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Lidar, radiosonde, and ground-based in situ nephelometer measurements made during an
intensive ﬁeld campaign carried out from July to September 2014 at the Xinzhou
meteorological station were used to determine the aerosol hygroscopic growth effect in a
cloud-capped, well-mixed boundary layer. Aerosol hygroscopic properties at 355 and
532 nm were examined for two cases with distinct aerosol layers. Lidar-derived maximum
enhancement factors in terms of aerosol backscatter coefﬁcient derived using a relative
humidity (RH) reference value of 85% were 1.19 at 532 nm and 1.10 at 355 nm for Case I
and 2.32 at 532 nm and 1.94 at 355 nm for Case II. To derive the aerosol particle hygroscopic growth factor at speciﬁc RH values, the Kasten and Hänel models were used. A
comparison of the goodness of ﬁt for the two models showed that the Kasten model
performed better. The hygroscopic growth curve for RH 4 90% was much steeper than that
for RH in the range of 85–90%. The slopes of the lidar-derived enhancement factor curve
(measured from 85% to 95% RH) and the nephelometer-derived enhancement factor curve
(measured from 40% to 62% RH) in Case I show similar trends, which lends conﬁdence to
using lidar measurements for studying aerosol particle hygroscopic growth. Data from a
ground aerosol chemical speciation monitor showed that the larger values of aerosol
hygroscopic enhancement factor in Case II corresponded to greater mass concentrations of
sulfate and nitrate in the atmosphere.
& 2016 Published by Elsevier Ltd.
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The importance of atmospheric aerosols in earth's
climate has been widely recognized [1,2]. Aerosols affect
solar radiation directly by scattering or absorbing solar
radiation and indirectly by acting as cloud condensation
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nuclei (CCN), which is closely related to aerosol hygroscopicity [1,3,4]. Likewise, the swelling of aerosols due
to water vapor uptake enhances their ability to scatter
solar radiation. In this way, aerosol hygroscopic growth
plays an important role in the earth's radiation budget
[5–7].
Numerous studies over the past years have investigated
the hygroscopic growth effect on aerosol optical and
microphysical properties in terms of the hygroscopic
growth factor, or f ðRHÞ where RH is the relative humidity.
Much of the recent research has been done using
data collected from humidiﬁed nephelometers [3,8]
and humidiﬁed tandem differential mobility analyzers
(HTDMAs) [9–11]. However, these instruments have their
limitations. For example, because of their experimental setup, humidiﬁed nephelometers cannot expose air samples to
RHZ85% without risking condensation on their chilled
mirrors, which would result in spurious measurements.
HTDMAs have the advantage of being able to size-select
aerosol particles before exposing them to a controlled
humidity environment, but have difﬁculties in reaching RH
above  90%. It is the RH range of 85–100% that is of more
pertinent to the ability of aerosols to act as CCN. Another
limitation of these instruments is that they can change
aerosol properties in the process of drying air samples and
re-humidifying them again to a certain RH level. Aerosol
particles can also be lost in the sampling line.
Lidar remote sensing is an alternative way to study
aerosol hygroscopicity. One advantage of using lidars is
that measurements can be made at ranges close to
saturation. Another advantage is that the enhancement in
backscatter due to changes in RH is measured under
ambient and unperturbed atmospheric conditions. However, because aerosols sampled by a lidar are not controlled in any way, lidar applications for hygroscopic
growth studies must be limited to cases where the same
type of aerosol exists in at least a portion of a proﬁle and
where RH values vary widely. Observed differences in
aerosol properties can be then be attributed primarily to
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water uptake as RH increases. Many studies have focused
on using lidars to study aerosol hygroscopicity with promising results. In general, RH proﬁles are required for the
analysis of aerosol hygroscopicity. Most of these studies,
though, make many assumptions to obtain RH proﬁles
[8,12] or use quite distant radiosonde measurements that
are not collocated with the lidar used [13]. Besides, few
studies have examined the association between lidarderived aerosol hygroscopic properties and in situ aerosol chemical composition obtained using a ground-based
aerosol chemical speciation monitor (ACSM).
In this study, a methodology to investigate aerosol
hygroscopic growth primarily based on a threewavelength Mie polarization Raman lidar (TMPRL) is
developed and applied to data collected at the Xinzhou
meteorological station in China. A description of the ﬁeld
campaign and the instruments used is given in Section 2.
Section 3 describes the methodology and Section 4 presents the results. Conclusions are given in Section 5.

2. Field campaign and instrumentation
An intensive ﬁeld campaign was carried out from July
to September 2014 at Xinzhou in Shanxi Province (Fig. 1).
The measurement site was situated at the Xinzhou
meteorological station (38.39°N, 112.7°E, at an elevation of
870 m above sea level, or ASL), which is located to the west
of the city. The land surrounding the site is a mix of agricultural, residential, and industrial. The temperate continental monsoon climate over this area, along with the
increase in local emissions of anthropogenic aerosol particles, may have a strong impact on regional air quality and
climate.
For a better understanding of the impact of aerosol
hygroscopic growth on aerosol scattering properties, a
TMPRL was used. The TMPRL, a self-contained, fully
automated system designed for continuously measuring
aerosol optical properties such as the extinction

Fig. 1. Left panel: Map showing Shanxi Province in China (red shaded area). Right panel: Location of the experimental site (red solid circle). The altitude is
height above sea level. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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coefﬁcient, the Ångstrom exponent, and the depolarization
ratio, is the primary source of data analyzed in this study
[14]. The lidar system emits three laser beams simultaneously at 355, 532, and 1064 nm. The detection system
records the elastic signals at these three wavelengths and
nitrogen Raman signals at two other wavelengths, namely,
387 and 607 nm. The perpendicular and parallel polarized
components of the backscattered signal at 532 nm are also
detected, which allows for the study of the depolarization
properties of atmospheric aerosols. The TMPRL operates
continuously with a time resolution of 30 s and a range
resolution of 7.5 m.
Proﬁles of atmospheric relative humidity (RH), temperature and pressure were obtained from radiosonde
measurements which is located 50 m north of the TMPRL
site. To make sure of the accuracy for these parameters, a
comparison experiment between Vaisala radiosonde
RS92-SGP and Beidou radiosonde CFL-GNSS-JS was also
conducted on 4 September. The comparison results are
shown in Fig. 2. It is clearly indicated that both radiosonde
systems have almost the same performance. Therefore, the
accuracy of the parameters required in our study can be
guaranteed with each radiosonde system. Normally, Beidou radiosonde CFL-GNSS-JS was launched four times a
day during this ﬁeld campaign. RH proﬁles were measured
at a resolution of 0.1% RH and with a total uncertainty of
1.5% RH. These measurements are used to derive an
extinction-based aerosol hygroscopic enhancement factor,
f(RH). Temperature and pressure proﬁles were also
obtained at a resolution of 0.01 °C and 0.1 h Pa, respectively, and with total uncertainties of 0.1 °C and 1 h Pa,
respectively, within the atmospheric pressure range of
1080–100 h Pa.
A scattering nephelometer was used to provide another
set of f(RH) measurements at ground level. The nephelometer aspirates an air sample, dries it, and then re-

exposes it to varying levels of RH. RH levels in the
nephelometer ranged from 40% to 62% in this study.
Measurements used here were 15-s averages. Submicron
aerosol compositions, including organics, sulfate, nitrate,
ammonium, and chloride were also measured at ground
level by an aerosol chemical speciation monitor (ACSM)
located at the site at a time resolution of 8 min. A
detailed description of the ACSM sampling and data analysis was given in Wang et al. [15].
Back trajectories calculated using the Hybrid SingleParticle Lagrangian Integrated Trajectory (HYSPLIT) model
[16] were used to classify the sources of aerosols aloft.
Traces of different pollutants have a signiﬁcant impact on
local aerosol hygroscopicity. The back trajectories at different height levels of interest over 36 h were calculated
based on 6-hourly archived meteorological data provided
by the U.S. National Centers for Environment Prediction's
Global Data Assimilation System. The relative errors of the
trajectories under low wind conditions are  40%.

3. Methodology and data processing
3.1. Selection of hygroscopic growth cases
Temporally matched TMPRL and radiosonde proﬁle
measurements made under cloud-capped and well-mixed
boundary layer conditions form the dataset used to study
aerosol hygroscopicity. The lidar range corrected signal at
1064 nm and radiosonde based RH proﬁles [17] were used
to select the presence of clouds. Potential temperature (θ)
and water vapor mixing ratio (r) proﬁles were used to
determine whether the boundary layer was well-mixed.
Firstly, the change rate of potential temperature ∂θ=∂z and
water vapor mixing ratio ∂r=∂z among the selected layers
are calculated, then we set maximum thresholds as 0.01

Fig. 2. Vertical proﬁles of temperature (a) and RH (c) from both Vaisala radiosonde RS92-SGP and Beidou radiosonde CFL-GNSS-JS at 00:02 on September 4.
Red solid line denotes the Beidou radiosonde and the blue solid line denotes the Vaisala radiosonde. The difference of temperature (b) and RH (d) between
the proﬁles detected from the two systems shown in black solid lines. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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for the absolute values and 0.005 for the mean values of
each variable respectively. Once values among the selected
layer are below the threshold range, vertical homogeneity
in the analyzed layers can be guaranteed. This information
is needed to establish the vertical homogeneity of atmospheric aerosols. In general, constant θ and r proﬁles are
good indicators of well-mixed conditions within the
atmosphere [3,8,18]. Aerosol hygroscopic growth is usually
happening when enhancement of aerosol optical properties such as the aerosol backscatter coefﬁcient (β) is seen.
So layers in the atmosphere where there is an increase in
the aerosol particle backscatter coefﬁcient are selected. A
coincident increase in RH in the layers selected is also
required. Once these criteria were met, a more detailed
quantitative study of aerosol hygroscopic properties was
done. Another ancillary tool called HYSPLIT was also
applied in the indication of the atmospheric transport and
dispersion of pollutants. Air mass backwards trajectories
over 36 h at different altitude levels were calculated using
the 6 hourly archived meteorological data provided by the
US National Centers for Environmental Prediction (NCEP).
Different traces of pollutants have a signiﬁcant impact on
the local aerosol hygroscopicity. All data are reported in
Beijing Time (BJT) except for HYSPLIT model output which
is reported in Coordinated Universal Time (UTC). Note that
BJT¼ UTCþ8 h.
3.2. Aerosol optical properties and hygroscopicity
Proﬁles of β are derived using the Raman–Mie inversion algorithm at 355 and 532 nm [19,20]. The enhance
ment factor for the backscattering coefﬁcient, f β RH; λ , is
expressed as



f β RH; λ ¼ β RH; λ =β RH ref ; λ ;
ð1Þ
where β(RH, λ) and β(RHref, λ) represent aerosol backscattering coefﬁcients at a certain RH value and at a
reference RH value, respectively, at wavelength λ. The
lowest value of RH in the aerosol layer under study is
chosen as RH ref .
In a similar manner, the effect of water uptake on the
nephelometer-measured aerosol total scattering coefﬁ
cient at 525 nm, f σ RH; λ , is expressed as



f σ RH; λ ¼ σ RH; λ =σ RH ref ; λ ;
ð2Þ


where σ RH; λ and σ RH ref ; λ represent total scattering
coefﬁcients at a certain RH value and at a reference RH
value, respectively, at wavelength λ. To derive f ðRHÞ at
speciﬁc RH values for both the lidar and the nephelometer,
the Hänel model and the Kasten model are used. A oneγ
 
parameter ﬁt, f ζ RH; λ ¼ ð1  RHÞ=ð1 RH ref Þ
[5,21], or


b
a two-parameter ﬁt, f ζ RH; λ ¼ a 1  RH=100
[22,23],
is selected based upon which model has the best χ 2
goodness of ﬁt. For the Hänel model, γ represents the
f ðRHÞ of aerosols. Larger γ values correspond to more
hygroscopic aerosol types.
To examine aerosol hygroscopic properties and changes
in particle shape, the Ångstrom exponent and the volume
linear depolarization ratio were calculated using lidar
signals at 355 and 532 nm, and the perpendicular and
parallel components of the lidar signal at 532 nm,
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respectively. If these two parameters simultaneously
decrease with altitude in the aerosol layer under study,
this indicates that the aerosol particles have become larger
and more spherical due to water uptake.
In addition, the total uncertainty of the enhancement
factor is very difﬁcult to determine because it highly relies
on the uncertainties of many factors including the aerosol
properties, the relative humidity, the range of RH considered as well as the hygroscopic growth itself and
therefore it is not well characterized yet. Future studies are
still required to quantify the enhancement factor
uncertainty.
3.3. Aerosol chemical properties
Because aerosol acidity is a key parameter affecting
aerosol hygroscopic growth, different aerosol chemical
compositions may lead to different hygroscopic growth
factors [24]. To examine this parameter, the measured
NH4þ mass concentration is compared with the amount
needed to fully neutralize sulfate, nitrate, and chloride ions
(NH4þpredicted ). The predicted mass concentration is given
by



NH4þpredict ¼ 18  2  SO24  =96 þ NO3 =62 þ Cl =35:5 ;
ð3Þ
SO24  ,

NO3 ,



where
and Cl represent the mass concentrations (in μg m  3) of sulfate, nitrate, and chloride
ions. The denominators are the molecular weights of these
three chemical species and 18 is the molecular weight of
NH4þ . Particles are considered as “more acidic” if the
measured NH4þ concentration is noticeably (by 25% or
more) lower than the predicted value and as “bulk neutralized” if the two values are similar. This approach is
valid given that the inﬂuences of metal ions, organic acids,
and bases on NH4þ predicted values are negligible [25].

4. Results and discussions
4.1. Lidar-estimated hygroscopic measurements and
trajectories
Two potential cases were selected: one on 29 August
2014 (Case I) and the other on 10 September 2014 (Case II).
Radiosonde launch times for each case are 1900 BJT and
1859 BJT, respectively. Data from these cases were ﬁrst
examined to establish that the criteria for proceeding with
the analysis of aerosol hygroscopic properties were met.
Fig. 3 shows time series of the lidar range-corrected
signal at 1064 nm. Cloud base heights estimated from the
radiosonde proﬁle obtained from those particular launches
are also shown ( 157576 m for Case I and 1013 75 m
for Case II). Since the Beidou radiosonde measures data
every 1 s with an average ascent rate of about 6 m/s in
Case I and 5 m/s in Case II, resulting in a vertical resolution
of 6 m (6 m ¼6 m/s  1 s) in Case I and 5 m (5 m ¼5 m/
s  1 s) in Case II. A strong increase of the range-corrected
signal where a radiosonde-estimated cloud base was
identiﬁed is seen in both cases. This indicates that a cloud
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layer has been reached. Lidar proﬁle data collected close to
the times associated with the radiosonde-estimated cloud
base measurements are chosen for further analysis.
Potential temperature and water mixing ratio proﬁles
for Case I and Case II are shown in Figs. 4 and 5, respectively. The detailed values of criterion results are listed in
Table 1. From this table, it is suggested the analyzed layers
are well mixed below the cloud layer.

Fig. 3. Time series of the lidar range-corrected signal at 1064 nm for
(a) Case I on 29 August 2014 from 19:00:30–19:30:30 BJT and (b) Case II
on 10 September 2014 from 18:59:30–19:29:30 BJT. Radiosonde-estimated cloud base heights are shown as black solid triangles in each
panel. Note that the limits of the ordinates in (a) and (b) are different.

Figs. 4 and 5 also show vertical proﬁles of β at 355 and
532 nm for Case I and Case II, respectively. In both cases,
there is an increase seen in both β and RH between 1440
and 1572 m above ground level (AGL) for Case I (Fig. 4) and
between 860 and 1090 m AGL for Case II (Fig. 5). These
boundaries deﬁne the aerosol layers near cloud layers.
Table 2 lists the magnitudes of the aerosol backscatter
coefﬁcients at these boundary levels.
Using aerosol backscattering coefﬁcients at 355 and

532 nm, and the RH proﬁles from Figs. 4 and 5, f β RH; λ is
calculated according to Eq. (1). The reference RH value was
set to 85%. The aerosol backscattering coefﬁcient increased
by a factor of 1.10 at 355 nm and by a factor of 1.19 at
532 nm as RH changed from 85% to 93%, i.e., change in
backscatter coefﬁcients at 532 nm is stronger than that at
355 nm. Backscattering coefﬁcients obtained at RH498%
are not considered here because as RH approaches
saturation, a small error in estimating the cloud base
height can lead to a large error in RH and subsequently in

f β RH; λ [8]. For Case II (Fig. 6b), the aerosol backscattering coefﬁcient increased by a factor of 1.94 at
355 nm and by a factor of 2.32 at 532 nm as RH changed
from 85% to 93%, i.e., change in backscatter coefﬁcients at
532 nm is more than that at 355 nm. In comparison,
Wulfmeyer [26] obtainedf β ð98%; 532nmÞ of  2.1 over an
island in the Baltic Sea, while Feingold [3] reported
f β ð93%; 532nmÞ ¼ 1:5 off the coast of southern California.
Given the differences in aerosol types (composition and
size), these numbers may not be comparable in a quantitative sense. They are given here just for a broad perspective. The R-square values for the two cases in Table 3
show that the Kasten model generally performs better
than the Hänel model. The γ values from the Hänel parameterization are larger in Case II than in Case I at both 355
and 532 nm.

Fig. 4. Vertical proﬁles of (a) backscattering coefﬁcient at 355 nm, (b) backscattering coefﬁcient at 532 nm, (c) relative humidity, (d) potential temperature,
and (e) water mixing ratio. Horizontal gray lines represent the boundaries of the aerosol layer (1440–1572 m above ground level). Data are from 29 August
2014 close to the radiosonde launch time (Case I). Horizontal error bars denote the uncertainty of each property.
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Fig. 5. Same as Fig. 3, but for data from 10 September 2014 close to the radiosonde launch time (Case II). Horizontal gray lines represent the boundaries of
the aerosol layer (860–1090 m above ground level). Horizontal error bars denote the uncertainty of each property.
Table 1
Range of values and mean value for ∂θ=∂z and ∂r=∂z among the selected
layers in Case I and Case II. θ refers to potential temperature and r refers
to water vapor mixing ratio.
Case I

∂θ=∂z (θ Potential
temperature)
∂r=∂z (r Water
vapor mixing
ratio)

Case II

Range

Mean

Range

(  0.0014,
0.0047)
(  0.0021,
0.0074)

0.0006 (  0.0019,
0.0100)
0.0023 (  0.0048,
0.0094)

Mean
0.0035
0.0009

A qualitative comparison was made using groundbased nephelometer measurements at 525 nm taken during the period represented by Case I. The trends in the

slopes of the lidar-based f β RH; λ – RH relationship and
the nephelometer-based enhancement factor for the light

scattering coefﬁcient (f σ RH; λ ) – RH relationship are
shown in Figs. 6a and 7, respectively. Although nephelometer and lidar remote sensing techniques differ and it is
difﬁcult to compare them quantitatively, both proﬁles
show similar increasing trends. This provides conﬁdence
in using lidar measurements for studying aerosol hygroscopic growth.
To further validate the optical properties of aerosol
hygroscopic growth, the Ångstrom exponent (355–
532 nm) and the volume linear depolarization ratio were
calculated (Figs. 8 and 9). The two parameters decreased
with height in Case I and Case II, which suggests an
increase in aerosol particle size at higher altitudes and an
increase in particle sphericity. The magnitude of the Ångstrom exponent is close to 0 and sometimes negative,
which also suggests the presence of clouds. This is typical
of hygroscopic growth. In Case I, the depolarization ratio
was less than 0.05 within the aerosol layer (Fig. 8), indicating the dominance of spherical particles in that layer. In

Case II, the Ångstrom exponent and the depolarization
ratio decreased from 1.114 to 0.499 and from 0.05 to 0.04
(Fig. 9), respectively, within the aerosol layer. The decrease
in Ångstrom exponent and the aerosol volume linear
depolarization ratio with height in Case II was stronger

than in Case I. This may be why f β RH; λ is higher in Case
II. Table 4 summarizes the magnitudes of the Ångstrom
exponents and volume depolarization ratios at the
boundaries of the aerosol layers representing Case I and
Case II.
The aerosol layers present over the Xinzhou site during
the two case studies originated from different sources,
according to the HYSPLIT-based 36-h back trajectory analysis (Fig. 10). Case I represents an aerosol layer advected in
from the desert region of Inner Mongolia (Fig. 10a). This
aerosol layer likely contains soil and dust. Case II represents an aerosol layer advected in from a nearby source
(Fig. 10b). This aerosol layer is likely comprised of
anthropogenic aerosols from south of Hebei Province
(38.03°N, 114.26°E). The back trajectory analysis shows
that the air mass was traveling close to the ground prior to
arrival at the site on 10 September, so likely picked up
more and more anthropogenic aerosols along the way.
4.2. Comparison with ACSM measurements
Statistics regarding the mass concentrations of each
chemical species at ground level around the time of the
Case I and Case II radiosonde launches are shown in
Figs. 11a and b. Organics, sulfate, and nitrate were the
major aerosol components in both cases. The composition
of PM1 during Case I was 40% organics, 36% sulfate, 13%
nitrate, 10% ammonium, and less than 1% chloride. The
composition of PM1 during Case II was 30% organics, 24%
sulfate, 32% nitrate, 12% ammonium, and 2% chloride.
Fig. 11c shows measured NH4þ as a function of predicted
NH4þ . The slope of the linear regression best-ﬁt line is 0.65,
which suggests that the particles are more acidic [27]. As a

66

M. Lv et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 188 (2017) 60–70

Table 2
Aerosol backscattering coefﬁcients at 355 and 532 nm at the boundaries (above ground level, AGL) of the aerosol layers representing Case I and Case II.
Relative humidity (RH) at the boundary levels are given in parentheses.
Case I

Case II

AGL
(RH)

1440 m
(85%)

1572 m
(93%)

860 m
(85%)

1090 m
(93%)

β355nm (km  1 sr  1)
β532nm (km  1 sr  1)

0.01770.0015
0.0127 0.0005

0.0197 0.0005
0.0157 0.001

0.0577 0.0002
0.025 70.002

0.1147 0.003
0.0617 0.003

Fig. 6. f ðRHÞ at 355 nm (magenta dots) and at 532 nm (blue dots) retrieved on (a) 29 August 2014 in the 1440–1572 m aerosol layer (Case I) and (b) 10
September 2014 in the 860–1090 m aerosol layer (Case II). Color-coded best-ﬁt lines are shown. Mean values of hygroscopicity (γ) are also shown.
Minimum and maximum values of γ are given in parentheses. The reference RH is 85%. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

result, sulfate was in the form of NH4HSO4 and (NH4)2SO4,
nitrate was in the form of NH4NO3, and the dominant form
were correlated
of chloride was NH4Cl. NH4þ and SO2
4
with a Pearson's correlation coefﬁcient equal to 0.75 on 29
August (Case I) and 0.71 on 10 September (Case II). This
also suggests that the main form of inorganics was
NH4HSO4 and (NH4)2SO4, as well as NH4NO3, which does
not include NH4Cl because of its low mass concentration.
The hygroscopicity parameter (κ) values for NH4HSO4,
(NH4)2SO4, and NH4NO3 are 0.56, 0.5, 0.68, respectively
[28,29]. The total mass concentrations of NH4þ , SO2
4 , and
NO
3 are 68% in Case II, which is greater than that in Case
I (59%).

5. Conclusions
A three-wavelength Mie polarization Raman lidar was
used to derive aerosol hygroscopic properties in a well-mixed
and cloud-capped boundary layer. Data from a Vaisala
radiosonde, a ground-based nephelometer, and an ACSM
were also collected during the intensive ﬁeld campaign that
took place during the summer of 2014 in Xinzhou, China.
Cases where there was a concurrent increase in the aerosol
backscattering coefﬁcient and RH were selected to investigate
the aerosol hygroscopic growth factor. Additionally, the
HYSPLIT model was used to determine the sources and
backward trajectories of the air masses arriving at the Xinzhou site during these case studies.

Fig. 7. f ðRHÞ in terms of nephelometer-measured total scattering coefﬁcient. Data are from 29 August 2014 (Case I). The best-ﬁt line is shown.
The reference RH is 40%.

Two cases were selected: 29 August (representing a
case where pollution was brought in from the northwest, Case I) and 10 September (representing a case
where pollution was local, Case II). Maximum values of
the aerosol hygroscopic enhancement factor at 355 and
532 nm (RH ¼93%) were 1.10 and 1.19, respectively, for
Case I. For Case II, maximum values of the aerosol
hygroscopic growth factor at 355 and 532 nm (RH ¼93%)
were 1.94 and 2.32, respectively. To derive f ðRHÞ at
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Table 3
The ﬁt parameters and R-square goodness of ﬁt for the Hänel model and the Kasten model.
Case I

Hänel model γ

355 nm
532 nm

Kasten model (a, b)
355 nm
532 nm

Case II

γ

R-square

γ

R-square

0.12 (0.110, 0.128)
0.24 (0.222, 0.264)
a
b
0.8382
0.0979
0.6963
0.2008

0.90
0.88

0.75 (0.677, 0.818)
1.09 (1.056, 1.122)
a
b
0.2058
0.7902
0.1366
1.0389

0.87
0.98

0.97
0.94

0.92
0.98

Fig. 8. Vertical proﬁles of (a) the Ångstrom exponent (355–532 nm) and (b) the depolarization ratio retrieved from lidar data. Horizontal gray lines
represent the boundaries of the aerosol layer (1440–1572 m above ground level). Data are from 29 August 2014 (Case II). Horizontal error bars denote the
uncertainty of each property.

speciﬁc RH values using lidar and nephelometer data,
the Hänel model and the Kasten model were used. The
values of R-square goodness of ﬁt show that the Kasten
model performs better than the Hänel model for the two
selected cases. Based upon the Hänel parameterization,
hygroscopic growth values were larger in Case II than in
Case I at both 355 and 532 nm. To explain this difference,
in situ measurements from the ACSM were examined.
Because aerosol acidity is a key parameter affecting
aerosol hygroscopic growth, statistics concerning the
mass concentrations of each species comprising the
aerosol particles were compiled. Aerosol particles analyzed appear to be acidic, based upon the comparison
between measured NH4þ and predicted NH4þ . Aerosol

particles from Case II had a greater proportion of
hygroscopic components than aerosol particles from
Case I. The total mass concentrations of NH4þ ; SO2
4
and NO
3 are 59% in Case I and 68% in Case II. Using
in situ aerosol chemical composition information to
explain lidar remote sensing measurements is a way of
gaining new insight into aerosol hygroscopic growth.
The simultaneous decrease in the Ångstrom exponent
and the volume linear depolarization ratio further conﬁrms the occurrence of aerosol hygroscopic growth.
Decreases in both the Ångstrom exponent (355–532 nm)
and the volume linear depolarization ratio with altitude in
Case II were steeper than in Case I. This is another way of
showing the difference in hygroscopicity between the two

68
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Fig. 9. Same as Fig. 7, but for Case II. Horizontal gray lines represent the boundaries of the aerosol layer (860–1090 m above ground level). Horizontal error
bars denote the uncertainty of each property.
Table 4
Ångstrom exponents (355–532 nm) and volume depolarization ratios at the boundaries of the aerosol layers representing Case I and Case II.
Case I

β-AE (355–532 nm)
Depolarization ratio

Case II

1440 m

1572 m

860 m

1090 m

0.1756 7 0.07
0.0486 7 0.003

 0.4737 0.09
0.04277 0.002

1.1147 0.08
0.049 7 0.001

0.4997 0.13
0.0407 0.002

Fig. 10. Thirty-six-hour back trajectories at three height levels ending within (a) the 1440–1572 m layer (Case I) and (b) the 860–1090 m layer (Case II).
Trajectories end at the Xinzhou site.
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Fig. 11. Submicron aerosol mass fractions (SO2
4 ; NO3 ; NH4 , Org, and Cl ) measured by the ACSM on (a) 29 August 2014 (Case I) and (b) 10 September
(Case II). (c) Measured mass concentration of ammonium as a function of predicted mass concentration of ammonium for Case I (blue dots) and Case II
(green dots). The predicted mass concentration of ammonium is calculated using Eq. (3). The solid black line is the least squares regression line. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

cases considered. However, a cautious interpretation of the
Ångstrom exponent is needed given its uncertainty. More
detailed analyses of more cases are called for.
This study shows for the ﬁrst time how in situ aerosol
chemical composition measurements can be used to
explain aerosol hygroscopic growth. It also shows that the
lidar can be a useful tool for measuring aerosol growth,
especially if RH 485%.
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