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ABSTRACT. Visibility at Chennai International Airport has shown a marked decline between 2016 and 2024,
with a strong negative trend (R2 = 0.89) linked to increasing weather disturbances and rising urban pollution. This
reduction in visibility has contributed to more frequent flight delays, particularly during early morning hours (around
06:30-07:00 IST), when the lowest values are typically recorded in METAR. Seasonal analysis highlights November as
the month with the poorest overall visibility, while the most severe reductions often below 1200 m and sometimes under
400 m occur in December through February. January records the highest frequency of extremely low visibility, including
occurrences below 200 m. Fog typically begins near 03:30 IST and peaks around 07:00 IST, directly affecting early
morning aviation operations. On average, fog occurs 5.2 days in January, 4.8 days in February, 3.9 days in December,
and 3.1 days in March, with October—November adding another 3.2 days annually. Backward trajectory analysis suggests
aerosol transport contributes to these conditions, reinforcing the role of both local pollution and regional atmospheric
processes. The findings highlight an urgent need for stricter air-quality measures, improved airport infrastructure, and
adaptive operational strategies to mitigate the growing challenges of low visibility.
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1. Introduction

Atmospheric visibility plays a crucial role in various
sectors, including aviation, transportation, and public
safety. Several weather events, including haze, mist,
smoke, fog, thunderstorms, and rainfall significantly
reduce visibility over Chennai during the months of
October to February. These reductions in visibility are
primarily driven by meteorological conditions, such as
high humidity, temperature fluctuations, and stagnant air
masses; which facilitate the accumulation of particulate
matter and water droplets in the lower atmosphere (Singh
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et al., 2017). The cooling of air near the surface
facilitates moisture condensation, leading to fog
formation (Gultepe et al., 2007; Lakra et al., 2022).
This phenomenon is particularly pronounced in the
winter months of October through February,
when  nocturnal  radiative  cooling  intensifies,
thereby increasing the probability of fog occurrence
(Tardif and Rasmussen, 2007). Moreover, elevated
relative humidity, and weak surface winds contribute
to the persistence of fog layers by minimizing d
ispersion and sustaining moisture accumulation (Ding et
al., 2014).
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Additionally, anthropogenic activities, including
vehicular emissions and biomass-burning, exacerbate haze
and smoke, compounding the effects of natural weather
phenomena (Jiang et al., 2023). The interaction between
fog/haze/mist and air pollution further amplifies visibility
deterioration, particularly in densely-populated regions
with high emissions (Qianhui et al., 2016). Poor visibility
days have slightly increased over Mumbai, Chennai,
Visakhapatnam, and Bhubaneswar without statistical
significance, while Bengaluru records a significant
reduction in visibility (De et al., 2001). Seasonal declines
in visibility create major challenges for aviation and air
traffic operations, impacting flight safety and efficiency.
They also disrupt transportation networks and pose risks
to public health, highlighting the need for advanced
monitoring systems and targeted mitigation strategies.

Understanding the characteristics and underlying
mechanisms governing fog formation over Chennai is
essential for effective mitigation and forecasting. Fog is a
type of atmospheric phenomenon characterized by the
suspension of water droplets or ice crystals, leading to
reduced horizontal visibility to less than 1 km (Gultepe et
al., 2007). The formation and dissipation of fog depend on
several meteorological parameters, including temperature,
humidity, wind, and aerosol concentration (Tardif and
Rasmussen, 2007). Western disturbances significantly
impact winter meteorology across South Asia (Dimri et
al., 2015); although their direct effect on Chennai is less
pronounced than in northern India. This can influence
regional atmospheric circulation leading to enhanced
moisture transport and cloud development. The planetary
boundary layer further modulates heat and moisture
exchanges between the surface and the atmosphere,
playing a pivotal role in fog dynamics and therefore
causes visibility reduction (Fernando and Weil, 2010;
Yingchuan, 2021). A shallow and stable boundary layer
inhibits vertical mixing, trapping moisture and pollutants
near the surface and exacerbating visibility reduction
(Zhanging, 2017). Coastal cities like Chennai are
particularly susceptible to radiation fog and advection fog
due to their proximity to large water bodies, which
influence local temperature and moisture dynamics.
Several studies have examined fog formation over Indian
cities, highlighting the role of urban heat islands, land-sea
interactions, and pollution in modulating fog events
(Jenamani, 2007; Suresh et al., 2007; Badarinath et al.,
2009; Gautam et al., 2014; Sawaisarje et al., 2014;
Hingmire et al., 2018). Chennai's unique geographical
location, bordered by the Bay of Bengal, contributes to the
development of fog through the advection of moist air
mass from the sea. Additionally, temperature inversions,
which trap moisture and pollutants near the surface,
further amplify visibility reduction through significant air
quality deterioration (Nejad et al., 2023). The interplay
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between natural and anthropogenic factors significantly
influences the intensity and frequency of fog occurrences
in urban environments. The increasing concentration of
particulate matter due to vehicular emissions, industrial
activities, and biomass burning have been linked to the
enhancement of fog formation (Prasad et al., 2006;
Rounaq et al, 2024). Aerosols serve as cloud
condensation nuclei, promoting the persistence of fog by
providing a surface for water vapor condensation. In
Chennai, rapid urbanization and industrialization may
contribute to localized variations in fog characteristics.
Previous research on fog in India has primarily focused on
northern regions, where winter fog is more frequent and
severe (Bhowmik et al., 2004; Singh, 2011). However,
there is limited literature addressing fog formation and
visibility reduction in southern coastal cities like Chennai.
Given the potential implications for transportation safety
and urban planning, it is imperative to conduct
comprehensive studies on the temporal variability of fog
in Chennai. Present study aims to address the followings:

(i) Investigation of temporal characteristics of visibility
for 2016 to 2024.

(ii) Finding out of the significant months for categorical
visibility.

(iii) Fog intensity, duration and frequency analysis.

Study also analyzes the meteorological conditions
associated with fog formation over Chennai, by
identifying the key contributing factors and assessing its
impact on visibility. By leveraging observational data, this
study provides insights into the evolving nature of fog
events and contributes to the development of improved
forecasting techniques for the region.

2. Data and methodology

2.1. Study area

The study region, Chennai International Airport, is
located within the Chennai Metropolitan Area (CMA) in
Tamil Nadu, India. Chennai, a coastal city along the
Coromandel Coast of the Bay of Bengal, lies between
latitudes 12.85°N-13.3°N and longitudes 79.9°E-80.37°E.
The city’s highest elevation reaches 60 meters, while the
average elevation is approximately 6.7 meters. The terrain
features scattered ridges that slope eastward toward the
Bay of Bengal. Chennai experiences a tropical wet and
dry climate, characterized by hot and humid conditions
throughout most of the year. The post-monsoon season
accounts for the majority of the city's annual rainfall of
59.8%, which declined to 54.7% between 2006 and 2014
(Ramachandran and Anushiya, 2015). The city typically
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gets its highest temperatures in June and peak rainfall in
November. The Chennai International Airport is situated
at Meenambakkam, about 14 km inland from the coast.
Fog is a relatively rare phenomenon at the Meenam-
bakkam Airport in Chennai. According to IMD (1999),
fog occurs for about 1.5 days each in January & February,
dropping to around half a day in December. It appears
only occasionally, for 0.1 to 0.3 days, during March and
from September to November, totaling roughly 4.3 foggy
days in a year. In addition to its climatic characteristics,
Chennai is a major industrial and economic hub. As a
significant port city, it supports extensive trade and
shipping activities. Its economy is driven by diverse
sectors, including the automobile industry, chemical and
petrochemical production, software services, healthcare,
and manufacturing. These activities collectively contribute
to substantial emissions and varied forms of pollution
across the region, which degrades the visibility.

2.2. Datasets
The datasets are briefly described in this section.
2.2.1. Meteorological data

Meteorological aerodrome report (METAR) is the
international standardized format as per International Civil
Aviation Organization (ICAO) for reporting current
weather conditions at an airport. It is an essential tool used
in aviation to communicate concise and compatible
information about the weather to pilots, air traffic
controllers, and other aviation professionals. METAR
reports provide real-time information about current
weather conditions at specific locations and valuable for
studying short-term weather phenomena, such as
thunderstorms, precipitation patterns, and wind shifts (Oo
et al., 2023; Piticar et al., 2024). METAR station in
Chennai is located at Chennai International Airport and
observations are usually recorded every 30-min interval at
a height of 12 m above Average Mean Sea-Level
(AMSL). It contains present weather conditions, such as
wind speed (knot), wind direction (degree), visibility (m),
runway visual range (RVR, m), cloud types, height of
cloud base, temperature (°C), and dew-point (°C). In the
present study, we utilized the Chennai METAR data from
January 2016 to December 2024. The study also used
relative humidity and daily gridded rainfall (Pai et al.,
2014) datasets from the India Meteorological Department.

2.2.2. HYSPLIT air mass trajectory

The Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model, developed by the Air
Resources Laboratory of NOAA, is utilized in this study
to trace the source regions and transport pathways of
aerosols. This model combines elements of Lagrangian
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and Eulerian frameworks, as comprehensively described
by Stein et al. (2015).

2.2.3. Soil moisture data

The study extracted Level-4, 3-hourly high-
resolution (9-km) surface soil moisture from the Soil
Moisture Active Passive (SMAP) satellite for the
ONDJFM period from 2016 to 2024. This extraction was
done using the JavaScript programming in Google Earth
Engine (GEE) within the area bounded by the CMA
polygon. While the extraction focused on surface soil
moisture (0-5 cm), SMAP also provides soil moisture data
for the root zone (0-100 cm).

2.2.4. Vegetation cover data

The study also extracted high-resolution (250-m)
vegetation cover, normalized difference vegetation index
(NDVI), data from the Moderate resolution Imaging
Spectro-radiometer (MODIS) (Terra, MOD13Q1 and
Aqua, MYD13Q1). This extraction was also done using
the JavaScript programming in GEE for the area bounded
by the CMA, for the same period as mentioned above.

2.3. Methodology

Data used in this study are extracted from all India
daily METARs from 2016 to 2024. SPECI and incorrect
METARs are filtered out through data cleaning process.
Daily METARSs are converted into monthly METARs file
for the ease of our analysis. Visibility corresponds to each
month are extracted and mean visibility are estimated over
different temporal time steps (diurnal, daily, monthly, and
annual). The study incorporates different statistical
measures to scrutinize the visibility. In this study, five-day
backward trajectories of air masses were computed at 24-
hour intervals, with arrival altitudes set at 500 m, 1000 m,
and 1500 m, using 0.25° meteorological data from the
Global Forecast System (GFS). The chosen trajectory
duration of five days allows for the assessment of the
impact of prevailing weather patterns on aerosol transport.
By mapping the backward trajectories, HYSPLIT
effectively reveals the routes taken by air masses. This
enables the identification of dominant aerosol transport
pathways and potential pollution source regions affecting
visibility at the Chennai airport. The investigation also
uses descriptive statistics, which are widely used in
various fields of study to measure and summarize
different aspects of data. Present study uses mean, median,
minimum, maximum, 25th and 75th percentiles and inter-
quartile range (IQR) statistics of the visibility dataset. The
slope, intercept, and significance are computed using the
linear regression (Wilks, 2007). Additionally, we use the
Pearson’s correlation (r). Correlation coefficient arrived
by this method shows the degree of linear association
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Fig. 1. Shows annual mean visibility for the period 2016-2024 for the
Chennai International Airport. Red line represents the trend of
visibility

TABLE1

Fog intensity based on visibility criteria set by IMD
1982 and Laskar 2013

Visibility Range Fog category
Visibility <1000 and >= 500 m Light
Visibility < 500 and >= 200 m Moderate

Visibility <200 and >= 50 m Thick

Visibility <50 m Very Thick

between the two datasets; without consideration of any
errors (Banerjee et al., 2021). Characteristic visibility
frequencies are extracted for the visibility less than 5000
m, 4000 m, 3000 m, 2000 m, 1600 m, 1500 m, 1200 m,
1000 m, 800 m, 600 m, 400 m, and 200 m to investigates
trends during 2016-2024. This analysis aims to identify
the significant month responsible for each category.
Visibility trends are estimated and level of significance of
the correlation is assessed with probability value of <0.05
at 5% significance level. The study further investigates
frequency, intensity, and duration of the fog events during
the months October-March (ONDJFM), based on
visibility criteria adopted by IMD, 1982 and Laskar, 2013,
as highlighted in Table 1. To examine the environmental
conditions associated with these fog events, zonal
statistics algorithm is applied to extract the area-average
rainfall, soil moisture, and NDVI data for the CMA.

3. Results and discussions

3.1. Annual trend

The mean annual visibility at Chennai International
Airport shows a decreasing trend from 2016 to 2024, with
r-square value of 0.89 (Fig. 1). This could be due to the
increases in number of thunderstorms, drizzle, rainfall,
mist, and foggy days along with increase in urban air
pollution (Suresh et al., 2007; Sangeetha et al., 2020) over
the area. As a result, the impact on flight operations has
become more pronounced, leading to an increase in delays
in recent years. These adverse weather conditions and
environmental changes have posed significant challenges
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to aviation efficiency, affecting both departures and
arrivals. Chennai, being a major aviation hub in south
India, is experiencing operational disruptions, particularly
during the monsoon and winter months, when adverse
weather conditions as mentioned above are more
prevalent. These challenges highlight the need for
improved forecasting and mitigation strategies to ensure
smoother air traffic management in the region.

3.2. Diurnal variation

The diurnal characteristics of the visibility at the
Chennai international airport (Fig. 2) describes that at
around morning 06:30 IST to 07:00 IST (01:00 UTC to
01:30 UTC) it experiences lowest visibility. As the day
progresses, the mean diurnal visibility gradually increases
and reaches its peak at around 14:00 IST (08:30 UTC).
This diurnal characteristic varies significantly from one
season to another. During MAM (Fig. S1b) and ON (Fig.
S1d), visibility shows large variations during the period of
lowest visibility, i.e., around 01:30 UTC, while for DJF
(Fig. S1a) and JJAS (Fig. S1c), this variation is relatively
lower. This could be due to the presence of characteristic
aerosol particles loading in the vertical air column, which
significantly vary from one season to another. These
particles may come from either remote locations or
regional sources, driven by wind (speed, direction) and
maritime trade. Rise in sea-surface temperature could
further amplify this effect during the MAM, when dust
particles are coming from the Thar desert through long-
range transport process (Fig.S2b). Their concentration
may vary from one month to another during MAM and
their interaction with light absorption changes
significantly, as a result, large variation is observed. A
similar pattern is observed in ON (Fig. S2d), when air
masses arriving from the northeast carry pollution
(biomass burning and industrial emissions) drifts over the
Lower Gangetic Plains. This region itself acts as an
elevated pollution clouds (Jain et al., 2024).

3.3. Monthly characteristics

The monthly visibility statistics depicts that the study
area experienced lowest visibility in November (Fig. 3).
The mean visibility in November is observed to be around
3750 m. The highest mean visibility is observed to be
6100 m in April. The mean lowest visibilities for the
months are highlighted in Table 2, which shows the mean
lowest visibility in January (270 m). The monthly
visibility trends are estimated from the nine years (2016-
2024) daily mean visibility (Fig. 4). Significant (p<0.05)
increasing trends are observed for the months of January,
February, March, May, and December whereas,
decreasing trends are obtained for the months of April,
June, July, August, September, October, and November.
These variations can be attributed to a combination of
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Fig. 2. Diurnal variation of visibility at the Chennai international airport based on half-hourly METAR observations.
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Fig. 3. Box-plot depicts monthly statistics of visibility. Red dots
indicates mean where orange line denotes median

TABLE 2

Depicts mean lowest monthly visibility for the Chennai Airport
during 2016-2024.

Months Visibility (m)
January 270
February 730
March 1000
April 2250
May 2075
June 1275
July 1275
August 1067
September 1061
October 990
November 766
December 470

meteorological and pollution-related factors influencing
Chennai's climate. The observed increasing visibility
trends in DJF, March, and May (except April) suggest that
while pollution sources exist, meteorological conditions
(e.g., insolation, sea-breeze, and temperature inversion) in
these months favor dispersion rather than accumulation of
pollutants. Conversely, the decreasing trends observed for
June to November aligns with the onset and progression of
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the monsoon seasons (southwest monsoon (June—
September) and  northeast monsoon  (October—
November)). Stronger winds, increased humidity, and
frequent rainfall events during these months help in
dispersing pollutants and improving air quality. However,
localized emissions and urban air pollution sources may
still contribute to episodic pollution events, particularly in
periods of weak rainfall or stagnant atmospheric
conditions. April, being a transitional month between
summer and pre-monsoon period, often experiences dry
and stagnant conditions with less convective activity
compared to May. The combination of high temperature,
less amount of rainfall and localized emissions may lead
to a buildup of pollutants, resulting in reduced visibility.

3.4.  Frequency and

visibility

significant months  with

The frequency of visibility between 5000 m and 600
m shows an increasing trend, (Fig. 5a-j) whereas the
frequency of visibility less than 400 m shows a declining
trend (Fig. 5k-I). This suggests a rise in moderate visibility
reduction events, likely due to urban pollution, haze, and
mist. However, the declining trend in occurrences of
visibility below 400 m indicates fewer extreme low-
visibility events. This reduction may be attributed to
improved air quality management, changes in weather
patterns or a decrease in intense fog occurrences over the
period of 2016-2024.

The study further identifies the specific months that
significantly contribute to the distinct visibility
characteristics. Fig. 6(a-1) depicts the significant months
responsible for the visibility category less than 5000 m,
4000 m, 3000 m, 2000 m, 1600 m, 1500 m, 1200 m, 1000
m, 800 m, 600 m, 400 m, and 200 m based on pareto chart
analysis, respectively. Visibility category of less than
5000 m (Fig. 6a) is observed significant for all the months
except April-June. Whereas, visibility categories of less
than 4000 m (Fig. 6b), and 3000 m (Fig. 6¢) are found to
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Figs. 6(a-I). highlights significant months with different categorical visibility. Significant months are represented by yellow bar. Red
line demarked for cumulative percentage. Green line denotes the 80% significance cut-off

TABLE 3

Frequency of characteristic visibility over the Chennai airport during 2016-2024

< < 1 <V < 400 < 200 < 100<V
Months 1iolozoov 12<01%00V 02200 800< v <600 623100\/ v v 0250 V<50
<200 <100
Jan 445 3 141 5 26 18 9 8 25
Feb 347 4 134 12 11 2 2 1 0
Mar 207 1 82 2 1 0 0 0 0
Apr 15 0 5 0 0 0 0 0 0
May 31 0 5 0 0 0 0 0 0
Jun 20 0 10 0 1 0 0 0 0
Jul 50 0 11 0 1 0 0 0 0
Aug 43 0 17 1 2 0 0 0 0
Sep 7] 0 10 0 1 0 0 0 0
Oct 148 0 49 2 1 0 0 0 0
Nov 570 9 136 4 13 0 0 0 0
Dec 608 4 165 4 47 3 1 6 0

be significant for the months of November, and
December. November, December, and January are the
significant months for the visibility of less than 2000 m
(Fig. 6d), and 1600 m (Fig. 6e). The visibility less than
1500 m has the operational significance, as during that
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time RVR need to be given in METARs for the flight
operational safety measurements during the take-off and
landing. December, November, and January are identified
as significant months contributing to decreasing order
of visibility below 1500 m (Fig. 6f). For visibility below
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TABLE 4

Percentage duration of monthly characteristic visibility for the Chennai airport during 2016-2024

Months V <1500 V <1200 V <1000 V <800 V <600 V <400 V <200
Jan 5.07 1.75 1.73 0.68 0.64 0.45 0.31
Feb 4.24 1.37 1.34 0.23 0.13 0.041 0.02
Mar 2.18 0.64 0.63 0.02 0.007 0 0
Apr 0.15 0.038 0.04 0 0 0 0
May 0.27 0.037 0.04 0 0 0 0
Jun 0.24 0.084 0.08 0.007 0.007 0 0
Jul 0.28 0.089 0.09 0.007 0.007 0 0
Aug 0.47 0.15 0.15 0.02 0.015 0 0
Sep 0.33 0.08 0.08 0.007 0.007 0 0
Oct 1.49 0.39 0.39 0.02 0.007 0 0
Nov 5.65 1.25 1.18 0.13 0.10 0 0
Dec 6.25 171 1.69 0.45 0.42 0.07 0.05
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Fig. 7. Percentage duration of different categorical visibility

1200 m (Fig. 6g) and 1000 m (Fig. 6h), January,
December, and February are marked as the most
significant months. During January and December,
frequency of visibility below 800 m, and 600 m are found
significant. The frequency of visibility below 400 m and
200 m are significant only in January

3.5. Duration

Fig. 7 illustrates the monthly percentage distribution
of different visibility categories over Chennai,
highlighting ~ seasonal  variations influenced by
atmospheric conditions. The percentage of hours with
limited visibility (less than 1500 m) exhibits a pronounced
seasonal cycle, reaching a minimum of 0.15% in April,
and maximum at 6.25% in December. This pattern reflects
the influence of summer and monsoon season minima,
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attributed to stronger winds and convective mixing. In
contrast, post-monsoon and winter seasons exhibit
maxima, likely due to enhanced moisture, temperature
inversions, and aerosol accumulation in the air-column.

The frequency of low visibility events less than 1000
m follows a similar trend, with the lowest occurrence in
April (0.04%). Meanwhile, January (1.73%) experiences
the highest frequency, as winter conditions promote haze,
mist, and fog due to nocturnal radiative cooling and
moisture retention. Notably, visibility below 200 m is
least frequent in February (0.02%), and most pronounced
in January (0.31%). This pattern is likely driven by stable
atmospheric conditions, increased condensation nuclei,
and prolonged periods of calm winds, which is favorable
for fog occurrence during winter due to nocturnal cooling
and humidity buildup.
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3.6. Fog events characteristics

Fig. 8 highlights the frequency, intensity, and
duration of fog hours, as estimated based on observations
from Chennai international airport. Based on visibility
observations from 2016 to 2024, fog hours show an
increasing trend (Fig. 8a). The maximum fog hours are
observed in January (Fig. 8b). From the fog categorical
analysis, it is unveiled that light category fog is prevalent
in all the months of ONDJFM while maximum frequency
of thick and very thick category fog are observed in
January (Fig. 8c-h). The moderate category fog is
observed in  November-February with maximum
frequency in January. While only thick category fog is
found in December-February. The light category fog
events are found increasing for all the months (ONDJFM)
whereas, very thick category fog is seen with a declining
trend in January (Fig. 8i-n). This study also investigates
diurnal characteristics of fog events over Chennai airport,
which is urgently required for the smooth operational
services in the aviation sector. The diurnal characteristics
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show fog onset time and time at which its maximum
frequency is observed (Fig.80). Fog onset occurred at
around 03:30 IST, based on METAR observations
between 22:00 to 22:30 UTC and reported in 30 min after
the observations. Over 80% of fog events occurred
between 2200-0200 UTC and peaked at 0100-0129 UTC
over Bengaluru (Shukla et al., 2021). The maximum fog
frequency over the Chennai International Airport is
observed around 07:00 IST (01:30 UTC) and reported in
METAR at 02:00 UTC.

Fig. 9 portrays the duration of the foggy days during
ONDJFM. The maximum foggy days are observed in
January with duration of 1-hr. The second highest foggy
days are observed during February with duration of 2-hr.
The third highest frequency is found in December with
duration of 1.5-hr. Most fog episodes over the Hyderabad
International Airport persisted for nearly an hour (Chandu
et al., 2022). The longest duration of fog events over the
Chennai International airport is observed in January and
November with 4-hr durations.
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3.7. Influence of thermal, moisture, and land

surface conditions on fog development

The lowest mean temperature is observed during
January, when dew point anomaly is about 1°C (Fig. 10a).
Increased RH anomaly (Fig. 10b) along with lowest wind
speed anomaly (Fig.10c) further facilitates the fog
formations. Visibility anomaly is found Ilowest in
November (Fig. 10d), when Chennai experiences
maximum rainfall and thunderstorm activities. Winds
during the fog months (ONDJFM) show a major
contribution from northerly (33%) and westerly (22.5%)
directions (Fig. 10e). The cloud-cover observations, 1 to 2
hours prior to fog onset, indicate that maximum
contributions come from FEW (1-2 Octa) and SCT (3-4

Octa) cloud cover (Fig. 10f). When cloud cover is mostly
BKN and/or OVC, significant reduction in visibility
sometimes goes below 100 m, making the situation worse
for the flight-operational service at Chennai airport. In
addition to cloud-cover, surface soil moisture plays a
crucial role in fog formation during the night-time in
ONDJFM by enhancing radiative cooling, when
temperature inversion occurs in the lower part of the
boundary layer.

Despite the increase in rainfall amount in recent
years (Fig. 11a), which contributes to sufficient surface
soil moisture availability, higher temperatures may have
intensified evapotranspiration from increased vegetation
cover in recent years (Fig.12). This could potentially
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offset moisture gains and lead to a negative soil moisture
anomaly (Fig. 11b). During the first quarter of ONDJFM
(OND), fog frequency shows a significant (p<0.05)
negative correlation with NDVI (-0.38) and a strong
positive correlation with soil moisture (0.95) (Fig. S3).
These relationships indicate that reduced vegetation cover
and higher surface soil moisture favor fog formation
through enhanced near-surface cooling. In contrast, last
quarter (JFM) shows a different pattern. Fog frequency is
significantly (p<0.05) positively correlated with both
NDVI (0.46) and soil moisture (0.50). It suggests that
increased vegetation greenness and sustained soil moisture
contribute to stable and humid conditions, and promote
fog persistence. Additionally, urbanization, deforestation,
and shifts in land management practices may have further
reduced the soil’s capacity to retain moisture. However,
even under declining soil moisture trends, the remaining
moisture can still support fog formation and contributes to
surface cooling through evaporative effects and nighttime
radiative cooling.

4.  Conclusions

The interplay of aerosol accumulation, synoptic-
scale weather patterns, and seasonal soil moisture
variations  contributes  significantly to  visibility
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impairment, posing increasing challenges for aviation
operations and urban transportation.

(i) The analysis reveals a consistent decline in visibility
at Chennai International Airport from 2016 to 2024, with
annual mean values exhibiting a statistically significant
downward trend.

(i) Daily mean visibility shows a marked decrease (p <
0.05) during April and from June to November, indicating
increasing operational challenges in both the summer and
post-monsoon months.

(iii) Diurnal characteristics indicate that the lowest
visibility typically occurs around 06:30 IST, a critical time
for flight departures and arrivals, while greater variability
is observed during the pre-monsoon (MAM) and post-
monsoon (ON) seasons.

(iv) On a monthly scale, November records the lowest
mean visibility, underscoring its importance for flight
scheduling and risk management.

(v) Frequency analysis shows that moderate to low-
visibility events (5000-600 m) are becoming more
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frequent, whereas the most extreme category (<400 m)
exhibits a decreasing long-term tendency. However,
January continues to show a significantly higher
occurrence of extreme events, including those below 400
m and even 200 m.

(vi) The seasonal distribution of events below
1000 m reveals minima during the summer &
monsoon months & maxima during the post-
monsoon and winter seasons, with the lowest
frequency in April (0.04%) & the highest in January
(1.73%).

(vii) Fog occurrence follows a distinct seasonal cycle,
typically forming around 03:30 IST and peaking near
07:00 IST coinciding with early-morning aviation
operations. The maximum fog duration of up to four hours
is most frequently observed in January and November.

(viii) Light-category fog events have increased during
the October—March (ONDJFM) period, while very thick
fog remains largely confined to January. On average, fog
occurs 5.2 days in January, 4.8 days in February, 3.9 days
in December, and 3.1 days in March, while transitional
months (October—November) contribute an additional 3.2
foggy days annually.

These findings have important implications for
aviation safety and forecasting systems. The rising
frequency of fog necessitates strengthened Runway Visual
Range (RVR) monitoring, enhanced instrument landing
capabilities, and proactive crew preparedness to ensure
passenger safety and minimize economic losses.
Identification of fog onset and peak times provides a
critical lead window for nowcasting, while trajectory-
based aerosol transport analyses can further improve
predictive skill. Integrating these climatological insights
into operational planning, urban air-quality management,
and aviation forecasting frameworks will be essential to
mitigate risks, reduce delays, and enhance flight safety
under worsening visibility conditions.

Acknowledgments

This study has been carried out as part of the ACROSS
project initiative under the Ministry of Earth Sciences
(MoES), Government of India. The authors sincerely
appreciate the Ministry for its keen interest and
continuous support. We also extend our gratitude to the
Director General of Meteorology, India Meteorological
Department, for his unwavering encouragement and
assistance throughout this research.

1001

Funding

This work received no funding from the external
sources.

Authors ‘contributions

Arkadeb Banerjee: Writing — original manuscript,
conceptualization,  methodology, data  processing,
computation in  python, and formal analysis.

(email:arka354deb@gmail.com).
V. R. Durai: conceptualization, overall supervision, and
review. (email:durai.imd@gmail.com).

Disclaimer: The contents and views expressed in this
research article are the views of the authors and do not
necessarily reflect the views of the organizations they
belong to.

References

Badarinath, K. V. S., Kharol, S. K., Sharma, A. R., and Roy, P. S., 2009,
“Fog over Indo-Gangetic Plains-a study using multi-satellite
data and ground observations”, IEEE Journal of Selected Topics
in Applied Earth Observations and Remote Sensing, 2, 3, 185-
195. doi: https://10.1109/JSTARS.2009.2019830.

Banerjee, A., Dimri, A. P., and Kumar, K., 2021, “Temperature over the
Himalayan foothill state of Uttarakhand: Present and future”,
Journal of Earth System Science, 130, 1, 33. doi:
https://doi.org/10.1007/s12040-020-01527-5.

Bhowmik, R. S. K., Sud, A. M., and Singh, C., 2004, “Forecasting Fog
over Delhi-An objective method”, Mausam, 55, 2, 313-322. doi:
https://10.54302/mausam.v55i2.1096.

Chandu, K., Dharma R. A., Kumar, S., Dasari, M., and Reddy, Y. K,
2022, “Operational Constraints on Flight Navigation due to Fog
and Consequent Economic Implications at the Rajiv Gandhi
International Airport, Hyderabad, Telangana, India”, Asian
Journal of Water, Environment and Pollution, 19, 4, 25-32. doi:
https://10.3233/AJW220052.

De, U., Rao, G., and Jaswal, A., 2001, “Visibility over Indian airports
during winter season”, Mausam, 52, 4, 717-726. doi:
https://10.54302/mausam.v52i4.1746.

Dimri, A. P., Niyogi, D., Barros, A., Ridley, J., Mohanty, U. C,,
Yasunari, T., and Sikka, D., 2015, “Western Disturbances: A
Review”, Reviews of Geophysics, 53, 2, 225-246. doi:
https://10.1002/2014RG000460.

Ding, Y., and Liu, Y., 2014, “Analysis of long-term variations of fog and
haze in China in recent 50 years and their relations with
atmospheric humidity”, Sci. China Earth Sci., 57, 36-46. doi:
https://10.1007/s11430-013-4792-1.

Fernando, H. J. S., and Weil, J. C., 2010, “Whither the stable boundary
layer?” Bulletin of the American Meteorological Society, 91, 11,
1475-1484. doi: https://10.1175/2010BAMS2770.1.

Gautam, R., 2014, “Challenges in early warning of the persistent and
widespread winter fog over the Indo-Gangetic plains: A satellite
perspective”, Reducing disaster: Early warning systems for


arka354deb@gmail.com
durai.imd@gmail.com
https://10.0.4.85/JSTARS.2009.2019830
https://doi.org/10.1007/s12040-020-01527-5
https://10.0.212.30/mausam.v55i2.1096
https://10.0.12.161/AJW220052
https://10.0.212.30/mausam.v52i4.1746
https://10.0.3.234/2014RG000460
https://10.0.3.239/s11430-013-4792-1
https://10.0.4.151/2010BAMS2770.1

MAUSAM, 77, 3 (July 2026)

climate change, 51-61, Berlin: doi:

https://10.1007/978-94-017-8598-3_3.

Gultepe L, Tardif, R., Michaelides, S. C., et al., 2007, “Fog research: A
review of past achievements and future perspectives”, Pure and
Applied Geophysics, 164, 1121-1159. doi: https://10.1007/
500024-007-0211-x.

Springer.

Hingmire, D., Vellore, R., Raghavan, K., Ashtikar, N., Singh, B.,
Sabade, S., and Ranade, M., 2018, “Widespread fog over the
Indo-Gangetic Plains and possible links to boreal winter
teleconnections”,  Climate  Dynamics, 52, 10. doi:
https://10.1007/s00382-018-4458-y.

India Meteorological Department, 1982, Weather codes, Pune: IMD.

India Meteorological Department, 1999, “Climatological Tables of
Observatories in  India”>, 1951-1980, 5th ed., India
Meteorological Department, New Delhi, 441-442.

D., Saheb, S. D., Talukdar S., Madhavan B. L., Basha, G., and
Ratnam, M. V., 2024, “Investigating the convective transport
possibilities of lower-atmospheric pollutants to the UTLS region
using rainwater and aerosol chemical characterization”,
Atmospheric  Pollution Research, 15, 9, 102225. doi:
https://10.1016/j.apr.2024.102225.

Jain, C.

Jenamani, R. K., 2007, “Alarming rise in fog and pollution causing a fall
in maximum temperature over Delhi”, Current Science, 93, 314-
322. doi: http://www.jstor.org/stable/24099461.

Jiang, Ke., Xing, Ran., Luo, Z., Huang, W., Yi, F., Men, Y., Nan, Z.,
Chang, Z., Zhao, J., Pan, B., and Shen, G., 2023, “Pollutant
emissions from biomass burning: A review on emission
characteristics,  environmental  impacts, and research
perspectives”, Particuology, 85, 19. doi: https://doi.org/10.1016
/j.partic.2023.07.012.

Lakra, K., and Avishek, K., 2022, “A review on factors influencing fog
formation,  classification,  forecasting,  detection and
impacts”, Rend.  Fis. Acc. Lincei, 33, 319-353. doi:
https://10.1007/s12210-022-01060-1.

Laskar, S., 2013. “Some statistical characteristics of occurrence of fog
over Patna airport”, Mausam, 64, 345-350. doi:
https://10.54302/mausam.v64i2.690.

Nejad, M.T., Ghalehteimouri, K.J., Talkhabi, H.et al., 2023, “The
relationship between atmospheric temperature inversion and
urban air pollution characteristics: a case study of Tehran,
Iran”, Discov Environ., 1, 17. doi: https://10.1007/s44274-023-
00018-w.

Oo, K. T., Jonah, K., and Oo, K. L., 2023, “A Systematic Climatology
Report of Aviation Weather Hazards on Yangon Airport
Region”, Journal of Multidisciplinary Research Advancements,
1, 2, 89-103. doi: https://10.3126/jomra.v1i2.61191.

Pai, D. S., Latha, S., Rajeevan, M., Sreejith, O.P., Satbhai, N. S., and
Mukhopadhyay, B., 2014 “Development of a new high spatial
resolution (0.25° X 0.25°) Long period (1901-2010) daily
gridded rainfall data set over India and its comparison with
existing data sets over the region”, MAUSAM, 65, 1, 1-18. doi:
https://10.54302/mausam.v65i1.851.

Piticar, A., Andrei, S., and Tudor, A., 2024, “Spatiotemporal Variability
of Convective Events in Romania Based on METAR
Data”, Sustainability, 16, 8, 3243. doi: https://10.3390/sul
6083243.

Prasad, A. K., Singh, R. P., and Kafatos, M., 2006, “Influence of coal
based thermal power plants on aerosol optical properties in the
Indo-Gangetic basin”, Geophy. Res. Lett., 33, L05805. doi:
https://10.1029/2005GL023801.

1002

Qianhui, L., Bingui, W., Jingle, L., Hongsheng, Z., Xuhui, C., and Yu,
S., 2020, “Characteristics of the atmospheric boundary layer and
its relation with PM2.5 during haze episodes in winter in the
North China Plain”, Atmospheric Environment, 223, 117265.
doi: https://10.1016/j.atmosenv.2020.117265.

Ramachandran, A., and Anushiya, J., 2015, “Long-term rainfall trends of
Indian urban station and its variation in different phases and
seasons”, International Journal of Global Warming, 7, 3, 307-
321. doi: https://10.1504/13GW.2015.069364.

Rounaqg, G., Jaya, T., Alok, T., Rajashree, V. B., and Prakash, C., 2024,
“The prevailing smog conditions over the Delhi-NCR during the
2022 post monsoon”, Advances in Space Research, 73, 5, 2609-
2617. doi: https://10.1016/j.asr.2023.12.018.

Sangeetha, A., and Jamuna, M., 2020, “Prediction of Air Quality in
Urban Area, Chennai” International Journal of Engineering and
Technical Research, 9, 5, 1100-1104. doi: https://10.17577/
IJERTV9IS050747.

Sawaisarje, G., Khare, P., Shirke, S., Deepakumar, S., and Narkhede, N.
M., 2014, “Study of winter fog over Indian subcontinent:
Climatological perspectives”, Mausam, 65, 19-28. doi:
https://10.54302/mausam.v65i1.858.

Shukla, A., and Agnihotri, G., 2021, “Analysis of fog and inversion
characteristics over sub-urban Bangalore”, MAUSAM, 72, 2,
387-398. doi: https://10.54302/mausam.v72i2.625.

Singh, A., Bloss, W. J., and Pope, F. D., 2017, “60 years of UK visibility
measurements: impact of meteorology and atmospheric
pollutants on visibility”, Atmos. Chem. Phys., 17, 3, 2085-2101.
doi: https://10.5194/acp-17-2085-2017.

Singh, C., 2011, “Unusual long and short spell of fog conditions over
Delhi and northern plains of India during December-January,
2009-2010”, Mausam, 62, 1, 41-50. doi: https://10.54302/
mausam.v62i1.200.

Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B., Cohen, M.
D., and Ngan, F., 2015 “NOAA’s HYSPLIT atmospheric
transport and dispersion modeling system”, Bulletin of the
American Meteorological Society, 96, 2059-2077. doi:
https://10.1175/BAMS-D-14-00110.1.

Suresh, R., Janakiramayya, M. V., and Sukumar, E. R., 2007, “An
Account of fog over Chennai”, Mausam, 58, 4, 501-512. doi:

https://10.54302/mausam.v58i4.1434.

Tardif, R., and Rasmussen, R. M., 2007, “Event-based climatology and
typology of fog in the New York City region”, Journal of
Applied Meteorology and Climatology, 46, 8, 1141-1168. doi:
https://10.1175/JAM2516.1.

Willks, D. S., 2007, “Statistical methods in the atmospheric sciences”,
second edition, Meteorological Applications.

Yingchuan, Y., Baozhu. G., Xueshun, C., Wenyi, Y., Zhongjie, W.,
Huansheng, C., Danhui, X., Junhua, W., Qixin, T., and Zifa, W.,
“Impact of water vapor content on visibility: Fog-haze
conversion and its implications to pollution control”, 2021,
Atmospheric Research, 256, 105565. doi:
https://10.1016/j.atmosres.2021.105565.

Zhanging, L., Jianping, G., Aijun, D., Hong, L., Jianjun, L., Yele, S,
Tijian, W., Huiwen, X., Hongsheng, Z., and Bin, Z., 2017,
“Aerosol and boundary-layer interactions and impact on air
quality”, National Science Review, 4, 6, 810-833. doi:
https://10.1093/nsr/nwx117.


https://10.0.3.239/978-94-017-8598-3_3
https://10.0.3.239/%20s00024-007-0211-x
https://10.0.3.239/%20s00024-007-0211-x
https://10.0.3.239/s00382-018-4458-y
https://10.0.3.248/j.apr.2024.102225
http://www.jstor.org/stable/24099461
https://doi.org/10.1016%20/j.partic.2023.07.012
https://doi.org/10.1016%20/j.partic.2023.07.012
https://10.0.3.239/s12210-022-01060-1
https://10.0.212.30/mausam.v64i2.690
https://10.0.3.239/s44274-023-00018-w
https://10.0.3.239/s44274-023-00018-w
https://10.0.12.54/jomra.v1i2.61191
https://10.0.212.30/mausam.v65i1.851
https://10.0.13.62/su1%206083243
https://10.0.13.62/su1%206083243
https://10.0.4.5/2005GL023801
https://10.0.3.248/j.atmosenv.2020.117265
https://10.0.5.224/IJGW.2015.069364
https://10.0.3.248/j.asr.2023.12.018
https://10.0.68.169/IJERTV9IS050747
https://10.0.68.169/IJERTV9IS050747
https://10.0.212.30/mausam.v65i1.858
https://10.0.212.30/mausam.v72i2.625
https://10.0.20.74/acp-17-2085-2017
https://10.0.212.30/%20mausam.v62i1.200
https://10.0.212.30/%20mausam.v62i1.200
https://10.0.4.151/BAMS-D-14-00110.1
https://10.0.212.30/mausam.v58i4.1434
https://10.0.4.151/JAM2516.1
https://10.0.3.248/j.atmosres.2021.105565
https://10.0.4.69/nsr/nwx117

BANERJEE et al.: CHARACTERISTICS OF VISIBILITY FOR CHENNAI INTERNATIONAL AIRPORT
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Figs. S1(a-d). Diurnal variation of visibility for the Chennai international Airport. (a) Dec-Feb, (b) Mar-May, (c) Jun-Sep and
(d) Oct-Nov. Black line indicates the time of lowest visibility
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Figs. S2(a-d). Hysplit model backward trajectory run for 120 hours for heights of 500 m, 1000 m, and 1500 m above ground level
(AGL) for 15" day of January (a), April (b), July (c), and November (d), by taking seasonal central month of DJF,
MAM, JJAS, and ON to investigate the parcel trajectory
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Fig. S3. Correlation of fog frequency with NDVI and soil moisture for Oct-Dec (OND) and January-March (JFM)
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