
A 
 
 

Aerosol and Air Quality Research, 15: 945–957, 2015 
Copyright © Taiwan Association for Aerosol Research 
ISSN: 1680-8584 print / 2071-1409 online 
doi: 10.4209/aaqr.2014.05.0099 

 
Aerosol Column Size Distribution and Water Uptake Observed during a Major 
Haze Outbreak over Beijing on January 2013 
 
Ying Zhang1, Zhengqiang Li1*, Juan Cuesta2, Donghui Li1, Peng Wei1, Yisong Xie1, Lei Li1 
 
1 State Environmental Protection Key Laboratory of Satellite Remote Sensing, Institute of Remote Sensing and Digital 
Earth, Chinese Academy of Sciences, PO Box 100101, Beijing, China 
2 Laboratoire Inter-Universitaire des Systèmes Atmosphériques, Université Paris Est Créteil, PO Box 94010, Créteil 
Cedex, France 
 
 
ABSTRACT 
 

Haze can cause serious atmospheric pollution affecting air quality, human health and even global climate. In order to 
investigate aerosol columnar size distribution and water uptake during haze evolution, we analyse ground-based observations 
during an extreme winter pollution case at Beijing on 12 January 2013 (haze day) as compared to those registered on 9 
January (non-haze day). We study the evolution of the aerosol size distribution using retrievals from a ground-based 
CIMEL sun-sky radiometer of the Aerosol Robotic Network (AERONET). Our results show that while the hourly volume 
growth rate of a sub-micron fine mode presented in the size distribution remains below 0.010 µm3/µm2/hr during the non-
haze day, it can rapidly increase during haze pollution event, reaching a maximum value of 0.075 µm3/µm2/hr. The mean 
size of fine mode particles becomes larger during the pollution event, while it is reduced for coarse mode particles. The 
mean volume of water uptake is 0.013 µm3/µm2 in haze day, being about 13 times larger than that in non-haze day. 
Meanwhile, the volume of water-soluble inorganic aerosols increases from 0.036 to 0.298 µm3/µm2, partly explained by 
the increase of water uptake during the haze event and also likely by accumulation of particle matters due to stagnating 
atmospheric conditions. The increase of water-soluble particle volume, which is enhanced by water uptake, significantly 
contributes to haze evolution.  
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INTRODUCTION 
 

Haze is an important air pollution phenomenon that 
leads to visibility below 10 km for relative humidity (RH) 
less than about 90% (Wu et al., 2006). Haze formation is 
mainly due to atmospheric suspended fine particles, derived 
from anthropogenic emissions including industrials, vehicles, 
and secondary aerosol formations, which scatter and 
absorb the incident sunlight (Liu et al., 2013). In the past 
three decades, the emission of aerosols and precursors into 
the atmosphere has greatly increased, leading to visibilities 
reduction, air quality deterioration, and negative influence 
on human health (Dockery and Pope, 1994; Pope et al., 
2002; Künzli et al., 2005; Brook et al., 2010). Meanwhile, 
perturbation to the atmospheric radiation field from the 
increase of aerosols loading could contribute to global climate 
changes (IPCC, 2013).  
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Haze has been extensively studied (Chen et al., 2003; Wu 
et al., 2005; Sun et al., 2006; Wu et al., 2006; Du et al., 2011; 
Kang et al., 2013a; Kang et al., 2013b; Li et al., 2013; Liu 
et al., 2013; Sun et al., 2013) focusing on the formation and 
evolution mechanism, aerosol microphysical and chemical 
properties. A good relationship is found at Beijing between 
haze pollution and meteorological factors, such as the 
planetary boundary layer height (PBLH), RH and atmospheric 
vertical stratification leading to enhanced stability (Liu et al., 
2013). In general, particles are accumulated near the surface 
when the PBLH decreases or remains stable, and they are 
enlarged by water uptake, which leads to the increase of 
the volume of the aerosols, thus strengthening sunlight 
attenuation and decreasing visibility (Chu et al., 2013; Tan 
et al., 2013; Zieger et al., 2014). Also, haze pollution is 
reinforced by sustained emission of particles and precursors 
emitted by anthropogenic sources (Wu et al., 2005; Sun et 
al., 2006; Wang et al., 2006; Du et al., 2011). In North 
China, regional haze pollution happens frequently especially 
during winter and spring seasons because of both the 
enhanced heating/traffic/industrial emissions and the stable 
meteorological conditions (Sun et al., 2006; Wang et al., 
2006). Moreover, some researcheres studied the variations in 
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aerosol microphysical and chemical properties during haze 
pollution (Sun et al., 2006; Wang et al., 2006; Cheng et al., 
2006, 2008a, b; Liu et al., 2008; Sun et al., 2013). Sun et 
al. (2013) find that water-soluble aerosols are the most of 
particle matters during haze pollution events, while being 
mostly marked by fine particles. Water-soluble aerosols are 
directly affected by water vapour, which induces a significant 
hygroscopic growth (Liu et al., 2008).  

At present, quantitative analyses of aerosol compositions 
are usually obtained from filter sampling approaches. Aerosol 
compositions derived from in situ sampling are mainly daily 
average values. However, the microphysical properties of 
aerosols can vary significantly during formation and transport. 
It is still difficult to capture quick variations of aerosol 
composition using the filter sampling method. Aerosols can 
also be observed in the ambient environment by remote 
sensing approach, without heating or sampling. Advanced 
inversion techniques have been developed and applied to 
ground-based radiometric measurements for the retrieval of 
aerosol optical and microphysical properties (Nakajima et 
al., 1983, 1996; Dubovik et al., 2000; Li et al., 2006). Based 
on these aerosol optical properties, Schuster et al. (2005) 
derived the particle composition by quantifying the fraction 
of water, water-soluble and black carbon. They also quantified 
the importance of aerosol water uptake (Schuster et al., 2009). 
Li et al. (2013a) and Wang et al. (2013) further improved the 
three-element composition method by adding mineral dust 
and brown carbon as additional elements, in order to 
investigate the properties of aerosol mixtures in Beijing.  

In this study, we focus on the relationship between water-
soluble aerosol, water content, and total aerosol volume 
concentration during a haze pollution event based on ground-
based remote sensing measurements. In order to examine 
the evolution of aerosol size growth and composition, the 
aerosol hourly growth ratio and size parameters are calculated 
from volume size distributions and aerosol composition is 
retrieved from complex refractive indexes, obtained from 
AERONET sun-sky radiometer inversions. The data and 
methods are described in section 2. We examine the variation 
of aerosol properties related to RH during the haze day 
with respect to that of the non-haze day in section 3. The 
discussions and conclusions are presented in section 4. 
 
DATA AND METHODS 
 
Data Collection 

In this study, we obtain the Aerosol Optical Depth (AOD) 
and aerosol optical/microphysical retrieval data (Level 1.5) 
of atmospheric column over Beijing site from AERONET 
website (http://aeronet.gsfc.nasa.gov). PM2.5 (particulate 
matters with aerodynamic diameter less than 2.5 µm) mass 
concentrations are observed by a MetOne BAM 1020 
instrument at U.S. Embassy at Beijing (Zhang and Li, 
2013). Meteorological observations including temperature, 
RH and wind speed every 5 minutes are provided by World 
Meteorological Organization (WMO) weather station (No. 
54511) at Beijing. Hourly PM2.5 (in µg/m3), AOD and other 
meteorological measurements, such as RH and wind speed, 
are then used to identify the peak of haze pollution and 

evaluate the particle growth in term of mass concentration. 
In January 2013, there were five heavily polluted periods 

caused by haze over the Beijing area (Li et al., 2013b), 
among which the second one (10–14 January 2013) was 
the most serious. We calculate the aerosol properties in 
January 2013, and collect data on 9 and 12 January to study 
the effects of RH on haze pollution. We consider that on 9 
January relatively clean atmospheric conditions prevailed, 
while on 12 January a heavy pollution event occurred, with 
PM2.5 concentrations larger than 500 µg/m3 and AOD (440 
nm) larger than 1.5. Meanwhile, most surface measurements 
show a RH higher than 80% on 12 January and relatively 
dry conditions (lower than 40%) on 9 January. In addition, 
no rain or snow occurred between these two days over the 
regions, with consequently no aerosol scavenging during this 
period. In order to obtain the transport pathway of air parcels 
that passed through Beijing, a 48-h backward trajectory 
analysis by Hybrid Single Particle Lagrangian Integrated 
Trajectory (HYSPLIT) model was carried out at heights of 
10, 500, 1000 and 2000 meters above ground level on 9 
January (ending at 9:00, 11:00, 13:00 and 15:00 local time) 
and 12 January (ending at 10:00, 11:00, 12:00 and 13:00), 
respectively. We also obtain the black carbon (BC) mass 
concentration near the ground using a co-located aethalometer 
(Magee Scientific AE51) instrument in order to compare 
with sun-sky radiometer retrievals in January 2013. 
 
Method 
Aerosol Volume Hourly Growth Ratio 

The changes in aerosol volume can be attributed to the 
effects of aerosol activation, hygroscopic growth, coagulation 
and chemical reactions, etc. In order to study the changes 
in aerosol volume with time, we obtain the hourly variations 
in aerosol volumes by calculating the hourly growth ratio 
(HGR) as follows:  
 

     dV dV
HGR(r, t) r, t2 r, t1 t2 t1 ,

dlnr dlnr
     

  (1) 

 
where, dV/dlnr(r, t) is aerosol volume size distribution at 
time t (local time, hereafter); t1 and t2 are the observation 
times. Indeed, the HGR is a difference of aerosol volume 
size distributions in the unit time. As for the AERONET-
derived size distribution dV/dlnr, HGR is given for each 
particle radius r.  
 
Size Distribution Breaking Down 

In this study, we break down the dV/dlnr size distribution, 
given in volume concentration for each radius r by the 
AERONET retrieval, into Log-Normal Modes (LNM) 
following the method developed by Cuesta et al., (2008). 
Each LNM is then described by 3 parameters: the modal 
concentration Ci, modal radius ri and geometric standard 
deviation σi. In order to obtain these parameters, a kernel 
function of root mean square differences of the volume 
distributions (the calculated one with LNMs vs. the measured 
one by AERONET) is minimized iteratively using the Nelder-
Mead simplex algorithm (Cuesta et al., 2008). We choose 
multi-modal lognormal distributions to fit the AERONET 
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retrieved aerosol size distributions by the following formula:  
 

 
2

i i

iii 1,n

C lnr lnrdV 1
r exp ,

dlnr 2 lnσ2π lnσ

      
   

  (2) 

 
where dV/dlnr(r) (in unit of µm3/µm2) is the volume size 
distribution, Ci (µm3/µm2) and ri (µm) and σi are the 
volume modal concentration, median radius and its standard 
deviation of each LNM mode, respectively. In most cases 
of this study, bimodal distributions with a fine (0.05 µm ≤ r 
≤ 1 µm) and a coarse (1 µm < r ≤ 15 µm) modes are used, 
except for one case where (see section 3.2) a tri-modal 
distribution is considered (with a “Quasi-Conservative” Fine 
(QCF) mode of 0.05 µm ≤ r ≤ 0.15 µm and a “Variable” 
Fine (VF) mode of 0.15 µm < r ≤ 1 µm).  
 
Aerosol Water Uptake 

Schuster et al. (2005) developed an algorithm to derive the 
aerosol composition using the mixture complex refractive 
indexes, based on the ground-based remote sensing 
measurements. Arola et al. (2011), Wang et al. (2013) and Li 
et al. (2013a) further developed the algorithm. This algorithm 
is employed here, where water uptake is regarded as a 
parent material with refractive index of 1.337346-0.0i, 
1.332382-0.0i, 1.329633-0.0i and 1.328053-0.0i at 440 nm, 
675 nm, 870 nm and 1020 nm wavelengths, respectively, 
black carbon as soot (1.95-0.79i at the four wavelengths), 
sulfates, nitrates and ammoniums as water-soluble substance 
(note that “water-soluble” aerosol in this paper refers to water-
soluble inorganic salts) with refractive index of 1.559067-0.0i, 
1.553280-0.0i, 1.550075-0.0i and 1.548233-0.0i, and other 
matters as residual (1.574-0.0026i, 1.548-00072i, 1.537-
0.00094i, 1.530-0.0020i). The complex refractive indexes are 
calculated using a so-called mixture effective permittivity 
obtained from the mixture of water uptake with other three 
substances based on multiphase mixture theory derived 
from equation set of Maxwell Garnett (Sihvola, 2000).  
 

( ) ( )
,

2 2

eff eff eff effmix
Re Re

m i
    

   (3) 

 
where, mmix are the calculated refractive index; εeff is the 
effective permittivity. Mixture effective permittivities are 
represented by the following formula:  
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where, fn is the fraction of aerosol volume, and N is the 
number of aerosol compositions; εi and εe are the 
permittivities, calculated by Eq. (3), of inclusion (here, soot, 
water-soluble and residual substances) and its environment 
(here, aerosol, water), respectively. We can obtain the 

refractive index from retrievals of sun-sky radiometer 
measurements and we can obtain the calculated one by 
changing columnar aerosol volume fraction (fn) using Eqs. 
(3) and (4). The differences at multiple wavelengths are 
chosen as the iterative kernel function to solve the equation 
and derive the fraction of aerosol constituents: 
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  (5) 

 
where, χ2 is the refractive index error, mAERO is the sun-sky 
radiometer retrieved refractive index, mmix is the calculated 
(Maxwell Garnett equation) refractive index and λ is the 
summation index over the four retrieval wavelengths. We 
obtain the fraction of water uptake and others when the χ2 
is minimized. The estimated errors of aerosol composition 
fractions are about 30%, principally from assumptions about 
aerosol composition, mixing states and scattering properties 
(Schuster et al., 2005). In this work, we mainly focus on the 
volume fractions of water uptake and hygroscopic aerosols. 
 
RESULTS 
 
Environmental Parameters and Aerosol Size Distribution 

In order to investigate the growth of aerosol sizes and 
particle masses during haze pollution, it is important to 
analyse the evolution of meteorological variables including 
temperature, RH and horizontal velocity in the polluted and 
non-haze days. Fig. 1 shows these meteorological parameters 
on 9 and 12 January 2013. The RH on 9 January decreases 
slowly from 8:00 to 16:00 (local time), while RH remains 
above 80% before noon on 12 January and then decreases 
rapidly down to 60%, remaining almost constant on. The 
temperature is lower on 12 January while it is in general 
cooler along all the time period (08:00–16:00) as shown in 
Fig. 1(b). Fig. 1(c) presents consistent trends of the wind 
velocity, and indicates that rapid fluctuations associated to 
turbulence become intensive for higher temperatures (see 
Fig. 1(b)). The average wind velocity during daytime on 12 
January is about 1.4 m/s, a value lower than those 2.3 m/s 
registered on 9 January.  

The increases of both the aerosol optical depth (AOD) 
and particulate matter concentrations (PM2.5) are important 
indicators of haze pollution, as shown in Fig. 2. The AOD 
increases dramatically from 0.33 to 1.63 on 12 January, 
with a mean value of 0.82. The aerosol mass concentration 
in term of PM2.5 increases from 174 µg/m3 at 7:00 up to 
886 µg/m3 at 20:00 on 12 January. Compared to those values 
obtained on haze pollution day, AOD and PM2.5 values for 
the non-haze day are lower and remain stable along the day, 
being the mean AOD and PM2.5 values of 0.24 and 54 µg/m3, 
respectively.  

Fig. 3 shows columnar aerosol volume distributions on the 
haze (Fig. 3(a)) and non-haze (Fig. 3(b)) days. We find that 
changes in aerosol distributions are weak on 9 January, with 
also insignificant time changes in both AOD and PM2.5 
mass concentrations during this non-haze day (see Fig 2), 
as stated before. However, dramatic growths of aerosols in 
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Fig. 1. Meteorological parameters registered on 9 January (non-haze day) and 12 January (haze day) 2013: (a) relative 
humidity, (b) temperature and (c) wind velocity. 
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Fig. 2. (a) Aerosol optical depth (AOD) at 440 nm and (b) fine particulate matters (PM2.5) concentrations on 9 January 
(non-haze day) and 12 January (haze day) 2013. 

 

the fine and coarse mode on 12 January lead to concomitant 
changes in AODs and PM2.5 concentrations. Fig. 3(b) shows 
that aerosol volumes in fine modes are increased rapidly from 
10:24 to 13:24. On 12 January, PM2.5 mass concentrations 
also increase continuously from 8:00 to 16:00. Therefore, 
this suggests that aerosols in fine mode may respond to the 
strong enhancement of PM2.5 in the haze day, as indicated 
by Sun et al. (2013). Meanwhile, the aerosol volume in 
coarse mode is also increased from 12:24 to 13:24 in this 
case due to transported dust aerosol (discussed in section 
3.6), agreeing with He et al. (2014). Therefore, the AOD 
increase in this case is linked to both the fine and coarse 

modal aerosols for our analysis. 
Fig. 4 shows the aerosol HGRs calculated by Eq. (1) for 

the non-haze and haze days, respectively. During the non-
haze day, HGRs are less than 0.01 µm3/µm2/hr for Fine 
modes (Fig. 4(a)). Especially in VF mode, the values of 
HGRs are approximately equal to zero. This suggests that 
the accumulation aerosol in VF mode has almost no changes 
in the non-haze day. Although HGRs in coarse mode are 
around 0.01 µm3/µm2/hr, those particles cannot contribute 
to PM2.5 concentrations. On 12 January (Fig. 4(b)), however, 
HGRs from 10:24 to 12:24 have a single maximum of 0.018 
µm3/µm2/hr peaking in the VF mode. In addition, the HGR
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Fig. 3. Aerosol columnar volume size distribution (dV/dlnr) from AERONET ground-based measurements in Beijing on: 
(a) 9 January (non-haze day) and (b) 12 January (haze day). 
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Fig. 4. Hourly growth rate (HGR) calculated by the mean hourly changes of aerosol columnar volume size distributions on: 
(a) 9 January (non-haze day) and (b) 12 January (haze day). 

 

between 12:24 and 13:24 presents a bimodal distribution 
with the maximal values of 0.075 µm3/µm2/hr and 0.083 
µm3/µm2/hr for the VF and coarse modes, respectively. 
Correspondingly, the AOD and PM2.5 increase during the 
time interval of 13:00–13:30, being mostly remarkable for 
the AOD that increases from around 0.7 to 1.6 (see Fig. 2). 
Based on the analysis of the above, it is implied that HGR 
is a potential indicator to distinguish haze and non-haze 
days, in particular VF modal HGR. 

During the earlier stage of haze (e.g., before 12:30 on 12 
January), the HGR in VF mode is larger than that of other 
modes, but always less than 0.02 µm3/µm2/hr. And then when 
haze is developing (e.g., after 12:30 on 12 January), HGR 
in VF mode is significantly higher than 0.06 µm3/µm2/hr and 
the coincident remarkable increase of AOD and PM2.5 
concentrations are also observed. Comparing the HGR 
between earlier and developing stages of haze pollution, we 
find that longer time is needed in the earlier stage of haze 
aerosols. Indeed, the increase of HGR in VF mode can 
imply the formation of haze, i.e., the particles in VF mode 
can increase quickly in a short period (e.g., in 1 hour) or 

they can be advected from a neighbouring region. In addition, 
coarse particles also increase rapidly in this case which is 
explained by the deposition of floating dust from northwest 
as explained before. 

 
Changes in Aerosol Size Parameters 

As explained in Section 2.2.2, we apply the LNM breaking 
down approach (Cuesta et al., 2008) to size distribution 
retrievals on 9 and 12 January 2013. The derived size 
distribution modal parameters and relative errors are listed 
in Table 1. Relative errors are less than 20% and the fitting 
parameters are in the reasonable ranges compared with those 
retrieved from worldwide AERONET network of ground-
based radiometers (e.g., Dubovik et al., 2002).  

In Table 1, we can see that fine modal radii (including 
QCF and VF modes) are between 0.1 and 0.2 µm, and 
coarse modal radii are larger than 3.0 µm during the non-
haze day on 9 January 2013. The mean radius is 0.14 and 
3.6 µm, respectively, for the fine and coarse modes on non-
haze day. However, the fine modal radii on the haze day 
changes mostly from 0.2 to 0.36 µm, with the mean value
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Table 1. Modal parameters of the aerosol volume size distributions calculated for both fine (f) and coarse (c) modes by 
log-normal breaking down approach on 9 January (non-haze day) and 12 January (haze day) 2013. 

Date Time AODs (@440 nm) rf (µm) rc (µm) σf σc Residual (%)
2013/1/9 09:27 0.15 0.14 3.78 1.67 1.85 18.48 

11:23 0.23 0.12 3.50 1.57 1.80 17.15 
13:23 0.22 0.16 3.37 1.92 1.78 12.43 
15:23 0.37 0.13 3.76 1.95 1.75 14.31 
Mean 0.24 0.14 3.60 1.78 1.80 -- 

2013/1/12 10:24 0.45 0.20 3.00 2.40 1.89 9.23 
12:24 0.82 0.12/0.32 2.96 1.35/2.00 1.85 6.26 
13:24 1.54 0.36 2.95 2.13 1.43 8.03 
Mean 0.94 0.29 2.97 2.18 1.73 -- 

Note: rf is the fine modal radius for the fine mode of the size distribution. However, a tri-modal distribution is presented at 
12:24 on 12 January 2013 with modal radii of 0.12 and 0.32 in quasi-conservative (QC) and variable fine (VF) modes, 
respectively and thus two values of rf and σf are shown. 

 

of 0.29 µm. In addition, a tri-modal size distribution is 
observed at 12:24. It indicates that particle sizes during 
haze pollution can increase from QCF mode to VF mode 
due to enhancements on RH and water-soluble matters 
compared with those during non-haze day (on 9 January), 
in agreement with Li et al. (2014). In contrast, the RH 
decreases after 12:30 on 12 January may result from the 
increase of temperature and particles size related to the 
water uptake by the fine particles (from QCF to VF mode). 
The coarse modal radii slightly changes around 3.0 µm on 12 
January. The standard deviations of aerosol size distributions 
on 9 January are ranging from 1.57 to 1.95 for fine mode 
and from 1.75 to 1.85 for coarse modes, respectively, being 
mean values of 1.78 and 1.80, respectively. As compared to 
these non-haze values, the mean fine modal standard deviation 
is higher (2.18) on the haze day, and σc shows no obvious 
differences except for that registered at 13:24.  

Fig. 5 shows the relationship between the AOD at 440 
nm and fine/coarse modal radii on the haze and non-haze 
days. A good correlation (R2 = 0.92) between AOD and fine 
modal radii is found with slope of 0.17 and intercept of 
0.11, while the negative correlation between AOD and 
coarse modal radii is also presented, with slope of –0.53. 
Meanwhile, the mean rf on 12 January (haze day) respect to 

9 January (non-haze day) increased from 0.14 to 0.29 while 
the mean rc decreased from 3.60 to 2.97. It suggests that 
the fine and coarse aerosol fractions, respectively, present a 
larger and smaller modal size in average on haze day respect 
to those values obtained on non-haze day (lower AODs). 
The aerosol fine (QCF and VF) modal radius (rf) obviously 
increase with AOD during haze day, but coarse modal 
radius (rc) is held nearly constant. Dubovik et al. (2002) 
found the same results for fine modes, being the maximum 
slope of about 0.13 as calculated with the data from Crete-
Paris, France on 1999. Presumably, the larger size of fine 
modal aerosol would be a combined effect of higher aerosol 
water uptake due to the existence of more water-soluble 
aerosol matters and transformations such as coagulation, 
agglomeration of particles and formation of secondary 
aerosols prevailing during the haze pollution events, as well. 
 
Changes in Aerosol Compositions 

Fig. 6 shows the daily average volumes of aerosol 
compositions, calculated from the composition volume fraction 
fn obtained from Eq. (4) and the total columnar-integrated 
volume on the non-haze and haze days, respectively. The 
volume of the water-soluble matters increases from 0.017 
(non-haze day) to 0.152 µm3/µm2 (haze day), about 9 times
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Fig. 5. Correlation between the aerosol optical depth (AOD) at 440 nm and (a) fine and (b) coarse modal radius during the 
haze (hollow points) and non-haze (solid points) days. The fine and coarse modal radius is derived from the aerosol 
columnar size distribution retrieved from the ARONET ground-based measurements. 
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higher. Meanwhile, the volume of water absorbed by 
particles (water uptake) also increases from 0.001 (non-
haze day) to 0.013 µm3/µm2 (haze day), about 13 times 
larger. These variations in water-soluble matters and water 
uptake between non-haze and haze days are mainly caused 
by different aerosol sources and RH. The increase of soot 
volumes are not large (from 0.004 to 0.007 µm3/µm2) respect 
to other compositions, but significant. Since BC does not 
involve in chemistry reactions, as a tracer, it shows that the 
fine aerosol columnar volume changes resulting from 
meteorological factors during the haze day (12 January) is 
about 1.75 times larger, respect to that on non-haze day (9 
January). In addition, as compared to the non-haze day, the 
residual volumes on haze day are about 3 times larger due 
to the higher total aerosol volumes. Residual component in 
this study is assumed to be a mixture of matters different from 
water uptake, soot and water-soluble inorganic substances.  

Fig. 7 shows the changes in water uptake and water-
soluble matters on 9 and 12 January. Water uptake reduces 
as temperature increases on the non-haze day, as well as 
RH decreases too (Fig. 7(a)). The volume peak value of 
hygroscopic aerosols (i.e., water-soluble matters) is 0.031 
µm3/µm2 while all others are considerable low on 9 January 
(also listed in Table 2). These results can be explained by the 
weaker secondary reactions while the growth of water-
soluble substances is limited by the decreases in water, or 
aerosols transported from relatively clear areas. However, 
in the cases of RH values higher than 80%, as occurring on 
12 January, the volumes of water uptake increase significantly 
up to 0.021 µm3/µm2 from 10:24 to 12:24 (Fig. 7(b)). The 
water-soluble aerosol matters volume increases dramatically 
from 0.036 to 0.298 µm3/µm2 between 10:24 and 13:24, 
but the volume of water uptake changes only a little at noon 
(see in Table 2 from 12:24 to 13:24) due to the decrease in 
RH. These results indicate that secondary reactions are 
important in the process of water-soluble substance formation, 
such as gas-phase formation and in-cloud formation. 

Meanwhile, aerosol hygroscopic growth can provide liquid 
surfaces for secondary chemical reactions by the increase 
in water content. The water-soluble substances are formed 
rapidly when the liquid surfaces exist in evolution stage of 
haze. This phenomenon was also observed and simulated 
by He et al. (2014). A large number of aerosol particles 
containing water-soluble substances and mineral dust 
deposited during haze pollution, leads to the dramatic AOD 
increasing on 12 January. However, we find that the 
increases in PM2.5 concentrations lag behind the trend of 
AOD in this case. This is likely linked to the fact that 
mineral dust deposits near the ground in the afternoon 
which increases the AOD, and water-soluble substances 
from secondary reactions are not stable and decomposed 
because of the particle samples heating by the monitoring 
instrument (Ayers et al., 1999) which can decrease PM2.5 
during haze condition.  

The mean net effect of water uptake on the AOD, as 
difference calculated using a Mie code with and without 
water uptake (results also in changes of refractive index 
and size distribution) is in average 0.023 and 0.047 for the 
non-haze (9 January) and haze (12 January) days, respectively 
(see in Table 2). In particular, the net effect is 0.057 at 
13:24 on 12 January, for a water uptake volume of 0.021 
µm3/µm2. Calculations show a negative effect of –0.003 at 
12:24 for the haze day, since the decrease in particle size 
due to water loss here is only calculated by single particle 
hygroscopic growth while the changes of size distribution 
shape cannot be captured. Except for the negative value, 
the net effect of water uptake in AOD is 0.023 on the non-
haze day and relatively as higher as 0.047 on the haze day 
due to increase in water uptake. 

 
Correlation between Water Uptake and Water-Soluble 
Matters 

In Fig. 8, we present the aerosol composition retrieved 
for the whole month of January 2013 in order to obtain the 



 
 
 

Zhang et al., Aerosol and Air Quality Research, 15: 945–957, 2015 952

09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

 Volume of soluble aerosol
 Volume of water
 Relative Humidity
 Temperature

 V
o

lu
m

e 
(

m
3
/

m
2
)

2013/01/09

(a)

20

40

60

80

100

 R
el

at
iv

e 
H

um
id

ity
 (

%
)

-10

-8

-6

-4

-2

0

 T
em

p
er

at
ur

e 
(

C
)

 

09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

 Volume of soluble aerosol
 Volume of water
 Relative Humidity
 Temperature

  
V

ol
u

m
e 

(
m

3
/

m
2
)

2013/01/12

(b)

0

20

40

60

80

100

 R
el

a
tiv

e 
H

u
m

id
ity

 (
%

)

-10

-8

-6

-4

-2

0

 T
e

m
p

er
at

u
re

 (
C

)

 
Fig. 7. Daily variations of water uptake and hygroscopic compositions, and changes of relative humidity and temperature 
corresponding to observation of AERONET ground-based radiometer on: (a) 9 January (non-haze day) and (b) 12 
January(haze day). 

 

Table 2. Volume of aerosol water-soluble substance and water uptake, together with meteorological parameters and the net 
effect of water uptake (WU) on AOD during the non-haze (9 January) and haze (12 January) day. 

Volume 
(µm3/µm2) 

2013/01/09 2013/01/12 
9:27 11:23 13:23 15:23 Mean 10:24 12:24 13:24 Mean 

Water-soluble 0.009 0.014 0.013 0.031 0.017 0.036 0.122 0.298 0.152 
Water uptake 0.002 0.001 1.886E-04 4.301E-04 0.001 4.951E-04 0.016 0.021 0.013 

Net effect of WU on AOD 0.020 0.011 0.023 0.038 0.023 0.038 –0.003 0.057 0.047 
RH (%) 36 33 24 23 -- 90 88 72 -- 
T (°C) –5.8 –3.5 –1.2 -0.2 -- –7.4 –4.7 –2.8 -- 

 

prevailing correlation between water uptake and water-
soluble matter in all conditions (including non-haze and 
haze days). A fairly good correlation between water-soluble 
aerosol matter and water uptake can be found, with the 
correlation coefficient (r) of 0.66. It is indicated that the water 
uptake can lead to increase in the water-soluble substances. 
However, water in aerosols could be evaporated when RH 
is low as that on 9 January (non-haze day), and expended 

when RH decreases rapidly due to heavy pollution as that 
on 12 January (haze day), in particular in winter over North 
China. Generally, although aerosols are emitted from different 
sources and transported from different areas in January 
2013, the fitting line shows that water-soluble volume 
increases with increasing water volume, and water-soluble 
volumes are larger than 0.05 µm3/µm2 for water volumes 
beyond 0.01 µm3/µm2. 
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Fig. 8. Correlation between volumes of water (WU: water 
uptake) and hygroscopic compositions (SA: soluble aerosols) 
in January 2013. Solid line is the best fitting line for volumes 
of water uptake higher than 0.01 µm3/µm2. 

 

Comparison of Retrieved Soot Mass with Surface 
Measurements 

We compared the soot mass concentrations retrieved from 
AERONET sun-sky radiometer observations with surface 
measurements by aethalometer at Beijing in January 2013 
(Fig. 9). If a 1.8 g/cm3 density of soot (midrange value of 
1.7–1.9 g/cm3 in Bond and Bergstrom, 2005) is assumed, 
daily-averaged soot mass concentrations from two data set 
have a fairly good correlation coefficient (r) of 0.77. This 
indicates that the columnar retrievals of soot mass, to a 
certain degree, could reflect the changes of soot at surface. 
Assuming a boundary layer of 1 km height (Lv et al., 2013), 
we can convert the retrieved daily average columnar soot 
mass to the surface quantity which in this case has also a 
good correlation (r = 0.63) with aethalometer measurements. 
The converted soot mass from the retrieval presents slightly 

higher values than those registered by surface measurements, 
with a mean error of 2.59 µg/m3. Moreover, the time variation 
of the retrieved soot mass concentration also agrees well 
with surface observations. 
 
Influence of Sources on Particle Size Distribution and 
Compositions 

The aerosol size distributions and compositions greatly 
depend on aerosol sources. Fig. 10 shows 48-h backward 
trajectories of air masses reaching Beijing on the heights of 
10, 500, 1000 and 2000 meters above ground level on 9 
January (ending at 9:00, 11:00, 13:00 and 15:00 local time) 
and 12 January (ending at 10:00, 11:00, 12:00 and 13:00). 
It can be seen in Fig. 10(a) that aerosols in air masses come 
from northwest direction, mainly including Hebei and 
Inner Mongolia provinces of China, Mongolia and Russia, 
and aerosols are transported from altitudes higher than 2 
km 48 hours before arrival on 9 January (Fig. 10(c)). The 
higher aerosol transport speed and height together lead to a 
lower aerosol loading until 10 January. However, more 
aerosols reach Beijing on the haze day (12 January) due to 
lower transport height (less than 2 km) since 11 January 
(Fig. 10(d)), with the direction of air flow from western 
Hebei, northern Shanxi and Inner Mongolia provinces and 
Mongolia (Fig. 10(b)). In particular on 12 January, aerosols 
are mainly emitted from local sources because of the 
arrival of air masses at lower heights leading to reduced 
long-range transport of pollutants (Fig. 10(d)). The coarse 
modal particles can be transported from northwest direction 
above 2 km height, declining and depositing near Beijing 
due to wind speed decrease (see Fig. 1(c)). 

The aerosol size distributions from different sources can 
have distinct properties. Lee and Kim (2010) presented 
aerosol size distributions from 20 AERONET city sites 
including Beijing in East Asia and classified them into six
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Fig. 9. The daily average columnar soot mass concentration obtained from remote sensing retrievals and surface 
measurements by aethalometer during January 2013 in Beijing. Error bars show the maximum and minimum values of 
soot mass concentration obtained in each day. 
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Fig. 10. 48-h backward trajectories of air masses reaching Beijing at selected heights: 10, 500, 1000 and 2000 meters 
above ground level ending at 9:00, 11:00, 13:00 and 15:00 on 9 January (a and c) and 10:00, 11:00, 12:00 and 13:00 on 12 
January (b and d). 

 

categories with different optical and microphysical parameters 
using cluster analysis technique. They found that the 
maximum of fine modal radii in six categories is 0.257 µm 
and identified as urban/industrial pollution, since it is a 
higher value than that corresponding to dusty aerosols. In 
our study, the fine modal radii on the non-haze day are all 
less than 0.16 µm, which is the minimal value of the fine 
radii of dusty aerosols in Lee and Kim’s classification, and 
there are nearly no significant variations in fine and coarse 
modal radii on 9 January. However, the fine modal radii on 
12 January (haze day) are higher than 0.257 µm, except for 
that obtained at 10:24. These results suggest that the 
impacts of RH on particulate size occur mainly in haze 

days instead of non-haze conditions, as previously stated. 
Different sources can also affect aerosol compositions. 

The crustal matters are dominated in aerosols transported 
from Mongolia (Natsagdorj et al., 2003), because more 
than 70% of the pastureland area of Mongolia is under 
desertification (Jigjidsuren and Oyuntsetseg, 1998). However, 
mass concentrations of hygroscopic aerosols including 
sulfate, nitrate and ammonium can account for more than 
25% of PM2.5 mass concentrations in Beijing (Duan et al., 
2006). It is thus suggested that there are more hygroscopic 
aerosols emitted into atmosphere from local sources in 
Beijing, rather than transported from Mongolia. Assuming 
such kind of local sources and their diffusion are stable 
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(this is reasonable considering wind speeds less than 1.5 m/s 
on 12 January), the significant AOD and PM2.5 increases on 
haze day are most likely explained by RH effects instead of 
aerosol source emission changes. 

 
DISCUSSIONS AND CONCLUSIONS 
 

Beijing is one of the largest megacities in China and is 
polluted due to high emissions of pollutants and precursors 
associated to the fast development of economy. The aerosol 
properties during the seriously polluted day on 12 January 
2013, as compared to the non-haze day on 9 January, are 
investigated focusing on the evolution of haze pollution. In 
this work, aerosol columnar size distribution parameters 
and aerosol compositions are calculated from aerosol optical 
depths, aerosol volume size distributions, and complex 
refractive indexes obtained from ground-based remote 
sensing measurements.  

The impacts of haze pollution on aerosol properties are 
quantified to exhibit aerosol size distribution and water-
soluble substance variations. The changes in aerosol size 
distributions during haze day are obtained from the hourly 
growth rate (HGR). The HGR in the fine mode increase 
significantly during the haze day while it almost equals to 
zero in the non-haze day, which could be used as a reference 
to monitor the development of haze pollution. Meanwhile, 
variations in the fine-mode peak radius, another important 
size distribution parameter, present significant differences 
between the haze and non-haze day, e.g., 0.29 versus 0.14 
µm. Aerosol in fine mode with larger size on haze day is 
explained by the increase of water uptake, while it has also 
a smaller size in the coarse mode. For aerosol compositions, 
the volume growth of aerosol water-soluble substances can 
be 9 times higher and water uptake can be 13 times greater 
on haze day than non-haze day. In the study period, the air 
quality deterioration near the surface in haze day is mainly 
caused by increasing of fine modal aerosols because of 
high RH leading to particle hygroscopic growth. Moreover, 
the impact of meteorological factor changes on aerosol 
increases during air pollution, estimated by the increases of 
black carbon considering its neutrality in chemical reactions, 
is smaller than that of hygroscopic growth and secondary 
reactions. In addition, further studies can be focused on 
combining multiple methods of remote sensing like LIDAR 
and improving the accuracy of aerosol composition retrievals.  
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