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Abstract Ample evidence shows that cities can enhance precipitation in the downwind region due to the
urban heat island (UHI) effect and the high momentum roughness of urban land. Surprisingly, global
observational results show that the downwind enhancement of precipitation caused by large metropolitan areas
is weaker under conditions of stronger surface UHIs. This is because stronger UHIs tend to be associated with
lower background wind speeds, while the downwind enhancement of precipitation is stronger with higher
background wind speeds. These results suggest a competition between thermodynamic and dynamic factors in
regulating the downwind enhancement of precipitation, with the background wind speed playing a more
important role than the UHI effect. By considering the urban‐rural difference in momentum roughness length, a
simple model is utilized to qualitatively explain the link between the downwind enhancement of precipitation
and background wind speed.

Plain Language Summary Traditionally, more heat (i.e., thermodynamic factor) and increased
roughness (i.e., dynamic factor) in cities can lead to greater upward movement of air, which promotes
precipitation, particularly in the downwind areas of cities. Although both mechanisms have been studied, their
interactions under varying background wind speeds have not yet been explored. Our global results show that the
downwind enhancement of precipitation caused by large metropolitan areas is weaker with stronger urban heat
island effects but stronger with higher background wind speeds, suggesting a competition between
thermodynamic and dynamic factors and background wind speeds outweighing urban heat islands in enhancing
precipitation downwind of cities. This work provides new insights into the link between urban surface
characteristics and regional hydroclimates.

1. Introduction
Over the past 200 years, the global population has increased sevenfold and the urban population has increased
from 3% to over 50% (Nations, 2018). Urban development so fundamentally transforms the preexisting bio-
physical landscape that a city creates its own climate (Y. Li et al., 2024). Understanding changes in climate and
atmospheric composition caused by urbanization is crucial for providing the scientific data needed to design,
manage, and operate safer, healthier, more sustainable, and resilient cities (Oke et al., 2017).

Since the Laporte precipitation anomaly–unusually high precipitation levels downwind of Chicago–was reported
(Changnon, 1968), it was conjectured that this anomaly may be linked to urban effects (Changnon et al., 1976).
Detailed studies from the Metropolitan Meteorological Experiment (METROMEX) confirmed that cities can
influence precipitation patterns (Braham & Dungey, 1978; Changnon et al., 1971, 1991), particularly in the
downwind areas of cities (Changnon, 2016). Since then, the downwind enhancement of precipitation by cities has
been widely reported for cities over the United States (Lu et al., 2024; Niyogi et al., 2017), Europe (Lorenz
et al., 2019), East Asia (L. Yang et al., 2014), and South Asia (Sarangi et al., 2018). This downwind precipitation
enhancement by cities is now recognized as a global signal (Sui et al., 2024), increasing rainfall‐related hazards
(L. Yang et al., 2024).

Cities tend to be warmer than surrounding rural areas, a phenomenon now labeled as the urban heat island (UHI)
effect (D. Li et al., 2024; Manoli et al., 2019; Oke et al., 2017). Multiple studies have shown a relation between the
UHI effect and precipitation enhancement (Huang et al., 2022; Jiang et al., 2023; Zhu et al., 2017). Urban sensible
heat and anthropogenic heat fluxes act as the energy source to enhance upward vertical motions and atmospheric
instability (W. Yang et al., 2017), which are conducive to cloud formation and rainfall (Marelle et al., 2020).
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Moreover, the high momentum roughness length of urban land leads to weaker near‐surface horizontal wind over
cities, which further results in airflow convergence and upward motions that could affect precipitation patterns
(Ao et al., 2022; Chen et al., 2017).

However, the downwind enhancement of precipitation is not solely determined by urban characteristics, but also
affected by other environmental factors such as the background wind speed. In the studies of mid‐latitude cities, it
is found that the precipitation enhancement caused by cities can move far downwind under the influences of
background wind (Marelle et al., 2020; Zhang et al., 2015). In contrast, studies also have found that under
conditions of weak climatological background winds over a tropical city, downwind enhancement was not
observed (Y. Li et al., 2020). Instead, the precipitation enhancement occurred over the city. These studies suggest
that the background wind speed plays an important role in determining the location of precipitation maxima. By
analyzing 27 selected cities across the USA, Lu et al. (2024) found that the location of precipitation maxima
moves downwind with higher background wind speeds.

Collectively, both urban characteristics (such as the UHI effect) and environmental conditions (such as the
background wind speed) play important roles in affecting the downwind precipitation enhancement (Hu
et al., 2023; Pimonsree et al., 2022; L. Yang et al., 2024). However, these two factors are strongly correlated. For
example, the UHI effect tends to weaken under stronger winds (Arnfield, 2003). The interplay of UHI and
background wind speed in the context of downwind precipitation enhancement has not been disentangled, which
motivates our work.

2. Data and Methodology
2.1. Data

We use the Integrated Multi‐satellite Retrievals for Global Precipitation (IMERG_Final) data, a Level 3 multi‐
satellite product from the Global Precipitation Measurement mission, with a spatial resolution of 0.1° and a
monthly temporal resolution from 2001 to 2020.

We also use 850 hPa winds with a spatial resolution of 0.25° and a monthly temporal resolution from 2001 to 2020
from the European Centre for Medium‐Range Weather Forecasts Reanalysis v5 (ERA5) product. The 850 hPa
winds better indicate weather system movements than higher‐level winds (Y.‐Y. Liu et al., 2021), and being near
the atmospheric boundary layer top (for near‐sea‐level locations), they represent background wind speed unaf-
fected by surface conditions. All wind data is resampled from 0.25° to 0.1° spatial resolution using the bilinear
interpolation. Since the wind fields exhibit good spatial continuity and we do not require highly precise wind
direction data, the errors introduced by resampling are acceptable.

For urban identification, we employ the Terra and Aqua combined Moderate Resolution Imaging Spectroradi-
ometer (MODIS) Land Cover Type Level 3 (MCD12C1) data with a spatial resolution of 0.05° and annual
temporal resolution from 2001 to 2020. MODIS data is resampled to 0.1° spatial resolution to match our pre-
cipitation data using the bilinear interpolation. A pixel is defined as an urban pixel if the proportion of urban
surface exceeds 50%. The annual variation of land cover types is not considered in this analysis.

To quantify the surface UHI intensity, we use the monthly scale and city scale satellite‐derived surface UHI data
from Chakraborty and Lee (2019), calculated as the difference between urban and rural surface temperatures
based on MODIS land surface temperature data and validated against multi‐city studies. The surface UHI value is
directly provided by this product and the details about the data product can be found in Chakraborty and
Lee (2019). We compute the daily UHI intensity by averaging the daytime and nighttime UHI values. Given the
uncertainties in satellite observations during wet days, we also calculate the surface UHI intensity from skin
temperature data provided by the Global Land Data Assimilation System (GLDAS) (2001–2020, 0.25° spatial and
monthly temporal resolution) (Harmay et al., 2021). The skin temperature data from GLDAS is resampled to 0.1°
spatial resolution using the bilinear interpolation. Considering the error introduced by interpolation, the satellite
and GLDAS data are used for mutual verification.

2.2. Methodology

To analyze downwind precipitation enhancement by cities, we extract all trans‐urban wind paths worldwide at a
monthly scale from 2001 to 2020 (Figure S1 in Supporting Information S1). To do so, we first identify each pixel's
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neighboring (upwind and downwind) pixels using its 850 hPa wind direction, which is calculated as arctan(V/U)
with V being the meridional wind and U being the zonal wind. Then we start a search process from each urban
pixel, looking for its downwind pixel. We will continue this search in the downwind direction until three
consecutive pixels are no longer urban pixels. These three consecutive non‐urban pixels are considered as the
downwind part of this wind path. Similarly, we will search in the upwind direction and three consecutive non‐
urban pixels are considered as the upwind part of this wind path. All urban pixels along this wind path are
considered as the urban part of this wind path, with the non‐urban pixels in between them removed. In this way,
the upwind and downwind parts are always of length 0.3°, but the urban part can be shorter or longer than 0.3°.
The length of the urban part is called the urban width. Because the urban part is defined based on the wind path, it
may vary frommonth to month. The urban part defined this way is not necessarily a specific city, which is defined
as a group of adjacent urban pixels in our study. In some cases, the urban part of a wind path can include multiple
cities.

This process results in 1,386,073 trans‐urban wind paths from 2001 to 2020, which are then used to explore the
relation between downwind enhancement of precipitation and urban width. The main analysis focuses on 1,459
wind paths with the urban width larger than 1.2°. The urban part of these wind paths with large urban widths may
be a single large city or a group of small but neighboring cities. For simplicity, the urban part of these wind paths
with large urban widths will be called a large metropolitan area.

The wind paths with large urban widths are scattered globally. The low‐latitude region (<30°N/S) includes 153
wind paths, and the mid‐to‐high‐latitude region (>30°N/S) includes 1,306 wind paths. We also explore seasonal
variations of such wind paths for the mid‐to‐high‐latitude region in the Northern Hemisphere (>30°N), where DJF
(December‐January‐February) includes 339 wind paths, MAM (March‐April‐May) includes 318 wind paths, JJA
(June‐July‐August) includes 312 wind paths, and SON (September‐October‐November) includes 337 wind paths.

We quantify the surface UHI intensity and background wind speed of the trans‐urban wind paths with urban
widths larger than 1.2°. Using the satellite‐derived surface UHI intensity data, the surface UHI intensity of each
trans‐urban wind path is calculated by averaging the UHI intensities of all urban pixels along the wind path. Using
the GLDAS data, the surface UHI intensity of each trans‐urban wind path is calculated by the difference in the
average skin temperature between the urban pixels and rural pixels along the wind path. The background wind
speed of each trans‐urban wind path is calculated as the average ERA5 850 hPa wind speed of all pixels along the
path.

Based on the surface UHI intensities and background wind speeds, we further group trans‐urban wind paths into
different groups. Based on the first tertile (0.61 K) and second tertile (1.08 K) of UHI intensities of all studied
trans‐urban wind paths, we classify wind paths into three groups: wind paths with Low‐UHI (<0.61 K), wind
paths with Mid‐UHI (0.61–1.08 K), and wind paths with High‐UHI (>1.08 K). Similarly, based on the first tertile
(4.45 m/s) and second tertile (7.82 m/s) of ERA5 850 hPa wind speed data, we classify wind paths into three
groups: wind paths with Low‐wind (<4.45 m/s), wind paths with Mid‐wind (4.45–7.82 m/s), and wind paths with
High‐wind (>7.82 m/s).

Since wind path lengths vary globally, we standardize the urban part of each wind path to a uniform width (0.3°)
to enable comparison of precipitation along different wind paths. The precipitation along the urban part is rescaled
using linear interpolation. Considering that precipitation varies strongly with cities, each precipitation profile is
rescaled to a range of [0, 1] using min‐max normalization. Both actual and normalized precipitation are
considered in our study.

The bootstrap method, which has been widely used for analyzing climatic data (Espinosa & Portela, 2022; Xu
et al., 2015), is used to quantify the uncertainty in our data (Stine, 1989). The basic idea of the bootstrap method is
that inference about a population from sample data can be modeled by resampling the sample data and performing
inference about a sample from resampled data. Our study uses a default resampling frequency of 10,000 iterations.

3. Results
3.1. Downwind Enhancement of Precipitation Caused by Large Metropolitan Areas

We start our analysis by exploring the relationship between the downwind precipitation enhancement and urban
width. This is motivated by previous observational studies suggesting that the urban impact on precipitation is
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more noticeable in larger cities (Wai et al., 2017; L. Yang et al., 2024). Moreover, idealized or semi‐idealized
simulation studies also showed that precipitation modification increases with city size (Schmid &
Niyogi, 2013; Zhu et al., 2017). Our results indicate that downwind precipitation enhancement does not occur for
all tran‐urban wind paths, but only for wind paths with large urban widths, particularly those with urban widths
greater than 1.2° (Figure S2 in Supporting Information S1). Therefore, we restrict our subsequent analysis to wind
paths with urban widths greater than 1.2° (Figure 1a).

When averaged over all the selected wind paths, a consistent downwind precipitation enhancement emerges, as
shown in both the normalized precipitation amount (Figure 1b) and the actual precipitation amount (Figure S3 in
Supporting Information S1). This is broadly consistent with previous studies (see a recent meta‐analysis by J. Liu
and Niyogi (2019), L. Yang et al. (2024), and Lu et al. (2024)) and the traditional framework arising from the
METROMEX campaign (Braham & Dungey, 1978; Changnon et al., 1976, 1991).

3.2. Relation Between Downwind Precipitation Enhancement and Surface UHI and Background Wind
Speed

Building upon the observed downwind precipitation enhancement and the widely acknowledged important role of
the UHI effect, we explore whether such an enhancement is stronger with stronger surface UHIs. Here, we
classify all studied wind paths into three categories based on satellite‐derived surface UHI intensity compiled by
Chakraborty and Lee (2019) and compare the downwind precipitation enhancement across these three categories
(Figure 2a). Surprisingly, we find that the downwind precipitation enhancement is weaker along wind paths with
higher surface UHI intensities. Considering the high uncertainties in the satellite observation of surface UHI
intensity on wet days, we also use GLDAS‐modeled skin temperature to quantify the surface UHI intensity. We
still observe this negative relation between the surface UHI intensity and downwind precipitation enhancement
(Figure S4 in Supporting Information S1). Moreover, stronger downwind enhancement is observed along wind
paths with negative UHIs than in wind paths with positive UHI (Figure S5 in Supporting Information S1).

Figure 1. Downwind precipitation enhancement by large metropolitan areas. (a) Location of studied cities (51 in total, with 9
in low‐latitude region and 42 in mid‐to‐high‐latitude region). The color represents the number of wind paths for each city
from 2001 to 2020. Note that cities close to each other might be on a single wind path. (b) The global average monthly
precipitation along the trans‐urban wind paths. To account for global variations in precipitation, each profile is rescaled to a
range of [0, 1] using min‐max normalization. The fill areas refer to the 95% confidence intervals calculated by the bootstrap
method.
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By analyzing 27 cities across the continental United States, Lu et al. (2024) found that the location of precipitation
maxima shifted downwind as the background wind speed increased. Motivated by their work, we also explore the
magnitude of downwind precipitation enhancement at different background wind speeds. For this analysis, we
classify all studied wind paths into three categories based on the 850 hPa wind speed and compare the downwind
enhancement patterns across these categories (Figure 2b). Here, we find a positive relation between downwind
precipitation enhancement and background wind speed, with stronger downwind enhancement under conditions
of higher background wind speeds. This finding differs from, but complements, the study by Lu et al. (2024),
which examined the location of downwind precipitation enhancement but did not explore the magnitude of
downwind precipitation enhancement.

The important role of background wind speed as shown in Figure 2b also helps explain the seemingly counter‐
intuitive relation between the surface UHI intensity and downwind precipitation enhancement (Figure 2a and
Figure S4 in Supporting Information S1), as the surface UHI intensity tends to be negatively correlated with the
background wind speed (Arnfield, 2003). This negative correlation is also demonstrated in our analysis (Figure
S6 in Supporting Information S1). This negative correlation is physically intuitive, as stronger wind speeds can
effectively advect heat away from its source, preventing local heat accumulation and promoting cooling in the
urban environment (Hsieh & Huang, 2016). Additionally, higher background wind leads to more mixing and thus
weaker urban‐rural temperature differences (or weaker UHI intensities) (Lundquist & Mirocha, 2008).

In summary, our results suggest a competition between the background wind speed and surface UHI intensity in
enhancing downwind precipitation, with the former playing a more important role than the latter. Next, we will
provide further evidence to corroborate this argument.

3.3. Spatiotemporal Variations of Downwind Precipitation Enhancement and Their Relation to
Background Wind Speed

By dividing the studied wind paths into low‐latitude (<30°N/S) and mid‐to‐high‐latitude (>30°N/S), we discover
significant differences in both background wind speeds and downwind enhancement patterns between the two
groups (Figure 3a). In mid‐to‐high‐latitude wind paths, precipitation increases primarily in the downwind region
due to high background wind speeds, whereas in low‐latitude wind paths with low background wind speeds,
precipitation increases primarily within the urban area (Figure 3a). This is consistent with a previous case study in
Kuala Lumpur, where strong intensification of rainfall extremes occurred over the city itself instead of the
downwind region (Y. Li et al., 2020). The low climatological wind speeds were suggested as the cause of the
absence of downwind precipitation enhancement (Y. Li et al., 2020).

Focusing on the downwind precipitation enhancement in wind paths located north of 30°N, we also find higher
background wind speed and stronger downwind precipitation enhancement in the winter season (DJF), but lower

Figure 2. The relation between downwind precipitation enhancement and surface urban heat island (UHI) and background
wind speed. (a) Downwind enhancement of precipitation across different surface UHI intensities. (b) Downwind
enhancement of precipitation across different background wind speeds at 850 hPa. The filled areas refer to the 95%
confidence intervals calculated by the bootstrap method. The insets show the histogram of surface UHI intensities and
background wind speeds associated with the studied wind paths, with dashed lines indicating the first and second tertiles,
respectively.
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background wind speeds and weaker downwind precipitation enhancement in the summer season (JJA)
(Figure 3b). The difference in downwind precipitation enhancement between summer season and winter season is
also shown in the actual precipitation amount (Figure S7 in Supporting Information S1). In other words, the
seasonal variations of background wind speed are also consistent with those of downwind precipitation
enhancement.

Overall, these results show that the spatiotemporal variations of downwind precipitation enhancement are similar
to those of background wind speeds. In contrast, the spatiotemporal variations of surface UHI intensities do not
coincide with those of downwind precipitation enhancement (Figure S8 in Supporting Information S1). The
analysis above suggests that background wind speed is a key variable when explaining the enhancement of
downwind precipitation by cities.

3.4. Background Wind Speed Increases Airflow Convergence

In this section, we propose an explanation for the relation between a higher background wind speed and a stronger
downwind enhancement of precipitation. Here, we use an idealized two‐layer model to analyze the urban
response under different background wind speeds (see Text S1 in Supporting Information S1). Two assumptions
are applied in the idealized two‐layer model, which are widely used in previous studies (Barlow, 2014; Karls-
son, 1986; B. Liu et al., 2024; Wieringa, 1986): First, the wind speed at the upper layer is exclusively determined
by weather conditions, and as a result, it is identical in urban and rural areas (i.e., represented by the background
wind speed). Second, the wind speed at the lower layer (i.e., within the atmospheric boundary layer) fits the
logarithmic wind profile according to the Monin‐Obukhov similarity theory and thus is reduced more over cities
with higher momentum roughness length than in rural areas.

Based on these two assumptions, we can quantify the horizontal inflow of air under the lower layer (i.e., the height
of L in Figure 4a) and further calculate the convergence under varying background wind speeds (Figure 4a). Our
analytical approximation shows that the convergence in the lower layer is a linear function of the background
wind speed (the blue dashed line in Figure 4b) for the specified urban and rural roughness lengths. The expla-
nation for this relationship is that a stronger background wind speed, coupled with a higher momentum roughness
length of urban land than that of rural land, leads to stronger airflow convergence across the urban‐rural interface.
The increased convergence potentially contributes to the enhanced precipitation (Knox et al., 2019), which will be
transported downwind due to the horizontal background wind. Therefore, this analytical approximation quali-
tatively explains the positive relation between background wind speed and downwind precipitation enhancement
(the black line in Figure 4b).

Figure 3. Spatiotemporal variations of downwind precipitation enhancement and their relations to background wind speed.
(a) Downwind precipitation enhancement in low‐latitude region (<30°N/S) and mid‐to‐high‐latitude region (>30°N/S).
(b) Downwind precipitation enhancement across different seasons for wind paths above 30°N. The fill areas refer to the 95%
confidence intervals calculated by the bootstrap method. The insets show a box plot of background wind speed along the
studied wind paths. In the box plots, the 25th and 75th percentiles are shown as the lower and upper edges of the boxes while
the median is marked by the center red line, and the average is marked as the red circle. The upper and lower whiskers show the
97.5th and the 2.5th percentiles, respectively.
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The influences of winds on precipitation are complex. While here we focus on airflow convergence, such in-
fluences are likely also dependent on factors such as moisture content. More broadly, the interplay between UHIs,
winds, and precipitation enhancement is complex, and our study further highlights the competition between
thermodynamic and dynamic factors. It is worth noting that the urban signals explored in our study are based on
global and monthly scale data, which hence might not necessarily reflect the mechanisms as reported in the
previous specific case studies.

4. Discussion and Conclusion
In this study, we examine the downwind enhancement of precipitation by large metropolitan areas using satellite
precipitation data and explore the relation between the downwind precipitation enhancement and two factors:
surface UHI and background wind speed. Our results show that the downwind enhancement of precipitation is
weaker with stronger UHI effects but stronger with higher background wind speeds. This suggests a competition
between background wind speeds and surface UHIs in regulating the downwind precipitation enhancement, with
the former playing a more important role than the latter. However, we acknowledge that assigning numerical
values to quantify the relative contributions of these two factors remains a challenge.

For mid‐latitude cities, most previous studies focus on the urban impact on summer precipitation. However, we
find that the downwind precipitation enhancement is stronger in winter than in summer caused by the higher
background wind speed (Figure 3b and Figure S7 in Supporting Information S1). Therefore, the urban impacts on
winter precipitation should also be investigated. In low‐latitude regions, we observe a distinct precipitation
enhancement pattern compared to mid‐to‐high‐latitude regions. This difference may arise from the combined
influence of the UHI effect and background wind. Due to the stronger UHI effect (Figure S8 in Supporting In-
formation S1) and weaker background wind speeds (Figure 3) in low‐latitude regions, the increased precipitation
does not move to the downwind areas as also demonstrated in a previous case study at Kuala Lumpur (Y. Li
et al., 2020), which may increase the flood‐related hazard risk in low‐latitude cities.

The relationship between downwind enhancement and surface UHI and background wind is examined only for
large metropolitan areas in our study, as capturing downwind enhancement signals in smaller cities proves
challenging (Figure S2 in Supporting Information S1). It is worth noting that the influence of urban‐induced
aerosols on the spatial pattern of precipitation may lead to upwind‐downwind precipitation differences (Fan
et al., 2020; Sarangi et al., 2018); however, this factor is not discussed in our study. Additionally, our analysis is
conducted at the monthly scale. Hence whether the results shown here would vary with different types of pre-
cipitation (Y. Li et al., 2021), such as convective and frontal precipitation, remains unknown and is left for future
research.

Figure 4. The convergence under different background wind speeds. (a) The urban and rural wind profiles under low and high
background wind speed. (b) The calculated convergence and downwind precipitation enhancement across different
background wind speeds. The horizontal convergence (the blue dashed line) is calculated using an idealized two‐layer model
(blue line) and integrated from 10/L to Lwhere L = 1,000 m. The downwind precipitation enhancement is quantified as the
normalized precipitation differences between downwind and upwind parts along the wind paths (black line). The filled areas
refer to the 95% confidence intervals calculated by the bootstrap method.
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Data Availability Statement
IMERG precipitation data set is available at Huffman et al. (2023). MODIS land use data set is available at Friedl
and Sulla‐Menashe (2015). ERA5 data is available at Hersbach et al. (2016). The GLDAS data set is available at
Beaudoing and Rodell (2020). The satellite‐based surface UHI data set is available at Chakraborty and
Lee (2019). The code for extracting the trans‐urban wind paths is available at (Ding, 2025).
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