 min) during continuous obser-
vation. A PMT module for photon counting with a
thermoelectric cooler (Hamamatsu, H7421-40) is
used as a detector for the Raman scattering channel
at 607nm. The photoelectron signals produced by the
PMT are counted by a multichannel scaler board
(SigmaSpace AMCS-usb) with 50ns time gates, cor-
responding to a range resolution of 7:5m. The signals
are accumulated for 3000 laser shots on the board
and transferred to the PC. Though the signals from
the Raman channel were recorded both in day and

night, only nighttime data (from 18:00 to 4:00 local
time) were used in the analysis because of the large
background radiation in the daytime. The range re-
solution was reduced to 30m in the data processing
for both of the elastic and the Raman signals.

The total depolarization ratio is defined as the ra-
tio of the perpendicular polarization component to
the parallel component of the backscattered signals,
and it is a useful indicator of nonsphericity for iden-
tifying ice clouds [14] and dust layers [15]. In order to
calibrate the sensitivity of the two polarization chan-
nels, a linear polarizer sheet directed at an angle of
45 ° was inserted in front of the polarization cube be-
fore the experiment, and the gains of the two PMTs
were balanced.

The aerosol extinction coefficient at the laser
wavelength of 532nm was calculated from the
Raman scattered signal and the number density of
the atmospheric molecules with an assumption of
the wavelength dependence of aerosol extinction
αa ∝ λ−k, here k ¼ 0 for dust aerosol [3] and 1 for pol-
lution aerosol [16]. The molecular number density
was derived from the daily radiosonde data launched
at 1100 UTC from the Meteorological Station in
Beijing [International Civil Aviation Organization
(ICAO) location indicator: Beijing Capital Airport
(ZBAA), 39.93 N, 116.28 E]. A sliding linear least-
square fit with a 150m window was applied in the
derivation of the logarithm of the ratio of the atmo-
spheric number density to the range-corrected
Raman signal. To reduce the error in the derived
aerosol extinction coefficient, the range-corrected
Raman lidar signals were averaged for 2 h and also
spatially smoothed with a height-dependent range
resolution, which linearly increases from 120m at
500m height to 600m at 2km.

The backscatter ratio, defined as the ratio of the
total (aerosol plus molecular) to molecular backscat-
ter coefficients, was calculated from the elastic and
Raman signals. It was normalized at the aerosol-free
ranges where the aerosol backscattering was ex-
pected to be negligible. In the heavy pollution and
dust cases, however, the intensity of Raman signals
was not sufficiently high at the ranges. Under such
conditions, we used the lidar system constant deter-
mined in the clear conditions to calibrate the sensi-
tivity of the elastic and Raman detection channels.
We used the data in the clear free troposphere (4
to 5km) on 31 December to determine the system
constant in this study. We assumed the backscatter
ratio was 1.1 at the calibration altitudes. The aerosol
backscatter coefficient was then derived from the
backscatter ratio and the molecular backscatter coef-
ficient calculated from the radiosonde temperature
and pressure data.

The aerosol lidar ratio (aerosol extinction-to-back-
scatter ratio) was calculated by taking the ratio of the
aerosol extinction coefficient to the backscatter coef-
ficient. As is well known, the lidar ratio is an impor-
tant parameter for retrieving extinction coefficient
from the elastic-backscatter lidar signals, and it is
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also a useful parameter for characterizing microphy-
sical properties of aerosols such as size distribution,
refractive index, and particle shape [17–19].
At the lower height, the geometrical form factor

correction was applied. The overlap function was de-
termined from the measured Raman signal and the
molecular density profile after applying molecular
and aerosol extinction correction to the Raman pro-
file [20]. To minimize the error caused by the as-
sumption of the constant lidar ratio in the lower
heights, the data in the clear conditions on 31 Decem-
ber were used in this study for determining the over-
lap function. The large error in the overlap correction
was expected in the heights below 200m, we did not
use the derived optical parameters below 200m
height.

3. Results

Figure 1(a) depicts the comparison of the daily lidar
aerosol extinction coefficient and the surface mass
concentration of particulate matter smaller than
10 μm (PM10) during the experiment. The aerosol ex-
tinction coefficient was derived from the lidar mea-
surement from 1000 to 2000 UTC with a 2 h
temporal resolution and averaged in the range of
0.2 to 0:3km. The mass concentration of PM10 was
converted from the reported air pollution index in
Beijing city that was averaged from 1200 LT of the
previous day to 1200 LT of that day. The date indi-
cated in Fig. 1 is the date for the lidar measurement,

and the date for the PM10 measurement is shifted
one day ahead so that the timing of the lidar mea-
surement is in the averaging period for PM10. On
27 December, the lidar extinction coefficient is miss-
ing because the extinction was too large and it was
difficult to analyze the Raman scattering signals.

As can be seen in Fig. 1(a), the measured aerosol
extinction coefficient and PM10 are correlated very
well except for 28 December. The observed lidar de-
polarization ratio showed an Asian dust event oc-
curred on that day. The difference between the
extinction coefficient and PM10 is mainly due to
the difference in the period of the measurement. An-
other possible reason is the mass/extinction ratio is
larger for large Asian dust particles.

Surface visibility, relative humidity, and wind
speed and direction at the ZBAA Meteorological Sta-
tion are also shown in Figs. 1(b) and 1(c). In these
plots, the visibility and relative humidity were aver-
aged between 1000 and 2000 UTC (the same period
with the lidar measurement), and the wind speed
was averaged for one day in the same way as for
the PM10 data. The meteorological data indicate that
the condition with a high relative humidity (>50%),
and low wind speed (<2:5m=s) stayed from 15 to 27
December. On 28 December, a strong northwesterly
at 10m=s prevailed and continued to 31 December.
The surface visibility had a reasonable negative cor-
relation with the aerosol extinction coefficient. Note
that the instrument upper limit of the visibility was
10km. According to the aerosol extinction coefficient
and the meteorological data, we may classify the si-
tuations that occurred in the experiment period into
three episodes, namely a moderate pollution episode
from 15 to 17 December, a heavy pollution episode
from 18 to 27 December, and an Asian dust episode
from 28 to 30 December. The characteristics of aero-
sol optical properties in these three episodes are ana-
lyzed and discussed in the following subsections.

A. Moderate Pollution Episode

Figure 2(a) shows aerosol extinction and backscatter
coefficients, the lidar ratio, and the total depolariza-
tion ratio observed on 16 December during a moder-
ate pollution episode. The aerosol extinction
decreased gradually from 0:3km−1 near the surface
to 0:1km−1 at a height of 0:9km. Over 0:9km height,
it was difficult to derive aerosol extinction from the
Raman signals due to the low signal-to-noise ratio.
The aerosol backscatter profile reached about 3km,
and the values fluctuated around zero above this
height. The averaged lidar ratio below 0:9km was
73:9� 6:1 sr, and the corresponding total depolariza-
tion ratio was 5:67� 0:50%.

A high lidar ratio and a low total depolarization
ratio suggest the presence of light-absorbing spheri-
cal aerosol species such as soot [21]. Soot is released
from incomplete combustion of carbonaceous fuels,
and it is frequently found in Beijing during the heat-
ing period in winter [22]. To estimate the possible
sources of aerosols, the four-day backward trajectory

Fig. 1. (Color online) Daily variation of the lidar aerosol extinc-
tion coefficient αa (0:2–0:3km), surface mass concentration of
PM10, visibility, relative humidity, and wind speed and direction
during the experiment from 15 to 31 December 2007 in Beijing.
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ending at 1200 UTC on 16 December was calculated
using the NOAA HYSPLIT trajectory model [23] and
is shown in Fig. 3(a). The backward trajectory shows
the air mass was transported from the northwest
where the air is relatively clean. It also shows the
flow is not fast enough to get rid of accumulation
of pollution in Beijing. As a result, dispersed air pol-
lution [24] from anthropogenic sources (probably in
Beijing) containing aerosols having a high lidar ratio,
such as carbonaceous species [25], was observed dur-
ing this event.

B. Heavy Pollution Episode

Figure 2(b) presents the optical properties of aerosols
observed on 25 December in the heavy pollution epi-
sode. In this episode, the aerosol extinction coeffi-
cient below 0:8km height exceeded 1km−1, and the
maximum value reached 2:5km−1 at 0:4km height.
The aerosol backscatter profile reached a height of
about 2:5km, but most of the pollution aerosol was
below 0:8km. The aerosol optical depth was 1.06 be-
tween 0.2 and 0:8km. The derived lidar ratio was
38:5� 4:7 sr, and the total depolarization ratio
was 7:22� 1:37%.

Compared to the moderate pollution episode on 16
December, the aerosol extinction coefficient on 25 De-
cember was large and the lidar ratio was small. In
addition, the ratio of the backscatter at 1064nm to
that at 532nm (i.e., β1064=β532) was larger, indicating
the presence of larger particles. The differences are
probably due to the difference in the ambient meteor-
ological conditions. A stable atmospheric condition
with high relative humidity (84.5% on 25 December)
continued during the heavy pollution episode, and
the backward trajectory [Fig. 3(b)] indicates that
the polluted aerosols were accumulated in the Beij-
ing area. The lower lidar ratio was probably affected
by hygroscopic growth of water-soluble aerosols such
as sulfates and nitrates mixed in the air-pollution
aerosols in Beijing [26].

C. Asian Dust Episode

Asian dust episodes are typically characterized by
passage of cold fronts and relatively dry conditions
and strong wind from the northwest. The data at
the ZBAA Meteorological Station showed that rela-
tive humidity decreased sharply to 25% at 0600
UTC on 28 December. A strong northwesterly wind
with a maximum wind speed exceeding 15m=s pre-
vailed from 28 to 30 December. Figure 2(c) presents
the optical properties of Asian dust aerosols mea-
sured on 28 December. The aerosol extinction coeffi-
cient was 0.4 to 0:2km−1 up to 1:2km height. The
derived backscatter profile indicates that the dust

Fig. 2. (Color online) Vertical profiles of the aerosol extinction
coefficient αa (thick curves) and the backscatter coefficient βa (thin
curves) coefficients, the lidar ratio Sa (dotted curves), and the total
depolarization ratio δa (dot–dashed curves) at 532nm in the
(a) moderate pollution, (b) heavy pollution, and (c) Asian dust epi-
sodes over Beijing. Error bars for lidar ratio indicate �1 standard
deviations due to the detection noise.

Fig. 3. (Color online) Backward trajectories calculated by the HYSPLIT model ending at Beijing on (a) 16 December in the moderate
pollution episode, (b) 25 December in the heavy pollution episode, and (c) 28 December in the Asian dust episode.
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aerosol reached a height of about 4km. The lidar ra-
tio was 36:2� 4:7 sr in the 0.2 to 1:2km height range.
The backscatter color ratio (β1064=β532) was relatively
large, indicating the presence of large particles. The
averaged total depolarization ratio was 19:54�
0:53%. Thus, these results reasonably demonstrate
the presence of nonspherical mineral dust particles.
In addition to the lidar observation, satellite data

and backward trajectory analysis are useful for iden-
tifying the origin and transport of dust aerosols
[2,27]. The NOAA-17 satellite image observed at
1110 LT on 28 December [28], not shown in this pa-
per, indicates the dust storm occurred in Inner Mon-
golia, China. The HYSPLIT backward trajectory
ending at 1200 UTC on 28 December [Fig. 3(c)]
was the trajectory passed over the same area. The
local meteorological station at Erlianhot in Inner
Mongolia also reported the Asian dust event at
2100 LT on 27 December. The wind speed exceeded
7m=s, and the local visibility was less than 0:5km.
All of these observations showed that this rare Asian
dust event in winter was generated in Inner Mongo-
lia on 27 December and transported to Beijing on the
next day. The observed dust is not believed to be con-
taminated by pollution aerosol since the air flow was
sufficiently fast to inhibit accumulation of pollution
aerosols during transportation.

4. Summary and Discussion

Aerosol optical properties were measured with the
NIES compact Raman lidar over Beijing, China, from
15 to 31 December 2007. We classified the situations
in the observation period into three episodes (a mod-
erate pollution episode from 15 to 17 December, a
heavy pollution episode from 18 to 27 December,
and an Asian dust episode from 28 to 30 December),
according to the aerosol extinction coefficient and the

meteorological data. Obvious differences in the aero-
sol optical properties were found in the three epi-
sodes (Fig. 4). The atmosphere in the moderate
pollution episode was characterized by medium aero-
sol extinction coefficient (mean ¼ 0:39� 0:15km−1),
high lidar ratio (60:8� 13:5 sr), and low total
depolarization ratio (7:38� 1:52%). In the heavy
pollution, it was characterized by high aerosol extinc-
tion coefficient (mean ¼ 1:97� 0:91km−1), medium
lidar ratio (43:7� 8:3 sr), and low total depolariza-
tion ratio (7:42� 1:95%). In the Asian dust event,
it was characterized bymedium extinction coefficient
(mean ¼ 0:33� 0:11km−1), medium lidar ratio
(38:3� 9:8 sr), and high total depolarization ra-
tio (20:3� 3:0%).

In the Raman lidar observation in January 2005 in
Beijing reported by Tesche et al. [11], the observed
lidar ratio varied from 30 to 45 sr with a mean value
of 38� 7 sr, and an unexpectedly low lidar ratio of
25 sr was found during their experiment. They con-
cluded that the dry, clean conditions and the prevail-
ing northwesterly air flow during their 11 day
observation were the main reasons for the consider-
ably smaller lidar ratio than those expected for
anthropogenic aerosols. The mean lidar ratio for
the Asian dust episode in the present experiment
is comparable to the mean lidar ratio reported by
Tesche et al. We have not observed, however, a clean
background atmosphere having a very low lidar ra-
tio. The lidar ratio for the relatively clear case we ob-
served on 31 December was approximately 60 sr in
the boundary layer.

The lidar ratios in the moderate and heavy pollu-
tion episodes are comparable to those reported for
air-pollution aerosols in Southeast Asia [9,29]. The
lidar ratio of 43:7 sr observed in the heavy pollution
episode was smaller than that of 60:8 sr in the

Fig. 4. Frequency distributions of the aerosol extinction coefficient, the lidar ratio, and the total depolarization ratio in the 0:2–1km
height range during the moderate pollution episode (15–17 December), heavy pollution episode (18–27 December), and Asian dust episode
(28–30 December) in Beijing. The derived optical parameters between 0.2 and 1km height with errors less than 50% are shown in the
figure.
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moderate pollution episode. This is probably affected
by hygroscopic growth of aerosols due to the high re-
lative humidity in the heavy pollution episode as
mentioned in the previous section. The larger value
of backscatter color ratio (β1064=β532) observed with
the NIES Raman lidar is qualitatively consistent
with this explanation.
The lidar ratio in the heavy pollution episode is

close to that of the haze-layer aerosol in the south
of China in October 2004 (46:7 sr) reported by An-
smann et al. [16]. They also reported low values of
the Angstrom exponent at high relative humidity,
implying the presence of large particles and the effect
of the hygroscopic growth on the pollution aerosol.
The dust lidar ratio of 38:3 sr in this study is con-

sistent with the reported values for Asian dust (36 to
70 sr) [30–34] but is a little lower. This may be closely
related to various processes occurring in long-range
transportation such as gravity settling and internal
and/or external mixing [35,36]. The observation site
in this study is relatively close to the dust source
area, while most of the previous Asian dust lidar
ratio observations have been conducted in areas
far from the dust source (e.g., Japan, Korea, and
Taiwan). Papayannis et al. [37] estimated a column
lidar ratio of 84 sr for a heavy Asian dust event over
Beijing in April 2006 by the combined use of Sun
photometer and elastic lidar data. The reported dust
lidar ratio is considerably larger than those in this
study and the other studies, probably due to contam-
ination by other aerosol types [38] and the different
retrievals of dust lidar ratio.
Aerosols in Beijing are a complex mixture of var-

ious anthropogenic aerosols and transported mineral
dust particles. The observed lidar ratio is determined
by the mixing state of aerosols, which is dependent
on the history of the air mass. To study further
the characteristics of aerosols in Beijing, we continue
the Raman lidar observation and also plan collabora-
tion with in situ and sampling measurements of mi-
crophysical properties of aerosols such as size
distributions and aerosol types.

This work was supported by the Global Environ-
ment Research Fund of the Ministry of the Environ-
ment, Japan (C-061). The radiosonde data used in
this paper were produced from NOAA’s database
at http://raob.fsl.noaa.gov/, and the surface meteoro-
logical data, from the University of Wyoming website
at http://weather.uwyo.edu/wyoming/.
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