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A B S T R A C T   

This research aims to understand the role of the initial hygroscopicity of aerosol particles, scavenging mecha-
nisms and of aqueous chemistry in the evolution of the aerosol size distribution. A box model with a size 
resolving moving bin scheme is used to simulate the fog events over Budapest (Hungary) and Delhi (India). The 
results from the study are as follows: (i) Aerosol particles can be washed out from the atmosphere more effi-
ciently by Brownian and phoretic scavenging than by activation processes. The efficiency of scavenging mech-
anisms depends on the size distribution of the dry aerosol particles and the size dependence of the hygroscopicity 
of the aerosol particles. The efficiency of the phoretic scavenging is also impacted by the duration of the 
dissipation phase of the fog. (ii) The liquid-phase chemistry, which occurs inside the droplets due to their long 
residence times in the atmosphere, significantly impacts the size distribution of the regenerated particles. (iii) 
The liquid-phase chemistry also impacts the hygroscopicity of the regenerated aerosol particles. The enhance-
ment of the concentrations of NH4

+, NO3
− and S(VI) ions inside the droplets result in a substantial increase of the 

hygroscopicity of the water-soluble particles. This higher hygroscopicity may impact the fog dissipation by 
increasing the solution effect and helps to uphold successive fog events under favorable environmental condition.   

1. Introduction 

Fog is a persistent meteorological phenomenon in the wintertime 
over metropolitan areas. It leads to monetary losses such as flight delays 
and accidents, resulting in an increment in the death rate. The fog 
consists of suspended water droplets or ice crystals near the Earth’s 
surface that forces a devaluation of horizontal visibility below 1 km 
(Gultepe et al., 2007b). Fog forms, strengthens, and disperses as a result 
of complex interactions among diverse local, microphysical, dynamical, 
radiative, and chemical processes, along with boundary layer conditions 
(Gultepe et al., 2007b). Aerosol particles play a vital role in fog forma-
tion, development, and dissipation. Furthermore, the fog can also 
impact the characteristics (e.g. size distribution, chemical composition) 
of the aerosol particles. The main sources of particle numbers in cities 
are traffic, construction, thermal power stations, factories and house-
hold emissions, and their concentration is affected by advection and 
scavenging processes. While scavenging by activation strongly depends 
on the chemical composition of the particles (e.g., Gilardoni et al., 
2014), the collision mostly scavenges particles affected in size by water 

drops. A number of observation and numerical models have proven that 
generally, the nucleation of hygroscopic particles is the dominant 
scavenging mechanism in the washout of the water-soluble particles 
(Steinfeld, 1998; Elbert et al., 2000; Gilardoni et al., 2014). However, 
this is not necessarily happening in fog, where the supersaturation is low 
(generally <0.05%), and as a consequence, only a small percentage (<
10%) of the water-soluble particles are activated (Boutle et al., 2018; 
Gilardoni et al., 2014). The aerosol particles (both hydrophobic and 
hygroscopic) smaller than 0.1 μm can remain in the interstitial space or 
can be scavenged by small drops in the fog. Izhar et al., 2020 collected 
aerosol and fog water samples over the Indo Gangetic Plain. They found 
that aerosol concentration reduced during fog periods compared to non- 
fog periods, due to scavenging by fog droplets. Furthermore, Kunkel, 
1982 explained haze particles as wet aerosol particles with low hygro-
scopicity that are not yet activated to form drops. Most activated par-
ticles remain in the atmosphere after the dissipation of the fog, since 
small fog drops and haze particles do not sediment. Recent numerical 
weather prediction model (NWP) sensitivity tests explained that in a 
well-mixed fog, an increase in aerosol concentrations (as long as saturate 
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or near saturated) would enable the formation optically thick fog, and to 
persist for extended time intervals by increasing droplet concentration 
(Boutle et al., 2018). Wang et al., 2014 asserted that in a metropolitan 
area, more-hygroscopic-mode particles were made of aged background 
particles and that less-hygroscopic-mode particles contained high 
amounts of soot (elemental carbon, EC) and carbonaceous compounds, 
dust particles, and high-mass organic particles. Nevertheless, the asso-
ciation of particles that have different hygroscopicity with chemical 
composition, origin, and formation processes of particles has still been 
missing. 

The chemical composition and the size distribution of aerosol par-
ticles are affected not only by their sources, along with gas-phase 
chemical reactions and microphysical processes but also by the chemi-
cal reactions that occur in the water drops. Dissolution of some ambient 
gases into droplets and the subsequent aqueous-phase chemical re-
actions can also modify the particle size (Kerminen and Wexler, 1995; 
Meng and Seinfeld, 1994). For the previous few decades, understanding 
and predicting the near surface weather phenomena have been among 
the greatest challenges. However, researchers followed some actual 
cases and even forecasted them successfully. Nevertheless, forecasting 
fog events are challenging due to the lack of detailed knowledge and 
investigations. Moreover, the numerical weather forecast models are 
also inadequate to anticipate the specific location and time evolution of 
the fog period (Mazoyer et al., 2019). Cui et al., 2019, compared the 
validated simulations of weather research forecast (WRF) model with 
WRF nested Large Eddy Simulation (WRF-LES) model. They proved that 
WRF-LES simulated the various physical parameterizations at near 
surface significantly better. They also asserted that results of WRF sim-
ulations were highly sensitive to various physical parametrization 
schemes (e.g., Chaouch et al., 2017). Besides, considering the chemistry 
in fog models is the greatest challenge due to a lack of observational data 
of trace gases and various relevant inorganic and organic compounds for 
validating the models. 

Bott et al., 1990 used a 2D bin microphysical scheme to describe the 
nucleation scavenging. This scheme simulates both the formation and 
diffusional growth of water drops rather accurately. However, the 
application of this scheme is computationally too expensive even 
nowadays, and it was used only in 1D simplification. Although the box 
models are not able to simulate some important characteristics of the fog 
(e.g. turbulence, radiative cooling, sedimentation), they allow for the 
very accurate simulation of specified processes such as microphysical 
and chemical processes. For example, Xue et al., 2019 carried out box 
model experiments using bulk liquid chemistry scheme that incorpo-
rated detailed SO2 oxidation chemistry to derive SO4

2− production over 
the full range of SO2 atmospheric concentrations. 

Budapest and Delhi are the capital cities of Hungary and India. The 
cities have different characteristics based on population density, traffic, 
industrialization, and agricultural activities. We have taken two 
observed fog events from both cities and simulated them to understand 
their microphysical characteristics. In this study, we compare fog 
microphysical characteristics of a city center (Budapest, Hungary) and 
an industrial area (airport, Delhi). The main aims of this research are:  

• to understand and discuss the impact of the characteristics of aerosol 
particles on the formation and dissipation of fog,  

• to reveal and quantify the scavenging processes of sub-micron 
particles,  

• to study and interpret the regeneration of aerosol particles through 
the chemical process in the fog. 

2. Model description 

A detailed bin scheme with moving boundaries was used to simulate 
the diffusional growth or evaporation of water drops as published by 
Geresdi and Rasmussen, 2005. The model involves 28 bin categories in 
the Budapest case and 95 bins in the Delhi case (the number of the bins 

depends on the size resolution of the observation) for both the hygro-
scopic and hydrophobic particles, and initially, the whole spectrum of 
bins extends from the mass of 1.22 × 10− 22 to 1.02 × 10− 15 kg from 
radius of 0.005 μm to radius of 0.7 μm) and from 5.55 × 10− 22 to 1.59 ×
10− 17 kg (from radius of 0.0042 μm to radius of 0.12 μm), respectively. 
The water drops and the haze particles were allowed to form on the 
hygroscopic particles, the hydrophobic particles were supposed to 
remain dry. The evolution of the haze particle and water droplet size 
distributions due to the diffusional growth, and the changing of the 
aerosol composition via chemical processes were calculated at each bin. 
The fog formation was simulated using a box model due to the fact that 
the solution of the stiff, ordinary differential equation system describing 
the chemical processes is computationally rather expensive. Some 
dynamical processes (e.g. turbulent mixing, the radiation effect at the 
top of the fog and the sedimentation of the water drops), which could be 
important in the evolution of the fog, were not taken into consideration 
since we focused on fog microphysics and the interaction between the 
microphysics and chemistry in this approach. The fog formation is 
simulated by holding the water content (sum of vapor and liquid) to be 
constant and decreasing the temperature gradually. The cooling rate and 
warming rate is tuned to fit the time profile of the simulated temperature 
to the observed one. The formation of haze particles is initiated as the 
saturation ratio reaches the value of 95%. The initial mass of the haze 
particles is supposed to be double the mass of the aerosol particles they 
formed on. Further change of the mass of haze particles/water drops is 
calculated by the integration of the following equation based on Prup-
pacher and Klett, 2010: 
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where md and Dd are the mass and the diameter of water drops (sum of 
liquid water mass and aerosol mass), respectively; mp and ρp are the mass 
and the density of dry aerosol particles the drop formed on, respectively; 
Mw and Ms are the molecular weight of water and the compounds the 
aerosol particles are composed of, respectively. ε and ν are the water- 
soluble fractions of the aerosol particles and the van’t Hoff factor, 
respectively. S, T, ka* and Dv* are saturation ratio, temperature, the 
thermal conductivity of air, and the diffusivity of vapor in the air, 
respectively. Lv, Rv, esat, w, σ are the latent heat of condensation, specific 
gas constant for water vapor, saturated vapor pressure over liquid water 
surface at ambient temperature, surface tension, respectively. The κ 
hygroscopicity parameter depends on the chemical composition of 
aerosol particles. The correction due to the kinetic effect is taken into 
consideration in the case of thermal conductivity and diffusivity 
(Pruppacher and Klett, 2010). The equation above is solved in parallel 
with the droplet formation on particles with different diameters and 
hygroscopic properties. 

The radiative cooling causes the cooling of the airmass, and the 
saturation is simulated by reducing the temperature at prescribed rates. 
In simple terms, the fog evolution is mimicked by a prescribed cooling 
and warming rate based on the time evolution of the observed temper-
ature. The impact of the latent heat of condensation and evaporation is 
taken into consideration for the prescription of the cooling and warming 
rate. 

The visibility is calculated as per the following equation (Silverman 
et al., 1974): 

J.K. Bodaballa et al.                                                                                                                                                                                                                           



Atmospheric Research 266 (2022) 105972

3

V =
3.912

π
∑n

i=1
KiNir2

i

(2)  

where Ni, ri are the concentration and radius of droplets in the ith particle 
size category, respectively. κi is the scattering efficiency for the droplets, 
with a value of 2 regardless of the drop size. The size dependence of the 
extinction coefficient can be significant if the drop radius is less than 3 
μm (e.g., Gultepe et al., 2006; Song et al., 2019). However, our sensi-
tivity study proves that neglecting the size dependence of the extinction 
coefficient results in a false visibility value only in the case of haze. If the 
fog consists of drops larger than a few microns, the impact of the haze 
particles on the visibility is small. 

The numerical model involves the following processes:  

• The liquid water content in each bin is evaluated by solving the Eq 1. 
The integration is performed in a time step of 0.0001 s. This small 
time step allows us to avoid the overestimation of the diffusional 
growth in the case of small drops when the solution is dense. 
Furthermore, the competition for available vapor among drops with 
different sizes and with a different type and size of aerosol particles 
inside them can be taken correctly into consideration.  

• The scavenging of aerosol particles (r < 1.0 μm) by water drops 
through Brownian motion and phoretic forces.Theory published by 
Pruppacher and Klett, 2010 is used to evaluate the impact of Brow-
nian and phoretic impaction scavenging. While Brownian scavenging 
is efficient if the particle size is less than 0.1 μm, phoretic scavenging 
can reduce the concentration of the particles with a radius of about 
0.1 μm (Santachiara et al., 2013). The latter process persists only in a 
subsaturated environment so that it can happen during either the 
formation or dissipation of the fog. In this study, we focus on the 
scavenging efficiency of Brownian motion and phoretic force. The 

impacts of gravitational collection and turbulence are not taken into 
consideration. The scavenging of particles with a radius less than 1 
μm, both hydrophobic particles and haze, due to the Brownian mo-
tion and phoretic scavenging are calculated separately.  

• The absorption and desorption of the trace gases of SO2, NH3, H2O2, 
HNO3, O3 and CO2. Sulphate formation in the liquid phase due to 
oxidation of S(IV) by O3 and H2O2. The amount of the dissolved trace 
gases and that of sulfate formed due to the chemical reaction were 
evaluated for each bin with a droplet radius larger than 1 μm. The 
stiff, ordinary differential equations about the chemical processes are 
solved by using time step of 0.0001 s. 

3. Data and methods 

For the Budapest case, the size distribution and hygroscopicity of the 
aerosol particles were obtained in a field project at the Budapest plat-
form for Aerosol Research and Training (BpART) Lab (Salma et al., 
2016) in Budapest (47.474∘N,19.062∘E) from 9 December 2014 to 9 
February 2015 (Enroth et al., 2018). The observational setup was 
located at 114 m above mean sea level, an 85 m distance from the river 
Danube, and at a height of 12–13 m from street level. More details about 
the experiments can be found elsewhere (Enroth et al., 2018). The focus 
of this research was not on fog, so data about visibility is not available. 
However, both the temperature and relative humidity of the ambient air 
was recorded. It is supposed that fog is formed if the observed relative 
humidity is equal to or larger than 99%, for longer than 1 h. Based on 
this data, 14 fog periods could be defined in the observational period. 
The Hungarian Meteorological Service (hereafter HMS) also confirmed 
these fog events in the Budapest region. The fog event which occurred 
from 31 January 2015 to 01 February 2015 was chosen for this study. 
The presence and the duration of the fog were confirmed by low wind 
speed (<1 ms− 1), street cameras, and it was also detected by HMS at the 

Fig. 1. Observed temperature (a) and (b), relative humidity (c) and (d), furthermore the observed number concentration of aerosol particles in different size ranges 
(e) and (f). The lines with different colors in panel (b) and (d) denote the data belong to different elevation of the observation from the surface. The dashed line in the 
panel (e) and (f) shows the time profile of the simulated number concentrations. Vertical lines denote the start and the end of the fog. 
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South–East region of Budapest. Fig. 1 shows the temporal variability of 
the fog onset, offset, T, RH, and number concentration (N) of ultrafine 
(6–100 nm), chemically aged (100–1000 nm), and total particles 
(6–1000 nm). 

In order to better understand the changes of the characteristics of 
aerosol particles in the fog, we simulate the impact of trace gases. 
Concentrations of SO2, NH3, HNO3, O3 provided by HMS are used to give 
the trace gas concentration in the atmosphere for the Budapest case. The 
daily average trace gas concentrations are available for NH3, and HNO3 
so we consider these as initial values. Furthermore, the concentration of 
these trace gases in the atmosphere is not allowed to reduce under one- 
tenth of the initial concentration (Table 1). This means that we suppose 
the trace gases are partly supplied by advection or local sources. In the 
case of SO2 and O3, the hourly measured data shows that their con-
centrations were nearly constant during the fog event. In this SO2 case, 
we make a sensitivity test to study how the concentration impacts the 
chemical processes occurring in the fog droplets: (i) the SO2 concen-
tration is held constant as it was observed, (ii) the SO2 concentration is 
allowed to reduce, but not below one tenth of the initial concentration 
due to the absorption. The unique aspect of the Budapest data for the 
aerosol particles is that it involves information about the size depen-
dence of the hygroscopicity (Enroth et al., 2018). The hygroscopic 
properties were derived by a Volatility-Hygroscopicity Tandem Differ-
ential Mobility Analyzer (VH-TDMA) measurement system. Less- 
hygroscopic (LH) and nearly-hydrophobic (NH) particles are sepa-
rated, based on the measurements of the hygroscopic growth factors 
(HGFs) at different dry diameters of 50, 70, 110 and 145 nm. The 
number fraction of nearly hydrophobic particles, based on this obser-
vation, is plotted in Fig. 2. On the observation data, linear and power 
function trend lines are fitted to make the distinction between LH and 
NH particles at the diameter ranges (Fig. 2). The vapor uptake by both 
types of particles is calculated by integrating Eq. 1. To study the sensi-
tivity of fog formation in terms of the size dependence of the hygro-
scopicity, a mean hygroscopicity would characterize all the aerosol 
particles evaluated in the Budapest case: 

κmean =
∑n

i=1

V1,iN1,iκLH + V2,iN2,iκNH

V1,iN1,i + V2,iN2,i
(3)  

where n is the number of bins, V1, i, V2, i are volumes of LH and NH 
particles in the ith bin, respectively, N1, i, N2, i are the number concen-
trations of the LH and NH categories at the ith bin. κLH and κNH are 
measured hygroscopicity parameters of less-hygroscopic and nearly- 

hydrophobic particles (κ=0.2 and 0.03), respectively. 
The air pollution in the Delhi case was larger. The observational site 

was located at Indira Gandhi International Airport (IGIA, 
28.56∘N,77.09∘E), Delhi, India. This is one of the biggest airports in the 
world and it is about 240 m above mean sea level. In the current 
research, we use the data observed in intensive observational periods 
during winter fog experiments (WIFEX; Ghude et al., 2017). During this 
experimental campaign, a micro-meteorological tower with a height of 
20 m was set up at the site, which measured the boundary layer char-
acteristics such as T and RH at different levels. For our model simulation, 
data are considered from the 10 m height level and the average surface 
visibility was reported to be about 100 m (Pithani et al., 2020). Scanning 
mobility particle sizer (SMPS) was used to measure the number size 
distribution of dry aerosol particles in a diameter range of 10–300 nm 
(Ghude et al., 2017; Pithani et al., 2020). Trace gas concentrations of 
SO2, NH3, HNO3 measured and published by Acharja et al., 2020 for the 
same location but a different fog event are given as initial conditions, 
due to the lack of available trace gas concentration data at 30 December 
2016. The temporal evolution of the gas concentration is treated the 
same way as in the Budapest case. For our model simulation, one fog 
event (started at 30 December 2016, 23:30 LT (18:00 UTC) – dissipated 

Table 1 
Initial conditions with different hygroscopicity parameter (κ) and different gas concentrations (kg/kg) for Budapest and Delhi cases along with sensitivity test ID. 
(Note: SO2 concentration with * means constant SO2 source throughout the simulation.)  

Case Category Test ID SO2 (kg/kg) HNO3 (kg/kg) NH3 (kg/kg) H2O2 (kg/kg) O3 (kg/kg)  

Linear function (κLH = 0.2, κNH = 0.03) BLK1 *6.4 × 10− 9 4.2 × 10− 11 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

BLK2 *6.4 × 10− 9 0 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

BLK3 6.4 × 10− 9 4.2 × 10− 11 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

BLK4 6.4 × 10− 9 0 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

Budapest Case Power function (κLH = 0.2, κNH = 0.03) BPK1 *6.4 × 10− 9 4.2 × 10− 11 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

BPK2 *6.4 × 10− 9 0 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

BPK3 6.4 × 10− 9 4.2 × 10− 11 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

BPK4 6.4 × 10− 9 0 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9  

homogenous 
hygroscopicity 
(κmean = 0.145) 

BMK1 *6.4 × 10− 9 4.2 × 10− 11 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

BMK2 *6.4 × 10− 9 0 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

BMK3 6.4 × 10− 9 4.2 × 10− 11 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

BMK4 6.4 × 10− 9 0 4.5 × 10− 10 1.1 × 10− 10 4.8 × 10− 9 

Delhi case κLH = 0.42, κNH = 0.03 DSK1 *1.78 × 10− 8 2.2 × 10− 10 2 × 10− 8 1.1 × 10− 9 3.3 × 10− 8 

DSK2 *1.78 × 10− 8 0 2 × 10− 8 1.1 × 10− 9 3.3 × 10− 8 

DSK3 1.78 × 10− 8 2.2 × 10− 10 2 × 10− 8 1.1 × 10− 9 3.3 × 10− 8 

DSK4 1.78 × 10− 8 0 2 × 10− 8 1.1 × 10− 9 3.3 × 10− 8 

homogenous hygroscopicity 
(κmean = 0.3) 

DMK1 *1.78 × 10− 8 2.2 × 10− 10 2 × 10− 8 1.1 × 10− 9 3.3 × 10− 8 

DMK2 *1.78 × 10− 8 0 2 × 10− 8 1.1 × 10− 9 3.3 × 10− 8 

DMK3 1.78 × 10− 8 2.2 × 10− 10 2 × 10− 8 1.1 × 10− 9 3.3 × 10− 8 

DMK4 1.78 × 10− 8 0 2 × 10− 8 1.1 × 10− 9 3.3 × 10− 8  

Fig. 2. Fitted linear and power functions to give the fraction of NH particles for 
the whole spectrum. The red dotes denote the observed fractions. (Note: LH and 
NH denotes less hygroscopic and nearly hydrophobic dry aerosol particles). 
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at 31 December 2016, 07:30 LT (02:00 UTC)) is taken into consideration 
and sensitivity tests are made with different κ values and trace gas 
concentrations. Because bulk hygroscopicity parameters were measured 
in Delhi during the Delhi Aerosol Supersite (DAS) campaign, there is no 
available information about the size dependence of the κ value in this 
case. The average hygroscopicity parameter is evaluated from the 
observed data by using the mixing rule (Petters and Kreidenweis, 2007), 
which resulted in approximately 0.3 (Arub et al., 2020). Pringle et al., 
2010 simulated the global (land mass) mean κ value and SD and ob-
tained 0.27±0.21, which is in line with our estimated and adopted κ 
value. The sensitivity on the size dependence of the hygroscopicity is 
studied by separate simulations: 

The hygroscopicity of all aerosol particles is the same as the value 
available from the field project. 

The aerosol particles for the Delhi case are hypothetically divided 
into two categories. All the particles less than 130 nm in diameter are 
supposed to be NH particles and their κ value is supposed to be equal to 
0.03. There is observation data which support that choosing this diam-
eter to separate the hygroscopic and hydrophobic particles is reason-
able. Plots in Fig. 2 show that more than 60–70% of the particles are 
found to be hygroscopic in Budapest downtown if the particle diameter 
is larger than 130 nm. On the bases observations in China, Wang et al., 
2018 asserted that dry aerosol particles with a diameter of 200 nm had a 
significantly larger hygroscopic growth factor compared to particles 
with a diameter of 50 nm. Using these assumptions and substituting the 
average κ value (0.3) into the left-hand side of the Eq. 3. the value of the 
κ value for the LH particles can be evaluated. In this case the evaluated κ 
value of LH particles larger than 130 nm is 0.42. 

The initial conditions for the numerical simulation are the size 

distribution of the aerosol particles before the onset of fog over Budapest 
and Delhi plotted in Fig. 3a, and 3c, as well as in Fig. 3b and 3d, 
respectively. The initial aerosol size distributions shown in Fig. 3c and 
3d represent the cases when the aerosol particles are divided into cat-
egories of LH and NH. For a better understanding of fog chemistry, we 
performed several sensitivity tests with different hygroscopicity, and 
different environmental conditions (trace gas concentrations) summa-
rized in Table 1 along with test ID. 

4. Results 

4.1. Time profiles of the fog evolution 

Fig. 4 shows the time profiles of simulated and observed fog events. 
Also, the fog onset, mature period and dissipation for both the Budapest 
and Delhi cases are indicated. In the Budapest case, the fog onset and 
dissipation were based on the observed RH ≥99% and street camera 
visibility. Our model shows a 1-h delay of fog onset in the Delhi case, but 
in the Budapest case fog onset is simulated well. However, the time of 
dissipation in both the Budapest and Delhi cases is delayed by 2–3 h. 
These discrepancies can be the consequence of the fact that in our box 
model only the impact of the cooling/warming is taken into consider-
ation, and the effect of any other processes (e.g., turbulent mixing, 
sedimentation) neglected. Fig. 4a and 4b show the observed and simu-
lated time profiles of temperature and relative humidity of the Budapest 
and Delhi cases. The fitting of the temperature profiles in both cases 
shows how well the observed temperature profile is reproduced by 
prescribed cooling and warming rates (Note: the temperature is affected 
by both the radiative cooling rate and the releasing latent heat of 

Fig. 3. Initial size distribution of particles of observed and model input over Budapest and Delhi fog events. Observed dry aerosol size distributions are plotted in 
panel (a) and (b). Panel (c) and (d) reveal the distinction of aerosol particles into the categories of less hygroscopic (LH) and near hydrophobic (NH) over BLK1 and 
DSK1. Size distributions plotted in panel (a) and (b) are used if the size dependence of the κ value is neglected. The legend in panel c denotes the way of the separation 
of LH and NH particles. 
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condensation). The difference between the simulated and observed time 
profiles of the relative humidity is more significant, mostly in the Delhi 
case. However, this discrepancy can be explained by measurement error. 
Generally, the RH sensors measure up to 95%, and they usually do not 
reach 100% (Gultepe, 2019; Gultepe et al., 2007a). 

Based on the time evolution of the liquid water content, we define 
three phases in the life cycle of the fog (Fig. 4c, 4d). The period when the 
LWC increases significantly before the supersaturation reaches its 
maximum value is called the onset period of the fog (LWC hereafter 
means the sum of the liquid water mixing ratios calculated in each bin, 
and as such in our model output the LWC includes the haze particles as 
well, however the mixing ratio of the haze particles is about one-two 
order lesser than that of the fog droplets). The next period remains 
until the supersaturation drops below 0, this period is called the mature 
fog phase. The last phase is when the drops start to evaporate, which is 
called the dissipation period. These periods are indicated by vertical 
dashed lines in Fig. 4. At the time when visibility drops below 200 m, the 
value of LWC is 0.00013 kg/kg (near 0.13 gm− 3) and 0.00008 kg/kg 
(near 0.08 gm− 3) in the Budapest and Delhi case, respectively. The larger 
concentration of haze particles and water drops in the Delhi case ex-
plains why the dense fog can form in Delhi even at a smaller LWC. 
Unfortunately, no observed LWC data is available to verify our calcu-
lated data. The formula suggested by Gultepe et al., 2006 can be used to 
estimate LWC if the visibility and concentration of the fog drops are 
known. Since the reported visibility Pithani et al., 2020 is between 50 
and 100 m and the number concentration of the fog drops is about 250 
cm− 3 (see the concentration of the activated aerosol particles in Table 2), 
the LWC should be between 0.41 and 0.14 gm− 3. During the WIFEX 
campaign, the evolution of the fog events in Delhi was simulated by WRF 
mesoscale model (Pithani et al., 2020) and presented the LWC about 0.2 
gm− 3 at the middle phase of the fog development. However, in our 
current simulation the LWC is about 0.4 gm− 3 in the mature phase of the 
fog for the same case. The discrepancy between these two values can be 
explained by different model configurations (e.g., the turbulent mixing 

and sedimentation is not considered in our model simulation). The 
dissipation rate of the fog depends mostly on the warming rate. The LWC 
starts to decrease when the saturation drops below 100% at about 7:00 
am in the Budapest case and at about 8 am in the Delhi case. The LWC 
decreases only slightly between 7 am and 11 am in Budapest, because of 
the small warming rate (about 0.3∘Ch− 1) in this time period. Later, the 
warming rate becomes significantly larger (about 1.5∘Ch− 1), and the fog 
dissipates very fast, within 30 min. In the Delhi case, the average 
warming rate is about 1∘Ch− 1 which results in different dissipation 
pattern comparing to the Budapest case. As a consequence of the 
different warming rates, it takes more than 90 min and less than 60 min 
to drop the relative humidity from near 100% to 90% in the Delhi and 
Budapest cases, respectively. 

4.2. The impact of the scavenging 

Scavenging of small aerosol particles by water drops is a self-cleaning 
mechanism in the atmosphere. Due to the very small supersaturation (of 
0.0004 and 0.0007 in the Budapest and Delhi cases respectively, shown 
as smax in the second column of Table 2), the activation reduces the 
number concentration of even the hygroscopic particles in fog only 
slightly. Fig. 5 summarizes the results of the numerical simulation about 
the efficiency of the different scavenging mechanisms. Fig. 5a and 5b 
show the temporal evolution of the accumulated numbers of scavenged 
particles in the BLK1 and BMK1, as well as in the DSK1 and DMK1 cases 
(these cases provide a good representation well of all the simulated cases 
if only scavenging is considered). Fig. 5c reveals that the liquid chemical 
processes have no impact on the scavenging processes in either the 
Budapest or the Delhi cases (See case ID in Table 1). In both cases, the 
temporal variation of the scavenging rates is related to temporal varia-
tion of the LWC. While the impact of the Brownian motion is dominant 
in all of the investigated cases, the role of the phoretic scavenging 
mechanism is negligible in the Budapest cases and is more significant in 
the Delhi cases (Fig. 5c and Table 2). In the Budapest cases, the results do 

Fig. 4. Evolution fog over Budapest (at 31 January 2015–1 February 2015) and Delhi (30–31 December 2016). Panel (a) and (b): Observational and model data of 
temperature and RH for Budapest and Delhi cases. Panel (c) and (d): Simulated LWC and visibility for both Budapest and Delhi cases. The vertical dashed lines 
indicate the evolution periods of the fog. 
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not depend on the function (linear or power) used to give the fraction of 
the number concentration of the near-hydrophobic particles, or the 
average hygroscopicity supposed for all the particles (Fig. 5c). 

However, both in the Budapest case (although to a lesser extent) and 
in the Delhi case (to a larger extent), the efficiency of Brownian scav-
enging decreases significantly if the hygroscopicity is supposed to be 
same for all the particles (Fig. 5 and Table 2). These results stem from the 
fact that if the aerosol particles are identical (BMK1-BMK4 as well as 
DMK1-DMK4) with respect to hygroscopicity, the width of the wet 
aerosol/drop spectrum remains smaller during the evolution of the size 
distribution compared to the other cases (BLK1-BPK4 furthermore 
DSK1-DSK4). While in the first group of cases the drops can form and 
grow on both the small aerosols particles (haze) and on the larger ones as 
well, in the second group of the cases the drops formed on the larger and 
more water-soluble aerosol particles grow by diffusional growth, and a 
large fraction of the smaller particles becomes only slightly wet. At 
10:30 pm, when the difference between the accumulated Brownian 
scavenging rates is the largest between the BLK1 and BMK1 cases, the 
number concentrations of particles smaller than 0.1 μm are 8.48 × 104 

and 7.57 × 104cm− 3, respectively. Furthermore, these numbers in the 
case of DSK1 and DMK1 at 12:00 am are 1.94 × 106 and 1.47 × 106, 
respectively. The larger reduction (ca. 25%) of particle concentration in 
the Delhi case proves that the efficiency of Brownian scavenging is 
higher if the small aerosol particles (0.1μm) are mostly NH particles (see 
the initial size distribution of the aerosol particles in Fig. 3). If the 
aerosol particles are internally mixed, the efficiency of the Brownian 
scavenging becomes significantly smaller. Fig. 5a reveals that in the 
Budapest case, the number concentration of captured aerosol particles 
increases from 8:30 pm to midnight due to the formation and growth of 
the liquid drops. In the dissipation phase of the fog, the number con-
centration of captured particles by phoretic forces increases only slightly 
(Fig. 5a). In the Delhi case the impact of the phoretic scavenging is more 
significant. This process is efficient at the end of the offset period of the 
fog (Fig. 5b). 

The contour plots in Fig. 6 and Fig. 7 show the time evolution of size 
distribution of dry aerosol/aerosol inside the droplets over the Budapest 
and Delhi cases, as well as the size distribution of droplets for the BLK1, 
BMK1, DSK1 and DMK1 cases. In Fig. 6a and Fig. 7a the solid and dashed 
lines denote boundaries for the LH and the NH bins, respectively. In 
Fig. 6b and Fig. 7b the time evolution of the size distribution (DSD) of 
droplets formed on LH particles is plotted. The solid lines denote the bin 

boundaries for the liquid drops, both haze and fog drops, in Fig. 6b and 
d as well in in Fig. 7b and d. The evolution of aerosol size distribution is 
the consequence of two different processes. The size distribution of NH 
particles is impacted only by the scavenging processes. The size distri-
bution of the LH particles is also impacted by the scavenging processes, 
additionally, the broadening of the final bins is the consequence of 
chemical reactions occurring inside of the water drops (see section 4.3). 
During the onset period of the fog, the significant decrease of aerosol 
concentration at the radius smaller than 0.05 μm is the consequence of 
Brownian scavenging (e.g., Santachiara et al., 2012) both in the Buda-
pest and Delhi case (panels a and c in Fig. 6 and 7). Because of its smaller 
effect, the impact of phoretic forces cannot be recognized in panels 
related to the Budapest cases. The efficiency of phoretic scavenging is 
more obvious in the Delhi case. Fig. 7a and c reveal a significant 
decrease of the concentration of aerosol particles with a radius around 
0.05 μm at the end of the offset period. This difference can be explained 
by the following two reasons: 

• The concentration of aerosol particles at the size of about 0.1 μm 
is significantly larger in the Delhi case, than in the Budapest case 
(Fig. 3). At this aerosol size, phoretic scavenging is more dominant than 
Brownian scavenging, because the Brownian effect is small if the aerosol 
size is near or larger than 0.1 μm (e.g., Santachiara et al., 2012, 2013). 

• During the onset and dissipation periods, aerosol particles with a 
radius around 0.1 μm can only be captured by water drops due to 
phoretic forces in a subsaturated environment. The smaller warming 
rate and the larger hygroscopicity of water-soluble aerosol particles 
resulted in longer dissipation and subsaturated periods in the Delhi case 
(Fig. 4). 

The contour plots about the drop size distribution both in Fig. 6 and 
Fig. 7 reveal that the number concentration of droplets larger than the 
critical radius is small in both Budapest and Delhi case (see also the 
number concentration of the activated aerosol particles in Table 2). In 
the mature phase of the fog, drops larger than the critical size keep 
growing, and they collect the sub-micron particles of the LH and NH 
modes through Brownian motion. Note, the critical radius is evaluated 
by using a near constant supersaturation in the mature phase, and not 
the maximum supersaturation at the end of the onset period. Drops 
smaller than the critical size evaporate slightly even during the mature 
phase of the fog (see the time profiles of the bin boundaries for the 
drops/haze particles). By the end of the dissipation phase of the fog, the 
drops completely evaporate, and only wet aerosol particles remain. 

Table 2 
Summary of maximum supersaturation (smax), critical radius of droplet (rcd) for the hygroscopic particles, total activated aerosols at smax, maximum LWC, initial 
number concentration of the aerosol particles (N), scavenging and relative effect of Brownian and phoretic scavenging and total amount of scavenged particles during 
the period when RH>95%, change of maximum aerosol size (Δraer) by the end of the dissipation period.  

Test ID smax rcd (μm) Activated  
aerosol (#/cm3) 

LWCmax (gm− 3) N (#/cm3) NBr (#/cm3) NBr/N Nph (#/cm3) Nph/N Total scavenged % Δraer (μm) 

BLK1 4.61 × 10− 4 1.74 50 0.487 8500 3290 38.84% 86 1.02% 39.86% 0.45 
BLK2 4.61 × 10− 4 1.74 50 0.487 8500 3290 38.84% 86 1.02% 39.86% 0.39 
BLK3 4.61 × 10− 4 1.74 50 0.487 8500 3290 38.84% 85 1.01% 39.85% 0.28 
BLK4 4.61 × 10− 4 1.74 50 0.487 8500 3290 38.84% 85 1.01% 39.85% 0.19 
BPK1 4.75 × 10− 4 1.69 50 0.487 8500 3340 39.50% 67 0.79% 40.29% 0.45 
BPK2 4.75 × 10− 4 1.69 50 0.487 8500 3340 39.50% 67 0.79% 40.29% 0.4 
BPK3 4.75 × 10− 4 1.69 50 0.487 8500 3340 39.50% 66 0.78% 40.29% 0.28 
BPK4 4.75 × 10− 4 1.69 50 0.487 8500 3340 39.51% 66 0.78% 40.29% 0.19 
BMK1 5.09 × 10− 4 1.58 50 0.487 8500 3120 36.90% 75 0.88% 37.79% 0.44 
BMK2 5.09 × 10− 4 1.58 50 0.487 8500 3120 36.90% 75 0.88% 37.79% 0.39 
BMK3 5.09 × 10− 4 1.58 50 0.487 8500 3120 36.90% 75 0.88% 37.78% 0.28 
BMK4 5.09 × 10− 4 1.58 50 0.487 8500 3120 36.91% 74 0.87% 37.78% 0.18 
DSK1 6.42 × 10− 4 1.18 250 0.397 41,200 15,600 37.86% 5410 13.15% 51.01% 0.57 
DSK2 6.42 × 10− 4 1.18 250 0.397 41,200 15,600 37.86% 5290 12.85% 50.72% 0.5 
DSK3 6.35 × 10− 4 1.18 250 0.397 41,200 15,600 37.86% 5070 12.32% 50.17% 0.39 
DSK4 6.35 × 10− 4 1.18 250 0.397 41,200 15,600 37.85% 4720 11.46% 49.31% 0.26 
DMK1 7.57 × 10− 4 1.00 250 0.397 41,200 9320 22.64% 4250 10.32% 32.96% 0.57 
DMK2 7.57 × 10− 4 1.00 250 0.397 41,200 9320 22.64% 4140 10.06% 32.70% 0.5 
DMK3 7.57 × 10− 4 1.00 250 0.397 41,200 9320 22.63% 3910 9.51% 32.14% 0.39 
DMK4 7.57 × 10− 4 1.00 250 0.397 41,200 9320 22.63% 3610 8.76% 31.39% 0.26  
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Comparison of the size distribution of aerosol particles in the onset and 
the dissipation period reveals the impact of the scavenging process (see 
the decrease of the concentration of aerosol particles smaller than 0.1 
μm) and the sulphate formation occurring inside of the drops (see the 
broadening of the aerosol size distribution for particles larger than 0.3 
μm in Budapest case and larger than 0.2 μm in Delhi case). 

4.3. The impact of liquid chemistry 

The initial composition of a droplet is determined by the dissolution 
of soluble materials contained within an aerosol particle, which serves 
as the cloud condensation nucleus (CCN). Further variations in the 
composition come from subsequent scavenging of other non-activated, 
interstitial particles and from uptake of water-soluble gases and 
aqueous-phase reactions. We study how the hygroscopicity of the 
aerosol particles and the concentration of different inorganic trace gases 
(Table 2) affect the evolution of the chemical characteristics of fog and 
the aerosol regeneration process. Due to the long lifetime of the fog and 
the slow sedimentation of the drops, they absorb large amounts of 
different types of trace gases. All gases are depleted rapidly by drops in 
line with increases of the LWC (Fig. 8). The amounts of the absorbed 
gases increase less during the mature phase of the fog, and no further 
increase occurs during the dissipation period, if LWC decreases 
significantly. 

Fig. 8e and 8f show that the absorption of HNO3 is affected only by its 
concentration in the atmosphere. Because the Henry constant of this gas 
is large, the amount of the absorbed HNO3 depends neither on the ab-
sorption of other gases, nor on the pH of the drops. The absorption of the 
SO2 gas is also mostly impacted by the concentration of this gas. How-
ever, in the Delhi case, where the concentration of the HNO3 gas is about 
50 times larger than in the Budapest case, the presence of the HNO3 gas 
in the atmosphere mitigates the absorption of the SO2 gas only slightly 

(see also in Fig. 9). As a result of more pollution (the larger concentra-
tion of trace gases and aerosol particles) in the Delhi case, the time 
profiles describing the absorption of SO2 and NH3 diverge during the 
onset period of the fog. In the Budapest case, due to the less polluted 
atmosphere, this divergence started a few hours after the onset of the 
fog. Fig. 8g and 8h show the time profile of the bulk pH and it is 
calculated by summarizing liquid water content and the different com-
pounds in them over the size spectrum. Comparison of panels c and g, 
along with panels d and h in Fig. 8 reveals that the absorption of NH3 is 
regulated by pH. The pH of the water drops is affected not only by the 
absorption of the gases previously mentioned, but also the formation of 
sulfur (VI). The pH of the drops remains in the interval from 5 to 6.5. 
This enhances the absorption of NH3 without the drops becoming 
saturated with respect to the NH4

+ ions (Schmeller and Geresdi, 2019). 
As we can see in Fig. 8i and 8j, the time evolution of accumulated S(VI) 
significantly depends on the amount of SO2 absorption for both the 
Budapest and the Delhi cases. In the Delhi case, the uptake of HNO3 
results in the decrease of S(IV) formation by increasing the acidity 
significantly in fog droplets. Fog becomes the most acidic in the BLK1 
and DSK1 cases (HNO3 is present in the atmosphere and a large amount 
of SO2 is absorbed). The lower pH promotes the absorption of NH3, 
which results in the enhancement of NH4

+ ion accumulation (Fig. 9). In 
the BLK4 and DSK4 cases (a lesser amount of SO2 is absorbed and the 
concentration of HNO3 is set equal to zero) the fog becomes less acidic. 
The simulated time evolution of pH in the Budapest cases is plotted in 
Fig. 8g. During the onset period the fog is more acidic (pH = 5.6–5.7) 
and pH gradually increases with respect to time due to increase of LWC. 
During the mature period, the pH of the solute concentration remains 
near constant because the absorption of trace gases and the sulfate 
formation is balanced by the increase in the drop size. In the dissipation 
period pH decreases along with LWC mostly due to the evaporation of 
the droplets. In the more polluted environmental (Delhi case) conditions 

Fig. 5. Cumulative effect of Brownian and phoretic forces on scavenging process in (a): Budapest case and (b): Delhi case. (c): Efficiency of Brownian motion and that 
of phoretic forces in total scavenging rate. The total relative scavenging means the ratio of the scavenged particle concentration and the total initial aerosol 
concentration. 
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pH reaches nearly 6 at by the end of the onset period, and in the mature 
period the fog becomes gradually more acidic (Fig. 8h). Because in the 
Delhi case the LWC remains near constant during the mature phase, the 
absorption of gases and the sulfate formation results in a decrease of the 
pH. This decrease becomes more evident in the dissipation phase of the 
fog. The pH curves are more divergent due to the larger impact of 
changes in the concentration of gases in Delhi from case to case. Fig. 9 
summarizes the results of all chemistry sensitivity tests for the mass 
concentration of S(VI), NH4

+, NO3
− formed and accumulated inside of 

the droplets by the end of fog dissipation phase. The pattern of the 
histograms reveals that size dependence of the hygroscopicity has no 
effect on the liquid chemistry occurring in the drops. Our model results 
also show that S(VI) has significant role, and it modulates the fog acidity 
over both Budapest and Delhi (Fig. 8i and 8j). Fig. 9 shows that large 
amounts of S(VI) correspond highly to the amount of total SO2(g) ab-
sorption. As expected, the mass concentration of NH4

+ depends on the 
absorption of SO2(g) and on the absence/presence of HNO3(g). The 
amount of the mass concentration of S(VI) is also affected (slightly 
reduction) by the presence of HNO3(g). The final column in Table 2 gives 
the broadening of the size distribution of aerosol particles due to the 
liquid chemistry. In Fig. 6a, 6c and Fig. 7a, 7c the time profiles of solid 
grey lines depicting the evolution of the size distribution of aerosol 
particles reveal the broadening of the distribution due to the liquid 

chemistry. The mass of aerosol particles is increased by the accumulated 
ions of S(VI), NH4

+, NO3
− . The addition of these species not only in-

creases the mass of the aerosol particles, but they change the hygro-
scopicity of the particles as well. The impact of the collected 
hydrophobic particles is negligible because their mass is about one – two 
orders of magnitude less than the mass of the sulfate formed inside of the 
drops. Fig. 10 shows the calculated new hygroscopicity parameter for 
each bin for the regenerated aerosol particles at the end of the dissipa-
tion phase for all sensitivity tests. The new hygroscopicity parameter is 
calculated by the volume weighted averages by following equation 
(Petters and Kreidenweis, 2007): 

κi =
Vi,oκLH + Vi,sκs

Vi,o + Vi,s
(4)  

where Vi, o and Vi, s are the volumes of the less hygroscopic particles and 
those of the sulphate forms in the ith bin, respectively. κLH3pt and κs are 
the hygroscopicity parameters for the less-hygroscopicity particles, and 
for the sulphate compounds. We suppose that the hygroscopicity of the 
mix of NH4

+, NO3
− and S(VI) ions is 0.6 (Note: liquid chemistry was 

simulated for the drops with radius of equal or larger than 1 μm). 
The hygroscopicity related to the smallest sizes was not impacted by 

the chemistry (see the size limit for the liquid chemistry above), so these 
values are equal to the initial ones. The sensitivity test reveals that initial 

Fig. 6. Contour plots depict the time evolution of aerosol and haze/droplet size distribution for Budapest cases (BLK1 at first row and BMK1 second row). The 
vertical dotted lines denote the different phases of the fog (see the vertical dashed lines in Fig. 4). Rc means the critical radius for water drops at the supersaturation 
which occurs during the mature phase of the fog, LH and NH mean less hygroscopic and nearly hydrophobic dry aerosol particles, respectively. Mean-κ means that all 
dry aerosol particles have the same hygroscopicity, DLH denotes drops formed on LH particles. Dmean− κ denotes drops formed on aerosol particles having the same 
hygroscopicity. The time evolution of the bin boundaries for the aerosol particles and liquid drops are depicted as it is given by the fig. legend. 
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conditions for the size dependence of the hygroscopicity has no effect on 
the hygroscopicity of the regenerated aerosol particles with a radius 
larger than 0.3 μm in neither the Budapest nor in Delhi cases. This 
finding stems from the fact that the chemical processes occurring in the 
liquid drops formed on LH aerosol particles do not depend on the value 
of hygroscopicity. In the Budapest case the final hygroscopicity depends 
on the initial concentration of the trace gases. While in BLK1 and BLK2 
cases the hygroscopicity increases to nearly 0.6 for the radius larger than 
0.3 μm due to a large amount of SO2 and the presence of HNO3 in the 
BLK1 case, meanwhile in the BLK4 cases the hygroscopicity increases 
only to 0.5. In the Delhi case, the hygroscopicity of the regenerated 
aerosol particles do not vary from case to case due to the high amount of 
trace gas concentration available in the environment in each investi-
gated case. 

5. Discussion 

A detailed, bin scheme was developed to simulate the life cycle of the 
fog. The impact of neglecting the dynamic and radiation processes were 
lessened by tracking the simulated time profile of the temperature with 
the observed time profile. The simulated life cycle of fog is in line with 
the observed life cycle in the Budapest case, while a slight bias occurs in 
the Delhi case. The simplified fog dynamic allows us to focus on the 

different types of scavenging processes, and tracking the evolution of the 
drop size distribution formed on both activated and interstitial aerosol 
particles (haze particles). To the extent of the knowledge of the authors, 
a bin scheme has been never implemented in a numerical model for the 
simulation of liquid chemistry in fog. 

The role of the scavenging processes in clouds has been published in 
many papers (e.g., Flossmann et al., 1985). While in the clouds, the 
activation significantly reduces the number concentration of the hy-
groscopic particles and the scavenging processes play a less important 
role (Geresdi et al., 2005), due to the very small value of supersatura-
tion, the activation (Table 2) has a very small role in reducing the 
number concentration of hygroscopic aerosol particles in the fog. 
However, a self-cleaning (scavenging) process explained through 
Brownian motion and phoretic force in fog (Fig. 5) significantly reduces 
the number concentration of the aerosol particles with a radius less than 
0.1 μm (Fig. 6 and 7). Although the rate of the Brownian and phoretic 
scavenging is small, they can have significant impact due to the long 
lifetime of the fog. The number concentration of activated aerosol par-
ticles is about one order of magnitude less than the decrease of the 
number concentration due to Brownian and phoretic scavenging. Note, 
the hygroscopicity of the LH particles is less than 0.5 (Table 2) in our 
simulated cases. The role of activation scavenging can be more impor-
tant if the hygroscopicity of the aerosol particles is significantly larger 

Fig. 7. Contour plots depict the time evolution of aerosol and haze/droplet size distribution for Delhi cases (DSK1 at first row and DMK1 second row). The vertical 
dotted lines denote the different phases of the fog (see the vertical dashed lines in Fig. 4). Rc means the critical radius for water drops at the supersaturation which 
occurs during the mature phase of the fog, LH and NH mean less hygroscopic and nearly hydrophobic dry aerosol particles, respectively. Mean-κ means that all dry 
aerosol particles have the same hygroscopicity, DLH denotes drops formed on LH particles. Dmean− κ denotes drops formed on aerosol particles having the same 
hygroscopicity. The time evolution of the bin boundaries for the aerosol particles and liquid drops are depicted as it is given by the fig. legend. 
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than in our case studies (Gilardoni et al., 2014). On the basis of their 
field observation performed in Indo Gangetic Plain, Izhar et al., 2020 
also concluded that the scavenging processes significantly reduce the 
amount of the aerosol in fog. The results of our study suggest that the 
initial size dependence of the hygroscopicity of aerosol particles can 
have a significant effect on the efficiency of Brownian scavenging. Un-
fortunately, the size dependence of the hygroscopicity is not available 
from most of the field observations. However, some field experiment 
suggest that aerosol particles with a radius smaller than 100 nm are 
mostly hydrophobic (e.g., Wang et al., 2018; Enroth et al., 2018). Our 
results show that these small aerosol particles are efficiently collected by 
the fog droplets due to the long lifetime of the fog. The role of the 
phoretic forces in the impaction scavenging is controversial. Geresdi 
et al., 2005 asserted that phoretic force has no significant impact in 

stratified clouds when compared to activation. However, our sensitivity 
test reveals that the efficiency of phoretic scavenging can be more 
decisive, and its role in reducing the concentration of aerosol particles 
with a radius about 0.1 μm depends on the duration of the onset and 
dissipation periods of the fog. 

The dashed lines in Fig. 1e and 1f reveal the simulated time profiles 
of the particle concentration (aerosol particles as well as both haze 
particles and droplets are considered). Due to the applied observational 
technique, these plots show not only the interstitial aerosol particles but 
include aerosol particles inside the water drops (activated aerosol par-
ticles). As such, the sedimentation of fog drops and the impaction 
scavenging should have resulted in the observed decrease of the aerosol 
particle concentration. Although in our model the local emission and the 
advection of the particles, as well as the sedimentation of the fog drops 

Fig. 8. Time evolution of the accumulated absorption of trace gases (panels (a) – (f)), bulk pH (panels (g) and (h)) and accumulated S(VI) (panels (i) and (j)). The 
different lines with different colors denote different cases (see the legends in panels (e) and (f)). 
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are not taken into consideration in the Budapest case, the time profile of 
the simulated concentration is in line with the observation data which is 
to say that the decrease of the particle concentration in the Budapest 
case can be explained by the scavenging processes. In the Delhi case, the 
difference between the simulated and observed profiles is significant. 
This difference between the two cases may stem from the fact that while 
in downtown Budapest the emission rate due to local sources (vehicle 
traffic) must have been small during the night, in the Delhi case the local 
emission due to the exhaust of airplanes is significant even during the 
night (see spikes in the observed time profile of the particle concentra-
tion in Fig. 1f). 

The advantages of using bin resolved liquid chemistry against the 
bulk chemistry was published by Schmeller and Geresdi, 2019. Due to 
the size resolved simulation of the liquid chemistry the model output 
allows to reveal both the size dependence of the pH of the fog drops and 
the bulk pH. Because during the field projects the size resolved pH 
values are not available, the time profiles of the bulk pH are plotted in 
Fig. 8g and h. The lower pH in the Delhi case compared to the Budapest 
case is in line with results published by Wang et al., 2020. They asserted 
that fog formed in less polluted air mass had much higher pH than 
polluted haze under high ammonia (NH3) conditions. Ghude et al., 2017 
showed the fog water pH varied between 6.12 and 7.62 with an average 
of 6.91, which indicates the alkaline nature over Delhi. Also, Nath and 
Yadav, 2018 published results about analyzing the chemical compounds 
in fog and dew samples collected during the winter of 2014–2015 over 
Delhi (7 km distance from WIFEX site) and reported the mean bulk ion 
concentrations inside the drops and bulk pH of the droplets. Nath and 
Yadav, 2018 found that the pH of the droplets is more acidic, and it 
changes between 4.0 and 6.6, and that the ratio of the masses of the two 
acidic compounds of S(VI) and NO3

− was about two. Comparing this 
observed data with our simulated results is not evident, because data 
about trace gas concentrations was not published in Nath and Yadav, 
2018. However, the ratio of the masses of the two acidic compounds (S 

(VI)/NO3
− ) and the calculated pH of the fog drops for the DSK1and 

DMK1 cases (Fig. 8h and Fig. 9) is in line with the observations of Nath 
and Yadav, 2018. However, our results also shows that the pH of the 
drops can change in wide intervals during the evolution of the fog in 
highly polluted atmospheres even in the mature period. As such, the 
measured pH may depend on the timing of the sampling. 

The importance of the fog - aerosol interaction has been presented in 
a number of papers (e.g., Boutle et al., 2018). These studies have mostly 
focused on the microphysical processes, and less attention has been 
devoted to the aging of the aerosol particles due to liquid chemistry in 
fog (e.g., Izhar et al., 2020). The bin resolved liquid chemistry model 
allows us to track the changes in the chemical composition of each bin. 
Due to liquid chemistry in fog droplets, both the chemical composition 
and the mass of the aerosol particles are subject to change Fig. 6a, 6c and 
Fig. 7a, 7c, show the aerosol size distribution along with time and the 
broadening of the spectrum (mostly at larger particles) for both the 
Budapest and the Delhi case. These regenerated aerosols contain ionic 
compounds which formed through the liquid chemistry and have more 
hygroscopicity due to their ionic nature. This result of our numerical 
experiment is in line with the findings of a field experiment published by 
Izhar et al., 2020. They asserted, that the enhancement of sulfate con-
centration in fog water was due to the liquid chemistry, which results in 
an increase of the aerosol mass after the evaporation of fog droplets. The 
enhancement of the hygroscopicity (Fig. 10) can impact the evolution of 
the fog as follows: (i) The dissipation of the fog can be mitigated by the 
enhanced solution effect. (ii) The increased solubility of the regenerated 
aerosol particles can assist the formation of the successive fog formation. 
In this study the simulation of liquid chemistry is confined to the drops 
larger than 1 μm. Because supersaturation is small in the fog, the initial 
size of the aerosol particles inside these drops is larger than 0.1 μm. As 
such, we cannot follow the impact of the liquid chemistry in the case 
aerosol particles smaller than 0.1 μm, and we cannot deduce how the 
liquid chemistry impacts the size dependence of the hygroscopicity of 

Fig. 9. Mass concentration of S(VI), NH4
+, NO3

− for the sum of the regenerated aerosol particles by the end of the dissipation phase for Budapest (a) and Delhi (b).  
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these small aerosol particles. We can conclude that due to the long 
residence time of the droplets in the fog, the liquid chemistry has an 
impact on the hygroscopicity of the regenerated aerosol particles, and in 
a more polluted atmosphere the hygroscopicity becomes larger than in a 
less polluted atmosphere. 

6. Conclusions 

The interaction between fog microphysics and liquid chemistry was 
examined with a box model for two distinctive locations of Budapest, 
Hungary and Delhi, India. This model involves a detailed moving bin 
microphysics scheme to properly simulate the diffusional growth and 
evaporation of water drops, as well as the liquid chemistry. A compre-
hensive sensitivity study has been carried out to investigate how the 
initial hygroscopicity of aerosol impacts the scavenging of sub-micron 
particles through different mechanisms, and liquid chemistry. Also, 
the impact of atmospheric pollution characterised by the concentration 
of SO2, H2O2, O3, HNO3, CO2 and NH3 gases on S(VI), NH4

+, NO3
−

accumulating inside of water drops is studied. On the base of the results 
of the numerical simulations the conclusions are as follows: 

• Due to the low supersaturation, particle scavenging through activa-
tion nucleation is less important than other mechanisms, such as 
Brownian and phoretic. On an average, 40–50% total particles are 
collected due to impact scavenging (Fig. 5), and less than 1% of the 
LH particles are activated due to the low supersaturation and small 
hygroscopicity of the LH particles.  

• The role of phoretic scavenging depends on the concentration of 
aerosol particles with a radius around 0.1 μm, as well as on the 
duration of the dissipation phase of the fog.  

• Due to the long duration of the fog, the droplets absorb significant 
amounts of different trace gases. Since the presence and absorption 
of ammonia promote the absorption of SO2 the sulfate formation is 
very efficient in the simulated cases.  

• The acidity of the drops is affected not only by the liquid chemistry, 
but it also depends on the diffusional growth of the drops. While the 
increase of the LWC results in the increase of the bulk pH, the 
evaporation of the drops in the dissipation periods significantly re-
duces the pH. 

• Our numerical model allows us to track the accumulation of chem-
ical compounds such as S(VI), NH4

+, NO3
− inside of the drops. 

Additionally it should be noted that the size dependence of hygro-
scopicity has no effect on the liquid chemistry occurring in the drops. 

• The results reveal that liquid chemistry contributes to the broad-
ening of the aerosol size distribution (regenerated aerosol or aging of 
the aerosol), and significantly increases the hygroscopicity of the 
regenerated aerosol particles formed after the evaporation of the 
liquid phase. This increased hygroscopicity may impact the duration 
of fog dissipation by enhancing the solution effect and helps to 
promote successive fog event in favorable environmental conditions. 

The current research raises the following questions, which we intend 
to solve in the next phase of the research: (i) The evaluation of the 
impact of liquid chemistry on hygroscopicity in a wider range of the size 
of the aerosol particles require the extension of the numerical simulation 

Fig. 10. New hygroscopicity parameter for the regenerated aerosol particles at end of fog for the Budapest and Delhi cases.  
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of the chemistry for the droplets smaller than 1 Âμm. (ii) The 
enhancement of hygroscopicity of aerosol particles on the subsequent 
formation of fog is planned to be simulated. Furthermore, the effect of 
organic compounds is also planned to be studied by taking into 
consideration the absorption of trace gases such as formaldehyde or 
acetic acid. 
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