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ABSTRACT

Progresses of atmospheric remote sensing research in China during 1999–2003 are summarily introduced.
This research includes: (1) microwave remote sensing of the atmosphere; (2) Lidar remote sensing; (3)
remote sensing of aerosol optical properties; and (4) other research related to atmospheric remote sensing,
including GPS remote sensing of precipitable water vapor and radiation model development.
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1. Microwave remote sensing of the atmos-
phere

1.1 Ground-based

1.1.1 Active microwave remote sensing

In recent years, great progress has been made in the
development of weather radar hardware. According
to the specifications of new generation weather radar
systems stimulated by the China Meteorological Ad-
ministration (CMA), a Doppler weather radar oper-
ating in the C-band, named CINRAD/CC, has been
successfully designed by Anhui Sun-Create Electron-
ics Co., Ltd. The radar is a blend of the latest radar
and computer technology with valuable experience ac-
cumulated by weather analysis experts and radar ob-
servers. It can not only measure the reflectivity factor
but also the wind field in precipitating clouds. In the
same manufacturing unit are fabricated the C-band
conventional and digital radar (JY-16A series) and X-
band radar (JY-28 series) mainly for rainfall measure-
ments.

In order to enhance the capability of observing
precipitating clouds, a dual-wavelength (X/Ka) and
dual-polarization radar has been developed and com-
bined into an active and passive microwave system in
the Institute of Atmospheric Physics of the Chinese
Academy of Sciences (IAP/CAS). This undated sys-
tem has played an important role in monitoring and
tracking the heavy storm over Beijing in the summer

of 2001 (Duan et al., 2002).
For obtaining 3-D wind profiles up to the lower

stratosphere, a Doppler wind profiler radar has
been developed by the Institute No.23 of the China
Aerospace Science and Industry Corporation. The
radar system CFL-20, a fully coherent phased array
pulsed Doppler radar, is composed of two radars oper-
ating at 918 MHz (UHF) and 48 MHz (VHF), respec-
tively. The UHF radar measures the boundary wind
profile while the VHF radar monitors the wind distri-
bution from 2.5 to 25 km. The system can provide
the wind profiles in real time in all weather conditions
with automatic data processing and display, intelli-
gent monitoring system, and several operation modes.
A radio-acoustic sounding system (RASS) can also be
included in the system for temperature measurements
in the boundary layer.

A powerful VHF/ST radar, designed by the IAP,
operates from time to time at the Xianghe Observa-
tion Station of IAP for collecting data of wind and
its variance profiles between 2–20 km for use in the
stratosphere-troposphere exchange study. The wuhan
Institute of Physics and Mathematics (WIPM) of the
CAS has also established an MF (Middle Frequency)
Doppler radar for mesospheric wind measurement. A
Rayleigh and Sodium Lidar system at WIPM operates
quasi-continuously for observing the sodium layer and
middle atmospheric density profiles (Lu et al., 2002).
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As a milestone in the development history of
the weather radar network in China, the American
NEXRAD (Next Generation Radar) (WSR-88D) was
introduced in 1998 and then the CINRAD radar was
successfully fabricated by a joint company (MET-
STAR). The CINRAD’s radar, almost the most ad-
vanced weather radar in use, is so sensitive that it can
detect and display clear air returns with unparalleled
detail even in the less sensitive volume coverage pat-
terns. It provides many products to weather forecast-
ing experts and other users, such as storm total pre-
cipitation, wind velocity and direction, VAD (velocity-
azimuth display) wind profile, wind shear, tornado de-
tection, microburst detection, and so on. The estab-
lishment of a CINRAD network covering continenal
China is under way.

In parallel, during last four years there have been
many research works on the applications of ground-
based radar data in weather forecasting, data assim-
ilation experiments, numerical modeling, and so on.
The detailed description of these works is out of the
scope of this review paper.

1.1.2 Passive microwave remote sensing

Along with the advance of microwave radiometric
technology in China, passive microwave remote sensing
has been applied widely in determining atmospheric
precipitable water (PW), liquid water path (LWP),
rainfall, and even the temperature profile.

Lei et al. (2001) applied a dual-wavelength mi-
crowave radiometer to detect PW and LWP before
precipitation passages in Xi’an City from August to
November in 1997. The observation results show that
there is a sharp increase both in PW and LWP before
all precipitation. It is indicated that in the precipi-
tation region there is an accumulation or convergence
of PW and cloud liquid water from the plentiful area
around. It is suggested that these observed phenom-
ena should be considered in weather now-casting and
modifications.

The difficulties encountered in microwave radio-
metric observations in the rainy atmosphere were in-
vestigated by Wei et al. (2001). They introduced a
scheme to correct the effect of liquid water on the an-
tenna system and a method for retrieving PW and
LWP and presented a statistical analysis of microwave
radiometer measurements in rainy atmospheres. The
results indicate that when the rain rate R is less than
20 mm h−1, there always exists the possibility to ob-
tain PW and LWP measurements with relative errors
less than 5% and 20% respectively. In the statistical
sense, some parameters like precipitation effectiveness
and potentiality were obtained from the ground-based

microwave radiometer observations.

1.2 Space-based

1.2.1 Active remote sensing

Dou and Testud (1999) did a study on the applica-
tion of stereo-radar analysis to space-borne rain radar.
Due to the current technical constraints, the space-
base precipitation radar has to work at the rain atten-
uated wavelength to satisfy the requirements of high
spatial resolution, wide coverage, large dynamic range
of rainfall measurements, and accurate point precipita-
tion measurements. The stereo-radar analysis is used
as a procedure to correct the attenuated reflectivity
field by using the apparent reflectivity observed by
radars along the radar’s two viewing angles and to
retrieve the specific attenuation coefficient field. They
studied the influence of the non-uniform beam filling
effect due to the implementation of space-borne means
on the stereo-radar analysis.

The precipitation characteristics over the Tibetan
Plateau were synthetically investigated by Fu et al.
(2002) using TRMM (Tropical Rainfall Measurement
Mission) products of 2A25 from the Precipitation
Radar (PR) and 1B11 from the TRMM Microwave Im-
ager (TMI). Their investigation shows that stratiform
precipitation in the Tibet region is a dominant type
according to the NASA/GFSC (Goddard Flight Space
Center) PR algorithm. Statistics show that area frac-
tion ratio of stratiform to convective rains is at least
20. Even in summer, the ratio reaches 10. As a result,
stratiform rains form much more rainfall than convec-
tive rains, the former being at least 2 times larger than
the latter. In their investigation, the vertical profiles of
precipitation and corresponding TMI brightness tem-
peratures (TBs) were also compared between these two
types of rain.

A method was proposed by Chen (2002) to de-
termine LWP from microwave attenuation by clouds
along the satellite-earth surface path. He conducted
an investigation on the optimal choice of channels, ob-
servation modes, and error analyses. The results show
that (a) in principle, the proposed method can pro-
vide LWP measurements with much better accuracy
than available (passive) satellite remote sensing; (b)
the method using a dual- or triple-channel combina-
tion can simultaneously measure precipitable water,
LWP, and ice water path (IWP); and (c) if combined
with the available satellite remote sensing techniques,
it would more efficiently yield global datasets of LWP,
PW, and IWP.

1.2.2 Passive remote sensing

By using a physical-statistical method, Chen
(2000) developed a retrieval algorithm for determin-
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ing cloud LWP over oceans from SSMI (Special Sen-
sor Microwave Imager) measurements. A simple rela-
tion was obtained between the LWP and the difference
of TBs in cloudy and clear atmospheres ∆TB from
the simulation dataset yielded by means of a radiative
transfer model. In his algorithm, only the relationship
LWP-∆TB in the channel of vertically polarized 37
GHz (37V) is used because it has smaller rms errors.
The TB at 37V in ‘clear’ atmosphere can be derived
through a relationship with TB at 19V obtained by
regression of SSMI observation data in really clear at-
mospheres. Comparison of LWP results retrieved from
the SSMI measurements by the proposed algorithm
and the other two algorithms of Alishouse et al. (1990)
and Weng et al. (1997) shows that Chen’s retrieval al-
gorithm yields quite reliable retrievals of cloud liquid
water path over oceans.

Liu et al. (2001) also developed a cloud LWP
retrieval algorithm optimized for the tropical atmo-
spheric conditions for the Airborne Imaging Microwave
Radiometer (AIMR) measurements during the 1999
observation period of the INDOEX (Indian Ocean
Experiment). Radiative transfer modeling and er-
ror analyses were conducted to guide the selection of
AIMR channels used for the LWP retrievals. Results
show that the horizontal polarization channels outper-
form the vertical polarization channels at both 37 and
90 GHz. Additionally, for LWP less than 300 g m−2,
the best results are expected from the 90 GHz horizon-
tal polarization channel, while the 37 GHz horizontal
polarization channel performs better for higher LWP
values. On the basis of these findings, they formulated
the LWP retrieval algorithm from the combination of
retrievals of the 37 and 90 GHz horizontal polarization
channels. Results of several indirect validations show
that in nearly clear conditions the LWP retrievals have
an rms error of about 28 g m−2 but with a near zero
mean bias.

The combined data from a ground-based dual
wavelength (1.35 and 0.8 cm) microwave radiometer
and the TRMM/TMI were used to retrieve the cloud
liquid water amount over the Shouxian area of An-
hui by Yao et al. (2001). Based on statistical re-
gression, the retrieval algorithm for LWP was derived
using only the brightness temperature data in the 85
GHz-V channel. Analysis results show that (a) there
exists a threshold of 0.4 mm cloud LWP in the area,
and (b) when the LWP is larger than this threshold,
precipitation will occur. There appears a noticeable
increase (decrease) in PW and LWP before (after) the

precipitation.

2. Lidar remote sensing of the atmosphere

This section introduces the main developments in
the Lidar technique and its application in China dur-
ing 1999–2003.

2.1 Lidar measurements of ozone, cloud, and
aerosols

A four-wavelength Lidar system has been recently
developed at the IAP/CAS for monitoring the 10–40
km ozone profile, the 2–40 km aerosol profile, and high
cloud optical properties (Qiu et al., 2002a; 2003a).
It contains a XeCl excimer laser with output energy
of about 120 mJ at 308 nm, a Nd-YAG (Yttrium
Aluminium Garnet) laser with three operating wave-
lengths of 355 nm, 532 nm, and 1064 nm, and a 1 m-
receiving telescope. There are four analog-detection
channels and two photon-counting channels. Three
among four analog channels are used for detections of
the 532 nm backscattering (two for polarization de-
tection), and another for the 355 nm radiation. Two
photon-counting channels of 308 nm and 355 nm are
for ozone measurements. Two examples of ozone and
aerosol measurement results by the Lidar are shown in
Figs. 1–2.

Figure 1 shows a comparison of the ozone concen-
tration profile measured by the Lidar on 16 October
2001 via a balloon-borne Electronic-Chemistry Cell
(ECC) in Beijing. A good agreement between both
profiles is obtained, especially in the height range from
10 km to 20 km. As shown in Fig. 2, there is an aerosol
layer ranging from about 4 km to 10 km, where the
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Fig.1. A comparison between ozone concentration profiles by lidar and balloon (ECC)  

Beijing 
October 16, 2001

Fig. 1. A comparison between ozone concentration pro-
files by Lidar and balloon (ECC).
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Fig.2. Aerosol extinction coefficient profiles measured by the four-wavelength lidar during a dust-storm event 

in Beijing area on April 7, 2000.  

 

Fig. 2. Aerosol extinction coefficient profiles measured
by the four-wavelength Lidar during a dust-storm event in
the Beijing area on 7 April 2000.

Lidar-measured aerosol extinction coefficient profiles
during 2007–2036 LST 7 April 2000 look like a typi-
cal normal distribution with the coefficient maximum
value at about 8 km. On 6 April 2000, a very strong
dust-storm passed over the Beijing area, and on 7 April
no cloud was observed. So, the aerosol layer may be a
mineral particle layer, transported from remote desert
areas.

In addition, Hu’s group at the Anhui Institute of
Optics and Fine Mechanics (AIOFM) used a NASA-
made Multiple Pulse Lidar (MPL) to detect aerosol
extinction coefficient profiles in the troposphere over
Beijing areas (Hu et al., 2002). Bai et al. (2000) used
a Japan-made Lidar to measure the optical properties
of stratospheric and tropospheric aerosols over Lhasa
areas.

2.2 Lidar measurements of temperature, mois-
ture, and wind profiles

Lidar is a potential means for remote sensing of
four basic meteorological parameters, namely temper-
ature, moisture, pressure, and wind in the clear atmo-
sphere.

Li et al. (2000) developed a Raman Lidar system
for monitoring the water vapor profile. By using the
Lidar, the water vapor mixing ratio is measured over
the city of Hefei. In their study, the characteristics and
the errors of typical water vapor mixing ratio profiles
detected by the Lidar are analyzed.

Two kinds of lidars for wind measurements have
been developed in China. One is incoherent Doppler

wind Lidar, developed by Liu et al. (1997) at Qing-
dao Ocean University for measurements of the tropo-
spheric wind. The Lidar uses an iodine vapor filer to
separate the Mie and Rayleigh scattering components,
and it discriminates the Doppler shift frequency by
using a double edge technique. Based on the Doppler
Lidar, now Liu’s group is developing a high spectral
resolution Lidar (HSRL) system for simultaneous mea-
surements of wind and aerosol optical properties. As
shown in simulations presented by Liu et al. (2003),
the error of wind velocity below an altitude of 20 km
is smaller than 2 m s−1, and the error of the aerosol
backscattering coefficients is smaller than 30% if HSRL
is employed in the night. In the daytime, the Lidar
system can remotely sense wind velocity and aerosol
backscattering coefficients within an altitude of 10 km
with the same accuracy. Another kind of wind Lidar,
developed at the IAP/CAS, uses a correlation-analysis
technique (Yang, 1999), in which the inhomogeneous
aerosol is treated as a wind tracer.

Measurements of thermal profiles in the strato-
sphere and mesosphere with Rayleigh scattering Li-
dar were made at the AIOFM, presented by Wu et
al. (2002), and at the Wuhan Institute of Physics &
Mathematics (WIPM), Chinese Academy of Sciences
(Zheng et al., 1999). As shown in Wu et al. (2002),
thermal profiles obtained by the Rayleigh Lidar agree
very well with satellite UARS/HALOE (Upper Atmo-
sphere Research Satellite/Halogen Occultation Exper-
iment) and radiosonde observations. In the study by
Zheng et al. (1999), the atmospheric density profile
ranging from 30 to 70 km and the temperature profile
from 30 to 60 km over Wuhan were measured by the
Rayleigh scattering Lidar.

2.3 Lidar measurements of trace pollution
gases

A new mobile Lidar to monitor atmospheric pollu-
tion in the troposphere was recently developed by the
Zhang group at AIOFM (Zhang et al., 2001, 2002).
The Lidar can measure SO2, NO2, O3, and aerosol
profiles with the maximum ranges of 3 km, 4 km, 3
km, and 5 km, and the minimum monitoring concen-
trations of 4, 20, 4, and 0.05 ppb km−1, respectively.

3. Remote sensing of aerosol optical properties

Atmospheric aerosols are receiving more and more
concern because of their significant climate forcing and
the atmospheric correction of space-borne remote sens-
ing (Mao et al., 2002; Menon, 2002; Charlson et al.,
1992; Penner et al., 1994). It is found that sulfate
aerosol, carbonaceous aerosol, and mineral dust have
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a substantial climatic forcing in clear sky which is com-
parable with the effect of greenhouse gases. But the
estimates are still uncertain in quantity. Among all
the reasons, the lack of information of aerosol opti-
cal properties, especially its absorption, is a signif-
icant one (Penner et al., 1994). In order to enrich
aerosol information, many Chinese investigators have
made great efforts to develop remote sensing methods
of aerosol optical properties and to use them in de-
termining the properties of aerosols in China. These
developments are introduced as follows.

3.1 Satellite remote sensing of aerosol optical
properties

There has been a long history of ground-based ob-
servations of atmospheric aerosol optical properties by
sunphotometer. Ground-based measurements, how-
ever, cannot provide aerosol parameters over large ar-
eas. Satellite remote sensing is the sole means to deter-
mine aerosol properties on the global scale. In fact, in
the last 30 years, research on satellite remote sensing of
aerosols has made important progresses. At present,
there are two main methods for the remote sensing
of aerosols. The first one is the occultation method
in which the stratospheric aerosol extinction coeffi-
cient profile is determined by measuring the attenu-
ated solar direct radiation at sunrise and sunset with
a radiometer. This method has a shortcoming in de-
termining the tropospheric aerosol optical properties.
Another is to retrieve the atmospheric column aerosol
optical depth from outgoing sky radiance measured
in space, which is mainly applied under the situation
of an ocean underlying surface. There is generally a
stronger and more complex effect of the land surface
on upward sky radiance. Therefore, satellite remote
sensing of aerosols over land leaves some questions, es-
pecially in the case of a high-reflectance surface. It is
very important to develop new and reliable methods
of satellite remote sensing of aerosols over land. In
recent years, many new methods have been developed
by Chinese researchers. These developments include:

(1) Based on the vegetation reflectance prop-
erties from near ultra-violet to near infrared and
the extraterrestrial radiance sensitivity to vegetation
reflectance and atmospheric Aerosol Optical Depth
(AOD), Qiu (1999a) proposed a method for satellite
synthetic remote sensing of the surface reflectance and
AOD by using a corresponding iteration-correlation
inversion algorithm. According to numerical simula-
tions, effects of radiance error, aerosol imaginary index
uncertainty, and vegetation medium inhomogeneity on
the retrieved result are analyzed. Inversion results
show that the effect of the imaginary index uncertainty

is very important. As the error of the aerosol imag-
inary index is within 0.01, standard errors of aerosol
optical depth and vegetation reflectance solutions us-
ing 14 spectral channels from 410 nm to 900 nm are
respectively less than 0.063 and 0.023.

(2) Based on an analysis of sky radiance distribu-
tion on aerosol optical properties and surface albedo,
Zhao and Mao (1999) developed a method for simul-
taneous retrievals of AOD, aerosol single scattering
albedo, and surface albedo from the radiance and vis-
ible channel data of GMS5.

(3) By simulating the sensitivity of GMS5 appar-
ent reflectance to the surface reflectance and AOD,
Mao et al. (2001) developed a method to determine
AOD over lakes from GMS5 data. Some comparisons
of the GMS5 measurements with sunphotometer mea-
surements showed that the relative error of monthly
mean AOD at 533.6 nm is less than 30%. The method
is further developed to measure AODs over 25 lakes
in China (Zhang et al., 2003). This method is based
on the lower lake reflectance. If the lake reflectance
is greatly different than the surrounding land surface
reflectance, there may be a significant adjacency ef-
fect on the GMS5 apparent reflectance from the lake,
which can result in a larger error in the AOD retrieval.

(4) Based on the weak dependence of the upwelling
solar radiance from a cloud-shadow surface upon the
surface reflectance, Duan (2001) proposed a new dark-
subject method to retrieve AOD from satellite data
(using the cloud-shadow surface as a dark-subject).
This method is confronted with a difficulty to deter-
mine the inhomogeneous radiance field in the broken
cloud case.

(5) Han (2000) proposed a method to retrieve opti-
cal properties of aerosols over grassland from satellite
data of outgoing scalar and polarized radiances.

3.2 Broadband solar radiation methods for
aerosol retrievals

In recent years, some researchers have paid great
attention to develop the broadband extinction meth-
ods to retrieve AOD from pyrheliometer data and their
applications (Gueymard, 1998; Molineaus et al., 1998;
Luo et al., 2001; Qiu, 1998, 2001a; Qiu and Yang, 2000;
Zhou et al., 1998), being impelled mainly by two rea-
sons. At first, AOD is an important and convenient
parameter for studies of atmospheric pollution, aerosol
radiation-climate effect, and so on. Secondly, there is
a worldwide pyrheliometer network for broadband di-
rect solar radiation observations, and high-quality his-
toric broadband radiation data go back to the 1880s
(Stothers, 1996). Therefore, the quantitative method
to retrieve AOD from pyrheliometer data is very use-
ful.
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A method to determine the 0.75 m AOD from
pyrheliometer data is proposed by Qiu (1998). Consid-
ering the effect of uncertainty in the aerosol size distri-
bution on the AOD retrieval (Qiu, 1998), Qiu (2001a)
developed a new broadband extinction method to re-
trieve the AOD. In the method, a parameterized ex-
pression of the ‘equivalent’ wavelength, at which AOD
is equal to Broadband AOD (BAOD), is developed,
and then the λ-wavelength AOD is determined in
terms of the ‘equivalent’ wavelength and the BAOD. In
addition, an approach to determine both the Ångström
wavelength index and the AOD from pyrheliometer
data with large solar zenith angles is proposed. In
these methods the solar zenith angle cosine (µ0) is
needed. Pyrheliometer data are usually recorded in
the format of hourly/daily/monthly accumulated radi-
ation. During the accumulated period the solar zenith
angle is variable, and hence a problem is how to select
a suitable µ0 for the AOD retrieval. Due to highly
variable and random cloud cover distribution, there
may often be cloud effects on the accumulated direct
solar radiation, especially in the two cases of daily and
monthly pyrheliometer data. For these reasons, some
available approaches to use hourly/daily/monthly ac-
cumulated radiation data for the AOD retrievals are
developed (Qiu and Yang, 2002b; Qiu, 2003b).

On the other hand, based on the diffuse-direct
method to retrieve the aerosol imaginary part devel-
oped by Herman et al. (1975), Wei and Qiu (1998,
2000) developed a broadband diffuse method for the
imaginary part retrieval from paranometer data. The
paranometer used in China has a shading ring to shade
direct solar radiation to yield the diffuse radiation, and
the shaded light scattering effect is corrected. Con-
sidering the uncertainty in the correction, Qiu and
Yang (2002c) improved the broadband diffuse radi-
ation method. The first improvement is to deter-
mine diffuse radiation from combined pyrheliometer
and paranometer data in order to avoid the shading
ring correction. Secondly, some available approaches
to input relative parameters are presented.

3.3 Optical properties of aerosols in China

In recent years, research on optical properties of
aerosols over China mainly focus on the following three
aspects: (1) long-term variation characteristics and
distinct-distribution properties of AODs in China; (2)
aerosol imaginary part and its single scattering albedo
characteristics; (3) aerosol extinction coefficient pro-
files over some areas, especially first one.

3.3.1 Aerosol optical depth characteristics

By using the broadband extinction method, Qiu
and Yang (2000) studied the variation characteristics

of atmospheric optical depths in North China during
1980–1994. As shown in the study, during 1980–1994
the AODs show an increased trend, and in the winter
the trend is stronger, and there is an evident Pinatubo
effect on the AODs in China.

By using a method improved from Qiu’s broad-
band extinction method, Luo et al. (2001, 2002) re-
trieved and analyzed AODs over 46 meteorological
stations in China for the period 1961–1990. It was
found that the yearly mean AOD has a pattern related
to the geographical features with the maximums over
basins. One of the maximum centers is at Sichuan
Basin in Southwest China, and the other is in the
south Xinjiang Basin in Northwest China. In most ar-
eas of China the maximum AOD occurs in spring. In
addition, AOD increased dramatically over mainland
China from 1961 to 1990, particularly in the middle
and lower reaches of the Yangtze River and the east
part of Southwest China. In North China, Shandong
Peninsula, the east part of the Qinghai Province, and
the coastal areas of the Guangdong Province, a sig-
nificant increasing trend of AOD is shown, while in
most parts of Northwest and Northeast China, the in-
crease trend is less significant. For the total of the
46 stations, the yearly averaged AOD variation curve
can be briefly divided into two periods. One period is
from 1961 to 1975, when the AOD is smaller than the
30-year mean value; the other period is from 1976 to
1990, when the AOD is higher than the mean value.

Some research on the GMS5 remote sensing of
aerosol optical depths over 25 lakes in China are con-
tributed by Mao’s Group (Mao et al., 2002; Zhang
et al., 2003). Based on TOMS/AI and aerosol opti-
cal depth data provided by the NASA/TOMS aerosol
group, Xia (2002) analyzed the temporal and spatial
distribution characteristics of aerosols, especially dust
aerosols in North China. The trend analysis of dust
aerosol concentration shows a distinct spatial distribu-
tion in North China, from west to east, with a declin-
ing magnitude that decreases slowly.

In addition, Zhang et al. (2002a, b) used
some multi-wavelength sunphotometers to measure
AODs over Beijing and the Damxung region, Tibetan
Plateau.

3.3.2 Aerosol imaginary part and its single scatter
albedo characteristics

By using the broadband radiation method, Wei and
Qiu (2000) retrieved the aerosol imaginary part (AIP)
in Beijing during 1992 from paranometer data. The
retrieval results show that the monthly mean AIPs in
January, February, and December are 0.053, 0.064,
and 0.050, respectively, being larger than those in
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other months. Later, by using an improved broad-
band radiation method, Qiu and Yang (2002b) re-
trieved and analyzed AIP and aerosol single scatter-
ing albedo in Beijing and Shenyang during 1993–2000
from joint pyrheliometer and paranometer data. It is
shown that the Beijing yearly mean AIP and aerosol
scattering albedo change from 0.021 to 0.026 and from
0.816 to 0.85 during 1993–2000, and the total mean
AIP and albedo are 0.0234 and 0.833, respectively.
In Shangyang, the AIPs during 1993–1996 are evi-
dently larger than those during 1997–2000, and the
total mean AIP and albedo are 0.0336 and 0.782, re-
spectively. There is the (larger AIP) stronger absorp-
tion of aerosols in Shenyang.

3.3.3 Aerosol extinction coefficient profiles

Hu’s group used a NASA-made Multiple Pulse Li-
dar (MPL) to detect aerosol extinction coefficient pro-
files in the troposphere over Beijing areas (Hu et al.,
2002), and Bai et al. (2000) used a Japan-made Lidar
to measure the optical properties of stratospheric and
tropospheric aerosols over Lhasa areas.

4. Other remote sensing research

Apart from the above three aspects, during 1999-
2003 Chinese scientists also made some significant pro-
gresses in the remote sensing research of precipitable
water (using the GPS technique), ozone, lightning, ra-
diation, and so on.

4.1 GPS remote sensing of precipitable water
vapor

Recently some Chinese researchers have placed
their efforts into GPS remote sensing of precipitable
water vapor. By using the regional ground-based GPS
network in Beijing, Liang et al. (2003) estimated
the atmospheric water vapor from the data of the
GPS/VAPOR experiment with high time resolution.
In this study, the relation between the ground vapor
pressure and precipitation is analyzed. The precip-
itable water from GPS data is well related with the
ground water vapor pressure on a clear day, but not
well on cloudy or rainy days. An abrupt increase of re-
gional atmospheric water vapor in a short time is often
accompanied by precipitation, although the value of
the integrated precipitable water does not correspond
to the amount of precipitation. Wang et al. (1999)
collected six-day GPS data provided by 23 national
stations for ground experiments. After separating the
dry and wet zenith delay and transforming the wet
zenith delay into precipitable water vapor, the pre-
cipitation is derived with a precision up to 1–2 mm.
There is a good coincidence of the results based on

GPS with those based on radiosonde data. Li et al.
(1999) used GPS data over the Shanghai and Wuhan
areas during summer in 1997 for precipitable water re-
trievals with a half-hour resolution. The standard de-
viation of the precipitations from GPS data with those
from radiosonde data is about 0.5 cm. In addition, Li
and Mao (1999) developed an approach to the remote
sensing of water vapor based on GPS and linear mean
temperature in the eastern region of China.

4.2 Remote sensing of ozone, lightning, and
UVB irradiance

Xia and Wang (2001) developed a new method
for inferring total ozone and aerosol optical thick-
ness from multispectral extinction measurements using
eigenvalue analysis. By using about 20 years of Dob-
son and TOMS data, Bian et al. (2002) analyzed the
variation characteristics of total atmospheric ozone in
Beijing and Kunming. It is shown that the long-term
change trends for the 1979 (or 1980)–2000 period are
–0.642 DU yr−1 and –0.009 DU yr−1 respectively in
Beijing and Kunming. In addition, there are signifi-
cant QBO signals both in Beijing (mid latitude) and
Kunming (low latitude).

Observations of lightning from space have been
made for more than 30 years. Chen and Lu (2001)
presented the satellite-borne instruments for lightning
detection and mapping with focus on the lighting op-
tical sensors. They also summarized some important
results obtained from the observation data analysis.

Wang et al. (2001) developed a new parameteri-
zation method for retrieving surface UVB irradiance
and erythemal UVB (Ultra Violet B) radiative dose
rate. This method is based on a simple concept: the
earth-atmosphere system can be equivalent to three
layers: the absorption layer by ozone, the scattering
layer containing air molecules, cloud and aerosol par-
ticles, and the surface reflection. The surface UVB
irradiance and erythemal UVB dose rate can be ex-
pressed by the effective transmission of the ozone layer
and united reflectivity due to the scattering layer and
the surface. An actual application has been performed
using satellite observations, and the results are com-
pared with the surface observations, showing a good
agreement.

4.3 Radiation models for remote sensing ap-
plications

Some radiation models have been developed for re-
mote sensing applications.

The fractional factor f of δ-function scaling in the δ-
Eddington approximation modifies the fractional scat-
tering into the forward peak. As shown in the pa-
per presented by Qiu (1999b), a reasonable choice of
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the fractional factor f of δ-function scaling in the δ-
Eddington approximation can yield a great improve-
ment of the transmission, reflection, and absorption
calculations in the condition of the optical depth
τt 6 1. Based on the fact, a modified δ-Eddington
approximation is empirically and mathematically de-
veloped using a parameterization model of the fac-
tor f, which mainly depends on the asymmetry fac-
tor g0, total optical depth τt, single scattering albedo,
ω̄ (ground) surface reflectance A, and cosine of solar
zenith angle µ0. In an average sense, in the condition
of A 6 0.6, τt 6 1, 0.1 6 µ0 6 1.0, and 0.5 6 ω 6 1,
the modified δ-Eddington approximation can reduce
transmission, reflection, and absorption errors by a
factor of about two, compared with the results by the
δ-Eddington approximation.

Based on the 6S mode (Vermote et al., 1997), an
improved model of the surface BRDF (Bidirectional
Reflectance Distribution Function)-atmospheric cou-
pled radiation is proposed by Qiu (2001b), in which
the key point is an upward flux correction. As shown
in comparative numerical simulations, this model gen-
erally has a better accuracy than some existing models.
In the condition of the solar zenith angle θs 6 75◦ and
the viewing angle θv 6 60◦, the error by Qiu’s model
is usually smaller than 2.5%.

In addition, a parameterized atmospheric correc-
tion model and a simple yet more accurate code to
calculate solar radiative flux in the optically inho-
mogeneous atmosphere are developed by Qiu (2001c;
2002c). By using least squares technology, in the at-
mospheric correction model the path radiance is pa-
rameterized in terms of atmospheric optical depth,
single scattering albedo, solar zenith angle, viewing
zenith angle, azimuth angle, and atmospheric asym-
metry factor. As shown in the numerical simulations,
for the four MODIS channels of 865 nm, 670 nm, 550
nm, and 412 nm, the solar zenith angle from 0◦ to 70◦,
the viewing zenith angle of 0◦ to 66◦, and the sur-
face reflectance of 0.05 to 0.8, standard errors of the
parameterized upwelling radiance are less than 4%.
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