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Abstract

We examine the role of aerosol hygroscopicity (κ) affects clouds and precipitation formation over the Western Ghats (WG) in

India using various numerical model simulations (i.e., particle-by-particle based small-scale, high resolution mesoscale model).

For the diffusional growth of cloud droplets, the size dependent hygroscopicity is used in κ- Köhler equation of direct numerical

simulation. The results of the small-scale model reveal that the distribution of cloud drop size varies from the initial mixing

state to well mix state due to variation in κ. The value of κ is obtained from HTDMA instruments at High Altitude Cloud

Physics Laboratory, India. The idealized and real simulations using WRF model with aerosol-aware Thompson microphysics

scheme are conducted by changing κ values. Depending on the type of clouds (shallow or deep), different κ values determine the

mass, number and precipitation of cloud and rain droplets. Low hygroscopicity (organics) simulates more and smaller drops,

as well as uplifts below freezing level, resulting in more ice phase hydrometeors. Organic aerosols have a significant impact on

the formation of more snow and graupel hydrometeors. As compared to high κ, low hygroscopicity weakens updrafts at the

intermediate level and strengthens them at the upper level in the deep cloud region. The intensity of precipitation varies due to

low and high κ. The findings indicate that aerosol composition has a significant impact on the activation of cloud condensation

nuclei. This study suggests that aerosol hygroscopicity is essential in weather prediction models in order to integrate aerosol

chemical compositions.
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Key Points: 13 

 14 

● Composition of aerosol particles can impact on the formation of cloud condensates. 15 

● Aerosol hygroscopicity modulates the formation of vertical distribution of hydrometeors.  16 

● Hygroscopicity can influence rainfall intensity and impacts vertical velocity. 17 
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Abstract 31 

 32 

We examine the role of aerosol hygroscopicity (κ) affects clouds and precipitation formation 33 

over the Western Ghats (WG) in India using various numerical model simulations (i.e., particle-34 

by-particle based small-scale, high resolution mesoscale model). For the diffusional growth of 35 

cloud droplets, the size dependent hygroscopicity is used in κ- Köhler equation of direct 36 

numerical simulation. The results of the small-scale model reveal that the distribution of cloud 37 

drop size varies from the initial mixing state to well mix state due to variation in κ. The value of 38 

κ is obtained from HTDMA instruments at High Altitude Cloud Physics Laboratory, India. The 39 

idealized and real simulations using WRF model with aerosol-aware Thompson microphysics 40 

scheme are conducted by changing κ values. Depending on the type of clouds (shallow or deep), 41 

different κ values determine the mass, number and precipitation of cloud and rain droplets. Low 42 

hygroscopicity (organics) simulates more and smaller drops, as well as uplifts below freezing 43 

level, resulting in more ice phase hydrometeors. Organic aerosols have a significant impact on 44 

the formation of more snow and graupel hydrometeors. As compare to high κ, low 45 

hygroscopicity weakens updrafts at the intermediate level and strengthens them at the upper level 46 

in the deep cloud region. The intensity of precipitation varies due to low and high κ. The findings 47 

indicate that aerosol composition has a significant impact on the activation of cloud condensation 48 

nuclei. This study suggests that aerosol hygroscopicity is essential in weather prediction models 49 

in order to integrate aerosol chemical compositions. 50 

 51 

Keywords: Hygroscopicity, Numerical model, Cloud and precipitation 52 

 53 
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Plain Language Summary 62 

 63 
Hygroscopicity determines water uptake capacity and hence organics and inorganics are 64 

modulating the hygroscopic growth of cloud droplets over Western Ghats, India. The 65 

conventional Köhler theory needs to be modified to incorporate the complex chemical 66 

composition with the help of aerosol hygroscopicity. We have used κ- Köhler r theory in 67 

particle-by-particle based small-scale model and in aerosol-aware Thompson microphysics 68 

scheme. The observed hygroscopicity is measured using a Humidified Tandem Differential 69 

Mobility Analyzer at High Altitude Cloud Physics Laboratory situated in Mahabaleshwar, 70 

Western Ghats. The particle-by-particle based small-scale model results show that size 71 

distribution of cloud droplets changes from initial mixing state to well mix state due to changes 72 

in κ, which provides a better understanding of droplets activation during initial time period and 73 

its effect on the growth of cloud droplets. Subsequently, high resolution WRF simulations with 74 

inorganic (high κ) and organic (low κ) aerosols are performed to demonstrate the influence of κ 75 

values on the cloud and rain droplets. Organic aerosols have a substantial influence on mixed-76 

phase cloud hydrometeors. The findings show how hygroscopicity affects updrafts and 77 

probability distribution of rainfall. These results imply that hygroscopicity will be essential in 78 

future model investigations with different aerosol compositions. 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 
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1 Introduction 91 

 92 

The Indian summer monsoon rainfall (ISMR), defined by the accumulative rainfall 93 

throughout June to September (JJAS), characterizes a major heat source in the tropical climate 94 

system. Monsoon rainfalls have a significant impact on agriculture and water resource 95 

management (Parthasarathy et al. 1994). One important specific feature of seasonal mean 96 

monsoon rainfall is the narrow maxima of rainfall, which is oriented coastally along the Western 97 

Ghats. Mukherjee et al. (2018) have shown the seasonal deviation of chemically evolved sub-98 

micron aerosol particles (diameter < 1 μm). They have also reported that the isoprene derived 99 

Secondary Organic Aerosol (SOA) contributed ∼17% to the total Organic Aerosol (OA). 100 

Vlasenko et al. (2009) have shown that the oxidation state of the aerosol correlates with the 101 

photochemical age of the air, which is important for the SOA mass and can be produced from 102 

monoterpene oxidation (Slowik et al. 2010).  103 

Hygroscopicity (kappa or κ) determines the capacity of particles to absorb water under 104 

atmospheric circumstances such as temperature and relative humidity. As a result, 105 

hygroscopicity refers to the ability of water absorption or adsorption by aerosols as a function of 106 

relative humidity. It regulates the size (hygroscopic growth) and refractive index of aerosols, 107 

influencing their optical characteristics and hence, prompting visibility and direct radiative 108 

forcing (Malm et al. 2005; Cheng et al. 2008).  The activation of aerosols to Cloud Condensation 109 

Nuclei (CCN) is also strongly connected to hygroscopicity (κ) (Petters and Kreidenweis, 2007; 110 

Farmer et al. 2015).  111 

Understanding the hygroscopic properties of aerosols and the processes governing cloud 112 

droplet activation is important for numerical weather prediction. Aerosols activation is 113 

determined by its size and complex chemical composition, which is crucial for cloud formation 114 
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processes. The water activity of inorganic aerosols can be calculated by knowing the physio-115 

chemical properties of the solution, which can then be used directly in the Kohler theory for 116 

droplet formation. Yet, in a realistic atmosphere, aerosol comprises a large number of organics as 117 

well as a mixture of different chemical species, making it more complex. Organics and NH4NO3 118 

are the primary inorganics aerosols influencing hygroscopic growth in North India (Mandariya et 119 

al., 2020). Ray et al. (2023) have shown how organics and different inorganic aerosols are 120 

modulating the hygroscopic growth across India's Western Ghats region.  121 

The conventional Köhler theory, which describes equilibrium sizes of hygroscopic 122 

aerosol particles in humid air, is formulated by taking solubility limitation and curvature effect 123 

(Chen, 1994) into account. Since, hygroscopicity is linked to water activity; the thermodynamics 124 

of solution determines the aerosols liquid water (Wang et al. 2018). As a result, a better 125 

understanding of hygroscopicity is essential in numerical models to better predict the size 126 

distribution and consequently radiation under changing humidity conditions (Randall et al. 127 

2007). The increased cross-sectional area of aerosols in high ambient relative humidity 128 

conditions is related to the hygroscopic growth of aerosols (Tang and Munkelwitz, 1994).  129 

Highly hygroscopic aerosols may cause precipitation to be delayed by increasing the 130 

cloud lifetime. Locally delayed precipitation might energize convective clouds, resulting in 131 

heavy rainfall (Rosenfeld et al. 2008). Recently, Kawecki and Steiner, (2018) have shown the 132 

role of aerosol composition on precipitation intensity using the Weather and Research 133 

Forecasting Model with Chemistry (WRF-Chem). They have calculated the probability 134 

distribution of hygroscopicity (κ) for different aerosol chemistry compositions and demonstrated 135 

the effect of chemistry on precipitation intensity through hygroscopicity change. The changes in 136 

precipitation intensity are basically due to modifications of chemical composition through κ 137 
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during mesoscale convective event over Kansas City (Kawecki and Steiner, 2018). Yet, there is 138 

no work reported on the role of hygroscopicity (κ) on cloud and precipitation formation over the 139 

Indian subcontinent using cloud resolving model (WRF).  140 

While aerosol composition is studied in detail within the atmospheric chemistry 141 

community, composition effects are not traditionally included in meteorology models because of 142 

limited computing capabilities and the prioritization of efficiently representing microphysical 143 

processes (Ghan & Schwartz, 2007; Khain et al. 2015). In many studies (Carrió, Cotton, & 144 

Cheng, 2010; Eidhammer et al. 2014; Van der Heever et al. 2006), CCN fields are prescribed 145 

using a fixed chemical composition of ammonium sulfate. For the activation of droplets, an 146 

atmospheric aerosol particle needs to overcome the Kelvin effect, and determination of water 147 

activity of wet particle is crucial.  148 

For the first time, we investigate the sensitivity of the hygroscopicity for convective 149 

events over the Western Ghats in India in this manuscript. We have used κ-Köhler theory 150 

(Petters and Kreidenweis, 2007, 2008), which simplifies the inclusion of complex chemical 151 

composition using aerosol hygroscopicity. To evaluate the growth of aerosols, a humidified 152 

tandem differential mobility analyzer (HTDMA) is used, which also determines particle 153 

hygroscopicity (Ray et al., 2023). The overall κ of the aerosol is calculated using the growth 154 

factor obtained from HTDMA measurements. 155 

In this present endeavor, the cloud droplet size distributions (CDSD) are first estimated 156 

theoretically using numerical simulation for two hygroscopicity and dry aerosol sizes to to 157 

understand the growth rate processes. Secondly, to answer the question: Does the aerosol 158 

hygroscopicity impact rainfall intensity?, 2D idealized and 3D real simulations are performed 159 

using Weather Research Forecasting (WRF) model to explore the role of aerosol hygroscopicity 160 
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on a convective event. To assess the sensitivity of cloud formation and precipitation intensity to 161 

κ, we simulate a shallow convective system during monsoon over the Western Ghats (WG) 162 

region in India. Several previous studies (Kumar et al. 2014; Konwar et al. 2014; Maheshkumar 163 

et al. 2014) have revealed shallow convection dominates the that abundance of rainfall across 164 

Western Ghats (WG) regions. We have selected a case of 19 June 2019 for the sensitivity studies 165 

of hygroscopicity on a shallow convective event with plenty of rainfall over coastal regions (Fig. 166 

1a). The shallow convection is represented by the higher outgoing long-wave radiation (OLR) 167 

from MOSDAC INSAT3D satellite (https://www.mosdac.gov.in/) started from Arabian Sea to 168 

WG Mountain regions (Fig. 1b). It will now be fascinating to experiment the influence of 169 

hygroscopicity (κ) in the presence of convective clouds over that region. 170 

 The observation, methods, brief description of numerical simulation, WRF model 171 

parameterizations and experimental setup are presented in section 2. To investigate the role of 172 

aerosol hygroscopicity (κ) through two sensitivity tests, we have altered the model-prescribed κ 173 

values for the inorganics, and organic compositions. Section 3 describes the results, which is 174 

followed by discussion and conclusions in section 4.  175 

2 Observations, Methods and Model descriptions  176 

2.1 Observations 177 

The variation of hygroscopicity (κ) in monsoon (JJAS) values with different dry aerosol sizes 178 

over High Altitude Cloud Physics Laboratory (HACPL), Mahabaleshwar, (India; 17.92 oN, 73.66 179 

oE) is shown in Fig. 2 as obtained from HTDMA measurements. The measured low 180 

hygroscopicity (κ) values in the range of 0.1 to 0.25 are consistent and in good agreement with 181 

the observed isoprene generated secondary organic aerosol (SOA) over HACPL (Mukherjee et 182 

al. 2018). Ray et al. (2023) provide a thorough analysis of the average diurnal and seasonal 183 
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variation in hygroscopicity over this region. Pringle et al. (2010) demonstrated that the average κ 184 

value in continental aerosols is 0.3, whereas in remote biogenic locations due, the κ value ranges 185 

between 0.15 and 0.22 (average value of 0.16) due to the predominance of organic aerosols 186 

(Levin et al. 2014). During the wet season in an Amazon tropical forest, kappa (κ) varied 187 

between 0.1 and 0.4 (average value of 0.16) (Gunthe et al. 2009). Pringle et al. (2010) have 188 

shown that marine aerosol is substantially more hygroscopic, with hygroscopicity of 0.72 due to 189 

large contributions from sea salts. Therefore, the location of WG mountains regions, particularly 190 

HACPL, Mahabaleshwar, may be predominated by both organic aerosols (κ ~ 0.1 – 0.3) in 191 

remote biogenic locations (like HACPL, Mahabaleshwar) and marine sea salt aerosols (κ ~ 0.5 – 192 

1.4) from Arabian Sea during Indian summer monsoon due to large scale circulation. In this 193 

present study, we have used two different κ values (0.1 and 0.9) for the numerical simulations 194 

and regional climate model. The sensitivity model experiments are performed with different 195 

hygroscopicity (κ) values for a convective event over the Western Ghats.                        196 

2.2 Methods 197 

The saturation ratio, S, over an aqueous solution droplet (Pruppacher and Klett, 1997; Chen, 198 

1994), which considers both solute and curvature effect can be calculated from: 199 𝑆 = ɑ௪𝑒𝑥𝑝 ቀଶఙೢೞெೢோ்ఘೢ௥ ቁ  -------------- (1) 200 

Where, ɑ௪ is the activity of water in the solution, ρw is the density of water, M୵ is the molecular 201 

weight of water, σws is the surface tension of the solution drop and air, R is the universal gas 202 

constant, T is temperature, and r is the wet radius of the droplet. The hygroscopicity parameter 203 

(kappa or κ) is related to the water activity of the solution as shown below (Petters and 204 

Kreidenweis, 2007): 205 ଵɑೢ = 1 +  𝜅 ௏ೞ௏ೢ   -------------- (2) 206 
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Where, Vs is the volume of the dry particulate matter and Vw is the volume of the water.  207 

Therefore, the impacts of aerosol species on aerosol water content and cloud condensation nuclei 208 

(CCN) spectrum can be effectively predicted based on the modified Köhler theory or the revised 209 

κ-Köhler theory (Petters and Kreidenweis, 2007; Duan et al. 2019): 210 𝑆 = ௥యି௥೏య௥యି௥೏య(ଵି఑) 𝑒𝑥𝑝 ቀଶఙೢೞெೢோ்ఘೢ௥ ቁ  -------------------- (3) 211 

Where, rd is the dry aerosol radius. The hygroscopicity parameter (κ) can be obtained from 212 

HTDMA measurements situated at High Altitude Cloud Physics Laboratory (HACPL), 213 

Mahabaleshwar, (India; 17.92 oN, 73.66 oE). The above formula (Eq.3) is used in the numerical 214 

simulation for calculation of diffusional growth of cloud droplets. The brief description and 215 

mathematical formulation of numerical simulations are given in the following section 2.3 and 216 

details are shown in Bhowmik et al. (2023).  217 

2.3 Brief description of numerical simulations and Weather Research Forecasting model 218 

The droplet radius 𝑟(𝑋, 𝑡) was integrated from the diffusional droplet growth equation, which 219 

incorporates the solute and curvature effects (Korolev, 1995; Chen et al. 2020; Bhowmik et al. 220 

2023), 221 

ௗ௥(௑,௧)ௗ௧ = ௄௥(௑,௧)ାక ൭𝑆(𝑋, 𝑡) + 1 −  ቆ ௥ (௑,௧)యି௥೏య௥(௑,௧)యି௥೏య(ଵି఑) 𝑒𝑥𝑝 ቀ ଶఙೢೞோೡ்ఘೢ௥(௑,௧)ቁቇ൱ --------- (4) 222 

Here, κ is the hygroscopicity (for organic aerosols, κ = 0.1 and inorganics, κ = 0.9) and 223 𝜉 = ವೡഀഌ ି௄భೖ೅ ഘഌଵା ௄భ . 𝐾 = ஽ೡாఘೢோ்(ଵା௄భ ) , 𝐾ଵ = ቀ ௅ோೡ் − 1ቁ ௅஽ೡாோೡ்మ௞೅  , Dv is the vapor diffusivity, 𝑅௩ is the gas 224 

constant of water vapour, 𝑘்  is the thermal conductivity of air, α is the condensation coefficient, 225 

and ω is the thermal accommodation coefficient. The details can be found in Bhowmik et al. 226 

(2023). 227 

Supersaturation in each grid cell is calculated as, 228 𝑆(𝑥, 𝑡) =  ா(௫,௧)ாೞ(௫,௧) − 1          ------------ (5) 229 
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and Water vapor pressure E(x,t) was calculated as 230 𝐸 =  ௉௤ೡெ೏௤ೡெ೏ା ெೢ           ----------- (6)                                                                                                  231 

and the saturation water vapor pressure Es(x,t) is calculated from the Clausian-Clapeyron 232 

equation. 233 

It is important to mention here that the values of variables- latent heat of evaporation (L), 234 

the thermal conductivity of air, specific heat, the diffusivity of water vapor and all other related 235 

variables change with corresponding pressure, temperature, and height of the upward rising 236 

domain. The detailed discussion of the basic setup for the numerical simulation model is similar 237 

to Bhowmik et al. (2023) except for varying water activities or the values of hygroscopicity (κ). 238 

 The Advanced Weather Research and Forecasting (WRF-ARW) model version 4.0 239 

developed by the National Center for Atmospheric Research is used for the sensitivity 240 

experiments. The simulations are performed considering four nested domains with a horizontal 241 

grid spacing of 27 (d01), 9 (d02), 3 (d03), and 1 (d04) km, respectively (Fig. 3). The model is 242 

initialized with the National Centre for Environmental Prediction Final operational global 243 

analysis data with 0.25° × 0.25° horizontal resolution (NCEP FNL) and 00 UTC initial 244 

conditions (IC). The Kain-Fritsch cumulus parameterization scheme is used only in the outer two 245 

domains (d01 & d02). The cloud-resolving third and fourth domains are treated with explicit 246 

convection. For microphysical parameterization, the aerosol-aware Thompson scheme 247 

(Thompson, and Eidhammer, 2014) is employed in all the simulations. For the idealized 248 

simulations, the model has been initialized in a single domain using the default input-sounding 249 

provided with the WRF for 2D squall line simulations (Morrison et al. 2009). The grid in both x 250 

and y directions is 149 points with a grid spacing of 1 km. All the physics options are turned off 251 
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except for the microphysics. As the initialization is performed with an idealized input sounding, 252 

the simulated outputs are not compared with the observations. 253 

3 Results 254 

3.1 Role of hygroscopicity (κ) on CDSD using particle-by-particle based small-scale 255 

model simulations 256 

Numerical simulation is an important tool to demonstrate and understand the growth of cloud 257 

droplets through diffusional growth processes, which consider both the solute effect (water 258 

activity or hygroscopicity) and curvature effect (detailed is discussed in Methods section 2.2). 259 

Figure 4 depicts the cloud droplet size distribution (CDSD) at different times from numerical 260 

simulation in a controlled environment. Using numerical simulation, we evaluate the impact of 261 

hygroscopicity (both for organic aerosols, κ = 0.1 and inorganics, κ = 0.9) on the nucleation 262 

mode (rd = 0.05 µm) and accumulation mode (rd = 0.5 µm) of aerosols. It is interesting to see the 263 

differences in CDSD from the initial mixing state (t = 2.5 sec) to well mixed state (t = 500 sec) 264 

due to changes in κ. The significant changes in CDSD in the smaller size bins (< 2.5 µm) are 265 

observed due to κ, whereas there are no changes in the larger bin sizes (> 12.5 µm) due to 266 

hygroscopicity (Fig. 4). For the clear look, we have zoomed the CDSD figures (Fig. 4c,d) in the 267 

smaller size bins. Moreover, numerical simulations show that nucleation mode (rd = 0.05 µm) 268 

appears to be more important for submicron size (< 1 µm) smaller cloud droplet growth than 269 

accumulation mode (rd = 0.5 µm) (Fig. 4). But there are no any significant changes between the 270 

CDSD spectra with organic and inorganic components. It is revealed that hygroscopicity (κ) 271 

modulates CDSD (i.e., growth of cloud droplets) from initial mixing state (t = 2.5 sec) to later 272 

well mixed state (t = 5 sec and more) in conjunction with two modes of aerosols (i.e., nucleation 273 

and accumulation). Regarding the influence of aerosol hygroscopicity, the numerical simulations 274 



manuscript submitted to Journal of Geophysical Research-Atmosphere 

12 
 

clearly propose that the hygroscopicity of aerosol particles in the accumulation mode might be 275 

more important (Fig. 4b,d), which is similar to the recent study by Deng et al. (2022). The results 276 

from numerical simulations with hygroscopicity indicate the activation of smaller droplets, 277 

which may help for the cloud invigoration by uplifting below freezing level due to strong updraft 278 

and influence rain intensity. Therefore, direct numerical simulations can provide guidance and 279 

indicate the effect of cloud droplet growth processes due to changing κ. This understanding of 280 

cloud droplets growth due to hygroscopicity (kappa or κ) encourage to investigate in realistic 281 

atmospheric cloud for the change in rainfall intensity using regional climate model, such as 282 

WRF-ARW.  283 

3.2 Role of hygroscopicity (κ) on CDSD, RDSD: Idealized WRF simulations 284 

We also demonstrate the role of hygroscopicity by performing the 2D idealized simulations 285 

with various kappa (κ) values in Thomson microphysical scheme followed by the real case study 286 

simulations using the WRF model. In order to emphasize the significance of hygroscopicity 287 

(kappa or κ) on microphysical processes, simulations with 2D WRF, there are no planetary 288 

boundary layer, convective parameterization, surface layer scheme, longwave, and solar 289 

radiation schemes, are performed. The probability distributions of cloud hydrometeors (cloud 290 

and rain drops) are presented in Fig. 5 to demonstrate the influence of hygroscopicity (κ) on 291 

cloud microphysical diffusional growth. The idealized simulation, in which all physical 292 

processes are turned-off to avoid their interactions and feedback, is an essential experiment to 293 

prove the microphysical growth by κ. Therefore, the results of the drop size distributions of 294 

different cloud condensates (e.g., cloud and, rain droplets) due to changes in κ from 2D idealized 295 

simulations supports the significance of hygroscopicity on the cloud microphysical growth 296 

processes (Fig. 5). The density of cloud drop at bigger size (~ 9 micron) is more (less) in lower 297 
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(higher) κ. On the other hand, in comparison to a less κ experiment, higher κ dominates in 298 

smaller sizes (~8 micron) cloud drop (Fig. 5a). It is interesting to note that the size distribution of 299 

raindrops has barely changed (Fig. 5b). 300 

  301 

3.3 Role of hygroscopicity (κ) on cloud hydrometeors, rainfall and vertical velocity: 302 

WRF-ARW real simulations 303 

Next, we evaluate the effect of hygroscopicity on the nucleation and accumulation mode 304 

separately and assess how these changes in hygroscopicity affect the hydrometeors. The 305 

hygroscopicity strongly influences the clouds in general and particularly different cloud 306 

hydrometeors (i.e., condensates), which might have impact on aerosol-cloud-radiation-307 

precipitation feedbacks. We have selected two regions (i) near coastal region (R1) and, (ii) inland 308 

region, which is little far from the coast (R2) to understand the role of κ values on different types 309 

of clouds. The longitudinal variation (along the latitude of 18 oN) of model simulated radar 310 

reflectivity shows that cloud top height over region R1 is at 7 km, whereas it is at 12 km at the 311 

region R2 (Fig. 6). Therefore, the cloud over R2 is convective in nature (higher reflectivity along 312 

with height) as compared to R1 region (where reflectivity is less and height is less).  313 

It is interesting to note that in both the regions (R1 and R2), less hygroscopicity (κ = 0.1, 314 

organics) simulates more cloud ice, snow and graupel (Fig. 7) as compared to more 315 

hygroscopicity (κ = 0.9, inorganics). Therefore, organic aerosols have a strong influence on the 316 

formation of more snow and graupel hydrometeors, which is irrespective of type of clouds (Fig. 317 

7). The contribution of mixed-phase hydrometeors (i.e., snow and graupel) to the surface 318 

precipitation through melting process must depend on the size of those hydrometeors. In the R1 319 

region, organic aerosol (lower value of κ) produces more snow and graupel and thereafter, rain 320 
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hydrometeors (Fig. 7, 8). On the other hand, inorganic aerosol (higher value of κ) produces more 321 

rain and cloud mixing ratio (Fig. 8) over R2 region as compared to organic aerosols. In this case, 322 

organic aerosol produces high number but smaller size of snow and graupel particles as 323 

compared to inorganics and may therefore unable to contribute to the rain mixing ratio. 324 

The cloud mixing ratio has no changes over R1 region due to hygroscopicity changes and the 325 

rain mixing ratio is slightly more in the case of low κ (Fig. 8a). Therefore, averaged surface 326 

rainfall is more (16.35 mm) due to low κ (organic aerosols) as compared to high κ (inorganic 327 

aerosols) (16.04 mm). It is also revealed that there are significant differences in the formation of 328 

both rain and cloud mixing ratios (Fig. 8a, b) in the R2 region, where high κ (inorganic aerosols) 329 

simulates more as compared to low κ (organic aerosols). Over the R2 region, the high κ produces 330 

more precipitation (7.3 mm) as compared to low κ (6.9 mm). 331 

Hygroscopicity is also important to modify the simulation of vertical velocity (Fig. 8c, d). 332 

The vertical velocity is strongly influenced by the latent heat release of cloud hydrometeors 333 

during phase change and microphysical processes. The upper level strong updraft in the region 334 

R1 (convective core) by low κ is modulated by the strong latent heating as the formation of snow 335 

is more (Fig. 7). Due to the formation of more cloud and rain water mixing ratio over the same 336 

region, the middle level vertical velocity is more by high κ (Fig. 8a, b).       337 

Fig. 9 reflects that more raindrops are scavenging to form of surface accumulated 338 

precipitation. The inorganic aerosols (kappa or κ = 0.9) has enhanced (suppressed) cloud and rain 339 

number concentrations compared to the organics (kappa or κ = 0.1) over the region R2 (R1). 340 

One-day accumulated rainfall from observation (IMD 0.25 deg. Gridded data) and two model 341 

sensitivity experiments (κ = 0.1 and κ = 0.9) are presented in Fig. 9a. Organic and inorganic 342 

aerosols produced rainfall are shown in Fig 9(b,c). There is no significant change in rainfall over 343 
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coastal region (R1) (Fig 9a-c), we have separately zoomed the R2 region to demonstrate the 344 

change of spatial pattern and intensity of rainfall (Fig. 9d-f).      345 

 346 

3.4 Number concentration of Cloud, Rain droplets and Precipitation due to 347 

hygroscopicity (κ): WRF-ARW real simulations 348 

The results of the number concentration of rain and cloud droplets over two regions are 349 

presented in Fig. 10. Although, number concentrations of rain droplets do not change 350 

significantly, but substantial changes in cloud droplets number concentrations are noticed (Fig. 351 

10). Therefore, CDSD from WRF simulations reveal that due to different κ values there are 352 

significant changes in the activation of smaller (< 10 µm) droplets (Figure not shown), which is 353 

consistent with direct numerical simulation (Fig. 4). As a result, the choices of hygroscopicity (κ) 354 

values are important for the growth of cloud droplets in realistic atmosphere and hence variations 355 

in the rainfall intensity. The smaller and higher number concentration of cloud droplets uplift 356 

below freezing level due to strong updraft in the convective environment and take part in the 357 

invigoration processes to intensify heavy rainfall over WG regions. The region R2 simulation 358 

with inorganic aerosols (κ = 0.9) has larger cloud (Fig. 8a, b), rain (Fig. 8a, b), and smaller snow 359 

and graupel (Fig. 7c, d) than organic aerosols (κ = 0.1). The strongest updrafts are found where 360 

cloud hydrometeors are more (Fig. 8c, d). Interestingly, in region R2, there are lower level strong 361 

vertical velocity due to inorganic aerosols and upper level strong vertical velocity due to organic 362 

aerosols (Fig. 8d). Further, we evaluate the changes in precipitation intensity and frequency 363 

distribution of rainfall intensity as simulated by WRF-ARW due to alterations of aerosol 364 

hygroscopicity values (Fig. 10, 11). There is significant change in rainfall intensity due to 365 

hygroscopicity, where increase or decrease of rainfall highly depends upon the type of clouds 366 
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(i.e., shallow or deep). Hygroscopicity can influence the probability distribution of rainfall (Fig. 367 

11). The inorganics aerosols (Kappa = 0.9) dominates in lower rain bins in both types of clouds 368 

(shallow, R1 and deep, R2). Surprisingly, in region R2, higher hygroscopicity simulates higher 369 

frequency of rainfall in all rain bins (Fig. 11). But, very importantly, in the shallow cloud (R1 370 

regions), low hygroscopicity (κ = 0.1) dominates more rainfall frequency in higher rain bins (Fig. 371 

11). Therefore, the presence of less hygroscopic aerosols (SOA) over Mahabaleshwar may be 372 

one of the reasons for getting heavy rainfall intensity (Fig. 11).    373 

3.5 Role of nucleation and accumulation mode dry aerosol sizes composed with organics 374 

(low κ = 0.1) on cloud and precipitation  375 

The sizes of dry aerosols are also important along with chemical composition for modifying 376 

the formation of cloud condensate as the growth of cloud droplets are different, which is also 377 

revealed in direct numerical simulation. Therefore, additional numerical simulations are 378 

conducted with WRF considering two modes of aerosols (nucleation, rd = 0.05 µm and 379 

accumulation, rd = 0.5 µm) in conjunction with organics composition (κ = 0.1). The observation 380 

from HTDMA results suggest the abundance of organics in the aerosol composition over the 381 

study region, which is also supported by previous study (Mukherjee et al., 2018). Figure 12 382 

shows the area averaged mixing ratio of different cloud condensate for the same event (19th June, 383 

2019) with two dry aerosol sizes composed with organics. It is fascinating to see the results in 384 

shallow clouds (region R1) and relatively deep clouds (region R2). In the region R, smaller (i.e., 385 

nucleation mode) and larger (i.e., accumulation mode) organic aerosols (κ = 0.1) have a similar 386 

influence on the production of cloud hydrometeors (Fig. 12a, c). In shallow clouds, there are no 387 

variations in the cloud water to total ice phase (the sum of the cloud ice, snow, and graupel) 388 

mixing ratio (Fig. 12a, c). The accumulation mode aerosols produce slightly less rain water as 389 
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compared to the nucleation mode (Fig. 12a, c). In contracts, as demonstrated in Fig. 12 (b, d), 390 

organics composed nucleation mode (0.05 µm) aerosol in the deep cloud (region R2) can 391 

produce more total ice and rain water mass than larger aerosols (accumulation mode). 392 

            Cloud droplets produced by organics composed nucleation mode aerosols uplift below 393 

freezing level in the convective environment (R2 region) and able to yield more total ice phase 394 

hydrometeors (i.e., ice, snow and graupel) (Fig. 7b) and finally rain water mass (Fig. 8b, d). Like 395 

cloud water mass, number concentration of cloud droplets does not have significant changes for 396 

organics aerosols (Fig. 13). On the other hand, time evolution of rain droplet number 397 

concentrations varies with different dry aerosol sizes (Fig. 13) as revealed in the mass of rain 398 

water (Fig. 12). Therefore, the impact of curvature effect (Kelvin term) might vary depending on 399 

the types of clouds and hydrometeors.   400 

4 Discussions and Conclusions: 401 

 402 

We examine the two hygroscopicity values (low, 0.1 and high, 0.9) in the Thompson 403 

microphysics scheme of WRF during an event over the Western Ghats mountains to understand 404 

the role of the hygroscopicity on the simulation of cloud hydrometeors (such as ice, snow, 405 

graupel, cloud and, rain mixing ratio) and finally surface precipitation. The laboratory derived κ 406 

values and guided by direct numerical simulations with different hygroscopicity, we have 407 

conducted several sensitivity simulations using WRF in both idealized and real modes. Different 408 

hygroscopicity for individual aerosol composition with the varying aerosol sizes (nucleation and 409 

accumulation mode) drive the changes in microphysical characteristics (hydrometeors mass) that 410 

alter rainfall duration and intensity. Hygroscopicity can influence the spatial patterns of 411 

precipitation, the location of precipitation intensity and the probability distribution of rainfall. 412 
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Changing the hygroscopicity of inorganic aerosol species would have little effect in a region 413 

dominated by organic aerosol. The results conclude that the hygroscopicity is a good metric for 414 

distinguishing between inorganic (e.g., ammonium sulfate, and sodium chloride), and organic 415 

(e.g., SOA) aerosols. But it is very challenging for aerosols with complex compositions of 416 

inorganic and organic properties for the activation of droplets (Good et al. 2010). It is also worth 417 

noting that the aerosol hygroscopicity (kappa or κ) will activate differently in Aitken or 418 

nucleation and accumulation mode aerosols due to surface interactions effect (Pöhlker et al. 419 

2021). These sensitivity experiments reveal that accumulated precipitation patterns, the duration 420 

and intensity of precipitation are sensitive to the representation of aerosol hygroscopicity within 421 

the WRF model. The drop concentrations of cloud condensate are presented using numerical 422 

simulation and Weather and Research Forecasting (WRF) model without chemistry. 423 

Hygroscopicity value is important for severe weather event as shown by Saide et al. 424 

(2016), where they have demonstrated that a bulk hygroscopicity value of 0.4 potentially 425 

changes the significant tornado parameter. These results also highlight that misrepresentation of 426 

hygroscopicity values may therefore lead to unrealistic changes in the microphysics (formation 427 

of cloud hydrometeors) and precipitation patterns. In this study, we have not considered aerosols 428 

that act as ice nuclei (especially for dust and biological aerosol), which can impact the 429 

microphysical and radiation within convection (DeMott et al. 2003; Fan et al. 2013). In this 430 

present study, we have focused on the role of hygroscopicity primarily on the liquid phase (cloud 431 

and rain), and the ice phase (ice, snow and graupel), which affect precipitation.  432 

               Overall, these results suggest that the model treatment of aerosol composition via the 433 

hygroscopicity parameter can affect short-term weather and the simulation of cloud 434 

hydrometeors and probability density of rainfall in different categories. Including organic and 435 
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inorganic aerosol hygroscopicity values leads to different realizations of hydrometeor formations 436 

and high-intensity precipitation. These differences suggest that future model studies in regions 437 

with varying aerosol compositions should pay closer attention to aerosol hygroscopicity. 438 

 439 
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List of Figures Captions: 490 

 491 

Figure 1: (a) The rainfall of 19th June 2019 from IMD gridded data. (b) Outgoing Long-wave 492 

Radiation (OLR) pattern for the same date of 19th June 2019 (Location of the HACPL, 493 

Mahabaleshwar is represented by the star mark). 494 

 495 

Figure 2: Averaged aerosol hygroscopicity (κ) in Monsoon season observed by HTDMA at 496 

HACPL, Mahabaleswar, Western Ghats, India. 497 

 498 

Figure 3: The domain setup (four nested domains) with a horizontal grid spacing of 27 (d01), 9 499 

(d02), 3 (d03), and 1 (d04) km respectively. 500 

 501 

Figure 4: The cloud droplets size distribution (CDSD) for nucleation (rd = 0.05 µm) and 502 

accumulation (rd = 0.5 µm) mode of aerosols in (a) and (b) respectively due to change of 503 

hygroscopicity (both for organic aerosols, κ = 0.1 and inorganics, κ = 0.9) at different time (from 504 

initial mixing state to well mix condition). The zoom of the (a) and (b) droplet activation and 505 

growth in smaller droplets are also shown in (c) and (d) for nucleation and accumulation mode 506 

aerosols respectively. 507 

 508 

Figure 5: The probability density of cloud drop and rain drop sizes due to different 509 

hygroscopicity (Kappa = 0.1 and 0.9) from idealized WRF simulation. 510 

 511 

Figure 6: The regions (R1 and R2) selected based on the (a) rainfall and (b) cloud formation as 512 

displayed from model simulated radar reflectivity. 513 

 514 

Figure 7: The area averaged (a, b) total ice phase hydrometeors (i.e., sum of cloud ice, snow and 515 

graupel) and (c, d) snow and graupel mixing ratio over two regions (R1; Lon: 73.46-73.86 oE, 516 

Lat: 17.8-18.2 oN and R2; Lon: 74.6-75 oE, Lat: 17.8-18.2 oN) for two Kappa values (0.1 and 517 

0.9). 518 

 519 
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Figure 8: The area averaged (a, b) cloud mixing ratio, rain mixing ratio and (c, d) vertical 520 

velocity over two regions (R1; Lon: 73.46-73.86 oE, Lat: 17.8-18.2 oN and R2; Lon: 74.6-75 oE, 521 

Lat: 17.8-18.2 oN) for two Kappa values (0.1 and 0.9). 522 

 523 

Figure 9: (a-c) One-day accumulated rainfall from observation (IMD 0.25 deg. Gridded data) 524 

and two model sensitivity experiments (Kappa = 0.1 and Kappa = 0.9). (d-f) The spatial 525 

distributions of rainfall over R2 region due to hygroscopicity changes are presented. 526 

 527 

Figure 10: The number concentration of cloud drop and rain drops due to different 528 

hygroscopicity (Kappa = 0.1 and 0.9) from real WRF simulation. The area averaged rainfalls due 529 

to hygroscopicity are also shown. 530 

 531 

Figure 11: The probability distribution of rainfall over two regions due to different 532 

hygroscopicity (Kappa = 0.1 and 0.9) from real WRF simulation. 533 

 534 

Figure 12: The area averaged (a, b) cloud mixing ratio, rain mixing ratio and (c, d) the area 535 

averaged total ice phase hydrometeors (i.e., sum of cloud ice, snow and graupel) over two 536 

regions (R1; Lon: 73.46-73.86 oE, Lat: 17.8-18.2 oN and R2; Lon: 74.6-75 oE, Lat: 17.8-18.2 oN) 537 

for organics (Kappa values = 0.1). 538 

 539 

Figure 13: The number concentration of cloud drop and rain drops due to different dry aerosol 540 

sizes for organics (hygroscopicity, Kappa = 0.1) from real WRF simulation. 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 
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Figure 2: Averaged aerosol hygroscopicity in Monsoon season observed by HTDMA at 810 
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Figure 3: The domain setup (four nested domains) with a horizontal grid spacing of 27 (d01), 9 816 
(d02), 3 (d03), and 1 (d04) km respectively.  817 
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Figure 4: The cloud droplets size distribution (CDSD) for nucleation (rd = 0.05 µm) and 827 
accumulation (rd = 0.5 µm) mode of aerosols in (a) and (b) respectively due to change of 828 
hygroscopicity (both for organic aerosols, κ = 0.1 and inorganics, κ = 0.9) at different time (from 829 
initial mixing state to well mix condition). The zoom of the (a) and (b) droplet activation and 830 
growth in smaller droplets are also shown in (c) and (d) for nucleation and accumulation mode 831 
aerosols respectively. 832 
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Figure 5: The probability density of cloud drop and rain drop sizes due to different 840 
hygroscopicity (Kappa = 0.1 and 0.9) from idealized WRF simulation. 841 
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 845 
Figure 6: The regions (R1 and R2) selected based on the (a) rainfall and (b) cloud formation as 846 
displayed from model simulated radar reflectivity. 847 
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 854 
Figure 7: The area averaged (a, b) total ice phase hydrometeors (i.e., sum of cloud ice, snow and 855 
graupel) and (c, d) snow and graupel mixing ratio over two regions (R1; Lon: 73.46-73.86 oE, 856 
Lat: 17.8-18.2 oN and R2; Lon: 74.6-75 oE, Lat: 17.8-18.2 oN) for two Kappa values (0.1 and 857 
0.9). 858 
 859 
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 861 
 862 
Figure 8: The area averaged (a, b) cloud mixing ratio, rain mixing ratio and (c, d) vertical 863 
velocity over two regions (R1; Lon: 73.46 -73.86 oE, Lat: 17.8 - 18.2 oN and R2; Lon: 74.6 – 75 864 
oE, Lat: 17.8 - 18.2 oN) for two Kappa values (0.1 and 0.9). 865 
 866 
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 869 

Figure 9: (a-c) One-day accumulated rainfall from observation (IMD 0.25 deg. Gridded data) 870 
and two model sensitivity experiments (Kappa = 0.1 and Kappa = 0.9).  (d-f) The spatial 871 
distributions of rainfall over R2 region due to hygroscopicity changes are presented. 872 
 873 
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 876 
Figure 10: The number concentration of cloud drop and rain drops due to different 877 
hygroscopicity (Kappa = 0.1 and 0.9) from real WRF simulation. The area averaged rainfall due 878 
to hygroscopicity is also shown. 879 
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 881 
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Figure 11: The probability distribution of rainfall over two regions due to different 891 
hygroscopicity (Kappa = 0.1 and 0.9) from real WRF simulation. 892 
 893 
 894 

 895 
 896 
Figure 12: The area averaged (a, b) cloud mixing ratio, rain mixing ratio and (c, d) the area 897 
averaged total ice phase hydrometeors (i.e., sum of cloud ice, snow and graupel) over two 898 
regions (R1; Lon: 73.46 - 73.86 oE, Lat: 17.8 - 18.2 oN and R2; Lon: 74.6 – 75 oE, Lat: 17.8 - 899 
18.2 oN) for organics (Kappa values = 0.1). 900 



manuscript submitted to Journal of Geophysical Research-Atmosphere 

41 
 

 901 
 902 
 903 
 904 
 905 

 906 
 907 
 908 
Figure 13: The number concentrationof cloud drop and rain drops due to different dry aerosol 909 
sizes for organics (hygroscopicity, Kappa = 0.1) from real WRF simulation. 910 
 911 
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