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Abstract 14 

Visibility degradation is a pervasive and urgent environmental problem in China. The 15 

occurrence of low visibility events is frequent in the North China Plain, where the aerosol 16 

loading is quite high and aerosols are strongly hygroscopic. A parameterization of light 17 

extinction ( exK ) for low visibilities on hazy days is proposed in this paper, based on 18 

visibility, relative humidity (RH), aerosol hygroscopic growth factors and particle 19 

number size distributions measured during the Haze in China (HaChi) Project. 20 

Observational results show that a high aerosol volume concentration is responsible for 21 

low visibility at RH < 90%; while for RH > 90%, decrease of visibility is mainly 22 

influenced by the increase of RH. The parameterization of exK  is developed on the basis 23 

of aerosol volume concentrations and RH, taking into accounts the sensitivity of visibility 24 

to the two factors and the availability of corresponding data. The extinction coefficients 25 

calculated with the parameterization schemes agree well with the directly measured 26 

values. 27 



1  Introduction 28 

Visibility degradation is a pervasive environmental problem in China (Anderson et al., 29 

2003; Quinn et al., 2003; Zhao et al., 2006b; Hoyle et al., 2009). Low visibility 30 

conditions present a host of problems of human activities such as air transport and 31 

highway traffic. In the North China Plain (NCP), low visibility events are frequently 32 

encountered and mainly accompanied with haze as a result of either high aerosol loading 33 

or the strong hygroscopic growth of the aerosol particles. 34 

Recently, China has undergone a rapid economic growth. Many regions have suffered 35 

from severe pollution caused by large amounts of aerosol particles emitted from fossil 36 

fuel and biomass burning processes, transport and some other combustion sources. High 37 

levels of particulate matter with the diameter smaller than 2.5 μm (PM2.5) have been 38 

reported in a few megacities. Annual average (2005 ~ 2006) of PM2.5 in Beijing was 39 

118.5 ± 40.6 μg m−3 (Yang et al., 2011). It greatly exceeded the recently revised ambient 40 

air quality standard of China (GB3095-2012) for PM2.5 (35 μg m−3, Grade II) and was at 41 

least 10 times those (5 ~ 10 μg m−3) measured in US continental east (Hidy et al., 2009). 42 

The annual mean (2003 ~ 2007) visibility in Beijing was reported to fall between 10 km 43 

and 15 km, with the mean value in summer reaching below 10 km (Zhang et al., 2010). 44 

Intensive aircraft observations in Beijing showed that the average aerosol number 45 

concentration near surface level (1,419 m above the ground) was about 6,600 cm−3, with 46 

the highest value over 10,000 cm−3 (Zhao et al., 2006a; Deng et al., 2009; Liu et al., 47 

2009). Remarkable high daily mean (1 Dec 2006 ~ 31 Dec 2006) PM1 (particulate matter 48 

within 1 μm) level of 149.7 μg m−3 (Shen et al., 2009) was reported in Xi’an, one of the 49 

largest cities in northwest China. At the Longfengshan site (127°36´E, 44°44´N, 331 m a. 50 

s. l.), a regional atmospheric background station of northeast China, a daily mean 51 

horizontal visibility and PM10 (particulate matter within 10 μm) concentration of 11km 52 

and 70 μg m-3 was reported  for  a typical hazy day in 2008 (Wang et al., 2010).  53 

Hygroscopicity greatly affects aerosol optical properties (Covert et al., 1972; Cheng et al., 54 

2008a; Stock et al., 2011). Hygroscopic growth increases aerosol extinction coefficients 55 

by enlarging particles by uptake of liquid water. On the other hand, hygroscopic growth 56 

decreases aerosol extinction by lowering the refractive index, since the water that is taken 57 



up has a smaller refractive index compared to other aerosol components. The positive 58 

effect of the aerosol size on aerosol extinction coefficients outweighs the negative effect 59 

of the refractive index, leading to an increase in aerosol extinction and a significant 60 

degradation in visibility, as has been observed in some field campaigns (Yan et al., 2008a; 61 

Pan et al., 2009). Measurements of ambient aerosol hygroscopic properties were 62 

conducted in the NCP using a Hygroscopicity Tandem Differential Mobility Analyser 63 

(H-TDMA) (Swietlicki et al., 2008). Corresponding observational results of the Haze in 64 

China Project (HaChi) presented that average hygroscopic growth factor of more 65 

hygroscopic particles (initial diameters of 100 nm) was about 2.45 ± 0.07 at 98.5% 66 

relative humidity (RH) (Liu et al., 2011). This value was 0.25 lower than that of the pure 67 

ammonium sulphate particles, indicating high hygroscopicity of the ambient aerosols.  68 

Studies regarding the trends of visibility (Deng et al., 2008; Chang et al., 2009), source 69 

apportionment of visibility impairment (Ying et al., 2004) and the correlation between 70 

visibility and its influencing factors have shown that visibility was largely influenced by 71 

the particle size distribution (Motallebi, et al., 1990; Cheng et al., 2008b), meteorological 72 

conditions (Wu et al., 2005; Deng et al., 2008; Zhang et al., 2010) and aerosol chemical 73 

components (Randles, et al., 2004; Armin Sorooshian, et al., 2008; Wen et al., 2010). An 74 

exponential correlation has been found between visibility and aerosol mass concentration 75 

(Wen et al., 2010). It has also been reported that the mixing state of black carbon (BC, i.e. 76 

soot particles) has an important effect on visibility by changing aerosol optical properties 77 

(Yu et al., 2010; Ma et al., 2012). 78 

For dry particles with fixed size distribution, light extinction is directly related to the 79 

aerosol mass loading. The second important parameter that controls light extinction is 80 

aerosol size distribution, followed by aerosol refractive index, particle shape and density. 81 

Under ambient conditions, RH has a marked effect on light extinction through 82 

hygroscopic growth of particles, which is a key factor in visibility degradation. It is 83 

thereby of great importance to understand the correlation between low visibility, aerosol 84 

loading, size distribution, as well as aerosol hygroscopic growth.  85 

Due to frequent haze events in China, visibility is often seriously impaired (Wu et al., 86 

2005), exerting hazardous influences on both road traffic and air transport. However, 87 



studies on visibility and its relationship with aerosol hygroscopic properties are still 88 

rather limited in China, due to the lack of aerosol hygroscopic properties measurements. 89 

In order to increase the efficiency and safety of transportation under low-visibility 90 

conditions, efforts aimed at developing a parameterization of low visibilities on hazy 91 

days are necessary for low visibility forecasts and numerical simulations. In this paper, a 92 

parameterization of low visibilities for hazy days has been proposed. 93 

This work is based on the analysis of in-situ measurements of visibility, RH, particle 94 

number size distribution (PNSD) and inferred size-resolved hygroscopic growth factors at 95 

subsaturated conditions (RH < 100%) during the HaChi summer campaign. The 96 

characteristics of aerosol number, volume concentrations, RH and visibility are displayed 97 

in Sect. 4.1. In Sect. 4.2, results from a comparison study between the Mie Model 98 

calculated and measured extinction coefficients ( exK ) are shown. The theretical 99 

calculation of exK , as well as the dependence of exK on aerosol volume concentration, 100 

PNSD pattern and RH are discussed in Sect.4.3. Finally, a parameterization of low 101 

visibilities under hazy conditions is presented in Sect. 4.4.   102 

 103 

2 Measurement 104 

2.1 Site description 105 

The HaChi summer campaign was carried out at the Wuqing Meteorological Station 106 

(39°23′N, 117°01′E, 7.4 m a.s.l.), northwest of the Wuqing town. Wuqing is a suburban 107 

district of Tianjin (with about 0.8 million inhabitants) and located among a cluster of 108 

cities. The Wuqing town is about 80 km to the southeast of the megacity Beijing and 109 

30 km to the northwest of the megacity Tianjin. The surrounding area of the site is in 110 

agricultural, residential and industrial land use. Most of the neighboring factories are 111 

clustered to the east of the site. While a large tract of farmland is situated to the west and 112 

south of Wuqing, with railways and busy roads running through. Wuqing is highly 113 

representative of regional aerosol pollution in the NCP and is an ideal place for our study.  114 



2.2 Instruments and data processing 115 

The HaChi summer campaign took place from 13 July to 14 August, 2009. Ground-level 116 

aerosol particle number size distribution (PNSD), hygroscopicity, chemical composition, 117 

optical properties, visibility and RH were measured during the entire field campaign.  118 

A combined system of Twin Differential Mobility Particle Sizer (TDMPS, Leibniz-119 

Institute for Tropospheric Research (IfT), Germany; Birmili et al., 1999) and 120 

Aerodynamic Particle Sizer (APS, TSI Inc., Model 3320) is used to monitor the PNSDs 121 

ranging from 3 nm to 10 μm under dry condition (RH < 30%) every 10 minutes. PNSDs 122 

with electrical mobility diameters ranging from 3 to 800 nm were measured by TDMPS.  123 

PNSDs with aerodynamic diameters ranging from 500 nm to 10 μm were measured by 124 

APS. More information about the two instruments is in Ma’s study on aerosol optical 125 

properties in the NCP (Ma et al., 2011). 126 

The High Humidity Tandem Differential Mobility Analyser (HH-TDMA) was applied to 127 

measure the size-resolved hygroscopic growth factors of the ambient aerosols (initial 128 

diameters, Dp, are 50, 100, 200 and 250 nm) at 90%, 95% and 98.5% RH (Hennig et al., 129 

2005). More details of the instrument and observational aerosol hygroscopic properties 130 

are described in Liu et al. (2011). 131 

Visibility was monitored with a forward scattering measuring visibility meter (Model FD 132 

12, Vaisala Corporation, Finland). The Vaisala FD12 visibility meter transmits infrared 133 

(IR) light pulses at a peak wavelength of 875 nm, and detects the amount of light 134 

scattered by a small measurement volume at an angle of about 33º. The reason for 135 

choosing this forward scattering angle is that the differences among the scattering phase 136 

functions of particles at different sizes are minimized. The detected optical signal, which 137 

varies linearly with the visibility, is firstly converted into a frequency and finally 138 

converted to visibility by proprietary algorithms, based on extensive calibration against a 139 

well calibrated Vaisala’s MITRAS transmissometer (Wiel Wauben, 2011). Briefly, the 140 

amount of scattering measured in this way is empirically linked to the extinction 141 

coefficient, taking into consideration of the relationship between the amount of forward 142 

scattering and the extinction of the scattering medium. 143 

There is great difference between visibility and visual range (VR), and the latter one is a 144 



more rigorously defined concept. The visual range is a function of the 145 

atmospheric extinction coefficient, the albedo and visual angle of the target, and the 146 

observer's threshold contrast at the moment of observation. In the daytime, the visual 147 

range can be expressed as the formula in equation (1) (Middleton, 1952; Johnson, 1954).  148 

1 | |ln
ex

CVR
K ε

=                                                                                                               (1) 149 

where there is a contrast C between the horizon target and its background viewed through 150 

an atmosphere of extinction coefficient exK  by an observer whose momentary threshold 151 

contrast is ε. 152 

In practical calculation of visibility, an important application of this formula is to the case 153 

of a black target (for which C = 1), and the threshold contrast ε is also assigned a constant 154 

value. Hence, the correlation between the visibility (VIS) and exK  can be expressed into 155 

the following empirical equation (2) (FD12P User Guide in English) provided by the 156 

Vaisala Visibility Meter User’s Guide, which is basically derived from the Koschmieder 157 

relation (Griffing, 1980; Husar et al., 2000; Carrico et al., 2003): 158 

1 3( )
( )exK km

VIS km
− =                                                                                                        (2)  159 

Undoubtedly, there is certain error in the measured extinction coefficient (reported of no 160 

less than 10% by Crosby (2003)), since light absorbing has not been measured but 161 

presumed with an empirical constant single scattering albedo. 162 

In this study, instantaneous visibilities at a temporal resolution of 15 seconds are further 163 

averaged into 10-minute averages. The measured extinction coefficient can thus be 164 

calculated from monitored visibility according toEq.(2). 165 

To match the ten-minute PNSDs data, one-minute meteorological parameters were also 166 

averaged into ten-minute averages when the missing data in the ten-minute interval less 167 

than 40% of those that should be observed in the corresponding ten minutes. Since we 168 

focused on low visibility during hazy days, all data during 0-12 h on 11 August, when a 169 

heavy fog event occurred, were excluded from the dataset. 170 

 171 



3 Methodology for exK  calculation 172 

In this section, a brief introduction to exK  calculation is presented. exK  at different RHs 173 

and aerosol volume concentrations can be theoretically obtained by using averaged 174 

PNSD and the Mie Model, in which aerosol hygroscopic growth has been taken into 175 

account. Size-resolved hygroscopic growth factors are determined by using a combination 176 

of a four-mode PNSD fitting and HHTDMA-measured hygroscopicity parameter k at 177 

four specific particle sizes. Then follows the size-resolved refractive indices need to be 178 

considered in the Mie Model. Sect. 3.3 is a brief introduction to the Mie Model.  179 

3.1 Size-resolved hygroscopic growth factors ( ( , )pf D RH ) 180 

High aerosol hygroscopicity would greatly degrade visibility due to increasing light 181 

extinction of growing particles. The hygroscopic growth factor ( ( , )pf D RH ) is often 182 

adopted to describe aerosol hygroscopicity and defined as a function of RH: 183 

,( , ) ( )p p p dryf D RH D RH D=                                                                                     (3) 184 

where ( )pD RH  and ,p dryD  are particle diameters under humid and dry conditions, 185 

respectively.  186 

Size-resolved hygroscopic growth factors for aerosols within the range of 3 nm ~ 10 μm 187 

were obtained from the measured PNSDs and HHTDMA-determined hygroscopicity 188 

parameter κ during the summer campaign. Firstly, the measured PNSDs were fitted with 189 

four lognormal modes (Whitby, 1978; Birmili et al., 2001; Hussein et al., 2005; Nowak, 190 

2005), a nucleation mode with geometric mean diameters between 3 and 25 nm, an 191 

Aitken mode with geometric mean diameters between 25 and 100 nm, an accumulation 192 

mode with geometric mean diameters between 100 nm and 1 μm, and a coarse mode with 193 

geometric mean diameters between 1 and 5 μm. This modified four-mode PNSD fitting 194 

method differs from traditional fitting methods for submicron particles, where only a 195 

fixed PNSD pattern and a closure of aerosol number concentration between the original 196 

and reconstructed PNSDs are needed. The modified method can also be applied to the 197 

parameterization of supermicron particles. The optimal fitting results are supposed to 198 



meet the requirements that it can not only reconstruct the particle number size 199 

distribution, but also the aerosol surface area and volume distributions. In other words, 200 

the closures of aerosol number, surface area and volume concentrations could be 201 

achieved between the reconstructed PNSDs and the measured ones.  202 

Based on the assumption that aerosols in a specific mode have common sources or have 203 

experienced similar aging processes, the corresponding hygroscopicity parameter κ in one 204 

mode should be the same due to the same chemical compositions. Hence, the HHTDMA-205 

measured hygroscopicity parameter κ of particles with diameters of 50 nm, 100 nm, 200 206 

nm and 250 nm can be used to deduce the corresponding κ for each of the four modes of 207 

the reconstructed PNSDs. Considering the primary chemical composition in the coarse 208 

mode is nearly hydrophobic, the κ for this mode is assumed to be 0. Consequently, with 209 

the corresponding contribution of each mode to the κ of a specific particle size, the mean 210 

size-resolved κ for aerosols with diameters in the range of 3 nm ~ 10 μm can be estimated 211 

from the known κ of each mode (Ma et al., in preparation).  212 
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Where κi represents the κ of the i mode, ( )i pN D  stands for the number concentration of 214 

dry particles (with diameter of Dp) in the i mode. 215 

Accordingly, the size-resolved hygroscopic growth factors at different RHs can be 216 

derived from the size-resolved κ using following equation in Petters et al. (2007):  217 

3

3

41 exp( )
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p

MfRH
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= ⋅
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                                                                              (5) 218 

where s aσ  is the surface tension of the solution/air interface, wM  is the molecular weight 219 

of water, R is the universal gas constant, T is temperature, Dp is the dry particle diameter, 220 

and f is the aerosol hygroscopic growth factor. 221 

Fig. 1 displays the averaged size-resolved hygroscopic growth factors at 80%, 90%, 95%, 222 

98.5% and 99% RH. Mean values of HHTDMA-measured hygroscopic growth factors 223 



(with dry diameters of 50 nm, 100 nm, 200 nm and 250 nm) at RHs of 90%, 95% and 224 

98.5% were shown in colored circles; error bars stand for the standard deviation (Liu et 225 

al., 2011). It can be clearly seen that the hygroscopic growth factors of particles with 226 

diameters between 50 nm and 1 μm are all higher than 1.25 at 80% RH, significantly 227 

higher than that of the other sizes. The hygroscopic growth factors of particles larger than 228 

2 μm are exclusively close to 1.0, given the principal chemical compositions in coarse 229 

mode are assumed to be hydrophobic mineral dust. Differences of hygroscopic growth 230 

factors for different particle sizes are larger when the RH level is higher. The hygroscopic 231 

growth factor of particles in a range of 200 nm to 1 μm is higher than 1.5 at 90% RH, and 232 

nearly 2.0 at 95% RH. The hygroscopic growth factors of particles within the range of 233 

50 nm ~ 1 μm are exclusively higher than 2.0 when RH = 99%, and those of particles 234 

ranging from 250 nm to 1 μm even exceed 3.0. It indicates high aerosol hygroscopicity in 235 

the NCP, which has been supported by HHTDMA measurements during the HaChi 236 

campaign. Averaged hygroscopic growth factor of more hygroscopic particles with dry 237 

diameter of 100 nm was reported as 2.45±0.07 at 98.5% RH in Liu et al. (2011). This 238 

value is comparable to that of f = 2.75 at 100 nm and 98.5% RH for pure ammonium 239 

sulphate particles. 240 

Hygroscopic growth of aerosols leads to a change in particle size distribution. To obtain 241 

the PNSDs under ambient relative humidity conditions (ambient RH PNSDs), we can use 242 

the PNSDs measured under dry conditions and the mean size-resolved hygroscopic 243 

growth factors. 244 

3.2 Size-resolved refractive indices ( ( , )pm D RH ) 245 

Size-resolved refractive indices are key factors in accurately calculating extinction 246 

coefficients with the Mie model. A two-component optical aerosol model of light-247 

absorbing BC and non-light-absorbing components (Wex et al., 2002; Cheng et al., 2006) 248 

is used for determining the refractive index for dry particles ( pm ). In this paper, dry 249 

particle is assumed to be a completely internal mixture of BC. The refractive index for 250 

dry particles is derived as a volume-weighted average between BC and non-light-251 

absorbing components: 252 



, ,(1 )p BC V BC BC V nonm f m f m= ⋅ + − ⋅                                                                                 (6) 253 

where BCm  and nonm  are the refractive indices respectively for BC and non-absorbing 254 

component, which are set to be 1.96 − 0.66 i (Seinfeld and Pandis, 1998) and 1.53 − 255 

10−7 i (Wex et al., 2002). ,BC Vf  stands for the volume fraction of BC and can be 256 

expressed as:  257 

,
BC

BC V
BC PNSD

mf
Vρ

=
⋅

                                                                                                        (7) 258 

where PNSDV  is the corresponding aerosol volume concentration of each measured PNSD 259 

during the HaChi campaigns. BCm  represents the total mass concentration of BC, and 260 

BCρ  is the density of BC. The total mass concentration of BC is obtained from 261 

measurements during the HaChi campaigns in spring and summer 2009 at Wuqing. 262 

Based on the reported BC-density range of 1.00 ~ 2.00 g cm−3 (Ouimette and Flagan, 263 

1982; Sloane et al., 1983, 1984; Seinfeld and Pandis, 1998), an average value of 264 

1.5 g cm−3 (Ma et al., 2011) is adopted. The volume fractions of BC and the 265 

corresponding refractive indices for dry particles can be calculated using Eq. (7) and 266 

Eq.(6). 267 

Our results show that the mean refractive indices for dry particles are 1.558 − 0.043 i for 268 

spring 2009 and 1.562 − 0.049 i for summer 2009. Their corresponding standard 269 

deviations in the two seasons were 0.009 − 0.014 i and 0.010 – 0.016 i, respectively. It 270 

indicates that in situ observational refractive indices for dry particles slightly vary with 271 

the volume fractions of BC. Possible influences of different refractive indices of dry 272 

particles on extinction coefficients are also discussed using the mean PNSD with the Mie 273 

Model. The average percentage deviations of aerosol extinction coefficients, namely, the 274 

ratios between the standard deviations and mean values of calculated extinction 275 

coefficients during the two campaigns, are typically less than 3% (for spring) and 1% (for 276 

summer). This is consistent with the results of Lesins et al. (2002). The mean value of the 277 

refractive indices during the two seasons is thereby taken as the refractive index for dry 278 

particles, with pm = 1.56 − 0.045 i.  279 



In humid condition, uptaked water content should be taken into consideration for 280 

refractive indices. The size-resolved refractive index for internally mixed aerosols is 281 

derived as a simple volume-weighted average between the refractive indices of dry 282 

particles and water component. The refractive index for pure water is wm = 1.33 − 0 i. 283 

The volume of ambient PNSDs ( ,PNSD RHV ) in each size bin can be derived from dry 284 

PNSDs by considering aerosol hygroscopic growth. The size-resolved volume of uptaked 285 

water ( wV ) can be equivalently expressed as the difference of volumes 286 

( , ,PNSD RH PNSD dryV V− ) between ambient and dry PNSDs ( ,PNSD dryV ) ineach size bin. The 287 

size-resolved volume fraction of water content ( ,(log )p w Vf D ) is defined as 288 

, ,(log )p w V w PNSD RHf D V V= . Similarly, the size-resolved refractive index ( ( , )pm D RH ) 289 

can be expressed as a volume-weighted average between the two components: 290 

, ,( , ) (1 (log ) ) (log )p p w V p p w V wm D RH f D m f D m= − ⋅ + ⋅                                                   (8) 291 

3.3 Mie Model  292 

The Mie Model is employed to calculate major optical parameters of a spherical particle, 293 

such as scattering, absorption and extinction cross sections ( , ,sp ap exσ σ σ ) and scattering 294 

phase function ( Pθ ). Calculations in the Mie model are based on the Mie theory (Mie et 295 

al., 1908). Key parameters can be determined by particle size parameter x  and the 296 

complex reflective index m  following the Bohren-Huffman Mie model (BHMIE) 297 

(Bohren and Huffman, 1983). 298 

2 /x rπ λ=                                                                                                                        (9) 299 

r im n n= +                                                                                                                      (10) 300 

Where r  is the particle radius, and λ  represents the wavelength of incident light. rn  and 301 

in  are  the real and imaginary part of the reflective index,  representative of the scattering 302 

and absorption  item , respectively. They are wavelength-dependent and nonnegative.  303 



Based on size-resolved hygroscopic growth factors provided in Sect. 3.1 and size-304 

resolved refractive indices in Sect. 3.2, the exK  for each size bin can be calculated by 305 

using the BHMIE Model at a given RH in the subsaturated ambient atmosphere. Total 306 

exK  of the PNSDs is derived by using the aerosol number concentration at each size bin, 307 

which is constant before and after hygroscopic growth. The integration limits of the 308 

aerosol diameter are 3 nm ~ 10 μm in this paper.                   309 

( ) ( )
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3
3

log log ( )
p

mm

ex ex p p p ex pnm
D nm

K D n D d D D dN
µµ

σ σ
=

= = ⋅∑∫                                          (11) 310 

 311 

4 Results and Discussion 312 

4.1 Characteristics of visibility, aerosol number concentration, volume 313 

concentration and RH 314 

The occurrence frequencies (Freq, in %) of five specific visibility ranges are shown in 315 

Table 1. The frequency of VIS < 10 km reaches up to 89.5%. The frequencies of VIS < 316 

3 km and VIS < 1 km exceed 50% and 10%, respectively. During the valid 24-day 317 

observational period, 470 hours in total experienced a low visibility (VIS < 10 km). On 318 

average, visibilities below 3 km occurred for more than 10 hours each day. It was evident 319 

that the NCP frequently suffered from severe low visibility events. 320 

The statistical results of visibility (VIS), aerosol number (N), surface (S) and volume (V) 321 

concentrations, as well as the effective radius (Reff) and RH in the NCP are given in Table 322 

2. As can be seen from the corresponding minimum (Min), 5th percentile (5%), 95th 323 

percentile (95%) and maximum (Max) values, all of the parameters show a wide range. 324 

The average visibility is only 4.15 km, with the lowest value of about 21 m. The median 325 

values of the PNSD parameters are all slightly lower than mean values. The 5th and 95th 326 

percentiles of aerosol number concentrations are 8.96×103 and 2.74×104 cm−3, with the 327 

average level exceeding 1.7×104 cm−3. While the mean value of particles larger than 328 

100 nm is even higher than 5,300 cm−3, indicating heavy aerosol pollution in the NCP. 329 



The high aerosol surface and volume concentrations also confirm the aerosol polluted 330 

status. This has also been demonstrated by Ma et al. (2011), in which high average 331 

scattering coefficients (σsp,550 nm) of 874 ± 282 Mm−1 were observed during two heavily 332 

polluted episodes in 2009 summer. The effective aerosol radii were mainly distributed in 333 

the range of 105 ~ 437 nm, with a mean value of 192 nm. Observed RH varied from 28% 334 

to 100%, with a high average value of 81.6%. Humid weather conditions are common in 335 

the NCP during summertime. 336 

Aerosol number concentration is not directly related empirically or theoretically to 337 

extinction or scattering unless limited to the optical subrange of diameters. Therefore, the 338 

aerosol number concentration is not an effective representative of visibility degradation. 339 

To gain more insight into correlations between low visibility and its influencing factors, 340 

RH and aerosol volume concentration were avaraged into bins. RH was divided into 7 341 

bins, with RH < 40% as a single bin and RH from 40% to 100% being divided into bins 342 

of 10% interval. Calculated aerosol volume concentrations were divided into 20 even 343 

bins, with the concentrations ranging from 0 ~ 250 μm3 cm−3. Visibility data were also 344 

sorted according to the bins of above parameters. The occurrence frequency of the 345 

visibility for each bin was calculated for five ranges (VIS ≥ 10 km, 5 km ≤ VIS < 10 km, 346 

3 km ≤ VIS < 5 km, 1 km ≤ VIS < 3 km and VIS < 1 km). The stacked colored bars in 347 

Fig. 2 show percentages of five specific visibility groups for different ranges of aerosol 348 

volume concentration and RH. The frequency distribution (FD) of aerosol volume 349 

concentration and RH were calculated and correspondingly displayed in dotted dark lines. 350 

The FD was defined as the proportion that the data in a specific range took among all the 351 

in-situ observations. 352 

Apparently, the percentages of the five visibility groups increase sharply with growing 353 

aerosol volume concentrations and RH. For aerosol volume concentrations higher than 354 

75 μm3 cm−3 or RH exceeding 90%, over 90% of the visibilities are below 5 km. When 355 

aerosol volume concentrations are higher than 100 μm3 cm−3 or RH > 90%, about 85% of 356 

the visibilities are below 3 km. This is in accordance with the statistical results of the 357 

highly frequent low visibility events in Table 1. The occurrence probability of RH ≥ 90% 358 

is higher than 40% (Fig. 2(b)), while the probability of high aerosol volume concentration 359 



over 100 μm3 cm−3 is no more than 20% (Fig. 2(a)). Aerosol volume concentration of 360 

about 60 μm3 cm−3 has the highest probability of occurrence and is regarded here as the 361 

average pollution level in the NCP. Because a high RH is more frequently observed than 362 

high volume concentrations, it should be the critical influencing factor of low visibility in 363 

this region. 364 

Fig. 2 also reaveals that VIS < 3 km and VIS < 1 km can occur at RHs < 50% and < 80%, 365 

respectively. The visibility degradation at relatively low RH results from severe aerosol 366 

pollution. At lower aerosol volume concentrations on the other hand, aerosol hygroscopic 367 

growth at high RH has the key effect on visibility reduction. Most of the extremely low 368 

visibility events (VIS < 1 km) in the NCP are encountered due to the concurrence of 369 

heavy aerosol pollution and strong hygroscopic growth at high RH, which leads to the 370 

occurrence of haze.   371 

As noted above, extremely low visibility could occur at high humidity even if the aerosol 372 

volume concentration may be quite low. To confirm this assumption, sensitivity tests on 373 

correlations between visibility, RH and aerosol volume concentration are conducted in 374 

Sect. 4.3.  375 

The aerosol volume concentration has been chosen for sensitivity tests. The volume 376 

concentration is representative of the aerosol pollution and much easier to be measured 377 

compared to the aerosol number or surface concentration, since the volume concentration 378 

is closely related to the mass concentration and can be derived from the mass 379 

concentration divided by an average particle density of 1.7 g cm−3 (Wehner et al., 2008). 380 

In contrast to insufficient PNSD measurements, long-term measurements of aerosol mass 381 

concentration are common in China. Therefore, aerosol volume concentration is used in 382 

the parameterization scheme in Sect. 4.4. 383 

4.2 Comparison between measured exK values and those calculated from 384 

ambient RH PNSDs 385 

A comparison study of exK  based on the Mie calculations and the field measurements is 386 

summarized in this section. Using the inferred mean size-resolved hygroscopic growth 387 



factors and dry PNSDs, the ambient RH PNSDs can be obtained according to the method 388 

stated in Sect. 3.1. The exK  of the ambient RH PNSDs is calculated by the Mie Model, 389 

while measured exK  is obtained from visibility measurements. A comparison between the 390 

measured exK  values and those calculated from ambient RH PNSDs has been made. 391 

Fig. 3 shows the comparison between calculated and measured exK . The majority of exK  392 

is clustered near the 1:1 line for exK  < 1000 Mm−1 (lg( exK ) < 3.0, lg corresponds to 393 

log10), without significant systematic deviations. Corresponding RHs are mostly below 394 

90%. For exK  > 1000 Mm−1 (VIS < 3 km), the dispersion of exK  gradually increases, and 395 

most of corresponding RHs are higher than 90%. This reveals that the aerosol 396 

hygroscopicity would greatly influence the variation of exK  and result in large deviations. 397 

Generally, the exK  calculated from ambient RH PNSDs agree with the measured values, 398 

with a correlation coefficient higher than 0.9 (R2 = 0.870). 399 

The deviations in the comparison could come from two aspects. On the one hand, the 400 

visibility meter used for the in situ measurement of exK  has uncertainties. Due to the 401 

possible influence of the forward scattering angle, particle size, source wavelength and 402 

site climatology, the systematic error of the visibility sensor is reported to be larger than 403 

10% (Crosby, 2003). On the other hand, exK  calculated from ambient RH PNSDs also 404 

bear uncertainties. Size-resolved hygroscopic growth factors vary with time, using the 405 

mean growth factors would cause certain deviation, the mean level of which is estimated 406 

as no higher than 10%. Another important factor is the RH, which is also closely related 407 

to the aerosol hygroscopic growth factors. Tests reveal that the sensitivity of exK  to RH 408 

variation is very high. That is, if increasing RH by 1% ( RH∆  = 1%) at a specific RH, the 409 

corresponding growth rates of exK  ( exK∆ ) by using a fixed PNSD in the Mie Model can 410 

be of great variation. At RH < 90%, the exK∆  is within 10%; while at RH > 90%, the 411 

exK∆  increases sharply. When RH grows above 95%, the exK∆  would even exceed 20%. 412 

It indicates that RH itself is of large uncertainty, and a tiny variation of RH can largely 413 

influence the value of exK , especially at RH > 90%. Therefore, ensuring the accuracy of 414 

the measured RH, particularly under high RH conditions, is very critical for both field 415 



campaigns and numerical simulations. Additionally, the mixing state of black carbon can 416 

induce uncertainty to the size-resolved refractive indices and result in the deviation of 417 

exK  calculation. The standard deviations of the PNSD measurements in both particle size 418 

and number concentration (Wex et al., 2002; Wiedensohler et al., 2011) also contribute to 419 

the uncertainties of the calculated exK . The overall uncertainty of the calculation with the 420 

Mie Model is estimated as 34%. 421 

Briefly, due to the standard deviations derived from the visibility, RH and PNSD 422 

measurements, combined with the uncertainties of the exK  calculation induced by the 423 

size-resolved hygroscopic growth factors and the mixing state of black carbon, 424 

discrepancies between the exK  calculated from ambient RH PNSDs and the measured 425 

values are inevitable. The results of the comparison are confirmed to be of acceptable 426 

range. The results also prove the reliability of our in-situ observations, including the 427 

inferred size-resolved hygroscopic growth factors. They also confirm that it is appropriate 428 

to apply the inferred size-resolved hygroscopic growth factors in the Mie Model for the 429 

theoretical calculation of exK  in this paper. 430 

4.3 Dependence of exK  on RH, volume concentration and PNSD patterns 431 

4.3.1 Dependence of exK  on RH and aerosol volume concentration 432 

Visibility can be converted from exK  according to the User’s Guide of the Visibility 433 

Meter (Eq.(2)), thus exK  is taken as the proxy for visibility. Taking aerosol hygroscopic 434 

growth into consideration, exK  at given RH and aerosol volume concentrations was 435 

calculated with the Mie Model using the average PNSD. Consequently, correlations 436 

between exK  (in log scale), RH and aerosol volume concentration are presented as is 437 

shown in Fig. 4 (b). The frequency distributions of aerosol volume concentration and RH 438 

are also displayed in Fig. 4 (a) and (c). 439 

In Fig. 4 (b), it should be noted that exK  generally increases with volume concentration, 440 

with the corresponding colors transforming from lower values (dark blue) to higher 441 



values (yellow). At RH < 80%, exK  is more sensitive to the variation of aerosol volume 442 

concentrationrather than to the increase of RH. This reveals the predominant influence of 443 

aerosol loading on visibility degradation at relatively low RH (RH < 80%). At RH above 444 

80%, exK  increases more sharply with RH than with the aerosol volume concentration. 445 

Under very humid conditions of RH > 90%, the dominant role of aerosol hygroscopic 446 

growth in visibility impairment at high RH is even more evident.  447 

Fig. 4 (a) shows the frequency distribution of measured aerosol volume concentrations. 448 

About 80% of the aerosol volume concentrations are less than 100 μm3 cm−3. The aerosol 449 

volume concentration with the largest frequency (13%) is about 55 ~ 65 μm3 cm−3, far 450 

below the observed 95th percentile value (157 μm3 cm−3). The aerosol volume 451 

concentrations barely reached over 200 μm3 cm−3 in the in-situ observations. Nonetheless, 452 

the high volume concentrations over 200 μm3 cm−3 may still occur under certain weather 453 

conditions such as a calm and stable high pressure system. The occurrence frequency of 454 

high aerosol volume concentration events depends on synoptic conditions.  455 

In contrast to the low frequency of high aerosol volume concentrations, the frequency 456 

distribution of RH seems to be more uniformly distributed at higher RH ranges as is 457 

shown in Fig. 4 (c). Generally, the occurrence probability of RH gradually increases with 458 

RH. The large frequency (over 35%) of RH > 85% demonstrates that high RH conditions 459 

frequently occurred during this summer campaign.  460 

The crossed area (located in white dashed line box in Fig. 4 (b)) with the largest 461 

occurrence frequencies of aerosol volume concentration and RH represents the most 462 

common aerosol pollution and humidity state in the NCP. Low visibilities under such 463 

conditions rarely fall below 1 km, which agrees well with the field observations, in which 464 

the low visibility range shows the highest occurrence frequency at 1~3 km. Visibilities in 465 

that range are determined by the combined influence of aerosol volume concentration and 466 

aerosol hygroscopic growth. When extremely low visibility events (VIS < 1 km, 467 

corresponding to lg( exK ) ≥ 3.5) occur, there is either high aerosol volume concentration 468 

or high RH. Should VIS < 1 km occurre under RH below 80%, the corresponding aerosol 469 

volume concentrations would have to be higher than 200 μm3 cm−3. However, it is 470 

evident that the aerosol volume concentrations rarely exceed 200 μm3 cm−3 (with a 471 



probability below 2%). Thus, extremely low visibility can hardly occur at low RH. On 472 

the other hand, should VIS < 1 km occurr at aerosol volume concentrations below 100 473 

μm3 cm−3, the corresponding RH would have to be above 95%. The occurrence 474 

probability of RH > 95% is higher than 16%, which indicates that the high RH should be 475 

the predominant factor leading to extremely low visibilities at the average aerosol 476 

pollution level (as defined in Sect. 4.1).  477 

This is in accordance with Zhang’s (2010) result, which suggests that most of the low 478 

visibility days (VIS < 10 km) in Beijing during summer (from 2003 to 2007) were caused 479 

by high RH. It also agrees with the previous result of Cheng’s study on aerosol optical 480 

properties at Xinken in Pearl River Delta, China (Cheng et al., 2008a). They revealed that 481 

the water taken up by hygroscopic particles can contribute up to 50~60% of the exK  at 482 

90% RH, suggesting that high RH plays a very important role in visibility degradation. 483 

However, it is slightly different from the conclusion in Yuan’s study (Yuan et al., 2006), 484 

which stated that the effect of RH on visibility change was the smallest in comparation 485 

with that of (NH4)2SO4, NH4NO3 and the remaining amount of PM2.5 in the metropolitan 486 

Kaohsiung. Sulfates in PM2.5 were reported to be the dominating parameter influencing 487 

light scattering. Nevertheless, the effect of sulphates on light extinction can be ascribed to 488 

the combined influence of their high number concentration and strong hygroscopic 489 

growth. In this sense, the conclusions in Yuan’s study are in support of our work. 490 

In general, at RH below 90%, the influence of aerosol volume concentration on exK  491 

dominates. While at RH above 90%, RH becomes the predominant factor controlling exK . 492 

In most cases, visibility degradation is caused by the concurrence of aerosol pollution and 493 

hygroscopic growth at high RH. 494 

4.3.2 Dependence of exK  on RH and PNSD patterns 495 

Results in Sect. 4.3.1 were derived from an averaged PNSD. In real-time observations, 496 

PNSDs are of temporal and spatial variations.The same aerosol volume concentration 497 

may correspond to different PNSD patterns. To test the sensitivity of exK  to the PNSD 498 

patterns, the concept of aerosol volume extinction coefficient ( ex volK − ) is introduced, 499 



which refers to the exK  per unit aerosol volume concentration. In this way, the influence 500 

of aerosol volume concentration can be excluded. The variation of ex volK −  reflects the 501 

influence of PNSD patterns on aerosol light extinction at varying RH. 502 

Taking into consideration aerosol hygroscopic growth at subsaturated conditions in the 503 

Mie Model, the ex volK −  of all the measured PNSDs at each RH were obtained (Fig. 5). 504 

The green, blue and red circled lines respectively represent the average, the 5th and 95th 505 

percentile of ex volK −  ( 5th
ex volK −  and 95th

ex volK − ) under corresponding RH. The magenta line 506 

represents the relative deviation of ex volK −  defined as ( 95th
ex volK −  - 5th

ex volK − ) / 95th
ex volK − . The 507 

relative deviation is representative of the influence of the PNSD patterns on exK . 508 

Notably, an exponential correlation exists between the ex volK −  and RH. All three lines of 509 

ex volK −  increase slowly with RH at relatively low RH (RH < 80%), ex volK −  varies between 510 

5 and 15 Mm−1 (μm3 cm−3)−1. The relative deviation at low RH also increases slowly but 511 

nearly keeps steady near 26.5%. This indicates that the weak hygroscopic growth at low 512 

RH can hardly affect the ex volK − . The variation of the relative deviation is smaller than 513 

1%. PNSD patterns have little influence on ex volK −  at low RH. At RH > 90%, the absolute 514 

deviations of ex volK −  (| 95th
ex volK −  - 5th

ex volK − |) increases sharply with RH. The 5th
ex volK −  and 515 

95th
ex volK −  are larger than 25 Mm−1 (μm3 cm−3)−1 at 95% RH, and they both exceed 516 

75 Mm−1 (μm3 cm−3)−1 at 99% RH. The hygroscopic growth at high RH greatly increases 517 

the light extinction by shifting the peaks of PNSDs to larger size bins, which have higher 518 

extinction efficiencies. Consequently, the PNSD patterns can affect the absolute 519 

deviations of ex volK −  at high RH. However, the relative deviation gradually reduced by 520 

2.5% with RH growing from 80% to 99%. The absolute deviations of ex volK − caused by 521 

PNSD patterns vary with RH.  522 

The absolute deviations of ex volK − caused by PNSD patterns can theoretically be attributed 523 

to the mass or volume fractions of particles with different sizes, the optical properties of 524 

which differ from each other. Hence, the parameter coarse to fine volume ratio (fc/f) is 525 

introduced to describe the variation of PNSD patterns. With the abundant aerosol mass 526 



concentration measurements in China, the volume ratios of coarse to fine particles can 527 

also be easily calculated from aerosol mass concentrations of PM1, PM2.5 and PM10 with a 528 

presumed aerosol density. In this study, 1 μm is taken as the critical diameter 529 

differentiating between fine and coarse particles. The coarse particles refer to those in the 530 

range of 1 ~ 10 μm (PM1-10), while fine particles are submicron particles (PM1). For each 531 

PNSD, the volume concentrations of PM1-10 and PM1 are respectively calculated 532 

according to the corresponding size bins. The fc/f of the PNSD can thus be derived from 533 

the calculated volume concentrations of coarse and fine particles. Results show that the 534 

fc/f of the in-situ observations ranges from 0.03 ~ 1.69, with a mean value and one 535 

standard deviation of 0.25 ± 0.11. 536 

To evaluate the influence of PNSD patterns, or rather that of fc/f, on ex volK −  at varying RH, 537 

the fc/f is divided into bins. Considering the sample size in different fc/f ranges, the fc/f is 538 

divided into 9 bins, with fc/f ≥ 0.8 as a single bin and fc/f from 0 to 0.8 being divided into 539 

even bins of 0.1 intervals. The variation of the mean ex volK −  corresponding to each fc/f bin 540 

at a specific RH is representative of the effect of fc/f on ex volK −  at the set RH. The 541 

variation of ex volK −  with fc/f in both dry and varying RH conditions is presented in Fig. 6 542 

(a) - (b).  543 

There exists an obvious negative correlation between ex volK −  and fc/f in Fig. 6. The ex volK −  544 

decreases notably with increasing fc/f in both dry and specific RH conditions, indicating 545 

the light extinction per unit volume is largely contributed by fine particles rather than by 546 

coarse particles. Since the calculated fc/f suggests that the volume concentration of PM1 is 547 

comparable with that of PM1-10, the dominant role of fine particles in contributing to light 548 

extinction is confirmed. This is also in accordance with Yuan’s study (Yuan et al., 2006), 549 

in which it is stated that visible lights are mainly scattered by fine particles, since 550 

scattering generally contributes to most part of extinction, which can also be supported by 551 

the measured high single scattering albedo in the NCP (Ma et al., 2011; Yan et al., 552 

2008b). It can also be easily explained using the Mie theory. The aerosol extinction 553 

capacity of unit volume concentration is mainly determined by the extinction efficiency. 554 

The extinction efficiency is determined by particle size parameter, and it may reach to the 555 

maximum when the particle size and the wavelength of incident light are comparable. In 556 



the visible light range (400 ~ 700 nm), fine particles (especially those between 100 nm 557 

and 1 μm), other than coarse particles, are the major component of maximizing the 558 

extinction efficiency.  559 

From fig. 6 (b) it can be noted that, under all RH, the ex volK −  decreases with increasing fc/f. 560 

The absolute deviations of the mean ex volK − under different fc/f are less than 561 

5 Mm−1 (μm3 cm−3)−1 for RH below 80%. However, the differences gradually become 562 

more apparent with increasing RH, as what has already been shown in Fig. 5. At higher 563 

RH, the mean ex volK −  grows faster with varying RHs. To a great extent, a higher 564 

hygroscopicity of fine particles at higher RH might be responsible. Those highly 565 

hygroscopic particles are mainly in the fine mode, which means, they would make an 566 

even larger contribution to the ex volK −  at lower fc/f. This is also the main reason for the 567 

larger difference of ex volK −  with different fc/f ranges under higher RH conditions. 568 

Last but not least, there certainly are some uncertainties in the analysis of fc/f impacts on 569 

ex volK − . One is the lack of sufficient fc/f and PNSDs samples to draw a general conclusion, 570 

since a fixed fc/f is theoretically applicable to various PNSD patterns. The other might be 571 

the narrow variation range of in-situ fc/f. Results given here might just be a general 572 

correlation between fc/f and ex volK −  in the NCP. 573 

Overall, the sensitivity studies show that PNSD patterns can slightly influence the ex volK − . 574 

The absolute deviations between 95th
ex volK −  and 5th

ex volK −  are dominated by RH. The influence 575 

of PNSD patterns on the ex volK −  can be attributed to the effect of varying fc/f on the ex volK − . 576 

Results generally show that the ex volK −  is negatively correlated with the fc/f. The absolute 577 

difference of ex volK −  with respect to varying fc/f is determined by RH. The measurements 578 

of aerosol hygroscopicity are not only critical to the accuracy of size-resolved 579 

hygroscopic growth factors but also to the variation of extinction coefficients per unit 580 

aerosol volume concentration. Since PNSD patterns only have slight influences on 581 

ex volK − and measured in-situ fc/f did no change so much during the campaign, it should be 582 

appropriate to use an average PNSD in the Mie Model to calculate exK . With given 583 



aerosol volume concentration and RH, exK  can be estimated from Fig.4 (b). However, the 584 

influence of the fc/f on light extinction should be considered if the PNSDs are of highly 585 

spatio-temporal variation. Parameterization of exK  under the two conditions will be 586 

described in the following section. 587 

4.4 A parameterization for exK  calculation 588 

In the previous sections, low visibility and its influencing factors are analyzed in the NCP. 589 

Statistics show that more than half of the visibility records are below 3 km, and over 10% 590 

are extremely low visibilities of VIS < 1 km. The low visibility events in the NCP are 591 

frequently encountered and mostly accompanied with haze due to the concurrence of 592 

heavy aerosol pollution and strong hygroscopic growth at high RH. To reduce the costs 593 

of low-visibility-related accidents and to reduce delays at airports, parameterization of 594 

low visibilities on hazy days is of practical importance. 595 

4.4.1 Parameterization based on two factors of RH and aerosol volume 596 

concentration 597 

Based on the sensitivity study in Sect. 4.3, a parameterization scheme for exK  is set up. In 598 

consideration of the influence of aerosol hygroscopic growth in humid condition on the 599 

light extinction, RH is chosen as one of the factors for the parameterization. Instead of 600 

PNSD, aerosol volume concentration is chosen as the other parameter, because it is 601 

obtainable from mass concentration measurements, which are more common than PNSD 602 

measurements. Both factors can be easily aquired, which makes the parameterization 603 

more practical. 604 

According to the relationship between exK  and aerosol volume concentration and the 605 

empirically exponential correlation between exK  and RH (Kasten, 1969; Carrico et al., 606 

1998, 2000; Kotchenruther et al., 1999; Hegg et al., 2002; Randriamiarisoa et al., 2006; 607 

Eichler et al., 2008), the multiple regression scheme can be set up as follows: 608 

(1 )a b RH
exK k V RH − ∗= × × −  ,                                                                                             (12) 609 



where the units of exK , V and RH are Mm-1, μm3 cm-3 and %, respectively. The 610 

parameter k stands for the average ex volK − , with a unit of Mm-1 (μm3 cm-3)-1. 611 

To simplify calculations, Eq.(12) can be converted into a logarithmic format: 612 

lg( ) 0 1 lg 2 ( lg(1 ))exK b b V b RH RH= + × + × × −                                                                       (13) 613 

Apparently, b1 and b2 in the Eq.(13) are equal to the exponents of a and -b in the Eq.(12), 614 

while k is equivalent to 10b0. 615 

3230 valid data records are taken account into the regression analysis, excluding 63 616 

records during a fog period. An F-test was applied with a confidence level of 95% (α = 617 

0.05). Regression results show that most of the data input are within the confidence level. 618 

The coefficients in Eq.(12) and the coefficient of determination R2 (Table 3) can be 619 

derived from the calculated regression coefficients [b0 b1 b2], after eliminating the 620 

records that fell outside the confidence range. To test the reliability, a comparison 621 

between the exK  calculated from the regression and that derived from in-situ measured 622 

visibilities is made in a log scale. 623 

The regression coefficient a (the exponent of the aerosol volume concentration) is less 624 

than 1.0 (a = 0.944), which indicates a nonlinear correlation between exK  and aerosol 625 

volume concentration, revealing the potential influence of PNSD patterns on exK . This 626 

also confirms the conclusion of Sect. 4.3.2. 627 

Fig.7 (a) shows the comparison between the regressed and the measured exK , with the 628 

1:1 line displayed in black and the linear fitting line in red. The dispersion degree of exK  629 

below 3000 Mm-1 is low. A strong correlation exists between the exK  and the volume 630 

concentration at RH below 90%. exK  higher than 3000 Mm-1 are more scattered, with the 631 

corresponding RH mostly higher than 90%. This indicates that aerosol hygroscopic 632 

growth at high RH can greatly influence the variation of exK . Nevertheless, the values are 633 

all distributed approximately ± 0.23 from the 1:1 line, with a linear fitting slope of 1.0. 634 



Obviously, exK  measurements agree well with the calculated values, because they were 635 

also applied in the optimal fitting.  636 

On the other hand, the regression equation shows certain deviations. The corresponding 637 

correlation coefficient of the comparison between exK  calculated from regression and 638 

measured visibilities is 0.879 (Fig. 7 (a)). It is slightly higher than that of the comparison 639 

results between ambient RH PNSD calculated exK  and measured values in Sect. 4.2 (R2 = 640 

0.870). This deviation might have occured due to the different calculation processes. The 641 

exK  calculated from the regression is only influenced by the measured RH and aerosol 642 

volume concentration. However, uncertainties of the average size-resolved hygroscopic 643 

growth factors, refractive indices, RH and PNSD measurements (both particle size and 644 

number concentration) all contribute to the deviations of the exK  calculated from ambient 645 

RH PNSDs. 646 

Generally, the good agreement between the exK  calculated from the regression equation 647 

and that derived from measured visibilities confirms that the parameterization of exK  648 

with RH and aerosol volume concentration is reliable.  649 

Similar studies on the correlations of visibility with chemical composition, PM2.5 mass 650 

concentration and RH have been done in Kaohsiung (Yuan et al., 2006). An empirical 651 

regression model of visibility as a function of (NH4)2SO4, NH4NO3, the remaining 652 

amount of PM2.5 and RH was constructed. Results showed that there was a negative 653 

correlation between the visibility and all of the four regression parameters. They also 654 

concluded that RH was the only meteorological parameter that had effects on visibility. 655 

Generally, the aforementioned conclusions are in support of our work. 656 

4.4.2 Parameterization based on three factors of RH, aerosol volume 657 

concentration and coarse to fine volume ratio 658 

As mentioned in Sect. 4.3.2,  the influence of PNSD patterns on light extinction needs to 659 

be taken into account if the local aerosol mass or volume proportions of different size 660 

particles are of highly spatio-temporal variation. 661 



Considering the impact of the coarse to fine volume ratio on light extinction, a 3-factor 662 

parameterization scheme was developed based on data at hand. Similarly, it can be fitted 663 

into the following format:  664 

/(1 )a b RH c
ex c fK k V RH f− ∗= × × − × ,                                                                               (14)  665 

Where, the newly introduced parameter fc/f
 is the coarse to fine volume ratio, as defined in 666 

Sect. 4.3. The other parameters are of the same as those in Eq.(12). 667 

Using the same processing method, regressions of the above two parameterization 668 

schemes at confidence levels of 1σ, 90% and 95% were conducted, respectively. 669 

Regression results are also given in Table 3, which presents the coefficient of 670 

determination R2 and the regression parameters (a, b and c) with their corresponding 671 

variation ranges. 672 

Evidently, the regression effect of the 3-factor parameterization scheme is improved at 673 

each specific confidence level. The corresponding coefficient of determination R2 at 674 

confidence level of 95% is 0.924, about 0.03 higher than that (R2 = 0.892) of the 2-factor 675 

parameterization scheme. This reveals that the introduced parameter fc/f
 can effectively 676 

lower the uncertainty of PNSD patterns, thus increase the accuracy of the 677 

parameterization scheme for exK  calculation.  678 

In all, both parameterization schemes are of high reliability. This can be demonstrated by 679 

the good agreements between the exK  calculated from the two regression equations and 680 

measured visibilities in Fig. 7. Taking advantage of the widespread measurements of 681 

aerosol mass concentration in China, the aerosol volume concentration, as well as the 682 

mass or volume ratio of coarse to fine particles, can be easily used to predict these low 683 

visibility events. Furthermore, the hygroscopic growth factors of more hygroscopic 684 

particles were reported to be relatively constant at high RH conditions during the HaChi 685 

summer campaign (Liu et al., 2011), which makes the parameterization scheme widely 686 

applicable.  687 

 688 



5 Summary and conclusions 689 

Most of the low visibility conditions (VIS < 10 km) in the NCP are accompanied with 690 

haze due to the concurrence of high aerosol loading and strong hygroscopic growth at 691 

high relative humidity (RH). To reduce the costs of low-visibility-related accidents and to 692 

increase the efficiency of transportation, parameterization of low visibilities on hazy days 693 

is important. Understanding the controlling factors of low visibility in the NCP is critical 694 

to develop a parameterization of low-visibility conditions. Based on the in-situ measured 695 

visibility, relative humidity, particle number size distribution (PNSD) and size-resolved 696 

hygroscopic growth factors during the HaChi summer campaign, the sensitivity of 697 

visibility to RH, aerosol volume concentration and PNSD patterns is studied with the Mie 698 

Model. A parameterization of low visibilities under hazy conditions is also proposed. 699 

Field observations report that the average aerosol number (of particles larger than 100 nm) 700 

and volume concentrations exceed 5,300 cm-3 and 70 μm3 cm-3, respectively. The 701 

effective radii are mainly distributed in the range of 105 ~ 437 nm, with a mean value of 702 

192 nm. In-situ measured size-resolved hygroscopic growth factors of particles ranging 703 

from 50 nm ~ 1 μm are higher than those of the other particle sizes. Deviations of 704 

hygroscopic growth factors for different particle size are larger when RH level is higher. 705 

At 99% RH, the hygroscopic growth factors of particles larger than 30 nm are all higher 706 

than 2.0, and those of particles ranging from 200 nm ~ 1 μm even exceed 3.0, suggesting 707 

strong aerosol hygroscopic growth in the NCP. During the summer campaign, about 90% 708 

of the visibility records are below 10 km, and over half of the visibility records are lower 709 

than 3 km. Over 90% of the visibility data are below 5 km, when the aerosol volume 710 

concentrations exceeds 75 μm3 cm-3 or when RH > 90%. These results indicate that the 711 

low visibility events are of high frequency in the NCP.  712 

The observational data and measured size-resolved hygroscopic growth factors have been 713 

confirmed to be reliable by the good agreement between the extinction coefficients ( exK ) 714 

calculated from ambient RH PNSDs and that derived from measured visibilities. The 715 

differences existing in the comparisons can be attributed to the possible uncertainties in 716 

the measurements of visibility, RH and PNSDs, as well as the deviations of the exK  717 

calculation with the Mie Model. 718 



Low visibility events can easily occur due to the high aerosol loading and strong 719 

hygroscopic growth in the NCP. Sensitivity studies show that the aerosol volume 720 

concentration determines the variation of exK  at RH < 90%. The relative humidity 721 

becomes the dominant influencing factor of exK  at RH > 90%. In most cases, visibility 722 

degradation is caused by the concurrence of aerosol pollution and aerosol hygroscopic 723 

growth at high relative humidity. In-situ observations reveal that aerosol volume 724 

concentrations above 200 μm3 cm-3 are scarce. Extremely low visibilities (VIS < 1 km) 725 

can also happen at low aerosol volume concentration, which reveals the crucial influence 726 

of aerosol hygroscopic growth on visibility impairment. 727 

The sensitivity of exK  to PNSD patterns is tested by introducing the concept of extinction 728 

coefficient per unit aerosol volume concentration ( ex volK − ). Results show that the PNSD 729 

pattern has little influence on the ex volK −  at low relative humidity (RH < 80%). The 730 

variation of the relative deviation between the 95th and the 5th ex volK −  is below 1%. At 731 

RH > 80%, PNSD patterns may slightly influence the ex volK − , with a largest relative 732 

deviation of 2.5%. The effect of PNSD patterns on ex volK −  can be theoretically attributed 733 

to the impacts of varying coarse to fine volume ratio (fc/f) on ex volK − . The ex volK −  734 

decreases remarkably with the increase of fc/f, and the absolute difference of ex volK − with 735 

respect to varying fc/f is determined by RH. Under the condition of highly spatio-temporal 736 

varied PNSDs, the influence of the fc/f on light extinction needs to be taken into 737 

consideration. 738 

The relative humidity can influence aerosol optical properties, as the size-resolved 739 

hygroscopic growth factor of ambient aerosols is closely related to the relative humidity. 740 

The measurements of aerosol mass concentration have been conducted all over China for 741 

many years. The aerosol volume concentration, along with the mass or volume ratio of 742 

coarse to fine particles, can be easily derived from the measured aerosol mass 743 

concentrations, which can be applied combined with RH measurements in the prediction 744 

of low visibilities. Both of the two- and three-factor parameterization schemes of low 745 

visibilities are confirmed to be reliable (R2 = 0.892 and 0.924 at 95% confidence level, 746 



respectively), with good agreements between the exK  calculated from the regression 747 

equations and the measured values. 748 
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Table 1. Frequencies (Freq) of different visibility ranges 995 

VIS (km) Freq (%) 

< 1 13 

1 ~ 3 41.5 

3 ~ 5 19.2 

5 ~ 10 15.8 

> 10 10.5 
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Table 2. Characteristics of VIS, N, S, V, Reff and RH 1013 

 1014 

* N100 represents the number concentration of particles larger than 100 nm. 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

 1023 

 1024 

 1025 

1026 

Parameter Min 5% Median Mean 95% Max Std 

VIS (km) 0.021 0.674 2.63 4.15 13.1 33.0 4.04 

N (103 cm−3) 3.35 8.96 16.7 17.2 27.4 51.1 5.91 

N100 *(103 cm−3) 0.500 1.99 4.91 5.32 10.5 15.7 2.55 

S (102 μm2 cm−3) 0.945 3.76 9.57 10.7 21.3 30.5 5.48 

V (102 μm3 cm−3) 0.0451 0.201 0.610 0.709 1.57 2.34 0.420 

Reff (μm) 0.105 0.155 0.191 0.192 0.232 0.437 0.024 

RH (%) 28.2 51.7 85.5 81.6 98.9 100 15.7 



 1027 

Table 3. Summary of Regression coefficients for the two parameterization schemes at 1028 

specific confidence levels; see Eq. (12) and (14) of Sect. 4.4 for description. 1029 

 k a b c R2 

95% confidence level (α = 0.05) 

Scheme A* 9.08*10^(±0.030) 0.944 ± 0.0163 0.475 ± 0.0084  0.892 

Scheme B** 3.93*10^(±0.0316) 1.01 ± 0.0142 0.411 ± 0.0076 -0.468 ± 0.024 0.924 

90% confidence level (α = 0.1) 

Scheme A* 9.00*10^(±0.024) 0.946 ± 0.013 0.477 ± 0.0066  0.905 

Scheme B** 3.85*10^(±0.0246) 1.02 ± 0.0112 0.410 ± 0.006 -0.475 ± 0.0188 0.937 

68.3% (1 σ) confidence level (α = 0.317) 

Scheme A* 10.0*10^(±0.0121) 0.913 ± 0.0066 0.485 ± 0.0034  0.946 

Scheme B** 4.20*10^(±0.0125) 0.991 ± 0.0058 0.408 ± 0.003 -0.480 ± 0.0093 0.962 

* Scheme A refers to the 2-factor parameterization scheme, (1 )a b RH
exK k V RH − ∗= × × − ; 1030 

** Scheme B stands for the 3-factor parameterization scheme, 1031 

/(1 )a b RH c
ex c fK k V RH f− ∗= × × − × .  1032 
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1040 



 1041 

  1042 
Fig. 1. Size-resolved hygroscopic growth factors at 80%, 90%, 95%, 98.5% and 99% RH 1043 

(displayed in colored lines). Colored circles represent the corresponding mean values of 1044 

measured hygroscopic growth factors of particles (with dry diameters of 50 nm, 100 nm, 1045 

200 nm and 250 nm) at set RHs (90%, 95% and 98.5%, respectively) during HaChi 1046 

summer campaign; the error bars represent ±1 standard deviation. (Liu et al., 2011).  1047 
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 1051 

1052 



 1053 

 1054 

Fig. 2. Percentages of five specific visibility groups at different aerosol (a) volume 1055 

concentration (V) and corresponding (b) RH ranges, as well as their corresponding 1056 

frequency distribution (FD) presented in dotted dark lines; the colored bars stand for the 1057 

situation of corresponding visibility groups (VIS >= 10km, 5km =< VIS < 10km 3km =< 1058 

VIS < 5km, 1km =< VIS < 3km and VIS < 1km). 1059 
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1061 



 1062 

 1063 

Fig. 3. Comparison of exK  between calculated from ambient RH PNSDs and measured 1064 

ones at log scale coordinates. Colored dots stand for the corresponding RH. 1065 
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 1069 

Fig. 4. (b) Calculated exK  at given aerosol volume concentrations and RH at logarithmic 1070 

scale; the crossed aera in white dashed line box represents the most common aerosol 1071 

pollution and humidity state with the largest frequency distributions of aerosol volume 1072 

concentration and RH; (a) and (c) Frequency distributions of measured aerosol volume 1073 

concentrations and RH, respectively. 1074 
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 1079 

 1080 

Fig. 5. Variation of the aerosol volume extinction coefficients ( ex volK − ) with RH. Green, 1081 

blue and red circled lines stand for the average, the 5th and the 95th percentiles of the 1082 

volume extinction coefficients ( 5th
ex volK −  and 95th

ex volK − ). The magenta line represents the 1083 

relative deviations of ex volK − , which is defined as ( 95th
ex volK −  - 5th

ex volK − ) / 95th
ex volK − . 1084 
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 1091 

Fig. 6. Variation of the aerosol volume extinction coefficients ( ex volK − ) with coarse to 1092 

fine volume ratio (fc/f) in (a) dry conditions and (b) varying RH conditions, respectively. 1093 

Colored lines in Fig. 6 (b) stand for the corresponding coarse to fine volume ratio ranges 1094 

as the legend shows. 1095 
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1099 
Fig. 7. Comparison results of ten-minute average exK  between calculated from regression 1100 

equations and measured visibilities, with (a) 2-factor parameterization and (b) 3-factor 1101 

parameterization (both at 95% confidence level); the colored circles stand for the 1102 

corresponding RHs, which increase with color from blue to red. 1103 
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