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ABSTRACT

Assessment of the radiative forcing of aerosols in models still lacks sufficient input data for aerosol hygroscopicity. The
light scattering enhancement factor [f(RH, 1)] is a crucial parameter for describing aerosol hygroscopic growth properties.
In this paper, we provide a survey of f(RH, 1) studies in China for the past seven years, including instrument developments
of humidified nephelometers, ambient f(RH, 1) measurements in China, f(RH, 1) parameterization schemes, and f(RH, 1)
applications in aerosol measurements. Comparisons of different f(RH, 1) parameterizations are carried out to check their per-
formance in China using field measurement datasets. We also summary the parameterization schemes for predicting f(RH, 1)
with aerosol chemical compositions. The recently developed methods to observe other aerosol properties using f(RH, 1)
measurements, such as calculating the aerosol hygroscopicity parameter, cloud condensation nuclei number concentration,
aerosol liquid water content, and aerosol asymmetry factor, are introduced. Suggestions for further research on f(RH, 4) in

China are given.
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Article Highlights:

o A summary of aerosol light-scattering enhancement factor studies in China is given.
o Newly developed methods for measurement of aerosol microphysical properties are introduced.

o Suggestions for further research in China are given.

1. Introduction

Aerosol optical properties are crucial input parameters
for accurate estimation of the direct aerosol radiative forc-
ing in climate models. Assessment of the radiative forcing
of aerosols in models still lacks sufficient input data for rela-
tive humidity (RH)-dependent aerosol optical properties. In-
formation on aerosol hygroscopicity is always insufficiently
implemented in climate models.

Usually, long-term measurements of aerosol optical prop-
erties are performed under dry conditions (RH <30%—-40%) in
order to keep measurements comparable, as recommended by
WMO (World Meteorological Organization)/GAW (Global
Atmosphere Watch) (2003). Most aerosol particles may
change in size owing to their water uptake ability (hy-
groscopicity) as RH increases. This RH effect of ambient
aerosols is extremely important for aerosol radiative forcing,
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atmospheric chemistry, and for the correction of remotely
sensed aerosol [e.g. lidar, MAX-DOAS (Multi-Axis Dif-
ferential Optical Absorption Spectroscopy), or satellite re-
trieval) with in-situ measurements. The software package
OPAC (Optical Properties of Aerosols and Clouds) provides
aerosol optical properties in the solar and terrestrial spectral
range. However, OPAC provides information on the uptake of
water by aerosol particles at eight RH points only (10%, 50%,
70%, 80%, 90%, 95%, 98%, 99%), which is insufficient for
the changeable atmospheric environment. AERONET pro-
vides long-term observations of ambient aerosol scattering or
absorption properties, which are the result of total integration
from the ground to the top of the atmosphere. However, as
the ambient RH in the vertical direction varies greatly, it is
hard to determine the variations of aerosol optical properties
under specific RH conditions.

The light scattering enhancement factor f(RH, 1), defined
as the ratio of the light scattering coeflicient (op) observed
under elevated RH conditions to that under corresponding dry
conditions, is a crucial parameter for describing aerosol hy-
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groscopic growth properties:
Osp (RH, 1)

RH, )= ————+,
/ U'Sp(RHdryv A)

ey
where the scattering coefficient o,(RH,A) depends on the
wavelength A and the RH. It is important to include f(RH, 1)
when deriving related optical properties, like the single scat-
tering albedo and aerosol asymmetry factor at ambient con-
ditions for aerosol radiative forcing.

Pilat and Charlson (1966) were the first to measure the
aerosol light scattering enhancement factor, with a tandem
integrating nephelometer. In a subsequent study, Covert et
al. (1972) introduced a measuring method to determine the
f(RH, ) at a set RH value with a humidified integrating
nephelometer. More recently, the principle of humidified
nephelometer has been improved by increasing the number
of nephelometers (Koloutsou-Vakakis et al., 2001), increas-
ing the number of water baths (Liu and Zhao, 2016), and de-
veloping a method of conditioning the aerosol sample to vary
the RH (Convert et al., 1972; Day et al., 2000). By adding a
fast temperature and RH feedback controller to the humidi-
fied nephelometer and maintaining a stable reference RH, a
quick, automated response of the scanned RH, and f(RH, 1)
measurement, can be achieved.

Several comprehensive review papers (e.g., Kreidenweis
et al.,, 2014; Titos et al., 2016) serve as good references
for nephelometry techniques used worldwide, as well as
f(RH, 1) measurements and the various f(RH, 1) parameter-
izations in existence. Here, we provide a survey of f(RH,A)
studies in China for the past seven years, including instru-
ment developments of humidified nephelometers, ambient
f(RH, 1) measurements in China, f(RH, 1) parameterization
schemes, and f(RH, 1) applications in aerosol measurements.

2. Instrumentation development in China

Yan et al. (2009) were the first Chinese group to build
a humidified nephelometer. Unfortunately, the temporal res-
olution of the system was low, with a 3-h sampling time
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for RH scan measurements. Subsequently, similar humidi-
fied nephelometer devices were developed, by Chen et al.
(2014), Liu et al. (2014), Zhang et al. (2015), and Wu et al.
(2017). Thus far, the variation in RH of the aerosol sample
has been achieved by a single water bath, with the RH points
of f(RH, 1) cycles ranging from about 50% to about 90%.
One cycle costs about 90 min, because after each cycle of 45
min has finished, the water bath needs about another 45 min
to cool.

In order to study the diurnal variations of aerosol hygro-
scopic properties in North China, Liu and Zhao (2016) de-
signed a new humidified nephelometer system with the ad-
vantage of high temporal resolution and high humidification
efficiency (Fig. 1). In this system, two water baths are used for
the first time in China to control the humidification process in
turn, reducing the circulation cycle from 2-3 h to about 1 h.
Besides, the used TSI 3563 nephelometer lamp power was
reduced from 75 W to 25 W, and a piece of the heat mir-
ror is set ahead of the lamp for the TSI 3563 nephelometer.
Owing to these modifications, the temperature rising inside
the chamber decreases from 4.3°C to 2.3°C, and the humid-
ification efficiency rises. The original RH sensor inside the
chamber was inaccurate, so two Vaisala sensors were placed
at the inlet and outlet of the nephelometer to correct the RH
inside the chamber.

Kuang et al. (2017) improved the humidified nephelome-
ter developed by Liu and Zhao (2016) with a control sys-
tem. The corresponding temporal resolution of f(RH, ) cy-
cles was about 45 min or even less, depending mostly on the
scanned RH range. The advantage of this improved device is
its high temporal resolution, meaning it can be used in studies
of highly polluted regions where diurnal variations of aerosol
properties are significant.

3. Ambient measurements of /(RH, 1) in China

In-situ characterization of aerosol optical properties pro-
vides a uniquely detailed means of evaluating the fundamen-
tal physicochemical characteristics of aerosols. It helps to ac-
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Fig. 1. A new humidified nephelometer system designed by Liu and Zhao (2016).
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curately determine the key climate-relevant parameters, such
as the single scattering albedo at different wavelengths and
RH conditions. In-situ measurements of aerosol scattering
coefficients are usually performed at RH below 30%—40%
(WMO/GAW, 2003). f(RH, 1) measurements bridge the gap
of in-situ aerosol optical measurements between dry and am-
bient conditions. This is important for comparison and val-
idation of remote sensing and visibility studies, with large
datasets of in-situ measurements carried out globally. Re-
cently, numerous f(RH,1) measurements have been con-
ducted in China, especially in the North China Plain (NCP),
Yangtze Delta, and Pearl River Delta regions.

The NCP is one of the most polluted regions in China. Liu
etal. (2013) calculated the average f(80%,525) was 1.97 dur-
ing the summer (20-27 September) of 2011 at a site located in
the northwest of Beijing at Peking University. Besides, mea-
surements taken during the summer (17 June to 16 August)
of 2014 at Raoyang showed that the average f(80%,520)
and f(85%,520) was 2.28 and 3.39, respectively. These high
f(RH, 1) values at this site are because of high concentra-
tions of secondary inorganic components (Wu et al., 2017).
Yang et al. (2015) showed that the average f(80%,550) was
1.97 during autumn (5 October to 2 November) of 2014 at
a site located in the north of Beijing city at Beijing Nor-
mal University. Qi et al. (2018) reported measurements from
Gucheng, Hebei Province, during winter (17-22 December)
of 2016 and showed that the average values of f(80%,450),
f(80%,550) and f(80%,700) were 1.27, 1.29 and 1.32, re-
spectively. The measurements of f(RH, A1) introduced in
Yu et al. (2018) were adopted here. Results illustrated that
the average f(80%,525) during autumn (18 October to 25
November) of 2016 at Gucheng, Hebei Province, was 1.41.
The average f(80%,525) in a downtown Beijing site during
spring (25 March to 9 April) of 2017 was 1.60. The aerosol
hygroscopicity at Zhangqiu, Shandong Province, was mea-
sured during summer (19 July to 25 August) of 2017, and
the results showed that the average f(80%,525) during the
observation period was 1.74. Zhao et al. (2018b) conducted
f(RH, A1) measurements in three seasons (12 January to 14
February for winter, 6 July to 21 August for summer, and 30
September to 13 November for autumn) at a downtown Bei-
jing site in 2017, and their results showed that the average
values of f(80%,525) during these three seasons were 1.47,
1.54 and 1.53, respectively. Lin’an is a regional background
station located in the Yangtze Delta region. At this site, mea-
surements conducted in the spring (1-31 March) of 2013
showed the average values of f(85%,450), f(85%,550) and
f(85%,700) to be 1.51, 1.58 and 1.59, respectively (Zhang et
al., 2015). Measurements in Guangzhou, located in the Pearl
River Delta region, during winter (8—15 December) of 2013
showed that the average of f(80%,525) was 1.58 (Deng et al.,
2016). Liu et al. (2018) reported that the average f(80%,525)
in Guangzhou was 1.77 during the spring (22 February to 18
March) of 2014.

In most of these cases, the f(RH, ) increases continu-
ously and monotonically under conditions of increasing RH.
However, Kuang et al. (2016) found jump phenomena in the
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f(RH, 1) can be frequently observed, indicating the deliques-
cent phenomena of ambient aerosols in the NCP. The ob-
served deliquescent phenomena of ambient aerosols exhibit
distinct diurnal patterns and are highly correlated with am-
monium sulfate. The frequently observed deliquescent phe-
nomena of ambient aerosols implies that current parameteri-
zation schemes that describe the RH dependence of particle
light scattering may result in a significant bias when estimat-
ing aerosol effects on climate.

A summary of f(RH, 1) measurements in China is given
in Fig. 2. We can see that f(RH, 1) varies substantially among
different sites and seasons in China. Such significant vari-
ations are due to the varying pollution emission patterns,
chemical compositions, and particle number size distribu-
tions (PNSDs).

4. f(RH,A) parameterizations

Many equations have been proposed to describe f(RH, 1)
(Titos et al., 2016). These equations can be divided into three
categories according to the number of fitting parameters:
single-parameter equations, two-parameter equations, and
three-parameter equations. The single-parameter schemes

are:

f(RH) = (1-RH)™”, )

1-RH\”
S(RH) = (I—RHO) 3)

713

f(RH)=(1+a1_RH) , 4

RH
f(RH) =1 +Kscam . (5)

Parameterization Egs. (2)—(5) were proposed by Kasten
(1969), Sheridan et al. (2002), Fierz-Schmidhauser et al.
(2010) and Brock et al. (2016), respectively. Parameter y,a
or Kycy describes the variations of aerosol scattering with RH.
As the reference RH in the dry condition RHy is not zero
when measuring f(RH, 1), according to Eq. (5), Kuang et al.
(2017) suggested that the measured f(RH, 1) should be fitted
by:

SRH) = (1 +Kscaﬂ)/(l tKscaT 7

1-RH ) ©

In order to describe measured f(RH, 1) cycles more precisely,
different two-parameter schemes were further introduced by
Hénel (1981), Chen et al. (2014), and Kotchenruther and
Hobbs (1998):

f(RH) = ¢c(1-RH)™”, @)
f(RH) = ¢(1-RH) 7R ®)
f(RH) = 1 +aRH” . 9)

where parameter ¢ indicates the intercept of f(RH, 1) cycles
when RH = 0%. Parameter b, cooperated with parameter a,
determines the variations of scattering with RH.



1018

AEROSOL LIGHT-SCATTERING ENHANCEMENT FACTOR

VOLUME 36

Beijing, Spring 2017
f(80%,525nm)=1.60=+0.09
This paper

Beijing, Summer 2017
f(80%,525nm)=1.54+0.16
Zhao et al. (2018b)

Beijing, Autumn 2011
f(80%,525nm)=1.97 £0.21
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Zhao et al. (2018b)
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Fig. 2. Summary of f(RH,A) related measurements in China over the past seven years. The different background col-
ors of the boxes indicate the different measurement seasons. Green means spring, blue means summer, yellow means

autumn, and grey means winter.

Furthermore, there have been many schemes with more
parameters proposed to represent f(RH, 1) cycles (Kotchen-
ruther et al.,, 1999; Day et al., 2000; IMPROVE, 2000;
Koloutsou-Vakakis et al., 2001; Sheridan et al., 2001; Nessler
et al., 2005; Titos et al., 2016). The three-parameter scheme
proposed by IMPROVE (2000) is also applied in China (Yan
et al., 2009; Wu et al., 2017):

f(RH) = 1+A;RH+A>RH? + A;RH? | (10)

where parameter A, A, and Az determine the aerosol scatter-
ing variations with RH together.

The applications and performances of these equations
adopted in China are described in this section.

4.1. Applications of f(RH, A1) parameterizations in China
in recent years

Fitting results in China are described here. One-parameter
equations are simple and commonly used. Yu et al. (2018)
compared the performances of Eq. (3) and Eq. (6) to fit the

measured f(RH,525) curves. The results showed that the de-
viations of the fitted f(55%,525), f(70%,525), f(85%,525)
by Eq. (6) were all within 10%, while the fitted deviations of
Eq. (3) can reach 20%, suggesting Eq. (6) should be used to
fit f(RH, 2) curves.

With additional parameters in the equations, two-
parameter equations are introduced to describe f(RH,A)
curves more precisely. Yang et al. (2015) used Eq. (9) to fit
f(RH,550) curves, and the square of the correlation coeffi-
cient (R?) between the fitted and measured f(RH,550) values
was 0.87. Liu et al. (2013) introduced a two-parameter equa-
tion, Eq. (9), to fit f(RH,525) curves, and the R? between
the fitted and measured f(RH,525) values was 0.93. Kuang
et al. (2016) proved that f(RH, 550) curves without deliques-
cent phenomena and f(RH, 550) curves with RHs higher than
deliquescence points, can be fitted well by Eq. (9). Zhang et
al. (2015) applied Eq. (7) and Eq. (9) to f(RH,550) curves.
The fitted parameters of Eq. (7) and Eq. (9) changed along
with local pollution and dust episodes. For Eq. (7), the results
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showed that larger f(RH, ) values resulted in bigger values
of parameters ¢ and y. Moreover, the fitted parameters of the
measured f(RH,550) were found to be related to the mass
fractions of nitrate. Similarly, Qi et al. (2018) also utilized
both Eq. (7) and Eq. (9) to fit measured f(RH,550). The re-
sults showed that the R? of Eq. (7) was 0.42 and the R? of
Eq. (9) was 0.35. They found that parameter y in Eq. (7) was
more sensitive to the variations of f(RH,550), and the values
of parameters a and b in Eq. (9) grew with the increase in
aerosol hygroscopicity. Zhao et al. (2018b) assessed the abil-
ity of Egs. (5), (7), (8) and (9) to describe f(RH,525) curves
and, ultimately, according to the calculated R> between the
fitted and measured f(RH,525) values, Eq. (8) was selected
to fit f(RH,525) curves. In winter, the R? values between the
fitted and measured f(RH,525) values were 0.88, 0.88 and
0.89 under very clean, moderately clean and polluted condi-
tions, respectively. Meanwhile, the R? values were 0.89, 0.94
and 0.96 for summer, but 0.89, 0.94 and 0.98 for autumn,
respectively.

Deng et al. (2016) and Wu et al. (2017) both utilized
the three-parameter Eq. (10) to fit measured f(RH,525) and
f(RH, 520) curves, respectively. All the fitting results are il-
lustrated in detail in Table 1.

4.2. Comparisons of different f(RH, 1) parameterizations

In order to access the ability of these proposed parame-
terizations to fit f(RH, 1) curves, the curves of f(RH,450),
f(RH,525) and f(RH,635) measured at Gucheng in 2016
and illustrated in Yu et al. (2018) and Zhanggqiu in 2017, ex-
pressed in section 3, are also introduced here. The fitting re-
sults of the data from Gucheng and Zhangqiu are illustrated
in Tables 2 and 3, respectively. The two-parameter equations
can better express f(RH, 1) curves than the single-parameter
equations, while the three-parameter equation does not show
any obvious advantage.

As shown in Table 2, for the Gucheng data introduced in
Yu et al. (2018), Eq. (8) describes the f(RH, 1) curves with
the highest R? and lowest root-mean-square error (RMSE) for
all three wavelengths. The corresponding R? values at 450
nm, 525 nm and 635 nm are 0.993, 0.994 and 0.995, respec-
tively. The R” values of the three-parameter Eq. (10) at 450
nm, 525 nm and 635 nm are 0.990, 0.991 and 0.992, respec-
tively, which are lower than those of Eq. (7) or (8). The R?
values of single-parameter schemes are the smallest, but still
higher than 0.92. Equation (5) is the best single-parameter
equation, with corresponding R? values at 450 nm, 525 nm
and 635 nm of 0.975, 0.974 and 0.972, respectively.

Table 3 shows that, for the data from Zhangqiu, Eq. (10)
is the best, and the R? of the two-parameter schemes is larger
than that of the single-parameter schemes. For the single-
parameter schemes, the R? values are all higher than 0.92,
and Eq. (3) is the best single-parameter scheme, with R> val-
ues of 0.970, 0.967 and 0.970 at 450 nm, 525 nm and 635
nm, respectively. For the two-parameter schemes, the R? val-
ues are all higher than 0.98. Equation (7) is proven to be the
best, and the R? values at 450 nm, 525 nm and 635 nm are
0.988, 0.989 and 0.989, respectively.
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The observation sites at Gucheng and Zhangqiu are both
in the NCP, surrounded by farmland and residential areas.
The degree of pollution at these two sites is severe. As the
dataset from Gucheng was collected during autumn and the
dataset from Zhangqiu was collected during summer, these
selected two datasets represent the background conditions of
the NCP in different seasons. Therefore, conclusions drawn
from these two datasets have a certain applicability in the
NCP, but not all locations in China. As for other locations in
China, further studies are needed to evaluate the performance
of different fitting equations.

5. Parameterizing f(RH, 1) with aerosol chem-
ical compositions

Since the application of the humidification nephelometer
system is still limited to the laboratory and intensive mea-
surements in the atmosphere, there is not a large amount
of continuous f(RH, ) observation data on a global scale.
Therefore, it is necessary to use some other parameters re-
lated to f(RH, 1) to estimate the f(RH, 1) values. Chemical
compositions determine the aerosol hygroscopicity and re-
fractive index, which in turn have an important influence on
f(RH, 2). Numerous studies have been conducted based on
in-situ data and laboratory data to explore the relationship
between f(RH, 1) and aerosol chemical components (Malm
et al., 2005; Baynard et al., 2006; Garland et al., 2007; Wang
et al., 2007; Pan et al., 2009; Titos et al., 2014; Zieger et al.,
2014).

5.1. Parameterizing f(RH, A) at a certain RH with aerosol

chemical compositions

Zhang et al. (2015) sought the relationships between
f(RH,1) and the mass fraction of organic matter (OM)
(Forg) or inorganic matter (Fj,). Results showed that the
statistical relationship between f(85%,550) and Fo was
f(85%,550) = (2.05 £ 0.02) — (1.20 £ 0.04)F s, while the
statistical relationship between f(85%,550) and Fj, was
f(85%) = (1.10+0.01) + (0.96 + 0.02)Fj,. The study of Wu
et al. (2017) indicated that £(80%,520) increased with an in-
crease in secondary inorganic aerosols mass fraction (Fgj,),
and the R between them was 0.758. The corrsponding sta-
tistical relaitionship was calculated to be f(80%,520) =
0.981 + 3.502F 5. Meanwhile, f(80%,520) decreased with
an increase in Fore, with an R of —0.679, and the relation-
ship was f(80%,520) = 2.813 — 1.955F o;z. Qi et al. (2018)
quantified the relationship between f(80%,550) and differ-
ent aerosol chemical compositions. The results showed that
£(80%,550) was negatively related to OM, and the R? be-
tween them was 0.55. The calculated relationship was found
to be f(80%,550) = —(0.99 + 0.12)F oy + (1.70 + 0.05). The
f(80%,550) was also positively correlated with Fj, or the
nitrate mass fraction (Fp), and the R? between both was
0.70. The corresponding relationships were f(80%,550) =
(1.36 £ 0.12)Fj, + (0.82 £ 0.05) and f(80%,550) = (2.465 =
0.217)Fy; + (1.027 £0.024).
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Table 1. Detailed measurement information, including f(80%) values, wavelengths (WL), sites, time periods, reference RH values, fitting
equations, and the fitted parameters. The f(80%) values noted with “(un)” or “(de)” means that they are from the f(RH, 1) curve without
or with deliquesce phenomenan. VC, MC, P, LP, NP or DI following the equation number means that the f(RH, 1) curves were measured
from very clean, moderately clean, polluted, locally polluted, northerly polluted or dust-influenced conditions.

f(80%) WL (nm) Site Time RHgry Equation Parameters Reference
1.97+0.21 525 Beijing 2011 Au < 30% ) a=434+043 Liu et al. (2013)
b=6.72+0.40
2.28+0.69 520 Raoyang 2014 Su < 40% (10) Al =0.905, Wu et al. (2017)
A2 =-0.023
A3 =0.060
1.97 550 Beijing 2014 Au - ) a=3.79 Yang et al. (2015)
b=06.10
1.76 (un) 550 Wangdu 2014 Su <30% ©)] - Kuang et al. (2016)
1.99 (de) 550 Wangdu 2014 Su < 30% ) -
1.27+0.09 450 Gucheng 2016 Wi <30% - - Qi et al. (2018)
1.29+0.10 550 Gucheng 2016 Wi < 30% @) ¢c=0.91+0.01
y=0.21+0.01
) a=0.56+0.02
b=3.44+0.99
1.32+0.12 700 Gucheng 2016 Wi < 30% - -
1.47+0.16 525 Beijing 2017 Wi < 30% ®)VvC ¢ =0.930, Zhao et al. (2018b)
y=0.329
&) MC c=0.971,
y=0.372
®P ¢ =0.988,
y=0.356
1.54+0.16 525 Beijing 2017 Su < 30% ®)VvC c=0.972,
vy =0.355
&) MC ¢ =10.980,
vy =0.362
®P c=0.984,
y=0.371
1.53+0.11 525 Beijing 2017 Au < 30% ®)VC ¢=0.979,
y=0.334
®)MC c=1.002,
v =0.344
®)P c=1.014,
y=0.332
1.58 +0.07 525 Guangzhou 2013Wi < 40% (10) Al =0.731, Deng et al. (2016)
A2=0.138
A3 =0.007
1.77+0.18 525 Guangzhou 2014 Sp < 40% @) ¢ =0.66, Liu et al. (2018)
y=0.63
1.43+0.12 550 Linan 2013 Sp < 40% (7)LP ¢=0.85+0.08 Zhang et al. (2015)
y=0.29+0.04
(7) NP c=0.93+0.07
y=0.28+0.03
(7) DI c=0.87+0.05
v=0.27+0.02
9 LP a=1.24+0.29
b=546+1.90
(9) NP a=120+0.21
b=390+1.27
(9) DI a=1.02+0.19

b=4.51+0.80
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Table 2. Fitting results from Gucheng with different fitting equations. The equation number is followed by the fitting parameters in their
corresponding equation. Text in red, green and blue represents results at 635 nm, 525 nm and 450 nm, respectively.

Eq (Parameter) Parameterl Parameter2 Parameter3 R? RMSE f(80%)
2) (y) 0.199+0.072 - - 0.935 0.094 1.393+0.166
0.203 +0.084 0.938 0.095 1.411+0.183
0.203 +0.084 0.923 0.108 1.402+0.196
3) (y) 0.216 +0.083 - - 0.950 0.083
0.225 +0.090 0.953 0.083
0.221 +0.096 0.942 0.095
@) (a) 0.033+0.012 - - 0.955 0.054
0.034+0.013 0.957 0.056
0.034+0.014 0.960 0.057
(5) (ksca) 0.089+0.039 - - 0.972 0.045
0.093 +£0.042 0.974 0.045
0.092 +£0.045 0.975 0.051
(6) (ksca) 0.093 +£0.046 - - 0.971 0.044
0.098 +0.051 0.973 0.044
0.097 £0.054 0.975 0.048
) (c,7y) 0.829 +£0.042 0.320+0.085 - 0.993 0.021
0.830+0.043 0.327+0.094 0.993 0.022
0.863 +0.066 0.339+0.104 0.992 0.026
(8) (¢c,y) 0.940+0.039 0.370+0.053 - 0.995 0.019
0.945 +0.037 0.304 +0.087 0.994 0.020
1.035 +0.067 0.316 £0.096 0.993 0.023
9) (a,b) 1.293 +0.449 5.512+£1.532 - 0.991 0.024
1.334 +0.498 5.451+1.605 0.990 0.027
1.433 +£0.540 6.050+2.051 0.989 0.030
(10) (A1, A2, A3) 1.106+0.712 —4.112+2.245 4.210+1.918 0.992 0.023
1.184 +0.785 —4.342+2.471 4414+2.127 0.991 0.025
1.198 +£0.828 -4.549+2.615 4.639+2.275 0.990 0.029

5.2. Parameterizing the fitted parameters of f(RH, 1) with
aerosol chemical compositions

Section 5.1 represents the calculated relationships be-
tween f(RH, ) at a fixed RH condition with aerosol chem-
ical compositions. However, it is critical to obtain the aerosol
scattering properties at any RH condition to calculate the
ambient aerosol optical properties. As the f(RH, 1) curves
are usually described by some appropriate equations, several
studies have been carried out to explore the relationships be-
tween aerosol chemical compositions and the fitted parame-
ters of f(RH,A). Zhang et al. (2015) employed the method
of Quinn et al. (2005) to study the relationship between Foe
and the parameter y in Eq. (3), where the Fy, was calcu-
lated by Fory = OM/(OM + SOi_). The resulting statistical
relationship was y = —0.25F o +0.48. However, this scheme
is only applicable to the aerosol types dominated by sulfates
and organics, and the R? between v and Forg was only 0.14.
A further study by Zhang et al. (2015) found that nitrate also
made an important contribution to the hygroscopic growth of
aerosol. The statistical relationship was y = —0.26 F oz +0.50,
and the R? between F org and y was 0.56 when the F; was
described as Forg = OM/(OM + SO3"). Furthermore, if the
Forg was set as Forg = OM/(OM +SO5 + SOi_), the relation-
ship was y = —0.42F ,;; +0.54 and the R? between F org and y
was 0.68.

Yu et al. (2018) newly proposed a scheme to bridge the
gap between aerosol chemical compositions and f(RH,A)
through Eq. (5). They first linked the aerosol hygroscopic-
ity parameter x and chemical compositions with three dom-
inant inorganic ions (NH+,NO3‘,SO‘2“) and OM. Then, the
relationship among «, the fitted parameter ks, of f(RH,A),
and the scattering Angstrom exponent (SAE), which repre-
sents the size of aerosol, was established. Thus, the hygro-
scopic parameter « can be determined through aerosol chem-
ical compositions and then the fitted parameter xg, can be
obtained by x and SAE. The resulting empirical equation to
parameterize f(RH, 1) with aerosol chemical compositions is
shown as

J(RH,525) = 1+(0.01+0.70 fxn, + 0.44fN05 + 0.62f5037 +

RH

. 4 .15SAE
0.06 fom)(0.45 +0.15S )l—RH

(1)

The verification results showed that the correlation coefficient
of £(80%,525) obtained by observation and parameterization
was 0.81. In addition, the method can further consider the in-
fluence of the aerosol size on f(RH, A). This proposed scheme
links chemical compositions to f(RH, 1) and can be applied
to chemical transport models to reduce assessment errors of
aerosol direct radiative forcing and atmospheric visibility.
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Table 3. Fitting results from Zhangqiu with different fitting equations. The equation number is followed by the fitting parameters in their
corresponding equation. Text in red, green and blue represents results at 635 nm, 525 nm and 450 nm, respectively.

Eq (Parameter) Parameterl Parameter2 Parameter3 R? RMSE f(80%)
2) (y) 0.327+£0.041 - - 0.970 0.070 1.723+0.112
0.358 +£0.058 0.967 0.082 1.741 £0.144
0.358 £0.058 0.970 0.094 1.816+0.164
3) ) 0.327+0.043 - - 0.972 0.055
0.359+0.057 0.971 0.064
0.397 £0.061 0.974 0.072
) (a) 0.058 £0.008 - - 0.922 0.112
0.059+0.011 0.921 0.112
0.065+0.012 0.932 0.115
(5) (Ksca) 0.168 £0.026 - - 0.949 0.078
0.172+0.035 0.949 0.078
0.190+0.039 0.959 0.076
(6) (ksca) 0.179 +£0.028 - - 0.947 0.088
0.184 +0.037 0.947 0.086
0.204 +£0.042 0.958 0.084
) (c,y) 0.904 +0.067 0.397 +£0.057 - 0.989 0.031
0.884+0.072 0.417+0.063 0.989 0.034
0.863 =0.066 0.458 +0.068 0.988 0.039
®) (¢,y) 1.057 +£0.064 0.370+0.053 - 0.987 0.034
1.042 +0.073 0.389+£0.059 0.986 0.037
1.035+0.067 0.427 +0.063 0.986 0.043
) (a,b) 1.599 +£0.291 3.408 +0.724 - 0.984 0.037
1.712+0.335 3.646+0.886 0.985 0.039
1.969 +0.398 3.805+0.824 0.983 0.047
(10) (A1, A2, A3) 1.318+0.684 -4.146 +2.024 4.559+1.511 0.992 0.026
1.307 £0.744 -4.282+2.159 4.787+1.625 0.991 0.030
1.637+£0.795 -5.464+2.412 5.907+1.871 0.989 0.037

6. Applications of f(RH, 1)

f(RH, 1) is an important quantity in its own right, being
directly applicable to calculations of visibility and radiative
forcing. The f(RH, 1) technique links optical properties of
the entire aerosol population and aerosol hygroscopic proper-
ties. Recently, most commercial nephelometers tend to be op-
erated with multiple wavelengths—commonly, three. Thus,
the humidified nephelometer system can provide rich infor-
mation on aerosol optics, such as scattering coefficients and
backscattering coefficients, at these wavelengths under dry
and prescribed RH conditions. This information reflects the
change in aerosol volume concentrations, aerosol water up-
take ability, and aerosol size distributions due to changes of
RH, providing possibilities to calculate some other aerosol
microphysical properties based on f(RH, 1) datasets. Here,
we introduce recently developed methods to calculate the
aerosol hygroscopicity parameter, CCN number concentra-
tions, aerosol liquid water content (ALWC), and aerosol
asymmetry factor.

6.1. Calculating the aerosol hygroscopicity parameter «

The RH dependence of the growth of an aerosol parti-
cle owing to water uptake can be parameterized in a good
approximation by a one-parameter equation—proposed, for

example, by Petters and Kreidenweis (2007). The param-
eter x is a simple measure of the particle’s hygroscopicity
and captures all solute properties. Traditionally, an over-
all hygroscopicity parameter k can be retrieved from mea-
sured f(RH, A), hereinafter referred to as kf®rm), by combin-
ing concurrently measured PNSDs and mass concentrations
of black carbon. Kuang et al. (2017) proposed a new method
to directly derive ksrn) based only on measurements from a
three-wavelength humidified nephelometer system. The ad-
vantage of this newly proposed approach is that xzrm) can
be estimated without any additional information on PNSDs
and black carbon. Kuang et al. (2017) verified this method
with measurements from different field campaigns conducted
in the NCP, and their results demonstrated that this method of
deriving ksrn) is applicable at different sites and in different
seasons of the NCP and might also be applicable in other re-
gions around the world. This work directly links f(RH, 1)
to « for the first time, which is a breakthrough for study-
ing the impacts of aerosol hygroscopic growth on aerosol
optical properties and connecting aerosol optical properties
to aerosol water content. Thus, their results should make
the humidified nephelometer system more convenient when
it comes to aerosol hygroscopicity research, as well as facil-
itate other research on the roles of aerosol water in aerosol
radiative effects.
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6.2. Calculating ambient ALWC

Aerosol liquid water plays significant roles in the at-
mospheric environment, atmospheric chemistry, and climate.
Unfortunately, until now, no instruments have been available
for real-time monitoring of ambient ALWC. The challeng-
ing issue hindering the development of ambient ALWC mea-
surement techniques is that the amount of ambient ALWC is
quite small and very sensitive to RH changes, which makes
it unable to be measured directly. Kuang et al. (2018) pro-
posed a novel method to calculate ambient ALWC based on
measurements of a three-wavelength humidified nephelome-
ter system. The proposed ALWC calculation method includes
two steps. The first step is calculating the dry state total vol-
ume concentration of ambient aerosol particles, Vy(RHary),
with a machine learning model based on measurements of
the “dry” nephelometer. The second step is calculating the
volume growth factor Vg(RH) of ambient aerosol particles
due to water uptake, using measured f(RH,1) and SAE.
Then, ambient ALWC can be derived based on the calcu-
lated V,(dry) and Vg(RH). Kuang et al. (2018) validated the
proposed ALWC calculation method using ambient ALWC
calculated from the aerosol thermodynamic model of ISOR-
ROPIA with measured aerosol chemistry data. Their re-
sults demonstrated that a good agreement was achieved be-
tween the ALWC calculated from measurements of the hu-
midified nephelometer system and from those estimated us-
ing the ISORROPIA model, with a slope and intercept of 1.14
and —8.6 um?® cm™! (R? = 0.92), respectively. The thermody-
namic model needs chemistry data as inputs, which requires
expensive chemical instruments, and has a relatively low tem-
poral resolution (1 h). The thermodynamic model only ac-
counts for the ALWC contribution from inorganic aerosol
components and is unable to take into account that from or-
ganic matter. Even when measurements of aerosol organic
matter are available, accurate estimation of their hygroscop-
icity still remains unresolved. The advantage of this newly
proposed method is that the required measurement data can
be obtained solely from the humidified nephelometer sys-
tem, which is quite stable and has a high temporal resolution.
Also, this method considers the contributions of both inor-
ganic and organic aerosol components to ambient ALWC,
facilitating the real-time monitoring of ambient ALWC and
promoting the study of aerosol liquid water and its role in
atmospheric chemistry, secondary aerosol formation, and cli-
mate change.

6.3. Calculating number concentrations of CCN

Based on measurements of a humidified nephelometer
system, Tao et al. (2018) proposed a new method to calcu-
late the number concentration of CCN (Nccn), which is a key
parameter of cloud microphysics and the indirect radiative ef-
fect of aerosol. In general, Nccon is directly measured under
supersaturated conditions in CCN chambers, which are com-
plex and costly. As accumulation-mode aerosols contribute
most to both aerosol optical properties and the aerosol CCN
activity, Nccn can be predicted by its relationship with the
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aerosol scattering coefficient. In this new method, a look-up
table that involves the scattering coefficient Osp, SAE, and hy-
groscopicity parameter «, is established to derive Nccn based
on measurements of a three-wavelength humidified neph-
elometer system that can measure the required three parame-
ters (i.e., o°sp, SAE and «). This method has been validated by
comparing the measurements of a humidified nephelometer
system and a CCN counter in Gucheng in 2016 (Tao et al.,
2018). For the calculated and measured Nccn, good agree-
ments can be achieved. Relative deviations are within 30%,
and the slope and R of the regression are 1.03 and 0.966,
respectively. Because the humidified nephelometer system
is simply operated and stable, the real-time monitoring of
Nccen, especially on aircraft, can be facilitated by this new
method. Furthermore, this method is more applicable for
studies of aerosol-cloud interaction, due to its applicability
at lower supersaturations than 0.1%.

6.4. Calculating the asymmetry factor of aerosol

In addition to aerosol optical depth and aerosol single-
scattering albedo, the aerosol phase function is the most im-
portant factor for assessing direct aerosol radiative forcing.
However, little attention has been paid to the measurements
and parameterization of the asymmetry factor g. Zhao et
al. (2018a) proposed a novel method to calculate g based
on measurements from the humidified nephelometer system.
This method constrains the uncertainty of g within 2.56%
for dry aerosol populations and 4.02% for ambient aerosols,
where the aerosol hygroscopic growth has been taken into ac-
count. The total uncertainty of the calculation of g using the
Random Forest machine learning model is 4.47%. Sensitivity
studies show that aerosol hygroscopicity plays a vital role in
the accuracy of predicting g. This new method for calculat-
ing g has been validated by comparing the values of g from
the Random Forest machine learning model and those from
field-measured phase function Zhao et al. (2018a). The g val-
ues with these two methods show good consistency, with 95%
of the data within the relative difference of 6.5%.

7. Summary and prospects

This paper reviews the progress in the study of aerosol
light-scattering enhancement factor f(RH, ) over the last
seven years, including instrumentation development, ambi-
ent f(RH, 1) measurements over China, f(RH, 1) parameter-
izations, and f(RH, 1) applications.

A detailed understanding of the effects of RH on aerosol
scattering is important for the development of realistic model
parameterizations, but it is gained at the expense of mea-
surement spatial coverage. Table 1 presents a survey of the
f(RH, A1) measurements performed over the past seven years
in China. Field campaigns during the past decade over the
polluted region of eastern China have provided valuable ob-
servational constraints for the RH effects on aerosol opti-
cal properties. Unfortunately, most of these studies focused
on polluted environments dominated by urban particles. So
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far, we lack f(RH, 1) measurements in different environments
predominated by other aerosol types, such as dust particles in
western China, rural aerosols emitted by agricultural biomass
burning activities, and marine aerosols in the coastal or near-
coastal marine atmosphere of China. Long-term continu-
ous in-situ measurements of f(RH,A) are as important as
measurements of optical and microphysical aerosol particle
properties performed under dry conditions through monitor-
ing networks for climate forcing and remote sensing studies.
Till now, these studies have been limited by vertical mea-
surements of f(RH,A), but this limitation can be remedied
to some extent by utilizing mobile platforms, such as aircraft
or tethered balloons. The need for vertical observations of
aerosol hygroscopicity is considerable.

The observations discussed in this paper demonstrate the
complexity of atmospheric aerosols with regard to hygro-
scopicity. There are significant diurnal variations of aerosol
properties in eastern China, where air pollution events occur
frequently. In order to capture the diurnal variation pattern
of f(RH,A) in such a rapidly changing environment, a high
temporal resolution humidified nephelometer is needed.

Results from several studies indicate that the aerosol hy-
groscopicity parameter, ALWC, CCN, and aerosol asymme-
try factor can be derived based on measurements from the
three-wavelength humidified nephelometer system, demon-
strating that the humidified nephelometer system and
f(RH, A1) measurements have broad usage prospects and can
be widely used in different atmospheric research areas. The
humidified nephelometer system is an optical instrument that
has the advantage of stability and easy operation; its use
in calculating different properties related to aerosol particles
should be further explored to make aerosol measurements
more convenient. Given this, it should be discussed that,
if functions of currently used nephelometers are enough for
aerosol instrumentation, for example, is it necessary to add
more detecting wavelengths to the nephelometer?

Accurate parameterization of f(RH,4) in air quality pre-
diction models is critical for the accurate prediction of at-
mospheric visibility, which in turn is important for public
concern, airports, shipping, and so on. f(RH, ) is also an
important parameter for accurate estimation of direct aerosol
radiative effects. However, the link between aerosol optical
properties as expressed in f(RH, ) and the dependence of
water content on RH is not straightforward, especially over a
large RH range. More studies are needed to better describe
f(RH, 1) as a function of aerosol properties and RH.

Based on f(RH, 1) measurements, Kuang et al. (2016)
presented an interesting study of deliquescent phenomena of
ambient aerosols in the NCP. Ambient RH may decrease to
below 30% in the afternoon, which is lower than the efflores-
cence RH of ammonium sulfate at 298 K (35% RH) (Martin,
2000). This study implies that, during periods when deli-
quescent phenomena occur, aged ambient aerosols may re-
crystallize when the ambient RH drops below the efflores-
cence RH in the afternoon. The ambient aerosol particles
will then remain crystallized and experience a sudden change
in size related to water uptake that occurs when the ambient
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RH reaches the deliquescence RH in the evening. This jump
in growth of ALWC exerts significant impacts on aerosol
aqueous reactions, radiation, and climate. This phenomenon
needs further research in the future.
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