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A B S T R A C T

An intensive measurement campaign was conducted at a rural site in Northwest China to investigate aerosol
optical absorption properties, using the ground-based mobile facility of the Semi-Arid Climate and Environment
Observatory of Lanzhou University (SACOL). The average mass concentration of PM2.5 was 103 ± 4 μgm−3

during the 20-day campaign in April 2014. Black carbon (BC) only accounted for ∼0.4% of the PM2.5 on
average, with the mean concentration of 443 ± 12 ngm−3 measured using a single particle soot photometer
(SP2). The aerosol absorption coefficient (σap) was 5.69 ± 0.01Mm−1 on average, recorded by a multi-angle
absorption photometer (MAAP) at the wavelength of 637 nm. It showed a linear relationship with BC mass
concentration during non-dust periods, especially at their diurnal peaks of 07:00–09:00 a.m. (local standard
time), deriving a bulk mass absorption efficiency (MAE) for BC of 8.5 ± 1.1m2 g−1. The σap increased sharply
during the dust storm, while the BC remained at a lower concentration than other moments, implying that the
dust particles had a considerable contribution to light absorption. On average, dust particles accounted for
26.7% of the aerosol absorption and increased to 71.6% during the dust storm. The MAE of dust was calculated
to be 0.014 ± 0.00028m2 g−1, which was comparable to that measured in the downwind regions in East Asia.
Based on the Mie theory for spherical particles, the refractive index (m) of natural mineral dust particles was
estimated to be 1.50–0.0007i in Northwest China.

1. Introduction

Certain aerosol components can enhance solar light absorption in
the atmosphere, resulting in a warming effect on the regional and
global climates (Ramanathan and Carmichael, 2008; Uno et al., 2009).
Black carbon (BC) is a strongly light-absorbing aerosol of the incoming
solar radiation, emitted from incomplete combustion of fossil fuels or
biomass (Novakov et al., 2003). Although BC has a short atmospheric
lifetime of a few weeks at most, the mixing of BC with other aerosol
components can lead to varying degrees of enhancement in the BC
absorption (Ramanathan and Carmichael, 2008). In addition, the de-
position of BC aerosol can reduce the albedo of surfaces such as snow
and ice. BC has a strong absorption centered in the visible and parts of
the infrared spectrum with a small variation range of light absorption
(Bergstrom et al., 2007). Generally, its absorption shows an inverse
relation with the incident light wavelength (λ). Brown carbon (BrC)

and mineral dust are considered as the other important contributors to
aerosol absorption in the atmosphere. However, they strongly absorb
solar radiation in near ultraviolet (UV) and blue light region, exhibiting
a stronger wavelength dependence than BC (Kirchstetter et al., 2004;
Andreae and Gelencser, 2006; Bond and Bergstrom, 2006; Yang et al.,
2009). Alexander et al. (2008) pointed that massive BrC aerosols exist
in East Asia (e.g., Beijing), derived from low-temperature biomass and
biofuel burnings as well as multiphase processes (Lukács et al., 2007).
Nevertheless, mineral dust dominates the aerosol mass over some re-
gions in China and the mineral dust emitted in the desert regions of
northwestern China contains 600 Tg, which may reach the half of that
on the global scale (Husar et al., 2001; Boucher et al., 2013). Dust
aerosols can travel eastward over long distances in the lower tropo-
sphere and then trigger more dust events (Uno et al., 2009; Pu et al.,
2015; Wang et al., 2015b). They also absorb effectively in the infrared
region, acting like a greenhouse gas with trapping outgoing radiative
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(Andreae, 1996). As the predominant absorptive components of aero-
sols (Niu and Zhang, 2010), all three play an active role in heating the
aerosol layer and promoting the increase in air temperature. Due to the
high temporal and spatial variability in aerosol optical and physical
properties, including refractive indices, size parameters and mixing
states, large uncertainties exist in the assessment of the radiative effect
induced by aerosol absorption (Boucher et al., 2013).

The most important sources for East Asian mineral dust has been
identified as the northwestern regions of China, with the Taklimakan
Desert, Gobi Desert and Badain Jaran Desert as their centers (Zhang
et al., 2003; Huang et al., 2006; Wang et al., 2008, 2018a). Compared to
background aerosol, the heating effect in the atmosphere of dust
aerosols during dust event periods is more significant, and the con-
tribution to averaged shortwave radiative forcing by the dust effect in
the atmosphere was ∼28.21Wm−2 in Lanzhou (Liu et al., 2011).
Furthermore, dust has a warming influence at the top of atmosphere
when it exists under a cloud, reducing the cloud cooling effect (Su et al.,
2008; Huang et al., 2014). Some evidence suggests that dust can pro-
duce the longwave warming effect at the surface during the night, be-
cause of their high absorption within the infrared spectrum (Choobari
et al., 2014). Large size and non-spherical morphology make dust
particles have greater optical depth and be better absorbers. Although
the absorption efficiency of dust aerosols is generally smaller than that
of BC aerosols, its contribution to the bulk absorption cannot be ignored
during heavy dust pollution episodes due to the substantial atmospheric
mass loading of dust particles. The magnitude of dust absorption and
refractive indices differ according to the particle size distribution,
composition and shape (Sokolik and Toon, 1999), which vary and de-
pend on the source regions of emission (e.g., African and Asian dust), on
the surface wind velocity (Jeong, 2008; Laurent et al., 2008), and
especially on the physical and chemical aging degree during transport
(Sullivan et al., 2007). Anthropogenic aerosol components such as BC,
sulfates and nitrates can attach to the dust surfaces, eventually mod-
ifying the dust absorption properties (Falkovich, 2004).

In previous studies, different regions and emission sources exhibited
disparate values of mass absorption efficiency (MAE) for BC, which
vary to a large extent (3.4–16.8 m2 g−1). It is also suggested that en-
hancement of MAE by the mixing of BC with non-refractory particulate
matter largely depends upon the coating chemicals and mass (Lan et al.,
2013). A much larger MAE of BC aerosol was observed at urban sites
(11.3 ± 2.2m2 g−1) than rural sites in India (6.1 ± 2.0m2 g−1),

indicating a high fluctuation in it (Ram and Sarin, 2009). Numerous
discussions and analysis were addressed about absorption coefficient
and relevant variation characteristics of BC in northwestern China. For
example, Cao et al. (2014) mentioned that aerosol absorption coeffi-
cient had apparent daily variation almost the same as BC mass con-
centration on normal weather conditions. However, there was in-
sufficient information on BC mass absorption efficiency in this area,
which is widely used as a quantitative parameter for estimation in BC
absorption. Unlike in the other regions, abundant dust particles of the
northwest can act as an outer covering on the BC as well, further
strengthening the BC absorptive capacity (Oshima et al., 2009). The
supplementation of MAE data is of great importance to the accurate
evaluation and improvement of environmental quality. To understand
the radiation characteristics of atmospheric aerosols more compre-
hensively and more deeply, we carried out a surface observation in
spring (frequent occurrences of dust events) and discuss the absorption
properties of dust and BC aerosols in the northwestern desert regions in
this study.

2. Methodology

2.1. Site description and meteorological conditions

The field experiment was conducted on farmland in Zhangye city,
Gansu Province in northwest China (39.04°N, 100.12°E); this area is
situated in the middle of the Hexi Corridor (1578m above sea level). A
ground-based mobile facility of the Semi-Arid Climate and Environment
Observatory of Lanzhou University (SACOL) was used for this campaign
from 9 to 28 April 2014. The north and south sides of the Hexi Corridor
are both flanked by mountains, leading to the formation of a long and
narrow area which runs approximately northwest-southeast. Such ter-
rain can result in a funneling phenomenon when wind blows over the
area, increasing the wind speed (Dong et al., 2014). The site is located
near the southwest edge of the Badain Jaran desert, with the Takli-
makan desert to the west. As shown in Fig. 1, this location is also af-
fected by human activities focusing on agriculture and animal hus-
bandry. The climate over there is dry and lacking in rain, along with
strong evaporation under ample sunshine (Xuan et al., 2000).

It was mostly fair to cloudy during the sampling period, except for a
severe sand-dust storm from 09:00 p.m. on the 23rd to 02:00 p.m. on
the 25th April (shaded area in Fig. 2) and two floating dust episodes

Fig. 1. The sampling site of Linze farm in Zhangye city and surrounding dust source areas.
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during 14–15 (from 06:30 a.m. on the 14th to 06:00 a.m. on the 15th)
and 25–28 April, presenting differences in aerosols macroscopic dis-
tribution. Dust storm is defined as a kind of weather phenomenon ac-
companied by a sharp and distinct increase in wind speed and dust
particles concentration, which reduce the horizontal visibility to less
than 1 km (Zhang et al., 2005). When the dust storm or blowing sand
process weaken, suspended dust particles in the lower troposphere
cause a phenomenon generally defined as floating dust, with the hor-
izontal visibility less than 10 km. Apart from the dust storm and floating
dust episodes, the rest of days were defined as non-dust days (certain
data influenced by fugitive dust was excluded). The westerly wind re-
mained dominant nearly throughout the experiment with the mean
wind speed of 2.61m s−1. In the perspective of diurnal variation, the
strongest winds occurred from 10:00 to 12:00 a.m. (Local Standard
Time). Then, the winds decreased gradually after 6:00 p.m. The average
temperature was 11.97 °C and the minimum temperature was reached
at approximately 07:00 a.m. while the maximum at approximately
02:00 p.m. The relative humidity showed a reverse diurnal variation
pattern to the temperature, with a mean value of 35.63%.

2.2. BC mass measurement

All data were sampled in the SACOL from 5-min averages with a
sampler inlet installed on the top of the laboratory, and placed 6.5 m
above the ground (Wang et al., 2018b). After the unified collection by
the inlet, aerosol samples were diverted into various instruments
through the use of 1-μm and 2.5-μm cutoff impactors. The mass con-
centration of BC was obtained using a Single Particle Soot Photometer
(SP2, Droplet Measurement Technology, Boulder, CO, USA) operated at
a low flow rate of 0.12 Lmin−1. Adjoined to the 1 μm impactor, the SP2
guides airborne particles with aerodynamic diameter less than 1 μm
through a Nd:YAG laser cavity by a jet, and the laser beam (at 1064 nm)
heats the particle causing it to incandesce (Stephens et al., 2003). By
analyzing the laser-induced incandescence (LII) light and scattered light
that four sensors detect, we can determine the optical size of every
single particle, then take the BC mass converted from calibrated peak
intensity of the incandescence signal. More details for the principles of
SP2 can be found in Schwarz et al. (2006). By assuming the effective
density of atmospheric BC as 1.8 g cm−3 (Bond and Bergstrom, 2006),

Fig. 2. The time series of aerosol characteristic parameters: a) mass concentrations of BC and PM2.5; b) absorption coefficients (σap) of the fitting BC and the
discrepancy between MAAP σap and the fitted BC σap; c) aerosol size distribution (dN/dlogDp, 0.5 μm < Dp < 10 μm); (d) wind speed during the entire survey from 9
to 28 April 2014. The shaded box represents a strong dust storm.
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the size of the BC core, which is called the mass equivalent diameter,
ranges from 120 to 650 nm in this campaign. Measurements of the BC
based on SP2 approximately cover 90% of the BC size distribution in the
ambient atmosphere via a lognormal fitting. To settle this systematic
underestimation of BC mass, we estimate the total BC by extrapolating
the size distribution on the basis of a single lognormal mode. On ac-
count of the uncertainties in the BC mass calibration, flow measurement
and estimation of BC mass outside the scope of SP2 detection, there is
an uncertainty of ∼25 percent in the BC mass determination (Wang
et al., 2014; Wu et al., 2016).

2.3. Aerosol absorption measurement

A multi-angle absorption photometer (MAAP, model-5012, Thermo
Scientific, Waltham, MA, USA) was employed to quantify the aerosol
absorption coefficients (σap) of particles smaller than 2.5 μm in aero-
dynamic diameter at 637 nm. The MAAP has improved the filter-based
measuring method of aerosol optical absorption and it considerably
eliminates the light scattering impacts through off-axis detection at
multiple angles (Petzold and Schönlinner, 2004). By employing an
empirical conversion factor (6.6 m2 g−1), the equivalent mass con-
centration of BC (MBC) is finally recorded by the MAAP according to the
measured variation in the transmission through the filter. Nonetheless,
the determined BC concentration is usually overestimated because
other aerosol components (i.e., BrC and dust) may also contribute to the
light absorption. Meanwhile, scattering material coatings also increase
the absorption of BC, resulting in an additional overestimation in the
determined MBC. Slowik et al. (2007) demonstrated that the MAAP
measurement of optically absorbing mass for uncoated soot particles
was higher by ∼50% than that measured by SP2, and a thicker an-
thracene coating may further increase the MAAP by ∼20%. This dis-
crepancy reached ∼72% on non-dust days in our survey. The in-
stantaneous aerosol absorption coefficient was employed in this study;
thus, the following equation is used to convert the measured BC con-
centration back to aerosol absorption coefficient:

=σ M6.6ap BC (1)

2.4. Auxiliary measurements

In addition, a tapered element oscillating microbalance (TEOM,
model-1400a, R&P Corp., Albany, NY, USA) was used to measure the
mass concentration of PM2.5 simultaneously, at the flow rate of
16.7 Lmin−1 controlled by a cyclone cutoff. A three-wavelength in-
tegrating nephelometer (model-3563, TSI Inc., Shoreview, MN, USA)
with 2.5-μm cutoff was employed to obtain the aerosol scattering
coefficients, for the purpose of calculating the refractive index of dust.
Moreover, the aerosol number distribution (defined as dN/dlogDp) was
collected in real time by an aero-dynamical particle sizer (APS, model-
3321, TSI Inc., Shoreview, MN, USA) that uses a sophisticated time-of-
flight technique and can determine the size ranging from 0.5 to 20 μm
via 51 channels. To obtain a better analysis of the data above from
various aspects, a meteorological sensor (WXT-520, Vaisala Inc.,
Helsinki, Finland) was used to collect meteorological elements, such as
ambient pressure, temperature, relative humidity, wind direction and
wind speed, in real time. To ensure the accuracy of the data in this
observation campaign, all datasets were adjusted to standard tem-
perature and pressure conditions and subjected to quality control and
calibration.

2.5. Data analysis methods

The mass absorption efficiency, defined as the absorption coefficient
induced by unit mass of aerosol or certain aerosol component, is a key
parameter for precisely demonstrating the radiative forcing of BC and
other light absorbing materials (i.e., BrC and dust) and for a better

understanding of their effects on climate. The bulk of MAE analyzed in
this study is calculated as the slope of regressive and moving average
model linear regression of absorption coefficient against the aerosol or
certain aerosol component (e.g., BC or dust) mass concentration, which
is expressed as:

=MAE σ C/ap (2)

where σap is the absorption coefficient of aerosol or that induced by a
certain aerosol component at 637 nm, and C is the corresponding mass
concentration.

Different chemical compositions of aerosol particles in the real at-
mosphere result in a considerable variation in the imaginary part. In the
paper, we inverted the dust refraction index = −m n ki( ) by using Mie
scattering theory, assuming spherical particles. Making use of the
Ångström law, we converted the scattering coefficient (σsp) to 637 nm
(Wang et al., 2018b).

Combining the scattering efficiency (Qsp), the absorption efficiency
(Qap) and the number distribution n logD( )P from APS, the computed
values of scattering and absorption coefficients were acquired by
MATLAB algorithms (Mätzler, 2002):
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where Dp is the particle diameter and =x πD λ/P is the particle size
parameter. To determine the most appropriate refractive index, we
transformed the real part (n) within an appropriate range (1.30–2.00),
while the imaginary component (k) varied from 0i to 0.1i (Woodward,
2001; Haywood, 2003).

Comparing the measured values of scattering coefficient (σsp
m) and

absorption coefficient (σap
m) with the calculated ones, respectively, re-

lative differences between them can be defined as follow:

= −ε σ σ σ( )/sp sp sp
m

sp
m

(5)
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2

ap
2

(7)

Based on a series of postulated values for refractive index and the
differences shown as Eq. (7), the refraction index that corresponded to
the minimum value of relative deviations was regarded as the actual
one of the measured airborne aerosols.

3. Results and discussion

3.1. Overview of BC concentration and aerosol absorption coefficient

The time-series of PM2.5 and BC concentration are shown at 5-min
intervals in Fig. 2a. The mean BC mass concentration (± standard
deviation) for the entire campaign period was 443 ± 12 ngm−3, ac-
counting for ∼0.4% of the PM2.5. It was one order lower than those
measured by the SP2 in the urban regions, such as Xi'an with a mean of
8.8 μgm−3 (Wang et al., 2014) and Beijing with a mean of 5.5 μgm−3

(Wu et al., 2016), while it was more than twice as high as the mean
value of 160 ± 190 ngm−3 observed in a remote area near the Tibetan
Plateau reported by (Wang et al., 2015a). Our observation site received
less pollution from local anthropogenic emissions than urban areas and
a portion of the pollution came from regional transport. The aerosol
absorption coefficient varied in a wide range between 1.09 and
52.81Mm−1, with an average value of 5.69 ± 0.01Mm−1.

As mentioned in section 2.1, different kinds of weather have their
respective synoptic phenomena and visibility. To discuss aerosol optical
properties under different weather conditions, we divided the data into
three categories combined with ground observation records: non-dust
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(ND) days, floating dust (FD) events and dust storm (DS). The mean BC
and PM2.5 mass concentration and absorption coefficient were
340 ngm−3, 26 μgm−3 and 3.92Mm−1 during ND days, suggesting the
clean days unpolluted by dust. The submicron particles, of which the
diameter was less than 1 μm, were predominant on ND days with the
average number concentration more than twice that of the supermicron
particles ranging in size larger than 1 μm (Fig. 3d). With the advent of
dust plumes, PM2.5 concentration significantly increased to 92 and
87 μgm−3 for two FD events on 14–15 and 25–28 April, respectively.
Higher concentrations of BC were also observed during the FD episodes
compared to those during the ND days (Fig. 3a), as can be expected due
to wind-borne transmission of anthropogenic pollutants from southwest
of the observatory, where the villages and roads were located in. The
second FD episode immediately after the dust storm produced a greater
BC concentration (765 ngm−3) than the first one (581 ngm−3), while
its absorption coefficient (7.57Mm−1) was similar to that (7.51Mm−1)
in the first FD episode (Fig. 3a and b). It is likely because the submicron
particles remained predominant during the first FD episode; never-
theless, the supermicron particles constituted the majority of airborne
aerosols during the second FD episode as the result of the dust storm
influence. BC particles adhered on the surface of supermicron dust
particles that absorbed less effectively than submicron ones.

The dust storm led to the consequence that the arithmetic mean of
the mass concentration of PM2.5 increased twenty times from that on
ND days (Fig. 3c). In the peak period of the storm affected by dust
plumes, the PM2.5 mass concentration maintained at the level of heavy
pollution above 500 μgm−3 and supermicron particles accounted for
∼89% of the total. However, the mean concentration of BC declined to
237 ngm−3, half of the clean level, during the dust storm. On the one
hand, the dust-laden air masses that came from the northwestern desert
regions contained very few BC particles. Meanwhile, the wind speed
was higher during the sandstorm and had a diluting effect on the local
BC concentration. On the other hand, many black carbon particles at-
tached to the surface of large dust particles during the DS while the air
inlet of SP2 was only 1 μm, which limited the scope of the observation.
However, in comparison with the ND periods, the mean value of aerosol
absorption coefficient increased by a factor of 2.6 during the storm
(10.28Mm−1). Considering the reduction in BC concentration during

the DS, the increase in the absorption coefficient was likely related to
the contribution of other aerosol components, i.e., dust particles.

3.2. Mass absorption efficiency of BC particles

It was important to perform the correlation analysis of aerosol ab-
sorption coefficient and mass concentration because MAE was served as
one of the primary optical properties of aerosol. Taking into account BC
as the dominant light absorber among atmospheric aerosols, in general,
aerosol absorption coefficient is remarkably correlated with BC mass
concentration. The linear relationship appeared to be better when the
dust events were excluded. To identify the relation of absorption with
certain aerosol concentration, diurnal variations of BC and PM2.5 mass
concentration are shown in Fig. S1 separated into ND days and DS
process, as well as the aerosol absorption coefficient. The variation in
absorption coefficient is shown synchronously in a similar bimodal
pattern with the BC concentration on ND days, indicating that BC was
the dominant absorbing component. The dominant peak came out ap-
proximately between 07:00–08:00 a.m. during the commuting hours of
traffic emission and residential combustion. As is demonstrated in Fig.
S1b, there is an abrupt decrease in BC concentration during the DS and
then it remains at a low level without obvious peak for the whole storm
period. However, the variation trend of absorption coefficient is almost
consistent with that of PM2.5, increasing considerably in the DS. This
result implies that the abundant dust particles had a great contribution
to the aerosol absorption coefficient at the MAAP measuring wave-
length of 637 nm (Kanaya et al., 2013).

As it is dominated by BC, the aerosol absorption coefficient shows a
significant linear relation with the BC concentration during the ND
period (square symbols in Fig. 4), with the square of correlation coef-
ficients (R2) of 0.94. This linear relationship is more robust at the
morning peak (07:00–09:00 a.m. local time) with R2=0.97 (red
squares in Fig. 4), implying the absolute dominance of BC in the aerosol
absorption coefficient. Accordingly, the bulked MAE of BC was derived
to be 8.5 ± 1.1m2 g−1 at 637 nm (calculated as the slope of the linear
regression of the absorption coefficient against the BC concentration). It
is lower than the previous value measured by (Liu et al., 2010) in
Switzerland (10.2 ± 3.2m2 g−1 at 630 nm) utilizing the same

Fig. 3. The box and whisker plots show (a) BC concentration, (b) aerosol absorption coefficient, (c) PM2.5 concentration and (d) number concentrations of submicron
and supermicron particles during non-dust (ND) days, floating dust (FD) events and dust storm (DS), respectively. From the bottom up, the whiskers indicate the 10th
and 90th percentiles, and the box lines indicate the 25th and 75th percentiles. The red lines and filled dots in the box represent the median and arithmetic mean
values, respectively, for each weather condition. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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approach. Employing the power-law relationship with the incident
wavelength, the MAE reported in this study is estimated to be
9.8 m2 g−1 at 550 nm, much higher than that of the bare black carbon
(7.5 ± 1.2m2 g−1, Bond and Bergstrom, 2006). This may result from
the different sources of aerosols and diverse mixing states of BC. Small
particle sizes and thick coatings with scattering compounds on BC
particles enhance the MAE of BC (Adler et al., 2010). The y-intercept of
the linear regression presented in Fig. 4 might represent the measure-
ment biases. The absorption coefficients in the PM2.5 were measured,
while the BC concentrations in the PM1 were determined. Although the
BC was mainly distributed in the submicron particles, the BC-containing
particles in the size range of 1 μm < Dp < 2.5 μm also have a slight
additional contribution to the absorption of PM2.5.

Direct emissions from incomplete combustion of fossil fuel and
biomass burning or secondary generation via atmospheric chemical
reactions can also produce BrC (Andreae and Gelencser, 2006;
Chakrabarty et al., 2010). Kirchstetter and Thatcher (2012) pointed
that BrC has effective absorption in the near UV wavelength range, and
because the overwhelming majority of aerosol absorption above
∼700 nm is attributed to BC, we gave no consideration to the issue
concerning BrC aerosols.

3.3. Contribution of dust particles

As shown in Fig. 4, in the FD and DS events, the aerosol absorption
coefficient significantly deviated from its linear relation with the BC
concentration during ND periods, demonstrating the dust particles
contributed substantially to light absorption. To assess the contribution
of dust particles to absorption, the time-resolved absorption coefficients
induced by BC were first estimated from the derived MAE of BC
(8.5 m2 g−1 at 637 nm) and the measured BC concentrations by SP2.
Then, by subtracting the BC absorption coefficients from the measured
ones by MAAP, the absorption coefficients induced by dust particles
were obtained (Fig. 2b). On the average, the dust absorption brought
approximately 26.7% of the total throughout the observation and this
percentage was 16.5% on ND day. An increment value of 14.9% and

14.2% for dust aerosols occurred in two FD episodes, while the mean
absorption induced by dust increased to 7.36Mm−1 during the DS,
which made up 71.6% of atmospheric aerosol absorption. This result
indicated that dust exerted considerable positive influence on the light
absorption. Previous work has shown that the absorption of dust par-
ticles has a greater proportion of the gross absorption during dust
weather (Fialho et al., 2005). It can be seen that the difference abruptly
increases to an extremely high value when the dust storm occurs be-
cause the atmospheric aerosol component is dominated by dust to a
large extent, playing a vital role in the absorption of the solar spectrum.

3.4. Mass absorption efficiency and refractive index of dust particles

Now that only 0.03% of the PM2.5 mass concentration was attrib-
uted to BC in the DS process, PM2.5 concentration can be a substitute for
dust mass concentration. To highlight the absorptive characteristics of
dust aerosols, we utilized the aforementioned absorption coefficient of
dust aerosols during the DS, determining the value of its MAE asso-
ciated with the corresponding mass concentration. According to the
linear least squares method, the MAE of dust aerosol was estimated at
0.014 ± 0.00028m2 g−1 at 637 nm (shown in Fig. 5, R2= 0.94). It is
commonly considered that the absorption efficiency of dust decreases
with the increase in wavelength, with the highest absorption ability of
dust at ∼440 nm (Todd et al., 2007). The MAE of dust particles tend to
range from 0.02 to 0.1m2 g−1 at 550 nm (Antony and Robert, 1985).
Additionally, a typical calculation was once made for the dust absorp-
tion from 470 nm to 660 nm, and the value at 660 nm was reckoned at
∼0.013m2 g−1 (Yang et al., 2009). Even though the light absorption
efficiency for dust was much lower than that for black carbon
(∼8.5m2 g−1 at 637 nm), its contribution to total absorption can be on
the same order of magnitude as that of the BC during dust events owing
to the huge amounts of suspended dust particles in the air. As pre-
viously stated, in three events aerosol absorption coefficients were all
increased in different degrees.

Allowing for the fact that dust aerosols formed the principal part of
the sandstorm, it was generally assumed that number distribution,
measured absorption and scattering coefficients were all attributed to
dust during that period. On the basis of theoretical calculations ap-
plying the model of Mie theory, we processed the relevant datasets
during the DS, adjusting the real and imaginary parts of the refraction
index to make the calculated values proximate to the true values, both
in the aspects of scattering coefficient and absorption coefficient. When
there are a large number of coarse-mode particles in the atmosphere
(e.g., dust particles), the dependence of the absorption and scattering
characteristics on the refractive index is complex (Balkanski et al.,
2007). As such, we attained the actual imaginary part of the refraction
index (at 637 nm) for natural mineral dust aerosols during the storm
(sources from Taklimakan Desert and Badain Jaran Desert) with the

Fig. 4. The linear relationship between the absorption coefficient of MAAP and
the BC mass concentration measured by SP2. The squares represent all the data
on non-dust days and the data from 07:00 a.m. to 09:00 a.m. are marked in red.
The triangles represent the data affected by dust weather (i.e., floating dust
episodes and dust storm). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 5. The linear relationship between absorption coefficient of dust and its
mass concentration during the dust storm.

X. Wu et al. Atmospheric Environment 189 (2018) 145–152

150



value of 0.0007, and its real part was derived as 1.50. For spherical and
non-spherical particles, the difference between their absorption cross
sections is only ∼2% (Mishchenko et al., 1997), suggesting that these
refractive indices apply equally to irregular dust particles. As is deli-
neated in Fig. 6, some differences between the measured and computed
values in the later part of the dust storm can be explained by a presence
of other anthropogenic aerosols such as BC, since the weather gradually
turned into the floating dust after the passage of storm. However, when
the computed values were based on the pure dust particles, the actual
mixture led to more absorption than expected. To some extent, the
magnitude of the dust refractive index, particularly of its imaginary
part, differs according to particle mineralogical composition from
varying emissions sources (Di Biagio et al., 2014). This can interpret the
variation range of imaginary component from 0.0003 to 0.0052 at
550 nm (Woodward, 2001). Clarke (2004) reported a value of 0.0006 at
∼550 nm for the imaginary part of the dust refraction index in Asia.
Furthermore, the imaginary part and real part at 675 nm for pure dust
were inferred to be 0.0016 and 1.53 on average over East and Central
Asian areas, respectively (Bi et al., 2016). By the comparison with our
computational results, it indicates that the imaginary part involve a
greater uncertainty than the real part (Dubovik et al., 2002). Diverse
inversion methods may bring about inconsistencies in the final results
as well. However, the value of imaginary part was lower than the 0.008
recommended by (World Meteorological Organization, 1986), probably
due to the various dust sources and chemical compositions of dust
aerosols. The investigation over the Asia-north Pacific region found that
the imaginary part of the refractive index of East Asian dust was also
smaller than the OPAC-model (Wang et al., 2004), implying that dust
aerosols emitted from Chinese deserts absorb less solar radiation than
the most dust optical models published so far. Above the 670 nm wa-
velength, the imaginary part of the mineral dust almost remains the
invariant. Even though our value for the imaginary part was small,
large particle size and great quantities for dust particles from the desert
areas improved the dust MAE in Zhangye. Mineral dust is a kind of
weakly absorbing aerosol, of which the MAE is 2–3 orders of magnitude
lower than that of BC; however, it makes significant contribution to
total aerosol absorption in solar spectrum and undoubtedly cannot be
overlooked. Therefore, the mass absorption efficiency and the ima-
ginary part of the refractive index for dust aerosol calculated in this
study can provide the effective theoretical foundation for future model
application and other work. It will help reduce errors arising in the
accurate assessments of aerosol radiative forcing over arid and semiarid
regions.

4. Conclusions

In this study, we focused on the absorption efficiency of dust and BC
aerosols, and classified the atmospheric conditions into ND days, FD

episodes and DS to differentiate varieties of aerosols absorption capa-
cities. Throughout the whole investigation period, we acquired mean
values of PM2.5 and BC mass concentration of 103 ± 4 μgm−3 and
443 ± 12 ngm−3, respectively. Influenced by less discharge of air
pollutants, the measured BC concentration was markedly lower than
those in urban regions. The ND days and the first FD event were
dominated by submicron particles, while particles in the supermicron
mode were the predominant type in the DS and the second FD period
(affected by the sandstorm). High concentrations of BC appeared in the
FD episodes instead of ND days owing to the transport of anthropogenic
pollutants from surrounding villages and roads. In contrast, during the
dust storm, there was a decline in the BC mass concentration, with the
average value half that on the ND days. The reduced concentration was
caused by dilution effect of strong winds, along with few BC particles
blown from the desert regions. In addition, the detection range of SP2
was relatively limited for BC with large sizes. The value of σap varied
over a wide range (1.09–52.81Mm−1) during the field survey, with an
average of 5.69 ± 0.01Mm−1. It is worth noting that σap exhibited a
significant increase during dust events, especially during the sandstorm,
showing that dust generated substantial absorption which is equally
important as the absorption by BC.

Combined with diurnal variations for BC and PM2.5 concentration
and aerosol σap, a strong linear relation was observed between BC mass
concentration and σap of 07:00–09:00 a.m. on ND days, from which the
MAE of BC was deduced as 8.5 ± 1.1m2 g−1. The coatings on BC
particles can partly enhance their absorption. For the ND days, FD
events and DS process, the proportion of dust absorption in the overall
amount presented an increasing trend, 16.5%, 31.1% and 71.6%, re-
spectively. The large increase in the sandstorm verified the great con-
tribution of dust to absorption in the red and near-infrared regions of
the light spectrum. With PM2.5 concentration serving as dust con-
centration during the DS process, the MAE of dust aerosol at 637 nm
can be reckoned as 0.014 ± 0.00028m2 g−1. In reference to the
spherical Mie theory, we calculated the real part (1.50) and imaginary
part (0.0007) of the refractive index for natural dust. Although the
absorption by dust particles is inherently less efficient compared with
BC, dust aerosol is considered crucial to the total absorption of solar
radiation, particularly during dust events.

Data availability

All datasets used to produce this work can be obtained by contacting
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