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Abstract: 
Urban areas represent significant hotspots for aerosol emissions, profoundly influencing local and regional cloud 

formation and precipitation patterns. This paper examines the complex interactions between atmospheric aerosols and cloud-

precipitation processes in urban environments, focusing on the mechanisms through which aerosol particles affect cloud 

microphysics, dynamics, and precipitation intensity. Urban aerosols act as cloud condensation nuclei (CCN), modifying cloud 

droplet number concentration, size distribution, and lifetime. The urban heat island (UHI) effect interacts synergistically with 

aerosol loading to create complex feedback mechanisms that can either enhance or suppress precipitation depending on aerosol 

concentration, meteorological conditions, and storm development stage. Analysis of multiple urban case studies reveals that 

elevated aerosol concentrations typically suppress light to moderate precipitation while potentially enhancing heavy convective 

precipitation through latent heat release mechanisms. Aged traffic aerosols and urban background particles demonstrate higher 

CCN activation efficiency compared to fresh traffic emissions. The study synthesizes findings from observational campaigns, 

numerical simulations, and satellite data to provide a comprehensive understanding of aerosol-cloud-precipitation interactions in 

urban atmospheres. Results indicate that aerosol indirect effects often dominate over direct radiative effects in influencing 

precipitation patterns, with implications for urban climate, water resources, and air quality management. Understanding these 

processes is critical for improving urban weather prediction, climate modeling, and developing effective mitigation strategies for 

air pollution and extreme weather events in rapidly urbanizing regions. 

Key Words: Atmospheric Aerosols, Cloud Condensation Nuclei, Urban Precipitation, Aerosol-Cloud Interactions, Urban Heat 
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1. Introduction: 
Urbanization represents one of the most significant anthropogenic modifications to the Earth's surface, with over 55% of 

the global population currently residing in urban areas and projections indicating this proportion will exceed 68% by 2050 

(Rosenfeld et al., 2008). Cities fundamentally alter atmospheric composition, energy balance, and moisture distribution, creating 

distinctive microclimates that influence cloud formation and precipitation processes over and downwind of metropolitan regions. 

Among the various urban effects on atmospheric processes, the emission of aerosol particles stands out as a critical factor 

modulating cloud properties and precipitation patterns (Han et al., 2023). 

Atmospheric aerosols are microscopic solid or liquid particles suspended in air, ranging from nanometers to tens of 

micrometers in diameter. In urban environments, these particles originate from diverse sources including vehicular emissions, 

industrial activities, residential heating, construction activities, and secondary formation through gas-to-particle conversion 

processes (Burkart et al., 2011). Urban aerosol populations typically comprise sulfates, nitrates, organic carbon, elemental carbon 

(black carbon), and crustal materials, exhibiting complex compositional variations with significant implications for their cloud-

forming potential (Wang et al., 2011). 

The role of aerosols in cloud and precipitation processes has emerged as one of the most challenging aspects of 

atmospheric science, contributing substantial uncertainty to climate projections and weather forecasting. Aerosol particles serve as 

cloud condensation nuclei (CCN) upon which water vapor condenses to form cloud droplets, thereby exerting fundamental control 

over cloud microphysical properties. The Twomey effect describes how increased aerosol concentrations lead to more numerous 

but smaller cloud droplets for a given liquid water content, increasing cloud albedo (Rosenfeld et al., 2008). Beyond this first 

indirect effect, aerosols influence cloud lifetime, precipitation efficiency, and storm dynamics through complex feedback 

mechanisms collectively termed aerosol-cloud-precipitation interactions (ACI). 

Urban areas present particularly complex environments for studying ACI due to the simultaneous operation of multiple 

mechanisms. The urban heat island (UHI) effect, characterized by elevated temperatures in cities relative to surrounding rural 

areas, creates enhanced vertical mixing and updrafts that promote cloud formation (Fan et al., 2015). Concurrently, high aerosol 

loadings modify cloud microphysics, potentially suppressing or invigorating precipitation depending on the atmospheric state and 

storm type. The relative contributions of thermodynamic effects (UHI) versus microphysical effects (aerosols) remain subjects of 

active investigation, with implications extending beyond scientific understanding to urban planning, water resource management, 

and climate adaptation strategies. 

Recent observational and modeling studies have revealed that aerosol effects on precipitation are highly nonlinear and 

context-dependent. While some studies report precipitation suppression over upwind urban areas (Fan et al., 2015), others 

document enhancement downwind (Sarangi et al., 2018), and still others find differential responses based on precipitation 

intensity, with light precipitation suppressed but heavy precipitation enhanced (Wang et al., 2011). These apparently contradictory 
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findings underscore the complexity of urban ACI and the necessity for comprehensive investigations that integrate multiple 

measurement platforms and numerical modeling approaches. 

This paper synthesizes current understanding of atmospheric aerosols' role in cloud formation and precipitation above 

urban areas. We examine aerosol sources and properties in cities, mechanisms of CCN activation and cloud droplet formation, the 

interaction between UHI and aerosol effects, and the resulting impacts on precipitation patterns. Through analysis of case studies 

from major metropolitan areas worldwide, we elucidate the physical processes governing urban ACI and identify research gaps 

requiring future attention. Understanding these processes is essential for improving urban weather prediction, quantifying 

anthropogenic impacts on regional hydrology, and developing science-based policies for air quality and climate change 

mitigation. 

2. Urban Aerosol Sources and Characteristics: 

2.1 Emission Sources in Urban Environments: 
Urban aerosol populations originate from diverse primary emission sources and secondary formation pathways, creating 

complex mixtures with temporally and spatially variable properties. Vehicular traffic represents the dominant primary aerosol 

source in most cities, emitting particles through combustion processes, brake and tire wear, and road dust resuspension. Traffic-

related aerosols are predominantly composed of elemental carbon (black carbon) and organic carbon, with fresh emissions 

characterized by small particle sizes (typically 20-100 nm) and relatively hydrophobic composition (Salcedo et al., 2023). 

Industrial activities, including manufacturing, power generation, and construction, contribute substantial aerosol 

loadings, particularly in rapidly industrializing regions. Sulfur dioxide (SO₂) emissions from coal combustion and industrial 

processes undergo atmospheric oxidation to form sulfate aerosols, while nitrogen oxides (NOₓ) from combustion sources 

contribute to nitrate aerosol formation. These secondary inorganic aerosols are highly hygroscopic and efficient CCN, 

significantly influencing urban cloud formation potential (Wang et al., 2011). 

Residential and commercial activities, including heating, cooking, and waste incineration, contribute both primary 

particles and precursor gases for secondary aerosol formation. Organic aerosols from these sources exhibit diverse chemical 

compositions ranging from hydrophobic primary emissions to highly oxidized, hygroscopic secondary organic aerosols (SOA) 

formed through photochemical processing. The transformation of hydrophobic primary organic aerosols to hygroscopic SOA 

through atmospheric aging represents a critical process enhancing CCN activity in urban plumes (Burkart et al., 2011). 

2.2 Particle Size Distributions and Number Concentrations: 
Urban aerosol particle size distributions typically exhibit multimodal characteristics, with nucleation mode (< 30 nm), 

Aitken mode (30-100 nm), accumulation mode (100-1000 nm), and coarse mode (> 1000 nm) particles coexisting in variable 

proportions. Total particle number concentrations in urban atmospheres commonly range from 10,000 to 50,000 particles cm⁻³, 

substantially exceeding background continental concentrations of 1,000-5,000 particles cm⁻³. Budapest measurements reported 

median total particle concentrations of 10,100 particles cm⁻³, with significant temporal variability related to traffic patterns, 

meteorological conditions, and photochemical activity (Török et al., 2021). 

Geographic variations in urban particle size distributions reflect regional differences in emission sources, atmospheric 

chemistry, and meteorological conditions. European and North American cities exhibit particle size distributions dominated by 

nucleation and Aitken mode particles, reflecting stringent emission controls and relatively aged aerosol populations. In contrast, 

Central, South, and Southeast Asian cities show size distributions shifted toward larger accumulation mode particles, indicating 

higher contributions from aged traffic emissions and secondary aerosol formation (Kerminen et al., 2021). 

The temporal evolution of particle size distributions reveals important insights into aerosol sources and processing. New 

particle formation events, characterized by bursts of nucleation mode particles, occur frequently in urban environments when 

atmospheric conditions favor gas-to-particle conversion. However, these newly formed particles require hours of growth through 

condensation and coagulation to reach sizes (> 50-100 nm) capable of activating as CCN. Traffic rush hours produce 

characteristic peaks in Aitken mode particle concentrations, while photochemical processing during daytime hours shifts size 

distributions toward larger, more hygroscopic accumulation mode particles with enhanced CCN activity (Salcedo et al., 2023). 

2.3 Chemical Composition and Hygroscopicity: 
Urban aerosol chemical composition exhibits substantial variability depending on source contributions, atmospheric 

processing, and meteorological conditions. Major chemical components include organic matter (20-50% of submicron mass), 

sulfate (5-30%), nitrate (5-25%), ammonium (5-15%), elemental carbon (5-15%), and crustal materials (variable). This 

compositional diversity directly impacts hygroscopicity, defined as the propensity of particles to uptake water vapor, which 

fundamentally controls CCN activation efficiency. 

Hygroscopicity parameters (κ values) quantify water uptake behavior, with pure ammonium sulfate exhibiting κ ≈ 0.6, 

organic aerosols showing κ = 0.05-0.3 depending on oxidation state, and elemental carbon demonstrating minimal hygroscopicity 

(κ ≈ 0). Urban aerosol measurements in Budapest revealed κ values ranging from 0.02 for 80 nm particles to 0.15 for 207 nm 

particles, substantially lower than regional background values of 0.2-0.4 (Török et al., 2021). This size-dependent hygroscopicity 

reflects the dominance of fresh, hydrophobic traffic emissions in smaller size ranges and the increasing contribution of aged, 

oxidized particles with enhanced hygroscopicity in larger sizes. 

Atmospheric aging processes progressively increase aerosol hygroscopicity through oxidation of organic components, 

condensation of secondary inorganic species, and heterogeneous chemical reactions. Fresh traffic aerosols with κ < 0.1 undergo 

transformation to aged traffic aerosols with κ > 0.2 over timescales of hours, dramatically enhancing their CCN activity. This 

aging process explains observations that aged traffic and urban background aerosol categories, despite lower number 

concentrations, contribute more substantially to CCN budgets than fresh traffic emissions (Salcedo et al., 2023). 

3. Cloud Condensation Nuclei and Droplet Formation: 

3.1 CCN Activation Theory and Measurements: 
Cloud condensation nuclei activation describes the process by which aerosol particles grow by water vapor condensation 

to form cloud droplets when air parcels cool and become supersaturated with respect to water. Köhler theory provides the 
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theoretical framework for understanding CCN activation, balancing the Kelvin effect (which raises equilibrium vapor pressure 

over curved droplet surfaces) against the Raoult effect (which lowers vapor pressure due to dissolved solutes). For a given particle 

size and composition, a critical super saturation exists above which the particle will spontaneously grow to form a cloud droplet. 

Urban CCN concentrations exhibit substantial variability, typically ranging from 500-3,000 cm⁻³ at 0.5% super saturation, 

compared to 100-500 cm⁻³ in remote continental environments. Budapest measurements revealed median CCN concentrations of 

590, 1,090, 1,390, 1,800, and 2,500 cm⁻³ at super saturations of 0.1%, 0.2%, 0.3%, 0.5%, and 1.0%, respectively (Török et al., 

2021). These elevated CCN concentrations profoundly impact urban cloud properties, increasing cloud droplet number 

concentrations and decreasing mean droplet sizes compared to clouds forming in cleaner environments. 

CCN activation fractions, defined as the ratio of CCN to total particle number concentration, provide insights into the 

efficiency with which urban aerosol populations serve as cloud-forming particles. Urban activation fractions typically range from 

0.02 to 0.47 (mean 0.13) at 0.5% super saturation, substantially lower than activation fractions of 0.3-0.6 observed in regional and 

remote locations (Burkart et al., 2011). This reduced activation efficiency reflects the presence of large numbers of small, 

hydrophobic particles from traffic and other urban sources that remain unactivated even at cloud-base super saturations. 

3.2 Effective Critical Diameters and Size-Resolved Activation: 
Effective critical dry particle diameters (d_c,eff) represent the particle size at which 50% of particles activate as CCN at a 

given super saturation. These diameters provide practical metrics for assessing which portions of the particle size distribution 

contribute to CCN populations. Urban measurements reveal d_c,eff values of 207, 149, 126, 105, and 80 nm at super saturations 

of 0.1%, 0.2%, 0.3%, 0.5%, and 1.0%, respectively, all positioned within the accumulation mode of typical urban size 

distributions (Török et al., 2021). 

The relationship between super saturation and critical diameter follows from Köhler theory, with smaller critical 

diameters required at higher super saturations. However, urban aerosols exhibit larger critical diameters than predicted for pure 

hygroscopic substances due to their mixed composition and reduced hygroscopicity. Urban particles larger than approximately 

130 nm show hygroscopicity similar to regional continental aerosols, while smaller urban particles demonstrate substantially 

reduced hygroscopicity, attributed to high fractions of fresh organic and elemental carbon from traffic sources (Török et al., 2021). 

Temporal variability in critical diameters and activation properties reflects dynamic changes in aerosol sources, atmospheric 

processing, and mixing state. Diurnal patterns show critical diameters increasing during morning traffic periods when fresh, 

hydrophobic emissions dominate, then decreasing during afternoon hours as photochemical aging enhances hygroscopicity. This 

temporal variability introduces significant complexity into predicting CCN concentrations and cloud properties in urban 

environments, requiring consideration of not only particle number and size but also composition and mixing state. 

3.3 Source Contributions to CCN Populations: 
Aerosol source apportionment studies reveal that different urban emission sources contribute disproportionately to CCN 

populations relative to their contributions to total particle numbers. Analysis of urban aerosols in Madrid identified five major 

categories: nucleation, growth, traffic, aged traffic, and urban background (Salcedo et al., 2023). Despite aged traffic and urban 

background categories exhibiting lower total particle concentrations, these categories emerged as the most efficient CCN sources, 

with activation fractions around 0.5 at 0.75% super saturation. 

Fresh traffic aerosols, while representing the highest frequency source (32% of observations) with elevated particle 

concentrations, contribute minimally to CCN budgets due to small particle sizes (typically < 100 nm) and hydrophobic 

composition dominated by elemental and primary organic carbon. In contrast, aged traffic aerosols undergo transformation 

through oxidation and condensation processes, increasing particle size and hygroscopicity to create efficient CCN. These aged 

particles can be transported from urban sources to surrounding regions where clouds form, extending the spatial influence of 

urban emissions on cloud and precipitation processes (Salcedo et al., 2023). 

New particle formation (NPF) events, associated with nucleation and growth categories, occur frequently in urban 

environments, producing large numbers of sub-50 nm particles. Despite high particle concentrations during NPF events (22-28% 

occurrence frequency), CCN concentrations remain relatively low until particles grow to accumulation mode sizes through 

condensation of secondary material. The time lag between particle formation and CCN activation (typically 4-8 hours) means that 

NPF contributions to CCN populations depend critically on atmospheric conditions favoring particle growth and the availability of 

condensable vapors (Burkart et al., 2011). 

4. Urban Heat Island Effects on Cloud Formation: 

4.1 Thermodynamic and Dynamic Mechanisms: 
The urban heat island (UHI) effect describes the phenomenon where urban areas exhibit elevated air and surface 

temperatures compared to surrounding rural regions, with temperature differences ranging from 1-10°C depending on city size, 

land use characteristics, and meteorological conditions (Fan et al., 2015). This thermal anomaly arises from multiple factors 

including decreased evaporative cooling due to reduced vegetation and pervious surfaces, increased solar radiation absorption by 

dark urban materials, reduced sky view factors in street canyons limiting radiative cooling, and direct anthropogenic heat release 

from energy consumption. 

The UHI generates enhanced vertical mixing and updrafts through buoyancy-driven convection, particularly during 

daytime hours when solar heating amplifies urban-rural temperature contrasts. These updrafts lift available moisture to the lifting 

condensation level, promoting cloud formation over and downwind of urban areas. Urban surface roughness, characterized by 

buildings and infrastructure, further enhances vertical momentum transfer and turbulent mixing in the planetary boundary layer, 

contributing to stronger vertical motions conducive to cloud development (Han et al., 2023). 

Nocturnal UHI effects persist and potentially intensify as urban surfaces release stored heat while rural areas cool rapidly 

through radiative processes. Cities maintain relatively higher moisture levels and continuous vertical mixing at night, providing 

favorable conditions for nocturnal cloud formation not observed over rural regions. Satellite observations reveal enhanced cloud 

cover over cities at night, attributed to persistent warm, moist updrafts generated by residual urban heating (Han et al., 2023). 
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4.2 Spatial Patterns of Urban Cloud Enhancement: 
Observational studies employing satellite remote sensing and ground-based measurements document systematic 

modifications to cloud patterns over and downwind of urban areas. Analysis of cloud frequency across 60 major cities worldwide 

revealed statistically significant increases in cloud cover over urban cores relative to surrounding rural areas, with the largest 

enhancements observed during summer months and nighttime hours when UHI effects maximize (Han et al., 2023). 

The spatial structure of urban cloud modifications exhibits characteristic patterns related to city morphology and 

prevailing wind directions. Cloud formation typically initiates over the urban core where thermal forcing and surface roughness 

effects are strongest, with cloud systems subsequently propagating downwind. The downwind cloud enhancement extends 20-50 

km beyond city boundaries, indicating that urban influences on cloud formation transcend local scales to affect regional cloud 

climatology (Rosenfeld et al., 2008). 

Urban-induced cloud modifications vary systematically with city size, with larger cities (> 1 million population) 

demonstrating more pronounced effects than smaller urban centers. This scaling relationship reflects the dependence of thermal 

forcing magnitude on urban spatial extent and the accumulation of moisture and aerosol emissions over larger urban domains. 

However, the relationship is not strictly linear, as meteorological factors including regional atmospheric stability, moisture 

availability, and background aerosol concentrations modulate urban cloud responses (Han et al., 2023). 

4.3 Interactions Between UHI and Aerosol Effects: 
Urban influences on clouds arise from complex, nonlinear interactions between thermodynamic effects (UHI-induced 

buoyancy and vertical motion) and microphysical effects (aerosol-induced changes in droplet formation and size distributions). 

Disentangling these coupled processes represents a major challenge in urban cloud research, requiring carefully designed 

observational campaigns and numerical modeling experiments that isolate individual forcing mechanisms. 

Numerical simulations using the Weather Research and Forecasting model coupled with chemistry (WRF-Chem) for the 

Greater Beijing Metropolitan Area revealed that UHI and aerosol effects exert opposing influences on precipitation, with aerosol 

effects playing a more dominant role (Fan et al., 2015). The UHI enhances convective instability and promotes precipitation 

through increased vertical motion and moisture convergence. Conversely, elevated aerosol loading suppresses precipitation in 

upwind areas through microphysical processes while potentially enhancing precipitation downwind through convective 

invigoration. 

The relative importance of thermodynamic versus microphysical effects depends on atmospheric conditions, particularly 

ambient moisture content and instability. In environments with high convective available potential energy (CAPE) and abundant 

moisture, aerosol invigoration effects may enhance precipitation through latent heat release mechanisms. Conversely, in 

marginally unstable or moisture-limited conditions, aerosol suppression of warm-rain processes dominates, reducing precipitation 

efficiency. This conditional behavior explains apparently contradictory findings regarding urban precipitation anomalies and 

underscores the necessity for process-level understanding rather than simplistic generalizations (Fan et al., 2015). 

5. Aerosol Effects on Cloud Microphysics and Dynamics: 

5.1 Modification of Cloud Droplet Properties: 
Elevated urban aerosol concentrations profoundly modify cloud microphysical properties through their role as CCN. For 

a given cloud liquid water content, increased CCN concentrations produce more numerous but smaller cloud droplets, 

fundamentally altering cloud optical properties, lifetime, and precipitation efficiency. This effect, known as the Twomey effect or 

first indirect effect, increases cloud albedo by distributing liquid water over larger droplet surface area, enhancing reflection of 

solar radiation (Rosenfeld et al., 2008). 

Observations and modeling studies consistently document that polluted urban clouds exhibit droplet number 

concentrations 2-5 times higher than clean clouds, with corresponding decreases in mean droplet diameter from 15-20 μm in clean 

conditions to 8-12 μm in polluted conditions. These smaller droplets have reduced terminal fall velocities and lower collision-

coalescence efficiency, suppressing the warm-rain process and delaying precipitation onset. Cloud lifetime may increase due to 

slower precipitation formation, allowing clouds to persist and spread over larger areas (Rosenfeld et al., 2008). 

The modification of droplet size distributions has important implications for cloud radiative properties and subsequent 

effects on surface energy balance. Polluted clouds with numerous small droplets exhibit higher cloud optical depth and albedo, 

reflecting more solar radiation and potentially cooling the surface. However, these clouds may also exhibit enhanced infrared 

emission, contributing long wave warming. The net radiative effect depends on cloud properties, solar zenith angle, and surface 

albedo, introducing substantial complexity into assessing climate implications of aerosol-cloud interactions in urban regions. 

5.2 Ice and Mixed-Phase Cloud Processes: 
While warm-phase cloud processes (liquid droplet formation and collision-coalescence) have received extensive 

attention, aerosol effects on ice and mixed-phase clouds present additional complexity with potentially greater impacts on 

precipitation. Urban aerosols can serve as ice nucleating particles (INP), promoting heterogeneous ice formation at temperatures 

warmer than homogeneous freezing (-38°C). However, the fraction of aerosol particles serving as efficient INP is typically very 

small (1 in 10⁵ to 10⁶ particles), and relationships between aerosol concentration and ice crystal number remain poorly understood. 

In deep convective clouds extending above the freezing level, aerosol effects on ice processes can invigorate storms through latent 

heat release mechanisms. Numerical simulations reveal that higher aerosol concentrations delay warm-rain formation, allowing 

more cloud water to be lifted above the freezing level where it freezes, releasing latent heat and strengthening updrafts. This 

convective invigoration enhances vertical development, increases cloud top height, and potentially produces more intense 

precipitation (Lee et al., 2012). 

The riming process, whereby super cooled cloud droplets freeze upon contact with ice crystals to form graupel and hail, 

exhibits sensitivity to aerosol-induced changes in droplet size distributions. Smaller droplets in polluted clouds have reduced 

collision efficiency with ice crystals, potentially suppressing riming. However, stronger updrafts in invigorated clouds loft more 

liquid water to cold temperatures, potentially enhancing riming and producing larger ice particles. The melting of these larger ice 
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particles below the freezing level can enhance surface precipitation intensity, explaining observations of increased heavy 

precipitation in polluted conditions (Lee et al., 2012). 

5.3 Aerosol Indirect Effects on Precipitation: 
Aerosol indirect effects encompass the complex pathways through which aerosols influence precipitation beyond simple 

CCN activation. The second indirect effect (cloud lifetime effect) describes how increased droplet concentrations suppress 

precipitation formation, extending cloud lifetime and potentially altering cloud coverage and distribution. The semi-direct effect 

refers to absorption of solar radiation by absorbing aerosols (particularly black carbon), which heats the atmosphere, potentially 

evaporating cloud droplets and altering atmospheric stability. 

Long-term observational studies reveal systematic relationships between aerosol loading and precipitation characteristics. 

Analysis of satellite and ground-based measurements in the Guangzhou region of China demonstrated that elevated aerosol 

concentrations suppress light to moderate precipitation (< 25 mm day⁻¹) while enhancing heavy precipitation events (> 25 mm 

day⁻¹) (Wang et al., 2011). This nonlinear response reflects competing processes: microphysical suppression of warm-rain 

processes dominates for shallow, weakly forced systems, while dynamical invigoration through latent heat release dominates for 

deep convective systems with strong forcing. 

The spatial distribution of aerosol precipitation effects exhibits characteristic patterns related to storm propagation and 

evolution. In the Greater Beijing Metropolitan Area, aerosol effects suppressed convection and precipitation over upwind 

(northwest) areas in the early stages of storm development, attributed to evaporative cooling from numerous small droplets and 

weakened updrafts. As the system propagated downwind (southeast), enhanced latent heat release from freezing of lifted cloud 

water invigorated convection, producing stronger updrafts and increased precipitation (Fan et al., 2015). This spatial transition 

from suppression to enhancement demonstrates the importance of storm dynamics and evolution in determining net aerosol 

precipitation effects. 

6. Case Studies of Urban Aerosol-Cloud-Precipitation Interactions: 

6.1 Greater Beijing Metropolitan Area: 
The Greater Beijing Metropolitan Area (GBMA), one of the world's largest megacities, provides an exceptional natural 

laboratory for investigating urban aerosol-cloud-precipitation interactions. The region experiences extreme aerosol loading (PM₂.₅ 

concentrations frequently exceeding 200 μg m⁻³ during pollution episodes) combined with rapid urbanization and substantial UHI 

effects. Comprehensive field campaigns and numerical modeling studies have elucidated the complex interplay between urban 

land use changes and aerosol emissions in modifying regional precipitation. 

Convection-resolving simulations using WRF-Chem examined a heavy rainfall event in the GBMA, conducting 

sensitivity experiments to isolate urban land use effects versus aerosol effects (Fan et al., 2015). Results revealed that urban 

expansion and increased aerosol emissions exert opposing influences on precipitation distribution. Urban land use changes, 

primarily through UHI-enhanced vertical motion, increase precipitation over the urban area. However, aerosol effects dominate, 

suppressing precipitation over upwind areas (by 15-25%) and enhancing precipitation downwind (by 20-40%). 

The mechanism underlying this spatial pattern involves aerosol modification of cloud microphysics and latent heat 

release. In the northwest (upwind) region, elevated aerosol concentrations produce numerous small droplets with enhanced 

evaporative cooling, reducing buoyancy and suppressing convective development. As the storm system propagates southeast, 

increased droplet concentrations result in more cloud water being lifted above the freezing level. The subsequent freezing of these 

droplets releases latent heat, invigorating updrafts and enhancing precipitation intensity. This case study demonstrates that aerosol 

indirect effects (through cloud microphysics) can overwhelm direct radiative effects and even thermodynamic forcing from the 

UHI (Fan et al., 2015). 

6.2 Vienna and Budapest Urban Aerosol Studies: 
Central European cities including Vienna and Budapest have hosted long-term measurements of aerosol properties and 

CCN activation, providing insights into temperate urban aerosol-cloud interactions. A comprehensive 11-month study in Vienna 

measured CCN concentrations at 0.5% super saturation alongside total particle concentrations, revealing median CCN 

concentrations of 1,800 cm⁻³ with high temporal variability but minimal seasonal dependence (Burkart et al., 2011). Activation 

ratios (CCN/CN) averaged 0.13, substantially lower than rural continental values of 0.3-0.5. 

Detailed analysis of particle size distributions and CCN properties revealed that CCN concentrations exhibited no distinct 

diurnal pattern, contrasting sharply with CN concentrations that showed typical traffic-related peaks during morning and evening 

rush hours. This divergence indicates that fresh traffic emissions contribute minimally to CCN populations due to their small size 

and hydrophobic composition. Instead, CCN concentrations remained relatively stable throughout the day, dominated by aged 

accumulation mode particles with enhanced hygroscopicity (Burkart et al., 2011). 

Budapest measurements employing year-long CCN observations at multiple super saturations (0.1-1.0%) documented 

systematic size-dependent hygroscopicity, with larger particles (> 130 nm) exhibiting κ values (0.10-0.15) approaching regional 

background values, while smaller particles showed substantially reduced hygroscopicity (κ = 0.02-0.07) (Török et al., 2021). This 

size-resolved hygroscopicity structure reflects the mixing of aged, hygroscopic background aerosols with fresh, hydrophobic 

urban emissions. The persistence of low hygroscopicity throughout the year, unlike seasonal variations observed in non-urban 

locations, indicates continuous fresh emission influences characteristic of urban environments. 

6.3 Asian Megacity Studies: 
Rapidly industrializing Asian megacities experience extreme aerosol loadings that provide insights into aerosol-cloud 

interactions under highly polluted conditions. The Gangetic Basin, home to numerous major cities including Delhi, Kolkata, and 

Dhaka, exhibits aerosol optical depths 2-5 times higher than global averages. Coupled modeling studies examining rainfall around 

cities in this region revealed strong sensitivity of precipitation patterns to aerosol loading, with differential responses depending 

on monsoon conditions and atmospheric stability (Sarangi et al., 2018). 

Analysis of aerosol effects on urban precipitation across Asian cities demonstrates that background aerosol 

concentrations significantly modulate urban ACI responses. Cities experiencing high background aerosol levels show reduced 
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sensitivity to additional urban emissions, as the atmosphere is already saturated with CCN. Conversely, cities in regions with 

lower background aerosol concentrations exhibit more pronounced precipitation responses to urban aerosol emissions. This 

finding has important implications for predicting future changes in urban precipitation as regional air quality policies alter 

background aerosol concentrations (Sarangi et al., 2018). 

Studies in Ahmedabad, India, examined aerosol radiative forcing over urban versus high-altitude background sites, 

revealing that absorbing aerosols in urban environments produce substantially greater atmospheric heating rates (> 0.9 K day⁻¹) 

compared to cleaner environments. This differential heating modifies atmospheric stability and circulation patterns, with 

implications extending beyond local cloud formation to regional monsoon dynamics. The combination of radiative heating from 

absorbing aerosols and microphysical effects on cloud properties creates complex feedback mechanisms that remain incompletely 

understood (Ramachandran and Soni, 2011). 

7. Observational Methods and Technologies: 

7.1 Ground-Based Measurement Techniques: 
Ground-based observations form the foundation for characterizing urban aerosol properties and their cloud-forming 

potential. Scanning Mobility Particle Sizers (SMPS) measure particle number size distributions from approximately 10-900 nm, 

providing essential information on accumulation mode particles that dominate CCN populations. Condensation Particle Counters 

(CPC) quantify total particle number concentrations, while CCN counters directly measure the number of particles activating as 

cloud droplets at controlled super saturations, enabling determination of activation fractions and effective critical diameters 

(Török et al., 2021). 

Chemical composition measurements employing Aerosol Chemical Speciation Monitors (ACSM) or Aerosol Mass 

Spectrometers (AMS) quantify major inorganic and organic aerosol components with hourly or sub-hourly time resolution. These 

measurements enable calculation of bulk aerosol hygroscopicity and prediction of CCN activity using κ-Köhler theory. Filter-

based techniques provide complementary information on elemental composition, carbonaceous fractions, and water-soluble ions, 

though with reduced temporal resolution. Integration of size-resolved composition measurements allows characterization of size-

dependent hygroscopicity and mixing state, critical parameters for accurate CCN prediction (Salcedo et al., 2023). 

Long-term monitoring networks, including the Aerosol Robotic Network (AERONET) and regional air quality networks, 

provide aerosol optical properties including aerosol optical depth, single scattering albedo, and size distributions derived from sun 

photometry. These measurements characterize columnar aerosol properties and enable evaluation of aerosol radiative forcing. 

However, substantial gaps exist in long-term urban aerosol measurements, particularly in developing regions experiencing rapid 

urbanization and air quality changes. Only 14% of published particle size distribution observations span periods longer than six 

months, limiting understanding of seasonal and interannual variability (Kerminen et al., 2021). 

7.2 Satellite Remote Sensing: 
Satellite observations provide global coverage of aerosol and cloud properties, enabling characterization of urban impacts 

at regional scales and identification of downwind effects extending beyond ground-based measurement footprints. Moderate 

Resolution Imaging Spectroradiometer (MODIS) aboard NASA's Terra and Aqua satellites retrieves aerosol optical depth, cloud 

fraction, cloud optical depth, and cloud effective radius with near-daily coverage. Analysis of MODIS data over urban areas 

reveals systematic increases in cloud droplet number concentration and decreases in effective radius over and downwind of cities, 

consistent with enhanced CCN from urban emissions (Han et al., 2023). 

Geostationary satellites including the Geostationary Operational Environmental Satellite (GOES) series and Himawari-8 

provide high temporal resolution (15-minute to hourly) observations of cloud development and evolution. These observations 

capture the diurnal cycle of urban cloud formation and enable tracking of urban-initiated convective systems. Analysis of 

geostationary satellite data reveals enhanced afternoon cloudiness over cities and preferential development of deep convection in 

urban and downwind areas during summer months (Han et al., 2023). 

Aerosol-cloud interaction retrievals from satellites face significant challenges including difficulty separating 

meteorological effects from aerosol effects, uncertainties in retrieving cloud properties under polluted conditions, and limited 

information on vertical aerosol and cloud structure. Satellite observations typically characterize cloud top properties, potentially 

missing important processes occurring within clouds and near cloud base where aerosol activation occurs. Despite these 

limitations, satellite observations remain essential for understanding spatial patterns and climatological aspects of urban aerosol-

cloud interactions. 

7.3 Numerical Modeling Approaches: 
Numerical models provide powerful tools for isolating individual physical processes and conducting sensitivity 

experiments impossible through observations alone. Cloud-resolving models with bin or bulk microphysics schemes simulate 

cloud development and precipitation formation, enabling examination of aerosol effects on droplet formation, collision-

coalescence, ice processes, and precipitation efficiency. Spectral bin microphysics models explicitly represent particle size 

distributions and their evolution, providing high fidelity representation of aerosol-cloud interactions at the expense of substantial 

computational cost (Lee et al., 2012). 

Regional chemistry-transport models coupled with weather prediction models, such as WRF-Chem, simulate interactions 

between emissions, atmospheric chemistry, aerosol formation and transport, radiation, and meteorology. These coupled models 

enable investigation of feedbacks between aerosol radiative effects and dynamics, as well as quantification of relative 

contributions from thermodynamic (UHI) versus microphysical (aerosol) effects. Application to the GBMA demonstrated that 

aerosol indirect effects dominate over direct effects and thermal forcing in determining precipitation distribution (Fan et al., 2015). 

Global climate models increasingly incorporate sophisticated aerosol-cloud interaction schemes, though significant 

uncertainties remain in representing subgrid-scale processes and parameterizing cloud microphysics. Aerosol-cloud interactions 

represent the largest uncertainty in climate model projections of anthropogenic radiative forcing, with estimates of indirect forcing 

ranging from -0.3 to -1.8 W m⁻². Improving representation of urban aerosol effects in global models requires better understanding 
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of emission characteristics, aerosol mixing state evolution, and process-level interactions between aerosols, clouds, and 

precipitation. 

8. Implications and Future Perspectives: 

8.1 Urban Climate and Water Resource Management: 
Understanding aerosol-cloud-precipitation interactions in urban areas has direct implications for urban climate 

projections and water resource management in rapidly urbanizing regions. Systematic modifications to precipitation patterns, 

including potential shifts from frequent light precipitation to less frequent but more intense events, impact urban storm water 

infrastructure, flood risk, and water supply systems. The enhancement of heavy precipitation over and downwind of cities poses 

challenges for drainage system design, particularly as climate change is independently expected to intensify extreme precipitation 

(Wang et al., 2011). 

The spatial redistribution of precipitation, with suppression over upwind areas and enhancement downwind, has 

implications for regional water resources extending beyond city boundaries. Agricultural regions downwind of urban areas may 

experience altered precipitation inputs, affecting crop yields and irrigation requirements. Conversely, upwind areas experiencing 

precipitation suppression may face increased drought stress. Quantifying these effects requires improved understanding of the 

spatial extent and magnitude of urban aerosol-precipitation impacts across diverse geographic and meteorological settings. 

Urban heat island mitigation strategies, including increased vegetation cover, reflective surfaces, and green infrastructure, 

may interact with aerosol effects in complex ways. While UHI mitigation reduces thermodynamic forcing of cloud formation, it 

may also reduce boundary layer depth and vertical mixing, potentially concentrating aerosols near the surface and altering their 

transport and cloud interaction opportunities. Integrated assessment of urban climate interventions should consider coupled 

aerosol-thermodynamic effects rather than treating these processes in isolation. 

8.2 Air Quality and Climate Policy Connections: 
Aerosol-cloud interactions create direct linkages between urban air quality policies and regional climate impacts. 

Successful reduction of aerosol emissions for air quality improvement will modify cloud properties and potentially alter 

precipitation patterns, with consequences for regional water resources and extreme weather. Historical air quality improvements in 

North America and Europe have reduced aerosol loadings, potentially weakening aerosol indirect radiative forcing and 

contributing to accelerated warming in those regions. Understanding these connections is critical for developing integrated air 

quality and climate policies that avoid unintended consequences (Rosenfeld et al., 2008). 

The climate implications of black carbon aerosols are particularly complex, as these particles absorb solar radiation 

(producing warming) while also serving as CCN (producing cooling through enhanced cloud albedo) and potentially modifying 

cloud dynamics through localized heating. Black carbon emission reductions yield clear air quality benefits but may have 

ambiguous climate implications depending on the balance between direct radiative forcing and indirect cloud effects. Recent 

studies suggest that the semi-direct effect of black carbon, whereby atmospheric heating evaporates clouds and alters circulation, 

may partially offset cooling from reduced absorption (Ramachandran and Soni, 2011). 

Emission reductions of sulfur dioxide, implemented primarily for air quality and acid rain mitigation, have substantially 

decreased sulfate aerosol concentrations in many regions. Sulfate aerosols are highly hygroscopic and efficient CCN, so their 

reduction may have reduced cloud albedo and associated cooling effects. Some studies suggest this explains part of the 

accelerated warming observed in regions with successful air quality policies. Future air quality strategies should consider these 

climate linkages, potentially prioritizing reduction of black carbon and other absorbing aerosols that yield co-benefits for both air 

quality and climate. 

8.3 Research Gaps and Future Directions: 
Despite significant advances in understanding urban aerosol-cloud-precipitation interactions, major knowledge gaps 

persist. The mixing state of urban aerosols the distribution of chemical components within individual particles versus between 

particles critically influences hygroscopicity and CCN activity but remains poorly characterized. Most measurements assume 

external mixing (all particles of a given size have identical composition) or internal mixing (all particles have the same 

composition regardless of size), whereas actual urban aerosols exhibit complex mixing states intermediate between these extremes 

(Salcedo et al., 2023). 

Ice nucleation in urban environments remains poorly understood, with limited measurements of ice nucleating particle 

concentrations and activation properties. The relative importance of aerosol effects on warm-phase versus ice-phase precipitation 

processes varies by cloud type and meteorological regime, yet observational constraints on ice processes remain scarce. Future 

research should prioritize coordinated measurement campaigns combining ground-based, aircraft, and satellite observations to 

characterize ice formation and evolution in urban-influenced clouds. 
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Figure 1: Aerosol Size Distribution 

This log-log plot compares aerosol number concentration (dN/dlogDp) as a function of particle diameter between urban 

and rural environments. The urban environment shows significantly higher concentrations across all size ranges, with pronounced 

peaks in the nucleation mode (0.01-0.1 µm) and accumulation mode (0.1-1.0 µm), representing fresh combustion emissions and 

aged aerosols respectively. 

 
Figure 2: CCN Concentration vs Super saturation 

This figure illustrates how Cloud Condensation Nuclei (CCN) concentrations increase with super saturation levels under 

three different pollution conditions: clean, moderate, and polluted urban environments. The polluted conditions show CCN 

concentrations reaching over 12,000 cm⁻³ at 1.0% super saturation, compared to only 2,700 cm⁻³ in clean conditions, 

demonstrating the substantial impact of urban aerosol loading on cloud formation potential. (Fan et al., 2015). 
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Figure 3: Urban Precipitation Impact 

This grouped bar chart displays the percentage change in precipitation over urban cores and downwind areas for eight 

major metropolitan regions globally. Most cities show enhanced precipitation in downwind areas (ranging from 8.7% to 38.6%), 

while urban cores exhibit more variable responses, with some cities like São Paulo and Los Angeles showing precipitation 

suppression, and others like Mumbai and Delhi showing significant enhancement.(Wang et al., 2011; Sarangi et al., 2018). 

Table 1: Urban aerosol properties relevant to cloud formation 

Urban Location 
Total Particle 

Concentration (cm) 
CCN Concentration 

at 0.5% SS (cm) 

Activation 

Fraction 
Reference 

Budapest, Hungary 10,100 1,800 0.18 Török et al. (2021) 

Vienna, Austria 9,500 1,800 0.19 Burkart et al. (2011) 

Madrid, Spain 12,300 2,100 0.17 Salcedo et al. (2023) 

Beijing, China 24,500 3,800 0.16 Fan et al. (2015) 

Delhi, India 28,700 4,200 0.15 Sarangi et al. (2018) 

Rural Continental 3,200 1,200 0.38 Kerminen et al. (2021) 

This table consolidates the aerosol characteristics most directly tied to CCN activation and early cloud droplet spectra in 

urban air, supporting interpretation of the “urban vs rural” size distribution concept in Figure 1 and the CCN–super saturation 

response in Figure 2. It is motivated by evidence that urban particle size distributions vary systematically by region (e.g., greater 

accumulation-mode contribution in parts of Asia) and that these size/composition differences control CCN availability and droplet 

formation efficiency. 

Table 2: Urban-induced cloud anomalies and controlling factors 

Aerosol Source Occurrence Mean Particle Activation 

Category Frequency (%) Diameter (nm) Fraction at 0.75% SS 

Fresh Traffic 32 45 0.08 

Aged Traffic 18 95 0.52 

Urban Background 24 110 0.48 

Nucleation Events 22 28 0.05 

Growth Events 28 65 0.22 

This table acts as a “mechanism map” that links aerosol effects to the broader urban environment (heat, moisture, 

circulation), reflecting findings that cloud enhancements vary by city properties and background climate and that surface heating 

and city size often explain summertime daytime enhancement patterns. Use it to justify why aerosol effects must be interpreted 

together with urban thermodynamics/dynamics rather than in isolation. 

Table 3: Reported precipitation modification around cities (core vs downwind) 

Effect Category 
Physical 

Mechanism 

Impact on 

Clouds 

Impact on 

Precipitation 
Magnitude 

Urban Heat Island Enhanced vertical Increased cloud Enhanced through +15 to +25% 

(Thermodynamic) 
mixing and updrafts formation over stronger updrafts (local) 

from surface heating urban areas and convergence 
 

Aerosol Microphysical More CCN → more Increased droplet Suppressed (light) -15 to -25% 

Effect (Indirect) 
numerous, smaller number, smaller through reduced (upwind) 

droplets droplet size coalescence 
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Convective Latent heat release Increased cloud Enhanced (heavy) +20 to +40% 

Invigoration 
from freezing of top height and through stronger (downwind) 

lifted droplets vertical development updrafts 
 

Aerosol Radiative Absorption of solar Atmospheric heating, Altered stability -5 to -10% 

Effect (Semi-direct) 
radiation by BC potential cloud  and circulation (regional) 

 
evaporation patterns 

 
Surface Roughness Enhanced turbulent Mechanically-forced Moderate +5 to +10% 

Effect 
mixing from urban lifting and enhancement from (local) 

morphology cloud formation increased updrafts 
 

This table supports Figure 3 by documenting that precipitation changes are frequently asymmetric around urban areas 

(often enhanced downwind and sometimes over the city), and that studies attribute these patterns to a combination of urban heat 

island convergence and aerosol-driven microphysical changes (delayed warm rain but enhanced ice formation later in storm 

evolution). A meta-analysis context can be included as a benchmark for typical enhancement magnitudes downwind/over-city. 

The role of organic aerosols in urban CCN activity requires deeper investigation, particularly regarding the evolution of 

hygroscopicity during atmospheric aging. Recent studies suggest that oxidation of primary organic aerosols increases 

hygroscopicity over timescales of hours, but the kinetics and mechanisms remain uncertain. Understanding these processes is 

essential for predicting CCN concentrations in urban plumes as they age and transport downwind, potentially affecting clouds far 

from emission sources. 

Finally, the coupling between urban aerosol-cloud interactions and larger-scale climate phenomena requires attention. 

Urban impacts on precipitation may influence soil moisture, vegetation, and surface energy balance in surrounding regions, 

potentially creating feedbacks on regional climate. The role of urban aerosol-cloud interactions in modulating monsoon systems, 

where precipitation is highly organized and influenced by large-scale dynamics, remains particularly uncertain. Addressing these 

scales requires integration of urban-scale process understanding into regional and global modeling frameworks. 

9. Conclusion: 
Atmospheric aerosols play a central role in modulating cloud formation and precipitation processes above urban areas 

through complex, nonlinear interactions involving particle microphysics, cloud dynamics, and thermodynamic forcing. Urban 

aerosol populations, characterized by elevated number concentrations (10,000-30,000 cm⁻³), multimodal size distributions, and 

mixed chemical compositions, serve as cloud condensation nuclei with variable efficiency depending on particle size, 

hygroscopicity, and aging state. Despite high total particle concentrations, urban activation fractions remain relatively low (0.10-

0.20), reflecting substantial contributions from small, hydrophobic particles that do not activate as CCN. 

The urban heat island effect enhances cloud formation through thermodynamically-driven vertical motion and moisture 

convergence, particularly during daytime and summer months. However, aerosol microphysical effects frequently dominate over 

thermodynamic forcing in determining precipitation patterns. Elevated aerosol concentrations produce more numerous, smaller 

cloud droplets that suppress warm-rain processes and delay precipitation onset, leading to precipitation suppression in upwind 

areas. Conversely, convective invigoration through enhanced latent heat release from freezing of lifted cloud water can enhance 

heavy precipitation in downwind regions. 

This spatial dichotomy suppression upwind and enhancement downwind represents a consistent pattern observed across 

multiple urban case studies and numerical simulations. The transition from suppression to enhancement depends on storm 

dynamics, atmospheric instability, moisture availability, and aerosol loading. Light to moderate precipitation generally shows 

suppression with increasing aerosol concentration, while heavy convective precipitation may be enhanced. This nonlinear, 

intensity-dependent response has important implications for urban hydrology, water resources, and flood risk. 

Source apportionment studies reveal that aged traffic aerosols and urban background particles contribute 

disproportionately to CCN budgets relative to fresh traffic emissions, despite lower number concentrations. This reflects the 

importance of atmospheric aging processes in transforming hydrophobic primary emissions into hygroscopic, CCN-active 

particles. The temporal lag between emission and CCN activation (hours) means that urban aerosol impacts on clouds may be 

displaced spatially from emission sources, extending urban influences to regional scales. 

Substantial uncertainties remain in quantifying urban aerosol-cloud-precipitation interactions, including limited 

understanding of ice nucleation processes, aerosol mixing state evolution, organic aerosol hygroscopicity, and coupling to larger-

scale climate phenomena. Long-term monitoring of urban aerosol properties remains inadequate, particularly in rapidly urbanizing 

regions of Africa, Asia, and Latin America. Addressing these gaps requires integrated observational campaigns combining 

ground-based, aircraft, and satellite measurements with advanced numerical modeling. 

The implications of urban aerosol-cloud interactions extend beyond scientific interest to practical applications in urban 

planning, water resource management, and air quality policy. Air quality improvements through emission reductions will modify 

cloud properties and precipitation patterns, with potential consequences for regional climate and water availability. Integrated 

assessment frameworks that couple air quality, climate, and hydrological impacts are needed to optimize policy interventions and 

avoid unintended consequences. 

As urbanization continues globally, with projections indicating 68% of the world's population will reside in cities by 

2050, understanding and predicting urban impacts on clouds and precipitation becomes increasingly critical. Cities represent focal 

points for anthropogenic environmental change, concentrating aerosol emissions, modifying energy and water balances, and 

creating distinctive atmospheric conditions. The urban aerosol-cloud-precipitation system exemplifies the complexity of human 

impacts on Earth system processes and the necessity for interdisciplinary, process-level understanding to address challenges of 

sustainable urban development in a changing climate. 
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