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• The impact of aerosol liquid water on
aerosol scattering is identified and dif-
ferentiatedwith those of related factors;

• The joint effect of the multi-factors ren-
der incoherent, even opposite diurnal
pattern of aerosol scattering at ground
and 532 m;

• Aerosol mass plays a more significant
role in aerosol scattering than humidity
on ground, while the opposite is true at
532m.
⁎ Corresponding author.
E-mail address: zhanqing@umd.edu (Z. Li).

https://doi.org/10.1016/j.scitotenv.2021.150010
0048-9697/© 2021 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 26 April 2021
Received in revised form 23 August 2021
Accepted 25 August 2021
Available online 30 August 2021

Editor: Jianmin Chen
This study investigates the impact of aerosol liquidwater content (ALWC) and related factors, i.e., relative humid-
ity (RH), aerosol mass concentration (PM2.5), and aerosol hygroscopicity, on aerosol optical properties, based on
field measurements made in the Pearl River Delta (PRD) region of China at the surface (1 November 2019 to 21
January 2020) and in the upper boundary layer (the 532-m Guangzhou tower from 1 February to 21 March
2020). In general, temporal variations in the ambient aerosol backscattering coefficient (βp) and ALWC followed
each other. However, the surface βp and 532-m βp had generally opposite diurnal variation patterns, caused by
dramatic differences in PM2.5 and ambient RH between the surface and the upper boundary layer. The ambient
532-m RH was systematically higher than the surface RH, with the latter having a much pronounced diurnal
cycle than the former. The surface PM2.5 concentration was systematically higher than the PM2.5 concentration
at 532 m, and their diurnal cycle patterns were overall opposite. These dramatic differences reveal that the
atmospheric variables, i.e., ambient RH and the PM2.5 concentration in the upper boundary layer, cannot be
directly represented by the same variables at the surface. Vertical variability should be considered. Clear
differences in the sensitivities of aerosol light scattering to ambient RH, PM2.5, and aerosol hygroscopicity
between the two levels were found and examined. Aerosol chemical composition played a minor role in
causing the differences between the two levels. In particular, βp was more sensitive to PM2.5 at the surface
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level but more to the ambient RH in the upper boundary layer. The larger contribution of aerosol loading to the
variability in βp at the surface implies that local emission controls can decrease βp and further improve
atmospheric visibility effectively at the surface during winter in the PRD region.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Severe air pollution in China has drawn widespread public atten-
tion in recent years because it is detrimental to human health and in-
fluences regional weather and climate (Zheng et al., 2015; Wang
et al., 2016; Li et al., 2016; Guo et al., 2017; Fan et al., 2018; Hu
et al., 2020; Su et al., 2020a). The degradation in visibility is the
most apparent impact, caused by light extinction by particles in the
atmosphere, which may seriously affect people's daily lives through
all forms of transportation, e.g., driving, sailing, and aviation (Chen
et al., 2014; Huang et al., 2014; Ma et al., 2014). However, aerosol di-
rect radiative effects remain highly uncertain due to the incomplete
understanding of complex aerosol particle optical and chemical
properties (Cheng et al., 2006; Tao et al., 2012; IPCC, 2013; Guo
et al., 2019; Su et al., 2020b).

The radiative effects of aerosols are affected by aerosol loading, com-
position, andmixing state. The latter two parameters dictate the aerosol
hygroscopic property, which, together with relative humidity (RH), de-
termines the aerosol liquid water content (ALWC) in aerosol particles.
The light extinction, scattering, and absorption by aerosol particles are
most significantly influenced by aerosol loading (Gobbi et al., 2003;
Pierangelo et al., 2004; Wang et al., 2005). During the 2015 China
Victory Day parade in Beijing, the Chinese government implemented
strict emission control measures, effectively reducing aerosol mass con-
centrations and improving visibility (Wang et al., 2017). Zhang et al.
(2010) found that the aerosol extinction coefficient (σep) and the
scattering coefficient (σsp) of dust aerosols both correlate well with
aerosol mass concentration. However, aerosol loading is influenced by
liquid water content (Tao et al., 2014; Kuang et al., 2016). Aerosol
particles can takeupwater as the ambient RH increases, impacting aero-
sol optical properties, especially particle light scattering, by changing
the particle size and shape. The ALWC can account for more than 50%
of the particle mass under high ambient RH conditions (Cheng et al.,
2008a; Bian et al., 2014; Tan et al., 2017; Jin et al., 2020). The ALWC
can also facilitate the formation of secondary aerosols (SA) by speeding
up the transformation of sulfur dioxide (SO2) to sulfate, the uptake
coefficient of nitrogen pentoxide (N2O5), and oxidation of organics
through multiple chemical reactions, consequently facilitating the
formation of air pollution and degrading visibility (Wehner et al.,
2008; Surratt et al., 2007; Hennigan et al., 2008; H. Su et al., 2020).

Several field campaigns, laboratory experiments, and modeling ef-
forts have addressed the influences of hygroscopic growth on aerosol
optical properties. Covert et al. (1972) studied the relationship between
light scattering and aerosol chemical composition and humidity, based
on laboratory experiments, finding that light scattering is increased by
a factor of three when the RH level was 90%. Tao et al. (2014) demon-
strated the significantly different diurnal patterns of the ambient
single-scattering albedo (ω) and ω measured at the dry state, both of
which were highly sensitive to the ambient RH. Yoon and Kim (2006)
reported that σsp was significantly enhanced under ambient RH condi-
tions compared to dry conditions, based on RH and σsp profiles under
ambient and lowRH conditions. The dependence of aerosol optical prop-
erties on RH and direct radiative forcing in the surface boundary layer
was investigated in the Pearl River Delta (PRD) region (Cheng et al.,
2008a). Cheng et al. (2008b) also found that thewater uptake of particles
can contribute 50–60% toσep at anRH level of 90% and that sulfate, carbo-
naceousmaterial, and water all played very important roles in degrading
visibility at Xinken in the PRD region. Zieger et al. (2013) studied the ef-
fect of aerosol hygroscopic growth on σsp by comparing measurements
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from five European sites and found significant discrepancies between
observations and modeling due to the inappropriate implementation of
hygroscopic growth in the model. These all demonstrate that the degra-
dation in visibility is related to the interaction between water uptake
and hygroscopic aerosol particles except for that caused by the particles
alone.

In summary, most previous studies have mainly studied the impact
of related factors, such as aerosol mass, aerosol hygroscopic growth,
aerosol chemical composition, and ambient RH, on aerosol optical prop-
erties separately. A thorough understanding of the relative importance
of each of these related factors in controlling aerosol optical properties
is lacking. Moreover, most previous studies have focused on the impact
of aerosol particle mass and aerosol hygroscopic growth on aerosol op-
tical properties at the surface level. With the total column of aerosol
properties as input, the aerosol radiative forcing has been simulated in
numerous studies (Ding et al., 2016; Zhou et al., 2018). The vertical pro-
files of aerosol properties play a critical role in cloud formation (Hu
et al., 2021) and aerosol radiative effects (Su et al., 2020b). However,
previous model simulations of studies often suffered from lacking the
aerosol vertical structure data. By using comprehensive field measure-
ments, this study investigates the association between aerosol backscat-
tering coefficient (βp) and ALWC and related factors (ambient RH,
aerosol mass concentration, and aerosol hygroscopicity) and the rela-
tive importance of each factor in influencing βp. Further compared
are their differences between the surface level and the upper
boundary layer. We demonstrate the clear sensitivity of aerosol
light scattering to ambient RH, aerosol mass concentration (PM2.5),
and aerosol hygroscopicity.

2. Data and measurements

2.1. Observation station

To understand aerosol formation and growth, their interactionswith
the boundary layer, and impact on air quality, a winter field campaign
was carried out from 1 November 2019 to 21 March 2020 at the
GuangzhouMeteorological Bureau (GMB) in Guangzhou, amegacity lo-
cated in the PRD region of China. TheGMB station (23.01°N, 113.33°E) is
located in the southwest suburb of Guangzhou near China's largest
amusement park called Chang Long Paradise (Fig. 1). This observation
site is influenced by a variety of urban pollutants from small factories,
traffic, and cooking. The field campaign was conducted at both the sur-
face level (1 November 2019 to 21 January 2020, first phase) and at the
532-m Guangzhou tower (1 February to 21March 2020, second phase)
located ~10 km north of the ground station. The planetary boundary
layer (PBL) height ranged from 300 m to 1.5 km during the experiment
(Fig. S1). During the cold season (November to March), diurnal varia-
tions in PBL depth generally range from 400 m to 900 m over the PRD
region (Yang et al., 2013; Deng et al., 2014; Guo et al., 2016; Su et al.,
2017, 2018). Fig. S2 shows the potential temperature (θ) at the surface
and at 532 m. The surface θ was systematically higher than that at
532 m during daytime and slightly lower than that at 532 m at night.
The daytime θ differences indicate that observations at 532 m were
below the top of the mixing layer. Given the decay of the mixing layer
during the nighttime, observations at 532 m were in the residual layer
(Fig. S3). During the transition from the mixing layer to the residual
layer, aerosol properties do not significantly change (Nilsson et al.,
2001; Venzac et al., 2009). Data collected in the presence of the residual
layer were thus not excluded from our analyses. Tower measurements



Fig. 1. Locations of the observation station at the surface level (red star) and the 532mGuangzhou tower (red triangle) and the terrain of Guangdong province (colored background, unit:
m). The inset figure shows an image of the site at the surface and its surroundings. (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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made at 532 m can generally represent air quality conditions in the
upper part of the PBL during our experiment.

2.2. Instrumentation

Ground-based observations were conducted in an air-conditioned
mobile container with a stable temperature environment (~20–25 °C).
A scanning mobility particle sizer (SMPS), a humidified nephelometer
system, and an aerosol chemical speciation monitor (ACSM) were
installed inside the container. A PM2.5 cyclone (model URG-2000-
30ED) was affixed to the top of the container in front of the sampling
inlet to remove particles larger than 2.5 μm. After going through the
PM2.5 cyclone, the sampled air was dried (below 30% RH) by a dryer
system, comprised of a silica gel tube and a Nafion dryer (model PD-
70T-24ss, Perma Pure Inc., USA), and streamed to different instruments.
During the field campaign at the Guangzhou tower, an ACSM was
installed in a sampling room located on a platform, set up in the same
way as on the ground. Meteorological variables, including wind
speed (WS), wind direction (WD), temperature (T), and RH, were
measured by a Li-COR 7500A system. Quality-controlled PM2.5 data
at the ground level were obtained from real-time PM observations
released by the China National Environmental Monitoring Centre.
PM2.5 at 532 m was measured by a tapered element oscillating
microbalance monitor. In this study, all times are local times (LTs)
in Beijing (UTC + 8 h).

The ACSMwas used to measure the aerosol chemical composition of
non-refractory submicron particles in real time. It provides composition
information about particulate ammonium(NH4

+), sulfate (SO4
2−), nitrate
3

(NO3
−), chloride (Cl−), and organics (Org) at a 15-min time resolution.

After the sampled air was dried to below 30% RH, it went into a high-
vacuum system through a particle aerodynamic lens that focused sub-
micron aerosols (~0.04–2.5 μm aerodynamic diameter) into a narrow
beam. It was then directed to a resistance-heated particle vaporizer,
operating at ~600 °C, installed in the ionization chamber of the mass
spectrometer where non-refractory components on the particle flash
vaporized on impact. The vaporized constituents were then ionized by
electron impact and analyzed using a quadrupole mass spectrometer.
Regular calibration of the ACSM with pure ammonium nitrate was
used to determine its ionization efficiency following the procedures de-
tailed by Jimenez et al. (2003). Ng et al. (2011) and Sun et al. (2012) pro-
vide more detailed descriptions of the ACSM.

Aerosol vertical optical profiles, including σep, βp, and the particle
linear depolarization ratio, were measured by a micro-pulse lidar
(MPL-4B, Sigma Space Corp.). Wu et al. (2020) describe in detail the
MPL used in this study. In brief, the MPL is comprised of a low-energy
laser with a high pulse-repetition rate (2500 Hz) at 532 nm, providing
continuous profile data with a time resolution of 60 s and a vertical res-
olution of 30 m (Huang et al., 2010). Since there was no humidified
nephelometer on the tower platform, βp at 509 m measured by the
MPL (βp, RH, MPL) was used for evaluation because of the tower
measurements at 532 m.

A humidified nephelometer system (Aurora 3000, Ecotech) with a
time resolution of 1 min measured aerosol optical properties (i.e., σsp

and βp at 525 nm) at the ground level. The σsp and the βp were
measured after drying (σsp,dry,Hneph; βp,dry,Hneph), while the aerosol
vertical optical property profiles retrieved by the MPL were made
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under ambient RH conditions. Therefore, based on the hygroscopic
enhancement factormeasured by the humidified nephelometer system,
βp, dry values at the surface were transformed into those under ambient
RH conditions (βp,RH,Hneph) and used for evaluation at the surface
(Fig. S4).

3. Methodology

3.1. Hygroscopicity parameter

For a multicomponent particle, the hygroscopicity parameter κ,
based on the Zdanovskii–Stokes–Robinson (ZSR) mixing rule (Stokes
and Robinson, 1966), can be expressed as the sum of the contributions
of each aerosol component:

κ ¼ ∑
i
εiκ i, ð1Þ

where εi and κi are the volume fraction and hygroscopicity parameter of
the ith aerosol component, respectively. The parameter κ can also be
expressed as the sum of the contributions of Org and inorganics
because submicron aerosols can be mainly divided into organic and
inorganic species (Carbone et al., 2013; Zieger et al., 2017). The ACSM
provides the mass concentrations of Org and inorganics, including
SO4

2−, NO3
−, NH4

+, and Cl−. The ion-pairing scheme (Gysel et al., 2007)
was used to calculate the volume fractions of inorganic species:

nNH4NO3 ¼ nNO−
3
,

nNH4HSO4 ¼ min 2nSO2−
4
−nNHþ

4
þ nNO−

3
,nNHþ

4
−nNO−

3

� �
,

n NH4ð Þ2SO4 ¼ max nNHþ
4
−nNO−

3
−nSO2−

4
, 0

� �
,

nH2SO4 ¼ max 0,nSO2−
4
−nNHþ

4
þ nNO−

3

� �
,

nHNO3 ¼ 0,

ð2Þ

where n represents themole numbers of each inorganic ion and species,
and “min” and “max” represent theminimum andmaximumvalues, re-
spectively. Here, the volumes of black carbon (BC) and mineral dust
were not taken into account in calculating the volume fractions because
BC and mineral dust particles have little impact on the κ calculation
(Malm et al., 2009; Levin et al., 2014). In this study, the κ values of the in-
organic species, sulfuric acid (H2SO4), ammonium sulfate ((NH4)2SO4),
ammonium hydrogen sulfate (NH4HSO4), ammonium nitrate (NH4NO3),
and organics were 1.19, 0.48, 0.56, 0.58, and 0.1, respectively (Petters
and Kreidenweis, 2007; Wex et al., 2009; Nguyen et al., 2016).

3.2. ALWC simulations

The thermodynamic equilibrium model ISORROPIA II (Fountoukis
and Nenes, 2007), with inorganic species (NH4

+, SO4
2−, NO3

−, and Cl−)
measured by the ACSM and measured ambient RH and T values as
input, was used to compute ALWC. In this study, the model was set up
to the metastable phase state and the reverse mode due to a lack of
data about gaseous ammonia.

The model ISORROPIA II assumes that aerosol hygroscopicity has no
effect on ambient vapor pressure and neglects the Kelvin effect in the κ-
Köhler theory (Fountoukis andNenes, 2007). Thismay have an effect on
the water uptake of the Aitken mode, but the influence is overall small
(Zieger et al., 2017). Consequently, in this model, the water activity
(aw), defined as the effective mole fraction of water, is thus equal to
the ambient RH (Seinfeld and Pandis, 2006):

aw ¼ RH: ð3Þ

The ALWC can then be derived according to the ZSR mixing rule
(Stokes and Robinson, 1966),
4

ALWC ¼ ∑
i

Mi

m0i awð Þ , ð4Þ

where Mi and m0i(aw) represent the mole concentration and the
corresponding molality of the binary solution of the ith species under
the same awwith a complex solution, respectively. The ALWC simulated
by the ISORROPIA II contains uncertainties incurred for not accounting
for the contribution of organics. Thus, the simulated ALWC was com-
pared with ALWC derived from the measurements of a humidified
nephelometer system, which agree well (Fig. S5).

3.3. The contribution of RH, PM2.5, and κ to the variabilities in βp

Based on the assumption that βp is affected by ambient RH, mass
loading (represented by PM2.5 here), and κ, βp can be expressed as a
function of these parameters (Huang and Yi, 1991; Cui et al., 2021):

βp ¼ f RH, PM, κð Þ: ð5Þ

The PM2.5 mass concentration and κ can both be set to constant
values, e.g., PM2.5 = 50 μg m−3 and κ = 0.3, to screen out ambient RH
and βp values under the same PM2.5 and κ conditions based on all
observational data. The absolute change in βp due to ambient RH can
be calculated as

Δβp RHð Þ ¼ f RH, PM0, κ0ð Þ, ð6Þ

where PM0 and κ0 represent constant values of PM2.5 mass concentration
and κ. Similarly, the absolute change in βp due to PM2.5 mass
concentration and κ can also be calculated. In this study, the gradient of
PM2.5, ambient RH, and κ are set to 5 μg m−3, 1%, and 0.1, respectively.
The change in βp due to ambient RH, PM2.5 mass concentration, and κ
together can then be expressed as

Δβp RH, PM, κð Þ ¼ a � Δβp RHð Þ þ b � Δβp PMð Þ þ c � Δβp κð Þ: ð7Þ

The coefficients a, b, and c can be derived throughmultiple linear re-
gression. The coefficients a, b, and c are 0.32, 0.42, and 0.36 at the surface,
respectively, and 0.82, 0.67, and 0.72 at the 532-m level, respectively.
Finally, the contributions of the three factors to the variability in βp

can be calculated:

FRH ¼ 1
m

∑m
j¼1

a � Δβp RHð Þj
a � Δβp RHð Þj þ b � Δβp PMð Þj þ c � Δβp κð Þj

,

FPM ¼ 1
m

∑m
j¼1

b � Δβp PMð Þj
a � Δβp RHð Þj þ b � Δβp PMð Þj þ c � Δβp κð Þj

,

Fκ ¼ 1
m

∑m
j¼1

c � Δβp κð Þj
a � Δβp RHð Þj þ b � Δβp PMð Þj þ c � Δβp κð Þj

,

ð8Þ

where m represents the length of the sample series.

4. Results and discussion

4.1. Overview

Figs. 2 and 3 show the temporal variations in themain aerosol prop-
erties during the experiment at the ground level and at 532 m on the
tower. There were four main haze events observed, manifested as a
rapid accumulation of particles at the ground level (Fig. 2a). However,
no pollution event was observed at the 532-m tower level, with low
PM2.5 values throughout the entire experiment (Fig. 3a). The average
mass concentration at the ground level was 45 ± 26 μg m−3, which
was much higher than that at 532 m (18 ± 11 μg m−3). This is likely
because the aerosol mass concentration usually decreases with
altitude (Su et al., 2018; Wei et al., 2021). It is also linked with the
impact of the nation-wide shutdown due to the coronavirus (COVID-



Fig. 2. Time series of (a) PM2.5 mass concentration and ambient relative humidity (RH), (b) aerosol liquid water content (ALWC), aerosol total scattering coefficient (σsp), and aerosol
backscattering coefficient (βp), (c) aerosol hygroscopicity (κ), and (d) aerosol chemical composition at the ground level during the experiment. Four pollution episodes (segments of
the time series with a yellow background) are selected for further examination. (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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19) pandemic that was taking place in China, leading to a sharp decline
in PM2.5 both at the ground level and at 532m during the second phase
of thefield campaign (1 February to 21March 2020, Fig. S6). Figs. 2a and
3a also show time series of the ambient RH at the ground level and at
532 m. The ambient RH at the ground level varied more dramatically
than the ambient RH at 532 m. The temperature at 532 m was system-
atically lower than that at the ground level, with T not changing much
during the two phases of the field campaign (Fig. S7).
Fig. 3. Same as Fig. 2 except at the 532-m level on the tower. I

5

Fig. 2b shows time series of ALWC and βp at the ground level. The
temporal variation in βp was generally consistent with ALWC, indicat-
ing that aerosol hygroscopic growth can change the particle size, mod-
ifying the aerosol backscattering (Zieger et al., 2013; Kuang et al., 2016).
PM2.5 and βp also had similar trends (Fig. 2a and b). Because PM2.5

concentrations were measured after drying during the experiment,
thus representing the mass concentrations of dry aerosol particles,
this demonstrates the important impact of the accumulation of dry
n (b), the aerosol total scattering coefficient is not shown.
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aerosol particles on light scattering. Fig. S8 shows time series of the
particle number size distributions (PNSDs) during the two observational
phases at the surface. The average PNSDs during the two observational
phases had similar patterns, with one peak at ~20 nm and one small
peak at ~100 nm (Fig. S9a). Moreover, the average PNSD during the first
phase showed much higher number concentrations than during the sec-
ond phase due to the impact of the COVID-19 lockdown, as expected
(Fig. S9a). To better compare differences in the size distribution between
the two observational phases, normalized PNSDswere analyzed. On aver-
age, the normalized PNSDs had similar patterns. The peaks during the sec-
ond phase were slightly smaller than during the first phase (Fig. S9b).
These results illustrate that mission sources remained essentially the
same during the two phases. Similar to the situation at the surface level,
high values of βp at 532 m were usually associated with correspondingly
high ALWC values (Fig. 3b), suggesting the important influence of aerosol
hygroscopicity on light scattering both at the ground level and at 532 m.
MPL-retrieved βp values associatedwith very high RH values are not con-
sidered in the subsequent analysis because of the high probability of cloud
contamination. At the ground level, average ALWC and βp values were
12 ± 10 μg m−3 and 30 ± 16 Mm−1, respectively. At 532 m, average
ALWC and βp values were 4 ± 3 μg m−3 and 7.2 ± 4.2 Mm−1,
respectively. Note that the ambient RH at 532 m remained relatively
high, while ALWC values at 532 m were much lower than at the ground
level. This suggests that ALWC cannot easily increase during clean periods,
even though high RH conditions provide sufficientwater for the uptake of
water by aerosol particles. Figs. 2a and b and 3a and b also show that
the increases in βp were synchronous with the increases in aerosol
mass concentration and ambient RH. On average, at the ground
level, βp increased from 10 to 75 Mm−1 as PM2.5 increased from 12
to 89 μg m−3, and ambient RH increased from 22% to 85%. These re-
sults indicate that the increase in aerosol mass concentration, parti-
cle size, and ambient RH all play a role in the increase in βp.

Figs. 2d and3d show themass concentrations of aerosol components
(Org, NH4

+, SO4
2−, NO3

−, and Cl−) at the ground level and at 532 m,
respectively. At the ground level and at 532 m, Org were overall the
dominant species in PM2.5, accounting for 58% and 57%, followed by
sulfate accounting for 18% and 20%, respectively (Fig. S10). Figs. 2c and
3c show the hygroscopicity parameter κ derived from the chemical
Fig. 4.Diurnal variations in aerosol backscattering coefficient (βp, left panels) and aerosol liquid
panels). The shaded areas represent standard deviations.

6

composition at the ground level and at 532 m, with average κ values
of 0.28 (ranging from 0.14 to 0.6) and 0.27 (ranging from 0.16 to
0.58), respectively. These results indicate that the meteorological
conditions and emission sources did not change much during the
observation period, suggesting that it is of significance to compare the
effects of ALWC and related factors (ambient RH, aerosol mass, and hy-
groscopicity) on βp between the ground level and 532 m. Fig. 2 shows
that κ also increased as the PM2.5 mass concentration and ambient RH
increased. This is likely because, along with the increase in ambient
RH, aerosol particles can take up water, facilitating the formation of SA
and increasing aerosol hygroscopicity (Martin, 2000; Cheng et al.,
2016; Wang et al., 2016). The newly formed SA are beneficial toward
enhancing aerosol hygroscopicity because they are usually highly
aged. This can further enhance the uptake of water by aerosols, facil-
itating the formation of pollution. βp thus increases, and atmospheric
visibility decreases. This positive feedback also occurred at 532 m.
These results suggest that aerosol hygroscopicity also has a large
influence on aerosol optical properties except for the ambient RH
and aerosol mass concentration.

4.2. Diurnal variations at the ground level and at 532 m

Fig. 4a and b show the diurnal variations in βp and ALWC at the
ground level, respectively. In general, the diurnal cycles of ALWC and
βp were similar. Both ALWC and βp diurnal cycles had clear peaks
(16 μg m−3 and 36 Mm−1) in the early morning and valleys (4 μg m−3

and 23 Mm−1) in the afternoon. The diurnal cycles of ALWC and βp at
532 m also showed a similar pattern, with a clear peak (6 μg m−3 and
10 Mm−1) at noon (1230 LT and 1130 LT, respectively), suggesting
that ALWC plays an important role in influencing aerosol optical proper-
ties both at the surface and in the upper boundary layer, especially under
high ambient RH conditions (Fig. 4c andd). Note that the timeswhen the
peak and valley appeared in the βp diurnal cycle (0100 LT and ~1700 LT)
were different from those in the ALWC diurnal cycle (0600 LT and ~1600
LT) at the surface level. As shown in Fig. 5a and c, the sharp decline in
PM2.5 from 52 μg m−3 to 36 μg m−3 at 2300 LT led to the peak in βp

appearing earlier than of the peak in ALWC. The continuous decrease
in PM2.5 in the afternoon also resulted in the valley in βp appearing
water content (ALWC, right panels) at the ground level (top panels) and at 532m (bottom



Fig. 5.Diurnal variations in PM2.5 mass concentration (left panels), relative humidity (RH, middle panels), and aerosol hygroscopicity (κ, right panels) at the ground level (top panels) and
at 532 m (bottom panels). The shaded areas represent standard deviations.
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later than the valley in ALWC. These results indicate that the surface βp

was not only significantly affected by aerosol hygroscopic growth but
also affected by the accumulation of fine-mode particles. The surface
ALWC and ambient RH had similar diurnal variations, with peaks at
0600 LT and valleys at 1600 LT (Figs. 4b and 5b), indicating that ambient
RH played a key role in determining the diurnal variation in surface
ALWC.

The diurnal variations in ALWC and βp at the surface and at 532 m
differed. At the ground level, higher values of ALWC and βp were seen
at night, and lower values were seen in the daytime, while at 532 m,
the opposite occurred. The dramatic differences in the diurnal
variations of the fine-mode aerosol mass and ambient RH between the
ground level and the 532-m level may explain this. Fig. 5b and e show
the diurnal variations in ambient RH at the ground level and at 532 m,
respectively. With the relatively uniform water vapor mixing ratio and
decreasing temperature with altitude in the PBL (Stull, 1988; Liu and
Liang, 2010), the ambient RH at 532 m (ranging from 72% to 78%) was
systematically higher than the RH at the surface level (ranging from
35% to 68%). The surface RH had a notable diurnal cycle where the aver-
age standard deviation of the surface RH (15%) was much smaller than
the variation in RH values (33%), partly linked with the evolution of the
PBL. During the development of the PBL, dry and clean air masses are
entrained into the PBL (Wallace and Hobbs, 2006). Consequently, the
surface RH decreases during the daytime. Different from the surface
RH, the ambient RH at 532 m was relatively uniform. The variation in
ambient RH values at 532 m (6%) wasmuch less than the average stan-
dard deviation (12%). This is because the humidity inmost of themiddle
and upper boundary layer does not change due to diminished turbu-
lence (Stull, 1988). The diurnal variation in RH at 532 m was thus not
discernible. The diurnal variation in RH at 532 m is characterized by
large standard deviations. Associated with the thermodynamic struc-
turewithin the PBL, the large difference in ambient RH between the sur-
face level and 532 mwould lead to disparities in the ALWC and aerosol
optical properties. Fig. 5a and d show the diurnal variations in aerosol
mass concentration at the ground level and at 532 m, respectively. The
surface PM2.5 (ranging from 36 to 52 μg m−3) was systematically higher
than PM2.5 at 532 m (ranging from 14 to 21 μg m−3). Surface PM2.5 had
a notable diurnal cycle characterized by a valley (36 μg m−3) during the
daytime (1730 LT) and a peak (52 μg m−3) at night (2000 LT), overall
7

opposite to what was seen at 532 m. This disparity is also partly related
to the evolution of the PBL. Wang et al. (2018) have suggested that
newly formed fine particles and their coagulation and growth
contribute little to PM2.5 due to the small volume of newly formed
particles. They also state that the evolution of the PBL has a greater influ-
ence on aerosol mass concentration at the surface. Note that the surface
observation station is next to the Chang Long Paradise amusement park,
surrounded by food stalls that could emit a large number of particles
from cooking at night. Accordingly, observed is a notable decline and in-
crease in the fine-mode aerosol mass at the surface during the daytime
and in the evening, respectively. On the contrary, a rapid accumulation
of fine-mode aerosol particles took place in the morning at 532 m
(increasing from 14 to 21 μgm−3), also partly linkedwith the diminished
turbulence in the middle and upper parts of the boundary layer. In the
upper boundary layer, turbulence diminished, thusweakening the impact
of the evolution of the PBL on PM2.5. Consequently, a sharp increase in
PM2.5 was observed in the morning due to the considerable number of
fine particles created during new-particle-formation events. The diurnal
variation in βp was similar to that in PM2.5, based on the relatively
uniform RH in the upper boundary layer. Fig. 5c and f show the diurnal
variation in aerosol hygroscopicity at the ground level and at 532 m, re-
spectively. Note that the diurnal cycles of κ at the surface and at 532 m
are similar, both characterized by a clear peak (0.30 and 0.29, respec-
tively) and valley (0.23 and 0.24, respectively) at 1100 LT and 1900 LT,
and 1000 LT and 2000 LT, respectively. Meanwhile, observed were
sharp increases in the SO4

2− mass concentration (from 16% to 20%) and
the NO3

− mass concentration (from 12% to 18%) in the morning and
evening, as well as a notable increase in Org (from 52% to 62%) in the
afternoon (Fig. S11). The sharp increase in κ in the morning is thus
likely related to strong photochemical reactions that facilitate the
transformation of SO2 to SO4

2− and NOx to NO3
− (Wang et al., 2018). The

notable decline in κ in the afternoon results from the considerable
number of organic species emitted and formed through oxidation
(Zhang et al., 2018). The average maximum and minimum values of
aerosol hygroscopicity are both around 0.3 and 0.25, respectively, at the
ground level and at 532 m. These results further demonstrate that
aerosol chemical species at the ground level and at 532 m were similar.

In summary, the diurnal variations in ambient RH, PM2.5, and βp at
the ground level and at 532 m are significantly different from each
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other. Associatedwith the thermodynamic structurewithin the PBL, the
diurnal cycles of ambient RH and PM2.5 are both characterized by a clear
peak in the afternoon at the surface level. Due to diminished turbulence
in the upper boundary layer, the ambient RH there is relatively uniform
with no clear diurnal variation, and PM2.5 has a diurnal cycle opposite to
that at the surface. The noticeable differences in ambient RH and PM2.5

between the surface level and the upper boundary layer led to the
overall opposite diurnal cycle pattern in βp.

4.3. The impact of different factors (ambient RH, PM2.5, and κ) on aerosol
optical properties

4.3.1. Correlation analysis
As previously discussed, the surface RH is significantly different

from that in the upper boundary layer. The surface PM2.5 is also
significantly different from that in the upper boundary layer
because of the thermodynamic structure within the PBL, leading to
disparities in aerosol optical properties. Therefore, to further investi-
gate the impact of different factors, such as the ambient RH, PM2.5,
and κ, on βp and to compare their differences between the surface
level and the 532 m level, the correlations between βp and fine-
mode aerosol mass under four different ambient RH conditions and
differentiated by κ were analyzed at these two levels.

At the ground level, the coefficients of determination (R2) between
βp and PM2.5 mass concentration are 0.90, 0.92, 0.88, and 0.85 when
RH ≤ 60%, 60 < RH ≤ 70%, 70 < RH ≤ 80%, and 80 < RH ≤ 90%,
respectively (Fig. 6). The surface βp correlates well with PM2.5 mass
concentration under all RH conditions, suggesting that fine-mode aero-
solswere an important factor influencing the variation in aerosol optical
properties at the surface. However, βp at the 532-m level shows a rela-
tively weaker correlation with PM2.5 mass concentration (R2 < 0.6)
under all ambient RH conditions (Fig. 7). Under low RH conditions
(RH < 70%), PM2.5 at 532 m ranged from 5 to 60 μg m−3, values much
higher than under high RH conditions, and βp and PM2.5 were better
correlated (R2 > 0.5). The surface βp was much higher, as much as
four times greater than that at 532 m. These results suggest that the
Fig. 6. The correlation between aerosol backscattering coefficient (βp) and PM2.5 mass concent
dots represents the magnitude of the aerosol hygroscopicity parameter (κ). The black lines
determination are given in each panel. (For interpretation of the references to color in this figu

8

impact of aerosol loading on aerosol optical properties at the ground
level was more important than that in the upper boundary layer over
Guangzhou. Figs. 6 and 7 also show that βp increased slightly as the
fine-mode aerosol mass concentration increased under low RH condi-
tions and increased sharply under high RH conditions both at the
ground and 532-m levels. This is likely because there were more SA
with higher aerosol hygroscopicities formed under high RH conditions,
contributingmore to βp through aerosol hygroscopic growth (Wu et al.,
2018; Jin et al., 2020). This illustrates the significant impact of ambient
RH on aerosol light scattering. Also, the slopes of the best-fit regression
lines at the surface level varied little as the ambient RH increased, rang-
ing from 0.52 to 0.67. At the 532-m level, sharp increases in the slope
were seen, ranging from0.15 to 0.84. Such a difference between the sur-
face and 532 m shows that the impact of ambient RH on aerosol light
scattering in the boundary layer is noticeably larger than at the ground
level. This is partly related to aerosol size distributions. As shown in
Fig. S12, the shapes of the particle size distributions were similar
under different RH conditions at the surface, with two peaks at
~20 nm and ~100 nm. However, under low RH conditions (RH < 60%),
the particle size distribution was the broadest in the small-particle
size range than under higher RH conditions, with a less clear peak at
100 nm, likely related to the influence of high emissions of smaller par-
ticles under low RH conditions from local sources. This explains the dif-
ferent slopes of the PM2.5 mass concentration and βp relations under
different RH conditions, with the higher slope associated with higher
RH conditions. The potential impacts of the aerosol size distribution
on βp were examined next using Mie scattering theory (Du, 2004;
Bohren and Huffman, 2007). PM2.5 and κ were first set using their
mean values as fixed values. Then based on all PNSD and RH data col-
lected, Mie theory was used to calculate βp. The average contributions
of the particle size distribution to βp were 8.19%, 7.92%, 7.27%, and
6.52% at RH = 40%, 60%, 80% and 90%, respectively. The influence of
the aerosol size distribution on aerosol light scattering was thus
relatively small at the same PM2.5 mass concentration during the
campaign in Guangzhou. Surface βp increased as κ increased under
the same PM2.5 and ambient RH conditions (Fig. 6). Moreover, βp
ration for four ambient relative humidity (RH) ranges at the ground level. The color of the
are the best-fit lines from linear regression. The slopes of the lines and coefficients of
re legend, the reader is referred to the web version of this article.)



Fig. 7. Same as Fig. 6 except at the 532-m level.
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increased more significantly with the enhancement in κ under high
PM2.5 mass concentration conditions, related to the large contribution
of accumulation-mode particles to aerosol hygroscopic growth. During
polluted periods, aerosol particles dominated by accumulation-mode
particles are highly aged and can take up considerable liquid water,
changing particle sizes. This further increases aerosol light scattering
during the evolution of heavy haze episodes, consequently increasing
βp more significantly as κ increases (Swietlicki et al., 1999; Bian et al.,
2014). The increase in βp as κ increases is also seen at 532 m. These
results show the notable impact of aerosol hygroscopicity on βp,
especially during heavy haze periods.

In summary, ambient RH, aerosol mass concentration, and aerosol
hygroscopicity all influence aerosol optical properties significantly at
the ground level and in the upper boundary layer. However, the impacts
of the three related factors on βp are noticeably different between the
surface level and the upper boundary layer. The βp correlates well
with PM2.5 at the surface but relatively poorly at 532 m, enhancing
slightly as ambient RH increases at the surface but sharply at 532 m.

4.3.2. Sensitivity analysis
As discussed in Section 4.3.1, the ambient RH, aerosol mass concen-

tration, and aerosol hygroscopicity all have significant impacts on aerosol
optical properties at the ground level and in the upper boundary layer.
However, their impacts on βp are very different because of the complex
interactions between the three related factors (Chen et al., 2014; Ma
et al., 2014). As ambient RH increases, aerosols grow through water up-
take, further accelerating the formation of SA and particle accumulation,
thus enhancing aerosol hygroscopicity and forming a positive feedback
(Wu et al., 2018). Therefore, it is important and essential to quantita-
tively evaluate the impacts of ambient RH, PM2.5 mass concentration,
and aerosol hygroscopicity on βp. Fig. 8 shows the absolute changes in
βp caused by ambient RH, PM2.5 mass concentration, and κ, calculated
based on the methods introduced in Section 3.3. The absolute change
in βp has linear relationships with PM2.5 mass concentration and κ at
the ground level and at 532 m. The PM2.5 mass concentration increased
9

by 10 μg m−3, and βp increased by 6.5 and 5.2 Mm−1 at the ground
level and at 532 m, respectively. The standard deviation of the PM2.5

mass concentration at the ground level is much smaller than that at
532 m, partly related to the more significant correlation between βp

and PM2.5 mass concentration at the surface than at 532 m. The
parameter κ increased by 0.1, and βp increased by 6.2 and 6.0 Mm−1 at
the ground level and at 532 m, respectively. However, the absolute
change in βp has an exponential relationship with ambient RH at both
the ground level and at 532 m, similar to the relationship between
ALWC and ambient RH (Tan et al., 2017; Jin et al., 2020), indicating the
important impact of ALWC on aerosol light scattering through aerosol
particle hygroscopic growth. Note that βp increased more rapidly as
the ambient RH increased under relatively low RH conditions at the
ground level, while the increase in βp became sharp under high RH con-
ditions at 532 m, consistent with previous results showing the pro-
nounced increase in the slope at 532 m and the slight increase in the
slope at the ground level. This is likely related to the more polluted con-
ditions at the ground level where aerosol particles are mostly composed
of accumulation-mode particles, facilitating aerosol hygroscopic growth
under relatively low ambient RH conditions, thus increasing βp (Wu
et al., 2018).

Fig. 9 shows the relative contributions of ambient RH, PM2.5 mass
concentration, and κ to changes in βp at the ground level and at
532 m. On average, κ, PM2.5 mass concentration, and ambient RH ac-
count for 25%, 42%, and 33%, respectively, at the ground level. This
suggests that the impact of the accumulation of aerosol particles them-
selves on aerosol light scattering is themost important among the three
factors, followed by aerosol hygroscopic growth due to the increase in
the ambient RH, and finally, the enhancement in κ through multiple-
phase chemical reactions. These results imply that local emission controls
can decrease βp significantly, further improving atmospheric visibility
effectively at the surface during winter in Guangzhou. At the 532-m
level on the tower, aerosol hygroscopicity, PM2.5 mass concentration,
and ambient RH accounted for 24%, 30%, and 46%, respectively. The rela-
tive contributions of aerosol chemical composition to the variability in



Fig. 8. The absolute change in aerosol backscattering coefficient (βp) with (from left to right) aerosol hygroscopicity (κ), PM2.5 mass concentration, and ambient relative humidity (RH)
(a) at the ground level and (b) at 532 m on the tower. Shaded areas represent standard deviations.
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βp at the ground level and at 532m are generally similar and the smallest
among the three factors, indicating that aerosol hygroscopic growth
caused by chemical processes played a relatively weaker role in
influencing aerosol optical properties at both the ground level and in
the upper boundary layer over Guangzhou. Note that the contribution
of ambient RH is the largest at 532 m, followed by aerosol mass concen-
tration, different from that at the ground level, indicating that aerosol hy-
groscopic growth resulting from high ambient RH played a key role in
determining aerosol light scattering in the upper boundary layer inwinter
over Guangzhou.

5. Conclusions

A winter field campaign was carried out at the Guangzhou
Meteorological Bureau station in the PRD region of China from 1
November 2019 to 21 January 2020 at the surface level and from
1 February to 21 March 2020 at the nearby Guangzhou tower.
Measurements made at 532 m on the tower can generally repre-
sent the air quality condition in the upper part of the PBL. The
Fig. 9.Mean contribution fractions (black dots) of aerosol hygroscopicity (κ), PM2.5mass concen
and 75th percentiles (a) at the ground level and (b) at 532 m on the tower. The extremities sh
references to color in this figure legend, the reader is referred to the web version of this article
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core issue of haze is light scattering, affected by both pollutants
and meteorological factors, especially their variations throughout
the boundary layer. Previous studies have chiefly been ground
based and less focused on the relative contributions of various fac-
tors to aerosol optical properties. This study investigated the rela-
tionship between pertinent factors (ambient RH, PM2.5, and aerosol
hygroscopicity) and aerosol optical properties (aerosol scattering
coefficient, βp) and further compared differences between the
ground level and the upper boundary layer.

In general, the temporal variation of βp was consistent with that of
ALWC, and high βp values were usually associated with correspondingly
high ALWC values. The diurnal cycles of ALWC and βp were similar at
the ground level and at 532 m, suggesting that aerosol liquid water plays
an important role in light scattering through aerosol hygroscopic growth.
There were four main haze events observed during the experiment. The
surface PM2.5 mass concentration was much higher than that at 532 m.
Organics and sulfates were the dominant species in PM2.5 both at the
ground level (58% and 18%, respectively) and at 532 m (57% and 20%,
respectively), showing that the aerosol chemical species at the surface
tration, and ambient relative humidity (RH, solid dots),with boxes showing the 25th, 50th,
ow the 5th and 95th percentiles, and the red dots show outliers. (For interpretation of the
.)
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and in the upper boundary layer were similar. Associated with the
thermodynamic structure within the PBL, the noticeable difference
in ambient RH and PM2.5 between the surface level and the upper
boundary layer was demonstrated. The ambient RH in the upper
boundary layer was systematically higher than the surface RH. The
ambient RH had a clear diurnal cycle at the surface level and was rel-
atively uniform in the upper boundary layer. The surface PM2.5

concentration was systematically higher than that at 532 m, with
opposite diurnal cycles. These differences would lead to disparities
in aerosol optical properties between the surface and the upper
boundary layer.

The ambient RH, aerosol mass concentration, and aerosol hygroscop-
icity influenced aerosol optical properties significantly, both at the
ground level and at 532 m. As βp increased with increasing ambient
RH, the aerosol mass concentration also increased due to the accumula-
tion of particles and secondary aerosol formation, further increasing βp.
The contribution of the particle size distribution to βp at the same PM2.5

level at the surface was also evaluated, with average values of 8.19%,
7.92%, 7.27%, and 6.52% at RH = 40%, 60%, 80%, and 90%, respectively.
This suggests that the influence of the aerosol size distribution on
aerosol light scattering was small at the same PM2.5 mass concentration
level during the campaign in Guangzhou. A sensitivity analysis was per-
formed to determinewhich factor had themost impact on aerosol optical
properties at the surface and at 532 m. The clear difference in the sensi-
tivity of aerosol light scattering to the ambient RH, aerosol loading, and
aerosol chemical composition between the surface and the upper bound-
ary layer was demonstrated. The relative contributions of aerosol hygro-
scopicity to the variability in βp at the surface level (25%) and at 532 m
(24%) were the smallest among the three factors, likely linked with the
relatively weaker aerosol hygroscopicity and the small variation in
aerosol hygroscopicity during the winter experiment in Guangzhou. βp

was more sensitive to PM2.5 at the surface level (accounting for 42%)
and more sensitive to the ambient RH in the upper boundary layer
(accounting for 46%). This is mainly related to the more polluted
conditions at the ground level and the higher ambient RH condi-
tions in the upper boundary layer. These results help toward quantita-
tively understanding the relative contributions of meteorological factors
and atmospheric chemical processes to pollution. They also reveal to
some degree the causes and measures to take to combat air pollution in
China.
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