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Abstract Urban landscapes modify cloud formation and convection through complex thermodynamic and
aerodynamic processes; however, their influence under different synoptic regimes remains poorly understood.
This study investigates the impact of the Houston metropolitan area on summertime cloud cover and convective
cell characteristics using a combination of satellite observations, radar data, and high‐resolution process‐based
modeling. We isolate urban effects by comparing model simulations with realistic urban land cover against
hypothetical scenarios where all urban areas are replaced by rural vegetation. Results reveal that Houston's land
cover consistently enhances cloud fraction and convective activity relative to surrounding rural areas, altered by
large‐scale meteorological forcing. Under weakly forced conditions, enhanced surface heat flux primarily
contributes to driving low‐level convergence and vertical ascent, leading to over 8% cloud fraction increase
between 2 and 6 km over the city. Under strongly forced conditions, urban influences manifest differently
depending on cloud type. For non‐convective clouds, the city acts as a barrier that decelerates and lifts moist
southerly inflow, increasing low cloud cover over the urban core, while decreasing it downwind the city. For
convective clouds, both synoptic ascent and urbanization modulate moisture redistribution and cloud structure,
producing modest cloud enhancement over the city and slight suppression over the downwind area.
Urbanization exerts small changes in the intensity of the convective cells; however, it significantly decreases
their duration and traveling distance. This work highlights the importance of accounting for land surface
heterogeneity in modeling clouds and precipitation and demonstrates that urban impacts on clouds are highly
regime‐dependent.

Plain Language Summary Urban areas can change local weather by modifying heat, moisture, and
wind patterns. This study explores how Houston affects cloud formation in summer. Using satellite and radar
data with high‐resolution weather model simulations, the research compares the current Houston landscape to a
version where the city is replaced by natural land cover. The goal is to understand how the combined effects of
buildings, roads, and heat from the city surface change clouds under different weather conditions. Houston
increases cloud cover and convective activity, especially on calm days with little large‐scale weather influence.
Heat from the city warms the air, drawing moisture from nearby rural areas. This moisture is lifted over the city,
forming taller clouds and triggering storms that are stronger, longer lasting, and produce more rainfall than in
rural areas. On days with strong winds or passing systems, the urban effect is smaller but noticeable, as buildings
block or redirect winds. The effect depends on the time of day, with the largest impact on the afternoon. These
findings highlight the need to consider urbanization in weather prediction. Future work will explore how
building designs and surfaces can help manage these impacts.

1. Introduction
Urban areas are known to modify local and regional atmospheric processes through their distinctive surface
characteristics (e.g., Yun Qian et al., 2022). Urbanization alters surface energy and water balances and gener-
ally enhances surface roughness, which can modify boundary‐layer temperature, humidity, and winds
(e.g., Barlow, 2014; Omidvar et al., 2020; Pielke, 2001; H. Zhang et al., 2019). A prominent outcome of
urbanization is the urban heat island (UHI) effect, where urban areas are warmer than their rural surroundings,
especially at night. These thermal and mechanical perturbations can influence cloud formation and precipitation
(e.g., Katzfey et al., 2024; Liu et al,. 2022; Theeuwes et al., 2019). For example, METROMEX, an early field
experiment on urban effects conducted in St. Louis, Missouri in the 1970s, provided empirical evidence of urban
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rainfall enhancement, finding 10%–17% more precipitation downwind of the city (Changnon et al., 1971).
Numerous urban studies since then have strengthened this understanding of urban effect on precipitation as
reviewed by Shepherd (2005). For instance, modeling studies have documented that urban‐induced convergence
and uplift can enhance thunderstorm development over and downwind of cities (e.g., Ashley et al., 2012; W.
Zhang et al., 2018). Qian et al. (2022) extensively reviewed the urban impact on clouds and precipitation,
highlighting the competing effects of urban heat island and urban dry island, which describes the tendency for
urban areas to be warmer and drier than surrounding rural areas, on precipitation enhancement. A comprehensive
meta‐analysis of 85 studies by Liu and Niyogi (2019) found that urban areas on average increase precipitation by
∼16% over the city center and ∼18% downwind, with detectable changes extending tens of kilometers from the
city, underscoring the need for a better understanding of the underlying processes.

While the influence of urbanization on precipitation has been widely recognized, fewer studies have focused
specifically on how cities affect cloud cover, especially under varying meteorological conditions (Yun Qian
et al., 2022; Theeuwes et al., 2019, 2022). Cloud formation modulates radiative budgets and temperatures in urban
areas. Understanding cloud responses to urban land surface heterogeneity is challenging because cloud responses
are modulated by meteorology (Rieck et al., 2014; Vo et al., 2023).

Houston, Texas is a large coastal metropolis that provides a compelling natural laboratory for studying urban
effects on clouds and convection. This region is influenced by sea‐ and bay‐breeze circulations, abundant Gulf of
Mexico moisture, the Great Plains low‐level jet (GPLLJ), and occasional frontal intrusions (e.g., Algarra
et al., 2018; Y. Liu et al., 2024; Whiteman et al., 1997; Wu & Raman, 1996). These meteorological drivers lead to
both weakly forced convective events triggered by diurnal heating and sea‐breeze convergence and strongly
forced convective events governed by fronts or upper‐level disturbances (Chen et al., 2011; Wang et al., 2022).
Climatological studies over southeastern Texas have shown that deep convection can initiate across a wide range
of large‐scale environments, from favorable patterns with frontal systems and low‐level moisture convergence to
unfavorable anticyclonic patterns with limited large‐scale lift, where convection relies more on local forcing
(Y. Liu et al., 2024; Song et al., 2019; Wang et al., 2022). Urban effects may be the most pronounced under
weakly forced conditions, as the absence of a strong synoptic environment allows the urban‐induced thermo-
dynamic and aerodynamic influences to play a dominant role. For example, Mejia et al. (2024) utilized 900‐m
resolution simulations of the August 2020 heatwave to demonstrate that urban sensible heating and enhanced
drag are the primary drivers of shallow cumulus formation under quiescent conditions. Furthermore, Mejia
et al. (2024) highlighted the sensitivity of these clouds to surface energy changes, showing that heat mitigation
strategies can suppress urban cloud formation.

In this study, we present a process‐level analysis of how the Houston metropolitan area influences summertime
cloud cover and convection. Distinct from past Houston studies that emphasized precipitation or aerosol impacts,
our focus is on the total urban land surface effect (combining thermodynamic and aerodynamic influences of the
city) on cloud fraction and precipitating convective cell characteristics over multiple summers under variable
large‐scale meteorological environments. We leverage satellite‐derived cloud cover and radar data to establish the
observed cloud and precipitating convection anomalies over the Houston metropolitan area. We then use
convection‐permitting model simulations for three summers (2020–2022) to isolate urban effects. We further
stratify the analysis according to the large‐scale meteorological patterns (LSMPs) to examine how urban effects
vary by synoptic setup. Overall, this work addresses the following questions: (a) How does the Houston urban
area affect the spatial distribution and diurnal cycle of cloud cover under summertime conditions? (b) What are
the mechanisms by which the urban land surface alters low‐level convergence, moisture transport, and convective
development? (c) How do these urban effects differ between periods with strong and weak large‐scale meteo-
rological forcing?

2. Data and Methods
2.1. Study Region and Period

Our study focuses on the Houston metropolitan region in southeast Texas (approximately centered at 29.76°N,
95.37°W) and surrounding rural areas. Houston lies about 50 km inland from the Gulf of Mexico coastline
(Figure 1). The broader landscape consists of flat coastal plains dominated by grasslands, croplands, and patches
of forest. The region experiences a hot and humid climate during the boreal summer (June‐July‐August), making
it favorable for convective cloud development.
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Following Liu et al. (2024), we classified LSMPs by applying the Self‐Organizing Map (SOM) (Vesanto &
Alhoniemi, 2000) to horizontal wind components (u, v) and specific humidity (q) at 925 hPa from the fifth‐
generation European Centre for Medium‐Range Weather Forecasts reanalysis (ERA5) (Hersbach et al., 2020)
over the domain covering 28–32°N, 97–93°W. In this study, we group the four LSMPs defined by Liu
et al. (2024) into two categories for simplicity: the pre‐frontal and frontal LSMPs are classified as strongly forced
LSMP, whereas the anti‐cyclonic and weak anti‐cyclonic LSMPs are categorized as weakly forced LSMP. These
two categories align well with the four synoptic regimes (pre‐trough, post‐trough, anti‐cyclonic, and transitional)
identified over southeastern Texas by Wang et al. (2022). The strongly forced LSMP is associated with enhanced
GPLLJ, facilitating robust northward transport of moist air from the Gulf water, as indicated by stronger southerly
flow and higher specific humidity (Figures 1a and 1c), which either enhances new convection initiation or extends
offshore clouds inland. In contrast, the weakly forced LSMP exhibits weaker southerly winds and reduced
moisture advection into the Great Plains (Figures 1b and 1d), suggesting diminished moisture transport. Under
this condition, deep convection initiation is commonly driven by local processes such as sea‐breeze circulation,
which arise from thermal contrasts between the land surface and Gulf waters.

Our analysis spans three summers in 2020, 2021, and 2022, offering a range of meteorological conditions. Of the
total analyzed hours, 66% were influenced by strongly forced LSMP, while 34% were weakly forced (Figure 1).
The diurnal distribution reveals a clear temporal separation between patterns. Strong forcing LSMP are most
frequent during the late night and morning hours, while weak forcing LSMP predominates in afternoon in early
evening.

2.2. Observational Data

We utilized satellite and radar observations to characterize cloud and precipitation patterns. Cloud cover data are
derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) Level‐2 Cloud Product
(MYD06_L2) aboard NASA's Aqua satellites for the summers of 2003–2021 (https://ladsweb.modaps.eosdis.na

Figure 1. Wind vector (m s− 1), specific humidity at 925 hPa (shading, g kg− 1) and 500 hPa geopotential height (contour, gpm) under (a), (c) strongly and (b), (d) weakly
forced large‐scale meteorological patterns (LSMPs), and (e) the percentage occurrence of each LSMP as a function of the hour of the day. (a) and (b) are for the mean
values, and (c) and (d) are the anomalies. Percentages in the parentheses on the maps indicate the frequency of each LSMP, the black boxes indicate the region used to
identify the LSMP, and the blue boxes indicate the location of Houston. SF stands for strongly forced and WF stands for weakly forced.
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sa.gov/missions‐and‐measurements/products/MYD06_L2, last access 21 Dec 2025) (Platnick et a., 2015). The
Aqua satellite overpass time is approximately 13:30 local time. Therefore, the derived cloud climatology rep-
resents conditions during the early afternoon, coinciding with the period of strong surface heating and sea‐breeze
development.

Precipitation patterns are examined using reflectivity observations from the Houston (KHGX) Next Generation
Weather Radar (NEXRAD) for 2018–2022. The original Level‐II reflectivity is obtained from Amazon Web
Services (https://registry.opendata.aws/noaa‐nexrad/, last access 21 May 2025) at approximately 5 min intervals
and is interpolated from polar to Cartesian coordinates at 500 × 500 × 500 m (x × y × z) grid spacing using py‐
ART (Helmus & Collis, 2016) (https://arm‐doe.github.io/pyart/, last access 21 May 2025). We focus on the
frequency of heavy precipitation echoes (>30 dBZ) as a proxy for convective rainfall events.

To evaluate simulations, we obtain 2‐m temperature data from MesoWest over the urban core (33 sites) and rural
area (4 sites), as denoted by the white boxes in Figure 2c, which have similar distances to the coastline. MesoWest
is a cooperative observational network designed to offer seamless access to both real‐time and archived surface
weather observations collected from federal and state agencies, universities, private networks, and citizen ob-
servers (https://mesowest.utah.edu/html/help/main_index.html, last access 22 June 2025). The original station
measurements are aggregated to hourly means.

We use radiosonde data from the TracingAerosol Convection Interactions Experiment (TRACER) field campaign
which occurred in 2022 (Jensen & PNNL, BNL, ANL, ORNL, 2023). The sounding data are obtained at the main
site (M1, 29.67°N, 95.06°W) in La Porte near Galveston Bay and the ancillary site (S3, 29.32°N, 95.06°W) to the
southwest of downtown Houston in a rural region (https://www.arm.gov/research/campaigns/amf2021tracer, last
access 21 May 2025). The locations of the two sites are marked by blue dots in Figure 2c.

2.3. Model Configuration

To isolate the impact of urbanization on clouds, we conducted numerical simulations with the Weather Research
and Forecasting (WRF) version 4.2 (Skamarock et al., 2019). The model domain is centered on Houston and
covers southeastern Texas, 639 km × 660 km horizontal extent, with a horizontal grid spacing of 3 km to permit
representation of convective cloud systems. The configuration includes 44 vertical levels with the model top set at
10,000 Pa. Land use was prescribed using the MODIS International Geosphere‐Biosphere Program (IGBP) 21
categories land use type. Updated sea‐surface temperature as used. The model physics parameterization includes
Thompson microphysics scheme (Thompson et al., 2004, 2008), Rapid Radiative Transfer Model for Global
Climate Models longwave and shortwave schemes (Iacono et al., 2008), the Mellor‐Yamada‐Janjic (MYJ)
planetary boundary layer scheme (Janjić, 1990), and the Unified Noah land surface model (Chen & Dud-
hia, 2001). The cloud fraction in the model is analyzed using Xu and Randall (1996) parameterization, which
determines the fractional coverage of cloud within each grid cell based on the local relative humidity and total
cloud condensate mixing ratio. The calculation utilized a critical relative humidity to determine the threshold for
cloud formation.

Figure 2. Land cover map used in (a) Control and (b) NoUrban experiments, and (c) urban fraction with blue dots indicating the location of radiosonde and the open
circles indicating the MesoWest meteorological stations. Panel c zooms into the Houston metropolitan.
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We used an updated multi‐layer urban building environment parametrization (BEP) model and a multilayer
building energy model (BEM) to represent urban surface physics, including heat storage in buildings, anthro-
pogenic heat flux, and momentum drag (Martilli et al., 2002; Salamanca et al., 2010). BEP represents the impact
of buildings on resolved airflow by treating the urban surface as a 3D street canyon (Martilli et al., 2002). Instead
of using a fixed roughness length, BEP dynamically reproduces the vertical profile of Reynolds stress and reduces
turbulence intensity below the average roof height based on building geometry. BEM is coupled to BEP to
simulate the generation of heat in buildings and the exchange of heat with the exterior flow (Salamanca
et al., 2010). It accounts for heat diffusion through walls, roofs, and floors, natural ventilation, radiation exchange
between indoor surfaces, and anthropogenic heat generation. To capture urban heterogeneity, we utilized three
distinct urban land use categories defined by specific building height distributions (ranging from 5 to 35 m) and
impervious surface fractions (ranging from 0.50 to 0.95), as defined in Table 1. The impact of urban‐induced
aerosols is not included in this study, although would be needed to more completely treat physics in this re-
gion for real‐world conditions.

Two experiments were run for the summers of 2020–2022, covering a wide range of meteorological conditions.
The Control simulation (referred to as Control) used current urban land cover, while the NoUrban simulation used
identical initial and boundary conditions as those in Control, but all urban land use in the domain was replaced by
natural land cover (Figure 2). Each urban grid cell was reassigned to the most dominant natural land cover type
(within the cell or its immediate neighborhood cells if it was 100% urban). Each simulation was initialized at 00
UTC onMay 29th and run continuously through August 31st with boundary conditions from the ERA5 (Hersbach
et al., 2020). In both experiments, the initial soil moisture and temperature fields were derived from ERA5
reanalysis. As the relatively small model domain and frequent lateral boundary updates (3‐hourly) from ERA5
were sufficient to constrain the large‐scale environment, no nudging was applied. The Control minus NoUrban
difference isolates changes in clouds and precipitating convection attributable to the Houston metropolitan area
surface conditions via effects on associated surface heat fluxes and roughness.

2.4. Convective Cell Identification and Tracking

We applied the open‐source Python Flexible Object Tracker (PyFLEXTRKR, available from https://github.com/
FlexTRKR/PyFLEXTRKR, last access: 21 May 2025) algorithm (Zhe Feng et al., 2023) to identify and track
convective cells from the WRF simulated radar reflectivity saved at 5 min intervals. Convective cells are iden-
tified in PyFLEXTRKR (Zhe Feng et al., 2022) using a minimum composite reflectivity threshold of 10 dBz to
define coherent precipitation features for tracking. Within these features, convective cores are identified using a
modified Steiner et al. (1995) algorithm, which classifies grid points as convective if the reflectivity intensity
exceeds 55 dBz or if the reflectivity horizontal texture satisfies a background‐dependent peakedness criteria (with
a weak echo threshold of 15 dBz). Cells are tracked between successive times by advecting cell masks and
assessing their overlap with cell masks at the following time. Minimum overlap fraction and multiple cell overlap
dictate whether a cell is continuing its track, splitting, or merging.

3. Results
3.1. Observed Cloud Cover and Precipitation Enhancement Over Houston

Satellite and radar observations provide compelling evidence that urbanization modifies cloud and precipitation
patterns (Figure 3). Long‐term daytime MODIS observations of summertime cloud fraction over 2003–2021

Table 1
Default Physical Parameters Used in the BEP/BEM for the Urban Land Cover

Low‐intensity residential High‐intensity residential Commercial/industrial

Urban fraction 0.50 0.90 0.95

Building height range (m) 5.0–15.0 10.0–20.0 15.0–35.0

Anthropogenic heat (W m− 2) 16.0 20.0 36.0

Albedo (roof/wall/road) 0.2/0.2/0.2 0.2/0.2/0.2 0.2/0.2/0.2

Emissivity (roof/wall/road) 0.90/0.90/0.95 0.90/0.90/0.95 0.90/0.90/0.95
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reveal an inland enhancement relative to the adjacent Gulf waters. This urbanization‐related cloud enhancement
pattern aligns more clearly with the urban boundary when averaged over a longer period, while it shows up as
patchy cloud enhancement over shorter periods (Mejia et al., 2024). Due to the afternoon overpass time, the cloud
top height over the city area ranges in 4–7 km. This land‐sea contrast in cloud cover is consistent with stronger
daytime surface heating and sea‐breeze‐driven convergence over land, promoting inland afternoon cloud
development (e.g., Mejia et al., 2024). Superimposed on the land‐sea gradient, we observe a localized
enhancement of cloud fraction over the Houston metropolitan area, Beaumont‐Port Arthur area, and Lake
Charles. The cloud cover over cities is 5%–10% higher than the surrounding rural land, with the enhancement
spatially coherent with the urban boundary. It aligns with findings from other cities where satellites have noted
higher cloud occurrence over urban areas (Theeuwes et al., 2022; Vo et al., 2023).

Figure 3. Observed cloud fraction (%) and number of grids reaching the radar reflectivity threshold. (a) Summer daytime MODIS Aqua (overpass time ∼13:30 local
time) cloud fraction in 2003–2021 over all weather pattern conditions. Number of points with radar reflectivity exceeding (b) 30 dBZ and (c) 40 dBZ at the KHGX site in
2018–2022 over all conditions. The black contours in (a) outline the locations of Houston, Beaumont, Port Arthur, and Lake Charles. (d) and (e) are the number of
reflectivity exceeding the corresponding threshold at each hour with urban core and rural area denoted by the white rectangles in Figure 2c, with the lines indicating the
numbers and the bars indicating the difference between urban and rural regions. The inserts in panels a, b, and c are the histograms of corresponding variables within the
urban core and rural area as defined in Figure 2c.
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The KHGX radar reflectivity analysis also reveals land and city enhancements. The number of occurrences of
column maximum radar reflectivities exceeding 30 dBZ and 40 dBZ is higher over land, especially over urban
areas, than over the adjacent Gulf waters (Figures 3b and 3c). Figures 3d and 3e show the diurnal cycle of
moderate and heavy precipitation, comparing the frequencies of reflectivity values exceeding 30 and 40 dBZ
between the urban core and nearby rural areas. Although both areas are similarly distant from the coast, the urban
region consistently experiences more frequent precipitation, with maximum differences in the afternoon (13–18
LST or local standard time).

3.2. Model Evaluation Against Sounding Profiles

To evaluate the model performance in simulating the diurnal temperature cycle and urban heat island effect, we
compare hourly 2‐m temperature from WRF simulations with observations for both rural and urban locations
during strongly forced and weakly forced periods (Figure 4). During the strongly forced period, the observed
urban‐rural temperature difference is 0.36°C during the daytime and 1.16°C at night, while the WRF Control
simulation reasonably reproduces the diurnal pattern with values of 0.50°C during the day and 1.64°C at night.
During the weakly forced period, the urban heat island effect is stronger, with observed (modeled) intensities of

Figure 4. Diurnal variation of 2‐m temperature (°C) and meridional and zonal wind speed (m s− 1) in observation and Control
simulation during (a) strongly forced (SF) and (b) weakly forced (WF) large‐scale meteorological patterns (LSMPs). The
labels Obs andWRF indicate the average across the respective sites, while Area indicates the average over the urban core and
rural area shown in Figure 2c.
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0.56°C (0.45°C) during the daytime and 1.45°C (1.93°C) at night. This pronounced nocturnal UHI is driven by the
large thermal storage capacity of the urban fabric. During the day, the urban canopy stores the solar energy, which
is subsequentially released as longwave radiation into the boundary layer at night. This sustained heat release
reduces the cooling rate over the city compared to the rapidly cooling rural surroundings (Qian et al., 2022).
Overall, the model captures the magnitude and diurnal pattern of the UHI effect, though slightly overestimating
the strength of UHI. We further extended the evaluation to include wind fields using diurnal surface composites.
As shown in Figures 4c–4f, the model captures the diurnal variation of both zonal and meridional wind com-
ponents. However, it tends to overestimate the meridional wind speed in both the strongly and weakly forced
conditions, particularly over the rural area in the late afternoon. A similar overestimation of meridional winds in
this region was reported by Mejia et al. (2024).

We further evaluate temperature, relative humidity (RH), and wind speed profiles with radiosonde observations
from the TRACER field campaign collected at M1 (La Porte) and S3 (ancillary) sites (Figure 5). Observed
profiles are derived from the soundings launched within ±3 hr of 00 UTC and 18 UTC. Simulated profiles from
theWRFmodel are extracted at the nearest grid points corresponding to the sounding locations and matched to the
dates and times of the radiosonde launches. The number of sounding profiles varies by location due to data
availability. In the year 2022, during strongly forced periods, there are 43 profiles at S3 and 238 at M1; during
weakly forced periods, 84 profiles are available at S3 and 163 at M1.

The Control simulation shows reasonably well agreement with observations. Near‐surface temperatures are
captured within approximately 0.5°C for both S3 and M1 sites across different LSMPs. Simulated lapse rates in
the lower troposphere are consistent with observations, with mean values of around 0.6°C/100 m atM1 and 0.7°C/
100 m at S3 during both strongly and weakly forced periods.

Despite M1 being considered an urban site during the TRACER field campaign, its close proximity to Galveston
Bay results in slightly lower near‐surface temperatures and higher relative humidity than at the rural S3 site during
the afternoon to evening hours. This pattern is consistent with the lake‐breeze effects and thermal moderation by
the water body described by Chakraborty et al. (2023). Overall, the Control simulation reasonably captures near‐
surface RH, with a slight overestimation. However, a systematic dry bias is evident in the lower free troposphere
(above ∼1,500 m) at both sites and under both LSMPs. This underestimation of mid‐level moisture is a well‐
documented characteristic of WRF planetary boundary layer parameterizations, often attributed to deficiencies
in representing vertical moisture entrainment across the boundary layer top (Labzovskii et al., 2018; Tymvios
et al., 2018). The boundary‐layer depth, marked by the sharp humidity decrease between 800 and 1,500 m a.g.l.,
varies by location, time, and LSMPs. During strongly forced periods, a sharper vertical gradient in RH is observed
and both sites are compared to those during weakly forced periods. The Control simulation captures these dif-
ferences in boundary layer structure between the two LSMPs.

Regarding the wind profile (Figure 5), the model accurately reproduces the low‐level jet structure at 00 UTC.
However, it tends to underestimate the afternoon wind speed between 100 and 1500 m at the S3 site under both
strongly and weakly forced conditions. At the M1 site, this underestimation is observed at both 00 UTC and 18
UTC across both meteorological conditions. Despite these biases in wind speed magnitude, the model correctly
captures the distinct shear environments essential for this study.

To assess the robustness of the simulated cloud fields, we compared the modeled column‐maximum cloud
fraction with the MODIS Level‐2 cloud product (MYD06_L2). Figure 6 shows the spatial distributions of the
mean cloud fraction (top) and the corresponding anomalies relative to the domain average (bottom) under
strongly and weakly forced conditions, respectively. Overall, the model produces a lower cloud fraction than
MODIS. This systematic bias in absolute magnitude likely reflects differences in the definition and sampling of
cloud fraction between the model and satellite observations (e.g., Qian et al., 2012). For instance, MODIS cloud
retrievals rely on a binary (0/1) cloud mask rather than a fractional cloud amount, which tends to overestimate
partially cloudy scenes. In addition, off‐nadir viewing geometry can capture cloud sides and thereby increase the
apparent cloud coverage. In contrast, the model's representation of vertical cloud overlap—approximated here by
the column‐maximum cloud fraction—can lead to an underestimation of total cloudiness. Further discrepancies
may arise from differences in temporal sampling (continuous model output vs. twice‐daily satellite overpasses)
and from differing cloud detection thresholds between satellite sensors and the model (e.g., relative‐humidity‐
based criteria). Despite these differences, the model successfully reproduces the observed spatial patterns of
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cloud‐fraction anomalies and the urban–rural contrast, lending confidence to its physical representation of urban
impacts on cloud fields.

Overall, the WRF simulation with the chosen physical parameterizations captures the essential average ther-
modynamic characteristics of the Houston environment during the study period. Minor discrepancies in RH and
boundary‐layer structure fall within the typical uncertainty range reported for summertime convection‐permitting
simulations (e.g., Labzovskii et al., 2018; Tymvios et al., 2018). Having evaluated the base state, we examine the
differences between the Control and NoUrban simulations to characterize urban impacts.

Figure 5. Mean profiles of temperature (T, °C), relative humidity (RH, %), and wind speed (Wind, m s− 1) in observation and Control simulation. M1 indicates the
sounding location at La Porte and S3 indicates the ancillary site, as marked on Figure 2c.
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3.3. Cloud Cover Diurnal Cycle and Forcing‐Regime Dependence

We explore how cloud cover evolves throughout the day in response to urbanization, and how this depends on the
large‐scale meteorological pattern, or LSMPs. Figure 7 provides time–height cross‐sections of cloud fraction over
the Houston urban core (averaged over the white box in Figure 2c) in Control simulation. Our analysis primarily
focusses on the low levels between 200 m and 2 km and the middle level between 2 and 6 km. Averaging over all‐
weather conditions, the cloud fraction over the city exhibits a pronounced diurnal cycle. From midnight in early
morning, there is a prevalence of low clouds between 500 m and 2 km, with cloud fraction around 3%–15%. The
cloud fraction peak increases with height from morning to early afternoon as surface heating mixes and deepens
the boundary layer, with low cloud cover decreasing through the afternoon after peaking in the late morning. In
the afternoon (13–19 LST), deeper convective cloud form, with cloud bases lifting to 1 km and clouds reaching
above 6 km. The cloud fraction in 2–6 km peaks at around 3%–8% at around 15 LST.

Comparing Control and NoUrban simulations, we find that the urbanization increases total cloud cover over
Houston at most times of day (Figure 7d). Nighttime and early morning low cloud fractions are significantly
increased in the Control simulation. Conversely, urbanization slightly reduces cloud fraction below 2 km around
noon. In the afternoon, it increases the cloud fraction above 2 km, reflecting an increased convective potential
associated with the UHI effect.

Under the strongly forced LSMP, the diurnal pattern broadly resembles the all‐weather average but with overall
larger low‐cloud fractions. The urban effect induces a stronger enhancement of low clouds over night in early
morning compared to the all‐weather average. However, the afternoon enhancement between 2 and 6 km is more
subtle. Under the weakly forced LSMP, cloud cover below 2 km is considerably reduced compared to the all‐
weather or strongly forced LSMP, with few clouds in the morning. Clouds start building up between 2 and
6 km in the afternoon and persists longer into the night compared to strong forcing conditions. The urban effect
significantly increases cloud fraction in the middle levels between 13 and 19 LST.

Figure 6. Comparison of daytime (∼1300 LST) cloud fraction (%) from MODIS and control simulations. Panels (a–d) are mean cloud fraction and (e–h) are the
anomalies with respect to the domain‐wide average.
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3.4. Urban Effects on Cloud Spatial Patterns

Urbanization consistently enhances total cloud cover across all conditions examined, with its impact varying
throughout the day and under different large‐scale conditions. To isolate the underlying mechanisms, we focus on
three representative regimes defined by combinations of LSMP and time window. The strongly forced morning
(SFM) and afternoon (SFA) regime correspond to the early morning hours (00–06 LST) and afternoon (13–19
LST) under strongly forced LSMPs, respectively. The weakly forced afternoon (WFA) corresponds to 13–19 LST
period under weakly forced LSMPs.

Figure 8 presents composites for cloud fraction in the low and middle levels during SFMs, WFAs, and SFAs.
During SFMs, the Control simulation shows extensive low clouds offshore with some extending onshore in the
prevailing southerly winds. Superimposed on this background, a localized cloud cover maximum is centered over
Houston, with a relative minimum downwind (north) of the city (Figure 8a). Urbanization increases low cloud
cover by up to 8% over the urban core and reduces it by 2%–5% downwind, but there is no significant impact on
cloud cover in middle levels (Figures 8g and 8j), consistent with this being a non‐convective pattern. The moisture
flux differences during the same SFMs in Figure 9a indicate that the strong southerly wind is slightly decelerated
over Houston and accelerated around its periphery.

To understand the mechanism behind these cloud changes, we evaluate composites for the surface energy budget
and planetary boundary layer height (PBLH) (Figure 9) and the low‐level moisture budget (Figure 10). Changes
in downward shortwave and longwave radiation are small in all regimes no shown). During SFMs, urbanization
only modestly perturbs surface sensible and latent heat fluxes, but it deepens the PBL over Houston and reduces
PBLH over a broader area to the north (Figures 9a, 9d and 9j). Differences in low‐level moisture flux show that
the strong southerly flow is slightly decelerated over the city and accelerated around its periphery (Figure 10a).
This deflection produces enhanced moisture flux convergence south of Houston and divergence to the north
(Figure 10d). Decomposing moisture flux convergence (− ∇ · (qV)) into mass convergence (− q∇ ·V) and
advection (− V·∇q) terms reveals that the anomalies during SFMs are dominated by changes the mass conver-
gence term (Figure 10h). While this term depends on both specific humidity and wind divergence, the fractional
changes in urban‐induced flow divergence are an order of magnitude larger than the fractional changes in
moisture. Therefore, the moisture surplus is primarily driven by the mechanical modification of the wind field
rather than the moisture gradient. Therefore, in this regime, the city primarily acts as an obstacle to modify the

Figure 7. Time–height cross‐sections of cloud fraction (%) over the Houston urban area, averaged over the white box in Figure 3c. (a)–(c) Control simulation and (d)–(f)
difference between Control and NoUrban simulations, composited over (a), (d) all‐data, (b), (e) the strongly forced large‐scale meteorological pattern (LSMP), and (c),
(f) the weakly forced LSMP. The purple vertical lines denote the hours at 09 LST and 20 LST. Hatched areas in (d)–(f) indicate differences statistically significant at the
95% confidence level using a Student's t‐test.
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Figure 8. Spatial distribution of cloud fraction (%) and wind vector (m s− 1) for (a–f) the Control simulation and (g–l) corresponding differences between the Control and
NoUrban simulations. Results are composited for strongly forced morning (SFM; 00–06 LST), weakly forced afternoon (WFA; 13–19 LST), and strongly forced
afternoon (SFA; 13–19 LST) regimes. Hatched areas in (g–l) indicate statistically significant differences at the 95% confidence level. The red rectangles in (a–c) indicate
the regions for cross‐section calculation.

Journal of Geophysical Research: Atmospheres 10.1029/2025JD045131

LIU ET AL. 12 of 21

 21698996, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

045131, W
iley O

nline L
ibrary on [29/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Figure 9. Urban effect (Control–NoUrban) on sensible heat flux (W m− 2), latent heat flux (W m− 2), 0–2,000 m mean air temperature (T, K), and planetary boundary
layer height (PBLH, m). Hatched areas indicate statistically significant differences at the 95% confidence level according to a Student's t‐test. SFM stands for strongly
forced morning (00–06 LST), WFA stands for weakly forced afternoon (13–19 LST), and SFA stands for strongly forced afternoon (13–19 LST).
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existing marine‐layer cloud by slowing the moist airflow, forcing some of it to rise (discussed further in Sec-
tion 3.5) and some of it to divert around the city, resulting in less moisture immediately downwind.

During WFAs, the Control simulation shows a sea‐breeze passing over Houston (Figure 8b). Relative to SFM
conditions, the cloud field is patchier, with more clouds over land, and clouds extending from low to middle
levels. Urbanization increases the cloud fraction over the city in both low and middle levels, with an increase in
the middle level clouds exceeding 8% (Figures 8h and 8k). Urbanization significantly increases sensible heat flux
and decreases latent heat flux over the city, thus increasing the Bowen ratio (Figures 9b and 9e). The moisture flux
responses exhibit a nearly symmetric inflow toward Houston, as moist air from surrounding rural areas converges
over the urban core (Figure 10b), primarily driven by increased moisture convergence (Figures 10e and 10h). This
pattern reflects a typical UHI‐induced circulation. Enhanced sensible heat flux deepens the PBL (Figure 9k) and
draws in moist rural air that converges and forces vertical motion that triggers local cloud formation (e.g., Gar-
uma, 2022; Mejia et al., 2024; Theeuwes et al., 2022). Outside the urban area, we find significantly decreased

Figure 10. Urban effect (Control–NoUrban) on low‐level moisture flux (10− 3 g m− 2 s− 1), moisture convergence (10− 3 g m− 3 s− 1), and advection (10− 3 g m− 3 s− 1)
integrated from the surface to 2000 m. Vectors in (a–c) are horizontal moisture flux. Red vectors denote the significant values either in zonal or meridional components
at 95% confidence level. Hatched areas indicate statistically significant differences at the 95% confidence level according to a Student's t‐test. SFM stands for strongly
forced morning (00–06 LST), WFA stands for weakly forced afternoon (13–19 LST), and SFA stands for strongly forced afternoon (13–19 LST).
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sensible heat flux and increased latent heat flux over the cropland west of Houston, while no significant changes
occur over the forest region in the east. Given the absence of notable deviations in net radiation or precipitation
over these areas, we hypothesize that this response is driven by the advection of urban heat. We propose that the
urban‐induced warming of the lower atmosphere (Figure 9h) enhances evaporative demand. Over the croplands,
this likely stimulates transpiration due to lower stomatal resistance, leading to the observed evaporative cooling
and reduced Bowen ratio. The muted response over the eastern forests suggests that the higher stomatal resistance
and aerodynamic roughness of the forest canopy limit its physiological sensitivity to this advected atmospheric
warming. Further sensitivity experiments focusing on plant physiological parameters are required to definitively
isolate this mechanism.

During SFAs, when the strongly forced convective LSMP coincides with the daytime convective window, the
Control simulation exhibits a widespread low cloud and cumulus towers reaching middle levels over the urban
area (Figures 8c and 8f). The urban land cover effect on clouds also resembles a hybrid of the SFM and WFA
conditions (Figures 8i and 8l). Cloud cover at low levels increases slightly along the southern edge of the city but
decreases immediate downwind in rural areas, consistent with the upwind convergence and downwind divergence
seen in SFM conditions. However, these effects are spatially constrained within ∼50 km north of Houston.
Meanwhile, mid‐level enhancement is centered over the urban area, closely resembling the WFA pattern.
Together with increased sensible heat flux, decreased latent heat flux, and a deeper PBL over the city
(Figures 9c–9f and 9l), this mixed spatial and vertical structure suggests that both synoptic lifting and UHI‐
induced buoyancy and convergence contribute to cloud enhancement over the city.

The above diagnostics also allow us to conceptually separate local and non‐local contributions to the cloud
response over Houston. The largest anomalies in low‐ and mid‐level cloud fractions, PBL heights, sensible heat
fluxes, and − q∇ · V are tightly collocated with the urban core, indicating that local effects of the urban land cover
(enhanced sensible heating, deeper PBLs, and UHI‐induced low‐level convergence and uplift) are the primary
drivers of the increased cloud fraction directly above Houston. In contrast, cropland and grassland areas west of
the city and forests to the east exhibit broader but weaker changes in precipitation and surface flux partitioning,
which might slightly feed back to the atmosphere above the city.

Our finding that the urban heat island is the primary driver of cloud enhancement under weak synoptic forcing is
consistent with the recent conclusions of Mejia et al. (2024) andMejia et al. (2024), who identified thermal effects
as the dominant mechanism over frictional convergence in similar quiescent environments. However, our analysis
reveals that under strongly forced conditions, the mechanical drag of the urban canopy plays an increasingly
important role in focusing moisture convergence, suggesting that the dominant urban mechanism is state‐
dependent.

3.5. Vertical Moisture Flux Convergence

To diagnose the mechanisms responsible for the cloud responses shown in previous sections, we analyze the
vertical structure of moisture transport in the Control and NoUrban simulations. Figure 11 shows vertical cross‐
sections of specific humidity moisture fluxes and cloud fraction along the predominant wind direction, following
the transects shown in Figure 8. These composites capture how the urban surface modulates moisture and sub-
sequently influences cloud formation across three synoptic regimes.

During SFMs, shallow clouds originate over the Gulf water and are advected inland by southerly winds along with
moist air. Upon encountering the urban surface, the flow decelerates and ascends along the southern edge of the
city (Figure 11a). This mechanically induced uplifting elevates moisture to approximately 500 m, enhancing the
cloud fraction over the urban area. In contrast, subsidence and horizontal moisture divergence occur north of
the city and further downwind over rural regions, suppressing low‐level cloud development (Figure 11b). This
vertical structure is consistent with the dipole pattern seen in Figure 8g, with increased low clouds over the city
and reduced coverage downwind.

DuringWFAs, the Control simulation shows a strong updraft over Houston, extending up to 2–3 km (Figure 11c).
This verticalmotion liftsmoisture from the boundary layer, initiating cloud formation around 1.5 kmabove the city.
Compared to SFM conditions, near‐surface specific humidity is generally lower with inward moisture flux from
surrounding rural areas (Figure 11d). The resulting low‐level inflow converges over the urban core, consistent with
Figure 8e, forming a vertically extended plume of elevated moisture enhanced cloud fraction above 1.8 km.
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The vertical structure during SFAs exhibits a hybrid signature combining elements of both SFM and WFA
signatures. Synoptical scale transport (Figure 11e) delivers abundant low‐level moisture, while urban heating
enhances moisture convergence and ascent. As a result, urbanization dilutes and reduces moisture below 1 km
over much of the city by enhanced lifting, except along the southern edge where a subtle increase is observed from
the surface through 1.5 km. This vertical redistribution of moisture results in increased cloud cover in low and
middle levels along the southern edge, while over the central and northern parts of the city, cloud cover decreases
in low levels but increases in middle levels. The reduction in low‐level moisture extending just north of the city
further contributes to suppressed low cloud development in that region.

3.6. Influence on Convective Cell Initiation and Characteristics

The presence of the Houston urban area can significantly alter the initiation and characteristics of the convective
cells through multiple pathways, including enhanced surface heating, increased roughness, and altered moisture
fluxes. Higher surface temperatures and deeper boundary layers due to the UHI effect can promote low‐level
moisture convergence and upward motion, which can increase the likelihood of convective initiation
(e.g., Niyogi et al., 2006). The complex environment can also disrupt the spatial distribution, intensity, and
duration of convective cells (Z. Feng et al., 2016, 2019). In this section, we apply a convective cell tracking
algorithm to model output to determine whether Houston urbanization affects convective properties. Only tracks
that pass through the Houston metropolitan area and last longer than 2 hours are included.

During weakly forced conditions, the urban environment plays a strong role in triggering and intensifying
convection. The Control simulation produces more convective cells, with initiation beginning around 11 LST and
peaking near 15 LST, consistent with the timing of maximum surface heating (Figure 12). Urbanization increases
the number of convective cells throughout the daytime and evening without substantially altering the diurnal
variation of convection occurrence. The convective cells in the Control simulation are on average slightly less
intense, with 1% smaller maximum reflectivity, 3% (p< 0.05) lower in 20 dBZ echo top height, and 2% (p< 0.05)
smaller horizontal footprints compared to their NoUrban counterparts. However, urbanization significantly re-
duces the mean duration by 8% (p < 0.05) and distance by 16% (p < 0.05) (Figure 13).

During strongly forced conditions, convective cells initiate earlier in the day, beginning around 09LST andpeaking
near 14 LST (Figure 12). This earlier onset, compared to weakly forced conditions, reflects large‐scale meteo-
rological forcing contributing to drive vertical ascent independent of surface thermal conditions. Convective

Figure 11. Cross‐section of specific humidity (10− 2 g kg− 1, shading),moisture flux (10− 3 gm− 2 s− 1, vector), and cloud fraction (5% thin and 10% thick contours in (a, c, e),
and 5% solid and − 5% dash contours in (b, d, f). Each cross‐section is computed by averaging data along transects alignedwith the prevailingwind direction, as defined by
the red rectangles in Figure 8. Blue vectors indicate moisture flux differences that are statistically significant at the 95% confidence level. SFM stands for strongly forced
morning (00–06 LST), WFA stands for weakly forced afternoon (13–19 LST), and SFA stands for strongly forced afternoon (13–19 LST).

Journal of Geophysical Research: Atmospheres 10.1029/2025JD045131

LIU ET AL. 16 of 21

 21698996, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

045131, W
iley O

nline L
ibrary on [29/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



activity gradually diminishes by 20 LST in the Control simulation, and slightly earlier in the NoUrban simulation.
Urbanization increases the number of cells during strongly forced conditionsmodestly in the afternoon and slightly
prolongs the convective cell initiation window, with small impacts on the characteristics of cells during SFA,
causing less than 2% reduction in area, reflectivity, and height (Figure 13). However, the urban land cover
significantly reduces the duration and distance by 5% and 15%, respectively, which is consistent with those inWFA
conditions.

Figure 14 shows the tracks of convective cells in both simulations under different large‐scale environments.
During WFAs, the Control simulation shows numerous short tracks densely clustered around the Houston
metropolitan area, indicating localized initiation and weak propagation. Most cells form in or near the city, with a
preference for initiation to the east of the urban core, and tend to drift westward or remain nearly stationary before
dissipating. The NoUrban simulation also shows a similar convective activity, but with fewer initiation points in
the area corresponding to the urban footprint. During SFAs, both simulations exhibit long‐distance tracks,
propagating primarily from south to north. While the enhanced large‐scale moisture transport promotes the
initiation of the cells, the urban landscape may still modulate cell structure, local distribution, and propagation. In
particular, cells in the NoUrban simulation tend to travel farther north compared to those in the Control run,
reflecting the additional surface drag due to urban roughness.

Figure 12. Diurnal distribution of convective cell counts under strongly forced and weakly forced conditions for Control and NoUrban simulations. The numbers are
calculated within the white box over Houston in Figure 2c over three summers.

Figure 13. Boxplots of convective cell properties under strongly forced and weakly forced afternoons for both Control and NoUrban simulations. The central white line
denotes the median, the box bounds indicate the interquartile range (IQR) (25th to 75th percentiles), and the whiskers extend to 1.5 times the IQR. The blue dots mark the
mean values.
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3.7. Limitations and Future Improvement

While this study isolates the bulk thermodynamic and aerodynamic impacts of urban land cover, several
important limitations remain. First, while 3‐km grid spacing permits the grid‐scale convective motions, it does not
fully resolve individual convective updrafts and the dynamic entrainment associated with thermal circulations
(e.g., Morrison et al., 2020). However, multi‐month simulations at kilometer grid spacing well reproduce many
observed characteristics (Zhang et al., 2024). It is also expensive and time consuming to conduct multi‐season
simulations at sub‐kilometer simulations. Even at sub‐kilometer grid spacing, models struggle to represent
eddies driving shallow cumulus formation (e.g., Mejia et al., 2024). Accurate representation of convective cloud
dynamics requires large eddy simulation (LES) with 100 m grid spacing or finer (e.g., Hong et al., 2025), albeit at
significantly higher computational cost. Second, the radiation physics in our simulation is updated every 4 min,
which is standard for this resolution. However, the intermittency of radiative update relative to the dynamical time
step can still limit the model stability to capture rapid cloud‐radiative feedbacks (Matsui et al., 2020). Third, we
did not include aerosol effects, which can influence convective clouds through both radiative (e.g., Fast
et al., 2006) and microphysical pathways (e.g., Varble et al., 2023). Studies have found that neglecting aerosol‐
cloud interactions could contribute to biases in convective intensity and rainfall, especially during pollution
episodes (e.g., Fan et al., 2020). Fourth, our analysis encompasses three consecutive summers. While prior short‐
term simulations have successfully captured the dominance of urban heating during specific heatwave events
(Mejia et al., 2024), our multi‐year data set provides the necessary sample size to statistically stratify urban impact
across distinct synoptic regimes and allows us to assess the flow‐regime dependence of urban‐cloud interaction.
However, longer‐term simulations would be valuable for assessing interannual variability and producing more
robust statistics. Fifth, this study uses ERA5 soil moisture as the initial condition, which could introduce biased
mean values and underestimated soil moisture heterogeneity. Urban‐rural contrasts in soil moisture can be
substantial, and biases in the soil moisture have been shown to impact the surface energy budget and land‐

Figure 14. Tracks of convective cells in Control and NoUrban simulations under (a), (b) weakly forced afternoons (WFA) conditions and (c), (d) strongly forced
afternoons (SFA) conditions. The analysis is restricted to cell tracks that pass through the urban core analysis box (black rectangle). Composite analysis showing track
paths (brown lines), initiation points (blue dots), and dissipation points (red dots). Blue solid contours indicate high‐density initiation regions (90th percentiles of kernel
density distribution), while red dashed contours show high‐density dissipation regions. Urban areas are shown in black. Sample sizes (N) indicate the number of
convective tracks in each category.
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atmosphere coupling strength (Tai et al., 2025; Yang et al., 2025). Finally, because the simulations are initialized
only 3 days before the analysis period and June is used as an extended spin‐up, some aspects of the soil‐moisture
distribution and large‐scale land–atmosphere adjustment, particularly over western croplands and eastern forests,
may still be evolving. Although monthly diagnostics do not show a systematic drift over June–August, the details
of the domain‐wide rebalancing of energy and moisture could be sensitive to both spin‐up length and model
domain size. Future work with longer spin‐up and alternative domain configurations will be valuable to further
constrain these slow adjustments.

4. Conclusions
In this study, we investigated how Houston's urban landscape modulates summertime cloud formation and
convective cell characteristics under different large‐scale meteorological patterns using a combination of satellite
data, radar observations and convection‐permitting WRF simulations. Our results reveal that Houston urbani-
zation influences cloud evolution behavior through both aerodynamic and thermodynamic pathways, with effects
that are strongly dependent on the prevailing synoptic conditions.

Satellite and radar observations show that cloud cover and convective activity are locally enhanced over Houston
relative to surrounding rural areas. MODIS data indicate that the summer cloud fraction is approximately
5%–10% higher over the urban core, while radar reflectivity data reveal more frequent afternoon convective
activity in the city.

Under strongly forced morning (SFM) conditions, the urban surface acts as an obstacle that slows and lifts moist
southerly flow, increasing the low cloud fraction by up to 8% over the urban core and reducing it by 2%–5%
downwind, forming a dipole cloud pattern mostly confined below 2 km. Cloud cover in middle levels shows
minimal change. For convective clouds, under weakly forced afternoon (WFA) conditions, enhanced sensible
heat flux deepens the boundary layer and generates urban‐induced convergence that lifts moist rural air,
increasing cloud fraction in the middle level by over 8% and promoting convective cell initiation. This finding
confirms recent work identifying urban thermal forcing as the primary driver of cloud enhancement under
quiescent conditions (Mejia et al., 2024).

Under strongly forced afternoon (SFA) conditions, synoptic ascent and urban influence both contribute to
modulating cloud structure. The city increases cloud cover at the middle level and slightly suppresses clouds at the
low level in downwind areas due to vertical moisture redistribution. A novelty of this study is the application of
Lagrangian cell tracking to quantify the lifecycle of individual storms. For the WFA and SFA conditions, the
urban land cover significantly increases the number of convective cells within the urban area and leads to shorter
duration and travel distance of the cells, without significantly changing the area, intensity, and maximum 20 dBz
echo top height. This convective cell tracking analysis offers evidence that while urbanization may alter the
intensity of individual cells less drastically in this region, it significantly reshapes their lifecycle and residence
time, a finding that provides a robust statistical context to prior case‐study observations.
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