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---------------------------------------------------------ABSTRACT------------------------------------------------------------

In this paper, the hygroscopicity properties of water soluble aerosols component based on microphysical 

properties of urban aerosols using data extracted from Optical Properties of Aerosols and Clouds (OPAC) 

incorporated with FORTRAN program were modeled to determine the effect of relative humidity on hygroscopic 

growth factor and bulk hygroscopicity at spectral range of 0.25-1.00 m for eight relative humidities (RHs) (0, 

50, 70, 80, 90, 95, 98 and 99%). The extracted microphysical properties are number mix ratio and volume mix 

ratio as a function of RH. The hygroscopic growth was observed to increase with RH from 0-99% RHs while the 

bulk hygroscopicity decreases with increase in RH from 0-99% RHs. We observed that the different models 

adopted excellently fits the data in terms of their coefficient of determination. The analysis further obtain the 

varying particles hygroscopicity from the proposed one-parameter equation. 
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I. INTRODUCTION 

The hygroscopic growth of aerosol particles are of current interest due to their effects on light 

scattering and absorption properties of particles which thereby affect the air quality, visibility, Earth’s radiation 

and the climate (Charlson et al., 1992; IPCC, 2007). On a global basis, sulfates, nitrates and chlorides contribute 

the largest to the mass budget of fine atmospheric particles (IPCC, 2007; Li et al., 2009; Shen et al., 2009). 

These inorganic salt aerosols are hygroscopic by nature, thus their size, phase and subsequently the optical 

properties would be strongly influenced by the ambient relative humidity (RH). Based on recent studies, the 

effect of sulfate particles on the annual-average global direct radiative forcing, arising from the fluctuation of 

atmospheric particles between aqueous and solid state, is estimated up to as much as 24% (Martin et al., 2004; 

Wang et al., 2008a, 2008b). Thus, close attention has been paid to study the hygroscopic properties of these 

inorganic salts. 

 

The interaction of aerosol particles with water vapor is among the central issues of current research in 

atmospheric and climate science, and numerous studies have investigated the hygroscopicity of aerosol particles 

and their ability to serve as cloud condensation nuclei (CCN). Köhler theory is the main tool to describe the 

hygroscopic growth of particles as a function of relative humidity (Pruppacher and Klett, 2000; Seinfeld and 

Pandis, 2006), and various types of Köhler models have been developed and applied for the analysis of 

laboratory and field measurement results as well as in numerical models of the atmosphere and climate ( Junge 

and McLaren, 1971; Fitzgerald, 1973, Shulman et al., 1996; Kulmala et al., 1997; Laaksonen et al., 1998, 

Raymond and Pandis, 2003; Bilde and Svenningsson, 2004; Mikhailov et al., 2004, 2009; Huff Hartz et al., 

2005; McFiggans et al., 2006; Svenningsson et al., 2006; Rose et al., 2008). 

 
A central aim of hygroscopicity measurements and Köhler model studies is to relate the critical supersaturation of 

CCN activation to the hygroscopic growth factors observed at subsaturated conditions ( Rissler et al., 2004; Kreidenweis et 

al., 2005; Mochida et al., 2006; Petters and Kreidenweis, 2007; Wex et al., 2008; Gunthe et al., 2009; Petters et al., 2009; 

Good et al., 2010a, b; Irwin et al., 2010; Roberts et al., 2010; Cerully et al., 2011; Duplissy et al., 2011; Fors et al., 2011; 

Metzger et al., 2012). For this purpose, Petters and Kreidenweis (2007) proposed a single-parameter Köhler model where the 

hygroscopicity parameter provides a volume-based measure of aerosol water uptake characteristics and CCN activity. For 

water soluble organic and inorganic compounds, the relative differences between values derived from CCN and growth 

factor measurements are usually less than 30% and can be explained by non-ideal behavior of concentrated solutions ( Wex 

et al., 2008; Mikhailov et al., 2009). 
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This paper provides the impact of microphysical properties and relative humidity on the hygroscopic 

growth factor and bulk hygroscopicity of atmospheric water soluble aerosols. However, it is important to note 

that it is still less details till now to distinguish the impact of size-effect and RH on the growth factor of 

inorganic aerosols. Thus, to consider the impact of size-effect and RH synchronous will provide a new insight 

into visibility degradation and air quality improvement under ambient atmospheric condition. 

 

II.  METHODOLOGY 

The models extracted from OPAC are given in table 1 

 

Table 1: Compositions of aerosols types (Hess et al., 1998) 

Components Model 1  Model 2 Model 3 Model 4 Model 5 

 No.density  

(cm
-3

) 

No.density (cm
-3

) No.density 

(cm
-3

) 

No.density  

(cm
-3

) 

No.density  

(cm
-3

) 

Insoluble 1.50 1.50 1.50 1.50 1.50 

Water soluble 15,000.00 20,000.00 25,000.00 30,000.00 35,000.00 

Soot 120,000.00 120,000.00 120,000.00 120,000.00 120,000.00 

Total 135,001.50 140,001.50 145,001.50 150,001.50 155,001.50 

 

The data used for the urban aerosols in this paper are derived from the Optical Properties of Aerosols 

and Clouds (OPAC) data set (Hess et al., 1998). In this, a mixture of three components is used to describe Urban 

aerosols: a water soluble (WASO) components consist of scattering aerosols  that are hygroscopic in nature, 

such as sulphates and nitrates present in anthropogenic pollution) water insoluble (INSO) and Soot. 

The principal parameter used to characterize the hygroscopicity of the aerosol particles is the aerosol 

hygroscopic growth factor gf(RH), which indicates the relative increase in mobility diameter of particles due to 

water absorption at a certain RH and is defined as the ratio of the particle diameter at any RH to the particle 

diameter at RH=0 and RH is taken for seven values 50%, 70%, 80%, 90%, 95%, 98% and 99%. (Swietlicki et 

al. , 2008; Randles et al., 2004): 

      (1) 

 

The HGF can be subdivided into different classes with respect to hygroscopicity. One classification is 

based on diameter growth factor by Liu et al.,(2011) and Swietlicki et al., (2008) as barely Hygroscopic (gf(RH) 

=1.0–1.11), Less Hygroscopic (gf(RH) =1.11–1.33), More Hygroscopic (gf(RH)  = 1.33–1.85)  and most 

hygroscopic growth (gf(RH) >1.85) 

 

Most atmospheric aerosols are externally mixed with respect to hygroscopicity, and consist of more 

and less hygroscopic sub-fractions (Swietlicki et al., 2008). The ratio between these fractions as well as their 

content of soluble material determines the hygroscopic growth of the overall aerosol. Particle hygroscopicity 

may vary as a function of time, place, and particle size (McMurry and Stolzenburg, 1989; Swietlicki et al., 

2008).  

 

Prediction of hygroscopic growth factors with Köhler theory requires detailed knowledge of particle 

composition as well as a thermodynamic model, which describes the concentration dependence of the water 

activity for such a mixture. The hygroscopic growth factor of a mixture, gfmix(RH), can be estimated from the 

growth factors of the individual components of the aerosol and their respective volume fractions, Vk, using the 

Zdanovskii-Stokes-Robinson relation (ZSR relation; Sjogren et al., 2007; Stokes and Robinson, 1966; Meyer et 

al., 2009; Stokes et al., 1966; Stock et al., 2011): 

     (2) 
 

where the summation is performed over all compounds present in the particles. Solute-solute 

interactions are neglected in this model and volume additivity is also assumed. The model assumes spherical 

particles, ideal mixing (i.e. no volume change upon mixing) and independent water uptake of the organic and 

inorganic components. 
 

It can also be computed using the corresponding number fractions nk as (Duplissy et al., 2011; Meier et 

al., 2009): 

     (3) 

Where nk is the number fraction of particles having the growth factor gfk .    



The Effect of Relative Humidity on the Hygroscopic… 

www.theijes.com                                                The IJES                                                           Page 50 

The RH dependence of gfmix(RH) can be parameterized in a good approximation by a one-parameter 

equation, proposed e.g. by Petters and Kreidenweis (2007): 

     (4) 

 

Here, aw is the water activity, which can be replaced by the relative humidity RH at equilibrium 

(Seinfeld and Pandis, 2006), if the Kelvin effect is negligible, as for particles with sizes more relevant for light 

scattering and absorption. The coefficient κ is a simple measure of the particle’s hygroscopicity and captures all 

solute properties (Raoult effect).  
 

Humidograms of the ambient aerosols obtained in various atmospheric conditions showed that 

gfmix(RH) could as well be fitted well with a γ-law (Swietlicki et al., 2000; Gysel et al., 2009;  Putaud, 2012) as 

     (5) 

 

Particle hygroscopicity is a measure that scales the volume of water associated with a unit volume of 

dry particle (Petters and Kreidenweis, 2007) and depends on the molar volume and the activity coefficients of 

the dissolved compounds (Christensen  and Petters, 2012). 

The bulk hygroscopicity factor B under subsaturation RH conditions was determined using the following 

relation: 

     (6). 

 

III.  RESULTS AND DISCUSSION 
 

 
 

Generally, there is an overall increase in aerosol hygroscopic growth factor for number mix ratio model 

with increase in RHs from 50-99% RH. However, the rate of increase in the aerosol hygroscopic growth factor 

with RHs is more pronounced as from 90-98% RHs and subsequently decrease at 99% RH; this shows that the 

aerosols absorbs more water vapour at  90-98% RHs and becomes saturated at this point of deliquescence. The 

bulk hygroscopicity, B decreases with increase in RH.  
 

More so, we observed that as we moved from model 1-5, the increase in growth factor with RHs from 

50-99% RHs increases as well, and this implies that the particles absorb more water vapour. Similarly, the bulk 

hygroscopicity, B increases as we moved from model 1-5. 
 

 
Figure 1: A graph of growth factor of the mixture using number mix ratio (model 1-5) 
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Figure 2: A graph of bulk hygroscopicity of the mixture using number mix ratio (model 1-5) 

 

Figure 1 shows a non-linear increase in aerosol hygroscopic growth factor with RHs. The 

deliquescence point was observed as from 90-98% RHs. However, from 50-80% RHs indicates that the smallest 

particles are found in this region; this is line with that reported by (Dawei et al., 2010) that smallest particles 

show the highest growth factor. It is important to note that as seen from the figure the growth factor gradually 

lift up with increasing RH. This may be attributed that higher RH means more moisture in the atmosphere leads 

the aerosol particles to absorb more water vapour on particle surface. From the range of values observed, for the 

gfmix the mixture as depicted in figure 1 can be described as barely hygroscopic, less hygroscopic and more 

hygroscopic growth  (Liu et al., 2011; Swietlick et al., 2008). The bulk hygroscopicity, B decreases with 

increase in RHs as displayed in figure 2 

 

Table 3: The growth factor for number mix ratio using model 1 

RH (%) gfmix RH/1-RH gfmix^3   ln(1-RH/100) lngfmix 

50 1.031847 1.000000 1.098617   -0.69315 0.031351 

70 1.050366 2.333333 1.158835   -1.20397 0.049138 

80 1.069407 4.000000 1.223007   -1.60944 0.067104 

90 1.113423 9.000000 1.380321   -2.30259 0.107439 

95 1.176771 19.000000 1.629582   -2.99573 0.162774 

98 1.289956 49.000000 2.146467   -3.91202 0.254608 

99 1.386338 99.000000 2.664450   -4.60517 0.326666 

 

Table 4: The growth factor for number mix ratio using model 2 

RH (%) gfmix RH/(1-RH) gfmix^3   ln(1-RH/100) lngfmix 

50 1.040609 1.000000 1.12684   -0.69315 0.039806 

70 1.063925 2.333333 1.204294   -1.20397 0.061965 

80 1.087696 4.000000 1.286834   -1.60944 0.084062 

90 1.141954 9.000000 1.489177   -2.30259 0.132741 

95 1.218640 19.00000 1.809783   -2.99573 0.197736 

98 1.352600 49.000000 2.474615   -3.91202 0.302028 

99 1.464478 99.00000 3.140860   -4.60517 0.381499 
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Table 5: The growth factor for number mix ratio using model 3 

RH (%) gfmix RH/1-RH gfmix^3   ln(1-RH/100) lngfmix 

50 1.048607 1.000000 1.153022   -0.69315 0.047462 

70 1.076201 2.333333 1.246466   -1.20397 0.073437 

80 1.104129 4.000000 1.346045   -1.60944 0.099057 

90 1.167204 9.000000 1.590159   -2.30259 0.154611 

95 1.255062 19.000000 1.976950   -2.99573 0.227185 

98 1.405932 49.000000 2.779029   -3.91202 0.340701 

99 1.530176 99.000000 3.582812   -4.60517 0.425383 

 

Table 6: The growth factor for number mix ratio using model 4 

RH (%) gfmix RH/1-RH gfmix^3   ln(1-RH/100) lngfmix 

50 1.05598 1.000000 1.177518   -0.69315 0.05447 

70 1.087439 2.333333 1.285921   -1.20397 0.083825 

80 1.119073 4.000000 1.401442   -1.60944 0.112501 

90 1.189877 9.000000 1.684637   -2.30259 0.17385 

95 1.287323 19.000000 2.133351   -2.99573 0.252565 

98 1.452408 49.000000 3.063837   -3.91202 0.373223 

99 1.586911 99.000000 3.996300   -4.60517 0.46179 

 

Table 7: The growth factor for number mix ratio using model 5 

RH (%) gfmix RH/1-RH gfmix^3   ln(1-RH/100) ln gfmix 

50 1.062781 1.000000 1.200416   -0.69315 0.060889 

70 1.097737 2.333333 1.322804   -1.20397 0.093251 

80 1.132690 4.000000 1.453227   -1.60944 0.124595 

90 1.210317 9.000000 1.772953   -2.30259 0.190882 

95 1.316083 19.000000 2.279551   -2.99573 0.27466 

98 1.493314 49.000000 3.330071   -3.91202 0.400998 

99 1.636507 99.000000 4.382821   -4.60517 0.492564 

 

Tables (3-7) shows the data obtained using equations (4) and (5) for the number mix ratio 

The results of the modelling using equations (4) and (5) are displayed in the table below  

 

Table 8: Summary of the results of   for the number mix ratio. 

Used equation   Constant  Model used 

4 0.962 0.016 1.198  Model 1 

5 0.973  -0.047 -0.077  

4 0.962 0.020 1.255  Model 2 

5 0.978  -0.048 -0.048  

4 0.962 0.025 1.307  Model 3 

5 0.982  -0.048 -0.098  

4 0.962 0.029 1.356  Model 4 

5 0.984  -0.047 -0.106  

4 0.962 0.032 1.402  Model 5 

5 0.986  -0.045 -0.113  

 

The fitted curve can be represented by one of the empirical parameters fit in the form of either equations (4) or 

(5) However, we observed that equation (5) gives a higher coefficient of determination,   
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Table 9: The growth factor and bulk hygroscopicity of the aerosols using volume mix ratio for model(1-5) 

  Model 1 Model 2 Model 3 Model 4 Model 5 

RH gfmix Bulk Hyg gfmix Bulk Hyg gfmix Bulk Hyg gfmix Bulk Hyg gfmix Bulk Hyg 

50 1.12039 0.28170 1.13706 0.32587 1.14951 0.35971 1.15920 0.38654 1.16688 0.40814 

70 1.20384 0.26560 1.22672 0.30175 1.24315 0.32857 1.25555 0.34928 1.26524 0.36576 

80 1.29096 0.25695 1.31790 0.28763 1.33670 0.30980 1.35054 0.32654 1.36126 0.33972 

90 1.48494 0.23963 1.51575 0.26155 1.53643 0.27678 1.55127 0.28796 1.56237 0.29646 

95 1.73739 0.21771 1.76819 0.23227 1.78820 0.24201 1.80222 0.24896 1.81256 0.25416 

98 2.12661 0.17410 2.15357 0.18158 2.17057 0.18640 2.18226 0.18975 2.19075 0.19221 

99 2.41833 0.13209 2.44184 0.13628 2.45641 0.13891 2.46639 0.14074 2.47359 0.14206 

 
Generally, there is an overall increase in aerosol hygroscopic growth factor for volume mix ratio model with 

increase in RHs from 50-99% RH. However, the rate of increase in the aerosol hygroscopic growth factor with RHs is more 

pronounced as from 90-98% RHs and subsequently decrease at 99% RH; this shows that the aerosols absorbs more water 

vapour at  90-98% RHs and becomes saturated at this point of deliquescence. The bulk hygroscopicity, B decreases with 

increase in RH.  
 

More so, we observed that as we moved from model 1-5, the increase in growth factor with RHs from 50-99% 

RHs increases as well and this implies that the particles absorb more water vapour. Similarly, the bulk hygroscopicity, B 

increases as we moved from model 1-5. 
 

Though, we observed that the relative differences between the hygroscopicity parameter, k, values derived from 

the growth factor are less than 30% using the volume based mix ratio measure of aerosol water uptake and this is in good 

agreement with the single-parameter Köhler model proposed by Petters and Kreidenwis (2007) and can be explained by non-

ideal behavior of concentrated solutions (Wex et al., 2008; Mikhailov et al., 2009). However, it is slightly above 30% at RH 

between 95% and 98% RHs. 
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Figure 3: A graph of growth factor of the mixture using volume mix ratio (model 1-5) 
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Figure 4: A graph of bulk hygroscopicity of the mixture using volume mix ratio (model 1-5) 
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Figure 3 shows a non-linear increase in aerosol hygroscopic growth factor with RHs. The 

deliquescence point was observed as from 90-98% RHs. However, from 50-80% RHs indicates that the smallest 

particles are found in this region; this is line with that reported by (Dawei et al., 2010) that smallest particles 

show the highest growth factor. It is important to note that as seen from the figure the growth factor gradually 

lift up with increasing RH. This may be attributed that higher RH means more moisture in the atmosphere leads 

the aerosol particles to absorb more water vapour on particle surface. From the range of values observed, for the 

gfmix the mixture as depicted in figure 3 can be described as less hygroscopic, more hygroscopic and most 

hygroscopic growth (Liu et al., 2011; Swietlick et al., 2008). The bulk hygroscopicity, B decreases with 

increase in RHs as displayed in figure 4 

 

Table 10: The growth factor for volume mix ratio using model 1 

RH (%) gfmix RH/1-RH gfmix^3   ln(1-RH/100) lngfmix 

50 1.120392 1.000000 1.406405   -0.69315 0.113679 

70 1.203843 2.333333 1.744656   -1.20397 0.185519 

80 1.290965 4.000000 2.151508   -1.60944 0.25539 

90 1.48494 9.000000 3.274361   -2.30259 0.395374 

95 1.737393 19.000000 5.244381   -2.99573 0.552386 

98 2.126606 49.000000 9.617480   -3.91202 0.754527 

99 2.418332 99.000000 14.14320   -4.60517 0.883078 

 

Table 11: The growth factor for volume mix ratio using model 2 

RH (%) gfmix RH/(1-RH) gfmix^3   ln(1-RH/100) lngfmix 

50 1.137065 1.000000 1.470130   -0.69315 0.12845 

70 1.226718 2.333333 1.846012   -1.20397 0.204342 

80 1.317898 4.000000 2.288999   -1.60944 0.276038 

90 1.515746 9.000000 3.482407   -2.30259 0.415908 

95 1.768195 19.000000 5.528282   -2.99573 0.569959 

98 2.153567 49.000000 9.987927   -3.91202 0.767126 

99 2.441843 99.000000 14.559720   -4.60517 0.892753 

 

Table 12: The growth factor for volume mix ratio using model 3 

RH (%) gfmix RH/1-RH gfmix^3   ln(1-RH/100) lngfmix 

50 1.149513 1.000000 1.518945   -0.69315 0.139339 

70 1.243153 2.333333 1.921206   -1.20397 0.217651 

80 1.336697 4.000000 2.388353   -1.60944 0.290201 

90 1.536433 9.000000 3.626943   -2.30259 0.429463 

95 1.788204 19.000000 5.718097   -2.99573 0.581212 

98 2.170568 49.000000 10.22634   -3.91202 0.774989 

99 2.456412 99.000000 14.82189   -4.60517 0.898702 

 

Table 13: The growth factor for volume mix ratio using model 4 

RH (%) gfmix RH/1-RH gfmix^3   ln(1-RH/100) lngfmix 

50 1.159196 1.000000 1.557653   -0.69315 0.147727 

70 1.25555 2.333333 1.979256   -1.20397 0.227574 

80 1.350544 4.000000 2.463351   -1.60944 0.300508 

90 1.551275 9.000000 3.733071   -2.30259 0.439077 

95 1.802217 19.000000 5.853571   -2.99573 0.589017 

98 2.182261 49.000000 10.39251   -3.91202 0.780362 

99 2.466388 99.000000 15.00321   -4.60517 0.902755 
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Table 14: The growth factor for volume mix ratio using model 5 

RH (%) gfmix RH/1-RH gfmix^3   ln(1-RH/100) lngfmix 

50 1.166878 1.000000 1.588824   -0.69315 0.154331 

70 1.265245 2.333333 2.025461   -1.20397 0.235266 

80 1.361256 4.000000 2.522432   -1.60944 0.308408 

90 1.56237 9.000000 3.813747   -2.30259 0.446204 

95 1.812563 19.000000 5.954965   -2.99573 0.594742 

98 2.190749 49.000000 10.51424   -3.91202 0.784244 

99 2.47359 99.000000 15.13503   -4.60517 0.905671 

 

Tables (10-14) shows the data obtained using equations (4) and (5) for the volume mix ratio 

The results of the modelling using equations (4) and (5) are displayed in the table below  

 

Table 15: Summary of the results of   for the volume mix ratio. 

Used equation   Constant  Model used 

4 0.974 0.131 1.938  Model 1 

5 0.997  -0.054 -0.203  

4 0.971 0.134 2.077  Model 2 

5 0.998  -0.033 -0.201  

4 0.969 0.136 2.177  Model 3 

5 0.998  -0.018 -0.199  

4 0.968 0.138 2.251  Model 4 

5 0.999  -0.006 -0.198  

4 0.967 0.138 2.310  Model 5 

5 0.999  0.003 -0.197  

 

The fitted curve can be represented by one of the empirical parameters fit in the form of either equations (4) or 

(5) However, we observed that equation (5) gives a higher coefficient of determination,   

 

IV.  CONCLUSION 

In this manuscript, we present a number mix and volume mix microphysical properties based 

hygroscopicity parameter model approach for efficient description of water uptake by mixed particles water 

soluble atmospheric aerosols.  

 

The analysis for the relative differences between the hygroscopicity parameter values obtained  from 

the growth factor using the volume based mix ratio measure of aerosol water uptake are found to be less than 

30%  and this is in good agreement with the single-parameter Köhler model proposed by Petters and Kreidenwis 

(2007), though, we observed that it is slightly above 30% at RH between 95% and 98% RHs, however, there 

was relatively small percentage values for number based mix ratio model. 

 

The results shows that the growth factor increases with increase in RH and is more pronounced at 90-

98% RHs,  similarly, the bulk hygroscopicity decreases with increase in RHs. From this fact, we can safely 

conclude that there is a direct and inverse variation between the hygroscopic growth factor and bulk 

hygroscopicity with RHs. The growth factor indicates that the mixture are described to be barely hygroscopic, 

less hygroscopic, more hygroscopic and most hygroscopic growth. 
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