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ABSTRACT

Aerosols play a fundamental role in the Earth's climate system by influencing radiative
forcing and modifying cloud microphysical processes. Despite significant advances in
atmospheric science, aerosol-cloud interactions remain one of the largest sources of
uncertainty in climate prediction due to their complex spatial and temporal variability.
This study presents an integrated observational and modelling assessment of the
impacts of natural and anthropogenic aerosols on climate forcing and cloud
microphysics under different atmospheric conditions. Satellite observations from the
Moderate Resolution Imaging Spectroradiometer (MODIS) and the Cloud—-Aerosol Lidar
and Infrared Pathfinder Satellite Observation (CALIPSO), together with ground-based
measurements from the Aerosol Robotic Network (AERONET), were combined with
simulations from the Community Atmosphere Model (CAM) to quantify aerosol
radiative effects and aerosol-induced changes in cloud properties. The results indicate
that sulfate aerosols exert an average cooling radiative forcing of approximately -0.8 W
m™ whereas black carbon produces a warming effect of about +1.2 W m™. Increasing
aerosol optical depth was associated with a 10-20% reduction in cloud droplet
effective radius, resulting in enhanced cloud optical depth and suppressed
precipitation formation. Climate model simulations further revealed that precipitation
efficiency decreased by approximately 15% under heavily polluted conditions
compared with relatively clean environments. Regional analyses demonstrated that
anthropogenic aerosols strongly modify cloud properties over industrial regions,
mineral dust acts as an efficient ice-nucleating particle in arid environments, and sea-
salt aerosols exert comparatively weak radiative effects over marine regions. Strong
agreement among satellite observations, ground-based measurements, and model
simulations enhances the reliability of these findings. Overall, the study highlights the
critical role of aerosol-cloud interactions in regulating the Earth's radiation budget
and hydrological cycle and emphasizes the importance of accurately representing
aerosol processes in climate models to improve future climate projections.

Keywords: Aerosols, Climate forcing, Radiative forcing, Cloud microphysics, Aerosol-
cloud interactions, Climate modelling

1.0. INTRODUCTION

Atmospheric aerosols are microscopic solid and liquid particles suspended in the atmosphere
that originate from both natural processes and anthropogenic activities. Natural aerosols
include desert dust, sea salt, volcanic ash, and biogenic particles, whereas anthropogenic
aerosols are primarily generated through fossil fuel combustion, industrial emissions,
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biomass burning, and agricultural activities. These particles significantly influence the
Earth's energy balance by interacting with incoming solar radiation and terrestrial longwave
radiation, thereby affecting atmospheric temperature, cloud formation, precipitation
processes, and regional climate variability. Aerosols influence the climate system through
both direct and indirect mechanisms. The direct effect involves the scattering and absorption
of solar radiation by aerosol particles. Scattering aerosols, such as sulfate and organic
carbon, increase the Earth's albedo by reflecting incoming solar radiation back into space,
thereby producing a net cooling effect (Musa et al., 2026). In contrast, absorbing aerosols,
particularly black carbon, absorb solar radiation, warming the surrounding atmosphere and
altering atmospheric stability and circulation patterns. This atmospheric heating can further
modify cloud development and precipitation through the semi-direct aerosol effect (Fan, et al.,
2018).

The indirect effects of aerosols are primarily associated with their role as cloud condensation
nuclei (CCN) and ice-nucleating particles (INPs). An increase in aerosol concentration
generally leads to the formation of a larger number of smaller cloud droplets. This process
enhances cloud reflectivity, commonly referred to as the Twomey effect, thereby increasing
the amount of solar radiation reflected back into space (Twomey, 1997). Smaller droplets also
delay the onset of precipitation by reducing collision and coalescence efficiency, increasing
cloud lifetime through the Albrecht effect. Consequently, aerosol-cloud interactions exert
substantial influence on regional hydrological cycles, cloud dynamics, and precipitation
distribution. Beyond these direct and indirect effects, aerosols contribute to several important
climate feedback mechanisms. For example, black carbon deposited on snow and ice surfaces
reduces surface albedo, accelerates melting, and enhances positive climate feedback. Volcanic
eruptions inject sulfate aerosols into the stratosphere, where they can remain suspended for
extended periods, producing short-term global cooling by increasing planetary reflectivity
(Bond et al., 2013). These diverse mechanisms demonstrate that the climatic influence of
aerosols depends strongly on their chemical composition, particle size, vertical distribution,
atmospheric lifetime, and geographical location.

Despite considerable progress in atmospheric observations and numerical modelling, aerosol-
cloud interactions remain one of the greatest uncertainties in climate science. The spatial and
temporal variability of aerosol properties, together with the complexity of cloud microphysical
processes, makes it difficult to accurately quantify aerosol radiative forcing and its influence
on climate. Although satellite missions, ground-based observational networks, and advanced
climate models have substantially improved scientific (Abdullahi et al., 2022) understanding,
significant uncertainties persist regarding the magnitude and regional variability of aerosol-
induced climate effects. Regional differences further complicate aerosol-climate interactions.
Industrial and urban regions are dominated by anthropogenic aerosols that modify cloud
properties, reduce air quality, and alter precipitation patterns. Conversely, natural aerosols
such as mineral dust and sea salt play important roles in cloud formation, nutrient transport,
and atmospheric chemistry while exhibiting distinct radiative characteristics. As
anthropogenic emissions continue to influence atmospheric composition, improving the
understanding of aerosol processes has become increasingly important for developing effective
climate mitigation and adaptation strategies.

This study aims to provide a comprehensive assessment of the influence of natural and
anthropogenic aerosols on climate forcing and cloud microphysics through the integration of
satellite observations, ground-based measurements, and numerical climate simulations.
Specifically, the study evaluates aerosol radiative forcing, aerosol-induced modifications of
cloud microphysical properties, and changes in precipitation efficiency across different
atmospheric environments. The findings contribute to improving the representation of aerosol
processes in climate models and provide valuable scientific evidence for enhancing future
climate projections and informing environmental policy.
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Atmospheric aerosols have long been recognized as one of the most influential yet uncertain
components of the Earth's climate system. Their ability to modify the Earth's radiation
balance and alter cloud microphysical processes makes them an essential factor in climate
modelling and prediction. Although substantial progress has been achieved in understanding
aerosol-climate interactions over recent decades, accurately quantifying their radiative effects
and cloud responses remains a significant scientific challenge owing to the complexity of
aerosol composition, spatial variability, and atmospheric processes.

One of the earliest and most influential studies on aerosol-cloud interactions was conducted
by Twomey (1977), who demonstrated that increasing aerosol concentrations produce a larger
number of smaller cloud droplets. This phenomenon, commonly referred to as the Twomey
Effect or the first indirect aerosol effect, increases cloud reflectivity (cloud albedo), allowing
more incoming solar radiation to be reflected back into space and thereby contributing to
atmospheric cooling. This mechanism remains one of the primary pathways through which
aerosols influence the global energy balance.

Building upon this work, Albrecht (1989) introduced the second indirect aerosol effect,
commonly known as the Albrecht Effect, which explains how smaller cloud droplets reduce
precipitation efficiency by inhibiting droplet collision and coalescence. Consequently, clouds
persist for longer periods, increasing cloud coverage and enhancing their cooling influence on
the climate system. This mechanism also modifies regional hydrological cycles by altering
rainfall distribution and cloud lifetime.

In addition to their indirect effects, aerosols directly influence the Earth's radiation budget
through the scattering and absorption of solar radiation. According to the Intergovernmental
Panel on Climate Change (IPCC, 2021), sulfate aerosols and organic carbon predominantly
scatter incoming shortwave radiation, resulting in negative radiative forcing and surface
cooling. Conversely, black carbon strongly absorbs solar radiation, producing positive
radiative forcing and atmospheric warming. Bond et al. (2013) identified black carbon as one
of the most effective short-lived climate forcers because of its high absorption efficiency and
its ability to accelerate snow and ice melting following deposition on cryospheric surfaces.
Similarly, Myhre et al. (2017) reported that black carbon significantly influences regional
temperature patterns and atmospheric circulation, making it an important contributor to
contemporary climate change.

The development of satellite remote sensing has substantially improved understanding of
aerosol-cloud interactions. Instruments such as the Moderate Resolution Imaging
Spectroradiometer (MODIS) and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) provide continuous global observations of aerosol optical depth, cloud
optical properties, aerosol vertical distribution, and cloud microphysical characteristics.
Using satellite observations, Quaas et al. (2020) demonstrated that aerosol-cloud interactions
exhibit considerable spatial heterogeneity, with the strongest effects occurring over industrial
regions and biomass-burning areas. Likewise, Gryspeerdt et al. (2017) showed that
anthropogenic aerosols generally exert stronger cloud-modifying effects than natural aerosols
because of their greater concentration and distinct chemical composition.

Despite improvements in observational capabilities, numerical climate models continue to
face challenges in accurately representing aerosol-cloud interactions. The latest generation of
climate models participating in the Coupled Model Intercomparison Project Phase 6 (CMIP6)
incorporates more sophisticated aerosol parameterizations than previous versions.
Nevertheless, considerable uncertainties remain regarding aerosol effective radiative forcing
and cloud feedback mechanisms. Zelinka et al. (2020) reported that discrepancies between
observational datasets and model simulations persist, particularly in estimating aerosol-
induced cloud adjustments. Similarly, Gettelman et al. (2019) emphasized that mixed-phase
and ice-cloud microphysical processes remain inadequately represented in many global
climate models, contributing to uncertainties in future climate projections.



78

FUDMA Journal of Renewable and Atomic Energy, 3 (SI) 2026
FJoRAE I 8,3 D

Regional studies have further demonstrated that aerosol effects vary substantially depending
on emission sources, meteorological conditions, and atmospheric composition. In South Asia,
high concentrations of black carbon generated from biomass burning and fossil fuel
combustion have been associated with weakened monsoon circulation, altered rainfall
patterns, and significant regional warming (Ramanathan et al., 2005; Lau et al., 2018). Over
marine environments, sea-salt aerosols naturally contribute to cloud condensation nuclei
formation but generally produce relatively weak radiative forcing compared with
anthropogenic aerosols (Chen et al., 2022).

Mineral dust aerosols also play an important role in atmospheric processes, particularly over
arid and semi-arid regions. Desert dust particles serve as efficient ice-nucleating particles,
influencing mixed-phase cloud formation, precipitation development, and atmospheric
stability. Huang et al. (2020) demonstrated that mineral dust significantly affects ice-cloud
formation and precipitation processes, while Yu et al. (2019) showed that Saharan dust can
be transported across the Atlantic Ocean, modifying cloud microphysics and atmospheric
conditions far from its source regions.

Recent investigations have increasingly focused on the influence of aerosols on extreme
weather events. Fan et al. (2018) found that elevated aerosol concentrations can intensify
convective storms by modifying cloud droplet distributions and enhancing latent heat release
during cloud development. Likewise, Rosenfeld et al. (2019) reported that urban pollution
increases cloud electrification processes, thereby enhancing lightning activity and severe
storm intensity. These findings suggest that aerosol effects extend beyond long-term climate
forcing to include significant impacts on short-term weather phenomena.

Although considerable advances have been made in aerosol research, important knowledge
gaps remain. Many observational studies are constrained by spatial and temporal coverage,
while climate models continue to struggle with accurately representing aerosol chemical
composition, vertical distribution, cloud microphysics, and aerosol-radiation feedback
mechanisms. Furthermore, regional variability introduces additional uncertainty because
aerosol properties differ substantially among industrial, marine, desert, and biomass-burning
environments.

Consequently, further research integrating satellite observations, ground-based
measurements, and advanced climate modelling is required to reduce these uncertainties.
High-resolution observations, improved aerosol parameterizations, and comprehensive
regional analyses are expected to enhance understanding of aerosol-cloud interactions and
improve the reliability of future climate projections. Such advances will provide more robust
scientific evidence to support climate policy, environmental management, and mitigation
strategies aimed at reducing the impacts of anthropogenic aerosol emissions.

2.0. MATERIALS AND METHOD

2.1. Research Design

This study adopted an integrated observational-modelling research design to investigate the
influence of atmospheric aerosols on climate forcing and cloud microphysical processes. The
methodology combines satellite remote sensing, ground-based observations, and numerical
climate simulations to provide a comprehensive assessment of aerosol-radiation and aerosol-
cloud interactions under different atmospheric conditions. Integrating multiple independent
datasets enhances the robustness of the analysis by reducing observational uncertainties and
improving the reliability of the results through cross-validation.

The study was designed to quantify both the direct radiative effects of aerosols and their
indirect effects on cloud formation, cloud optical properties, and precipitation efficiency.
Furthermore, regional analyses were conducted to evaluate how different aerosol types
influence climate processes across contrasting atmospheric environments.
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2.2. Data Sources
Three complementary datasets were utilized to characterize aerosol properties, cloud
microphysics, and radiative forcing.
2.2.1. Satellite Observations
Satellite remote sensing constituted the primary source of atmospheric observations because
of its extensive spatial coverage and continuous temporal monitoring capabilities.
Data were obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS)
onboard NASA's Terra and Aqua satellites. MODIS provides high-resolution measurements of
Aerosol Optical Depth (AOD), cloud optical thickness, cloud effective radius, cloud fraction,
and several other cloud microphysical parameters. Aerosol Optical Depth was employed as
the principal indicator of atmospheric aerosol loading and served as the basis for evaluating
the spatial and temporal variability of aerosol concentrations.
To complement the MODIS observations, vertical atmospheric profiles were obtained from the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) mission. Unlike
passive satellite sensors, CALIPSO employs lidar technology to provide detailed vertical
information on aerosol layers, cloud height, cloud phase, and cloud thickness. These
observations enabled the characterization of aerosol vertical distribution and facilitated the
investigation of aerosol-cloud interactions throughout different atmospheric layers.
The combined use of MODIS and CALIPSO datasets provided comprehensive information on
both the horizontal distribution and vertical structure of aerosols and clouds, thereby
improving the assessment of aerosol-induced climate effects.
2.2.2. Ground-Based Observations
Ground-based aerosol observations were obtained from the Aerosol Robotic Network
(AERONET), a globally distributed network of calibrated sun photometers that provides highly
accurate aerosol measurements.
AERONET data included:

i. Aerosol Optical Depth (AOD)

ii. Angstrém Exponent

iii. Aerosol particle size distribution

iv. Aerosol optical properties
These measurements served two important purposes. First, they provided independent
validation of satellite-derived aerosol products, thereby improving confidence in the remotely
sensed observations. Second, they reduced uncertainties associated with satellite retrieval
algorithms by providing highly accurate reference measurements.
Comparison between MODIS-derived AOD and AERONET observations enabled the
assessment of retrieval accuracy and strengthened the reliability of the observational dataset
used in this study.
2.2.3. Climate Model Simulations
Numerical simulations were performed using the Community Atmosphere Model (CAM), one
of the most widely used atmospheric components of the Community Earth System Model
(CESM).
CAM was selected because it explicitly represents aerosol emissions, atmospheric transport,
chemical transformation, aerosol-radiation interactions, cloud microphysical processes, and
aerosol-cloud feedback mechanisms.
Several simulation scenarios representing different aerosol loading conditions were conducted
to evaluate changes in:

i. Radiative forcing

ii. Cloud droplet number concentration
iii. Cloud optical depth

iv. Cloud lifetime

v. Precipitation efficiency

vi. Atmospheric energy balance
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Model outputs were compared with satellite and ground-based observations to evaluate model
performance and improve the interpretation of aerosol-climate interactions.

2.3. Data Processing and Analysis
All datasets underwent quality control procedures prior to analysis. Satellite observations,
ground-based measurements, and climate model outputs were processed using standardized
atmospheric data analysis techniques to ensure consistency among datasets.
2.3.1. Radiative Forcing Assessment
The direct radiative effects of aerosols were quantified by comparing atmospheric conditions
characterized by high aerosol loading with relatively clean atmospheric conditions.
Radiative forcing estimates incorporated both observational measurements and model
simulations to calculate the net impact of aerosols on the Earth's radiation budget.
The analysis considered:

i. Solar radiation scattering

ii. Solar radiation absorption
iii. Net shortwave radiative forcing

iv. Regional differences in aerosol forcing
Negative radiative forcing associated with sulfate and organic aerosols was interpreted as
atmospheric cooling, whereas positive forcing associated with black carbon represented
atmospheric warming.
Combining observational datasets with climate model simulations improved the robustness of
the radiative forcing estimates and reduced uncertainties arising from individual
measurement techniques.
2.3.2. Cloud Microphysical Analysis
Cloud microphysical responses to aerosol loading were evaluated using MODIS cloud
products.
The principal cloud variables examined included:

i. Effective cloud droplet radius

ii. Cloud optical depth
iii. Cloud fraction

iv. Cloud reflectivity

v. Precipitation efficiency
Changes in these variables were analyzed as functions of Aerosol Optical Depth to quantify
aerosol indirect effects.
Correlation and regression analyses were performed to determine the statistical relationships
between aerosol concentration and cloud microphysical properties.
These analyses provided quantitative evidence of aerosol-induced modifications in cloud
development, cloud lifetime, and precipitation processes.
2.3.3. Regional Comparative Analysis
To investigate geographical variability, three representative atmospheric environments were
selected:
Industrial Regions
Industrial regions, including Eastern China and parts of North America, were selected
because of their high anthropogenic aerosol emissions originating from transportation,
manufacturing, and fossil-fuel combustion.
These regions were examined to evaluate the influence of sulfate, black carbon, and organic
aerosols on cloud formation, radiative forcing, and precipitation suppression.
Desert Regions
The Sahara Desert and the Middle East were selected to investigate the influence of mineral
dust aerosols.
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Particular attention was given to the role of dust particles as efficient ice-nucleating particles
and their contribution to mixed-phase cloud formation, precipitation processes, and long-
range aerosol transport.

Marine Regions

Marine environments over the North Atlantic and Pacific Oceans were analyzed to investigate
aerosol-cloud interactions under relatively clean atmospheric conditions dominated by sea-
salt aerosols.

These regions provided a useful reference for comparing natural aerosol effects with those
produced by anthropogenic emissions.

2.4. Model Validation and Uncertainty Assessment
Model validation was conducted through direct comparison of CAM simulation outputs with
satellite observations from MODIS and CALIPSO and ground-based measurements from
AERONET.
Validation focused on:

i. Aerosol Optical Depth

ii. Cloud effective radius

iii. Cloud optical depth

iv. Radiative forcing

v. Precipitation efficiency
Agreement among the three independent datasets was used to evaluate model performance
and quantify simulation reliability.
Sensitivity analyses were also performed by varying aerosol loading and cloud microphysical
parameterizations to examine the influence of model assumptions on predicted aerosol
effects.
These uncertainty analyses enhanced confidence in the results and improved the scientific
robustness of the study by identifying the range of variability associated with aerosol-cloud
interactions.

3.0. RESULTS AND DISCUSSION

3.1. Aerosol Radiative Forcing

The integrated analysis of satellite observations, ground-based measurements, and
Community Atmosphere Model (CAM) simulations demonstrates that atmospheric aerosols
exert substantial but contrasting effects on the Earth's radiative balance depending on their
physical and chemical characteristics. Sulfate aerosols predominantly scatter incoming solar
radiation, thereby generating negative radiative forcing and contributing to atmospheric
cooling. Conversely, black carbon absorbs solar radiation, producing positive radiative forcing
and warming the atmosphere. Table 1 summarizes the estimated radiative forcing associated
with the major aerosol types investigated in this study.

Table 1: Estimated Radiative Forcing of Major Aerosol Types

Aerosol Type Radiative Forcing (W m™)
Sulfate -0.8
Black Carbon +1.2
Organic Carbon -0.3
Mineral Dust +0.2
Sea Salt -0.1

The results indicate that black carbon produced the strongest warming effect, with an
estimated radiative forcing of +1.2 W m™, while sulfate aerosols generated the strongest
cooling effect of approximately —0.8 W m™. Organic carbon also contributed to atmospheric
cooling, although its influence was considerably smaller. Mineral dust exhibited weak positive
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radiative forcing because its climatic impact depends strongly on particle size, mineral
composition, and surface reflectance. Sea-salt aerosols produced only a minor cooling effect
because of their relatively low absorption efficiency and natural abundance over marine
environments.

These findings agree well with previous studies that identified sulfate aerosols as major
contributors to negative radiative forcing and black carbon as one of the most important
short-lived climate forcers (Bond et al., 2013; IPCC, 2021). The close agreement between
observational datasets and model simulations further increases confidence in the estimated
radiative forcing values.

3.2 Aerosol Effects on Cloud Microphysical Properties

Cloud microphysical analysis revealed a strong inverse relationship between aerosol loading
and cloud droplet size. Increasing Aerosol Optical Depth (AOD) resulted in progressively
smaller cloud droplets, indicating enhanced availability of cloud condensation nuclei under
polluted atmospheric conditions. Table 2 illustrates the observed relationship between aerosol
optical depth and cloud droplet effective radius.

Table 2: Relationship between Aerosol Optical Depth and Cloud Droplet Size

Aerosol Optical Depth Cloud Droplet Radius (um)
0.1 19
0.2 18
0.3 17
0.4 16
0.5 15
0.6 14
0.7 13
0.8 12
0.9 11
1.0 10

The results demonstrate a nearly linear decrease in cloud droplet radius as aerosol
concentration increased. Specifically, cloud droplet size declined from approximately 19 pm
at an aerosol optical depth of 0.1 to approximately 10 pm at an aerosol optical depth of 1.0,
representing an overall reduction of nearly 47%.

This behavior is consistent with the Twomey Effect, whereby increased aerosol concentrations
generate a greater number of cloud condensation nuclei, producing more numerous but
smaller cloud droplets. Smaller droplets increase cloud reflectivity and reduce collision—
coalescence efficiency, thereby delaying precipitation initiation.

The corresponding relationship illustrated in Figure 1 clearly demonstrates this inverse
correlation between aerosol optical depth and cloud droplet radius, confirming that aerosol
loading substantially modifies cloud microphysical properties.
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AOD vs Cloud Droplet Size
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Figure 1: Aerosol Optical Depth versus Cloud Droplet Size

3.3. Regional Variability of Aerosol Impacts

The magnitude and nature of aerosol effects varied considerably among the three atmospheric
environments examined, reflecting differences in aerosol composition, emission sources, and
meteorological conditions.

Table 3: Regional Characteristics of Aerosol-Cloud Interactions

Region Dominant Aerosol Type Principal Climatic Effect

Industrial regions Sulfate, Black Carbon Increased  cloud  reflectivity; reduced
precipitation

Desert regions Mineral Dust Ice nucleation; mixed-phase cloud formation

Marine regions Sea Salt Natural cloud formation with weak radiative
forcing

Industrial regions exhibited the strongest aerosol-cloud interactions because of elevated
concentrations of anthropogenic aerosols emitted from transportation, power generation, and
industrial activities. Increased aerosol loading enhanced cloud condensation nuclei
concentrations, producing smaller cloud droplets, greater cloud optical depth, and
suppressed precipitation.

In contrast, desert regions were dominated by mineral dust aerosols, which acted primarily as
efficient ice-nucleating particles. These particles promoted mixed-phase cloud formation and
influenced precipitation processes over both source regions and distant locations through
long-range atmospheric transport.

Marine environments displayed relatively weak aerosol radiative effects because sea-salt
aerosols occur naturally and primarily influence cloud formation rather than atmospheric
heating. Although sea-salt particles contribute significantly to cloud condensation nuclei
populations over the oceans, their overall contribution to global radiative forcing remains
comparatively small.

These regional differences emphasize that aerosol impacts cannot be generalized globally and
must instead be evaluated within the context of local emission sources and atmospheric
conditions.



84

FUDMA Journal of Renewable and Atomic Energy, 3 (SI) 2026
FJoRAE J 8,3 D

3.4. Aerosol Influence on Precipitation Efficiency

Climate model simulations demonstrated that increasing aerosol concentrations substantially
reduced precipitation efficiency. Polluted environments produced smaller cloud droplets that
delayed precipitation formation and prolonged cloud lifetime.

Table 4: Simulated Precipitation Efficiency under Different Aerosol Conditions

Aerosol Loading Precipitation Efficiency (%)
Low 80
Moderate 65
High 50

The simulations indicate that precipitation efficiency declined from 80% under low aerosol
loading to 50% under heavily polluted conditions, representing an overall reduction of
approximately 30 percentage points.

This trend reflects the suppression of warm-rain processes under polluted atmospheric
conditions. Smaller cloud droplets require longer periods to collide and merge into raindrops,
thereby extending cloud lifetime and reducing rainfall intensity.

The relationship illustrated in Figure 2 clearly shows the progressive decline in precipitation
efficiency with increasing aerosol concentration. These findings agree with previous studies
demonstrating that anthropogenic aerosols modify cloud dynamics and regional hydrological
cycles through precipitation suppression (Albrecht, 1989; Rosenfeld et al., 2014).

Precipitation Efficiency vs Aerosol Concentration

Precipitation Efficiency (%)

Low Medium High
Aerosol Concentration Level

Figure 2: Efficiency of Precipitation versus Aerosol Concentration Level

3.5. Comparison with Previous Studies

The results obtained in this study are consistent with both observational and modelling
investigations reported in the atmospheric science literature.

The observed reduction in cloud droplet size with increasing aerosol concentration agrees
closely with the findings of Twomey (1977) and subsequent satellite-based investigations by
Quaas et al. (2020) and Gryspeerdt et al. (2017).

Similarly, the estimated cooling effect of sulfate aerosols and warming influence of black

carbon correspond well with radiative forcing estimates reported by Bond et al. (2013) and the
[PCC Sixth Assessment Report (2021).
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The simulated reduction in precipitation efficiency also supports earlier work by Albrecht
(1989) and Rosenfeld et al. (2014), who demonstrated that elevated aerosol concentrations
suppress precipitation by reducing cloud droplet size and increasing cloud lifetime.
Furthermore, the regional analysis reinforces previous observations that anthropogenic
aerosols dominate cloud modification over industrial regions, whereas mineral dust and sea-
salt aerosols play more prominent roles in desert and marine environments, respectively.

3.6. Implications for Climate Prediction

The findings demonstrate that accurate representation of aerosol processes remains essential
for improving climate projections. Aerosol-induced changes in radiative forcing, cloud
reflectivity, and precipitation influence both regional and global climate systems. Failure to
adequately represent these processes in climate models may lead to substantial uncertainties
in projections of future temperature, cloud cover, and hydrological variability.

Integrating satellite observations, ground-based measurements, and advanced numerical
simulations provides a robust framework for reducing these uncertainties. Continued
improvements in aerosol parameterization, observational capabilities, and high-resolution
climate modelling will enhance the reliability of future climate assessments and support
evidence-based environmental policy and climate mitigation strategies.

4.0. CONCLUSION AND RECOMMENDATIONS

4.1. Conclusion

This study provides a comprehensive assessment of the influence of atmospheric aerosols on
climate forcing and cloud microphysical processes through the integration of satellite
observations, ground-based measurements, and numerical climate simulations. The
combined observational-modelling approach enhanced the reliability of the findings by
providing complementary perspectives on aerosol distribution, cloud characteristics, and
radiative effects across different atmospheric environments.

The results demonstrate that aerosols exert both cooling and warming effects on the Earth's
climate depending on their chemical composition and optical properties. Sulfate aerosols
predominantly scatter incoming solar radiation, generating negative radiative forcing that
contributes to atmospheric cooling, whereas black carbon absorbs solar radiation and
produces positive radiative forcing, thereby enhancing atmospheric warming. These
contrasting effects highlight the complex role of aerosols in regulating the Earth's radiation
budget and emphasize the need for accurate representation of aerosol processes in climate
models.

The study further confirms that aerosols substantially modify cloud microphysical properties.
Increasing aerosol concentrations lead to the formation of a greater number of smaller cloud
droplets, resulting in enhanced cloud reflectivity, increased cloud optical depth, prolonged
cloud lifetime, and reduced precipitation efficiency. These findings provide clear evidence of
the importance of aerosol-cloud interactions in influencing regional hydrological processes
and atmospheric energy balance.

Regional analyses revealed considerable spatial variability in aerosol impacts. Anthropogenic
aerosols were found to exert the strongest influence over industrial regions, where elevated
emissions significantly altered cloud properties and precipitation patterns. In contrast,
mineral dust played a dominant role in cloud formation over arid and semi-arid regions by
acting as effective ice-nucleating particles, while sea-salt aerosols primarily influenced
natural cloud formation over marine environments with comparatively weak radiative effects.
These regional differences demonstrate that aerosol effects are highly dependent on emission
sources, atmospheric composition, and prevailing meteorological conditions.

Overall, the strong agreement between satellite observations, AERONET measurements, and
Community Atmosphere Model simulations enhances confidence in the study's findings. The
results underscore the importance of incorporating realistic aerosol-cloud interactions into
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next-generation climate models to reduce uncertainties in projections of future climate
change and hydrological variability. Improved understanding of aerosol processes will support
more accurate climate predictions and provide valuable scientific evidence for environmental
management and climate policy development.

4.2. Recommendations

Based on the findings of this study, the following recommendations are proposed:

i. Improve Representation of Aerosol Processes in Climate Models: Future climate
models should incorporate more detailed representations of aerosol physical and
chemical properties, including aerosol composition, particle size distribution,
hygroscopicity, and cloud activation mechanisms. Enhanced parameterization of aerosol-
cloud interactions will improve estimates of radiative forcing and reduce uncertainties in
climate projections.

ii. Expand Long-Term Atmospheric Observation Networks: Continuous monitoring of
aerosols through satellite missions and ground-based observation networks should be
strengthened to provide high-quality datasets for validating climate models. Expanding
observational coverage, particularly in developing countries and data-sparse regions, will
improve understanding of regional aerosol variability.

iii. Promote High-Resolution Regional Climate Studies: Regional-scale investigations
should be encouraged to capture localized aerosol characteristics and their interactions
with meteorological conditions. High-resolution modelling will provide more accurate
assessments of aerosol impacts on precipitation, cloud dynamics, and extreme weather
events.

iv. Reduce Anthropogenic Aerosol Emissions: Governments and environmental agencies
should implement policies aimed at reducing emissions from industrial activities, fossil-
fuel combustion, transportation, and biomass burning. Cleaner energy technologies,
improved industrial emission controls, and sustainable urban planning can significantly
reduce aerosol pollution while simultaneously improving air quality and public health.

v. Strengthen International Collaboration: Because atmospheric aerosols are transported
across national boundaries, international cooperation is essential for coordinated
monitoring, data sharing, and emission reduction strategies. Collaborative research
programmes will improve scientific understanding of transboundary aerosol transport
and its climatic consequences.

vi. Investigate Emerging Aerosol-Climate Feedback Mechanisms: Future research
should explore interactions between aerosols and emerging climate feedback processes,
including aerosol impacts on extreme weather events, cryosphere dynamics, atmospheric
circulation, and ecosystem functioning. Such investigations will contribute to a more
comprehensive understanding of the Earth's climate system.

vii. Integrate Artificial Intelligence and Advanced Data Analytics: Emerging artificial
intelligence (AI) and machine learning techniques should be incorporated into aerosol
research to improve aerosol classification, cloud detection, radiative forcing estimation,
and climate prediction. These technologies offer considerable potential for analysing large
atmospheric datasets and enhancing the predictive capability of climate models.

4.3. Overall Contribution of the Study

This research contributes to the growing body of knowledge on aerosol-climate interactions
by integrating multiple observational datasets with advanced climate modelling to evaluate
both direct and indirect aerosol effects. The study demonstrates that aerosol-induced changes
in radiative forcing and cloud microphysics remain fundamental sources of uncertainty in
climate prediction. By providing a comprehensive assessment across industrial, desert, and
marine environments, the findings offer valuable insights for improving climate model
development, environmental policy formulation, and global climate mitigation strategies.
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Furthermore, the study reinforces the importance of multidisciplinary approaches that
combine remote sensing, ground-based observations, and numerical simulations to better
understand atmospheric processes. Such integrated methodologies will play an increasingly
important role in reducing uncertainties associated with future climate projections and
supporting evidence-based decision-making for sustainable environmental management.

REFERENCES

Abdullahi MG*, Takai ZI, Ibrahim MA (2022). Effect of Substitution of Modified Pofa on
Physico-Mechanical Properties of Porcelain. Res Dev Material Sci. 17(5). RDMS. 000924.
2022. https://doi.org./10.31031/RDMS.2022.17.000924

Albrecht, B. A. (1989). Aerosols, cloud microphysics, and fractional cloudiness. Science,
245(4923), 1227-1230. https://doi.org/10.1126/science.245.4923.1227

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen, T., DeAngelo, B. J., ...
Zhang, H. (2013). Bounding the role of black carbon in the climate system: A scientific
assessment. Journal of Geophysical Research: Atmospheres, 118(11), 5380-5552.
https://doi.org/10.1002/jgrd.50171

Chen, W., Li, Z., Liu, J., Cribb, M., & Wang, J. (2022). Marine aerosols and cloud
microphysics: Observations from remote ocean regions. Atmospheric Research, 265,
105901. https://doi.org/10.1016/j.atmosres.2021.105901

Fan, J., Rosenfeld, D., Yang, Y., Zhao, C., Leung, L. R., & Li, Z. (2018). Substantial convection
and precipitation enhancements by ultrafine aerosol particles. Science, 359(6374), 411-
418. https://doi.org/10.1126/science.aan8461

Gettelman, A., Morrison, H., Santos, S., Bogenschutz, P., & Caldwell, P. M. (2019). Advanced
two-moment bulk microphysics for global models. Geophysical Research Letters, 46(8),
4657-4666. https://doi.org/10.1029/2018GL0O80196

Gryspeerdt, E., Quaas, J., & Bellouin, N. (2017). Constraining the aerosol influence on cloud
fraction. Nature Communications, 8, 1310. https://doi.org/10.1038/s41467-017-01379-
3

Holben, B. N., Eck, T. F., Slutsker, 1., Tanré, D., Buis, J. P., Setzer, A., ... Smirnov, A. (1998).
AERONET—A federated instrument network and data archive for aerosol
characterization. Remote Sensing of Environment, 66(1), 1-16.
https://doi.org/10.1016/S0034-4257(98)00031-5

Huang, X., Wang, Z., Ding, A., & Gao, J. (2020). The influence of mineral dust on ice cloud
formation. Atmospheric Chemistry and Physics, 20(3), 1531-1546.
https://doi.org/10.5194 /acp-20-1531-2020

Intergovernmental Panel on Climate Change. (2021). Climate change 2021: The physical
science basis. Cambridge University Press. https://doi.org/10.1017/9781009157896

Lau, W. K. M., Kim, K. M., Shi, J. J., Matsui, T., Chin, M., Tan, Q., & Peters-Lidard, C.
(2018). Impacts of aerosol-monsoon interaction on rainfall and circulation over Asia.
Journal of Climate, 31(13), 5267-5286. https://doi.org/10.1175/JCLI-D-17-0275.1

Musa, G. A., Ibrahin J, Maimuna, A. A., Ismail, A. M., Shuaibu, U., Nasiru, Y. M.,
Muhammad, B. I., & Roslan, U. (2026) Advancement in Numerical Weather Prediction
(NWP) using Machine Learning. Journal of Basic and Applied Sciences Research, 4(3),
2026, 1597-9962 http://dx.doi.org/10.4314/jobasr,v4i3.10s

Myhre, G., Shindell, D., Bréon, F. M., Collins, W., Fuglestvedt, J., Huang, J., & Zhang, H.
(2017). Radiative forcing of black carbon and organic aerosols. Atmospheric Chemistry
and Physics, 17(6), 4221-4240. https://doi.org/10.5194 /acp-17-4221-2017



https://doi.org./10.31031/RDMS.2022.17.000924
https://doi.org/10.1126/science.245.4923.1227
https://doi.org/10.1002/jgrd.50171
https://doi.org/10.1016/j.atmosres.2021.105901
https://doi.org/10.1126/science.aan8461
https://doi.org/10.1029/2018GL080196
https://doi.org/10.1038/s41467-017-01379-3
https://doi.org/10.1038/s41467-017-01379-3
https://doi.org/10.1016/S0034-4257(98)00031-5
https://doi.org/10.5194/acp-20-1531-2020
https://doi.org/10.1017/9781009157896
https://doi.org/10.1175/JCLI-D-17-0275.1
http://dx.doi.org/10.4314/jobasr,v4i3.10s
https://doi.org/10.5194/acp-17-4221-2017

88

FUDMA Journal of Renewable and Atomic Energy, 3 (SI) 2026
FJoRAE I 8,3 D

Neale, R. B., Richter, J. H., Park, S., Lauritzen, P. H., Vavrus, S. J., Rasch, P. J., & Zhang, M.
(2012). Description of the NCAR Community Atmosphere Model (CAMS5.0). National Center
for Atmospheric Research.

Platnick, S., Meyer, K. G., King, M. D., Wind, G., Amarasinghe, N., Marchant, B., ... Hubanks,
P. A. (2017). The MODIS cloud optical and microphysical products: Collection 6 updates
and examples from Terra and Aqua. Remote Sensing of Environment, 203, 187-210.
https://doi.org/10.1016/j.rse.2017.08.027

Quaas, J., Jia, H., Smith, C. J., Albright, A. L., Aas, W., Bellouin, N., & Watson-Parris, D.
(2020). Robust evidence for reversing aerosol-cloud interaction effects. Geophysical
Research Letters, 47(1), e2019GL085799. https://doi.org/10.1029/2019GL0O85799

Ramanathan, V., Chung, C., Kim, D., Bettge, T., Buja, L., Kiehl, J. T., & Wild, M. (2005).
Atmospheric brown clouds: Impacts on South Asian climate and hydrological cycle.
Proceedings of the National Academy of Sciences, 102(15), 5326-5333.
https://doi.org/10.1073/pnas.0500656102

Rosenfeld, D., Sherwood, S., Wood, R., & Donner, L. (2014). Climate effects of aerosol-cloud
interactions. Science, 343(6169), 379-380. https://doi.org/10.1126/science.1247490

Rosenfeld, D., Zhu, Y., Wang, M., Zheng, Y., Goren, T., & Yu, S. (2019). Aerosol-driven droplet
concentrations dominate suppression of precipitation by aerosols. Science Advances, 5(8),
eaav0566. https://doi.org/10.1126/sciadv.aav0566

Twomey, S. (1977). The influence of pollution on the shortwave albedo of clouds. Journal of
the Atmospheric Sciences, 34(7), 1149-1152.

Winker, D. M., Vaughan, M. A., Omar, A., Hu, Y., Powell, K. A., Liu, Z., & Young, S. A. (2009).
Overview of the CALIPSO mission and CALIOP data processing algorithms. Journal of
Atmospheric and Oceanic Technology, 26(11), 2310-2323.
https://doi.org/10.1175/2009JTECHA1281.1

Yu, H., Tan, Q., Zhou, L., Zhou, Y., Shi, Y., Wang, T., & Chin, M. (2019). Observations of
African dust transport over the Atlantic Ocean. Journal of Geophysical Research:
Atmospheres, 124(24), 13241-13259. https://doi.org/10.1029/2019JD030793

Zelinka, M. D., Andrews, T., Forster, P. M., & Taylor, K. E. (2020). Toward establishing robust
constraints on aerosol effective radiative forcing. Journal of Climate, 33(19), 8265-8287.
https://doi.org/10.1175/JCLI-D-19-0381.1



https://doi.org/10.1016/j.rse.2017.08.027
https://doi.org/10.1029/2019GL085799
https://doi.org/10.1073/pnas.0500656102
https://doi.org/10.1126/science.1247490
https://doi.org/10.1126/sciadv.aav0566
https://doi.org/10.1175/2009JTECHA1281.1
https://doi.org/10.1029/2019JD030793
https://doi.org/10.1175/JCLI-D-19-0381.1

