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Abstract Though China has witnessed substantial particular matter pollution mitigation owing to the
strict emission control in recent years, the frequency of haze events with low visibility is not improved
as much as expected, especially in cold seasons. Here, 6‐year wintertime observations, satellite retrievals, a
thermodynamic model, and theoretical calculation were integrated to better understand the complex
inﬂuence of aerosol chemical composition and hygroscopic behaviors on visibility impairment. We found
that the proportion of nitrate in aerosol mass concentration increased by approximately 10% from 2013
to 2018. Such a transition in aerosol chemical compositions together with increasing ambient humidity in
past years jointly enhanced aerosol extinction efﬁciency, and the elevated proportion of nitrate played
an increasingly critical role after 2017. The increased aerosol extinction efﬁciency is responsible for the less
improved visibility despite large decrease in aerosol mass concentrations in eastern China.
Plain Language Summary Atmospheric aerosol degrades regional visibility as a result of light
extinction, which is highly linked with aerosol chemical composition and particle size growth in humid
environment. Due to a much sharper drop of sulfur emission than nitrogen emission in China, aerosol has
become increasingly nitrate‐dominant. The transition in aerosol chemical compositions together with
increasing ambient humidity in past years may jointly alter aerosol hygroscopic behaviors and enhance
aerosol extinction efﬁciency. In consequence, although substantial mitigation of aerosol pollution has been
achieved in recent years, hazy days with low visibility still frequently occur in eastern China.

1. Introduction
Atmospheric aerosol, especially ﬁne particle (PM2.5), has drawn increasing attention due to its negative
impacts on both air quality and human health (Brook et al., 2010; Kim et al., 2015). As one of the most important pollutants suspended in the atmosphere, aerosol directly scatters or absorbs incident solar radiation and
thus deteriorates visibility, which then triggers the well‐known “haze” pollution in emission‐intensive
regions like China (An et al., 2019; Chang et al., 2009; Li et al., 2016). The visibility impairment due to aerosol is closely related to its ambient concentration, chemical composition, as well as hygroscopic growth
under high humidity (Kuang et al., 2016; Malm & Kreidenweis, 1997). Among all the chemical components
of PM2.5, secondary inorganic compositions like sulfate, nitrate, and ammonium (SNA) have been indicated
to play a dominant role in light extinction and resultant visibility deterioration because of its high mass loading and hygroscopic behavior (Tombach & McDonald, 2004).
China, one of the fast‐developing countries across the world, has witnessed severe air pollution in recent decades. The annual mean concentration of PM2.5 in 31 provincial capital cities reached up to 75 μg/m3 in 2013,
far more than 10 μg/m3 which is recommended as the standard level by the World Health Organization
(WHO) (Liu et al., 2019). During the winter hazy days, PM2.5 concentration usually exceeded 500 μg/m3
in eastern China and SNA generally contributed more than 50% to the total mass concentration (Ding
et al., 2016; World Health Organization, 2006), consequently leading to an extremely poor visibility (a few
hundred meters) and frequent haze pollution (Zheng et al., 2016). Such a high level of SNA concentration
could be attributed to multiple reasons. On the one hand, due to huge energy consumption and agricultural
production, emissions of SNA precursors, namely, sulfur dioxide (SO2), nitrogen oxides (NOx), and ammonia (NH3), are quite intensive in China (Zhang et al., 2012, 2015). On the other hand, stagnant meteorological condition and concentrated gas precursors tend to accelerate the heterogeneous reaction and then
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chemical production of SNA (Huang et al., 2012; Huang, Ding, Gao, et al., 2020; Huang, Ding, Wang, et
al., 2020; Xie et al., 2015).
To mitigate haze pollution, China has implemented the toughest‐ever clean air policy across the country
since the year of 2013. As expected, concentrations of air pollutants have dropped signiﬁcantly after the
implementation (China State Council, 2013). The annual mean concentration of PM2.5 for 31 provincial
capital cities has declined from 75 μg/m3 in 2013 to 48 μg/m3 in 2017. It is also demonstrated by China's
emission estimation, from 2013 to 2017, national emissions of SO2, NOx, and primary PM2.5 decreased by
59%, 21%, and 33% (Ding et al., 2019; Wang, Lyu, et al., 2019; Zhang, Zheng, et al., 2019), respectively. In
Nanjing, a city located in the Yangtze River Delta (YRD) with more strict emission reduction, 5‐year reduction of SO2 concentration reached 70%–80% and showed a signiﬁcantly higher decrease in comparison with
NOx (Ding et al., 2019). As a consequence, a larger reduction in sulfate than nitrate was demonstrated by
both in situ observations and model simulations (China State Council, 2013; Ding et al., 2019; Zhang,
Zheng, et al., 2019).
However, it is worth noting that the atmospheric visibility seems less improved even though pollutant emission has dropped rapidly and PM2.5 concentration has substantially decreased, particularly in winter (Ding
et al., 2019; Huang, Ding, Gao, et al., 2020; Huang, Ding, Wang, et al., 2020; Li, Liao, et al., 2019). For instance,
it has been found that PM2.5 decreased from 52 μg/m3 in 2013 to 33 μg/m3 in 2018 in southern China, but the
frequency of low visibility events barely changed (~5% decrease) (Xu et al., 2020). The nonlinear response of
visibility to PM2.5 concentration was also observed in the North China Plain, which could be attributed to
varying meteorological conditions as well as aerosol chemical composition (Zou et al., 2018). As indicated,
SNA, which dominates PM2.5 mass concentration and attenuation of incident solar radiation, has undergone
great transitions from 2013 to 2017 due to disparities in SO2 and NOx reduction (Zheng et al., 2018).
Measurements in many places have revealed the fact that secondary aerosol in PM2.5 has changed from
sulfate‐dominant to nitrate‐dominant (China State Council, 2013; Li, Cheng, et al., 2019; Zhao, Wang,
et al., 2019). How the chemical composition transition impact atmospheric visibility and haze pollution in
China is still not well understood. Considering that visibility deterioration is currently one of the biggest
environmental challenge facing eastern China, this work aims to shed more light on less visibility improvement than expected from the perspective of aerosol chemical composition as well as humidity condition by
combining long‐term ﬁeld measurements, theoretical calculations together with a thermodynamic model.

2. Data Sets and Methods
2.1. In Situ Measurements on PM2.5 and Its Chemical Composition
Measurements on PM2.5 concentration are recorded hourly at more than 1,500 stations of China's air quality
monitoring networks. All these ground‐based observations are archived at an air monitoring data center of
Ministry of Ecology and Environment of China, which are collected to derive the spatial distribution and
temporal variations of PM2.5 concentration in this study. In addition to PM2.5 concentration, its chemical
compositions are routinely observed at the Station for Observing Regional Processes of the Earth
System (SORPES) in Nanjing, which is a regional background station in the western part of YRD region
(32°07′14″ °N, 118°57′10″ °E) (Ding et al., 2013, 2019). The station is located on the top of a 40‐m hill, inside
Nanjing University Xianlin Campus, 20 km northeast of downtown Nanjing (Shen et al., 2018). At this station, meteorological ﬁeld, PM2.5 mass concentration, and its precursors are measured continuously since
2011. More species, such as aerosol chemical compositions, including black carbon (BC), organic carbon
(OC), sulfate (SO42−), nitrate (NO3−), ammonium (NH4+), potassium (K+), and calcium (Ca2+), have been
measured since the year of 2013 (Ding et al., 2019; Wang et al., 2018; Xie et al., 2015). PM2.5 mass concentration is measured by the online analyzer based on the light scattering and beta‐ray absorption method
(Thermo Fisher Scientiﬁc, Model 5030 SHARP, USA). The water‐soluble inorganic ions are detected by
the Monitor for aerosols and gases in Ambient air (MARGA; Metrohm, Switzerland). BC concentration is
observed using a seven‐wavelength aethalometer (AE‐31, Magee Scientiﬁc), and the data at the wavelength
of 880 nm were used in this study (Shen et al., 2018). The size distribution and number concentration of aerosol particles were averaged winter values measured with a differential mobility particle sizer (DMPS) (Qi
et al., 2015). All the instrumentations at this station are detailed in previous studies (Ding et al., 2013,
2019). Furthermore, atmospheric visibility is obtained from the nearest meteorological station (32°22′N,
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118°51′E). Given that the atmospheric visibility during rainy days saturated with water vapor is no longer
substantially inﬂuenced by PM2.5, thus all rainy‐day data were not taken into account in this work.
2.2. Theoretical Description of Aerosol Hygroscopic Behavior
Hygroscopic deliquescence occurs with most hydrophilic aerosols as the ambient relative humidity (RH)
increases. The aerosol particles exist in solid form until the ambient RH reaches a threshold value, which
is deﬁned as deliquescence relative humidity (DRH). Once the DRH is reached, the solid particle will spontaneously absorb atmospheric moisture causing a rapid increase in particle size and then gradually transform to saturated aqueous solution. The DRH value of atmospheric aerosol varies with ambient
temperature and chemical species (Seinfeld & Pandis, 2016; Tang et al., 2019). For multicomponent aerosols,
their deliquescence threshold is called multicomponent deliquescence relative humidity (MDRH). In this
work, we calculated the MDRH of hydrophilic aerosol consisting of NH4NO3 and (NH4)2SO4, which are
common hygroscopic composition of aerosols in China.
Following the methods of Wexler and Seinfeld (1991), for the NH4NO3‐(NH4)2SO4‐H2O system, when the
two salts are respectively saturated, the water activity of the system are shown below:
For the system saturated with (NH4)2SO4 is




18
1þX
2mNH4 NO3 − 0:037m2NH4 NO3 − 2mðNH4 Þ2 SO4 ln
aw ðmNH4 NO3 Þ ¼ 0:8113exp −
1000
2 − 2X
And for the system saturated with NH4NO3 is
aw mðNH4 Þ2 SO4







18
2
2
3mNH4 NO3 þ 0:1035mðNH4 Þ2 SO4 − 2mNH4 NO3 ln
−1
¼ 0:7205exp −
1000
X

where aw(specie) and m(specie) are the water activity and molality of the two species in the solution respectively, X = mNH4 NO3 /(mNH4 NO3 +mðNH4 Þ2 SO4 ) is the relative mole fraction of dissolved NH4NO3. The detailed
derivation of the above results is given in supporting information, Text S1. The water activity as a function
of X is shown in Figure 4a.
As discussed above, hygroscopicity of multicomponent aerosol particles varies with the chemical composition of the aerosol, which will lead to different particle growth size under the same RH.
Particle growth factor (GF) is the ratio of the particle diameter after hygroscopic growth at a given RH to its
dry diameter for quantifying aerosol particle hygroscopicity, which can be expressed as Dp/D0. The aerosol
particle diameter at a speciﬁc RH can be calculated by the Köhler equation, which describes the relationship
between the equilibrium size of solution droplets and the ambient water vapor/RH. For the NH4NO3‐
(NH4)2SO4 system, we obtained aerosol particle diameter under different state from the Extended Aerosol
Inorganics Model II (E_AIM) (Clegg et al., 1998), which simulates the state of aerosol system at equilibrium
with a given atmospheric temperature and RH conditions based on Köhler theory. The GF at 0–1.0 mole
ratio of nitrate was calculated with E_AIM model data in this study.
2.3. Calculation on Aerosol Extinction
Atmospheric aerosol deteriorates regional visibility by absorbing and scattering sun light, whose intensity is
highly dependent on the size of particles. Therefore, particle growth due to hygroscopic deliquescence certainly would change the aerosol optical properties and further impair the atmospheric visibility. Such a great
importance of aerosol hygroscopic growth has been revealed by many in situ observational and numerical
works (Castarède & Thomson, 2018; Kuang et al., 2016; Liu et al., 2008, 2009; Pan et al., 2009; Yoon &
Kim, 2006). Extinction coefﬁcient (bext) is the parameter adopted to manifest the radiation attenuation by
aerosol particles. With the in situ measured particle number concentration and particle diameter derived
from the E_AIM model, Mie theory was then used to calculate the bext. In the Mie theory calculation, the
wavelength we used is 589 nm, and at this wavelength the complex refractive indexes of NH4NO3 and
(NH4)2SO4 are 1.413 + 0i and 1.521 + 0i, respectively (David, 2005). With the calculated result of extinction
coefﬁcient, the ratio bext(WET)/bext(DRY) is used to illustrate the increasing of extinction coefﬁcient after hygroscopic deliquescence in this work.
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Figure 1. Satellite‐detected aerosol optical depth (AOD, MOD08) and observed PM2.5 mass concentration (circles) over
China in the winter of 2013 (a) and 2018 (b). Red boxes display four representative city clusters (Beijing‐Tianjin‐Hebei
region, the Yangtze River Delta region, the Pearl River Delta region, and the Sichuan‐Chongqing region) of China.
(c) Scatter plot of AOD versus PM2.5 concentrations at satellite overpass time in 2013–2018 wintertime. The solid 1:1 line
and dashed 1:2 and 2:1 lines are shown for reference. (d) Fit slopes of AOD/PM2.5 in the YRD region during 2013–2018
wintertime. Star and diamond symbols mark SORPES and meteorological station, respectively.

Furthermore, to quantitatively understand the relative contribution from different chemical components to
aerosol extinction at the SORPES station, the Interagency Monitoring of Protected Visual Environment
(IMPROVE) algorithm is also employed to calculate particle extinction coefﬁcient (Chen et al., 2016;
Pitchford et al., 2007; Tao et al., 2015). Detailed description of IMPROVE formula is given in supporting
information, Text S2.

3. Results and Discussions
3.1. Substantial Decline in PM2.5 but Less Improved AOD and Visibility
Due to intensive anthropogenic emission and unfavorable meteorological conditions, eastern China has
been suffering from frequent and long‐lasting haze pollution for long periods, especially in cold seasons
(An et al., 2019; Cheng et al., 2013; Fu & Chen, 2016; Wu, 2011; Yang et al., 2016). Owing to the
toughest‐ever clean air policy across the country since 2013, PM2.5 concentrations have dropped signiﬁcantly
since then. As shown in Figures 1a–1b, PM2.5 of 81% observational sites in 2013 was larger than the daily
averaged concentration stipulated by the Grade II Air Quality National Standard (75 μg/m3).
LIU ET AL.

4 of 11

Geophysical Research Letters

10.1029/2020GL090167

Figure 2. (a) Interannual trends in PM2.5 concentration and visibility at the SORPES station in Nanjing during
2013–2018 wintertime (December to January). Circles at the top represent averaged RH in wintertime. (b) Particles
mass extinction efﬁciency in 2013 (red) and 2018 (blue) wintertime. Note that diamond‐shaped markers and horizontal
lines in the box present the average and median values, the boxes present the 25th and 75th percentiles, and the lower
and upper points of dashed lines show the 10th and 90th percentiles, respectively.

Comparatively, only 37% stations recorded an annual mean PM2.5 concentrations over 75 μg/m3 in 2018.
Additionally, the national average of PM2.5 concentration decreased from 121 to 66 μg/m3, indicating
obvious improvements of PM2.5 pollution in recent years. However, the air quality improvement seems
not that substantial visually, and haze pollution with low atmospheric visibility still frequently covered
eastern China, which is somewhat reﬂected by a less notable decline in AOD from 2013 to 2018 than
expected. As displayed, high values of AOD engulfed a large geographic area over eastern China and
Sichuan Basin in 2013, which implies a poor atmospheric visibility (Zhang et al., 2016, 2017). Despite a sharp
drop in PM2.5 from 2013 to 2018, the average AOD in China just slightly decreased from 0.24 to 0.21, with
some areas barely improved and retained a quite high AOD level in 2018.
Generally, AOD is highly correlated with PM2.5 concentration (Engel‐Cox et al., 2004; Wang &
Christopher, 2003). Figure 1c shows the relationship between wintertime AOD versus observed PM2.5 concentrations of all stations during 2013–2018. Given the fact that AOD may be inﬂuenced by boundary layer
height via vertical mixing of aerosol, we further veriﬁed that wintertime boundary layer height was comparable during 2013–2018 (supporting information, Figure S1). Here, instead of daily mean concentration, we
used PM2.5 concentrations at satellite overpass time to match AOD observation. Similarly, though a sharp
decline in PM2.5 was observed between years, AOD showed an inapparent decrease. Notably, compared with
2013, a larger slope between PM2.5 and AOD in 2018 indicates a signiﬁcant increase in AOD per unit PM2.5
as well as stronger extinction efﬁciency (p < 0.01 by statistical signiﬁcance testing). Moreover, the interannual trends of AOD/PM2.5 are well exhibited through the calculated ﬁt slopes from 2013 to 2018 (Figure 1d).
In fact, nearly 73.2% stations (939 in 1283 available samples) over China distributed positive slope of AOD/
PM2.5, among which the YRD region featured the most obvious growth trend. That is to say, although PM2.5
mass concentrations have been effectively reduced, the increase of AOD per unit PM2.5 could be indicative of
stronger aerosol extinction and thus less improved atmospheric visibility.
The long‐term in situ measurements on PM2.5 and atmospheric visibility data were then collected to better
understand the interannual variation and their relationship. For the sake of data continuity and better presenting the interannual variation of aerosol and visibility, winter data for one speciﬁc year mean the observations in the December and next January. For instance, the December 2018 and January 2019 are
considered as the winter of 2018. As shown in Figure 2a, despite the continuous improvement of air quality
and atmospheric visibility in Nanjing (one of the typical cities in YRD), the haze was still frequent (frequency
of low visibility decreased from 90.2% in 2013 to 67.3% in 2018), and the average visibility remained below
10 km during this period.
Particles mass extinction efﬁciency (MEE, deﬁned as extinction coefﬁcient (bext)/PM2.5) is a key parameter
representing the extinction intensity of per unit mass PM2.5. The extinction of particulate matter is related
LIU ET AL.
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Figure 3. (a) Averaged mass concentration of PM2.5 and the chemical composition (%) measured at the SORPES in Nanjing during 2013 and 2018 wintertime.
(b) The individual contributions (%) of different chemical species to extinction coefﬁcient during 2014–2018 wintertime in Nanjing, calculated by IMPROVE
formula.

to aerosol hygroscopic deliquescence behavior, which is mainly affected by RH and aerosol compositions
(Ding & Liu, 2013; Zhao, Yu, et al., 2019). Due to the increasing capacity of aerosol moisture absorption,
MEE is positively correlated with RH (Hyslop, 2009; Liu et al., 2011). As displayed in Figure 2a, the
ambient RH showed an increasing trend in recent years, which could partly explain the evident increase
of MEE and a stronger aerosol extinction in 2018 compared to 2013 (Figure 2b). Such a nonlinear
relationship of PM2.5 mitigation and visibility degradation then inspires us to further investigate the
underlying causes, including the evolution of aerosol composition and humidity condition in past years.
3.2. Increasing Proportion of Nitrate in Aerosol Composition
With the emission reduction efforts to mitigate haze pollution in past years, PM2.5 chemical composition in
eastern China has been found to experience an obvious transition, especially secondary inorganic aerosol
(SNA) during wintertime (Ding et al., 2019; Li, Cheng, et al., 2019; Wang, Wang, et al., 2019; Zhang, Vu,
et al., 2019). Nevertheless, the impact of such a transition on haze pollution and atmospheric visibility has
not been fully investigated yet. The long‐term observations on aerosol chemical compositions have been conducted in Nanjing since 2013, which are utilized to investigate the evolution of aerosol chemical composition. As shown in Figure 3a, from 2013 to 2018, wintertime concentration of PM2.5 dropped from 127.6 to

Figure 4. (a) Theoretical water activity with different XNH4NO3 (the relative mole fraction of NH4NO3 in aerosol) at saturation of an aqueous solution of NH4NO3
and (NH4)2SO4 at 283 K. The wintertime XNH4NO3 from 2013 to 2018 is marked on the curve. (b) Evolution of wintertime particle growth factor (GF, contour
shadow) and extinction coefﬁcient growth factor (ECGF, contour line) in Nanjing from 2013 to 2018. The mass ratios of NH4NO3, RH, and PM2.5
concentrations (circle size) are based on observational data during 2013–2018 wintertime at the SORPES station in Nanjing. Notice that the x‐axis (PNH4NO3)
represents the mass proportion of NH4NO3 for a better comparison with ﬁeld observations and the y‐axis represents the ambient RH. (c) The relative contributions
from nitrate proportion and RH to changes in aerosol extinction during 2014–2018.

LIU ET AL.

6 of 11

Geophysical Research Letters

10.1029/2020GL090167

76.8 μg/m3, approximately decreased by 40%. Furthermore, due to the unbalanced emission reduction of
NOx and SO2 (supporting information, Figure S2), the mass proportion of nitrate in PM2.5 evidently
increased from 26.1% to 35.8%, making it the most important contributor to PM2.5 mass concentration.
The similar transition of PM2.5 compositions has also been reported in other regions. For example, the mass
fraction of nitrate in PM2.5 mass concentration increased from 19% to 30% in Beijing during 2013–2018 (Xu
et al., 2019) and from 12.9% to 23.4% in Guangzhou during 2013–2015 (Wang, Li, et al., 2019). The increasing
nitrate in these regions has been attributed to distinct emission control on NOx and SO2 conﬁrmed by both
model and observational studies (Fu et al., 2020; Xu et al., 2019). Speciﬁcally, the oxidation products of NOx
and SO2, i.e., nitric acid and sulfuric acid, compete in the combination with ambient ammonia (Wang
et al., 2012). Owing to the much more efﬁcient emission control of SO2, sulfate decreased sharply and
resulted in a surplus of ammonia in the atmosphere, which further neutralized nitric acid to form
NH4NO3, thereby elevating the proportion of nitrate in particles (Lachatre et al., 2019; Liu et al., 2018).
It is noteworthy that various chemical species contribute differently to visibility degradation (Huang
et al., 2014; Kim et al., 2006; Ouimette & Flagan, 1982; Yu et al., 2018). Hand and Malm (2006) analyzed
the correlation between aerosol and visibility based on the IMPROVE monitoring network, indicating that
sulfate, nitrate, organic matter, light‐absorbing carbon, sand dust, and NO2 gas are the main chemical components for visibility impairment. Then, IMPROVE algorithm, which was proposed by Pitchford et al. (2007),
was used to quantify the contributions from various chemical components to total aerosol extinction.
Figure 3b illustrated that nitrate was the most important contributor, accounting for 40%–50% of aerosol
extinction. The dominance of SNA in aerosol extinction (i.e., a remarkably high contribution ranging 50%
to 80%) has been revealed in many regions, which was proven to play a major role in visibility degradation
and regional haze pollution (Han et al., 2017; Tan et al., 2009; Wang et al., 2012). Clearly, nitrate portion in
aerosol mass concentration was characterized by an increasing trend from 2013 to 2018, indicating that nonobvious visibility improvement might be attributed to a rising nitrate.
3.3. Higher Aerosol Hygroscopicity and Extinction Efﬁciency
In addition to aerosol chemical composition, the hygroscopic growth also plays a crucial role in aerosol
extinction, which is mainly determined by hygroscopic inorganic salts. In fact, the hygroscopic inorganic
salts in aerosol are mainly ammonium sulfate and ammonium nitrate, fairly common constituents of atmospheric aerosols in China due to the intensive emissions of precursors (Wu et al., 2019; Zawadowicz
et al., 2015). Previous studies already suggested the vital role of aerosol composition transition on hygroscopicity and extinction (Kuang et al., 2016; Wang et al., 2017; Xu et al., 2020). To shed more light on it, we
further conducted the theoretical calculation for the MDRH of hydrophilic aerosol consisting of NH4NO3
and (NH4)2SO4, as described in section 2.2. Figure 4a shows the water activity of saturated aqueous solution
consists of NH4NO3 and (NH4)2SO4, that is the crucial RH for aerosol to transform from solid to liquid,
under different XNH4NO3 (the relative mole fraction of NH4NO3) of 2013–2018 wintertime in Nanjing. As
shown, with the increasing proportion of ammonium nitrate, the critical deliquescence RH value of aerosol
system showed a declining trend until the ammonium nitrate reaching a certain high proportion at the red
triangle (the minimum MDRH, XNH4NO3 = 0.82). The MDRH and ambient RH jointly determine whether
the aerosols can completely deliquesce. Notably, decrease in the critical RH value would raise the number
of aerosols in deliquescent state at the same level of ambient RH, resulting in a larger particle size and then
enhanced aerosol extinction efﬁciency. Accordingly, the evidently increased nitrate proportion in Nanjing
during 2013–2018 would directly lead to the decrease in deliquescence RH, that is, a lower ambient RH
requirement for hygroscopic growth.
Aerosol hygroscopicity directly determines its extinction efﬁciency via changing particle diameter. Based on
the E_AIM model, we calculated the particle size GF and the extinction coefﬁcient growth factor (ECGF) for
quantifying aerosol hygroscopic and optical properties, respectively. As presented in Figure 4b, with an
increasing mass proportion of ammonium nitrate (PNH4NO3) from 0.3 to 0.8, GF and ECGF showed an
increasing trend at the same ambient RH, especially within the RH range of 70%–75%, indicating a stronger
aerosol extinction due to a larger nitrate fraction. Meanwhile, the increase in ambient RH condition also
enhanced aerosol hygroscopicity and extinction. Statistically, the values of GF and ECGF were estimated
to be about 1.4 and 4.7 in 2018, obviously larger than those in 2013, demonstrating that despite a signiﬁcant
decline in PM2.5 concentration, aerosol hygroscopicity and extinction in 2018 are stronger than those before
LIU ET AL.
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due to higher nitrate fraction and RH condition. The thermodynamic calculation was then conducted for the
time period from 2013 to 2018 in order to estimate the respective contributions from these two factors. It is
worth noting that the hygroscopic behavior of ambient aerosol is much more complex than theoretical calculation due to many other inﬂuencing factors like size distribution and hygroscopicity of organic matters,
and Figures 4c and S3 just give a statistical estimation. It is indicated that RH variations dominated the aerosol extinction change in the ﬁrst 3 years. With a gradually rising fraction of nitrate, transition in aerosol chemical composition and RH increase contributed comparably to the enhanced aerosol extinction after 2017.
Overall, in situ measurements, theoretical analysis, and model simulations are indicative of a stronger aerosol hygroscopicity caused by the increasing nitrate fraction and ambient RH, which would enhance aerosol
extinction and further hinder the visibility improvement. In consequence, the efforts of substantial reduction
in PM2.5 could be partly offset.

4. Summary
In this work, by combining long‐term observations of meteorological parameters, PM2.5, and its chemical
compositions, we found a continuous decrease in PM2.5 mass concentration but an inapparent improvement
of atmospheric visibility in eastern China from 2013 to 2018. In addition, nitrate has become the dominant
species in PM2.5, and its mass fraction increased from 26.1% to 35.8% from 2013 to 2018. We further conducted aerosol thermodynamic modeling and theoretical calculation to understand the relationship
between PM2.5 variation and atmospheric visibility improvement. It is found that the increasing proportion
of nitrate in aerosol and higher RH in past years would enhance aerosol hygroscopicity as well as aerosol
extinction efﬁciency. Such a transition in aerosol chemical compositions together with increasing ambient
humidity resulted in the less improved visibility despite great emission control effort in eastern China.
Further, change in aerosol composition and RH would exert vital inﬂuence on aerosol extinction through
varying hygroscopic growth, which is of critical importance for haze predictions and simulations.
Multipollutant control, especially more reduction on NOx emission, may serve as an effective way to further
improve visibility.

Data Availability Statement
Measurements on air quality data across China are collected through the online access to ambient air monitoring data center and are available online (https://doi.org/10.6084/m9.ﬁgshare.12765689). Satellite data on
aerosol optical depth are available online (https://doi.org/10.5067/MODIS/MOD08_M3.006).
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