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Abstract

Aerosol optical properties and atmospheric water vapor content for 1999–2000 were obtained from ground-based

solar radiometer measurements in Dunhuang, China. Seasonal changes of aerosol optical depth (AOD) and Angstrom

wavelength parameter (ALPHA) were observed. Large values of AOD (at 500 nm) greater than 1.0 combined with low

values of ALPHA less than 0.2 were mainly observed in spring and summer, which is consistent with the seasonal dust

production from Gobi and Taklamaken deserts. The maximum monthly average of AOD was around 0.37 and

occurred in the April of 1999, which was more than three times larger than the minimum monthly average in the

November of 2000 (around 0.115). Thirty-three percent and 49% of observations of AOD in autumn and winter was

larger than 0.2, respectively, whereas in spring, the percentage was approximately 63%. There was a large spread in

ALPHAs in all seasons when AODs were less than 0.2. With the increase of AOD, ALPHAs decreased rapidly and were

around zero finally. The large spread of ALPHA for low AODs and the domination of low turbidity in Dunhuang

(nearly half of AODs less than 0.2) resulted in the negligible seasonal change of ALPHA. The domination of coarse

particles over fine particles was also shown in aerosol size distribution retrievals, with the volume concentration ratio of

coarse to fine particles being nearly 30. The volume mean radii and standard deviation of size distribution showed an

insignificant correlation with AOD based on the analysis of all available retrievals, illustrating that it is suitable to use a

fixed size model in the analysis of the dust climate forcing. During the dust outbreak episode, a rapid increase of AOD

and a decrease of ALPHA were observed, ALPHA being usually less than 0.2 and even negative occasionally. The

interesting result was that the volume mean radii of size distribution during the dust outbreak episode increased

remarkably with the dust loading, which indicated that a dynamic size model should be used in the simulation of dust

effects on meso-scale weather system in the semiarid region. The distinct seasonal change of water vapor content was

observed, with high water vapor contents occurred in summer. The influence of water vapor on aerosol properties was

absent due to the low humidification capability of dust aerosols and the different seasonal variation of aerosol

properties and water vapor content.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Aerosol radiative forcing remains one of the largest

uncertainties in the simulation of climate system and the
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projection of future climate change (IPCC, 2001). Much

attention has been paid to anthropogenic sulfate

aerosol, which has been believed to exert a substantial

cooling influence and, to some extend, counteract the

greenhouse effect. Dust aerosol effects on global climate

have been thought to be generally insignificant due to its

deemed low-scattering efficiency and short lifetime

(Charlson et al., 1992). However, observations in
d.
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Barbados suggested that dust aerosol was an important

climatic forcing agent in source and downwind regions

due to its dominant concentrations over other aerosols

(Li et al., 1996). On the global scale, three major

components: sulfate, dust and carbonaceous particles,

appeared to contribute equally to the column-integrated

total optical depth (Tegen et al., 1997). Great progresses

have been made recently with regard to the dust aerosol

radiative forcing due to much attention having been

paid to this issue; however, we need to admit that we are

far from the full understanding of the role dust plays in

the climate system. Considerable uncertainties in the

estimation of dust radiative forcing were highlighted in

the latest IPCC assessment report (Intergovernmental

Panel on Climate change, IPCC, 2001). This is in part

due to our poor understanding of dust aerosol proper-

ties and their spatial and temporal variation. Hence, it is

significant to obtain such information via all possible

channels.

Ground-based remote sensing of aerosols is best

suited to reliably and continuously derive detailed

aerosol properties in key locations partly due to its

larger information content compared with the space-

borne remote sensing. An automatic robotic sun and sky

scanning measurement program (AERONET) has

grown rapidly through international federation since

1993 to over 100 sites worldwide so far. The program

provides the satellite remote sensing, aerosol, land and

ocean communities quality-assured aerosol optical

properties to assess and validate satellite retrievals

(Holben et al., 2001). AERONET has also played an

important role in the characterization of key aerosol

types: urban–industrial aerosol, biomass burning aero-

sol, desert dust and marine aerosol (Holben et al., 2001;

Dubovik et al., 2002; Eck et al., 2001; Pinker et al., 2001;

Smirnov et al., 2002a,b). A sun/sky radiometer network

based in East-Asia (SKYNET) was also established and

provides similar measurements as AERONET (Taka-

mura et al., 2002).

Gobi and deserts over northwest China are one of

principal dust source regions in East Asia. Intense

frontal activities in spring provide a mechanism for the

injection of substantial materials into the lower and

middle troposphere. It is estimated that nearly 800Tg/a

(with an uncertainty of approximately 40%) of mineral

aerosols are emitted into the atmosphere each year,

among which 50% is deposited over the source and

adjacent regions and the remainder is transported to the

remote Pacific Ocean (Zhang, 2001). Information on

Chinese dust properties and their spatial and temporal

variation are still limited despite dust has been playing

an important role in climate and atmospheric environ-

ment. The objective of this study is to characterize the

dust aerosol and water vapor content of the atmosphere

in a Chinese semi-arid region based on continuous

spectral solar direct and scattering radiance measure-
ments by a sun/sky radiometer for 1999–2000. Although

short-term observations have been attempted in Western

China (Wang and Qiu, 1986), such a multiyear record of

aerosol observations made during conditions ranging

from very clean to very dusty should provide us a

valuable data set to improve the knowledge of aerosol

properties in Chinese dust source regions.
2. Site description

Solar direct and sky radiance measurements presented

in this paper were made from January 1999 to

November 2000 in Dunhuang (DH: Latitude: 40.04�;

Longitude: 94.79�; Altitude: 1300m), a tiny oasis

rounded by high mountains, desert and Gobi, with the

averaged altitude of 1100m. DH is located at the west

end of Hexi Corridor of Gansu province of China,

which is one of dust activity centers in China. Due to its

special location and good infrastructure, DH has been

established as one of the super-sites for many interna-

tional aerosol field experiments, for instance, the

Aerosol Characterization Experiment—Asia (ACE—

Asia), China and Japan joint plan on Aeolian dust

effect on climate (ADEC). Due to in the depths of

Inland China, DH has a very dry climate with lots of

direct sunshine. The annual averaged rainfall here is

only 39.9mm and approximately 63.9% of rainfall

concentrates in summer, while winter rainfall is only

7.5%. The annual average of temperature is 9.3�C and

with huge annual and daily difference. The monthly

average of wind speed is about 2m/s, with large values

occurred in spring. The combination of the special

location, the earth’s surface condition, as well as its dry

and windy climate causes that DH is frequently affected

by dust storms in spring and summer (Zhou, 2001).
3. Instrument and measurement

A sun/sky radiometer (also called Aureolemeter)

Model Pom-01, produced by Prede is utilized in the

measurements. The radiometer uses the following

wavelengths (315, 400, 500, 675, 870, 940, 1020 nm) to

detect direct and scattering radiation with the same

detector, which has dynamic range of 107. As for filters,

the half bandwidths of 315 is 2 nm, while for the other

band pass, it is close to 10 nm. The field of view is 1� and

the minimum angle for scattering measurements is about

3�. The photometer is mounted on a vertical-horizontal

two-axis mount that is driven by digital servomotors to

carry out sky radiance almucantar measurements. A

preprogrammed sequence of measurements is taken by

aureolemeter: during periods of air mass larger than 3,

solar direct and scattering measurements are made at
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about 0.25 air mass intervals, while at smaller air

masses, the interval is typically 10min.
4. Data-processing methodology

4.1. Calibration of radiometer

It is essential in ground-based measurements to

calibrate accurately radiometer constant (Schmid et al.,

1998). The accuracy with which AODs can be retrieved

depends mainly on the accuracy of the V0;l value. The

error of V0;l should be less than 2% in order to obtain

AOD with an uncertainty less than 0.02 when the air

mass is equal to 1. The Langley method (LM) that is a

straightforward application of the Bouguer–Lamber–

Beer law is practically the de facto standard, owing to its

high accuracy and being convenient to be undertaken in

the field.

Vl ¼ V0;ld�2 expð�ttmÞ;

where l is filter wavelength, Vl;V0;l depict the radio-

meter measurement at the surface and the its response at

the space at a given wavelength, d is the Earth–Sun

distance in astronomical units at the time of observa-

tion, tt is total optical depth including molecular

scattering, aerosol extinction and ozone absorption.

For the wavelength at 940 nm, in addition to the Beer’s

law extinction contribution of aerosol and molecular

scattering to the total optical thickness, there is an

extinction contribution from water vapor that departs

from the Beer’s law. Hence, the equation mentioned

above becomes:

V940 ¼ V0;940d�2 expð�ttotalm � kðWmÞbÞ;

where W is vertical-integrated water vapor content in

cm, and k and b are experiential coefficients obtained

from numerous simulation experiments (Zhu and Zhou,

1998; Schmid et al., 2001).

The assumption made by LM is that atmosphere

remains stable during the calibration period of one to

several hours. However, this is not satisfied at most

locations and under most situations. Accordingly, some

modified Langley methods (MLMs) have been devel-

oped (Tanaka et al., 1986; O’Neill and Miller, 1984), in

which temporarily variable atmospheric turbidity was

taken into consideration. Aureole intensity measure-

ments are preferred to provide such information because

they are approximately proportional to the atmospheric

turbidity. The common feature of these methods is that

the relative aerosol size distribution and optical proper-

ties are assumed to remain constant, but the absolute

size distribution is permitted to vary during the

calibration period. Nakajima et al. (1996) extended

Tanaka’s method (MLM): Firstly, an inversion with

only forward scattering intensity data (3–30�) is
performed. Then derived temporarily variable aerosol

optical depths (AOD) are multiplied by the correspond-

ing air mass (m) and used to derive values of the abscissa

for a V-mta scattering graph. Finally, the radiometer

constant is obtained through a linear fit of the data

points. More accurate calibration is expected since this

extension allows the relative size distribution to vary

with time; hence, MLM is used in the study to calibrate

the radiometer.

4.2. Calculation of AOD, Angstrom wavelength exponent

(ALPHA)

Based on the radiometer constant calibration, the

atmospheric optical depth except at the wavelength of

940 nm can be calculated according to the Beer–

Lambert–Bouguer law

tt ¼ ta þ tr þ tO3
¼ �

1

m
ln

Vl

V0;l

� �
:

The atmosphere optical depth (tt) is the sum of ta
(AOD), tr, Rayleigh scattering depth and tO3

; ozone

absorption depth. The latter two are calculated from

equations below (Nakajima et al., 1996)

tr ¼ 0:00864=lð3:916þ0:074�lþ0:05=lÞ � PRS;

tO3
¼ a �O3;

where PRS represents the surface pressure measured in

DH Meteorological Observatory, the coefficient a

represents the ozone absorption coefficient. O3 is the

ozone column amount from daily total ozone mapping

spectrometer (TOMS) observation.

ALPHA, which is a measure of the wavelength

dependence of AOD and therefore sensitive to particle

size distribution and indicative of different types of

aerosol particle composition, is computed from the

AOD data within the radiometer wavelength range. The

linear regression is carried out for five wavelengths (400,

500, 675, 870, 1020 nm) and corresponding AODs at the

logarithmic scale to compute ALPHA.

4.3. Inversion of aerosol size distribution

A combination of solar direct and scattering radiance

measurement was utilized to invert aerosol size distribu-

tion based on SKYRAD software developed by

Nakajima et al. (1996). They described the structure of

model and evaluated the retrieval precision in detail. A

brief description is, however, provided here for com-

pleteness. The code is composed of two parts: the first is

improved multiple scattering radiative transfer scheme

(IMS) in a plane-parallel atmosphere developed by

Nakajima and Tanaka (1986), and the second part is the

inversion scheme. On an average, the errors for the

minimum and maximum size ranges (0.05–0.1 mm and 7–
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Fig. 1. Calibration results by using of the LM and the MLM

based on radiometer measurements on 6 April, 2000. The large

difference (top) in the calibrations at the same day (in the

morning and afternoon) indicates the temporal variation of

turbidity deteriorate the calibration if LM is used; however,

MLM produces a good consistency in the calibrations

(bottom).
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15mm) may be as large as 35–100%, but the precision

for the middle range is expected to be within 80%. The

forward scattering range (scattering angles from 3� to

30�) is utilized to invert size distribution due to

negligible non-spherical effects and little influences from

uncertainties in refractive index and surface albedo on

retrievals within these range, as suggested by Kaufman

et al. (1994).

4.4. Cloud screening of data

For the manual observations, it is in principle not

difficult to carry out the data screening. Experienced

human observer can detect cloud according to the

textual and spatial pattern, and then eliminate disturbed

data points. The automatic radiometer collects data

according to the preprogrammed sequence regardless of

sky conditions, except in rainy days, thus the cloud

screening is essential for the data quality. Here, the

cloud screening method developed by Smirnov et al.

(2000) was utilized firstly to eliminate artificial observa-

tions. This technique relies on the principle that cloud

has greater temporal variance compared with aerosol.

Diurnal stability and smoothness checks were performed

according to the description of Smirnov et al. (2000).

Additionally, the measurements at a given wavelength

with a deviation from a second-order polynomial fit to

the ln ta versus ln l greater than 0.02 are rejected. This is

due to that a second-order polynomial fit between AOD

and wavelength in the logarithmic space can give an

excellent agreement with differences of the same order as

the measurement uncertainty in AOD (approximately

0.01–0.02) (Eck et al., 1999). Lastly, the manual cloud

screening for the questionable data was performed

depending on the weather observations from DH

Observatory.
Fig. 2. Times series of radiometer constants derived from

MLM and normalized to 1AU at six filters.

5. Results

5.1. Radiometer calibration result

An example of calibration is presented in Fig. 1,

which was based on the observations on 6 April 2000.

There was a large difference between the calibrations in

the morning and the afternoon when LM was used,

evidently, it was artificial since the calibrations were

carried out at the same day, so the similar results should

be obtained. The good agreement was achieved when

MLM was used as shown in Fig. 1. The temporal

variation of radiometer constant calibrations on the

basis of MLM normalized to an Earth–Sun distance of 1

AU is shown in Fig. 2 for six wavelengths. It was shown

that the calibration of the radiometer constant had a

small temporal variation, with a relative standard

deviation of 4.7%, 6.7%, 3.5%, 4.0% and 4.5% at the
wavelength of 400, 500, 675, 870 and 1020 nm,

respectively; however, the calibration derived by the

general LM showed much higher temporal variation,

with a relative standard deviation of an order of

magnitude larger than MLM. The results demonstrated

that there was little instrument degradation possibly

caused by the soiling of the diffuser or filter transmission

changes. This is remarkable considering that DH is often

affected by frequent dust events. The largest temporal

variation appeared at the wavelength of 940 nm. This is

due to the extra condition is required: water vapor

content should remain stable during the calibration

period other than the stable aerosol content. The

individual calibration is always associated with unac-

ceptable errors. Fortunately, these errors are not

systematic in nature, so it is expected that the accuracy
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can be improved by averaging or calculating median

providing that the instrument’s response remains stable

for the averaging period (Harrison and Michalsky,

1994). Accordingly, the average of a group of contin-

uous 40 successful modified Langley calibrations that

are near in time to the day for which a constant is

required is used to derive AODs.

5.2. Aerosol loading and size

Fig. 3 displays the full cloud-screened daily average of

AOD data at 500 nm, also included is the daily TOMS/

aerosol index (AI) (see the dedicated introduction by

Herman et al. (1997) with regard to TOMS/AI). AODs

showed a significant seasonal variation in this arid area

with high values mainly occurred in spring, then in

summer. The maximum monthly average of AOD (0.37

with one standard deviation of 0.13) occurred in April of

1999, which was actually more than three times larger

than the minimum occurred in November of 2000 (0.115

with one standard deviation of 0.029). AOD averages in

autumn and winter were only 59% and 65% of that in

spring, respectively (see Table 1). The obvious seasonal

variation of AOD was also observed in other western

stations such as Germu and Waliguan in the study of

Zhang et al. (2002) and Qiu and Yang (2000). Most

importantly, it might also be supported by the analysis

of long-term surface weather report data, which suggests

that frequent dust events in the Hexi Corridor occur
0.0
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Fig. 3. Daily averages of ground-based measurements of A

Table 1

The monthly average of AOD and ALPHA and one standard deviat

Month Jan Feb Mar Apr May

1999 AOD 0.26 0.24 0.29 0.37 0.23

Std 0.17 0.16 0.12 0.13 0.12

ALPHA 0.25 0.01 0.22 0.17 0.44

Std 0.20 0.14 0.16 0.14 0.42

2000 AOD 0.19 0.23 0.29 0.29 0.29

Std 0.08 0.12 0.19 0.21 0.35

ALPHA 0.36 0.33 0.21 0.26 0.20

Std 0.17 0.23 0.16 0.21 0.22
mostly in spring and summer (Zhou, 2001). The good

consistency between high AODs and TOMS/AI as

shown clearly in Fig. 3 illustrated a good agreement in

the detection of dust outbreaks by use of AODs and

TOMS/AI in Chinese dust source regions. Despite that

there were a little spread based on the analysis of

individual daily observations of TOMS/AI and AOD

(this probably resulted from the large spatial and

temporal variation of aerosol and the inexact co-

location between TOMS/AI and AOD), the sound

linear correlation between each TOMS/AI value (the

interval of TOMS/AI is 0.05) and the corresponding

average of AODs was evident in Fig. 4 (r=0.89). This is

indicated that TOMS/AI may also play the same

important role in the research on detecting dust source,

monitoring transportation and dust climate forcing in

Chinese dust source regions as that in Sahara (Hsu et al.,

1999). The maximum monthly average of AOD (0.37)

was much lower than that in the urban region such as in

Miyun, Beijing’s suburb (0.56 in June of 1998) and in

Xinfeng (0.60 in April of 1998) (Zhang et al., 2002),

which indicated that the anthropogenic production

might be dominant over the natural emission in China.

But it is worth mentioning that the large temporal

variance of desert dust AOD at DH is possible since the

site is so near to a very strong source region, and that

this temporal variance may result in some large AOD

events being screened as cloud. As seen in Fig. 5,

however, ALPHA showed little seasonal variation, with
0.0
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0.25 0.23 0.19 0.16 0.19 0.19 0.22

0.12 0.15 0.09 0.11 0.12 0.12 0.14

0.16 0.22 0.21 0.20 0.30 0.18 0.10

0.14 0.2 0.12 0.15 0.27 0.20 0.17

0.30 0.20 0.14 0.25 0.12

0.35 0.16 0.10 0.10 0.03

0.35 0.5 0.66 0.32 0.32

0.33 0.27 0.48 0.14 0.15
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value (the interval of TOMS/AI is 0.025) and corresponding
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high values mainly occurred at the two ends of the

measurement period. Generally, the monthly average of

ALPHA is nearly 0.2, which was also much lower than

that in Miyun and Xinfeng (Zhang et al., 2002).

Fig. 6 depicts the histograms of daily AODs at 500 nm

and ALPHA for each season. It is more suitable to

depict AOD histogram by the lognormal probability

distribution than a normal probability distribution;

however, the normal probability distribution is a better

representation of ALPHA histogram, which is consis-

tent with O’Neill et al. (2000) results. Hence, the

geometric mean and standard deviation are more

appropriate for AOD statistics than the arithmetic

average and deviation. Even though DH is frequently

affected by dust events, nearly half of AODs was smaller

than 0.2 (the largest and smallest percentage occurred in

autumn and spring, respectively). Approximately 8.5%

of ALPHA was negative, indicative of anomalous
2000

onth

10-127-94-61-3

sed measurements of ALPHA.
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extinction; the largest frequency occurred in winter, that

was 16%. Wang and Qiu (1986) also observed the dust

anomalous extinction during a dust outbreak episode in

the Tarimu Basin. More than 50% of ALPHA in DH

was less than 0.2. Fig. 7 presents the scatter plots of

ALPHA and AOD at 500 nm for four seasons. All

seasons showed a similar dependence of ALPHA on

AOD. There was a large spread of ALPHA varying

from negative to 2 for small AOD (o0.2), and then

ALPHA remained below 0.5 for the intermedian AOD

range (0.2oAOD o 0.75), whereas ALPHAs were

around zero for large AOD values (>0.75), which

mainly appeared in spring and summer. A wide spread
Fig. 7. The scatter plots of instantaneous ALPHA versus AOD at 500

seasonal difference of AOD and ALPHA.
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Fig. 8. Aerosol size distribution retrievals in four seasons (normalized

AOD at 500nm varying from 0.10 to 0.50.
of ALPHA at moderate to low AOD was also observed

in other dust source regions (Smirnov et al., 2002a, b). A

combination of domination of low turbidities in DH

(approximately 50% of AODs at 500 nm is below 0.2)

and a large spread of ALPHA under low turbidities as

shown in Fig. 7 resulted in little seasonal variation of

ALPHA in DH. The seasonal average of volume size

distribution retrievals also supports the observed little

seasonal variation of ALPHA. Fig. 8 presents the

seasonal average of aerosol volume size distribution

retrievals normalized to one AOD at 500 nm (left) and

size distribution retrievals for AOD at 500 nm varying

from 0.10 to 0.50 (each size distribution was the average
nm for each season. The same scale is utilized to demonstrate the
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computed from at least 40 individual retrievals).

Generally speaking, the mean size distributions were

bimodal in shape and could be represented as

nðrÞ ¼
dV ðrÞ
d ln r

¼
X2
i¼1

CV ;iffiffiffiffiffiffi
2p

p
si

exp �
ðln r � ln rv;iÞ

2

2s2i

� �
;

where n(r) is the volume distribution, Cn;i is the volume

concentrations for fine (r o 0.6mm) and coarse (r

>0.6mm) mode per cross-section of an atmospheric

column, r is the aerosol radius, rn;i is the volume median

radius, and si is the geometric standard deviation for

each mode. These integrated quantities of aerosol size

distribution can be calculated approximately as sug-

gested by Dubovik et al. (2002).

The principal feature of size distribution retrievals was

the domination of large particles, with the volume

concentration ratio of coarse to fine modes being 30.

The ratio is lower than that in Sahara and Middle East

(B50), but higher than that in Bahrain Persian Gulf

(Dubovik et al., 2002). Seasonal rnf was approximately

0.20 (7 0.04) mm and varied little, as for rnc; similarly,

little seasonal variation was observed, being 2.75 7
0.49; 2.747 0.27, 2.697 0.30, 2.797 0.38 mm in spring,

summer, autumn, and winter, respectively. The mode

radii were slightly larger than the retrievals in Sahara

and Middle East (rnfB0.12–0.15 mm and rnc B1.9–

2.54mm) (Dubovik et al., 2002); however, Pinker et al.

(2001) observed rnc withB4mm in sub-Sahel region. The

dynamic response of mode radii and standard deviation

to AOD was absent. This is consistent with measure-

ments in other dust source regions (Dubovik et al.,

2002). The lack of a close relation between the mode

radii of fine and coarse mode with AOD suggested that a

fixed dust size model was suited in the study of the dust

climate forcing.

Notable seasonal variation of water vapor content

was obvious from Fig. 9, with high values mainly

occurred in summer, which was consistent with the

description of the climate in DH. AOD and ALPHA

had little correlation with water vapor content (relation

coefficient less than 0.1), which was contrary to the

observed increase of rnf with AOD for urban and smoke

aerosols (Holben et al., 2001). This is due partly to the

very weak humidification capability of dust, as com-

pared with urban or smoke aerosols, additionally, the

distinctly difference in seasonal variation of AOD,

ALPHA and water vapor content also prevents the

occurrence of a close relation between AOD, ALPHA

and water vapor content.

5.3. Dust property variation during a dust outbreak

episode

The mode radii show little correlation with AOD as

discussed in the above section, and then the next
question will arise naturally, that is, whether the dust

mode radii remain stable during the dust outbreak

episode? It was reported that the dust heating (the

difference between the dust absorption of solar and

thermal radiation and the dust emission) played an

important role in the development of the dust event, and

that the dust heating was associated with dust size (Chen

et al., 1995). We will focus on this issue based on the

observations during a dust episode. Surface weather

reports showed that during the period from 6 April 2000

to 14 April 2000, a few dust events took place in DH.

The first blowing dust event was reported at 0800 LST 7

April, with visibility decreasing from 30 km the day

before to 9 km. Persistent dust events were reported on 9

April, at 1100, 1400, 1700 and 2000 LST, respectively,

with visibility less than 10 km. The last floating dust

record occurred at 1400 LST 10 April. Fortunately,

ground cloud observations and Geostationary Meteor-

ological Satellite (GMS) cloud maps showed that a clear

sky condition was dominant in the daytime except on 12

April. This ensured sufficient surface based and satellite

measurements free from cloud contamination. Fig. 10

presents instantaneous AOD at 500 nm and ALPHA.

Preceding flowing dust on 7 April, AODs were relatively

stable, having value ofB0.15, and ALPHA ranged from

0.2 to 0.4. With the advent of dust event, AODs

increased rapidly to B0.5 on 7 April and maintained

this value on 8 April. AODs increased dramatically

when persistent blowing and floating dust events

occurred on 9 April, with the maximum of AOD

approaching 2.0. The persistent high turbidity continued

to the subsequent two days. Until 13 April, atmosphere

returned to the low turbidity with AOD of B0.15. The

increase of dust loading was combined with a decrease

of ALPHA as shown by Fig. 10. Corresponding to the

high aerosol loading on 9 April and 10 April, nearly all

ALPHAs were close to zero, with a few values even
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Fig. 11. The scattergram between the mode radii and AOD at

500nm (top: fine mode; bottom: coarse mode) during the dust

outbreak episode. The dots surrounded by the dash and solid

circle at the bottom figure. represented observations preceding

and ending the dust outbreak, respectively. The increasing

mode radii with AOD were evident.

04-06 04-07 04-08 04-09 04-10 04-11 04-13 04-14
0.0

0.5

1.0

1.5

2.0

0.0

0.2

0.4

0.6

A
LP

H
A

A
O

D
 (

50
0n

m
)

 AOD (500nm)

Day

 ALPHA

Fig. 10. Time series of AOD and ALPHA from 6 April to 14

April, 2000. The abrupt variation of AODs occurred preceding

and ending the dust event. The peak AODs approached to

nearly 2.0 on 9 April, correspondingly, the ALPHAs decreased

to nearly zero, even to negative value occasionally, indicating

that the elevated aerosol concentrations are caused dominantly

by large dust particles.
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negative occasionally. Fig. 11 presents the scatter plots

between AOD and the volume median radius of fine and

coarse modes. A significant positive correlation between

rnf and AOD was evident, with approximately 50%

deviation of rnf being accounted for by AOD. It seemed

more primary fine particles with larger size were injected

into the atmosphere during the dust outbreak episode

since the dust hygroscopic growth was very weak. As for

rnc; the points are distributed widely in the scatter plot:

especially for lower AODs than 0.2, rnc varied at 100%.
However, it should be pointed that the large spread was

mainly resulted from the large difference in rnc preceding

and ending the dust outbreak. Anyway, the general

trend was that the dust outbreak could result in a larger

mode radius than the normal. Obviously, this was not

consistent with the result presented in the Section 5.2,

which suggested that a dynamic size model should be

used in the simulation of the dust heating during the

dust outbreak episode.
6. Conclusions

Two years of solar direct and sky radiance measure-

ments in DH have been utilized to invert aerosol optical

and physical properties as well as water vapor content. It

is believed to be the first similar attempt in Chinese dust

source regions as those carried out in Sahara and other

aerosol hot spots. Based on elaborated radiometer

calibrations and sound data screening methods, the

seasonal change of aerosol properties such as AOD,

ALPHA, aerosol volume size distribution, as well as

water vapor content were derived.

Higher AODs at 500 nm than 0.75 occurred mostly in

spring and summer, which corresponded to the frequent

occurrence of dust events in DH. The average of AOD

in autumn and winter was only about 60% of that in

spring. ALPHA showed negligible seasonal change due

in part to high percentage of the low turbidity and a

large spread of ALPHA for median and low AODs.

Aerosol size distribution retrievals showed little seasonal

variation, which supported the negligible seasonal

ALPHA variation. Aerosols in DH were dominated by

large particles, with the volume concentration ratio of

coarse mode to fine modes being 30. The significant

correlation between aerosol properties and water vapor

content was not observed. All these features demon-

strated that aerosols in DH seemed to have properties

representative of so-called pure desert dust. A fixed size

model might be used in the analysis of the dust effect on

climate due to an insignificant correlation between the

aerosol loading and the volume mean radii of size

distribution, contrarily; a dynamical size model should

be taken in the simulation of the dust heating on the

atmosphere during the dust outbreak episode.

The accumulation of these measurements is absolutely

necessary for the study on the dust aerosol radiative

forcing, validation of satellite remote sensing and

aerosol transport models, as well as the atmospheric

retrieval and correction algorithms.
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