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Vertical distributions of aerosol optical properties based on aircraft measurements over the
Loess Plateau were measured for the first time during a summertime aircraft campaign, 2013
in Shanxi, China. Data from four flights were analyzed. The vertical distributions of aerosol
optical properties including aerosol scattering coefficients (σsc), absorption coefficients (σab),
Angström exponent (α), single scattering albedo (ω), backscattering ratio (βsc), aerosol mass
scattering proficiency (Q sc) and aerosol surface scattering proficiency (Q sc′ ) were obtained. The
mean statistical values of σsc were 77.45 Mm−1 (at 450 nm), 50.72 Mm−1 (at 550 nm), and
32.02 Mm−1 (at 700 nm). Themeanvalue ofσabwas 7.62 Mm−1 (at 550 nm). Themeanvalues of
α, βsc and ω were 1.93, 0.15, and 0.91, respectively. Aerosol concentration decreased with
altitude. Most effective diameters (ED) of aerosols were less than 0.8 μm. The vertical profiles
of σsc,, α, βsc, Q sc and Q sc′ showed that the aerosol scattering properties at lower levels
contributed the most to the total aerosol radiative forcing. Both α and βsc had relatively large
values, suggesting that most aerosols in the observational region were small particles. The
meanvalues ofσsc, α, βsc,Q sc,Q sc′ , σab andω at different height ranges showed thatmost of the
parameters decreased with altitude. The forty-eight hour backward trajectories of air masses
during the observation days indicated that the majority of aerosols in the lower level
contributed the most to the total aerosol loading, and most of these particles originated from
local or regional pollution emissions.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Atmospheric aerosols directly affect the Earth's radiative
budget by scattering and absorbing solar and thermal radiation
(Haywood and Shine, 1997), and indirectly by acting as cloud
condensation nuclei or ice nuclei in cloud formation, thus
om (Xingang Liu).

o-Environmental Science
affecting the optical properties and lifetime of clouds, and
furthermore, modifying the precipitation regime. Atmospheric
aerosols also have adverse effects on environmental quality
including atmospheric quality, visibility (Waggoner et al., 1981;
Horvath, 1995), and human health. The spatial and temporal
variations of radiative forcing by aerosols are strongly influenced
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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Fig. 1 –Map of Shanxi province over which flights weremade
and locations of the three main aerosol observatories
(Taiyuan, Wenshui, and Xinzhou). The inert map shows the
location of the observation area in China, in which the red
shaded area represents Shanxi province.
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by the variability of aerosol concentration distributions and
optical properties on local to regional scales. The aerosol
geographical and temporal distributions are very variable due to
diverse emission sources, particle transformations and different
removal processes. All these factors cause large uncertainties in
evaluating the effects of aerosols on both climate and the
environment. For this reason, many studies, including observa-
tional studies and numerical simulations, have been carried out
to understand the physical, chemical, and optical properties of
aerosols (e.g., Kleefeld et al., 2002; Adam et al., 2004; Elias et al.,
2006; Fischer et al., 2011; Li et al., 2007; Yan, 2007; Sun et al., 2014;
Wang et al., 2014; Zhao et al., 2014) and their effects on climate
radiative forcing, clouds, and precipitation (Yin et al., 2002, 2010).

Till now, most studies focusing on aerosol optical properties
have been carried out from the ground, and some measure-
ments were conducted focusing on variations of aerosol optical
properties in China (Qiu and Takeuchi, 2001; Zhang et al., 2002,
2004; Xu et al., 2002, 2004; Yan et al., 2008; Liu et al., 2012; Tao et
al., 2014). There is still an urgent need to better understand the
vertical distributions of aerosol optical properties. Aircraft
observations can afford the principal advantage of yielding
detailed information on aerosol properties with height, albeit
within short time periods over geographic areas of limited
extent, thereby enabling the question of aerosol optical prop-
erties in the vertical direction to be addressed (Bodhaine et al.,
1991; Hänel, 1998; Sheridan andOgren, 1999;Welton et al., 2002;
Anderson et al., 2003; Han et al, 2003; Raut andChazette, 2008; Li
et al., 2011, 2012).

However, because of the strict control of airspace and high
operating costs, there is still a lack of aircraft observations of
aerosol optical properties in the lower troposphere over urban
and rural areas, especially in the central and eastern regions of
northern China. It is therefore a major objective of this paper to
evaluate the uncertainty of measured aerosol properties such as
aerosol spatial distribution, particle size distribution, particle
scattering and backscattering coefficients, particle absorption
coefficients, particle single scatteringalbedo, andotherproperties
through aircraft measurements to provide valuable observation
data for regional model calculations on aerosol and climate.

Shanxi Province is located in the Loess Plateau of northern
China, and the north China plain lies to the east of this region. As
one of the most important heavy chemical bases of China, the
mixture of heavy air pollution from industrial activities results in
a rather complex nature for aerosol optical properties in the local
region. However, till now, few studies have been reported on
measurements of the important aerosol properties andespecially
the vertical distributionof these properties in Shanxi province. As
a key part of the International Aerosol-CCN-Cloud Closure
Experiment (ACCCExp-2013), an airborne campaignwas conduct-
ed in August 2013 in Shanxi Province on the Loess Plateau of
China. Comprehensive observations of atmospheric aerosol
characteristics in this region were collected for the first time. In
this paper, the characteristics and vertical variation of aerosol
optical properties are analyzed involving the statistical properties
of theoptical characteristics of aerosols suchas aerosol scattering
coefficients (σsc), backscattering coefficients (σbsc), Angström
exponent (α), backscattering ratio (βsc), mass scattering efficiency
(Qsc), surface scattering efficiency (Qsc′ ), absorption coefficients
(σab) and single scattering albedo (ω), as well as the vertical
distributions of these parameters, vertical profiles of aerosol
concentration and particle size, the correlation between aerosol
concentration and σsc, and the backward trajectories of air
masses.
1. Description of the field campaign

1.1. Observation area

Shanxi Province is located in northern China. The Loess Plateau
covers most of the province, and the average surface altitude of
the entire province is above 1000 m. Shanxi province connects
with the north China plain in the east, and Hebei province and
Beijing city are at the east of the province. Shanxi is situated
in the temperate continental monsoon climate zone. It is an
important energy and chemical industrial center of China. In
conjunction with the rapid economic growth in the region,
the increase in industrial emissions of anthropogenic aerosol
particles has a strong impact on the regional air quality and
climate. This has garnered much attention from the public in
recent years. The field observationwas carried out in the central
region of Shanxi Province, and three main observatories were
included in this study: Taiyuan (112.55°E, 37.867°N, altitude
778 mabove sea level, or asl),Wenshui (112.14°E, 37.26°N, altitude
800 m asl), and Xinzhou (112.70°E, 38.73°N, altitude 800 m asl).
Fig. 1 shows themap of Shanxi province and the locations of the
three sites. The flight observationwasmainly carried out around
the three sites.

1.2. Instruments and measurements

A Y-12 turboprop airplane was used as an aerosol observa-
tion platform. The typical speed of the aircraft was about
60–70 m/sec and the rate of climb or descent of the aircraft
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was about 2–5 m/sec. It was equipped with multiple aerosol
measurement instruments to determine aerosol properties,
and each instrument was calibrated and tested rigorously
during a ground-based campaign prior to the airborne cam-
paign to ensure instrument performance. Two sample inlets are
on the top of the airplane, and both were designed to minimize
aerosol loses. The inlets connect to the measurement instru-
ments with a direct sample path to avoid turns or corners as
much as possible.

A three-wavelength (450, 550, 700 nm) integrating nephelom-
eter (Model 3563, TSI, USA) was constructed for airborne
measurements of the scattering (σsc) and backscattering coeffi-
cients (σbsc). Aerosol scattering coefficients couldbecharacterized
in the three-dimensional atmosphere with good resolution in
both time and space. The nephelometer was calibrated by using
CO2 as high span gas and filtered zero air as low span gas. This
instrument draws the ambient air through a temperature-
controlled inlet at flow rate of 5 L/min. The averaging time was
set to 10 sec. Scattering by aerosols is strongly dependent on
relative humidity (RH) because of the hygroscopic growth nature
of atmospheric aerosols (Horvath, 1996; Liu et al., 2008). The
scattering coefficient shows a minimum variation below 50%
RH and a slow increasing behavior up to about 60% RH
(Anderson and Ogren, 1998; Xu et al., 2002; Liu et al., 2013).
During the flight experiment period, a diffusion dryer was
connected before the sample gas entered into the nephelome-
ter. The RHmeasuredwithin the nephelometer chamberwas in
the range 11.3%–46% with mean values of 25%, and the
light-scattering measurements presented in this study can be
considered as dry.

Amulti-angle absorption photometer (MAAP5012, Thermo.
Electron., USA) was used to record black carbon (BC) concentra-
tion and light absorption at a wavelength of 670 nm. The MAAP
drew the ambient air at constant flow rate of 16.67 L/min. The
total method uncertainty for the aerosol light absorption
coefficient inferred from MAAP measurements was around 12%
(Petzold and Schönlinner, 2004; Petzold et al., 2005).

A passive cavity aerosol spectrometer probe (PCASP-100X,
DMT, USA) was equipped to observe aerosol particles with
diameters ranging from 0.1–3.0 μm in 30 bins of variable size
with a frequency of 1 Hz. The PCASP is calibrated by using
Table 1 – Flight summary.

Date Time range Weather condition

2013-08-13 15:05–16:22 pm Small amount of light cumulus, haze Tai
(111
37.3

2013-08-19 16:39–18:30 pm Cloudless Tai
(111
37.3

2013-08-20 22:16–23:53 pm Small amount of clouds, haze Tai
(111
37.0

2013-08-28 17:38–20:15 pm Clear Tai
(112

MAAP: multi-angle adsorption photometer; PCASP: passive cavity aeroso
polystyrene latex spheres (PSL) by ParticleMetrics Inc. (PMI) every
year before themeasurements take place. Aerosol concentration
and particle size were derived from PCASP data.

Meteorological parameters such as ambient temperature (T)
and RH and real-time locations such as longitude, latitude, and
altitude were also measured and recorded by an air-data probe
device (AMMIS-20, DMT, USA) during the flights.

Data from four flightswere collected for the study. The dates
of the flights were 13, 19, 20, 28 August 2013. The plane was
based at Taiyuan Wusu International Airport and flew from
there to Wenshui or Xinzhou. Flight segments started at a
specific height and proceeded in downward spirals. Measure-
ments were taken during 5-min periods at 300-m altitude
intervals. Flight details are given in Table 1, and the flight tracks
are shown in Fig. 2.

All times are in China Standard Time (CST) and altitudes
are heights above sea level in this study.

1.3. Methodologies and parameters

Aerosol scattering coefficients (σsc) and backscattering
coefficients at three wavelengths (450, 550 and 700 nm) can
be obtained directly from the nephelometer, and all the
data observed were subjected to truncation correction and
recalculated. The black carbon (BC) concentration ([BC]conc.) was
obtained from the MAAP, and the light absorption at the
wavelength of 550 nm was calculated based on Eq. (1) (MAAP
Specification).

σab ¼ 6:6� BC½ �conc: �
670
550

ð1Þ

Data on aerosol concentration and sizewere from PCASP. All
of the concentration data and effective diameter (ED) data from
PCASP were recalculated and corrected because the data from
the PCASP in the first bin are inaccurate due to the detection
limit of the instrument, so they were eliminated from the
analysis.

In addition to the σsc measurements, the Angström exponent
(α), which characterizes the wavelength dependence of σsc, was
obtained, thus providing information on the size distribution of
the particles, that is, the relative amount of fine and coarse
Domain covered Vertical height
(m)

Instruments

yuan, Wenshui
.8–112.7°E,
–38.0°N)

778–3800 Nephelometer,
PCASP,
AIMMS-20

yuan, Wenshui
.8–112.7°E,
–38.0°N)

778–3800 Nephelometer,
PCASP,
AIMMS-20

yuan, Wenshui
.8–112.7°E,
–38.0°N)

778–3800 Nephelometer
MAAP, PCASP, AIMMS-20

yuan, Xinzhou
.2–112.9°E, 37.6–39.0°N)

778–4300 Nephelometer
MAAP, PCASP, AIMMS-20

l spectrometer probe; AIMMS: air-data probe device.
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Fig. 2 – Four flights' tracks on 13, 19, 20, and 28 August, 2013.
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particles,whichdiffers according to theaerosol type (Seinfeld and
Pandis, 1998). The Angström exponent was calculated according
to Eq. (2).

α ¼ − log σsc 700nmð Þ=σsc 450nmð Þ
� �

log 700=450ð Þ ð2Þ

The ratio of aerosol backscatter coefficients to total scatter-
ing coefficients (σbsc/σsc) is another very important parameter
for the determination of fine particle content within the aerosol
loading, which is called the backscattering ratio (βsc). The ratio
is given by Eq. (3).

βsc ¼
σbsc

σ sc
ð3Þ

The simultaneous measurements of aerosol mass concen-
tration (Maerosol) and scattering coefficients allowed the estima-
tion of themass scattering efficiency (Qsc) and surface scattering
efficiency (Qsc′ ), defined as the ratio of the scattering coefficient
to the mass concentration or surface concentration (Saerosol), as
shown by Eqs. (4) and (5). Both of the parameters can
characterize the particles' light scattering capacity by unit
mass or surface, and they are very important parameters for
climate modeling studies (Zhang et al., 2004).

Q sc ¼ σsc=Maerosol ð4Þ

Q 0
s c ¼ σs=cSa e ð5Þ
Based on the measurements of σsc and σab, the single
scattering albedo (SSA) at 550 nm (ω(550 nm)) was calculated. The
single scattering albedo is defined as the ratio of the aerosol
scattering coefficient to the extinction coefficient (sum of the
absorption and scattering coefficient), see Eq. (6).

ω ¼ σsc

σsc þ σab
ð6Þ

This parameter is especially important in the estimation of
direct aerosol radiative forcing. SSA can visually show the
relationship betweenaerosol scattering andabsorption function,
and can be used for studying the radiation force at the top of
atmosphere. The value of SSA is different for aerosols of different
sizes and different chemical compositions. Most SSA values of
aerosols in the northern hemisphere are in the range of 0.85–0.95
(Dubovik et al., 2002).
2. Results and discussion

2.1. Statistical characteristics of aerosol optical properties

Table 2 shows the statistical summary of the aerosol optical
properties and aerosol concentration and size values in this
experiment period. The mean (standard deviation) σsc at 450,
550, and 700 nm were 77.45 ± 96.76, 50.72 ± 61.5, and 32.02 ±
36.85 Mm−1, and the mean σbsc at each wavelength were
9.18 ± 10.36, 7.04 ± 7.95, and 5.69 ± 6.96 Mm−1, respectively.



Table 2 – Statistical summary of aerosol optical properties.

Parameter Max. Min. Mean ± S.D. Median

σsc (450 nm) (Mm−1) 511.7 0.96 77.45 ± 96.76 47.66
σsc (550 nm) (Mm−1) 326.7 0.44 50.72 ± 61.5 32.93
σsc (700 nm) (Mm−1) 195.5 0.15 32.02 ± 36.85 21.37
σbsc (450 nm) (Mm−1) 53.8 0.01 9.18 ± 10.36 6.16
σbsc (550 nm) (Mm−1) 40 0.1 7.04 ± 7.95 4.71
σbsc (700 nm) (Mm−1) 36.11 0.04 5.69 ± 6.96 3.41
σab (550 nm) (Mm−1) 23.96 1.05 7.62 ± 7.55 4.98
[BC]conc. (μg/m3) 2.98 0.13 0.95 ± 0.94 0.62
α 5.02 0.03 1.93 ± 0.46 1.91
βsc (550nm) 0.75 0.02 0.15 ± 0.06 0.15
ω(550nm) 0.98 0.65 0.91 ± 0.05 0.93
Number conc. (cm−3) 7238.5 75.6 2162.7 ± 1785.3 1578
Volume conc. (μm3/cm3) 119.2 0.84 24.5 ± 21.8 16.2
Mass conc. (μg/m3) 178.7 1.26 36.75 ± 32.68 24.25
Surface conc. (μm2/cm3) 1603.3 9.4 364.4 ± 331.6 214
ED (μm) 2.63 0.1 0.5 ± 0.5 0.32

σsc: aerosol scattering coefficients; σbsc: backscattering coefficients;
σab: absorption coefficients; [BC]conc.: the black carbon (BC)
concentration; α: Angström exponent; βsc: backscattering
ratio; ω: the single scattering albedo; ED: effective diameter.
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The values of BC concentration ranged from 0.13 to 2.98 μg/m3

with themean value of 0.95 ± 0.94 μg/m3, which corresponded to
the calculated aerosol σab (550 nm) in the range 1.05–23.96 Mm−1,
and with the mean value of 7.62 ± 7.55 Mm−1. It should be noted
that the large standard deviation for each variable reflected the
strong fluctuation of themeasured aerosol properties. The values
Table 3 – Aerosol optical properties at other sites in China.

Site Period σsc

(Mm−1)
σab

(Mm−1)
β

PKU, Beijing (urban) 1999.06 488 (at 530 nm) 83 (at 565 nm) n/

Yangtze delta
region (rural)

1999.11 353 (at 530 nm) 23 (at 565 nm) n/

Yulin (desert) 2001.04 158 (at 530 nm) 6 (at 565 nm) n/

Lanzhou (urban) 2001–2002,
winter

307 (at 450 nm)
226 (at 550 nm)
131 (at 700 nm)

n/a 0.

SDZ (rural) 2003–2005 174.6 (at 525 nm) 17.5 (at 525 nm) n/

Bejing (rural) 2005.03 468 (at 550 nm) 65 (at 550 nm)

Guangzhou (urban) 2004.10–11 463 (at 530 nm) 92 (at 530 nm)

PKU, Beijing (urban) 2005–2006 288 (at 525 nm) 56 (at 532 nm)

Shouxian,
Anhui (rural)

2008.5–12 401 (at 550 nm) 29 (at 550 nm)

Shanghai 2010.12–
2011.3

293 (at 532 nm) 66 (at 532 nm)

Xi'an 2009 525 (at 520 nm) 83
Chengdu 2011 456 (at 520 nm) 96 (at 532 nm)

Taiyuan (urban) 2013.8
Near surface
Total

189 (at 550 nm)
51

15 (at 550 nm)
7.6

0.
0.

n/a: Not available.
of α ranged from 0.03 to 5.02 with the mean value of 1.93 ± 0.46.
The average value of βsc was 0.15 ± 0.06. According to the
calculation based on Mie theory, the ratio will be larger than
0.10 if the particles' diameters are under about 1.5 μm. So, the
relatively high values of both α and βsc indicated that the
scattering is dominated by fine particles, and a larger fraction of
submicron particles dominated the total aerosol loading in the
region during the experiment. The statistical results show
that the mean and median values of ω(550 nm) obtained were
0.91 ± 0.05 and 0.93. The mean values are: aerosol number
concentration 2162.7 ± 1785.3 cm−3; volume concentration
24.5 ± 21.8 μm3/cm3; mass concentration 36.75 ± 32.68 μg/m3;
surface concentration 364.4 ± 331.6 μm2/cm3. The ED of most
aerosol particles was smaller than 0.8 μm during the observa-
tion, and the mean value was 0.5 μm.

The measure obtained data were compared with results
recorded in other sites in China (see Table 3). For instance, the
aerosol scattering coefficient values obtained in Beijing aremuch
larger than the Yulin, Lanzhou, and SDZ sites, and those values
were comparable to those obtained at a rural area of the Yangtze
Delta Region in eastern China and Chengdu in southwestern
China. The aerosol scattering coefficient observed in this study is
smaller thanmost of theother sites list inTable 3 except forYulin
and SDZ. The aerosol absorption coefficient obtained here is
larger than that recorded in Yulin, comparable to SDZ, and
smaller than other sites. Theβsc obtainedhere is nearly the same
as that in Lanzhou, which indicates that most aerosol particles
were small in the observation area. All of theω in the table are in
the range from 0.8 to 0.95, which is consistent with the results
sc ω Instruments Reference

a 0.81
(at 550 nm)

PSAP,
Nephelometer M903

Bergin et al.
(2001)

a 0.93 PSAP,
Nephelometer M903

Xu et al. (2002)

a 0.95 PSAP,
Nephelometer M903

Xu et al. (2004)

16 Nephelometer M3563 Zhang et al.
(2004)

a 0.88
(at 525 nm)

Aethalometer AE31,
Nephelometer M9003

Yan et al. (2008)

0.81–0.85 PSAP,
Nephelometer M9003

Li et al. (2007)

0.84 PSAP, M903 Andreae et al.
(2008)

0.8
(525 nm)

Aethalometer AE16,
Nephelometer M9003

He et al. (2009)

0.92 Nephelometer TSI 3563, PSAP Fan et al. (2010)

0.81 Nephelometer M9003;
Aethalometer, Model AE-31

Xu et al. (2012)

Nephelometer, Model Aurora1000 Cao et al. (2012)
0.82 Nephelometer, Model Aurora1000G;

Aethalometer, Model AE-31
Tao et al. (2014)

15
15

0.94
0.91

Nephelometer TSI3563, MAAPM5012 This work
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of Dubovik et al. (2002). It must be pointed out that all the
other measurements were taken from the ground, and are
long-time-series observations. By contrast, the results in this
study are from just four airborne measurements, and the
data in Table 3 are the mean values observed below 1000 m
height (The altitude of the ground surface is 778 m) during
the flights, which cannot reflect the long-range state of the
aerosol properties on the ground.

2.2. Vertical profiles of aerosol concentration and ED

Previous aircraft observational studies showed that aerosol
vertical profiles have a close relationshipwith thePBL structure,
including the vertical distribution of T and RH (e.g., Johnson
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Fig. 3 – Vertical profiles of temperature (T ) and relative humidity
TIL: temperature inversion layer.
et al., 2000; Zhang et al., 2006). The vertical profile of aerosol is
relatively uniform within the boundary layer, and decreases
obviously with height above the boundary layer. Fig. 3 shows
mean the vertical profiles of T and RH during each flight.

In all the flights, temperature decreased with height. A
shallow temperature inversion layer (TIL) was seen at the
height of 1500–2000 m on 13, 19 and 20 August, and another
obvious TIL was observed between 3000 to 3500 m for the four
flights. On 28 August, there was a deep TIL above 3800 m. The
RH was relatively low on 19 August and the maximum value
was no more than 60% in the vertical direction. The RH was
higher at the height of 2000–2500 m on 20 August, and the
maximum value was nearly 90%. In total, the RH values near
the surface were low, and increased with height, and were
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relatively higher at the height range from 2000 to 3500 m,
which may be because of the effects of light cumulus clouds
occurring in these layers.

In terms of radiative forcing of climate, the sub-micrometer
size range is most relevant for light scattering because it
comprises particles with diameters comparable to the wave-
length of the visible solar radiation (Cheng et al., 2008). Therefore,
the concentration and size of aerosol particles from 0.1 to 3 μm
are discussed first. Fig. 4 shows the mean vertical profiles of
aerosol number concentration (Fig. 4a), mass concentration
(Fig. 4b), surface concentration (Fig. 4c), and ED (Fig. 4d) of the
four flights. 13 and 20 August were haze days, and the aerosol
number concentration was high during these two days. Another
two flights on 19 and 28 August were carried out on clear days.
The vertical profiles of aerosol concentration showed different
shapes in each flight because of different observation time ranges
and different weather conditions. Looking at the profiles ofmean
value (black line with hollow circles), all of the aerosol concen-
trations stayed nearly uniform from the surface to 1500 m, then
decreased sharplywithheight,whichwas similar to the results of
500

1000

1500

2000

2500

3000

3500

4000

0 2000 4000 6000 8000

a

A
lti

tu
de

 (
m

)

Number concentration (cm-3)

2013-08-13 2013-08-19 201

500

1000

1500

2000

2500

3000

3500

4000

0 500 1000 1500 2000

c

A
lti

tu
de

 (
m

)

Surface concentration (µm2/cm3)

Fig. 4 – Vertical profiles of mean aerosol number concentration (a), m
diameter (ED) (d) from all flights. Horizontal black lines: the range of
altitude level.
Li et al. (2015). The first peak in aerosol concentration appeared
around 1800 m, which was an obvious aerosol accumulation
layer, and the second peak in aerosol concentration was seen at
the height of 2300–2500 m. Combined with the vertical temper-
ature profiles (Fig. 3), on most of the four flights two TILs
occurring below 2000 m and above 3000 m were responsible for
the two peaks of aerosol concentration in the vertical direction.
On 28 August, the aerosol number concentration decreased
from the surface with altitude initially, but then increased with
altitude from3300 mupward, whichmay be due to the deep TIL
layer at the higher level of 3700 m on that day. Thus, weather
conditions, especially the vertical profile of temperature,
have a strong effect on the aerosol vertical distribution (Li
et al., 2015).

In general, ED showed no obvious trend with altitude. Two
peaks of ED were measured along the vertical direction. The first
peak value of EDoccurred between 2000–2500 mandanother one
appeared above 3500 m. Most ED of aerosols were less than
0.8 μm. Snider et al. (2000) showed that RH has an effect on
aerosol particle size distributions. High RH values were seen
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above 2000 m, andmost of the peak values of EDweremeasured
above 2000 m in this study, but no strict correlation between RH
and aerosol size was seen. The ED represents the mean size of
aerosols, so aerosols with different ED generally come from
different sources. The combination of information from vertical
profiles of aerosol concentration and ED canhelp us to determine
the source of the aerosols. In this study, the majority of aerosols
under 2000 mwere finemode particles with ED less than 0.5 μm,
which suggests that these particles might originate from local
or regional pollution emissions. Relatively large particles distrib-
uted at higher altitudes may suggest that these particles were
transported to the region from desert areas afar.

Atmospheric aerosols are comprised of different chemical
components and a variety of different-sized particles. The
distribution of aerosol particle number density with particle
size, known as the particle average spectrum distribution, is an
important physical quantity used to describe the aerosol number
size distribution. Aerosol particles in different areas and in
different atmospheric environments have different spectrum
distributions. A change in atmospheric conditions will change
the particles' properties, leading to a change in particle spectrum.
Fig. 5 shows the time series of aerosol spectrum distribution
during the flight on 13 (Fig. 5a) and20August (Fig. 5b). On average,
the magnitude of aerosol particle number concentration was
about 103 cm−3, and the maximum value of aerosol particle
number concentration was more than 104 cm−3. The peak in the
aerosol number concentration was seen at 0.2–0.3 μm, and all of
the large values appeared at the beginning or the end time of the
flight when the airplane was near the ground at lower altitude.
The aerosol number concentrations with ED larger than 0.5 μm
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Fig. 5 – Time series of aerosol spectrum distribution during the f
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were on the order of 102 cm−3, and the aerosol number
concentrations with ED larger than 0.8 μm were on the order of
10 cm−3 or less. So, fine particles with ED smaller than 0.5 μm
comprised most of the total aerosol concentration during the
flight experiment.

2.3. Vertical distributions of aerosol optical properties

2.3.1. Vertical profiles of aerosol scattering properties
Light scattering by atmospheric aerosol particles affects the
Earth's energy balance and contributes to the negative radiative
forcing of climate. Fig. 6 shows the vertical profiles of aerosol
scattering coefficients (σsc (450 nm), σsc (550 nm), and σsc (700 nm))
(Fig. 6a, b, c, d), Angstrom exponent (α), backscattering coefficient
(βscat) (Fig. 6a1, b1, c1, d1), aerosol mass scattering proficiency
(Qsc), and aerosol surface scattering proficiency (Qsc′ ) (Fig. 6a2, b2,
c2, d2) of the four flight measurements, respectively.

Generally, the values of σsc at 450, 550, and 700 nm
decreased with altitude obviously for most flights, except on
19 August. On 13 and 20August, twohaze days, the values ofσsc

were relatively higher near the ground, and decreased with
height gradually. On 13August (Fig. 6a), the peak ofσsc appeared
at the height of 1500 m with the maximum values of 289.4,
200.9, and 131.6 Mm−1 at 450, 550, and 700 nm respectively.
There were small amounts of light cumulus at the height range
of 2000–2300 m, and σsc was reduced slightly at this level. On
20 August, there were more pollutants in the atmosphere, and
the concentrationof aerosolswashigher. In Fig. 6c, themaximum
value of σsc (511.7, 326.5, and 195.5 Mm−1 at 450, 550, and 700 nm,
respectively) appeared near the ground, and there were two
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peaks of σsc at the heights of 1800 m and 2300 m. The flight was
carried out at night on 20 August, and there were small amounts
of clouds at the heights of 1000–1200, 1800–2300 and 3500–3700 m
according to the flight records. So, the aerosol concentrations
were lower because of the consumption effect within the cloud
layers, which led to the decrease of σsc in these layers. Thus, both
of the vertical profiles showed waves in the vertical direction on
13 and 20 August. August 19 was a clear day, and the value of σsc

was smaller compared to the other three days. The σsc value
changed slightly from the ground to 2700 m, and showed the
peak value (120.5, 72.3, and 45.9 Mm−1 at 450, 550, and 700 nm) at
the height of 3000 m. On 28 August, the maximum value of σsc

(171.3, 117.3, and 83 Mm−1 at 450, 550, and 700 nm, respectively)
appeared near the ground, and decreased smoothly with height.
In total, the aerosol scattering properties in the lower layer
(below 2000 m) contributed the most to the total aerosol
radiative forcing, and this is consistent with the results of
aircraft measurements by Sheridan and Ogren (1999).

The Angström exponent (α) is an intensive parameter that
depends on the aerosol size distribution and increases with
decreasing particle size. Aerosol type can be estimated through
the Angström exponent. In situations where the scattering is
dominated by coarse particles, α values tend to be lower than 1 or
even close to 0. This is a typical signature of desert dust particles.
On the other hand, when α > 1, the scattering is dominated by
smaller particles (Seinfeld and Pandis, 1998). The backscattering
ratio (βsc) is commonly required in radiative transfer models for
the estimationof aerosol-scattered radiation reaching the ground
(Iqbal, 1983). It is one of the parameters required for the
measurement of Lidar, which can directly affect the accuracy of
Lidar detection (Guasta andMarini, 2000). The higher the value of
the ratio, the greater the content of fine particles. Fig. 6a1, b1, c1,
d1 shows the vertical profiles of α and βsc on 13 (Fig. 6a1), 19
(Fig. 6b1), 20 (Fig. 6c1), and 28 August (Fig. 6d1), 2013. In these
figures, the vertical profiles of α and βsc had the same change
trend with altitude, and most of them changed within a small
range. All the values ofαwere larger than 1 and the average value
was about 1.9. Most of the βsc increased a little gradually with
altitude, with an average value of 0.15. Both of α and βsc show
relatively large values, suggesting that most aerosols in the
observational space were small particles and the scattering was
dominated by small particles.

Fig. 6a2, b2, c2, d2 shows the vertical profiles ofQsc andQsc′ on
13 (Fig. 6a2), 19 (Fig. 6b2), 20 (Fig. 6c2), and 28 August (Fig. 6d2),
2013. The Qsc generally decreased from the surface to the height
of 2000 m and then increased upward. The value ranged from
0.67 to 3.97with themean value of 2.06. The vertical profile ofQsc′
had the same trendasQsc, and thevalue changed ina small range
from 0.05 to 0.35 with the mean value of 0.21.

In order to clearly portray the aerosol scattering properties at
different altitudes, the mean values of σsc, α, βsc, Qsc and Qsc′ at
different height range (every 1000 m average) are shown in
Table 4.Most of theparameters decreased fromnear the surface
to higher altitudes, except for βsc. Parameters that characterize
the vertical distribution of the aerosol scattering propertiesmay
be used as an important reference for parameterized schemes
of local climate or radiation numerical models.

2.3.2. Aerosol concentration as a function of σsc

Aerosol number concentration, surface concentration, and mass
concentration as a function of aerosol scattering coefficient are
shown in Fig. 7. Data are from all flights. Linear fits weremade to
the data to determine the correlations between aerosol concen-
tration and σsc without considering the influence of the chemical
composition of aerosols. The correlation coefficients of the linear
regressions are 0.93 (Fig. 7a), 0.91 (Fig. 7b) and 0.81 (Fig. 7c). This



Table 4 – Statistical values of aerosol scattering properties at different altitudes.

Altitude (m) σsc (Mm−1) σbsc (Mm−1) α βsc Qsc Qsc′

778–1000 188.8 ± 110 23.7 ± 13 1.86 ± 0.35 0.13 ± 0.01 2.61 ± 0.87 0.27 ± 0.04
1000–2000 108.6 ± 84.8 14.9 ± 11.8 1.78 ± 0.31 0.14 ± 0.01 2.17 ± 0.76 0.24 ± 0.04
2000–3000 51.1 ± 37.8 7.1 ± 4.8 1.78 ± 0.26 0.15 ± 0.02 1.91 ± 0.77 0.19 ± 0.05
3000–4000 26.5 ± 19.1 3.9 ± 2.8 2.03 ± 0.53 0.16 ± 0.07 1.98 ± 0.79 0.19 ± 0.09

Data are presented as mean ± standard deviation.
Qsc: mass scattering efficiency; Qsc′: surface scattering efficiency.
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suggested that a linear fit of aerosol number concentration with
σsc was more suitable in this study.

2.3.3. Vertical distribution of aerosol absorption properties
Table 5 shows the statistical values of aerosol absorption
properties at different altitudes during the flights on 20 and 28
August. The data are themeanvalues for 1000 msegments in the
vertical direction. All the values of BC concentration, σab and ω
decreased from near the surface to higher altitudes. On 20
August, a haze day, the values of BC concentration and σab were
larger than those on 28August,whichmay be due to the different
observation areas, weather conditions and aerosol sources. The
value of ω ranged from 0.9 to 0.95 with no obvious difference
between the two flights.

2.4. Forty-eight hour backward trajectories of air masses

In order to analyze the source of aerosol particles over the
observation region, the forty-eight hour backward trajectories
of air masses were simulated during the experiment period by
using the Hybrid of Single Particle Lagrangian Integrated
Trajectory (Hysplit) model (Draxler and Hess, 1997) from the
Atmosphere Research Laboratory (ARL) of the National Oceanic
and Atmospheric Administration (NOAA) and the Australian
Bureau of Meteorology. The American meteorological center
global environmental prediction data assimilation system
(NECP, GDAS) 1° × 1° meteorological field was adopted for
modeling, and the backward trajectory end-station was Taiyuan
station. Four heights above ground level (AGL) (500, 1500, 2500,
3500 m) were selected for the simulation. Fig. 8 shows the results
of forty-eight hour backward trajectories of air masses on 13, 19,
20, and 28 August, 2013 in Taiyuan.

On 13 (Fig. 8a) and 20 August (Fig. 8c), the atmosphere was
relatively stable and the vertical transport of aerosols was weak.
The majority of aerosols below 2000 m height originated from
local or regional pollutant emissions in the direction of the south
and southeast region from Taiyuan. Particles distributed at
higher altitudes were transported from the west areas afar. On
20 August (Fig. 8c), parts of the aerosols came from the high level
(above 3000 m) transport because of the Gravity sedimentation
effect, besides the local emissions. On 19 (Fig. 8b) and 28 August
(Fig. 8d), therewere very few aerosols from local ground emission
and most of the aerosols were transported from the north
and west areas afar and fell to lower level, because of gravity
sedimentation from high levels above 3000 m. The combina-
tion of vertical distributions of aerosol concentration and
aerosol optical properties suggested that the majority of
aerosols in the lower level below 2000 m contributed most of
the aerosol loading on 13 and 20 August, which led to high
values of aerosol concentration and optical properties, and
most of these particles originated from local or regional
pollution emissions. Aerosols transported from the north



Table 5 – Statistical values of aerosol absorption properties
at different altitudes.

Date Altitude
(m)

[BC]conc.
(μg/m3)

σab (500 nm)

(Mm−1)
ω

2013-8-20 778–1000 2.81 ± 0.15 22.58 ± 1.22 0.93 ± 0.00
1000–2000 1.89 ± 0.91 15.16 ± 7.33 0.94 ± 0.02
2000–3000 1.07 ± 0.8 8.63 ± 6.45 0.92 ± 0.05
3000–4000 0.67 ± 0.61 5.32 ± 4.89 0.90 ± 0.11

2013-8-28 778–1000 0.86 6.91 0.95
1000–2000 0.34 2.73 0.94
2000–3000 0.25 ± 0.08 1.98 ± 0.65 0.92 ± 0.03
3000–4000 0.26 ± 0.04 2.11 ± 0.33 0.89 ± 0.02

Data are presented as mean ± standard deviation.
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and west areas dominated the observation regions on 19 and
28 August, which led to relatively lower values of aerosol
concentration and optical properties.
Fig. 8 – Forty-eight hour backward trajectories of air masses o
3. Conclusions

The vertical profiles of aerosol concentration and size distribu-
tions as well as the aerosol optical properties were obtained
through analyses of aerosol measurements collected during a
summertime aircraft campaign over the Loess Plateau in China.

Statistical values of the aerosol properties in this experiment
period were obtained and compared with results recorded in
other sites in China. Bothσ andβsc showed relatively high values,
indicating that the scatteringwasdominatedby fineparticles and
a larger fraction of submicron particle loading in this region
during the experiment.

Mean vertical profiles of aerosol concentration and ED were
analyzed. The aerosol spectrum distribution showed that the
average aerosol number concentrations were about 103 cm−3.
The peak in the aerosol number concentrationwas at 0.2–0.3 μm,
and all of the large values appeared at lower altitude. Fine
n 13 (a), 19 (b), 20 (c), and 28 August (d), 2013 in Taiyuan.
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particleswith ED smaller than 0.5 μmcomprisedmost of the total
aerosol concentration during the flight experiment.

The vertical profiles of σsc, α, βscat, Qsc and Qsc′ were studied.
The aerosol scattering properties below 2000 m contributed the
most to the total aerosol radiative forcing. Themeanvalues ofσsc,
α, βsc, Qsc and Qsc′ at different height ranges showed thatmost of
the parameters decreased with altitude. The values of BC
concentration, σab and ω decreased from the surface to higher
altitude. Parameters that characterize the vertical distribution of
aerosol optical properties can provide valuable references for
parameterized schemes of local climate or radiation numerical
models.

The forty-eight hour backward trajectories of air masses
during the experiment period showed that the majority of
aerosols in the lower level dominated the total aerosol loading,
leading to high values of aerosol concentration and radiative
forcing, and most of these particles originated from local or
regional pollution emissions.
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