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Abstract. The Indo-Gangetic Plains (IGP) of India frequently experience widespread and dense winter fog with 11 

substantial health and economic consequences. This season also coincides with elevated aerosol loading. This study 12 

investigates the influence of aerosols, particularly aerosol-radiation interactions (ARI), on the development and 13 

evolution of dense fog over the IGP, using high-resolution numerical experiments. While aerosol-cloud interactions 14 

related to fog have been extensively studied, the role of ARI has received relatively less attention, due to the limited 15 

prevalence of absorbing aerosols in many other parts of the world. However, the increasing number of absorbing 16 

aerosols over IGP prompted this study to isolate and examine the contributions of both scattering and absorbing 17 

components of ARI. The results of numerical experiments reveal that disabling aerosol absorption led to nearly 18 

doubling the area affected by dense fog, increasing fog height by ~20%, and delaying fog dissipation by about two 19 

hours. In contrast, turning off the scattering reduced fog coverage by 18%. Satellite-derived absorbing aerosol indices 20 

corroborated the model’s representation of strong absorption over the region. Another key insight is the contrasting 21 

influence of absorbing versus scattering aerosols on the vertical development of fog.  Scattering effects were spatially 22 

uniform, promoting the vertical growth of fog. Conversely, absorption had a spatially variable impact, enhancing or 23 

suppressing fog height depending on whether the absorbing aerosols resided within or above the boundary layer. These 24 

findings emphasize the need to accurately represent ARI in numerical weather prediction models for improved fog 25 

forecasting over aerosol-rich regions like the IGP. 26 

1 Introduction 27 

Aerosols can directly scatter or absorb solar radiation, and together these processes constitute aerosol–radiation 28 

interactions (Zhou et al., 2019). Both scattering and absorbing aerosols perturb the energy budget by heating or cooling 29 

the atmosphere. It has been observed that in polluted environments, ARI cools the surface while warming the 30 

atmosphere aloft, enhancing atmospheric stability and suppressing boundary layer mixing, which favours the 31 

accumulation and formation of fine particulate matter during haze episodes (Wu et al., 2020; Yang et al., 2024). While 32 

scattering aerosols primarily contribute to the surface cooling by reflecting incoming solar radiation, absorbing 33 

aerosols - such as dust and black carbon (BC) - can warm the atmosphere by trapping radiation, thereby exerting a net 34 
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warming effect on the climate (Sarkar and Panda, 2024).  In addition to radiative effects, aerosols serve as cloud 35 

condensation nuclei (CCN), influencing cloud microphysical properties, including cloud lifetime, albedo, and 36 

precipitation processes. Although aerosol–cloud interactions (ACI) are relatively well recognised, aerosol–fog 37 

interactions at meteorological scales remain less explored and poorly understood. This knowledge gap contributes to 38 

the challenges faced by current numerical weather prediction (NWP) models, which often struggle to accurately 39 

simulate fog events due to uncertainties in the representation of key processes governing fog formation, maintenance, 40 

and dissipation. ARI has been shown to play a critical role in modulating these processes (Poku et al., 2021; Li et al., 41 

2022). 42 

 43 

In India, fog is a prominent meteorological phenomenon during the winter months of December, January, and 44 

February, often disrupting daily life and posing significant health and economic challenges (Ghude et al., 2017; 45 

Kulkarni et al., 2019). This is especially pronounced over Indo-Gangetic plains (IGP), a region that is not only a 46 

meteorological hotspot for dense fog but also one of the most polluted atmospheric zones in the country (Devi et al., 47 

2020). Geographically, the IGI spans from 73°E, 32°N to 89°E, 21°N, encompassing diverse agro-climatic regions 48 

(Ali and Kumar, 2016). It houses several of India’s most populous cities, including the National Capital Territory of 49 

Delhi - one of the largest urban agglomerations globally by population (World Population Review, 2024). The IGP 50 

frequently experiences widespread fog, primarily governed by high relative humidity and elevated aerosol 51 

concentrations (Ojha et al., 2020). In addition to being heavily aerosol-laden, the region forms part of one of the largest 52 

fluvial plains in the world and contains highly fertile soils (Srivastava et al., 2015; Rai et al., 2019). Agricultural 53 

activities, particularly winter crop irrigation, contribute to elevated soil moisture and ambient humidity, further 54 

intensifying fog formation (Smith et al., 2024). Moreover, post-synoptic high-pressure systems associated with 55 

Western Disturbances often lead to temperature inversions and stagnant air masses, which, combined with the trough-56 

like topography of the IGP, trap pollutants and moisture near the surface - creating favourable conditions for persistent 57 

dense fog (Kutty et al., 2020). High aerosol loading in the IGP plays a crucial role in the growth, sustenance, and 58 

dissipation of fog both through ACI and ARI. While the role of ACI in fog microphysics has been relatively well 59 

studied, recent observations indicate a rising trend in absorbing aerosols across the region (Thomas et al., 2019; 60 

Ramachandran and Rupakheti, 2022). The impact of these aerosols is evident in both urban and rural settings: Gautam 61 

and Singh (2018) demonstrated the presence of "fog holes" over urban centres, likely driven by the urban heat island 62 

effect, while Anurose et al. (2024) reported similar fog-clearing patterns over rural areas attributed to ARI-induced 63 

aerosol absorption. These findings collectively highlight that both emissions and ARI significantly modulate fog 64 

processes in the IGP, making the region a natural laboratory for investigating the combined effects of ACI and ARI 65 

on fog dynamics. 66 

The present study is aimed at understanding the influence of aerosols, particularly ARI, on fog over IGP using 67 

numerical modelling with a focus on dense fog conditions. The experiments have been designed to analyse how both 68 

the scattering and absorbing aerosols influence the evolution of dense fog from temporal and spatial perspectives. The 69 

findings of this study can inform evidence-based policy measures aimed at regulating particulate matter pollution and 70 

mitigating the associated social and environmental impacts of dense fog. 71 
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2 Methodology and Data 72 

2.1 DM-Chem Model Description 73 

The NWP model employed in the present study is the Delhi Model with Chemistry and aerosol framework (DM-74 

Chem1.0), which is a high-resolution (330 m) model used for operational forecasting of wintertime visibility and air 75 

quality at the National Centre for Medium-Range Weather Forecasting (NCMRWF), India. DM-Chem is a regional 76 

nested configuration of the Met Office Unified Model (Jayakumar et al., 2025). The modelling framework integrates 77 

the Delhi Model (DM) introduced by Jayakumar et al. (2018) with the UK Chemistry and Aerosol (UKCA) submodel 78 

(Gordon et al., 2023; Mulcahy et al., 2020; Gordon et al., 2018). The initial version of DM-Chem is described by 79 

Jayakumar et al 2021. The system was later enhanced and upgraded to version DM-Chem1.0 with improvements in 80 

model physics (Jayakumar et al., 2025; Mohandas et al., 2025). Key aspects of the model configuration and science 81 

details are summarised in Table 1, with detailed description available in earlier studies (Jayakumar et al., 2025; 82 

Jayakumar et al., 2021; Jayakumar et al., 2018).  83 

 84 

Table 1: Salient Features of DM-Chem1.0 85 

Details DM-Chem1.0 

No. of Domains 

2 

Outer: 500x500 grid points, resolution 1.5km 

Inner: 300x300 grid points, resolution 330 m 

Domain Extent 
Outer: 25.16°N-32.15°N, 73.61°E-80.6°E 

Inner: 28.2°N-29.1°N,76.65°E-77.55°E 

Vertical Levels 
70 vertical levels, with the first level positioned at 5 m above the 

ground and the top of the atmosphere set at 40 km 

Cloud Microphysics Double moment CASIM microphysics scheme (Field et al., 2023) 

Cloud fraction Scheme Bimodal cloud scheme (van Weverberg et al., 2021) 

Urban parameterization 
Detailed urban scheme, MORUSES with local morphology 

(Theethai-Jacob et al., 2023) 

Irrigation representation 

Irrigation is based on the irrigation scheme from the JULES land 

surface model. Soil moisture is always saturated over irrigated 

grasslands. 

Aerosol Scheme Two-moment GLOMAP-mode (Mann et al., 2010) 

Dry deposition treatment 
Meteorological dependent Wesely-type scheme (Wesely, 1989), 

considered for all the land surface categories. 

Initialisation and boundary conditions 

Meteorological and chemistry/aerosol initial and boundary 

condition using NCMRWF operational setup outlined in 

Jayakumar et al., 2021 

Emission 
EDGAR and SAFAR inventory for 1.5km and 330m domain, 

respectively. 

Visibility parameterization 
Number concentration from the coarse mode is additionally 

included apart from approach used in  DM-Chem_baseline. 

 86 
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2.2 Design of the Experiments 87 

Fog is most prevalent over the IGP from mid-December to mid-January (Singh & Kaskaoutis, 2019; Sharma et al., 88 

2019). In the present study,  89 

 90 

 91 

 92 

 A series of experiments was designed to study these impacts. A control simulation was performed using the 93 

operational version of DM-Chem1.0. To examine the sensitivity of fog to aerosol concentration, a simulation was 94 

conducted under near-pristine conditions with significantly reduced emissions of key aerosols and aerosol precursors 95 

(sulphate, organic matter, black carbon, H2O2, DMS, SO2, DMSO, monoterpene, sea salt), resulting in near-surface 96 

PM2.5 concentrations below 5 µgm-3. Additionally, three sensitivity experiments were devised to isolate the effects of 97 

aerosol radiative properties: in these runs, aerosol absorption, scattering, and both absorption and scattering were 98 

sequentially disabled in the model. The summary of all five experiments is provided in Table 2. The simulations were 99 

carried out for the outer domain of the DM-Chem1.0 setup (Table 1), which includes most of the IGP region.      100 

 101 

Table 2: Design of Simulations 102 

Experiment Name Feature Objective 

Control 
Simulation with operational DM-

Chem1.0 

Control Experiment 

Aerosol Impact (AI) 

Highly reduced emissions to 

represent a clean environment with 

minimal background particulate 

levels [PM2.5 <5µgm-3] 

to study the impact of the 

presence of aerosols on fog 

Aerosol Radiation Impact w.r.t. 

Absorption  

(ARII-A) 

Aerosol Absorption switched off in 

the Control setup 

to study the influence of 

absorption 

Aerosol Radiation Impact w.r.t. 

Scattering  

(ARII-S) 

Scattering switched off in the Control 

setup 

to study the influence of 

scattering 

Aerosol Radiation Interaction 

Impact (ARII) 

Both absorption and scattering by 

aerosols turned off              

to study the influence 

of ARI 

w.r.t.: with respect to 103 

  104 

 105 
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2.3 Observational Data 106 

DM-Chem1.0 model performance for visibility was evaluated against observations from the weather station at Indira 107 

Gandhi International Airport (IGI), Delhi. Liquid water path and single scattering albedo (SSA) were derived from 108 

the data products of the MODIS-Terra satellite. MODIS Terra passes over the study area at the local Indian Standard 109 

Time (IST; UTC +5:30) of around 1030 hours. SSA products from MODIS were based on post-processing through 110 

Deep Blue algorithm. Further, SSA derived from in-situ observations of a few stations of the Aerosol Robotic Network 111 

(AERONET; Holben et al., 1998) were also utilized for model validation. 112 

 113 

3 Results and Discussions 114 

3.1 Model performance for visibility 115 

Before delving into a detailed study of ARI using DM-Chem, the model’s performance during dense fog conditions 116 

is evaluated in this section. Notably, DM-Chem has been actively used for fog-related research and for providing 117 

operational guidance over the IGP since 2018 (Jayakumar et al., 2025; Anurose et al., 2024). Further, the Unified 118 

Model has been used to study fog at high spatial grid resolution for many years, both without (Wilkinson et al, 2013, 119 

Boutle et al, 2018) and with (Ghosh et al., 2025) aerosol from UKCA and CASIM microphysics. Figure 1 displays 120 

the daily minimum visibility (Fig. 1(a)) and diurnal visibility patterns (Fig. 1(b)) during the study period from 1-10 121 

January 2023.  Fog classification is based on the India Meteorological Department (IMD) criteria: shallow fog is 122 

defined as a visibility between 501 and 1,000 meters, moderate fog between 201 and 500 meters, and dense fog as 123 

visibility up to 200 meters (Jenamani, 2012).  DM-Chem1.0 demonstrates good skill in reproducing the correct fog 124 

category for most days. In terms of diurnal evolution, the model realistically captures fog development during key 125 

hours - particularly between 0000 and 0900 (IST) - coinciding with observed and dense fog events. A bias is noted in 126 

daytime visibility, likely due to an underestimation of particulate matter by the model during daylight hours 127 

(Jayakumar et al., 2025). Nevertheless, the model accurately distinguishes between foggy and clear conditions. 128 

Subsequent analyses in this study emphasise fog-affected hours from 00 UTC to 03 UTC (0530 – 0830 IST), during 129 

which the model has shown reliable performance. Further, the spatial variability of cloud liquid water path (LWP) 130 

estimated by the model for a dense fog day in the study period (7th Jan 2023) compares well with that derived from 131 

the MODIS (Terra) satellite product (Fig. A1 in Appendix). A comprehensive evaluation of the model’s performance 132 

for visibility and near-surface meteorological parameters is available in Jayakumar et al. (2025).    133 
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(a) 

 

(b)

 
Figure 1: Comparison of observed and simulated visibility at IGI Airport for 1-10 Jan 2023 in terms of (a) daily minimum 134 
visibility (b) diurnal variation 135 

 136 

3.2 How do aerosols influence spatio-temporal evolution of dense fog and how is this reflected in near surface 137 

parameters? 138 

3.2.1 Aerosol-fog interaction: Insights into the role of ARI on the formation and evolution of dense fog  139 

Aerosols impact both the thickness and lifetime of fog. Higher aerosol concentrations increase droplet numbers while 140 

reducing droplet sizes (Mazoyer et al., 2022), resulting in thicker fog layers. Figure 2 illustrates changes in the spatial 141 

extent of fog-affected areas across various experiments described in section 2.2, relative to the control experiment. 142 

Liquid Water Path (LWP) integrated over the first seven vertical levels of the model (∼ 200m) is used to characterise 143 

simulated fog.  First, regions with LWP >0 were used to identify fog-affected areas (Fig. 2, left panel). To specifically 144 

distinguish areas of dense fog, this condition was further refined by using a visibility threshold < 200 meters, combined 145 

with the condition LWP > 0 (Fig. 2, right panel). The influence of aerosol concentration on fog is most evident in AI 146 

experiment, where areas with LWP >0 decrease by about 78 % when particulate matter concentrations are reduced. 147 

Dense fog areas are nearly absent in this case. Temporal evolution of fog-affected areas as a percentage of the total 148 

model domain is presented in Figure 3 from 1800 to the next day 1700 hours (IST). Areas with near-surface cloud 149 

liquid water mixing ratio (ql) greater than 0.01 g kg-1 were marked as fog-affected areas (Maronga and Bosveld, 150 

2017). The AI experiment shows the lowest fog coverage among all scenarios, with fog mostly confined to the 151 

nighttime hours (00:00–07:00 IST)—when low temperatures and high humidity still support fog formation, though 152 

not necessarily of dense character. After 0700 IST, fog dissipates more rapidly due to the absence of aerosol-driven 153 

microphysical processes, as the model does not generate new particulates. 154 

  Fog thickness is primarily influenced by its liquid water content and droplet size distribution. Aerosol absorption 155 

affects both by altering the microphysics - promoting droplet evaporation and suppressing droplet growth (Wagh et 156 

al., 2023; Boutle et al., 2018). As a result, thicker fogs with high optical depths may thin out when aerosols heat the 157 

fog layer and reduce droplet concentrations. In contrast, aerosol scattering favours fog formation by reducing the 158 

surface solar radiation, leading to cooler temperatures and enhanced radiative cooling. When aerosol absorption was 159 
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eliminated from the model (ARII-A experiment), fog-affected areas increased significantly. Figure 2 (left panel) shows 160 

48% increase in fog extent by around 48 %, while dense fog areas nearly doubled (Figure 2, right panel) compared to 161 

the control experiment. In contrast, the ARII-S experiment (without aerosol scattering) showed a ~18% decrease in 162 

overall fog area and a 20% reduction in dense fog regions. In the ARII-A experiment, fog coverage peaked at 36 % of 163 

the model domain at 0800 hours, compared to 27% in the Control experiment (Figure 3). The maximum fog coverage 164 

in the Control experiment (27%) was achieved four hours earlier, around 0400 IST in the ARII-A experiment, and fog 165 

persisted for about two hours longer, indicating a delayed dissipation relative to the Control. Conversely, the ARII-S 166 

experiment peaked at just 23%, further underscoring the crucial role of aerosol radiative properties in fog dynamics. 167 

An increase in both the extent of fog areas and duration before complete dissipation, relative to the Control experiment, 168 

was observed in the ARII experiment. In this scenario, aerosols are present and can act as CCN, but they do not interact 169 

with radiation, neither through absorption nor scattering. Despite the absence of radiative effects, the presence of 170 

aerosols still promotes fog formation via microphysical processes. Notably, the fog behaviour in the ARII experiment 171 

more closely resembles that of the ARII-A experiment (where only absorption is disabled), suggesting that aerosol 172 

absorption has a stronger influence on fog lifecycle than scattering in this model domain. This highlights the role of 173 

absorbing aerosols in modulating ARI and their subsequent impact on fog characteristics. 174 

 175 

  176 

 177 

Figure 2: Change in Fog affected area with respect to control run in terms of (i) area with LWP>0 (left), and (ii) area with 178 
visibility < 0.2 km (right)  179 
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 180 
Figure 3: Diurnal variation of fog-affected area (% of total model domain) in different experiments 181 

 182 

Figure 4 shows the spatial distribution of ΔLWP, i.e., the change in LWP with respect to the Control experiment for 183 

the four experiments. The largest decrease in LWP was observed in the AI experiment primarily because of the absence 184 

of fog-sustaining aerosols. In contrast, a comparable increase in LWP was observed in the ARII-A experiment, where 185 

the lack of aerosol absorption enhances fog development and sustains higher LWP values.  186 
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Figure 4: Mean spatial variability of difference in fog liquid water path (LWP gm-2) [Expt-Control] for 00-02 UTC (0530 - 187 
0730 IST)  188 
 189 

3.2.2 Change in near-surface radiation fluxes and temperature 190 

Figure 5 presents the mean diurnal variations in the differences of net longwave radiation (Fig. 5a), near-surface 191 

temperature (Fig. 5b), relative humidity (Fig. 5c), and boundary layer height (BLH) (Fig. 5d) across different 192 

experiments, each compared to the Control experiment. As shown in Fig. 3, fog affects parts of the model domain 193 

except during the period between 1400 and 2100 IST. The hours outside this period are shaded in Fig. 5a to indicate 194 

the presence of fog in some portion of the domain, as Fig. 5 is based on spatially averaged values over the entire 195 

domain. 196 

To interpret the evolution of the near-surface parameters, it is essential to consider the diurnal variation of surface 197 

radiation. Among the surface radiation components, net longwave radiation dominates during winter, especially in 198 

January, when dense fog events commonly occur over the IGP, including the study region. Since the period between 199 

1400 and 2100 IST typically corresponds to fog-free conditions, the differences in LWR among the various 200 

experiments are minimal during this period, reflecting a reduced role of fog and aerosol processes. At earlier, fog-201 
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prone hours, however, notable differences emerge. In the ARII-A experiment, an increase in downward LWR at the 202 

surface is observed. This can be attributed to the enhanced fog in this experiment, which contains more water droplets 203 

that absorb and re-emit longwave radiation, thereby increasing net downward LWR. A schematic for the radiation 204 

processes in the different processes is displayed in Fig. 6. Under normal conditions, absorbing aerosols absorb 205 

incoming shortwave radiation, reducing the amount reaching the surface and causing ambient warming. This warming 206 

limits the vertical growth at the time of fog formation and evolution. Hence, in the absence of aerosol absorption, the 207 

fog is denser and higher. Due to the presence of denser fog, which is highly effective at emitting downward longwave 208 

radiation (Li et al, 2021), an increase in net longwave radiation at the surface is exhibited in the ARII-A compared to 209 

the Control experiment. 210 

In contrast, in the ARII-S experiment, fog is suppressed. Scattering aerosols reflect and scatter solar SWR back to 211 

space, leading to even stronger reductions in surface heating compared to absorbing aerosols. Therefore, in the ARII-212 

S experiment, where scattering is absent, more solar radiation reaches the surface, causing stronger surface warming 213 

and, consequently, a greater increase in upwelling (outgoing) longwave radiation than in the ARII-A case. The reduced 214 

fog presence limits the re-emission of longwave radiation back to the surface, resulting in a decrease in net LWR 215 

compared to Control. In the AI experiment, where aerosols are entirely absent, the surface experiences strong direct 216 

heating due to uninhibited solar radiation. This leads to significantly enhanced outgoing longwave radiation, while 217 

downward LWR is minimal due to the lack of aerosols and fog. Consequently, the net LWR at the surface is 218 

substantially reduced. 219 

Presence of enhanced fog in the ARII-A experiment leads to a decrease in near-surface temperature (Fig. 5b) and 220 

consequently an increase in relative humidity (Fig. 5c). The opposite effect is seen in the ARII-S experiment, where 221 

reduced scattering leads to increased near-surface temperature and reduced RH relative to the Control experiment. In 222 

the AI experiment, the virtual absence of aerosols and fog allows for greatly enhanced surface warming due to more 223 

incoming shortwave (SW) radiation. Consequently, most increase is observed in temperature (Fig. 5b), while relative 224 

humidity (RH) decreases (Fig. 5c). Notably, even in non-fog hours, there is a difference of about 0.5°C between the 225 

Control and AI experiments.   226 

 Boundary layer height (Fig 5d) is closely linked to daytime temperature evolution. During nighttime and fog hours, 227 

BLH is notably higher in the ARII-A experiment. Normally, absorbing aerosols strengthen the inversion cap by 228 

stabilising the boundary layer and enhancing radiative cooling, which suppresses BLH development (Bharali et al., 229 

2024; Su et al., 2020). In their absence, the inversion weakens, allowing BLH to increase. In contrast, scattering 230 

aerosols reduce radiative cooling at night. Their absence in the ARII-S experiment slightly decreases this suppression, 231 

leading to a modest increase in BLH. However, it is worth noting that aerosol scattering impacts longwave radiation 232 

to a lesser extent than shortwave, unless under conditions of heavy particulate pollution (Liu et al., 2024). 233 

  234 
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  235 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

 236 
Figure 5: Diurnal variability of change w.r.t the Control experiment [Expt-Control] (along with standard error) for (a) Net 237 
Surface Longwave Radiation, (b) near surface temperature, (c) relative humidity, and (d) boundary layer height   238 

   239 

  240 

 241 
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 242 

Figure 6: Schematic for key radiative processes in different experiments 243 

 244 

3.3 Influence of ARI on vertically resolved fog properties 245 

Understanding how ARI influences the vertical evolution of fog is crucial for assessing its formation and persistence. 246 

Figure 7 presents the vertical cross-sections of the cloud liquid water mixing ratio (ql), showing average hourly values 247 

across the entire model domain. In the ARII-A experiment, sufficient radiative cooling enables fog formation 248 

approximately an hour earlier (~2300 IST) than in the Control experiment (Fig 7a). Similarly, the fog dissipation near 249 

the surface is delayed by about an hour (Fig 7b). In contrast, the ARII-S experiment has a weaker impact on fog onset 250 

and dissipation (Fig. 7c), with the onset advancing by less than an hour, and a negligible change in the dissipation 251 

time compared to the Control experiment. Most prominent differences are observed in the vertical profile of ql. Fog 252 

generally persists up to ~ 240 m in the Control experiment. This height increases to ~300 m in the ARII-A experiment 253 

and reduces to ~210 m in ARII-S. These results align with the overall reduction in the radiative warming in the ARII-254 

A experiment and enhanced surface heating in ARII-S.  Notably, in the AI experiment (Fig. 7e), fog does not form at 255 

all, with ql values remaining below the minimum fog threshold of 0.01gkg-1. This underscores the importance of ACI, 256 

wherein aerosols serve as CCN, facilitating fog growth. Overall, ACI has a stronger influence than ARI on the growth 257 

and evolution of dense fog, corroborated by previous findings (Yan et al, 2021). In the ARII-A experiment, fog is 258 

sustained up to a height of about 350 m, whereas in ARII-S, it dissipates beyond ~250 m. This suggests that the absence 259 

of aerosol absorption can reduce fog height by over 20%, emphasising the non-negligible contribution of ARI in 260 

combination with the dominant role of ACI over IGI during dense fog events. 261 

 Figure 7 indicates that maximum fog height typically occurs between 0800 – 1000 hours (IST). To assess the spatial 262 

impact of various experiments on fog height, further analysis was carried out at 03 UTC (0830 IST). The spatial 263 

distribution of differences in fog height across the domain at this time is presented in Figure 8. As previously 264 
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mentioned, regions with surface altitudes exceeding 450m were excluded from the analysis. The ARII-S experiment 265 

generally leads to a reduction in fog height, a trend that is also observed in the AI experiment, where the suppression 266 

of fog height is widespread. Fog top height is reduced, quite uniformly across the model domain, in both ARII-S and 267 

AI experiments. In contrast, the ARII-A experiment shows a more heterogeneous response. While fog height increases 268 

across large portions of the domain, certain areas experience a decrease. This spatial variability is likely linked to the 269 

vertical distribution of absorbing aerosols. 270 

 A more detailed examination of such two contrasting regions (Figures A2 & A3) reveals notable differences in the 271 

vertical aerosol profiles above and below the boundary layer. In certain regions, there is a higher concentration of 272 

absorbing aerosols below BLH, while concentrations above BLH are nearly an order of magnitude lower. This leads 273 

to a steep vertical gradient in aerosol distribution in fog-suppressing regions, with elevated near-surface levels. Such 274 

a profile suggests a dominant influence of surface heating, potentially overpowering the atmospheric warming aloft. 275 

Elevated concentrations of absorbing aerosols within the boundary layer can increase near-surface air temperatures, 276 

thereby raising the BLH (Bharali et al., 2024) which is the case in the Control experiment.  Consequently, when 277 

aerosol absorption near the surface is suppressed in the ARII-A experiment, the boundary layer becomes shallower at 278 

such regions, which, in turn, reduces the fog top height. These findings highlight the complex interplay between 279 

aerosols and meteorological processes. The vertical placement of absorbing aerosols relative to the boundary layer 280 

critically influences fog dynamics, underscoring the need for further investigation into these coupled interactions. 281 

 282 

 283 
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 284 

Figure 7: Vertical profile of (domain averaged) Cloud Liquid Water Mixing Ratio for 1-10 Jan 2023 285 

 286 

 287 

 288 

  289 

  290 
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 291 

Expt:ARII-A Expt:ARII-S 

 

   

Expt: ARII Expt: AI 

  
  

Figure 8: Difference in Fog Height with respect to the Control experiment at 00 UTC (0530 IST) 292 
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3.4 Aerosol absorption in Indo-Gangetic Plains Region 293 

In this study, the ARII-A experiment demonstrates a pronounced impact compared to the ARII-S experiment, and the 294 

overall response in the ARII experiment closely resembles that of ARII-A.  This suggests that aerosol absorption plays 295 

a greater role than aerosol scattering over the IGP. This conclusion aligns with previous findings that report increasing 296 

trends of absorbing aerosols in the region (Thomas et al., 2019). Further evidence supporting this is provided by the 297 

Absorbing Aerosol Index (AAI) derived from the OMI-GOME-2/MetOp-C satellite instruments. The AAI is an index 298 

capable of indicating the presence of absorbing aerosols by comparison of measured UV reflectance with simulated 299 

Rayleigh reflectance at 340 and 380 nm (Tilstra et al., 2010). Figure 9 shows mean AAI values for the study period 300 

(1-10th Jan 2023) as well as another time period (25-31 Jan 2023), which represents no-fog event days. As shown in 301 

Figure 9, AAI values are predominantly positive across large parts of the model domain, indicating the widespread 302 

presence of absorbing aerosols. Further, Single Scattering Albedo (SSA) retrieved from two AERONET stations 303 

within the model domain are compared with that derived from DM-Chem1.0 at 440nm as well as MODIS-Tera 304 

satellite in Figure 10. SSA values are below 0.95, which are indicative of the presence of absorbing aerosols (Shin et 305 

al., 2019; Levy et al., 2010; Li et al, 2022). Additionally, SSA values retrieved from MODIS-Terra satellite data (Fig. 306 

A4) and other AERONET stations in the IGP region (Fig. A5) were also found to be below 0.95, further confirming 307 

the presence of aerosols with absorption characteristics in the region. These satellite and in-situ observations thus 308 

corroborate the modelling results, reinforcing a non-negligible role of aerosol absorption over the IGP in modulating 309 

fog evolution and related atmospheric processes.   310 

 311 

Figure 9: Mean Absorbing Aerosol Index in the Domain. Left:1-10 Jan 2023, Right: 25-31 Jan 2023 (Clear days) 312 
Source: GOME-2 / MetOp-C absorbing aerosol index 313 

 314 

 315 

 316 

 317 
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 318 

Figure 10: Mean Single Scattering Albedo (440nm) at ~0500UTC for two AERONET stations in the model domain for a 319 
no-fog period of 15-17 Jan 2023. [MODIS-Terra SSA at 470nm] 320 

 321 

 322 

4 Conclusions and Discussions 323 

 324 

Widespread dense fog is a frequent and persistent phenomenon during the winter season over the Indo-Gangetic Plains. 325 

This region is also characterised by high aerosol loading, which can influence fog formation persistence, and 326 

dissipation through both direct and indirect effects - primarily via aerosol-radiation interactions. In this study, four 327 

targeted numerical experiments were conducted using the DM-Chem1.0 model to isolate the relative contributions of 328 

the absorbing and scattering components of ARI to fog characteristics in the IGP region during January 2023.   329 

• When the absorbing effects of aerosols were suppressed in the ARII-A experiment, fog was found to be denser 330 

and more persistent, both spatially and vertically.  331 

• In contrast, disabling the scattering of radiation by aerosols in the ARII-S experiment limited the vertical 332 

development and spatial extent of fog. However, the enhancement of fog characteristics observed in ARII-A was 333 

more pronounced than the reductions seen in ARII-S.  334 

• Furthermore, when both absorption and scattering were deactivated in the ARII experiment, the resulting fog 335 

behaviour still resembled that of the ARII-A scenario more closely than ARII-S. This indicated a greater influence 336 

of absorbing aerosols in the IGP region. 337 

• The AI experiment, which simulated a clean environment with minimal particulate matter, failed to achieve 338 

conditions conducive to fog formation over large parts of the study domain. It shows the lowest fog coverage, 339 

with fog mostly confined to nighttime hours - when aerosols have a minimal role to play, though not necessarily 340 
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of dense character. This underscores the critical role of heavy aerosol loading in the IGP region, suggesting it is 341 

a dominant factor in initiating fog formation.  342 

The major inference that can be drawn from the simulations conducted in this study is that while aerosols are essential 343 

for initiating fog formation, the absorbing and scattering components of ARI significantly influence fog growth, 344 

maintenance, and dissipation. Aerosol absorption appears to have an important role in the study region, as also noted 345 

by Anurose et al (2024). This conclusion is further supported by AAI values, which indicate a considerable presence 346 

of absorbing aerosol types.  347 

The interpretations presented in this study, however, are primarily based on model simulations and constrained by the 348 

limited availability of observational data. Fog conditions significantly impact the applicability or reliability of both 349 

satellite aerosol retrievals and in-situ observations at several sites within the study region. This has restricted direct 350 

point-to-point validation in this study and highlights the importance of expanding and strengthening the observational 351 

network for more robust assessments. Nonetheless, these findings underscore the necessity of accurately representing 352 

the ARI processes in NWP models to improve fog forecasts. Additionally, further studies on aerosol size distribution 353 

and chemical composition are essential to enhance the representation of ARI in modelling systems. 354 

  355 
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Appendix 356 

 357 

Figure A1: Cloud Liquid Water Path (gm-2) for 7 Jan 2023 (dense fog day) 358 

 359 

 360 

Figure A2. Simulated vertical distribution of mass mixing ratio of black carbon (right panel) for two regions exhibiting 361 
positive change [P] or increase in fog height and negative change [N] or decrease in fog height with absorption off (ARII-A) 362 
experiment (00UTC) as seen in Fig 8 (left panel). N region shows a sharp decline in BC levels above boundary layer height 363 
(BLH) compared to P region. 364 

 365 
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 366 

Figure A3. Simulated mass mixing ratio of black carbon integrated (left) up to boundary layer height and (right) above 367 
boundary layer height up to 1000 m. Regions marked by ovals indicate some regions where BC below BLH is significantly 368 
higher than BC above BLH. These regions exhibit a decrease in fog height with the ARII-A experiment, which can be seen 369 
in Fig. 8. 370 

 371 

 372 

Figure A4: Mean Single Scattering Albedo over study region (1-10 Jan 2023) from MODIS 373 

 374 
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 375 

Figure A5: Mean Single Scattering Albedo as observed at AERONET stations within IGP during Jan 2023 376 

Many absorbing aerosols (e.g., black carbon from biomass burning and urban pollution) have their strongest 377 

absorption in the UV and blue spectral range. Figure S4 displays the single scattering albedo (SSA) derived from 378 

spectral SSA retrievals with MODIS at 470 nm, averaged over the study period. Most of the region demonstrates SSA 379 

values between 0.90 and 0.95, indicating a moderately absorbing character (Ramachandran et al., 2022). However, 380 

satellite aerosol retrievals are much more reliable under clear‐sky (cloud-free) conditions. The period of 15-30 January 381 

2023 had very few fog-affected days. Figure S5 shows SSA values observed at three AERONET stations within the 382 

IGP region for 15-30 January 2023 at different wavelengths. Most of the values are below 0.95. Additionally, 383 

decreasing values of SSA with increasing wavelength have been found to be indicative of aerosol mixtures containing 384 

absorbing aerosols, such as black carbon (Li et al., 2015). This signals an appreciable presence of absorbing aerosols 385 

in the IGP region.  386 

 387 

Code and Data Availability 388 

Due to intellectual property right restrictions, the Met Office Unified Model is available for use under license for 389 

NCMRWF, being a core partner. For further information on how to apply for a license, see 390 

http://www.metoffice.gov.uk/research/modelling-systems/unified-model. The data used to initialize the DM-Chem1.0 391 

are from METUM data which is cited in Jayakumar et al. (2021). The MODIS LWP and SSA datasets were acquired 392 

from the Level 1 and Atmosphere Archive and Distribution System (LAADS) Distributed Active Archive Center 393 

(DAAC) available at https://ladsweb.modaps.eosdis.nasa.gov 394 
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