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Urbanization alters precipitation patterns by modifying thermal, dynamic, and
chemical processes in the atmosphere. However, its effect on precipitation
regimes, particularly at the sub-daily scale, is poorly understood. In this work,
we use a high-resolution, spatially continuous satellite precipitation dataset to
examine urbanization-induced shifts across precipitation intensities over
global cities. We show that urbanization generally causes asymmetric shifts,
increasing lower-intensity events and decreasing higher-intensity ones, with
distinct patterns in tropical monsoon regions. These shifts, primarily driven by
changes in event frequency, lead to reduced precipitation variability in urban
areas, particularly in temperate cities and those exhibiting higher urbanization
levels. Sub-daily analysis reveals that lower-intensity precipitation most nota-
bly increases in the early morning, while higher-intensity events decrease in
the late afternoon, dampening diurnal precipitation variability. These findings
offer important observational evidence of how urbanization alters precipita-

tion regimes and highlight the need for adaptive urban water management

strategies.

Cities, which now accommodate ~55% of the global population, have
expanded threefold over the past three decades'. While urbanization
has driven economic growth and social progress, it has also introduced
profound environmental disruptions, altering urban climates and
exacerbating climate-related hazards’. Urban climate phenomena,
such as urban heat islands (UHIs) and urban dry or wet islands, are well-
documented, characterized by elevated temperatures and altered
humidity compared to surrounding rural areas**. However, the impact
of urbanization on regional precipitation regimes remains poorly
understood due to the complex interplay of factors such as city-
specific attributes, climatic conditions, and limited data availability°.
This knowledge gap is particularly pronounced for sub-daily pre-
cipitation, which plays a critical role in urban hydrological hazards,
including flash floods.

Urbanization influences precipitation through multiple inter-
connected mechanisms. Anthropogenic heat emissions and increased
surface roughness enhance convective processes®’, while land-use
changes influence regional moisture supply by altering evaporation

patterns®. Urban structures disrupt wind fields and moisture
transport®, and anthropogenic aerosols modulate precipitation by
serving as cloud condensation nuclei or influencing atmospheric
heating and cooling””°. These mechanisms operate at diverse spatial
and temporal scales, exhibiting variability depending on the time of
day and background environmental conditions". Existing evidence
generally suggests that urbanization increases total precipitation in
many global cities, particularly in coastal and tropical regions'?. How-
ever, changes in extreme precipitation are more heterogeneous” %,
often exhibiting city-specific and region-dependent characteristics.
Despite these insights, a comprehensive global synthesis of urbaniza-
tion’s impact on precipitation remains lacking. Notably, previous
research has largely concentrated on total and extreme precipitation
metrics, with limited attention to how urbanization affects the full
distribution of precipitation intensities—particularly on a global
scale>"”, This knowledge gap is critical, as shifts across different
precipitation intensities have distinct implications for urban planning,
stormwater management, and climate adaptation strategies™”.
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Fig. 1| Climatology of urbanization effects on precipitation (2001-2023).

a-e Spatial distribution of urbanization effects (Up, %) on total, drizzle, light,
moderate, and heavy precipitation across 741 cities. f Spatial distribution of urba-
nization effects on the heavy-to-light precipitation ratio (HLP). Urbanization effects
are quantified as the precipitation difference between urban areas and their sur-
rounding rural counterparts (see “Methods”). Cities outlined in black indicate
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statistically significant differences. Pie charts illustrate the proportion of cities
exhibiting varying urbanization effects, while the boxplot summarizes the statis-
tical distribution of these effects. The box represents the interquartile range
(25th-75th percentiles), and whiskers denote the minimum and maximum values
excluding outliers. Source data are provided as a Source Data file.

Furthermore, previous research has predominantly analyzed daily (for
extreme precipitation) or longer (for both total and extreme pre-
cipitation) timescales, leaving diurnal variations in urbanization-
induced precipitation changes underexplored. While a few regional
studies have investigated super city clusters® %, global-scale assess-
ments of sub-daily precipitation responses to urbanization remain
scarce.

To address these important knowledge gaps, here we employ
hourly satellite-based precipitation data and a paired approach to
examine the impacts of urbanization on precipitation across global
cities (see “Methods”). Unlike previous studies that predominantly
analyzed daily or longer timescales, our approach leverages hourly
data to provide a detailed characterization of precipitation across
varying intensity levels, including drizzle (0.1-0.5mm/h), light
(0.5-2.5mm/h), moderate (2.5-10 mm/h), and heavy (=10 mm/h),
along with their diurnal patterns. By analyzing climatological contrasts
from 2001 to 2023, we identify urbanization-induced shifts in pre-
cipitation characteristics. This global-scale assessment advances our
understanding of urban hydro-climatic dynamics and offers valuable
insights for developing adaptive strategies to mitigate water-related
hazards in urban regions.

Results

Urbanization effects on precipitation regimes

We first examined urbanization-induced changes in total precipitation
over the period 2001-2023 (Fig. 1a). Our findings reveal that 63% of
global cities experienced an increase in total precipitation, nearly twice
the proportion of cities showing a decrease (37%). Precipitation
increases were most prominent in coastal cities across Africa, Asia/
Oceania, and North America, with Yaoundé, Cameroon, exhibiting the

highest increase (+64%). When considering statistical significance,
approximately one-fifth of the cities (21%) showed significant increases
in total precipitation amount attributed to urbanization, compared to
8% exhibiting significant decreases. Further analysis revealed a sig-
nificant decline in precipitation amounts with increasing distance from
city centers, reinforcing the link between urbanization and enhanced
precipitation (Supplementary Fig. 1).

Next, we investigated how urbanization affects precipitation
across different intensity levels. The analysis reveals a clear trend:
urbanization tends to increase the accumulation of lower-intensity
precipitation while suppressing higher-intensity events. Specifically,
drizzle and light precipitation amounts increased in 77% and 68% of
cities, respectively, whereas moderate and heavy precipitation
increased in only 42% and 38% of cities (Fig. 1b—e). On average, drizzle
and light precipitation amounts in urban areas were 6% and 1% higher,
respectively, than in rural counterparts. In contrast, moderate and
heavy precipitation were 1% and 3% lower, respectively.

To quantify these asymmetric changes, we introduced the heavy-
to-light precipitation (HLP) ratio as a metric to capture the distribu-
tional shifts in precipitation (see “Methods”). As can be expected from
the above findings, a widespread reduction in HLP occurred in most
cities (67%) across all major continents, reflecting a more balanced
precipitation distribution associated with urbanization. Only 33% of
cities, predominantly in coastal regions of the southern United States,
the Arabian Peninsula, and western Africa, showed increases in HLP
(Fig. 1f). Seasonal analyses revealed that the asymmetric nature of
urbanization-induced precipitation changes persists across all sea-
sons, albeit with notable regional and magnitude differences (Sup-
plementary Figs. 2-5). For example, winter exhibited the most
substantial mean increase in total precipitation (23%), driven primarily
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Fig. 2 | Characteristics of urbanization effects on precipitation. a-c Proportion
of cities exhibiting varying urbanization effects on the heavy-to-light precipitation
ratio (HLP) with respect to city size, build-up surface area, and population, with
shaded bars indicating the proportion of significant urbanization effects.

d Urbanization effects on HLP across Koppen-Geiger climate zones, including:
tropical rainforest (Af), tropical monsoon (Am), tropical savannah (Aw), arid hot
steppe (BSh), arid cold steppe (BSk), arid hot desert (BWh), arid cold desert (BWk),
temperate with hot summer and no dry season (Cfa), temperate with warm summer
and no dry season (Cfb), temperate with hot dry summer (Csa), temperate with
warm dry summer (Csb), temperate with hot summer and dry winter (Cwa),

temperate with warm summer and dry winter (Cwb), cold with hot summer and no
dry season (Dfa), cold with warm summer and no dry season (Dfb), and cold with
hot summer and dry winter (Dwa). Boxplots show interquartile ranges (25th-75th
percentiles), whiskers extend to non-outlier extremes, and medians are marked by
horizontal lines. Outliers are shown as individual points. Gray numbers indicate
valid city counts per zone. e Country-level urbanization effects (Up, %) on HLP, with
countries containing fewer than five selected cities marked in gray. The inserted
number represents the number of cities used for analysis. Source data are provided
as a Source Data file.

by enhanced light precipitation, while summer showed a more marked
increase in heavy precipitation (16%). Regional contrasts were also
evident, with urbanization effects differing in direction between sea-
sons in regions such as the West Coast of the United States, Medi-
terranean Europe, and northern China.

Characteristics of urbanization effects

Our results demonstrate a general increase in lower-intensity pre-
cipitation and a decrease in higher-intensity events, leading to an
overall reduction in HLP. However, strong spatial heterogeneity exists.
To explore this variability, we assessed the relationship between
urbanization effects on HLP and various urban, climatic, and geo-
topographic characteristics. We found that the proportion of cities
showing reduced HLP increased with the degree of urbanization
(Fig. 2a-c). Cities with larger size, greater built-up surface area, and
higher population densities exhibited significantly higher proportions
of HLP decline. Specifically, the proportions of significant HLP
decreases in city groups with the largest size, surface area, and
population (>90th quantile) are 6, 6, and 5 times as high as those in
smaller cities (<10th quantile). A marked increase in the proportion of
cities with significant HLP declines was observed above the 55th-65th
percentile of urbanization, suggesting critical thresholds beyond
which urban characteristics exert stronger influence on precipitation
patterns. These thresholds correspond to cities with a total area
between 219-271km?, built-up area of 48-62km?, and population
ranging from 0.9 to 1.2 million. When urban attributes reach and
exceed these critical ranges, the proportion of cities showing sig-
nificant declines in HLP increases rapidly. Similar patterns can be
found in the examinations for average city height and total building

volume (Supplementary Fig. 6a, b), highlighting a non-linear response
of precipitation to urbanization.

In terms of climatic characteristics, cities in temperate zones
consistently exhibited a negative urbanization effect on HLP (Fig. 2d).
Notably, cities in the Cwb climate zone (temperate, dry winter, warm
summer) showed the most pronounced decreases in HLP, with the
most significant reductions in Mexico City (-56%). Weaker effects were
observed in arid and cold regions, although cities in BWk (arid, desert,
cold) and Dfb (cold, no dry season, warm summer) zones showed more
complex patterns. Tropical cities in Af (rainforest) and Aw (savannah)
climate zones generally exhibited reduced HLP, while cities in Am
(monsoon) regions showed enhanced HLP. Geo-topographic factors,
such as elevation and distance to the shoreline, did not show clear
correlations with the impacts of urbanization on HLP (Supplementary
Fig. 6c, d).

Finally, we provide a nationwide summarization, aiming to
highlight countries experiencing the largest asymmetric shifts in
precipitation distribution due to urbanization (Fig. 2e and Sup-
plementary Fig. 7). To minimize the influence of extreme values
(e.g., countries with only one examined city), we only considered
countries with at least five study cities, resulting in a total of 30
countries examined here. Results show that for these 30 countries,
15 of them showed suppressed HLP smaller than -5% due to
urbanization, while only Kazakhstan exhibited an increase (4%) in
HLP. The countries with the largest reductions in HLP were
Colombia (-20%), Australia (-19%), Nigeria (-16%), Argentina
(-13%), and Japan (-12%). These findings highlight the urgent need
for a reassessment of urban hydrological regimes on a
national scale.
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Fig. 3 | Partitioning of urbanization effects on precipitation. a-c Probability
density distributions of urbanization effects on frequency, intensity, and amount
for light precipitation. Vertical dashed and dotted lines indicate the median and
+1 standard deviation, respectively. Blue and pink shaded areas represent positive
(increase) and negative (decrease) effects, with colored numbers denoting the
corresponding area under the curve. d Urbanization effects on partitioned com-
ponents of light precipitation. Gray numbers indicate the number of cities
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analyzed. Asterisks (***) denote statistically significant differences between urban
and rural areas at the 99.9% confidence level. e-g Same as (a-c), but for heavy
precipitation. h Same as (d), but for heavy precipitation. Note that the x-axis in
(a-c, e-g) and the y-axis in (d, h) are logarithmic to partition changes in pre-
cipitation amount into frequency and intensity components (see “Methods”).
Source data are provided as a Source Data file.

Partition of urbanization effects

Changes in the accumulated precipitation amount can be caused by
either changes in precipitation frequency or intensity. To better
understand changes in HLP, here we partitioned the urbanization
effects on precipitation amount into frequency and intensity compo-
nents. For light precipitation, 71.6% of cities showed increased fre-
quency, while 69.3% exhibited reduced intensity, suggesting that
increased frequency was the primary driver of higher accumulated
light precipitation following urbanization (Fig. 3a—c). This is not sur-
prising, as the intensity of light precipitation is restricted to a narrow
range by definition (0.5-2.5 mm/h), so any changes in intensity could
only exert limited impacts on the total amount (Fig. 3d). On average,
urbanization increased light precipitation frequency by 1% while
reducing intensity by 1% compared to rural areas (Supplementary
Fig. 8a, b).

As for heavy precipitation, both frequency and intensity showed
an overall decrease in urban areas compared to the surrounding rural
regions (Fig. 3e-g). However, the reduction in heavy precipitation
intensity is marginal, which is seen in 51.4% of cities with a slight
reduction magnitude. In comparison, decreases in heavy precipitation
frequency are found in around 60% of cities, with a mean decrease of
3%, which is primarily responsible for the observed decrease in heavy
precipitation amount due to urbanization (Fig. 3h). Despite this overall
trend, evident intensifications of both heavy precipitation frequency
and intensity are observed in several coastal cities across different
continents, such as Recife (Brazil), Fortaleza (Brazil), Houston (United
States), and Chennai (India), potentially increasing flood risks there
(Supplementary Fig. 8c, d).

Diurnal variability of urbanization effects

We subsequently analyzed the diurnal cycles of urbanization effects,
focusing on light precipitation, heavy precipitation, and HLP. All three
variables displayed similar diurnal cycles in both urban and rural areas,

suggesting that regional weather systems dominate the diurnal pre-
cipitation patterns. Averaged across all cities, the accumulated amount
of light precipitation peaks in the afternoon (1500-1700 Local Solar
Time (LST)) and reaches its lowest levels in the morning (0700-1000)
(Fig. 4a). The diurnal cycle of heavy precipitation generally mirrors that
of light precipitation but lags by 2-3 h, peaking in the late afternoon
(1700-1900) and reaching its minimum around midday (1000-1300)
(Fig. 4c). Additionally, heavy precipitation exhibits a secondary, albeit
weaker, peak in the early morning (0500-0700). These cycles resulted
in a bimodal HLP distribution, with one peak occurring in the early
morning (0500-0700) and another in the late afternoon
(1800-2000) (Fig. 4e).

The diurnal cycle of urbanization effects on light precipitation
exhibited an inverse pattern compared to the diurnal cycle of light
precipitation itself, with stronger positive effects in the early morn-
ing (0400-0800) and evening (2000-2200), and weaker effects
around midday (1100-1500) (Fig. 4b). Similarly, the urbanization
effect on heavy precipitation showed the strongest contrasts in the
afternoon (1500-1800) and early morning (around 0600), with
weaker effects at night (2000-0200) and midday (1000-1100)
(Fig. 4d). Consequently, the urbanization effect on HLP displays two
negative peaks (Fig. 4f). The early morning peak (0600) is driven by a
combination of reduced heavy precipitation and enhanced light
precipitation, while the afternoon peak (1500-1800) was primarily
due to decreased heavy precipitation. The smallest urbanization
effects on HLP occur around midday (1100-1400) when
urbanization-induced changes in both light and heavy precipitation
are relatively minor. Notably, the periods with larger negative
urbanization-induced changes in HLP coincide with times of higher
HLP values during the day, suggesting that urbanization tends to
dampen the diurnal variability of HLP inherent in the regional
weather system. Further analysis across different climate zones
revealed broadly consistent diurnal behaviors, though with more
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Fig. 4 | Diurnal variability of urbanization effects on precipitation. a Diurnal
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(n=10,000). The dashed line denotes the fitted diurnal cycle, with the gray shaded
area indicating its 95% confidence interval. ¢, d Same as (a, b), but for heavy pre-
cipitation. In (d), circle size indicates the proportion of cities with decreased heavy
precipitation. e, f Same as (c, d), but for the heavy-to-light precipitation ratio (HLP).
In (f), circle size indicates the proportion of cities with decreased HLP. Source data
are provided as a Source Data file.

pronounced sub-daily fluctuations in some regions (Supplementary
Figs. 9-12).

Discussion

Widespread urbanization has profoundly altered regional atmospheric
processes, reshaping precipitation patterns and complicating hydro-
logical hazard mitigation in cities*>?°. However, quantifying the impact
of urbanization on precipitation remains challenging due to the
diversity of urban environments, the precipitation metrics used, the
temporal scales considered, and the variety of data sources
involved®*°. Using a spatially continuous, high-resolution precipitation
dataset, here we provide a pioneering global assessment of the
impacts of urbanization on precipitation regimes, with a focus on
shifts in the compositional distribution of precipitation intensities,
offering insights into how urbanization reshapes precipitation char-
acteristics and urban climate resilience.

Our findings reveal contrasting urbanization effects on different
precipitation intensities, with a global tendency toward increased
lower-intensity precipitation and decreased higher-intensity pre-
cipitation (Fig. 1b-d). These shifts suggest that urbanization generally
acts to reduce the natural precipitation variability inherent in regional
weather systems. Sub-daily analyses further show that light precipita-
tion is primarily enhanced in the early morning, while heavy

precipitation is mostly suppressed in the late afternoon, indicating that
urbanization dampens diurnal precipitation variability (Fig. 4b, d, f).
These results are significant, as they imply that urbanization may
mitigate warming-induced increases in precipitation variability under
climate change in urban areas. However, this does not necessarily
indicate a reduction in hydrological hazards, as changes in surface
characteristics (e.g., infiltration capacity) could alter the response of
surface hydrology to precipitation®. A coupled climate-hydrology
analysis is needed to comprehensively assess the impacts of urbani-
zation on hydrological hazards in cities.

Our finding that urbanization-induced precipitation increases are
predominantly driven by enhancements in lower-intensity events
contrasts somewhat with prior rain gauge-based studies, which have
frequently highlighted elevated risks of heavy precipitation associated
with urbanization effects’®***, To evaluate the robustness of our
results, we utilized NOAA'’s high-resolution (4 km) Analysis of Record
for Calibration (AORC) regional precipitation dataset over the United
States. Analyses employing AORC data generally supported the
asymmetric precipitation responses identified in our primary analysis.
Specifically, the F1 score**—a predictive accuracy metric ranging from
0 (no skill) to 1 (perfect skill)—between AORC and IMERG was 0.55 for
total precipitation anomalies, 0.77 for drizzle, and 0.64 for heavy
precipitation across selected U.S. cities. Notably, performance
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improved markedly in larger cities (>1000 km?), achieving F1 scores of
0.86 (total), 0.73 (drizzle), and 0.63 (heavy) (Supplementary Fig. 13).

Additionally, gauge-based studies often exhibit limited spatial
representativeness, whereas satellite-derived precipitation datasets
provide spatially comprehensive coverage, crucial for robust urban-
rural comparative analyses. To illustrate this point, we conducted
detailed case studies in China’s three largest metropolitan areas—
Beijing, Shanghai, and Guangzhou—each characterized by relatively
dense gauge networks. We compared urbanization-induced pre-
cipitation signals obtained from gauges, IMERG grid cells co-located
with gauge sites, and all IMERG grid cells across defined urban and
rural domains. Significant discrepancies emerged between localized
versus full IMERG domain estimates (Supplementary Fig. 14 and
Supplementary Table 1). For example, in Shanghai, the urban-
induced increase in low-intensity precipitation was estimated at
7.7% (local IMERG) and 6.5% (gauges), but declined sharply to 1.7%
when considering all IMERG grid cells—a reduction likely due to the
sparse distribution of rural gauges (n = 3). These findings underscore
the inherent limitations of in-situ measurements, particularly in
rapidly urbanizing and data-scarce regions, and emphasize the cri-
tical importance of satellite-based assessments with comprehensive
spatial resolution in accurately capturing urbanization impacts on
precipitation.

The observed changes in precipitation regimes may be linked
to UHI effects through thermal and dynamic mechanisms* . Rising
temperatures disrupt boundary-layer stability, triggering regional
circulations that enhance precipitation in inland and arid cities,
where anthropogenic moisture sources amplify the urban wet island
effect®’*%*°_ This effect is more pronounced for light precipitation
due to limited background moisture, which in turn suppresses
heavy precipitation (Supplementary Fig. 15)*°. These dynamics are
corroborated by significant positive (negative) correlations between
UHI intensity and light (heavy) precipitation, contributing to wide-
spread declines in HLP in arid and temperate zones (Fig. 1 and
Supplementary Fig. 16a). In contrast, UHI effects intensify extreme
precipitation in specific humid tropical cities (Fig. 1e)* This
intensification is further amplified by the Clausius-Clapeyron rela-
tion stating an increased atmospheric misoture holding capacity as
temperture rises (Supplementary Fig. 15b). However, such changes
could in turn lead to decreases in available energy for producing
light precipitation, as indicated by significant weaker/stronger
negative correlations between UHI intensity and changes in heavy/
light precipitation in tropical cities compared to other climates
(Supplementary Fig. 16a). On a sub-daily scale, UHI effects intensify
light precipitation at night (late evening and early morning), while
reducing heavy precipitation during the day, especially in the late
afternoon. This may be linked to cooling effects and reduced
atmospheric moisture after light precipitation (Fig. 4d and Supple-
mentary Fig. 16b, c). These findings highlight the significant role of
thermal disturbances in altering regional precipitation regimes but
also stress the complex interaction between urbanization and local
climate conditions.

Beyond thermal mechanisms, urbanization also redistributes
precipitation through dynamic and chemical processes”. Urban
structures can fragment storm systems into smaller convective cells,
increasing the frequency of low-intensity precipitation at the expense
of high-intensity events*>**. Enhanced surface roughness fosters ver-
tical uplift and moisture convergence, further modulating precipita-
tion patterns, as implied by the clear dependence of urbanization-
induced HLP decrease on city size and build-up area (Fig. 2a, b)*.
Moreover, aerosol emissions exacerbate UHI effects by altering
radiative balances, particularly through longwave absorption during
nighttime, and act as cloud condensation nuclei, contributing to
asymmetric precipitation changes*. These mechanisms explain the
spatial and diurnal variability in precipitation regime; however, the

magnitude and direction of changes remain uncertain, contingent on
urban characteristics like size, shape, and morphology®.

Several limitations must be acknowledged. First, our analysis is
based on urban-rural comparisons defined using the Global Urban
Boundary (GUB) dataset*®. While dynamic buffering radii are used to
account for spatial variability (Supplementary Fig. 1 and Egs. 4 and 5),
separating urbanization effects from natural variability (e.g., topo-
graphy) and other human activities (e.g., irrigation) remains challen-
ging. Second, the reliance on satellite-based precipitation products
introduces uncertainties related to sensor calibration, retrieval errors,
and orographic effects®’. Specifically, the spatial resolution of the
IMERG dataset (0.1°, <10 km) may constrain its capacity to accurately
capture localized, high-intensity precipitation events. To minimize the
resolution limitation, we restrict our analysis to relatively larger cities
with sizes greater than 100 km? In addition, we assess against com-
prehensive ground observations in multiple aspects (Supplementary
Figs. 17 and 18). Although comparisons with gauge data indicate a
considerable underestimation of heavy precipitation in satellite pro-
ducts, this bias is consistent across both urban and rural areas, sug-
gesting minimal impact on the assessment of urbanization effects on
precipitation regimes. Additionally, we investigated the implications of
spatial resolution limitations by utilizing the higher-resolution (-4 km)
AORC dataset. Comparing native 4-km outputs with bilinearly inter-
polated 10-km datasets revealed only minor differences, with patterns
qualitatively consistent with IMERG results (Supplementary Fig. 19).
Consequently, resolution-induced biases appear minimal for cities
larger than 100 km?. Nonetheless, future research should incorporate
finer-scale regional high-resolution precipitation datasets, such as
ground-based radar measurements and expanded gauge networks, to
more precisely elucidate urbanization impacts on extreme precipita-
tion events.

Methods
Selection of global cities
We initially identified 752 cities exceeding 100 km? worldwide using
the GUB map*®. To ensure a clear distinction between urban and rural
signals, cities whose designated rural buffers overlapped entirely with
neighboring urban areas were excluded, resulting in a final set of 741
cities for analysis (Supplementary Fig. 7). The threshold of 100 km? was
chosen to emphasize urbanization impacts in metropolitan regions, as
smaller cities often exert limited influence on regional precipitation
patterns®. The selected cities are predominantly located in the
Northern Hemisphere, with notable representation from the United
States (209 cities) and China (129 cities). City boundaries were used to
distinguish urban and rural precipitation estimates, generating 741
urban-rural pairs for comparative analysis (details in the next section).
The GUB dataset, spanning seven representative years (1990,
1995, 2000, 2005, 2010, 2015, and 2020), employs an automated fra-
mework integrating 30-meter global artificial impervious area data,
which was derived from Landsat imagery, nighttime light data, and
Sentinel-1 Synthetic Aperture Radar, achieving an overall accuracy
exceeding 90%". Therefore, the GUB enables the extraction of the
actual city boundary based on satellite images. The 2010 episode was
selected to approximate average urbanization during the study period
(2001-2023), emphasizing urban fringe areas through a morphologi-
cal approach validated against Google Earth imagery and human
interpretation. To assess the robustness of this choice, we compared
results derived from the 2000 and 2020 urban boundaries and found
no significant deviations from those based on the 2010 boundaries
(details in the next section, Supplementary Figs. 20 and 21).

Delineation of city attributes

Urban characteristics for the selected cities, including surface area,
height, and volume of artificial buildings, were derived from the Global
Human Settlement Layer (GHSL, version R2023A) dataset at a 1km
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spatial resolution*’. The GHSL build-up surface area integrates data
from advanced satellite imagers, including Landsat and Sentinel-2,
with a global accuracy exceeding 90%. Note that its definition is dif-
ferent from city size, directly derived from GUB, instead focusing on
the gross area of urban buildings within cities. Building heights were
estimated using data from the ALOS Global Digital Surface Model
(AW3D), NASA’s Shuttle Radar Topographic Mission, and Sentinel-2
images®. Building volumes were calculated using the corresponding
estimates of surface area and height. Urbanization attributes were
standardized to 2010, except for building height data, which was only
available for 2018.

Several static geographic attributes that are likely relevant to
regional precipitation patterns were also integrated, including eleva-
tion relief, climate classification, and distance to the shoreline. Eleva-
tion relief was determined using the HydroSHEDS digital elevation
model at a 30 arc-second (-1km) resolution’. Climate classifications
were derived from the Koppen-Geiger system, based on the majority
grid-cell type®. Shoreline distances were calculated as distances from
city centroids to coastlines, based on the Global Self-consistent,
Hierarchical, High-resolution Geography Database™. These attributes
were analyzed to evaluate spatial variations in urbanization effects.

Satellite precipitation product

Ground-based precipitation gauges always face limited spatial cov-
erage, uneven distribution, and temporal discontinuity, making them
insufficient for capturing global urbanization impacts on precipita-
tion systems®*. To address this, we utilized gridded precipitation data
from the Global Precipitation Measurement (GPM) project, an
international satellite mission providing next-generation rain and
snow observations, succeeding the Tropical Rainfall Measuring
Mission®. We employed the latest version of the Integrated Multi-
satellitE Retrievals for GPM (IMERG, Version 07B) algorithm, which
intercalibrates, merges, and interpolates data from multiple passive
microwave instruments and infrared sensors. The Final Run of IMERG
was selected for its research-quality precipitation estimates during
2001-2023, offering a spatial resolution of 0.1° and a temporal
resolution of 30 min, later aggregated to hourly scales®. This reso-
lution captures precipitation characteristics at the city level, with a
median coverage of 12 urban and 13 rural grid cells per city pair
(Supplementary Fig. 22). IMERG Version 07B includes advancements
such as improved microwave inter-calibration, updated inputs, and
enhanced precipitation rate caps, enabling more realistic extreme
rainfall estimates compared to earlier versions. The IMERG dataset
has been widely applied in detecting urbanization impacts on pre-
cipitation patterns globally'>.

We additionally evaluated another satellite-based precipitation
product, the Global Satellite Mapping of Precipitation (GSMaP, Version
8)*%, which shares the same spatial and temporal resolution as IMERG.
However, validation against extensive ground-based gauge observa-
tions revealed that IMERG consistently outperformed GSMaP in
representing precipitation characteristics, especially for drizzle and
heavy rainfall events (Supplementary Table 2). Furthermore, GSMaP
did not effectively detect the expected urban rainfall island phenom-
enon globally (Supplementary Fig. 23), reinforcing our choice of
IMERG as the primary dataset for analysis.

To substantiate our results, we also utilized the NOAA AORC
dataset for urban areas in the United States. AORC is a high-resolution,
multi-source precipitation product combining reanalysis data, in-situ
observations, and satellite-derived estimates, and has been opera-
tional since 1979, serving as an essential input for National Water
Model retrospective simulations®. Comparative analyses between
AORC and IMERG revealed consistent spatial distributions and mini-
mal biases associated with the spatial resolution inherent to IMERG
(Supplementary Figs. 13 and 19).

Gauge precipitation observations

To validate satellite data, we collected hourly precipitation records
from the Global Sub-Daily Precipitation (GSDR) database, comprising
23,687 gauges subjected to rigorous quality control®®. Developed
under the INTENSE project, the GSDR database aims to improve
understanding of sub-daily precipitation extremes®'. Additional hourly
precipitation data from 2167 weather stations in China, verified by the
China Meteorological Administration, were included®. Stations with
less than 5 years of complete observations (=80% completeness) and
without overlap with GPM IMERG grid cells were excluded, resulting in
7288 stations worldwide (Supplementary Fig. 24). These include 1537
in China, 1089 in Japan, 973 in Germany, 1437 in the United Kingdom,
and 1884 in the United States, aligning with regions where the selected
cities are predominantly located.

We evaluated the percent bias (PBIAS, %) of total precipitation
between gauge observations and GPM IMERG estimates (Supple-
mentary Fig. 17). We found widespread overestimations of total
precipitation from GPM IMERG across most countries, except for
Finland and the United Kingdom, with median PBIAS values of 12.8%
and 10% for urban and non-urban gauges, respectively. This over-
estimation may partially stem from missing gauge records or flag-
ged abnormal observations excluded during data processing.
Comparisons of light and heavy precipitation amounts (details in
the next section) showed reasonable agreement between GPM
IMERG and gauge data, despite a tendency for underestimation
in heavy precipitation (Supplementary Fig. 18). This under-
estimation is likely due to scale mismatches between point-based
gauge measurements and gridded satellite estimates, as well as
potential limitations in the retrieval algorithms and associated
parameterizations. Notably, these underestimations were consistent
across both urban and rural areas, indicating minimal impact on the
assessment of urbanization effects. It is also important to note that
the IMERG algorithm does not incorporate land surface information
in its precipitation retrievals. As a result, it is largely free from sys-
tematic artifacts introduced by urban surface characteristics, such
as imperviousness or radiative anomalies. A recent independent
evaluation further confirmed the capability of IMERG Version 07B in
accurately capturing precipitation characteristics over urban
regions®. In addition, we conducted a performance comparison
between IMERG and the GSMaP Version 8 product using gauge
observations. Across multiple evaluation metrics, IMERG con-
sistently outperformed GSMaP, particularly in capturing drizzle and
heavy precipitation events. These results support the selection of
IMERG as the primary dataset for our formal analysis (Supplemen-
tary Table 2).

Calculation of precipitation indices

This study examines the urban influence on the amount, distribution,
and diurnal cycles of precipitation. First, we identified wet hours using
a threshold of 0.1 mm/h, and calculated annual total precipitation as
the sum of accumulated precipitation during all wet hours in a year.
Precipitation intensities were categorized as drizzle (0.1-0.5 mm/h),
light (0.5-2.5 mm/h), moderate (2.5-10 mm/h), and heavy (=10 mm/h),
based on the World Meteorological Organization’s classification®*. We
did not distinguish between liquid and solid precipitation (i.e., rain
versus snow), as the vast majority of analyzed cities lie outside Arctic or
high-latitude zones. Only one city in our study, La Paz (Bolivia), is
classified as having a polar climate. Violent precipitation (=50 mm/h)
was merged with heavy events due to insufficient samples in arid cities.
The use of a standard fixed threshold to categorize precipitation
events facilitates consistent interpretation of urbanization influences
across cities. Precipitation frequency was defined as the number of
hours within a certain precipitation category, and the corresponding
precipitation intensity was quantified using the simple precipitation
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intensity index ()
A
Ii = FI (1)
1

where A4; is the total precipitation amount and F; is the frequency for
category i.

To evaluate changes in precipitation distribution, the HLP index
was defined:

HLP= Aneavy precipitation 2)

light precipitation

A higher HLP indicates a more variable precipitation distribution.

Diurnal precipitation indices were also calculated, with results
transformed from Coordinated Universal Time (UTC) to LST as fol-
lows:

AC)

Tisr(h)=Tyrc(h) + e h Y

3

where A represents longitude. Diurnal cycles were fitted using LOESS
(locally estimated scatterplot smoothing) regression for clarity. All
indices were computed for individual grid cells of the GPM IMERG
product, followed by spatial integration at the city scale to represent
urban precipitation characteristics.

Detection of urbanization influences

A paired method was employed to detect urbanization effects on
regional climate, based on the assumption that urban and rural areas
share comparable mesoscale atmospheric dynamics (e.g., convective
system). Differences in precipitation patterns and related climate
variables are thus attributed to contrasts in land surface properties,
including urban-rural disparities and complex terrain. To account for
the dynamic spatial extent of urbanization influences on precipitation,
a buffer zone was established around each city with a radius (r) pro-
portional to the city size (S):

req/2 4)

The urban area was defined as the region within this buffer, while
the rural area was delineated between the second and third buffer zones
(2r to 3r), with the intermediate zone (1r to 2r) serving as a transition
area. Overlaps with rural zones from neighboring cities were excluded to
avoid interference. Additionally, grid cells predominantly covered by
water bodies (e.g., oceans or large lakes) were removed from both urban
and rural domains using the 300-meter resolution GlobCover land cover
map®. This spatial delineation approach has been validated and widely
adopted in previous global-scale studies of urbanization impacts on
precipitation patterns®. To test the sensitivity of our results to buffer
size, we also experimented with a reduced buffer radius by applying a
scaling coefficient to r (i.e., (+v2 —1)-r), ensuring more comparable
spatial extents between urban and rural areas. However, this adjustment
had negligible influence on our results (Supplementary Fig. 25), con-
firming the robustness of the adopted methodology®.

Urban and rural regions were paired for analysis, resulting in 741
pairs worldwide. The relative urbanization effect on precipitation (Up,
%) was calculated as:

:PIurbanfpl

Up rural . 100% 5)

P rural

where Pl represents the climatological status of precipitation indices
during the study period. The relative format of Up enables the

consideration of varying reference precipitation across different cities.
Statistical significance (p<0.05) was assessed using a t-test, with
positive differences indicating enhancement and negative differences
indicating suppression. The paired method was applied to each city
individually, with multiple surrounding distances (1r to 10r) tested for
robustness.

Partition of urbanization effects

To decompose urbanization-induced changes in precipitation amount,
we partitioned these changes into frequency and intensity compo-
nents using a logarithmic relationship®’:

IOgAurban - IOgArumI =(10g Furban - IOgFrural)+(|0g Iurban - IOgIruraI)
(6)

Here, the logarithmic urbanization effects (logUp, dimensionless)
on precipitation amounts reflect the combined influences of frequency
and intensity. Statistical significance was tested as in Up, and the
probability density functions of urbanization effects on light and heavy
precipitation (amount, frequency, and intensity) were estimated for
probabilistic comparisons.

Quantification of urban heat island

To explore the linkage between UHI effects and precipitation chan-
ges, we calculated Spearman’s rank correlation coefficient (rs)
between urbanization-induced precipitation effects (Up) and UHI
intensity. This non-parametric measure quantifies the association
between rankings of the two variables. UHI intensity was derived as
the contrast in average land surface temperature between the urban
center and the rural area, which is defined as the first buffer zone
surrounding the city. Diurnal cycles of UHI intensity were also ana-
lyzed to examine their relationship with sub-daily variations in pre-
cipitation. Temperature data was sourced from the global hourly,
5km all-sky land surface temperature (GHA) dataset (2011-2023)"°.
The GHA dataset, based on geostationary and polar-orbiting satellite
data (e.g., CGLS, MODIS), employs a surface energy budget recovery
method and has been extensively validated with ground measure-
ments across diverse regions. Given the temporal overlap between
GHA (2011-2023) and GPM IMERG, the r; was calculated for this
period to ensure consistency. This analysis provides insights into the
physical mechanisms linking UHI effects and urbanization-induced
precipitation changes.

Data availability

All the data supporting the main conclusion of this study can be
freely accessed online. GPM IMERG data can be obtained from
https://gpm.nasa.gov/data/directory, and the GPM-API tool can be
used to download the data (https://zenodo.org/records/13640487).
GSDR data can be obtained from https://zenodo.org/records/
8369987. CMA data can be requested from the corresponding
author. GUB data can be downloaded from https://data-starcloud.
pcl.ac.cn/. The attributes of the cities can be extracted from: (1)
HydroSHEDS, https://www.hydrosheds.org/products/hydrosheds;
(2) GHSL, https://human-settlement.emergency.copernicus.eu; (3)
GSHHG, https://www.ngdc.noaa.gov/mgg/shorelines/shorelines.
html; (4) Global Képpen-Geiger climate classification map, https://
www.gloh2o.org/koppen/. GHA data can be downloaded from
https://zenodo.org/records/7487284. GlobCover data can be down-
loaded from https://doi.org/10.1594/PANGAEA.787668. Source data
for generating Figs. 1-4 are provided with this paper. Source data are
provided with this paper.

Code availability
The codes for calculating precipitation indices and producing main
figures are available at Zenodo™.
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