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Abstract Urban areas are known to modify the spatial pattern of precipitation climatology. Existing
observational evidence suggests that precipitation can be enhanced downwind of a city. Among the proposed
mechanisms, the thermodynamic and aerodynamic processes in the urban lower atmosphere interact with

the meteorological conditions and can play a key role in determining the resulting precipitation patterns. In
addition, these processes are influenced by urban form, such as the impervious surface extent. This study

aims to unravel how different urban forms impact the spatial patterns of precipitation climatology under
different meteorological conditions. We use the Multi-Radar Multi-Sensor quantitative precipitation estimation
data products and analyze the hourly precipitation maps for 27 selected cities across the continental United
States from the years 2015-2021 summer months. Results show that about 80% of the studied cities exhibit a
statistically significant downwind enhancement of precipitation. Additionally, we find that the precipitation
pattern tends to be more spatially clustered in intensity under higher wind speed; the location of radial
precipitation maxima is located closer to the city center under low background winds but shifts downwind
under high wind conditions. The magnitude of downwind precipitation enhancement is highly dependent on
wind directions and is positively correlated with the city size for the south, southwest, and west directions. This
study presents observational evidence through a cross-city analysis that the urban precipitation pattern can be
influenced by the urban modification of atmospheric processes, providing insight into the mechanistic link
between future urban land-use change and hydroclimates.

Plain Language Summary Previous studies have shown that cities can influence the spatial
rainfall patterns, and one of the strongest influences is that the precipitation tends to increase over downwind
of city areas. The goal of this study is to understand how different urban forms impact rainfall spatial patterns
under different weather conditions. We analyze the hourly precipitation accumulation data from Multi-Radar
Multi-Sensor for a selected set of 25 cities across the continental United States from the years 2015-2021
summer months. The results indicate that more than 80% of the studied cities have a significant increase of
rainfall in downwind regions. In addition, the rainfall spatial patterns have different characteristics with varying
meteorological conditions such as precipitation intensities, wind speeds, and wind directions in terms of the
location of rainfall maxima, the magnitude of downwind enhancement.

1. Introduction

Urbanization increased dramatically over the past few decades: 55% of the world's population residing in urban
areas in 2018, and this trend is expected to keep increasing and reach 68% by 2050 (United Nations, 2018).
Urbanization not only modifies land-use and land-cover and the resulting surface energy balance (Oke, 1982), but
also has a notable impact on the patterns of temperature and precipitation (e.g., Freitag et al., 2018; Huff, 1975;
Huff & Changnon, 1973; Zhou et al., 2017; Lorenz et al., 2019).

The so-called “urban rainfall effect” is clearly established in the literature: the majority of studies note an
enhancement of rainfall in warm season convection (Bornstein & Lin, 2000; National Research Council, 2012; J.
Shepherd et al., 2010); a recent meta-analysis across 85 quantitative studies conducted by J. Liu and Niyogi (2019)
showed that cities affect precipitation and tend to increase over and/or downwind of urban areas, while studies
vary regarding the magnitude and location of rainfall change, which is worthy of further investigation.
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Possible mechanisms for urban areas to impact precipitation or hydrometeorology have been discussed through obser-
vation data and numerical modeling. The spatial contrasts in temperature and moisture induced by urban areas can
modify precipitation through one or a combination of the following (J. M. Shepherd, 2005; Simén-Moral et al., 2021):
First, the urban heat island (UHI) effect documented by many studies (e.g., Ganeshan et al., 2013; Santamouris, 2015)
shows that the urban region can elevate local air temperature, increase sensible heat fluxes, cause corresponding
destabilization of the boundary layer, and therefore, affect urban convection and precipitation. Second, the increased
low-level wind convergence and bifurcation or diverting of precipitating convection systems due to increased surface
roughness (e.g., Cotton & Pielke, 2007; Thielen et al., 2000). Third, the enhanced urban aerosol release can have
contradictory effects on precipitation due to the modification of dynamical and microphysical processes in clouds
(e.g., Andreae & Rosenfeld, 2008; Levin & Cotton, 2009; Schmid & Niyogi, 2017; Tao et al., 2007).

Actually, the large variability of urban-induced precipitation modification across the studies has been attributed
to the fact that every city has its own unique layout and geographic background (Pathirana et al., 2014). The
city-specific factors such as urban form (e.g., urban land surface characteristics, impervious surface fraction,
city size, density of buildings, and orientation of street canyons) can influence the precipitation (e.g., Kellner &
Niyogi, 2014; Kingfield et al., 2018) through the proposed mechanisms. For example, Miao et al. (2011) demon-
strated that the degree of precipitation modification over Beijing has increased steadily with the growth of the
city; W. Zhang et al. (2022) found that the circular city receives greater daily rainfall than the triangular city as the
regional circulation is influenced by the city shapes, and such impact is more evident in the coastal environment.
At the same time, the urban-induced rainfall changes are dependent on other factors. For example, results from
previous studies underscore the importance of atmospheric flow regimes and background weather in affecting the
precipitation anomaly for a given city (e.g., Shen & Yang, 2023; Yang et al., 2019, 2021).

Nevertheless, the interaction between meteorological factors and urban forms synergistically creates distinct
urban atmospheric conditions, which complicates our understanding of individual controlling factors for urban
modification on precipitation. Although numerical modeling by setting up controlled numerical experiments
enables investigation of the effect of individual factors (e.g., Seino et al., 2018; Simén-Moral et al., 2021; Yang
et al., 2019) for a given city, generalization across multiple cities is difficult. On the other hand, observational
studies on urban precipitation can potentially help with generalization across distinct cities, yet the effect of indi-
vidual controlling factors can hardly be separated and inferring the urban effect on precipitation remains challeng-
ing. The majority of individual studies are single-city-based, event-based, or focusing on one type of precipitation
event, such as thunderstorms (e.g., Dou et al., 2015; Lorenz et al., 2019). As a result, various findings have been
reported in different studies with diverse conclusions regarding the impact of cities on precipitation. Those anal-
yses/case studies can introduce implicit bias when they are considered representative to generalize the results (J.
Liu & Niyogi, 2019). Furthermore, as urban land use and land cover change continues, an improved understand-
ing of how cities modify the climatological precipitation pattern is important to guide future urban development.

Therefore, we seek to investigate the urban modification of rainfall events by going beyond analyzing individual cities
under certain regional climate conditions, so as to generalize the urban impacts on the spatial pattern of precipitation
and the underlying causes across a broad range of urban forms. To address our research goal, we conduct a cross-city
analysis with selected 27 cities across the continental United States considering a broad spectrum of urban forms and
regional climate contexts. We only focus on climatological performance across cities but not the difference between
individual cities. We deliberately choose not to track the development of a single event, so as to avoid analyzing
the simultaneous interactions between multiple factors that are event-dependent. Summer precipitation for 6 years
(2015-2021) is considered. In addition, we start by investigating the downwind enhancement of precipitation in this
study as it is one of the strongest influences reported by previous studies (e.g., Han et al., 2014; J. Liu & Niyogi, 2019;
Shem & Shepherd, 2009), while most of them are case studies or single-city-based studies. Section 2 introduces the
data set and the metrics we use to analyze and quantify the downwind enhancement and other spatial anomalies. The
results and corresponding analysis are included in Section 3. Section 4 is the discussion and conclusion.

2. Data and Methods
2.1. Multi-Radar Multi-Sensor (MRMS) Quantitative Precipitation Estimation (QPE) Data

Multi-Radar Multi-Sensor (MRMS) data set is a publicly available data set deployed operationally in 2014 at
the National Center for Environmental Prediction (NCEP). The MRMS system incorporates fully automated
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Figure 1. Study areas of selected 25 cities for this study plus 2 coastal cities (i.e., Miami and New York City) for comparison. The color refers to their corresponding
climatological downwind enhancement factor (DEF) value. The red color indicates the city has statistically significant downwind enhancement for climatological
precipitation spatial pattern; the blue color indicates the city has a negative DEF value (i.e., New York, Austin, San Antonio, and Miami) or a statistically insignificant
positive DEF value (i.e., Cincinnati). See Section 3.1 for more details.

algorithms that quickly and intelligently integrate data streams from multiple radars, surface and upper air obser-
vations, lightning detection systems, satellite observations, rain gauge observations and forecasted models. It then
creates a seamless 3D mosaic across the conterminous United States (CONUS) and southern Canada at very high
spatial (1 km) and temporal (2 min) resolution, and includes more than one hundred products offering assistance
for quantitative precipitation estimation (QPE), turbulence diagnosis, etc. (More details at: https://www.nssl.
noaa.gov/projects/mrms/).

The Multi-radar integration can mitigate the deficiencies in the single-radar framework. The integration of radar
with multi-sensor data can provide more accurate diagnoses of physical processes in the atmosphere. Such an
integration process provides enhanced QPE products (J. Zhang et al., 2016). In addition, the radar data quality
control algorithms undergo continuous refinements to effectively identify and remove various non-hydrometeor
radar echoes and ensure QPE products have robust performance across seasons and all regions (Tang et al., 2020).

MRMS data is hence widely used to analyze precipitation spatial patterns as it allows for detailed and accurate
quantification of precipitation at a high spatial and temporal resolution (e.g., Lengfeld et al., 2020; Sungmin &
Kirstetter, 2018). This also makes it ideal for studying the spatial pattern of precipitation in urban areas. There-
fore, in this study, we use the MRMS QPE product of hourly precipitation accumulation for 25 cities across the
continental United States plus 2 coastal cities (i.e., Miami and New York City) from the years 2015-2021 summer
months (i.e., June, July, and August), spanning 15456 hr in total.

Only two coastal cities, Miami and New York City are included in climatological analysis among other inland
cities for comparison, which are expected to be more complex involving strong local land-sea breeze circulation
as the study areas include some ocean area. In addition, west coast cities and mountain region cities are excluded
due to the small amount of summer rain and the influence of topography. For each city, the research domain is
defined as a 60 km circular area with the city located at the center of the circle, which is characterized by 100% of
impervious land use type. The size of the study areas is decided by previous studies that the influence of the urban
structures mainly appears within 50-60 km. For example, Lorenz et al. (2019) found evidence of urban rainfall
intensification about 20-50 km downwind of the urban center; J. Liu and Niyogi (2019) found the distance of
precipitation modification is 26-52 km around the cities with a meta-analysis across case studies, climatology
studies, and modeling studies. The selected cities and corresponding research domains are shown in Figure 1.
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2.2. Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2)

The Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) is the latest
version of global atmospheric reanalysis for the satellite era produced by NASA Global
Modeling and Assimilation Office (GMAO) using the upgraded version 5.12.4 of Goddard Earth Observing
System Model (GEOS) (Gelaro et al., 2017). The data set covers the period of 1980—present. It was introduced
because of the advances made in both the GEOS model and the assimilation system that enable the assimilation
of modern hyperspectral radiance and microwave observations, along with GPS-Radio Occultation data sets.
McCarty et al. (2016) describe the input observations for the MERRA-2 data assimilation process, and more
details about MERRA-2 can be found at https://gmao.gsfc.nasa.gov/reanalysissMERRA-2/docs/.

These global reanalysis data have the advantage of providing globally consistent information that can provide
detailed information on wind patterns across a large area, including CONUS. The MERRA-2 grid has an approxi-
mate resolution of 0.5° X 0.625° in latitude and longitude (known as native resolution), corresponding to a spatial
resolution of approximately 50 km in the latitudinal direction.

In this study, we use the M2TINXSLV (or tavgl_2d_slv_Nx) data collection, which corresponds to hourly
time-averaged two-dimensional data consisting of meteorology diagnostics at popularly used vertical levels
(Global Modeling and Assimilation Office & Pawson, 2015). Compared with the 500 hPa data which determine
large-scale conditions, the 850 hPa circulation conditions can more clearly display the specific weather processes
(Y.-Y. Liu et al., 2021) and thus can provide information about the movement of weather systems. In addition,
the 850 hPa represents the top (or close to the top) of the planetary boundary layer for the locations close to sea
level, which can reflect the surface impacts while having a more stable value. Therefore, the wind components
at 850 hPa are used as the background wind for analysis, and the same time period as the precipitation data set,
years 2015-2021 summer months, is selected.

2.3. Moderate Resolution Imaging Spectroradiometer (MODIS) Land Cover Type Product and City Size

The Terra and Aqua combined Moderate Resolution Imaging Spectroradiometer (MODIS) Land Cover Type
(MCD12Q1) Version 6 data product is used to identify the urban areas and calculate the imperviousness profile
used in Section 3.4.

The MCD12Q1 data set provides global land cover types at yearly intervals 2001-2020 with the spatial resolu-
tion as 500 m, derived using the supervised decision-tree classification method with MODIS Terra and Aqua
reflectance data (Friedl et al., 2002, 2010) and additional post-processing that incorporates prior knowledge and
ancillary information to further refine specific classes. It consists of six different classification schemes, and the
Annual University of Maryland (UMD) classification (Hansen et al., 2000) is used in this study. More details
about this data set can be found at https://lpdaac.usgs.gov/products/mcd12q1v006/.

The urban and built-up lands defined in UMD classification is at least 30% impervious surface area including
building materials, asphalt, and vehicles. In this study, the pixels identified as urban and built-up lands are consid-
ered as impervious areas, and other types are considered as non-urban areas. Then the percentage of impervious
areas can be calculated using the number of pixels occupied by the urban and built-up lands divided by the total
number of pixels.

The imperviousness is commonly associated with urbanization level and the spatial variation of impervious-
ness around the city center is a characteristic of urban forms. Specifically, the imperviousness profile, which is
defined as the percentage value from the city center to the edge of the study area along eight absolute directions
(east (E), north-east (NE), north (N), north-west (NW), west (W), south-west (SW), south (S) and south-east
(SE)), offers a reduced dimensional representation of the two-dimensional (2D) urban form at the local scale.
Each direction contains pixels in the corresponding circular sector of 45° and the percentage value is calculated
for each 3 km along the direction. The impervious ratio near the city center is around one and decreases from
the city center to the edge. The shapes of the imperviousness profile are expected to be different for each direc-
tion as most cities are not symmetric. The city size is estimated based on imperviousness greater than 0.5 and
is conditioned on the direction. The schematic of the definition of city size using the imperviousness profile is
shown in Figure 2a.
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Figure 2. (a) The imperviousness profile where r denotes distance from city center from upwind to downwind direction. Dashed vertical lines define the city size;
(b) The definition of upwind and downwind regions, and the schematic of the radial profile ®(r) of precipitation averaged over upwind and downwind quadrants (cf.,

Section 2.4.4). The blue-shaded region is the upwind region (4 ), and the red-shaded region is the downwind region (A,

w 4own)s (©) The schematic of the length of zero line

(LZL, cf., Section 2.4.3), which is indicated by the white line.

2.4. Quantitative Metrics for Precipitation Spatial Patterns

There is no standard method to objectively identify the modifications of precipitation patterns by urban areas
(Lorenz et al., 2019). In this study, we consider the following metrics to quantify precipitation modification
induced by urban areas from different perspectives.

2.4.1. Downwind Enhancement Factor (DEF)

The MRMS hourly precipitation data is first pre-processed by rotating each hourly precipitation data of each city
based on the corresponding wind direction so that the wind is coming from the same direction, that is, here taken
as from left, as indicated by Figure 2b. This allows the upwind region and downwind quadrants from different
hours to be superimposed to better isolate the urban signals and be standardized for later comparison. We use
[7(35, t) to represent the rotated MRMS precipitation data at a specific hour ¢ at location X. The symbol p(}) repre-
sents the pixel-wise summation of 5(55, t) over some specific condition, that is, some subset T, , of all hours in
the study period T based on the specific conditions. It is defined as:

X N)I® 0 1 & Teon
p(X) = (—,),m) = ‘ (1
Zt (t) 1 te Tcond

The downwind enhancement factor (DEF) is then defined using p(?) to evaluate the precipitation difference

between the upwind and downwind regions of a city and quantify the magnitude of the downwind enhancement

of precipitation. It is calculated using the precipitation summed over the upwind region ( f . pda) and downwind
up

region ( f Ao pda) following Equation 2. The upwind and downwind regions are quadrant shapes defined with

wind direction. The example of the upwind region, downwind region, and their relationship with wind direction
is shown in Figure 2b.

DEF = : L 2

where A, and A, represent the downwind region and upwind region, f g P da and f P da represent the sum

down
of precipitation over the downwind and upwind regions in a given time period, respectively. With this definition,
DEF is a number between [—1,1]. If it is larger than 0, it means that the downwind enhancement of precipitation
does exist, and the larger the value, the higher the downwind enhancement.
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2.4.2. Normalized Spatial Distribution

Normalizing the spatial distribution enables us to better investigate the spatial patterns within and among the
study areas and to make comparisons on a common scale without being influenced by the absolute amount of
climatological precipitation across cities. The normalization is calculated using the following equation:

o p(X)—P
p(e) =20
’ 3
PZ/Apda o [, (p—P)da
A A

where p* (X) is the normalized precipitation, p(X) is the value in the spatial distribution of precipitation summed
up over a specific time range or some conditions; P and ¢ are the spatial mean value and the standard deviation
of p(;'c’) in the 60km-radius study area A, respectively. There is no special treatment for pixels with zero value.
One example of the normalized spatial distribution conditioned on different wind speeds for Dallas is shown in
Figure S5 in Supporting Information S1. More details of the conditionally averaged normalized precipitation will
be discussed in Section 3.

2.4.3. Length of Zero Line (LZL)

The length of zero line (LZL) is a metric defined to quantitatively evaluate the spatial pattern of precipitation.
Specifically, it is calculated by counting the total number of grids on the normalized precipitation distribution
p* (Fc') where it changes signs from its neighboring grid. That is, one is added to the LZL once any sign-changing
between neighbors is observed.

The schematic of LZL is shown in Figure 2c¢, where the zero line is indicated by the white color. A larger LZL
value indicates that there are more grids that have different signs with their neighbors, and therefore means the
spatial pattern is more scattered. On the other hand, a smaller LZL value means that the spatial pattern is more
clustered.

This metric is useful for understanding the spatial coherence of precipitation patterns. It is important to note that
the LZL is only suitable for the normalized spatial distribution of precipitation. More details and explanations
using this metric can be referred to in Sections 3.2 and 3.3.

2.4.4. Radial Profile (®(r)) of Precipitation

The location of the radial precipitation maximum relative to the city center is an important indicator of
spatial patterns and is evaluated by the radial profile ®(r) averaged over upwind and downwind quadrants of
precipitation.

@(r) is obtained from the mean value of the quarter ring of precipitation distribution along the radius of the
upwind and downwind directions. Specifically, the mean value is calculated for the quarter ring of each 10 km in
the blue-shaded (upwind) and red-shaded (downwind) regions as shown in Figure 2b. These values are then used
to get the radial profile ®(r).

The radial profile ®(r) illustrates the relative intensity of precipitation along the radius and helps identify the
trends, such as whether the precipitation is more intense at the center or at the edges. ®(#) can be obtained by
either the original precipitation distribution p(?c') or the normalized precipitation distribution p* (55) The ®(r)
calculated using p(?c') is better at indicating the variation of absolute magnitudes of precipitation, while p* (}) is
used to highlight differences in trends across different conditions. The advantage of this metric lies in its ability
to extract effective information from a high-dimensional 2D map while conveying more information than a DEF
value.

In addition, the average of radial profiles ®(r) across all the cities is also calculated in the following sections, as
the characteristics of the profiles for each city may be influenced by multiple factors other than the urban form
and meteorological conditions explicitly considered here. This serves to average out the effects of other factors
on the spatial distribution of precipitation, which are unaccounted for in the analysis, such as the magnitude of
surface urban heat island and pre-storm environments Dou et al. (2015) and Shen and Yang (2023). Thus, the
average of ®(r) across all the cities is useful to understand the overall trend due to the interaction between urban
structures and specific meteorological conditions.
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3. Results and Discussion

The precipitation distribution can be influenced by many city-specific factors for each individual city. Therefore,
the results of individual cities are expected to differ for precipitation spatial patterns. This study does not intend
to explain all the differences among cities. Instead, the goal is to understand the synergistic effect of background
regional conditions and urban forms across different cities, with a special focus on the downwind and upwind
precipitation differences.

3.1. Climatological Precipitation Spatial Pattern

To investigate if downwind enhancement is a widely observed phenomenon induced by urban areas, we first
evaluate the climatological precipitation for summer months over 6 years for the selected 25 cities plus Miami
and New York City.

All the precipitating hours from the hourly data of precipitation for the study areas over the study period are
selected to represent the climatological distribution. Here the precipitating hours are the hours that the mean
precipitation accumulation is larger or equal to 0.1 mm. Three metrics conveying information from a number,
one-dimension (1D) profile, and two-dimensional (2D) spatial distribution are considered to evaluate the down-
wind enhancement of precipitation among cities. Specifically, the DEF value, the radial profile ®(r), and the
normalized spatial distribution p* (35) are considered.

The climatological precipitation distribution p(}) for each city is composited of all hourly MRMS precipitation
data aligned based on the corresponding wind direction E(}, z) over precipitating hours. The climatological DEF
for each city is then calculated based on this climatological distribution using Equation 2 defined in Section 2.4.1.
The DEF values vary across cities with the mean value of 0.050, the interquartile range of 0.079, and the standard
deviation of 0.056. The #-test with a significance level of 0.05 is then applied to test for the presence of downwind
enhancement of precipitation, that is, whether the spatial mean of the precipitation over the downwind region is
significantly larger than that of the upwind region. The magnitude of DEF for each city is indicated in Figure 1
with colors. The darker the red color means the larger the climatology DEF value and the more significant the
downwind enhancement of precipitation. The results show that more than four-fifths of all the study areas, that is,
22 cities, have significant positive DEF except for four cities (Austin, Miami, New York City, and San Antonio)
with negative DEF and one city (Cincinnati) with an insignificant positive DEF. These cities might have other
distinct climatological precipitation patterns caused by factors distinct from the rest. For example, as expected,
Miami and New York City are both coastal cities with unusual city shapes, which are expected to have a strong
sea breeze circulation influence; San Antonio and Austin are influenced by the natural gradient induced by the
Edward Plateau and the Gulf of Mexico. Such performance is also reported in previous studies. For example,
J. M. Shepherd et al. (2002) analyzed rainfall modification by major urban areas using data from the Tropical
Rainfall Measuring Mission (TRMM) satellite and found only San Antonio has a negative value of downwind
enhancement out of five studied cities. The climatological DEF results indicate that precipitation enhancement
downwind of cities is a widely existing phenomenon.

The normalized climatological precipitation distribution is further examined following the methodology described
in Section 2.4.2, and the results can be referred to in Figure S1 in Supporting Information S1. The objective is
to better recognize and compare the characteristics of spatial anomalies across multiple cities. The dashed black
lines are auxiliary lines that assist in distinguishing the upwind (left) and downwind (right) regions. The results
indicate that a majority of cities exhibit an abundance of negative values (blue areas) in the upwind region, signi-
fying lower precipitation intensity relative to the mean value, while the downwind region predominantly exhibits
positive values (red areas). We also notice that not all the positive anomalies appear at the downwind quadrant.
For example, the phenomenon of lateral enhancement of precipitation is observed in some cities such as Houston
and Louisville, which is also reported mentioned by J. Liu and Niyogi (2019). This intriguing phenomenon is
beyond the scope of this study and is worth further investigation in future studies.

The radial profile ®(#) for climatological precipitation of each city is calculated using the normalized distribu-
tion following the definition in Section 2.4.4 to investigate the mean precipitation along the radius of the upwind
and downwind direction. The individual profiles for each city are shown in Figure 3a, and the averaged profile
across all cities, along with standard deviation, is shown in Figure 3b. The results show the consistency of the
trend among all the study areas and indicate the center of the precipitation is located approximately 2040 km
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Figure 3. Radial profiles ®(r) averaged over upwind and downwind quadrants of normalized climatological precipitation
distribution p* for (a) each city, and (b) the mean profile of all cities with standard deviation across cities. The negative ticks
for the x-axis mean the upwind region and the positive ticks mean the downwind region.

downwind direction from the city center, which is consistent with previous studies (e.g., J. Liu & Niyogi, 2019;
Lorenz et al., 2019).

It can be concluded from all three metrics considered here that downwind enhancement of precipitation climatol-
ogy is a common characteristic across majority of the studied cities. In the following sections, we will focus on
the 25 cities, excluding Miami and New York City, to investigate how the urban form and meteorological condi-
tions influence the precipitation spatial pattern if significant downwind enhancement exists. These cities will be
referred to as selected cities. All the precipitating hours will be classified according to different meteorological
conditions and local factors pertaining to the urban form to further understand how the city modifies the rainfall
patterns. Specifically, the mesoscale meteorological factors such as total precipitation, wind speed, and wind
direction, and the local factors such as the imperviousness trend and city size are considered.

3.2. Variation of Precipitation Spatial Pattern With Intensity

The spatial distribution of precipitation with varying intensities is first analyzed, as the total amount of precipita-
tion in the study area can be an important indicator of meteorological conditions. For each decile, all the hourly
precipitation distributions are rotated to superimpose the upwind and downwind regions and obtain the precipi-
tation distribution, similar to the climatological analysis above.

The shape of the probability distribution of precipitation intensity shows consistency across all the study areas
and roughly follows an exponential distribution for all cities (see Figure S2 in Supporting Information S1). The
low-intensity precipitation occurs more frequently, with a larger probability, and the probability decreases expo-
nentially as the intensity increases. The deciles of precipitation intensity are considered to analyze the trend, and
the exact values of deciles can be referred to in Table S1 in Supporting Information S1.

The normalized precipitation distributions of each decile demonstrate some consistency across the cities. For
lower precipitation intensity, the spatial pattern is more scattered, and the large values tend to appear outside of
the city center, while the small values appear in the city center. Scattering means that the positive areas and nega-
tive areas tend to be more randomly distributed in the study area, while clustering means that the positive areas
and negative areas are gathered together. The length of zero line (LZL) of the normalized precipitation distribu-
tion is calculated over study areas to assess the observed spatial patterns based on the definition in Section 2.4.3.
If the normalized distribution is more scattered, it will have more grids that have different signs with their neigh-
bors, resulting in a larger LZL value. The box plot of the LZL for all the cities is shown in Figure 4a. The trend
indicates that the values of LZL are similar for the first four deciles, with similar mean values and slightly
changed standard deviations; then the values gradually decrease as the intensity increases and have a sharp drop
between the 9th and 10th decile.

The radial profile ®(r) of normalized precipitation distribution p* is evaluated to further extract the spatial char-
acteristics. The results show that the profiles exhibit a relatively consistent pattern across the cities (see Figure
S3 in Supporting Information S1). For light precipitation, the precipitation intensity tends to be smaller near the
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Figure 4. (a) LZL for all cities across deciles of precipitation intensity; (b) averaged radial profile ®(r) across cities of precipitation distribution p, and (c) normalized
precipitation distribution p*. Lines in (b) and (c) represent deciles of precipitation intensity as indicated by the colorbar. On each box in (a), the central mark indicates
the median, the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively, the whiskers extend to the most extreme data points are considered
outliers, and the outliers are plotted individually using the “+” marker symbol.

city center, and larger around the city, while the absolute difference is small. However, for heavy precipitation,
the trend is the opposite, especially for the 10th decile indicated by the black line in Figure 4. It shows a clear
difference of the 10th and 9th deciles compared to other deciles, while the absolute difference is now large and
the average performance of all hours is dominated by the 10th and 9th deciles to some extent. In addition, there is
a transition between the 1st and 10th decile that the relative precipitation center tends to move from the city edge
toward the city center in the downwind region.

In summary, the spatial pattern of precipitation under different precipitation intensities does show consistency
across the selected cities. For higher-intensity precipitation hours, the spatial anomalies of precipitation are more
clustered and the radial profile indicates that the maxima of ®(r) shifts toward the city center. These findings
imply that urban areas show different effects among various precipitation intensities, and further research with
more detailed data can be conducted to elucidate this relationship.

3.3. Variation of Precipitation Spatial Pattern With Wind Speed

The wind speed is divided into four quartiles based on the values for each city. For each quartile, the same
procedure is applied to get the precipitation distribution, and then calculate the corresponding DEF values using
Equation 2. Normalization is applied following Equation 3 to get the normalized precipitation distribution.

The values of DEF do not have a clear trend with different wind speeds (see Figure S4 in Supporting Informa-
tion S1). However, the spatial clustering patterns of normalized precipitation distribution indicate that spatial
anomalies vary with wind speeds. Two example cities (Dallas and Tuscon) are included in Supporting Infor-
mation S1 (Figure S5) for reference, where the normalized precipitation distribution tends to be more clustered
at high wind speed and scattered at low wind speed. To demonstrate that such a generalizable trend across
cities, the length of zero line (LZL) of the normalized spatial distribution is calculated based on the definition
in Section 2.4.3. The box plot of the LZL for all the cities is shown in Figure 5, indicating a clear trend that with
higher wind speed, the LZL is shorter, and therefore the spatial pattern is more clustered.
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Figure 5. The box plot of LZL for all the cities under different wind speeds.

Location of the peak of ®(r) with respect to the city center, that is, » = 0, is also an important indicator of the
precipitation spatial patterns. The radial profile ®(r) is defined in Section 2.4.4. The averaged profile across all
cities for non-normalized and normalized precipitation distribution are shown in Figure 6 for understanding the
influence introduced by wind speed and its interaction with urban structures.

Figure 6a indicates that the precipitation intensity is positively correlated with wind speed. The higher wind speed
corresponds to larger mean precipitation in the study areas. The location for precipitation maxima is located closer
to the city center under low background wind speed but shifts toward more downwind under high wind conditions
as shown in Figure 6b. It can be speculated that the mixed-convective motions around a city are determined by
the interactions between local urban-rural circulation and background wind. These flow interactions can be cate-
gorized into different regimes ranging from advection-dominated (plume regime) to convection-driven (bubble
regime) (Omidvar et al., 2020). The urban-rural circulation induced by the urban heat island (UHI) phenomenon
dominates under lower regional wind speeds and exhibits a circulation pattern with strong upward air motion
at the city center. That is, the atmospheric boundary layer is more unstable near the city center with an intense
uplifting of air. Therefore, precipitation tends to occur over the city center. However, under higher wind speeds,
the UHI intensity is smaller compared to low wind speeds (e.g., Dou et al., 2015; Ngarambe et al., 2021; Shen &
Yang, 2023) reported by multiple studies and the urban-rural circulation is weaker. The background wind domi-
nates the flow pattern around the city, which corresponds to the plume regime. The convergence of air induced
mainly by the surface roughness results in not only upward motions but also a downwind advective transport.
These findings corroborate with the existing postulation about the urban thermal and roughness effects on precip-
itation. In addition, in light of the preferential deposition of precipitation given a steep topography (Lehning
et al., 2008), it could be hypothesized that presence of urban structures modifies the downfall dynamics of the
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Figure 6. Radial profile ®(r) of (a) precipitation distribution p, and (b) normalized precipitation distribution p* under
different wind speeds.
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Figure 7. DEF versus city size for (a) first and (b) second dominant wind directions.

precipitation. Thus, if the precipitation forms over the center of the city, it can be transported downwind before
its deposition. It can be stipulated that a similar mechanism occurs and the maximum precipitation moves further
downwind of the city center compared to lower wind speeds. Although empirical evidence here does not allow
one to precisely study this process, future research with numerical simulations will be able to better examine
spatial patterns in both the droplet formation and deposition processes.

In summary, while the DEF values do not show a clear trend with background wind speed, the interaction between
urban structures and different wind speeds changes, resulting in different spatial patterns of precipitation. The
location for precipitation maximum tends to be closer to the city center, and the spatial distribution tends to be
more scattered for lower wind speeds.

3.4. Variation of Precipitation Spatial Pattern With Wind Directions

The influence of wind direction is investigated in this section by dividing all the precipitating hours into eight
absolute wind directions: east (E), north-east (NE), north (N), north-west (NW), west (W), south-west (SW),
south (S), and south-east (SE). The same methodology is applied and the DEF values for each wind direction
are calculated. The DEF values and the point plot and box plot of DEF values can be referred to in Supporting
Information S1 (Figure S6 and Figure S7). They both indicate that the magnitude of DEF values is changing with
the wind direction. There are more negative DEF values for E, SE, and NE directions, while the values are almost
all positive for NW, W, and SW directions.

To further understand the overall trend of wind direction-dependent values of DEF across different cities, we
consider the dominant wind direction since it corresponds to the dominant climatology circulation pattern.
Specifically, the study areas in this study are influenced by the westerlies (Booth et al., 2006) and Bermuda high
over the Atlantic Ocean and for the most area among CONUS in summer (Katz et al., 2003; Li et al., 2011). The
wind rose (see Figure S8 in Supporting Information S1) for precipitating hours shows consistency of the first
two dominant wind directions across cities: most of the cities have west (W) and southwest (SW) as the first
two dominant wind directions, while six cities (e.g., Omaha, Oklahoma City, Dallas, San Antonio, Houston, and
Austin) have south (S) wind. Only San Antonio and Houston have southeast (SE), and Austin has east (E) as the
second dominant wind direction. They are all in the state of Texas and the dominant wind directions are highly
influenced by the Gulf Coast.

The local factors such as urban roughness are known to influence the spatial distribution of precipitation. The
imperviousness of land surface is commonly associated with urbanization level and can be considered as an
indicator of urban roughness. Then we defined city size, one characteristic of the urban form, by considering the
wind-direction-dependent imperviousness profile (cf. Section 2.3).

The first and second dominant wind directions for each city are first considered to establish the relationship
between DEF value and city size. The scatter plot and corresponding linear regression are shown in Figure 7
with regression coefficient and p-value. The results show a positive correlation between DEF values and city size
with a 95% confidence level. To better observe the difference in city size and imperviousness trend with DEF
values, the imperviousness profiles of the cities are separated into three categories based on the rank order of
DEF values, that is, small, medium, and large DEF, and averaged in each category (see Figure S9 in Supporting
Information S1). It demonstrates the same trend that the smaller DEF values correspond to smaller city sizes.

Given the similar dominant wind directions among cities, the absolute wind direction of the west (W), south-
west (SW), and south (S) directions are also analyzed as they include all the first dominant wind directions and
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Figure 8. DEF versus city size for (a) W, (b) SW, and (c) S directions. Red markers in each subplot indicate city with that
wind direction being the first or second dominant one.

the majority of the second dominant wind directions. Figure 8 shows that the DEF values tend to be positively
correlated with city sizes for these wind directions, with the p-value being smaller than 0.15, while the other
directions do not have obvious relationships with the p-value larger than 0.4 (see Figure S10 in Supporting
Information S1).

To summarize, the DEF values are highly dependent on the wind direction, which could be related to different
meteorological weather patterns and/or localized convective systems. The first two dominant wind directions
of precipitating hours of those cities are analyzed and seen as air with similar properties. The wind rose shows
consistency among cities, and the W and SW are the dominant wind direction for the majority of the cities. The
influence of properties of the local urban forms, that is, imperviousness and city size, is then analyzed, and the
results show that the city size is positively correlated with DEF values for these two directions.

4. Conclusion

In this study, we conduct a cross-city analysis using the Multi-Radar Multi-Sensor (MRMS) quantitative precip-
itation estimation data products for a selected set of cities across the continental United States from the years
2015-2021, considering a broad spectrum of urban forms and regional settings. The research goal is to unravel
how different urban forms impact the spatial patterns of precipitation climatology under different meteorological
conditions. The analysis focuses on the statistical performance rather than tracking the development of a single
storm event. A few key takeaway points are summarized here:

1. The downwind enhancement of precipitation does exist for the majority of the study areas at the climatological
time scale. The center of the precipitation is located at approximately 20-40 km downwind direction from the
city center, which is consistent with previous studies (e.g., J. Liu & Niyogi, 2019; Lorenz et al., 2019).

2. The precipitation spatial pattern shows different characteristics with varying precipitation intensities, which
have consistency across the cities. For higher-intensity precipitating hours, the spatial pattern is more clus-
tered, and the precipitation center is closer to the city center in the downwind region. For lower-intensity
precipitating hours, the precipitation is more intense around the city.

3. The DEF values do not show a clear trend with background wind speed, while the interaction between urban
form and wind speeds does change and shows variable spatial patterns indicated by the 1D and 2D metrics.
Specifically, the precipitation spatial pattern tends to be more scattered for lower wind speeds. In addition,
the location for precipitation maxima tends to be closer to the city center under lower wind speeds due to the
combined impacts induced by local urban-rural circulation and regional background wind.

4. Due to the inherent limitations of observational data to quantify the causal effects of different urban forms on
the resulting precipitation pattern, this study is framed to understand the background meteorological condition
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under which a generalizable relationship between the urban form (in this case the city size) and downwind
precipitation enhancement emerges. We find that DEF values are highly dependent on wind direction and have
a positive relationship with city sizes for the first and second dominant wind directions. This implies that the
mesoscale meteorological factor (i.e., wind direction) and the local factor (i.e., the urban form) synergistically
affect the spatial pattern of precipitation climatology. It can be hypothesized based on observational evidence
that cities growing bigger in size might experience higher downwind precipitation enhancement. We expect
that controlled modeling studies in the future will be helpful to test the hypothesis and better understand the
mechanisms.

Results of this study imply that some generalizable insight into precipitation pattern in urban areas can be gained
by considering mesoscale meteorological conditions, urban form, and their interactions. This implies that it is
important for studies aimed at understanding and reducing future urban hydroclimatic risks to investigate the
mechanistic contribution of urban form, such as city size and spatial distribution of urban areas relative to the
climatological dominant wind directions. One caveat of this study is to limit the analysis of precipitation pattern
to downwind enhancement and the location of the radial precipitation maximum. This overlooks the documented
lateral enhancement of precipitation that can be caused by the storm bifurcation (Bornstein & Lin, 2000; J. Liu
& Niyogi, 2019). Another limitation is that the effect of aerosols on precipitation patterns is not considered, as
we focus on the regional meteorological and local urban form factors that are directly relevant to the thermal and
roughness effects of urban modification of precipitation. Future observational studies might address both caveats
by defining different metrics for precipitation pattern and a more in-depth analysis of the spatial distribution of
aerosols (Schmid & Niyogi, 2017).
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