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ABSTRACT

Aerosols in the atmosphere not only degrade visibility, but are also detrimental to human health and transportation. In
order to develop a method to estimate PM2.5 mass concentration from the widely measured visibility, a field campaign was
conducted in Southwest China in January 2019. Visibility, ambient relative humidity (RH), PM2.5 mass concentrations and
scattering coefficients of dry particles were measured. During the campaign, two pollution episodes, i.e., from 4−9 January
and  from  10−16  January,  were  encountered.  Each  of  the  two  episodes  could  be  divided  into  two  periods.  High  aerosol
hygroscopicity was found during the first period, when RH was higher than 80% at most of the time, and sometimes even
approached 100%. The second period experienced a relatively dry but more polluted condition and aerosol hygroscopicity
was  lower  than  that  during  the  first  period.  An  empirical  relationship  between  PM2.5 mass  concentration  and  visibility
(ambient aerosol extinction) under different RH conditions could thus be established. Based on the empirical relationship,
PM2.5 mass concentration could be well estimated from visibility and RH. This method will be useful for remote sensing of
PM2.5 mass concentration.
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Article Highlights:

•  Aerosol hygroscopicity was found to decline during pollution episodes.
•  An improved method for estimating PM2.5 mass concentration from visibility and RH was established.

 

 
 

1.    Introduction

With  rapid  development  in  China,  air  quality  has
become  more  of  a  concern  as  a  result  of  the  increase  in
energy consumption (Pui et al., 2014; Chan and Yao, 2008).
Due to the increase in emissions from coal consumption and
automobiles, PM2.5 (particulate matter with aerodynamic dia-
meters of less than 2.5 μm) mass concentrations, sulfur diox-
ide (SO2) and nitrogen oxides (NOx = NO + NO2) have an
important  impact  on  air  quality  in  most  urban  areas  (Chan

and Yao, 2008; Kan et al., 2012). PM2.5 could pose harmful
effects  on  public  health  and  also  degrade  visibility  (Zhang
et al., 2014).

Visibility  is  a  measure  of  the  distance  at  which  an
object  or  light  can  be  clearly  discerned  (Watson,  2002;
Zhang et al., 2014). The damaged visibility is a reflection of
the low transparency of the atmosphere. Visibility can reach
300 km when only  taking into  account  Rayleigh scattering
and gas absorption (Watson et al., 2002). However, visibil-
ity  is  reduced  to  a  few  kilometers  in  the  presence  of
particles  (Chan  et  al.,  1999; Song  et  al.,  2013; Liu  et  al.,
2019). Several studies have shown the relationship between
the  aerosol  loading  and  visibility,  which  is  relevant  to  the
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mass concentration, chemical composition and the size distri-
bution of aerosols (Wang et al., 2015; Zhou et al., 2016; Liu
et al., 2019). The distribution of PM2.5 mass concentrations
varies dramatically in spatiotemporal dimensions, and there-
fore estimation of PM2.5 mass concentrations using satellite-
based  remote  sensing  data  is  a  promising  method  (Sun  et
al.,  2019).  In  many  previous  studies,  the  relationship
between  the  satellite  data  of  aerosol  optical  depth  (AOD)
and in-situ measured surface PM2.5 mass concentrations was
investigated (van Donkelaar et al., 2006; Chelani, 2019; Sun
et  al.,  2019). Zheng  et  al.  (2017) analyzed  the  influential
factors  including  the  aerosol  type,  relative  humidity  (RH),
planetary boundary layer  height,  wind speed and direction,
and the vertical structure of aerosol distribution.

According  to  those  previous  studies,  aerosol  water
uptake has a significant impact on the relationship between
AOD  and  PM2.5 (Zhao  et  al.,  2019).  Aerosol  hygroscopic
growth enhances the scattering ability of particles, and accel-
erates the formation of haze pollution. However, some numer-
ical models still lack sufficient input data for aerosol hygro-
scopicity  (Zhao  et  al.,  2019).  The  hygroscopic  enhance-
ment factor f(RH) was defined as the ratio of aerosol optical
properties such as aerosol extinction, aerosol scattering and
aerosol backscattering between wet and dry (reference) condi-
tions  (Kotchenruther  and  Hobbs,  1998). f(RH)  can  be
obtained  from  nephelometer  measurements  with  different
methods. Malm and Day (2001) employed a single nephelo-
meter  with  an  RH  range  of  35%−85%.  For  other  studies,
two parallel  nephelometers  with  one operated at  lower  RH
and another at higher RH were used (Pandolfi et al., 2018).
However, previous methods cannot precisely obtain the aero-
sol hygroscopicity when RH reaches above 90%. Zhao et al.
(2019) reported f(RH)  with  a  wider  range  of  RH  between
30%  and  96%  using  an  improved  nephelometer  system.
With  the  development  of  methods  and  instruments  in  this
field, there are many studies that have demonstrated the rela-
tionship  between  aerosol  hygroscopicity  and  RH  in  differ-
ent  seasons  and  places  (Li  et  al.,  2013; Chen  et  al.,  2019;
Zhao et al., 2019).

Based  on  previous  studies,  the  IMPROVE  (Inter-
agency  Monitoring  of  Protected  Visual  Environments)
project provides a method to calculate aerosol loading from
visibility (Ryan et al., 2005). However, this method is relat-
ively complicated, involving detailed measurements of mass
concentrations of several components. In this study, an empir-
ical method was developed to calculate PM2.5 mass concentra-
tion  from  visibility  and  RH  in  a  certain  area  where  light
extinction was mainly contributed by PM2.5.

2.    Measurements and methods

2.1.    Site and instruments

The  experiment  was  conducted  from  4−19  January
2019  in  Changshou,  Chongqing,  in  Southwest  China.  The
site  (29°49'N,  107°00'E;  266 m above sea  level)  is  located
in Yanjia Industrial Park surrounded by busy highways. It is
about 51 km away from the city center of Chongqing.

A dust monitor (EDM 180, Grimm Aerosol) and an ambi-
ent particulate monitor (FH62C14, Thermo Scientific) were
used to jointly measure the aerosol mass concentration. The
FH62C14 instrument provided PM2.5 mass concentrations at
1-h  intervals.  The  EDM  180  instrument  measured  aerosol
number  concentrations  in  31  particle  size  channels,  and
mass concentrations including PM10, PM2.5 and PM1.0, with
a temporal resolution of 6 s. The isothermal inlet was integ-
rated  with  a  nafion  dryer,  which  was  turned on  at  ambient
RH above 55%. Several studies have reported the errors in
the measurements of GRIMM EDM 180 (Ding et al., 2014;
Xu,  2017).  Thus,  the  GRIMM  EDM  180  measurements
were validated using FH62C14 measurements at a 1-h tem-
poral resolution. A good correlation between PM2.5 mass con-
centrations  from  GRIMM  EDM  180  and  FH62C14  was
found.  Then,  the  GRIMM  EDM  180  data  were  corrected
using the regression fit  function and reported at a temporal
resolution of 10 min.

A  polar  nephelometer  (Aurora-4000,  Ecotech)  was
used to measure the aerosol scattering coefficients at seven
angle  ranges  at  the  wavelengths  of  635  nm,  525  nm,  and
450 nm at relatively dry RH (~35%). Full scattering coeffi-
cients  were  corrected  based  on  the  measurements  for  the
angle range 9°−170° using the method proposed by Müller
et  al.  (2011).  Black  carbon  (BC)  mass  concentration  was
measured  by  an  aethalometer  (model  AE31,  MAGEE)
(Hansen  et  al.,  1984; Collaud  Coen  et  al.,  2010)  at  seven
wavelengths  of  370,  470,  520,  590,  680,  880  and  950  nm.
Loading  effects  were  corrected  and  absorption  coefficients
were  obtained  following  the  method  in Ran  et  al.  (2016).
However, data availability was only 35% due to instrument
malfunction.  Visibility  was  measured  by  a  PWD20  instru-
ment (Vaisala Co.) at an interval of 1 min. Ambient RH was
observed  by  the  sensor  attached  to  the  Grimm  EDM  180
instrument.

The Grimm EDM 180 and FH62C14 instruments were
calibrated  before  and  after  the  campaign.  The  results
showed that the instruments were stable throughout the cam-
paign.  Aurora-4000  was  calibrated  routinely  and  zero-
checked every day for  the correction of  the zero point.  All
data  were  filtered  according  to  measurement  logs  and  data
consistency between instruments.  A flow chart of the steps
involved  in  the  method,  which  will  be  detailed  in  section
2.2, is presented in Fig. 1.

2.2.    Aerosol scattering hygroscopic growth algorithms

Aerosol  scattering  coefficient  and  complex  refractive
index are related to ambient RH. Measurements of total scat-
tering coefficient and the simultaneous RH are used to indic-
ate  aerosol  hygroscopic  growth.  Several  studies  have
defined  the  hygroscopic  enhancement  factor  for  aerosol
total  scattering, f(RH),  and aerosol  back scattering, fb(RH),
in different cases (Sun et al., 2016). The hygroscopic enhance-
ment  factor,  which  considers  light  extinction  by  scattering
and absorption of both aerosol and gas, is defined as follows: 

fλ (RH) =
bsp,λ (RH)
bsp,λ

(
dry

) = bext,λ (RH)−bap,λ−bag,λ−bsg,λ

bsp,λ
(
dry

) , (1)
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where bsp,λ (RH) and bsp,λ (dry) are the aerosol scattering coef-
ficient  at  wavelength λ in  the  ambient  environment  and
under  dry  conditions; bext,λ (RH)  is  the  ambient  extinction
coefficient; bap,λ is the aerosol absorption coefficient; bag,λ is
the gas absorption coefficient; and bsg,λ is the gas scattering
coefficient.

Since the gas extinction contribution to total light extinc-
tion  is  much  less  than  that  of  particles  in  such  polluted
regions  (Chan  et  al.,  1999)  and  aerosol  absorption  is  usu-
ally much smaller than aerosol scattering, Eq. (1) can be sim-
plified to: 

fλ(RH) =
bext,λ(RH)
bsp,λ(dry)

. (2)

It is calculated from the measurements of ambient extinc-
tion coefficient, bext,λ(RH), at a certain RH and aerosol scatter-
ing coefficient, bsp,λ(dry), under dry conditions (RH < 40%).
The bext,λ(RH) at a certain wavelength (λ) is calculated from
visibility (V) by the following equation: 

bext,λ =
3.91

V

(
λ

0.55

)−q

, (3)

where the coefficient q is determined by experiments.
Two  fit  functions,  the  dual-parameter  fit  equation

(Hänel, 1976, 1980; Carrico, 2003; Zieger et al.,  2011; Liu
et  al.,  2019)  and  single-parameter  equation  (Hänel,  1980;
Kotchenruther and Hobbs,  1998; Gassó et  al.,  2000; Liu et
al.,  2019),  were  used  to  establish  the  relationship  between
fλ(RH) and RH. Aerosols that are metastable or on the upper
branch of the hygroscopic growth hysteresis curve typically
follow  the  dual-parameter  power  lower  fit  equation
described by Kasten (1969): 

f (RH) = α
(
1− RH

100

)−γ
, (4)

α

γ

where  is  a  scale  factor  that  normalizes  the  hygroscopic
growth  and  represents  the  magnitude  of  the  hygroscopic
growth.

During  the  observational  period,  RH  was  frequently
above 60%, with few records at low RH. Curve fitting will
be  misleading  under  such  a  condition.  Thus, f(RH)  under
dry conditions, which is the ratio of dry extinction and scatter-
ing from the aethalometer and nephelometer, was added for
the curve fitting.

 

 

Fig. 1. Flow chart for data processing and parameterization.
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3.    Results and discussion

3.1.    Overview of the experiment

Figure 2 shows the time series of PM2.5 mass concentra-
tion,  visibility,  and  RH  during  the  experiment.  It  can  be
clearly seen that there were two episodes according to PM2.5

mass concentrations, i.e., one from 4−9 January with a con-
tinuous  increase  from  75  μg  m−3 to  200  μg  m−3,  and  the
other from 10−16 January with an increase from 25 μg m−3

to 150 μg m−3. A linear correlation between PM2.5 mass con-
centration and dry aerosol scattering coefficient was found,
with  a  correlation  coefficient  of  about  0.98  (Fig.  3).  How-
ever, there was no obvious decrease in visibility along with
the  increase  in  PM2.5 mass  concentration  during  either  of
the  two  episodes,  as  is  often  expected.  No  correlation  bet-
ween  the  mass  concentration  of  PM2.5 and  visibility  was
found, with the correlation coefficient found to be 0.21. Dur-
ing the whole campaign, visibility ranged from 2 km to 15 km,
with 86.4% lower than 10 km. It  was notable that  RH was
higher than 70% at most of the time, and even up to 85%−
100% during 53% of  the  whole  time.  Aerosol  hygroscopic
growth in such a highly humid environment may greatly influ-
ence the scattering properties of aerosol and thereby visibil-
ity.

3.2.    Aerosol  hygroscopic  growth  under  different  RH
conditions

The  effect  of  water  vapor  on  aerosol  scattering  was
examined,  in  order  to  explain  the  difference  in  the  vari-
ations  of  PM2.5 mass  concentrations  and  visibility.  A  new
empirical relationship between RH and f550nm(RH), the ratio
of  ambient  extinction  coefficient  to  aerosol  dry  scattering
coefficient, was built to characterize the aerosol hygroscopi-
city. Considering the large variation in RH and the duration
of high RH during the experiment, the observational period
was classified into different periods according to the ambi-
ent RH condition.

d80%,24h

A distinct diurnal cycle of RH can be seen in Fig. 2. To
analyze  the  high  RH  condition  and  its  impact  on  aerosol
hygroscopic growth, a new parameter, , was defined
to quantitatively characterize the occurrence of high humid-
ity conditions (> 80%) during the last 24 h: 

dRH0,∆t (t) = RH(RH > RH0,t−∆t < T ⩽ t)−RH0
1

1−RH0
,

(5)

RH(RH > RH0,t−∆t < T ⩽ t)
RH0 ∆t

where  is  the  RH  above  a
threshold RH ( ) during the previous  period, overbar
represents average throughout the given period, and the frac-
tion  on  the  right  ensures  that  the  result  is  within  the  RH

 

 

d80%,24hFig. 2. Observation of PM2.5, visibility, RH and .
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dRH0,∆t

dRH0,∆t

range, i.e., 0%−100%. A high  might suggest a favor-
able situation for heterogeneous reactions at  high RH for a
long  time.  As  a  result,  trace  gases  such  as  SO2 and  NOx

from  industries  near  the  experimental  site  and  other  emis-
sion  sources  could  be  more  easily  heterogeneously  oxid-
ized  to  form  sulfates  and  nitrates.  In  other  words,  a  high

 means a long duration of high moisture leading to a
stronger hygroscopic growth ability of aerosol.

dRH0,∆t

Each  of  the  two  pollution  episodes  could  be  further
divided into two periods (Fig. 2c). It was noted that 
decreased  similarly  from  the  first  period  to  the  second
period  during  each  episode,  showing  that  aerosols  firstly
went through a humid condition and then a relatively dry con-
dition. Figure 4 shows the simplified hygroscopic enhance-

d80%,24h

d80%,24h

ment factor, f550nm(RH), which was typically below 1.2, rep-
resenting  very  weak  hygroscopic  growth  when  RH  was
below  60%.  The f550nm(RH)  increased  steeply  with  RH
above  80%.  The  scattering  of  particles  could  be  enhanced
by  1.5−3  times  when  ambient  RH  was  above  90%.  The
dual-parameter fit [Eq. (4)] was applied and the fit paramet-
ers of γ were 0.201, 0.180, 0.222 and 0.174 for the four peri-
ods, respectively. Clearly, γ was higher for the periods with
high  (Ⅰ and Ⅲ),  indicating  efficient  aging  due  to
multi-phase  reactions  and  the  production  of  soluble  inor-
ganic  salts.  The  was  lower  for  the  other  two  peri-
ods (Ⅱ and Ⅳ), indicating less efficient aging by soluble inor-
ganic salts.  However, the aerosol mass concentration could
still accumulate via condensation of organic species, which
was  the  main  emission  of  the  surrounding  industrial  park
and might have resulted in smaller aerosol hygroscopicity.

Pan et  al.  (2009) reported f525nm (80%) values of  1.20,
1.31 and 1.57 during dust, clean and pollution episodes over
a rural area near the megacity of Beijing. Zhao et al. (2019)
performed a  survey of fλ(RH) studies  in  China for  the  past
seven years.  In winter,  the f550nm (80%) of Gucheng, f525nm

(80%) of Beijing and f525nm (80%) of Guangzhou was 1.29
±  0.10,  1.47  ±  0.16,  and  1.58  ±  0.07,  respectively.  In  this
study,  the f550nm (80%)  for  the  above  mentioned  four  seg-
ments ranged from 1.28−1.46, which was a similar range to
other studies.

3.3.    Relationship between PM2.5 mass concentration and
visibility

The relationship between PM2.5 mass concentration and
visibility is subject to the RH conditions owing to the hygro-
scopic  growth  of  aerosols.  The  establishment  of  an  empir-
ical relationship between PM2.5 mass concentration and visib-
ility under different RH conditions would be useful for estim-
ating  PM2.5 mass  concentrations  based  on  visibility—a
widely measured parameter.

In the IMPROVE algorithm, the computed aerosol light
extinction coefficients include contributions from PM2.5 spe-
cies such as ammonium sulfate, ammonium nitrate, organic
matter,  elemental  carbon,  fine  soil,  coarse  mass,  and
Rayleigh  scattering,  as  well  as  the  hygroscopic  enhance-
ment  factor fλ(RH)  (Ryan  et  al.,  2005).  The  equation
requires knowledge of mass concentrations of different com-
ponents, which are not always available or only measured at
low  temporal  resolution.  Since  the  light  extinction  at  the
observational  site  is  mainly  contributed  by  PM2.5,  we  can
simply  calculate  the  extinction  coefficient  at  ambient  RH
using the following equation: 

bext,λ(RH) = fλ(RH)bsp,λ(dry)
= fλ(RH)(αPM2.5,λ[PM2.5]+ε), (6)

αPM2.5,λ

where the contribution of PM2.5 mass concentration is con-
sidered using a mass scattering efficiency, , and oth-
ers  are  written  as ε.  The  linear  relationship  between  PM2.5

mass concentration and the dry scattering coefficient, bsp, is
built based on the observation. Figure 3 shows the linearly fit-

 

Fig.  3.  Linear  relationship  between PM2.5 mass  concentration
and scattering coefficient at three wavelengths.

 

Fig. 4. f(RH) in four periods and the fitted function.
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ted results at three wavelengths (450, 525 and 635 nm). The
mass scattering efficiency at the site is 4.127 m2 g−1 (550 nm),
which  is  close  to  but  a  little  higher  than  that  in  the
IMPROVE equation.

From the combination of Eqs. (2) and (5), the relation-
ship between PM2.5 mass concentration and measured visibil-
ity under a given RH can be obtained as Eq. (7): 

PM2.5=
1

fλ(RH)αPM2.5,λ

(
3.91

V

(
λ

0.55

)−q

−ε fλ(RH)
)
. (7)

Figure  5 compares  the  measured  and  regressed  PM2.5

mass concentrations in two ways—one using fλ(RH) in four
periods,  and  the  other  using  the  average fλ(RH)  during  the
whole observational period, 1.030 /  (1 − RH)0.183.  The res-
ults  show  that  simulated  PM2.5 mass  concentrations  from
both  methods  coincide  well  with  the  measurements.  The
slopes  of  the  two  methods  are  0.93  and  0.94  respectively,
and the intercepts are 6.6 and 8. The correlation coefficient
of the first  method is  0.89,  which is  better  than the second
one at 0.81.

4.    Conclusions

Particulate  matter,  such  as  PM2.5,  has  recently  drawn
the attention of the public. Although more and more monitor-
ing sites have been built, the total number is still limited and
the  sites  are  relatively  dense  only  in  urban  areas.  In  addi-
tion to  direct  measurements  of  particulate  matter,  visibility
measurements are available at many stations, covering differ-
ent terrain and regions. Satellites provide aerosol optical prop-
erties  for  a  vast  space,  and  these  optical  measurements
could fill  in the missing parts in the monitoring of particu-

late  matter.  Thus,  it  is  worth  investigating  the  relationship
between PM2.5 mass concentration and optical properties in
order  to  derive  a  simplified  method  to  estimate  and  estab-
lish a nationwide map of PM2.5 mass concentration. In this
study, a field campaign was conducted in Southwest China
in January 2019 to explore the relationship of PM2.5 mass con-
centrations, visibility (ambient aerosol extinction) and RH.

Two pollution episodes were encountered during the cam-
paign. For each episode, a good linear relationship of PM2.5

mass  concentration  and  dry  aerosol  scattering  coefficient
was  found.  However,  the  linear  correlation  between  PM2.5

mass concentration and visibility is only about 0.21, which
indicates that ambient RH has an important effect on visibil-
ity. Each episode was further divided into two periods—the
first one with high aerosol hygroscopicity and high RH, and
the second one with a relatively dry but more polluted condi-
tion and low aerosol hygroscopicity.

Based  on  the  established  empirical  relationship
between  the  hygroscopic  enhancement  factor, fλ(RH),  the
ratio  of  ambient  aerosol  extinction  coefficient  to  dry  aero-
sol scattering coefficient, and RH, a simplified method for pre-
dicting  the  PM2.5 mass  concentrations  from  measurements
of  visibility  and  RH  was  developed  and  verified.  This
method is applicable for other regions to generate their own
empirical relationships using related data. Although nephelo-
meters are not so densely equipped as instruments for visibil-
ity  or  PM2.5 mass  concentration  measurements,  available
observations at representative stations could be used to gener-
ate parameters in different regions and under different condi-
tions for the proposed parameterization scheme. PM2.5 mass
concentration could also be estimated using the AOD from
satellite or sunphotometer measurements, except that the ver-
tical  distribution  of  aerosol  properties  and  RH  has  to  be
taken into consideration. Profiles of PM2.5 mass concentra-
tion could also be obtained based on a similar method. There-
fore, this method would be useful for the remote sensing of
PM2.5 mass concentrations.
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