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Abstract

Atmospheric visibility is an important indicator of air quality and is strongly influenced by aerosol
loading in the atmosphere. Over the past few decades, rapid urbanization, industrialization, and
increasing vehicular emissions have significantly contributed to aerosol pollution, léading to
substantial visibility degradation across many regions of the world. Acrosol particles“interact with
solar radiation through scattering and absorption processes, which reduce the transparency of the
atmosphere. Numerous studies have demonstrated strong relationships-between atmospheric visibility
and particulate matter concentrations, particularly fine particulate'matter(PM-:%)."Re€ent advances in
satellite observations, ground-based monitoring networks, ‘and atmeSpheri¢.reanalysis datasets such as
ERAS have improved our understanding of the complex interactions between aerosols, meteorological
conditions, and visibility. However, challenges remain in accurately quantifying aerosol contributions
to visibility reduction due to regional variability, meteorological influences, and limitations in
observational datasets. This review summarizes recent developments in aerosol-induced visibility
degradation, discusses the key mechanisms involved, and highlights major research gaps and
challenges for future investigations.
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1. Introduction

Atmospheric visibility is widely recognized as an important indicator of air quality and atmospheric
clarity. It represents the maximum horizontal distance at which an object can be clearly distinguished
against the background and is strongly influenced by the presence of aerosol particles and gaseous
pollutants in the atmosphere [1]. Declining visibility has become a major environmental concern in
many urban and industrial regions due to increasing anthropogenic emissions associated with rapid
urbanization, industrialization, and transportation activities [2].
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Aerosols play a crucial role in determining the optical properties of the atmosphere by scattering and
absorbing incoming solar radiation. The presence of aerosol particles increases atmospheric extinction,
which reduces the transmission of light and leads to visibility degradation [3]. Fine particulate matter
(PM:.5) is particularly effective in reducing visibility because particles with diameters smaller than 2.5
um have high light-scattering efficiency and long atmospheric residence times [4]. Numerous studies
have reported strong inverse relationships between PMe.s concentrations and atmospheric visibility in
urban environments [5-6].

Visibility degradation has been widely documented in many parts of the world, particularly in rapidly
developing regions such as East Asia and South Asia. Long-term analyses have shown significant
declining trends in horizontal visibility across China since the 1980s, primarily due to increasing
aerosol emissions and industrial pollution [7]. Similarly, studies conducted over the United States and
Europe have demonstrated that aerosol loading plays a dominant role in atmospheric light extinction
and visibility reduction [4, 8].

In South Asia, increasing emissions from vehicular traffic, biomass burning, industrial activities, and
residential fuel combustion have contributed significantly to aerosol pollution and visibility
deterioration [9]. Several studies have highlighted the severe haze events frequently observed across
the Indo-Gangetic Plain, where high aerosol concentrations combined with unfavourable
meteorological conditions often lead to substantial visibility reduction [10-11]. These haze episodes
are typically associated with elevated levels of fine particulate matter and enhanced aerosol
hygroscopic growth under high relative humidity conditions.

Meteorological factors also play an important role in influencing atmospheric visibility. Parameters
such as relative humidity, wind speed, temperature, and planetary boundary layer height significantly
affect aerosol dispersion, transformation, and optical properties [12]. High relative htimidity can lead
to hygroscopic growth of aerosol particles, which increases their light-scattering ability and further
reduces visibility [8]. Similarly, shallow boundary layer heights restrict vertical.mixing,of pollutants,
leading to the accumulation of aerosols near the surface and worsening visibility ¢onditions [13].

Recent advances in satellite remote sensing, ground-based monitosing metworks, and atmospheric
reanalysis datasets have greatly improved our understanding.of aerosol—¥isibility interactions. Satellite
instruments such as MODIS provide aerosol optical depth (AOD) measurements that can be used to
assess aerosol loading over large spatial scales [14]. In addition, global reanalysis datasets such as
ERAS provide high-resolution meteorological fields that enable researchers to investigate the
influence of atmospheric dynamics on air pollution and visibility variability [15].

Despite significant progress in understanding aerosol-induced visibility degradation, several
challenges remain. These include uncertainties in aerosol composition and optical properties,
limitations in long-term observational datasets, and the complex interactions between aerosols and
meteorological factors. Therefore, comprehensive reviews of recent advances in visibility research are
essential to synthesize current knowledge, identify research gaps, and guide future studies.

This review aims to summarize recent developments in the study of aerosol-induced visibility
degradation, examine the key meteorological factors influencing visibility, and highlight major
challenges and future research directions in this field.
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2. Literature Review: Year-wise Development of Research on Visibility Degradation and
Aerosol Pollution

2.1 Early Investigations of Aerosol-Visibility Relationships (2000-2007)

One of the earliest comprehensive investigations of aerosol impacts on atmospheric visibility was
conducted by Husar et al. (2000), who examined long-term visibility records and identified
widespread regional haze associated with increasing aerosol emissions. Their study highlighted that
fine particulate matter significantly contributes to atmospheric light extinction and reduced visibility
across several industrialized regions [1].

Similarly, Malm et al. (2000) analyzed aerosol optical properties across the United States and
demonstrated that sulfate aerosols and fine particulate matter are the primary contributors to
atmospheric light scattering and visibility degradation. The study emphasized the role of aerosol
chemical composition in determining atmospheric optical characteristics [4].

Further research by Watson (2002) investigated the relationship between particulate matter and
atmospheric visibility and concluded that fine particles (PMa.s) play a dominant role in reducing
atmospheric transparency due to their ability to efficiently scatter visible light. The study also
highlighted the importance of aerosol composition, particularly sulfates, nitrates, and organic carbon,
in influencing light extinction [2].

In subsequent years, researchers increasingly focused on long-term visibility trends. Wang et al.
(2006) analyzed observational data and reported a strong inverse relationship.-between PMo.s
concentrations and atmospheric visibility. Their findings indicated” that*“increasing aerosol
concentrations were associated with significant reductions in visual range inirban enyironments [5].

A major regional study conducted by Che et al. (2007) examined herizontal*Visibility trends across
China between 1981 and 2005. Their results showed-a_substantial decline in visibility over several
urban regions due to increasing industrial emissions, urbanization, and energy consumption. The study
also emphasized the influence of anthropogenic aerosol emissions on regional haze formation [7].

During the same period, Hand and Malm (2007) conducted detailed analyses of aerosol scattering
efficiencies and demonstrated that hygroscopic growth of aerosol particles under high relative
humidity significantly enhances light scattering, thereby further reducing atmospheric visibility [8].

2.2 Influence of Meteorology and Aerosol Composition (2008-2014)

Between 2008 and 2014, research efforts increasingly focused on understanding the combined
influence of aerosol chemical composition and meteorological conditions on atmospheric visibility.

For instance, Deng et al. (2008) investigated long-term visibility trends in the Pearl River Delta region
of China and reported that increasing aerosol concentrations were closely associated with declining
visibility. Their findings suggested that industrial emissions and urban expansion were major
contributors to regional haze events [16].
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Meteorological influences on air pollution and visibility were further explored by Tai et al. (2010),
who analyzed global atmospheric data and demonstrated that meteorological variables such as
temperature, relative humidity, wind speed, and atmospheric stability significantly affect air pollutant
concentrations and visibility conditions [12].

Studies conducted in rapidly developing urban regions also highlighted the importance of aerosol
chemical composition in determining visibility degradation. Liu et al. (2014) analyzed the chemical
components of PM:.s in Beijing and found that sulfate, nitrate, ammonium, and organic carbon were
the major contributors to haze formation and atmospheric light extinction [17].

In addition, Zhang et al. (2013) examined the formation of severe haze events in northern China and
reported that secondary aerosol formation processes significantly contributed to visibility degradation
during winter pollution episodes [18].

2.3 Advances Using Satellite Observations and Integrated Monitoring (2015-2020)

With the advancement of remote sensing technologies, researchers increasingly began integrating
satellite observations with ground-based monitoring data to analyze aerosol—visibility relationships.

For example, Wang et al. (2015) investigated aerosol optical properties using both ground
observations and satellite data and found that secondary inorganic aerosols such as sulfate and nitrate
significantly contribute to visibility reduction in polluted urban environments [5].

Similarly, Liao et al. (2015) analyzed aerosol pollution trends in southern China and reported that
rapid industrial development and urban expansion had significantly increased aerosol concentrations,
leading to persistent haze events and declining atmospheric visibility [19].

In South Asia, Ghude et al. (2017) examined severe haze episodes over the-Indo,Gangetic Plain and
found that high particulate matter concentrations combined with stagnant meteorelogical conditions
frequently resulted in extreme visibility degradation during winter months*[ 10}

Research by Yu et al. (2016) further emphasized the role of relative humidity in influencing aerosol
optical properties. Their study demonstrated that hygroScopic growth of aerosol particles under high
humidity conditions significantly increases light scattering and reduces visibility [20].

These studies collectively highlighted the importance of combining observational data, satellite
measurements, and atmospheric modeling approaches to improve understanding of aerosol-visibility
interactions.

2.4 Recent Developments and Emerging Research (2018—Present)

In recent years, research has increasingly focused on improving the understanding of aerosol—visibility
interactions using advanced modeling techniques, long-term observational datasets, and atmospheric
reanalysis products.

Li et al. (2018) investigated the relationship between fine particulate matter and atmospheric visibility
and reported that PM:.s plays a dominant role in reducing visibility due to its strong light-scattering
properties and interactions with meteorological parameters [21].
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Further research by Wang et al. (2019) demonstrated that relative humidity significantly influences
visibility degradation during haze events, as hygroscopic growth of aerosol particles increases
atmospheric light extinction [22].

Recent studies have also examined long-term trends in atmospheric visibility. Jeong et al. (2022)
analyzed long-term visibility observations in Seoul and reported that although emission control
policies have improved air quality, fine particulate matter continues to significantly influence
atmospheric visibility [23].

Advances in atmospheric reanalysis datasets have also provided new opportunities for studying
aerosol-meteorology interactions. Hersbach et al. (2020) introduced the ERAS reanalysis dataset,
which provides high-resolution meteorological information that can be used to investigate air pollution
dispersion and visibility variability [15].

More recently, Hao et al. (2024) developed methods to reconstruct historical PM:.5 concentrations
using visibility observations across the Northern Hemisphere. Their study demonstrated that visibility
data can serve as an important proxy for estimating long-term particulate matter trends [6].

Table: Summary of Previous Studies on Aerosol Pollution and Visibility Degradation

Author(s) | Year |Study Area| Data/Method Used Key Findings
Visibilit Identified long-term decline in visibility due
Husar et al. ~ [2000 - [Global y to increasing aerosol concentrations and
observations )
regional haze events.
Demonstrated that sulfate.and fine
Malm etal.. 000 United Aerosol optical particulate.mgtter are.maj: of contri‘?gtg@ to
States measurements atmospheric light extinetion and visibility
reduction,
United PM, . and aerosol Rep‘orted strong relationships bet‘weejn. ﬁ.n.e
Watson 2002 -, particulate matter and atmospheric visibility
States composition data

degradation.

Observed significant decreasing trends in
horizontal visibility due to increased
anthropogenic emissions.

Surface visibility

h 1. 2 hi
Che eta 007 [China records (1981-2005)

Found that aerosol hygroscopic growth

Hand & Malmboo7 United Aerqsol scattermg under hlgh. relative hu'mldlty significantly
States efficiency analysis  |enhances light scattering and reduces
visibility.
. D trated that meteorological
Meteorological and ermrznf ia ed ha rnei:ne(;)ro 0%1103 midit
Taietal.  [2010 |Global  fair pollution parameters SUch as wind speec, umidity,

and temperature strongly influence air

deli
modeling pollution levels and visibility.
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Author(s) | Year |Study Area| Data/Method Used Key Findings
‘ Satellite AOD and Found a str‘ong inverse relationship l?etween
Wang etal. [2015  [China } aerosol optical depth and atmospheric
ground observations | . . ..
visibility.
. ) [dentified major sources of air pollution in
Lelieveld et At h s
clevelde 2015  [South Asia mo'sp erie . South Asia contributing to reduced visibility
al. chemistry modeling .
and health impacts.
. . Reported severe winter haze events caused
Indo-G t|A lit
Ghude etal. 2017 ‘n © . AnEEnAI qua.l Y by high PM:.s concentrations and stagnant
ic Plain monitoring data . .
meteorological conditions.
h t lati t 1
. Northern  Ground-based S ovaed ] ron'g corre ?1 %ons between aeroso
Singhetal. [2018 . . loading, relative humidity, and reduced
India observations s
visibility.
Hersbach et ERAS reanalysis Pr.ovided high-resolut'ion atmospheric da'ta
2020  [Global widely used for studying meteorology—air
al. dataset . . .
pollution interactions.
. Demonstrated the role of boundary layer
| ERAS 1
Soleimanpour 2023  [Tehran ) boundahlry & height and ventilation coefficient in
et al. height analysis . . . . .
controlling air pollution dispersion.
Developed methods to estimate long-t
Northern  |Visibility-based i opec me 9 i e‘s 1m2.1 .e ‘o'ng e
Hao et al. 2024 ) . |PM:.5 concentrations.using visibility
Hemisphere [PM..5 reconstruction .
observations.

3. Challenges in Visibility and Aerosol Research

Despite significant progress, several challenges remain=ini understanding and quantifying visibility
degradation caused by aerosols. One major limitation is the scarcity of long-term visibility
observations in many developing regions [1].

Another challenge involves the complex interactions between aerosols and meteorological conditions.
Factors such as humidity, temperature inversions, and atmospheric stability can significantly influence
aerosol optical properties and visibility [12].

Regional variability in aerosol composition also complicates the interpretation of visibility
measurements. Different aerosol types, including sulfates, nitrates, organic carbon, and mineral dust,
have distinct optical characteristics that affect their influence on visibility [4].

Furthermore, uncertainties in satellite retrievals and reanalysis datasets can introduce errors in aerosol
and visibility estimates [15]. Continued improvements in observational networks and atmospheric
models are therefore necessary.

4. Conclusion
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Visibility degradation is closely linked to aerosol pollution and remains a major environmental
concern in many urban regions worldwide. Aerosol particles reduce atmospheric transparency through

light scattering and absorption processes, with fine particulate matter playing a dominant role.
Meteorological factors such as humidity, wind speed, and boundary layer dynamics further influence
visibility conditions.

Recent advances in satellite observations, monitoring networks, and atmospheric reanalysis datasets
have improved our understanding of aerosol-visibility interactions. However, several challenges
remain, including limited observational data, regional variability in aerosol composition, and
uncertainties in modeling approaches. Addressing these challenges will be essential for improving air
quality management and mitigating the impacts of aerosol pollution on atmospheric visibility.
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