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ARTICLE INFO ABSTRACT

Keywords: This study investigates impacts of urban aerosols and land use on precipitation not only in an

Urban area urban area but also in an adjacent non-urban area, focusing on a mesoscale convective system in

ion—urlban area the Seoul metropolitan region, South Korea and using a cloud-system-resolving model. Elevated

Len()iso urban aerosol concentrations in turn elevate concentrations of cloud condensation nuclei,
and use

enhancing droplet nucleation and lifting up condensation rates, which intensify updrafts. This
leads to increased precipitation in the urban area but reduces very heavy precipitation in the non-
urban area by disrupting the moist static energy (MSE) fluxes. Conversely, urban land use
weakens the surface latent-heat fluxes, suppressing precipitation in the urban area while
enhancing precipitation in the non-urban area also by disrupting the MSE fluxes. These findings
underscore the importance of evaluating both urban and adjacent non-urban regions—and of
considering the dual roles of aerosols and land-use change—to achieve a comprehensive under-
standing of how urbanization reshapes regional hydrometeorological processes and precipitation
patterns

Clouds and precipitation

1. Introduction

Urbanization, which involves high population density and extensive infrastructure development, represents one of the most
profound human-induced transformations of the natural environment. It modifies land surfaces, atmospheric dynamic and thermo-
dynamic processes, and energy balances, thereby influencing both local and regional atmospheric and hydrological systems. Despite
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extensive research on these topics, our understanding of how urbanization alters coupled atmospheric and hydrological proc-
esses—particularly clouds and precipitation—remains limited (Climate Change Science Program and Subcommittee on Global Change
Research, 2003; Shepherd, 2005; Reale et al., 2011; Bercos-Hickey et al., 2017; Masson et al., 2020; McLeod et al., 2017, 2024). This
knowledge gap underscores the need for integrated investigations that consider not only human components but also atmospheric and
hydrological processes of the urban-atmosphere system.

The urbanization impacts flooding primarily by replacing permeable soils with impermeable surfaces that lowers the removal
efficiency of water pooled on the urban surface (Miller and Hutchins, 2017; Wang et al., 2019; Li et al., 2024). Urban land use is
represented by these impermeable surfaces. Urban land use in turn generates the urban heat island (UHI), affecting convective clouds
and precipitation patterns in urban areas (Bouvette et al., 1982; Baik et al., 2001; Diem and Brown, 2003; Burian and Shepherd, 2005;
Shepherd, 2005; Hidaldo et al., 2010; Chen et al., 2015; McLeod et al., 2017, 2024). UHI raises land surface temperatures (LTs) in
urban areas compared to adjacent suburban and rural areas, often collectively termed “non-urban areas”. This LT disparity drives
mesoscale circulations across urban and non-urban areas, impacting convective clouds and associated precipitation there (e.g.,
Shepherd et al., 2002; Hidaldo et al., 2010; Niyogi et al., 2011; Haberlie et al., 2015; Li et al., 2017; Sato et al., 2020).

Another consequence of urbanization is the presence of pollutant aerosols linked to industrial activities and population growth.
Previous research has demonstrated that urban aerosols enhance precipitation in urban areas through aerosol-cloud interactions,
which involve aerosol impacts on latent-heat processes, and aerosol-radiation interactions, which involve aerosol impacts on radiation
(van den Heever and Cotton, 2007; Lee et al., 2018; Fan et al., 2020; Lin et al., 2021). Due to pollutant aerosols, aerosol loading or
concentrations tend to be higher in urban areas, compared to non-urban areas (Diem and Brown, 2003; Shepherd, 2005; Shelley et al.,
2014; Lee et al., 2018; Casquero-Vera et al., 2022). Modeling and observational studies (e.g., Rotstayn and Lohmann, 2002; Menon
et al., 2002; Lau and Kim, 2006; Rotstayn et al., 2007; Bell et al., 2008; Wilcox et al., 2010; Lee, 2012; Lee et al., 2014; Lee et al., 2018;
Fan et al., 2020; Leung and van den Heever, 2023) have demonstrated that the spatial inhomogeneity of aerosol concentrations
generates circulations that extend over both urban and non-urban areas and influence convective clouds and precipitation there.

To address the urbanization influences on convective clouds and precipitation in a comprehensive way, this study examines how
spatial inhomogeneities in LT and aerosol concentrations between urban and non-urban areas modulate convective clouds and pre-
cipitation over these areas. For the examination, we focus on an observed mesoscale convective system (MCS) that was from 13:00
local solar time (LST) to 19:00 LST on June 22nd, 2016, in the Seoul metropolitan region of South Korea. Leveraging a high-resolution
cloud-system-resolving model (CSRM), we perform numerical simulations to isolate the individual and combined impacts of urban
aerosols and land use. Our methodology includes a control run incorporating realistic urban conditions and two primary sensitivity
experiments: one with urban aerosol concentrations reduced to non-urban levels and another with an urban land use replaced by a
non-urban counterpart. These experiments are designed to test the hypothesis that impacts of urban aerosols and land use on clouds
and precipitation go beyond an urban area to a non-urban area by generating and driving mesoscale circulations. Stated differently,
through the experiments, this study aims to identify how impacts of urban aerosols and land use operate individually and collabo-
ratively and demonstrate that these impacts have tele-connected influences extending into a surrounding non-urban area. To fulfill the
aim, the spatial and temporal evolution of precipitation and associated dynamics, thermodynamic and microphysical variables are
compared across the simulations. The fulfillment of the aim will underscore the importance of jointly evaluating urban and non-urban
areas, as well as the roles of urban aerosols and land use, to comprehensively understand urbanization's influence on regional hy-
drometeorology. The following research questions and objectives are to be answered and achieved, respectively, for the fulfillment of
the research aim:

e How do elevated aerosol concentrations in an urban area influence clouds and precipitation not only in an urban area but also in an
adjacent non-urban area?

In what way does urban land use affect clouds and precipitation in both the urban and non-urban areas?

How do spatial inhomogeneities in LT and aerosol concentrations between the urban and non-urban areas jointly affect clouds and
precipitation in those areas?

To simulate an MCS over the Seoul metropolitan region using a CSRM to assess the impacts of urbanization on clouds and pre-
cipitation not only in the urban area but also in the non-urban area.

To isolate and quantify the individual and combined effects of urban aerosol concentrations and urban land use on clouds and
precipitation in both the urban and non-urban areas.

To examine process-level mechanisms how effects of urban aerosols and land use on clouds and precipitation in the urban area are
tele-connected to those in the non-urban area.

2. Materials and methods
2.1. CSRM and its parameterizations

The Advanced Research Weather Research and Forecasting (ARW) model (version 3.3.1) serves as the CSRM in this study (Wang
and Feingold, 2009). The ARW model, developed by the National Center for Atmospheric Research (NCAR) in collaboration with
multiple institutions, including the National Oceanic and Atmospheric Administration and academic partners, is a widely used nu-
merical weather prediction and atmospheric research tool. Its development began in the late 1990s to create a flexible, scalable, and
computationally efficient model for both operational forecasting and research applications. The ARW model is a part of the broader
weather research and forecasting framework, designed to replace older mesoscale models like the fifth-generation Penn State/NCAR
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mesoscale model by incorporating advanced numerical techniques and modular physics parameterizations (Skamarock et al., 2008).

The ARW model is chosen for this study due to its robust capabilities in simulating MCSs. Its capability to adopt high-resolution
grids enables the detailed representation of cloud and precipitation processes, critical for investigating the impacts of urban aero-
sols and land use. The model's flexible physics parameterization schemes, and particularly, its ability to integrate sophisticated
microphysics schemes like the Hebrew University Cloud Model (HUCM) allow for explicit representation of aerosol-cloud interactions,
which are central to this study. Additionally, the ARW model's compatibility with the Noah land surface model (Chen and Dudhia,
2001) facilitates accurate simulation of surface heat fluxes, essential for capturing urban land-use effects. The model's open-source
availability, extensive community support, and proven performance in urban climate studies (e.g., Chen et al., 2015; Li et al.,
2017) further justify its selection.

Compared to other CSRMs, such as the Regional Atmospheric Modeling System (RAMS) or the COnsortium for Small-scale
MOdeling (COSMO), the ARW model offers several advantages. Unlike RAMS, which is computationally intensive and less
modular, the ARW model provides a highly flexible framework with a wide range of physics options, making it suitable for both
research and operational applications. COSMO, while effective for European climates, has less global community support and fewer
aerosol-related parameterization options compared to the ARW model. Additionally, the ARW model's robust numerical solver and
parallel computing capabilities ensure computational efficiency for high-resolution simulations.

The ARW model solves a set of fully compressible, non-hydrostatic governing equations in flux form, expressed in a terrain-
following, hydrostatic-pressure vertical coordinate system (Skamarock et al., 2008). The model's core equations include:

Momentum equations:
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where U, V, and W are the momentum components in the x, y, and 2z directions, respectively; x and y represent the horizontal
directions and z represents the vertical direction; 5 represents the terrain-following vertical coordinate; V is the three-dimensional
velocity vector, i.e., (U, V, W); p is pressure; g is gravitational acceleration; F,, F, and F,, represent forcing terms (e.g., friction, Co-
riolis force, and subgrid-scale processes).
Continuity equation:
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where yu is the dry air mass per unit area in a vertical column.
Thermodynamic equation:
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where O is the potential temperature, and F, includes heating/cooling terms from radiation, latent heat, and diffusion.
Moisture equation:

0{)%+Vo (VQ) =F,

where Q basically represents moisture variables (e.g., water-vapor and cloud-liquid mixing ratios), although it can represent other
types of scalars such as aerosol concentrations. Fy includes source/sink terms from microphysical and aerosol processes. The equation

Table 1
Physical parameterizations, model configuration, input data, and associated physical processes and model components for the CSRM.
Physical processes and model components ~ Parameterizations, model configuration and References
input data
Shortwave and longwave radiation RRTM Fouquart and Bonnel, 1980; Mlawer et al., 1997

Microphysics with droplet and ice-crystal
nucleation

Surface

Cumulus

Resolutions

Number of vertical layers

Model top pressure

Synoptic-scale forcings

Boundary condition

Bin scheme utilizing the HUCM

Noah land surface model

None

~200 m vertically and 500 m horizontally
100

50 hPa

Met Office Unified Model

Open lateral

Koop et al., 2000; Lohmann and Diehl, 2006; Mohler et al., 2006;
Khain et al., 2011
Chen and Dudhia, 2001

Brown et al., 2012
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set is solved using a time-split integration scheme with a third-order Runge-Kutta method for numerical stability and accuracy.

Important physical parameterizations, model configuration and input data for the CSRM are summarized in Table 1 below. The
HUCM bin scheme (Table 1) solves a set of kinetic equations to represent size distribution functions for seven classes of hydrometeors
and aerosols acting as cloud condensation nuclei (CCN) and ice nucleating particles (INPs). Consequently, there are seven distinct size
distribution functions for hydrometeors, which include drops, three types of ice crystals or cloud ice (plates, columns, and dendrites),
snow aggregates or snow, graupel, and hail. Drops with a radius smaller than 40 pm are classified as droplets or cloud liquid, while
those larger than 40 pm are considered raindrops or rain. This bin scheme calculates the effective sizes of hydrometeors, which are then
input into the Rapid Radiative Transfer Model (RRTM) (Table 1), allowing the model to simulate how these effective sizes influence
radiation.

There are two size distribution functions for aerosols, which include CCN and INPs. The background properties (e.g., concentration,
size distribution and composition) of INPs, which act as sources of ice-crystal nucleation, are identical to those of CCN, which act as
sources of droplet nucleation, with the exception that the concentration of background CCN is 100 times greater than that of back-
ground INPs. This difference reflects the general disparity in concentrations between CCN and INPs, as noted by Pruppacher and Klett
(1978).
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Fig. 1. The left panel shows the 850 hPa wind (m s, arrows), geopotential height (m, contours), and equivalent potential temperature (K, shaded)
at 10:00 LST on June 22nd, 2016 over northeastern Asia. The rectangle on the Korean Peninsula marks the domain of the Seoul metropolitan region
and this rectangle is enlarged in the right panel. The inner rectangle in the right panel outlines the urban area, while the surrounding area outside
the rectangle represents the non-urban area. For reference, the boundary of the Seoul city, the biggest and most populated city among cities in the
region, is marked by the closed contour within the inner rectangle. In the right panel, blue dots mark the locations where precipitation is measured,
while red dots mark those where aerosol properties are measured. In the right panel, each number beneath a specific colour in the colour bar
corresponds to a different land use category as follows: 1. Evergreen needleleaf forest; 2. Evergreen broadleaf forest; 3. Deciduous needleleaf forest;
4. Deciduous broadleaf forest; 5. Mixed forests; 6. Closed shrublands; 7. Open shrublands; 8. Woody savanna; 9. Savannas; 10. Grasslands; 11.
Permanent wetlands; 12. Croplands; 13. Urban and built-up; 14. Cropland/natural vegetation mosaic; 15. Snow and ice; 16. Barren or sparsely
vegetated; 17. Water. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. Aerosol preprocessor and properties

Aerosol preprocessor, which is capable of incorporating the spatiotemporal variation of aerosol properties by interpolating or
extrapolating observed background aerosol data—such as aerosol mass concentration (e.g., PM2.5 and PM10)—into the model's grid
points and time steps, is implemented in the ARW model. Here, “PM” refers to particulate matter, where PM2.5 (PM10) represents the
mass of aerosols with diameters smaller than 2.5 pm (10.0 pm) per unit volume of air. In this study, the inverse distance weighting
method is applied for the interpolation and extrapolation of aerosol data into the model grid and time steps.

Surface observation sites that measure aerosol properties are present within the domain of the Seoul metropolitan region (Fig. 1).
Note that the domain length spans 171 km in the east-west direction and 122 km in the north-south direction. These sites are cate-
gorized into two types. The distance between sites in the first type varies from approximately 1 km to 10 km, with a time interval of
about ten minutes between measurements. Over 90% of the sites belong to this first category. These first-type sites specifically measure
PM2.5 and PM10 but do not monitor other aerosol properties, such as composition and size distribution. Less than 10% of the
observation sites fall into the second category. These second-type sites are a part of the Aerosol Robotic Network (AERONET; Holben
etal., 2001) and are equipped to measure aerosol composition and size distribution. Data from the first-type sites is used to represent
the spatiotemporal variability of aerosols across the domain and during the simulation. In contrast, data from the AERONET sites are
employed to characterize aerosol composition and size distribution.

The AERONET data are averaged over the AERONET sites at 12:00 LST on June 22nd, 2016, which is one hour prior to the for-
mation of the observed MCS. Based on this average data, it is assumed that the aerosol particles are internally mixed with 65%
ammonium sulfate and 35% organic compounds throughout the domain and simulation period. This mixture is considered repre-
sentative of the aerosol composition across the domain and throughout the simulation period. Since ammonium sulfate and organic
compounds are key components of CCN, it is assumed that the PM2.5 and PM10 data from the first-type sites represent the mass
concentration of aerosols that act as CCN in the domain. Aerosols reflect, scatter, and absorb both shortwave and longwave radiation
before being activated; however, these aerosol-radiation interactions are not accounted for in this study. This omission is primarily due
to the negligible presence of radiation absorbers in the mixture, with black carbon being the most significant radiation absorber.

The average AERONET data indicate that the size distribution of background aerosols follows a bi-modal log-normal distribution. It
is assumed that this size distribution, characterized by specific parameters (i.e., modal radius, standard deviation for both accumu-
lation and coarse modes, and the partition of aerosol number between these modes), remains consistent across the domain and
simulation period. The modal radii for the distribution are 0.120 and 1.511 pm, while the standard deviations are 1.48 and 1.81 for the
accumulation and coarse modes, respectively. The partition of aerosol number, normalized by the total aerosol count in the distri-
bution, is 0.999 for the accumulation mode and 0.001 for the coarse mode. Using PM2.5 and PM10 data from the first-type sites, along
with interpolated and extrapolated values at grid points just above the surface and across time steps, the background number con-
centrations of aerosols acting as CCN are derived based on the previously mentioned assumptions about aerosol composition and size
distribution, which are informed by AERONET data.

There is no variation in the background concentrations of aerosols acting as CCN from just above the surface to the top of the
planetary boundary layer (PBL). However, it is assumed that these concentrations decrease exponentially with height above the PBL.
The size distribution and composition of aerosols acting as CCN remain constant with height. Once the background aerosol properties
are assigned to each grid point and time step, they do not change throughout the simulation period.

2.3. Aerosol processes and recovery method

Once clouds form and background aerosols are included in them, these aerosols no longer function as background aerosols. Their
size distribution and concentration begin to change due to various aerosol sinks and sources, such as advection and aerosol activation
(Fan et al., 2009). For instance, once aerosols are activated, they are removed from their corresponding bins in the aerosol spectra.
Within clouds, following activation, aerosol mass becomes incorporated into hydrometeors, where it is transferred to different types
and sizes of hydrometeors through collision and collection. Ultimately, aerosol mass is eliminated from the atmosphere when hy-
drometeors containing aerosol mass reach the surface.

In non-cloudy areas, the size and spatial distributions of aerosols are intended to match those of the background aerosols. This
approach is referred to as the “aerosol recovery method” and implemented in the ARW model. In this method, immediately after clouds
completely dissipate at any given grid point, the aerosol size distribution and number concentration return to the background
properties that existed prior to the inclusion of the grid point in clouds. This allows us to maintain the concentrations of background
aerosols outside of clouds in the simulation, aligning them with observed values. As a result, the spatiotemporal distributions of
background aerosols in the simulation replicate the observed distributions throughout the domain and simulation period, particularly
in relation to real-world aerosol spatiotemporal inhomogeneity, especially regarding that between the urban and non-urban areas.

In the aerosol recovery method, there is no time lag between cloud dissipation and aerosol recovery. A grid point is considered to be
in clouds when the total mass of all hydrometeor types—such as drops, cloud ice, snow, graupel, and hail—is greater than zero. Once
this total mass reaches zero, clouds are deemed to have disappeared. Numerous studies utilizing the CSRM have implemented this
aerosol recovery method, demonstrating that it facilitates reasonable simulations of overall cloud and precipitation properties (e.g.,
Morrison and Grabowski, 2011; Lebo and Morrison, 2014; Lee et al., 2016; Lee et al., 2018; Sterzinger et al., 2022).
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2.4. Flux of the moist static energy (MSE)

To better understand impacts of urbanization on clouds and precipitation, the flux of the MSE is calculated in this study as follows:
— —
Fs=SpU

where Fs represents the flux of the MSE, S the MSE, p the air density and T the horizontal-wind vector, i.e., (U, V). In this
equation, the flux is expressed in the vector form consisting of both magnitude and direction.

3. Case description

The urban core or area of the Seoul metropolitan region comprises the Seoul city and several adjacent cities such as Incheon and
Suwon, and these cities collectively form one of the most urbanized and populous areas in East Asia (Fig. 1; Lee et al., 2018). In
contrast, the adjacent non-urban area consists primarily of forested and agricultural land with minimal built-up surface (Fig. 1). This
sharp urban-non-urban gradient provides a good natural setting for examining the impacts of land use and associated LT disparity
between the urban and non-urban areas on clouds and precipitation. Ground-based air quality monitoring sites within the region
(Fig. 1) provide spatiotemporal coverage of aerosol properties including aerosol concentrations and showed notably elevated con-
centrations in the urban core compared to the surrounding area. This indicates that the Seoul metropolitan region is suitable for
examining the impacts of aerosol disparity between the urban and non-urban areas on clouds and precipitation.

At 10:00 LST on June 22nd, 2016, which is three hours prior to the formation of the observed MCS, synoptic-scale features
favorable for convection over the Korean Peninsula are evident (Fig. 1). The western Pacific subtropical high was positioned southeast
of the peninsula, and a low-pressure trough lies over northern China. A southwesterly low-level jet between these systems transported
warm, moist air into the southern Korean Peninsula, where high equivalent potential temperature and convergence were observed
(Fig. 1). Although these features were not centered over the Seoul metropolitan region, they contributed indirectly to the development
of the MCS there by supporting a northward transport of warm, moist air from the southern Peninsula into the region (Fig. 1).

The observed MCS is selected for this study, because it exhibited strong convective development and heavy precipitation. During
the MCS event, rainfall was widespread, with a peak precipitation rate reaching 65 mm hr}, as recorded by the Korea Meteorological
Administration (KMA). Precipitation data were obtained from automatic weather stations (King, 2009), operated by the KMA and
providing hourly observations at a spatial resolution ranging from ~1 km to ~10 km (Fig. 1). These high-resolution observations
support robust validation of the simulation results.

4. Simulations

The control run, which is a three-dimensional CSRM simulation of the observed MCS, is performed over the domain of the Seoul
metropolitan region (Fig. 1) and the six-hour period during which the MCS was observed in the domain. Here, areas with water body in
the domain are excluded from the analysis of results.

In the control run, the average background aerosol concentration is 8890 cm ™ in the urban area and 2301 cm ™2 in the non-urban
area, indicating higher aerosol loading in the urban core (Table 2 and Fig. 2). To isolate the impact of this difference, we repeat the
control run by reducing the urban aerosol concentration at each grid point and time step by a specific factor so that the urban average
matches the non-urban value (2301 c¢cm™2). This simulation is referred to as the no_ub_aro run (Table 2 and Fig. 2). Comparisons
between the control and no_ub_aro runs assess the influence of elevated urban aerosol concentrations and the spatial inhomogeneity of
aerosol concentrations on clouds and precipitation.

To examine land use effects, we also conduct the no_ub_sfc run, in which built-up urban land is replaced with mixed forest, the
dominant non-urban land cover (Table 2 and Fig. 2). Comparisons between the control and no_ub_sfc runs highlight impacts of urban
land use and its spatial variability.

5. Results
5.1. Precipitation rate and cumulative precipitation

The control run, incorporating elevated aerosol concentrations, closely reproduces the observed temporal evolution of precipi-
tation rates in both the urban and non-urban areas (Fig. 3). In the urban area, the control run consistently yields higher precipitation

Table 2
Summary of simulations.
Simulations The average background aerosol concentration (cm™>) Land use
Urban area Non-urban area Urban area Non-urban area
Control run 8890 2301 Built-up Mostly mixed forest
No_ub_aro run 2301 2301 Built-up Mostly mixed forest
No_ub_sfc run 8890 2301 Mixed forest Mostly mixed forest
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Fig. 2. Flowchart summarizing the experimental structure and design of simulations.
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Fig. 3. Time series of simulated precipitation rates at the surface, which are averaged over the urban and non-urban areas of the domain and
smoothed with a one-hour running average, for the control, no_ub_aro and no_ub_sfc runs. The averaged and observed surface precipitation rates
over observation sites in each of those areas are also shown.

rates than the no_ub_aro run (with reduced aerosols). Precipitation is negligible around 13:00 LST, but by ~14:00 LST, the control run
reaches ~2 mm hr™!, about twice the rate of the no_ub_aro run. This gap briefly narrows as the control run declines sharply while the
no_ub_aro run increases gradually between ~14:00 and ~ 14:30 LST, then widens again from ~16:00 LST onward, as precipitation in
the control run intensifies between ~16:00 and ~ 16:30 LST. Both the runs reach their peak around 18:30 LST, with the peak in the
control run approximately 1 mm hr~! higher. Afterward, differences diminish. In the non-urban area, a similar overall pattern
emerges, with the control run producing higher precipitation rates, though the peak occurs earlier—around 17:00 LST—roughly one
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hour and half before the urban peak. Unlike the urban area, the difference grows steadily without abrupt shifts until the peak is
reached. Consistent with patterns in the precipitation rates, the domain-averaged cumulative precipitation at the last time step in the
control run exceeds that of the no_ub_aro run in both the urban and adjacent non-urban areas: 12.3 mm vs. 8.2 mm in the urban area,
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Fig. 4. Cumulative frequency distributions of the precipitation rates at the surface at (a) and (b) 19:00 LST, which corresponds to the last time step,
(c), (d), (e) and (f) 13:40 LST, (g), (h), (i) and (j) 13:50 LST, and (k) and (1) 14:10 LST. (a), (c), (g) and (k) are for the non-urban area, while (b), (d),
(h) and (1) are for the urban area. (e), (f), (i), and (j) are for the non-urban area. (e) and (i) are for zones of negative-condensation differences where
the control run shows reduced condensation, while (f) and (j) are for zones of positive-condensation differences where the control run shows
enhanced condensation, relative to the no_ub_aro run. These zones are included in the red rectangle in Fig. 5. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (continued).

and 10.3 mm vs. 8.1 mm in the non-urban area.

Precipitation rate (mm hr'')

When urban land use is replaced by the dominant non-urban counterpart (no_ub_sfc run), precipitation in the urban area surpasses
that in the control run throughout the simulation (13.7 mm vs. 12.3 mm; the domain-averaged cumulative rainfall at the last time step)
(Fig. 3). Whereas, the control run produces more rainfall in the non-urban area (10.3 mm vs. 9.4 mm). Despite these magnitude
differences, the timing of precipitation remains similar in the urban area: both runs show negligible rainfall around 13:00 LST, a sharp
increase around 14:00 LST, a temporary decline between ~14:00 and ~ 14:30 LST, renewed growth around ~16:00-16:30 LST, a
gradual rise between ~16:30 LST and the occurrence of the peak precipitation around 18:30 LST, and another decline after the peak. In
the non-urban area, both runs display smoother, slower variations and nearly identical timing. The magnitude gap slowly widens until
both reach peak rainfall around 17:00 LST. The results here indicate that both urban aerosols and land use modulate precipitation not
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only in the urban area but also in the non-urban area. This highlights the teleconnection, whereby precipitation changes in the urban
area, driven by urban aerosols and land use, influences precipitation beyond the urban boundary.
5.2. Precipitation frequency distributions and their governing mechanisms

Cumulative frequency distributions of precipitation rates at the final timestep (19:00 LST) reveal distinct effects driven by urban

aerosols and land use (Fig. 4a and b). The observed maximum precipitation rates are 44 and 65 mm hr™! in the urban and non-urban
areas, respectively, closely matching those in the control run (Fig. 4a and b). Overall, the observed frequency distribution matches the
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Fig. 5. Spatial distributions of differences in condensation rates between the control and no_ub_aro runs at (a) 13:30, (b) 13:40, and (c) 13:50 LST.
These differences are shaded. Dark-green contours represent precipitation rates at 12 mm hr~' in the no_ub_aro run. The inner black rectangle,
which outlines the urban area, and the closed contour, which is within the black rectangle and marks the boundary of the Seoul city, are the same as
in the right panel of Fig. 1. The red rectangle marks the region where zones with lower condensation rates neighbor those with higher condensation
rates in the control run. At (a) 13:30 LST, the red rectangle includes two representative sub-regions with those zones: the upper and lower ones are
outlined by the blue and purple rectangles, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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control run, demonstrating its validity.

In the non-urban area, the control run shows higher frequencies for precipitation with rates between 2 and 33 mm hr™?, corre-
sponding to light, moderate, heavy and very heavy precipitation according to the KMA classification, but lower frequencies for rates >
33 mm hr_l, which fall within very heavy category, compared to the no_ub_aro run (Fig. 4a). In this study, following the KMA criteria,
precipitation rates of < 3 mm hr ™! are classified as “light”, 3-15 mm hr~! as “moderate”, 15-30 mm hr ! as “heavy”, and > 30 mm
hr ! as “very heavy” (Korean Meteorological Administration, 2025).

Here, 33 mm hr! acts as a tipping precipitation rate where lower frequency turns into higher one in the no_ub_aro run. Notably,
precipitation rates exceeding 63 mm hr! are absent in the control run but present in the no_ub_aro run, with the no_ub_aro run's
frequency at 63 mm hr! being ~10 times higher. This suggests that urban aerosols suppress the occurrence of very heavy precipi-
tation in the non-urban area. The lower frequency at higher rates is outweighed by the higher frequency at lower rates, which results in
the greater cumulative precipitation in the control run than in the no_ub_aro run over the non-urban area. On the other hand, the
control run shows higher frequencies across all precipitation with rates that range from 2 to 63 mm hr~}, corresponding to light to very
heavy precipitation, and this is consistent with larger cumulative rainfall in the control run than the no_ub_sfc run for the non-urban
area (Fig. 4a). This means that urban land use intensifies light to very heavy precipitation in the non-urban area.

In the urban area, the cumulative precipitation frequency at the last time step is consistently higher across all precipitation with
rates from 3 to 43 mm hr ™2, corresponding to moderate to very heavy precipitation, in the control run compared to the no_ub_aro run
(Fig. 4b). This indicates that urban aerosols intensify urban moderate, heavy and very heavy precipitation, resulting in the greater
cumulative precipitation in the control run for the urban area. Conversely, the no_ub_sfc run exhibits a consistently higher frequency
across all precipitation with rates from 3 to 45 mm hr™}, also corresponding to moderate to very heavy precipitation (Fig. 4b).
Consequently, the no_ub_sfc run produces greater cumulative precipitation than the control run for the urban area, meaning that urban
land use suppresses urban moderate, heavy and very heavy precipitation.

The temporal evolution of precipitation frequencies provides deeper insight (Fig. 4). In the non-urban area, precipitation initiates at
13:30 LST and, as precipitation intensifies with time, at 13:40 LST, the no_ub_aro run exhibits higher frequencies for rates from 9 to 35
mm hr~! and above 48 mm hr™! than the control run, while the control run dominates for rates <9 mm hr~! and between 35 and 48
mm hr~! over the no_ub_aro run with the maximum precipitation rate of ~60 mm hr~! between the runs (Fig. 4c). By 13:50 LST, a
tipping point at 12 mm hr~' emerges, with the no_ub_aro run showing higher frequencies above the tipping point and lower fre-
quencies below it than the control run (Fig. 4g). A distinct region—highlighted by a red rectangle—shows adjacent zones of higher and
lower rates of condensation, which is a primary source of cloud liquid, rain and precipitation, in the control run than in the no_ub_aro
run (Fig. 5). This region coincides with areas of precipitation with rate > 12 mm hr™! in the no_ub_aro run as time progresses to 13:50
LST (Fig. 5). The tipping point shifts to 33 mm hr~! by the final timestep (Fig. 4a and g). In the urban area, precipitation forms by 13:40
LST, with the control run maintaining higher frequencies across all rates from 13:50 LST onward than the no_ub_aro run (Fig. 4d and
h). This is associated with widespread stronger condensation in the control run than in the no_ub_aro run (Figs. 4h and 5).

At 13:50 LST, the control run dominates for higher rates (> 33 mm hr™1) over the no_ub._sfe run in the non-urban area, while the
no_ub_sfc run shows higher frequencies in the urban area for mid-range rates (15-27 mm hr™!) than the control run (Fig. 4g and h). By
14:10 LST, the characteristic differences between the runs are well established: the control run shows consistently higher frequencies
across all intensities than the no_ub_sfc run in the non-urban area (Fig. 4k), and the no_ub_sfc run exhibits higher frequencies for all
precipitation rates than the control run in the urban area (Fig. 41), mirroring the patterns observed at the final timestep (Fig. 4a and b).

To further explore differences in precipitation frequency between the control and no_ub_aro runs, we obtain the flux of the MSE
over the PBL and the red-rectangle region, as the MSE in the PBL generally exerts a stronger influence on instability and updrafts than
that above the PBL (Fig. 6a, d and g). For the exploration between the control and no_ub_sfc runs, the net summed flux of MSE across
the boundary between urban and non-urban areas—defined by the inner rectangle in the right panel of Fig. 1—is calculated in the PBL
from 13:30 to 14:10 LST.

At 13:30 LST, the control run exhibits stronger MSE fluxes from the upper and lower sub-regions toward the urban area compared
to the no_ub_aro run (Figs. 5a and 6d), reflecting enhanced updrafts, convection and convergence in the urban area. The average
updraft mass flux over the troposphere and simulation period in the urban area is 8.2 x 102and 6.1 x 1072 kg m~2 57 in the control
and no_ub_aro runs, respectively. In the urban area, the higher aerosol concentrations increase CCN concentrations, promoting droplet
nucleation and elevating cloud droplet number concentration (CDNC), an associated integrated droplet surface area where water
vapor condense in the control run as compared to the situation in the no_ub_aro run; CDNC, which is averaged over grid points and time
steps with non-zero CDNC in the urban area, is 893 cm 3 in the control run and 211 cm ™2 in the no_ub_aro run. This raises rates of
condensation and associated latent-heat release as a source of buoyancy in the control run, eventually resulting in stronger updrafts
and convergence in the urban area for the control run. These elevated MSE fluxes and associated convergence (Fig. 6d, green oval)
indicate more efficient transport of convective energy toward the urban area. Relative to 13:15 LST, in the sub-regions, this inten-
sification expands adjacent zones of both reduced and increased instability and condensation in the control run (Fig. 6a and d). As a
result, the spatial contrasts in condensation between the control and no_ub_aro runs become more pronounced by 13:30 LST, leading to
substantial differences in cloud liquid and rain content (Fig. 6a, b, ¢, d, e and f).

From 13:30 to 13:50 LST, the contrasts in condensation intensify, particularly in the lower sub-region, with affected areas
expanding over time (Fig. 6d and g). In the expanding zones of negative-condensation differences, the no_ub_aro run exhibits more
condensation, resulting in overall greater cloud liquid and rain than the control run between 13:30 and 13:50 LST (Fig. 6e and h).
Correspondingly, at 13:40 LST, the no_ub_aro run shows higher cumulative precipitation frequency for rates above 9 mm hr~'—except
between 36 and 47 mm hr~* (Fig. 4e). By 13:50 LST, this trend becomes more pronounced, with the no_ub_aro run displaying greater
frequency for all precipitation rates above 12 mm hr~?, though there is lower frequency for precipitation below this threshold than in
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Fig. 6. Spatial distributions of differences in condensation rates and MSE fluxes, and vertical distributions of differences in the domain-averaged
condensation, deposition and freezing rates, and cloud-liquid, rain, snow and hail mass density, and updraft mass fluxes between the control
and no_ub_aro runs in the red-rectangle region in Fig. 5. (a), (b) and (c) are for 13:15 LST, (d), (e) and (f) for 13:30 LST, and (g), (h) and (i) for 13:50
LST. (a), (d) and (g) are those spatial distributions where differences in condensation rates are shaded and those in MSE fluxes are represented by
vector arrows. Here, MSE fluxes are averaged over the PBL. The green oval in (d) marks the enhanced MSE fluxes toward the urban area in the
control run. (b), (e) and (h) are those vertical distributions for zones of negative-condensation differences, while (c), (f) and (i) are for zones of
positive-condensation differences. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

the control run (Fig. 4i).

Conversely, in the expanding zones of positive-condensation differences, the control run maintains greater condensation, and
overall, more cloud liquid and rain, along with greater precipitation frequency across almost all intensity ranges during the period
between 13:30 and 13:50 LST than the no_ub_aro run (Figs. 4f, j, 6f and i). However, at 13:50 LST, the increase in the frequency of
precipitation with rates above 12 mm hr™! for the negative-difference zones in the no_ub_aro run outweighs the decrease in the
positive-difference zones, yielding overall higher frequency of precipitation above 12 mm hr! across the non-urban area (Fig. 4g, i
and j). Meanwhile, the consistent suppression of precipitation rates below 12 mm hr~! in both zones contributes to a net decrease in the
frequency for those rates in the no_ub_aro run (Fig. 4g, i and j).

The net summed MSE flux over the period between 13:30 and 14:10 LST is 6.5 x 10% and 9.1 x 10 J m™2 s7! in the control and
no_ub_sfc runs, respectively. The flux from the non-urban area to the urban area has a positive sign, while the flux from the urban area
to the non-urban area has a negative sign. Hence, this indicates that MSE consistently flows into the urban area in both the control and
no_ub_sfc runs but more intensely in the no_ub_sfc run. This enhanced MSE transport in the no_ub_sfc run reflects stronger urban
updrafts and convection, which induce greater low-level convergence toward the urban area. The stronger urban updrafts are pri-
marily due to higher surface latent-heat fluxes (30.2 vs. 11.3 W m’z), which compensate for lower sensible-heat fluxes (6.5 vs. 12.7 W
m’z) and induce a greater amount of near-surface water vapor in the no_ub_sfc run than in the control run. The greater amount of near-
surface water vapor eventually results in the higher equivalent potential temperature (341.6 vs. 340.8 K at 2 m altitude) and
convective available potential energy (CAPE), leading to the stronger updrafts; the numbers in the parentheses are the time- and
domain-averaged values. The increased inflow of MSE fuels even more vigorous convection and leads to even stronger updrafts in the
no_ub_sfc run. The average updraft mass flux over the troposphere and simulation period in the urban area is 8.2 x 1072 and 9.3 x
10"2kgm 257! in the control and no_ub_sfc runs, respectively. This in turn leads to larger hydrometeor mass and higher precipitation
frequency in the urban area for the no_ub_sfc run (Fig. 4b). Conversely, the resulting outflow of MSE from the non-urban area sup-
presses convection there, reducing precipitation frequency in the no_ub_sfc run (Fig. 4a).

Table 3

Summary of the three main simulations (control, no_ub_aro and no_ub_sfc runs) and their repeated runs. The main simulations have the time- and
domain-averaged CAPE of 1800 J kg~! and wind shear of 10 m s™! in synoptic-scale forcings. The main simulations are repeated with the average
CAPE reduced to 900 J kg’1 (control_LC, no_ub_aro_LC and no_ub_sfc_LC) and increased to 3600 J kg’1 (control_HC, no_ub_aro_HC and no_ub_sfc_HC),
and with the average wind shear altered to 5 m s~! (control LW, no_ub_aro_LW and no_ub_sfc_LW) and 15 m s~ (control_ HW, no_ub_aro_ HW and
no_ub_sfc_ HW). The magnitude of these variations of CAPE and wind shear is based on Weisman and Klemp (1982). Cumulative precipitation refers to
the domain-averaged value at the final time step for the urban and non-urban areas. In each set of the repeated runs, cumulative precipitation
frequency at the final time step is compared between the runs with different aerosol concentrations but identical land use, which is similar to the
comparison between the control and no_ub_aro runs as in Fig. 4a, for the non-urban area. In this comparison, the tipping precipitation rate—where
frequency in the run with the higher aerosol concentration becomes lower than in the run with the lower aerosol concentration—is identified and
reported for each set.

Simulations Synoptic-scale forcings Cumulative precipitation (mm) Non-urban area
CAPE Wind shear (m s ') Urban area Non-urban area Tipping precipitation rate
(@} kg’l) (mm hr 1)

Control run 1800 10 12.3 10.3 33

No_ub_aro run 1800 10 8.2 8.1

No_ub_sfc run 1800 10 13.7 9.4

Control LC run 900 10 7.5 6.3 36

No_ub_aro_LC run 900 10 5.3 5.0

No_ub_sfc_LC run 900 10 8.6 5.7

Control_HC run 3600 10 22.2 19.5 8

No_ub_aro_HC run 3600 10 15.2 15.0

No_ub_sfc_HC run 3600 10 24.5 17.8

Control_LW run 1800 5 12.1 10.0 34

No_ub_aro_ LW run 1800 5 7.8 7.5

No_ub_sfc_ LW run 1800 5 13.5 9.1

Control HW run 1800 15 12.7 10.8 32

No_ub_aro_HW run 1800 15 8.6 8.6

No_ub_sfc. HW run 1800 15 14.1 9.8
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5.3. Sensitivity to stability and wind shear

As demonstrated by Weisman and Klemp (1982), Lee et al. (2008) and Fan et al. (2009), the development of clouds and their
interactions with aerosols and surface fluxes is strongly dependent on stability and wind shear. Based on this, to assess the robustness
and generalizability of the simulation results, sensitivity tests are conducted by repeating the three main simulations (control,
no_ub_aro, and no_ub_sfc runs) under varying stability, which is represented by CAPE, and wind shear. The variation of CAPE is
performed by increasing or decreasing the PBL temperature, which is in synoptic-scale forcings, at each grid point and time step by a
certain factor. Following Weisman and Klemp (1982), wind shear is defined to be the difference between the mean horizontal wind
speed over the lowest 6 km of the profile and the average wind speed over the lowest 500 m. With this definition, the variation of the
wind shear is performed by increasing or decreasing the horizontal wind speed, which is again in synoptic-scale forcings, at each grid
point and time step by a certain factor between 500 m and 6 km in altitude. The summary of the main simulations as well as sensitivity
tests in terms of their CAPE, wind shear and precipitation characteristics is given in Table 3.

Despite the variations of CAPE and wind shear, the key patterns identified in the main simulations are preserved (Table 3). For
example, in all scenarios, the run with the higher aerosol concentration in the urban area (e.g., the control run) consistently produces
greater cumulative precipitation in both the urban and non-urban areas compared to the run with the lower aerosol concentration (e.
g., the no_ub_aro run) when land use is identical between the runs. The run with built-up urban land use replaced by the dominant non-
urban counterpart (e.g., the no_ub_sfc run) continues to enhance urban precipitation while reducing non-urban precipitation, relative
to the run with built-up urban land use (e.g., the control run) when the runs have identical aerosol concentrations (Table 3).

Moreover, across all CAPE and wind shear conditions, the tipping precipitation rate, which is discussed in Section 5.2, forms in the
non-urban area, although the tipping rate shows a variation with CAPE and wind shear (Table 3). This suggests that the redistribution
of precipitation intensity due to aerosol perturbation is a robust feature, not contingent on a specific environmental setup.

These supplementary simulations demonstrate that the core findings of this study—namely, the differential impact of urban
aerosols and land use on precipitation in both urban and non-urban areas—are not artifacts of a singular event. Instead, they remain
valid under a range of plausible atmospheric conditions. Thus, this analysis extends the applicability of our conclusions and
strengthens their relevance to broader urban precipitation physics and dynamics.

6. Discussions
6.1. Individual effects of urban aerosols and land use

This study demonstrates that both urban aerosols and land use influence precipitation processes in both the urban and adjacent
non-urban areas through distinct mechanisms. Urban aerosols enhance condensation, which intensifies updrafts. This results in
increased precipitation frequency and cumulative rainfall in the urban area. However, the stronger convection in the urban area also
draws convective energy away from the neighboring non-urban area, thereby suppressing very heavy precipitation there. This in-
dicates a cross-regional teleconnection mediated by mesoscale circulations influenced by spatial aerosol gradients. Conversely, urban
land use—represented mainly by the built-up surface—suppresses surface latent-heat fluxes, thereby weakening moist instability and
updraft strength. This leads to decreased precipitation within the urban core but the reduced transport of convective energy into the
urban core and increased convective energy in the adjacent non-urban area, thereby enhancing precipitation there.

The contrasting mechanisms underline the importance of considering aerosol and land-use effects simultaneously when assessing
urban impacts on regional hydrometeorology. Moreover, this study's finding that the spatiotemporal distribution of convective energy
is altered between the urban and non-urban areas based on urban aerosol load and surface characteristics illustrates how localized
urbanization can disrupt regional energy balances and associated hydrological outcomes across the areas. This underlines the
importance of considering both the urban and non-urban areas for the assessment of urban influences.

6.2. Combined effects of urban aerosols and land use

The combined effect of elevated aerosols and urban land use in the urban area results in a net increase in precipitation compared to
a scenario with reduced aerosols as in the no_ub_aro run, but a net decrease compared to a scenario with non-urban land use as in the
no_ub_sfc run (Fig. 3). The aerosol-induced enhancement of precipitation is partially offset by the suppressive effect of urban land use
in the urban area (Fig. 3). Hence, the control run's cumulative precipitation lies between the no_ub_aro and no_ub_sfc runs, indicating
that the positive effect of aerosols on precipitation is moderated by the negative effect of urban land use in the urban area. This
interplay suggests that aerosols drive stronger convective processes, but urban land use limits the availability of the convective energy,
constraining the full potential of aerosol-driven precipitation enhancement in the urban area.

The combined effect of urban aerosols and land use in the urban area leads to a net increase in cumulative precipitation in the non-
urban area compared to scenarios where either factor is absent (Fig. 3). Aerosol-induced enhancement of precipitation is further
enhanced by impacts of urban land use on precipitation (Fig. 3), hence, impacts of aerosols on precipitation and those of urban land use
are additive to each other, although urban aerosols reduce heavy precipitation in the non-urban area.

7. Summary and conclusions
Our CSRM-based analysis of individual effects of urban aerosols and land use on an MCS event over the Seoul region shows that:
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Urban aerosol loading increases moderate, heavy and very heavy precipitation in the urban area but reduces very heavy precip-
itation in the nearby non-urban area via processes involving aerosol-induced condensation and altered MSE fluxes.

Urban land use suppresses urban moderate, heavy and very heavy precipitation by weakening urban moist instability but enhances
light, moderate, heavy and very heavy precipitation in the adjacent non-urban area by redistributing the MSE.

The spatial inhomogeneity of aerosol and land surface conditions between the urban and non-urban areas creates teleconnections
that control mesoscale precipitation distributions.

These results highlight that impacts of urbanization on precipitation extend beyond city boundaries and are tele-connected to
precipitation in the adjacent non-urban area. Moreover, the ways in which these impacts propagate differ between urban aerosols and
urban land use. This underscores the need to evaluate urbanization effects within an integrated urban-non-urban framework—one
that jointly considers aerosol loading and land-use change—to achieve a more complete understanding of how cities reshape regional
precipitation patterns.

The discussed combined effects of urban aerosols and land use suggest that urban planning must account for both aerosol emissions
and land use changes to manage precipitation patterns effectively. Strategies to mitigate urban heat island effects (e.g., increasing
green spaces to enhance latent-heat fluxes) could amplify aerosol-driven precipitation increases in urban areas but may dampen
aerosol-driven precipitation increases in adjacent non-urban areas. Reducing aerosol emissions might decrease urban precipitation but
increase very heavy precipitation in non-urban areas. These findings emphasize the importance of integrated approaches to urban
development that consider regional hydrometeorological impacts.

Looking ahead, there remains a need to extend the results beyond the single case study by utilizing long-term ground and satellite
observation data which span over tens of years. Future studies, utilizing these long-term observational data, should analyze the sta-
tistical patterns of aerosol and land-use impacts on precipitation under varying urban, climate conditions, with a particular focus on
extreme weather events and seasonal and yearly variations. Moreover, exploring ways to link hydrometeorological outcomes with
urban policy and planning, especially in terms of flood risk and water resource management, will be crucial. Regarding this, future
research should develop and apply metrics that quantify societal relevance, such as population-weighted precipitation anomalies or
risk exposure indices, to assess how urban-induced precipitation changes translate into human impacts. This direction will advance
both the scientific understanding and the practical management of urbanization-driven changes in regional precipitation systems.
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