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ABSTRACT

Urban areas influence precipitation, but it remains unclear how these urban effects vary
throughout the year. Therefore, this thesis examines monthly urban effects on precipitation
variables in the Atlanta region. Precipitation totals, precipitation days, and heavy-precipitation
days from 70 precipitation gauges over ten years (2014-2023) were analyzed. Key methods
included spatially interpolating precipitation values, assessing correlations between precipitation
and upwind imperviousness, and comparing precipitation at downwind gauges with control
gauges. Urban effects on precipitation always occurred to downwind (i.e., east/northeast) of
Atlanta). Precipitation totals and heavy-precipitation days were enhanced during May, July, and
August. Precipitation totals and heavy-precipitation days were suppressed during February and
March. Precipitation days were enhanced during most months. Likely mechanisms include the
urban heat island effect (UHI) and urban aerosols, with the UHI causing the summer enhancement

of precipitation and the aerosols causing both suppression and enhancement of precipitation.

INDEX WORDS: Urbanization, Precipitation, Urban heat island, Atlanta, Intra-annual
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PREFACE
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reflects my passion for understanding environmental changes and their impact on urban areas,

shaped by my time at Georgia State University.

The research presented here was inspired by the growing need to address urban climate
challenges, especially as cities expand and alter natural weather patterns. Throughout this
process, | was fortunate to be guided by my advisor, Dr. Jeremy Diem, whose expertise and
support have been crucial in shaping my work. The insights provided by my committee

members, Dr. Flavia D. S. Moraes and Dr. Dajun Dai, were invaluable in refining my research.

This work required the use of multiple data sources and analytical methods, and | am grateful to
have had access to the necessary resources and tools. The collaborative environment at Georgia
State University and the encouragement from my peers and mentors helped bring this project to

completion.

I hope this thesis contributes to the growing body of knowledge on urban climatology and serves

as a stepping stone for future research in this field.



RUNNING HEAD 1

1 INTRODUCTION

Urbanization, a pervasive global process, dramatically reshapes the environment and
triggers a cascade of environmental challenges. In recent decades, urban land has expanded
globally at approximately 5% per decade (Guneralp et al., 2020). This expansion is linked to the
fragmentation of natural habitats (Liu et al., 2016; Li et al., 2022), leading to significant
disruptions in ecosystems and a decline in biodiversity (Simkin et al., 2022; Kondratyeva et al.,
2020). Urbanization has also been identified as a factor that exacerbates extreme precipitation
events (Mukherjee et al., 2018). The urban heat island (UHI) phenomenon, characterized by
elevated air temperatures in urban areas due to the replacement of vegetation with heat-absorbing
surfaces, is a direct consequence of urbanization (Bornstein, 1968; Oke, 1973; Draxler, 1986;
Oke, 1987). Urban areas have been the primary source of greenhouse gas emissions, with CO2
being the main contributor to the total rise in greenhouse gas emissions (Lugman et al., 2023).
Furthermore, urban areas are known for their high concentrations of air pollutants (Feng et al.,
2017), primarily from industrial activities, and energy production, which pose significant risks to
environmental health and contribute to illness and premature death (Liang & Gong, 2020).

Among the various impacts of urbanization, precipitation modification is important because
of its impact on water resources. The implications of these changes are far-reaching and
potentially devastating (Deng et al., 2023). For instance, the expansion of impervious surfaces in
urban areas has been linked to increased surface runoff and a heightened risk of flooding, a
pressing concern for urban planners and residents alike (Lu et al., 2023). This is particularly
concerning given the increasing trend of urbanization globally (Zhang, 2016). In Shanghai,
China, urbanization has not only altered the characteristics of extreme precipitation but also

increased its variability (Mou et al., 2022). Similarly, in Beijing, China, urbanization has been
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found to reduce rainfall in urban areas while increasing it downwind of the city (Liu et al., 2021).
Furthermore, pollutants from urban and industrial sources have been found to disrupt the natural
processes within clouds that lead to precipitation, effectively dampening the formation of rain
and snow by preventing water droplets from merging (Rosenfeld, 2000).

Urbanization influences precipitation through various processes. Impervious surfaces, such
as asphalt, can cause urban areas to be about 3° C warmer than they would be otherwise (Estoque
etal., 2017; Yang et al., 2022; Wang et al., 2022). These increased temperatures, which create
the UHI effect, can intensify atmospheric instability and stimulate and enhance convective
precipitation (Arnfield, 2003; Dixon & Mote, 2003). Landscape changes from urbanization
increase surface roughness (Chang et al., 2021; Hou et al., 2023; Rajeswari et al., 2021). The
increased roughness can disrupt wind flow and influence the development and movement of
convective systems (Gunawardena et al., 2017; Chang et al., 2021). Additionally, urban areas
typically have a disproportionate number of small aerosols due to excessive fossil-fuel
combustion (Cicek & Turkoglu, 2005; Le et al., 2019; Huang et al., 2023). This can suppress
rainfall by producing a narrow droplet spectrum that inhibits collision and coalescence processes
in clouds, thereby slowing down the formation of larger, rain-producing droplets (Tao et al.,
2012; Singh et al., 2020).

Various types of data have been used to study the impact of urbanization on precipitation.
Gauge-based precipitation data from meteorological gauges have been widely used to analyze
rainfall patterns and trends in urban and rural areas (Huff & Changning, 1972; Cicek &
Turkoglu, 2005; Diem & Mote, 2005; Daniels et al., 2015). In addition, satellite-based rainfall
estimates, such as those from the Tropical Rainfall Measuring Mission (TRMM) and Global

Precipitation Measurement (GPM), have been used to examine urban effects on precipitation at
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larger spatial scales (Shepherd et al., 2002; Ali et al., 2021). Nevertheless, the level of detail in
products like TRMM might not be sufficient to effectively identify the impact of urban areas on
rainfall (Diem et al., 2004). Ground-based radar data have also been employed to investigate
precipitation's spatial distribution and intensity in urban areas (Mote et al., 2007). Some studies
(Deng et al., 2023; Chang et al., 2021) have combined multiple data sources, such as gauge,
satellite, and radar data, to provide a comprehensive assessment of urban impacts on
precipitation.

Previous research has generally found that urbanization increases rainfall in the summer.
Many studies show urbanization leading to increased precipitation and downwind in urban areas
(Huff & Changnon, 1972; Shepherd et al., 2002; Diem & Brown, 2003; Mote et al., 2007; Diem,
2008; Georgescu et al., 2012; Daniels et al., 2015; McLeod et al., 2017; Deng et al., 2023). Some
examples of these are as follows: a 10-20% increase in precipitation downwind of St. Louis
(Huff & Changnon, 1972); daily precipitation totals downwind of urban areas were about 7%
higher than precipitation in the rest of the Dutch West Coast (Daniels et al., 2015);
approximately 28% increase within a 30-60 km radius downwind of Atlanta, Georgia;
Montgomery, Alabama; Nashville, Tennessee; and San Antonio, Waco, and Dallas, Texas
(Shepherd et al., 2002). Urbanization can also increase the frequency of heavy precipitation days
or rainfall extremes (Cicek & Turkoglu, 2005; Mukherjee et al., 2018; Zhang et al., 2018;
Fagnant et al., 2020; Singh et al., 2020; Ali et al., 2021; Yu et al., 2022). Some examples of this
are as follows: a 50% increase in the number of heavy precipitation days at an urban station in
Ankara compared to a rural station (Cicek & Turkoglu 2005), rainfall extremes substantially

increasing the probability of a 25% change in 50-year events in urban areas by 2.7 times
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compared to rural areas in the United States (Singh et al., 2020), and a 26.4% increase in heavy
precipitation in the Yangtze River Delta (YRD) urban areas of East China (Yu et al., 2022).

In the existing body of research, there are notable gaps that this study aims to address. A
substantial number of studies (Singh et al., 2020; Liu et al., 2021; Diem & Brown, 2003; Mote et
al., 2007; Diem and Mote, 2005; Miao et al., 2011; Diem, 2008; McLeod et al., 2017; Jo et al.,
2020; Ashley et al., 2012; Bentley et al., 2012; Bornstein & Lin, 2000) focus primarily on the
summer season, leaving other seasons relatively unexplored in the context of urbanization's
impact on precipitation. Furthermore, most of these studies (Shepherd et al., 2002; Dixon &
Mote, 2003; Debbage & Shepherd, 2015; Yilmaz & Perera, 2015; Mote et al., 2007; Islam et al.,
2023) rely on data spanning approximately five years, which may be too short a period to
adequately detect urban effects on precipitation. Some studies (Wang et al., 2010; Guhathakurta
etal., 2011; Miao et al., 2011; Daniels et al., 2015) only examine precipitation totals and do not
analyze other variables such as precipitation intensity and frequency. Finally, only several
studies (Jauregui and Romales, 1996; Diem, 2008; Islam et al., 2023; Lu et al., 2023) have used
at least 30 gauges in their analysis, which is important for ensuring robust spatial coverage and
capturing regional variations in precipitation patterns. A higher number of gauges reduces the
risk of spatial biases and improves the accuracy of detecting urbanization effects on precipitation
across diverse landscapes (Daly et. al., 1994).

The purpose of this research is to investigate the impact of urbanization on precipitation
throughout the year, using a comprehensive dataset spanning over ten years and incorporating
data from a larger number of gauges. The objectives are as follows: (1) to determine the spatial

variability of urban effects on precipitation; (2) to assess monthly differences in urban effects.
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2 STUDY REGION

The chosen study region is centered on the Atlanta—Sandy Springs—Gainesville combined
statistical area (CSA) in the southeastern United States (Figure 2.1). CSA serves as a model for
studying the environmental and urbanization challenges faced by rapidly growing metropolitan
regions worldwide (Kundell & Myszewski, 2002). As the largest metropolitan area in the
Southeastern United States, its rapid population growth, which increased by over 24% between
2000 and 2010, exemplifies the pressures of urban sprawl on infrastructure, air quality, and water
resources (Kundell & Myszewski, 2002). There are minimal effects on precipitation by
topography and water bodies on precipitation in the region (Diem, 2008), as the long-term
rainfall observation sites in the Atlanta metropolitan area are neither located near large bodies of
water nor in regions with large elevation changes. The CSA has experienced significant growth
over the last two decades; the population has grown from 4.9 million in 2000 to about 7.0 million
in 2022 (Urban Areas Facts, 2021), leading to increased urbanization and impervious surfaces,
which are critical factors in urban-induced precipitation changes. Seasonal precipitation in the
region is largely driven by frontal systems during the winter and convective processes during the
summer, which influences the accuracy of precipitation maps; errors are lower during the winter
when precipitation is more spatially uniform (Diem, 2008). The region’s rapid development and
its representativeness of many growing metropolitan areas make it an ideal case study for

examining the effects of urbanization on precipitation dynamics.
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Figure 2.1 Map of the study region showing locations of the 70 precipitation gauges within 110
km of downtown Atlanta, the 50 precipitation gauges within 90 km of downtown Atlanta, the
counties within the Atlanta—Sandy Springs—Gainesville combined statistical area (CSA), and
imperviousness (%) throughout the domain. The inset map shows the Atlanta region within the
southeastern United States.
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3 DATA

3.1 Daily Precipitation

Daily precipitation totals during 2014-2023 for 70 gauges were obtained from the Global
Historical Climatology Network daily (GHNd) database of the National Oceanic and
Atmospheric Administration (NOAA). All gauges were within 110 km of downtown Atlanta and
were missing no more than 15% of daily totals over the ten years. If two gauges were within 3
km of each other, only one station was retained to minimize spatial redundancy and ensure an
even spatial distribution of observations, which is critical for reducing biases in regional
precipitation analyses (Daly et al., 2008). The retained gauge was selected based on data
completeness, reliability, local representativeness, and its contribution to a balanced spatial
network. For the entire 70-station database, only 6.2% of station days were missing precipitation
totals. If a station had a precipitation observation that occurred in the morning, the precipitation
total was shifted to the previous day. Missing daily totals for a station were replaced by the mean

total from the three nearest gauges.

3.2 Lower-Troposphere Winds

Daily U and V components of 700-hPa wind over the Atlanta region during 2014-2023
were obtained from NOAA’s North American Regional Reanalysis (Shepherd et al., 2002).
These data, with a 32-km spatial resolution, were selected because the 700-hPa level is
commonly used to analyze low-level atmospheric flow, which is critical for understanding
moisture transport and the movement of urban-induced convection (Diem, 2008; Shepherd,
2005). The U and V values for the Atlanta region were averaged across 26 grid cells to represent

the mean wind flow over the study area. This analysis helps identify prevailing wind directions
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and their role in transporting aerosols and heat downwind, influencing precipitation patterns. The
700-hPa level is particularly relevant as it reflects mid-tropospheric dynamics, which are less
influenced by surface friction and more representative of synoptic-scale flow impacting urban
areas (Changnon, 1979). Previous urban-effects studies (Rose et al., 2008; Haberlie et al., 2014)

in Atlanta also have used 700-hPa as the steering flow.

3.3 Impervious Surfaces

Gridded developed-imperviousness data were acquired for 2019 from the National Land
Cover Database of the Multi-Resolution Land Characteristics Consortium. The dataset had a
spatial resolution of 30 m. For each grid cell, the percentage of developed surface that was
impervious was provided. This dataset is relevant as it enables the quantification of urbanization
patterns, which are critical for understanding how urban land use influences precipitation

patterns through phenomena such as the urban heat island effect.
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4 METHODS

4.1 Analysis of 700-hPa Winds

The analysis of 700-hPa winds is essential for understanding how urbanized areas
influence precipitation, as this level reflects the transport of heat, moisture, and aerosols that
drive urban-induced precipitation patterns (Shepherd, 2005; Diem, 2008). To achieve this,
histograms of wind directions for each month were generated, providing a visual representation
of air flow throughout the year. In addition, month-specific box-and-whisker plots of daily
precipitation totals, precipitation days, and heavy precipitation days for each of eight wind
directions (i.e., North, Northeast, East, Southeast, South, Southwest, West, and Southwest) were
developed. A precipitation day has at least 1 mm of precipitation, while a heavy-precipitation
day has at least 25 mm of precipitation. Precipitation data for the wind analyses were from the 50
gauges within 90 km of downtown Atlanta, selected to ensure accurate wind direction analysis

by minimizing the edge/border effect that can occur with gauges near the study area's boundary.

4.2 Calculation of Upwind Urban Land

The calculation of upwind urban land is important in determining the influence of urban
areas on precipitation. Upwind urban land refers to the urbanized area located in the direction
from which the prevailing winds originate, while downwind urban land refers to urbanized areas
located in the direction toward which the winds are blowing (Rath et al., 2021). Since urban
effects on precipitation tend to exist for up to 80 km downwind of urban land (Mote et al., 2007),
mean developed imperviousness within 20 km, 30 km, 40 km, 50 km, 60 km, 70 km, and 80 km

of each NLCD grid cell was calculated. Calculations were performed for all eight wind
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directions using the Focal Statistics tool in ArcGIS Pro and a 45° wedge that extended from 20 to
80 km from each grid cell.

Surfaces representing upwind imperviousness for each month were created, using a
method that integrates a weighted combination of eight distinct upwind urban land surfaces.
Each of the eight wind directions were assigned a weight. These weights were determined by
averaging the weights that were calculated based on various factors, including total precipitation,

the number of days with precipitation, and the number of days experiencing heavy precipitation.

4.3 Spatial Analysis of Precipitation

For each month, surfaces of total precipitation, precipitation days, and heavy-
precipitation days were generated to investigate the potential enhancement of precipitation
downwind of urban areas, considering both all days in a month and days with the prevailing
wind direction for that month. Total precipitation refers to the cumulative amount of rainfall in
millimeters, while precipitation days represent the number of days with at least 1 mm of rainfall,
and heavy-precipitation days are defined as days with at least 25 mm of rainfall. These variables
capture different aspects of precipitation intensity and frequency, allowing for a more
comprehensive understanding of urban impacts on precipitation patterns (Diem & Mote, 2005;
Shepherd, 2005). Prevailing wind direction isolates the influence of urban aerosols and the urban
heat island (UHI) under dominant synoptic conditions, which are key to understanding
directional enhancements (Dixon & Mote, 2003). Data from all 70 gauges were used to ensure
adequate spatial coverage and smoother interpolation results across the region (Daly et al., 2008).

Kriging, a geostatistical technique available in ArcGIS Pro (Xiao et al., 2016) will be

used to generate surfaces. The accuracy of all surfaces will be assessed using cross-validation in
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ArcGIS Pro, using percent error (i.e., root mean squared error divided by mean observed value)
as the evaluation statistic. Ordinary Kriging was chosen for its suitability in modeling spatial
autocorrelation under the assumption of a constant but unknown mean. The process involved
fitting a semivariogram to the data, optimizing parameters (e.g., search radius and resolution),

and validating the results through cross-validation to ensure reliable surface predictions.

4.4  Assessment of Correlations between Upwind Imperviousness and Precipitation

For each month, correlations between precipitation and upwind urbanization were
calculated using Pearson product-moment correlation tests (o = 0.01; one-tailed). Precipitation
totals, precipitation days, and heavy precipitation days at the 50 gauges within 90 km of
downtown Atlanta will be used. The urbanization variables will be the mean developed
imperviousness and the amount of medium- and high-intensity developed land upwind of the 50
gauges, as these metrics are directly linked to urban-induced changes in precipitation through
mechanisms such as increased runoff, altered evapotranspiration, and enhanced aerosol
production (Shepherd, 2005; Diem, 2008). Medium- and high-intensity developed land are
particularly relevant because they represent areas with dense impervious surfaces, which are
closely associated with urban heat island effects and precipitation anomalies (Oke, 1987).
Correlations also were calculated using residuals from regression models, a method commonly
employed to isolate the effects of specific variables (e.g., urbanization) by accounting for
confounding factors such as elevation (Daly et al., 2008; Diem, 2008). The residuals were
essentially precipitation values with the effect of elevation removed, where elevation was the

predictor and precipitation was the predictand in the models.
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4.5 Precipitation at Downwind Gauges vs. Precipitation at Control Gauges

Differences in precipitation values between upwind and control gauges were analyzed for
each month and imperviousness (e.g., 20-km upwind imperviousness) combination. The 32
gauges within 60 km of downtown Atlanta were used and, for each scenario, the ten gauges with
least upwind imperviousness were classified as upwind gauges and the ten gauges with the most
upwind imperviousness were classified as downwind gauges. A distance of 60 km from
downtown Atlanta was used in order to minimize the effects of topographic differences among
the gauges. Monthly precipitation totals, precipitation days, and heavy precipitation days were

compared between the two groups using Mann-Whitney U tests (o = 0.01, one-tailed).
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5 RESULTS

5.1 Month-specific lower-troposphere flow and precipitation-associated wind directions
Lower-troposphere winds over the region were mostly westerly in general throughout the
year with less westerly flow during May and October (Figure 5.1). During November-March,
winds were predominantly westerly and southwesterly; a majority of the days in December,
January, and February had westerly flow. There was a reduced westerly flow in April, May, and
June, and the wind direction became even more balanced, with the westerly, northwest, and
westerly flow occurring on between 30% and 40% of days. Flow from the north, east, and south
became more prevalent during May-October. This increased balance of wind directions is

epitomized in September.
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Figure 5.1 Month-specific frequency distributions of 700-hPa wind direction within the Atlanta-
Sandy Springs-Gainesville CSA.

Precipitation was primarily associated with westerly and southwesterly flow for most
months (Figures 5.2 — 5.4). Total precipitation for each month and wind direction shows
substantial variability, with the highest totals generally occurring in the westerly and
southwesterly wind directions across most months, especially during November-April. Similar to
precipitation totals, precipitation days and heavy-precipitation days tended to be associated with
southwesterly and westerly flow during most months, particularly noticeable in the winter and

early spring months. Heavy-precipitation days, primarily during November-April, also tended to
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occur during westerly and southwesterly flow. During May-October, precipitation totals,

precipitation days, and heavy-precipitation days were less restricted to westerly and

southwesterly flow, and, as noted previously, September was the month with the most balance

among the wind directions.
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Figure 5.2 Month-specific box and whisker plots of precipitation totals for 700-hPa wind
directions within the Atlanta-Sandy Springs-Gainesville CSA.
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Figure 5.3 Month-specific box and whisker plots of precipitation days for 700-hPa wind
directions within the Atlanta-Sandy Springs-Gainesville CSA.



RUNNING HEAD

January

February

17

March

20

181

=

[ |

-

N NE E SE S SW W NwW

April

N NE E SE S SW W NW

May

N NE E SE 8§ SW W NWwW

June

..

oON B

N NE E SE S SW W NW

July

sy

et

N NE E SE S SW W NW

August

N NE E SE S SW W NWwW

September

M*+$

;WYN**ﬁ+

N NE E SE S SW W Nw

October

N NE E SE S SW W NwW

November

P

N NE E SE S SW W Nw

December

2
16
o 4
c
S 12
s 101
[=%
=
&
o
T
20
18
2
> 16
2 14
k=) 124
S 104
(=5
3
o
o
T
20
18
g .
2 14
s 12
s 10
o
:
T
2
0
20
o 18
z 18
Q14
f=y
S 12
_553_ 10
a 8
o
o
T

[=1 \S I =)

T

N NE E SE S SW W Nw

=

-x+ *W

E——

N NE E SE S SW W NW

N NE E SE S§ SW W Nw
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5.2 Month-specific surfaces of mean imperviousness of 20 km, 50 km, and 80 km upwind
associated with rainfall

Based on the mean imperviousness upwind of locations, urban precipitation enhancement
appears most likely to occur over and to the east/northeast of Atlanta during nearly all months
(Figure 5.5). The mean imperviousness 20 km upwind of locations is highest over and to the
north/northeast of Atlanta, particularly in northern Fulton County, western DeKalb County,
western Gwinnett County, and eastern Cobb County, with the maximum values occurring over
western DeKalb County. As the upwind distance increases to 50 km, the mean imperviousness is
greatest east and northeast of Atlanta, including DeKalb County, Gwinnett County, Rockdale
County, Forsyth County, northern Fulton County, southern Hall County, and eastern Barrow
County, with maximum values in Gwinnett County. The pattern differs in September and
October, when the largest values are centered over northern Fulton County rather than Gwinnett
County. At a distance of 80 km, mean imperviousness is highest in the northeastern portion of
the region, including Gwinnett County, eastern Forsyth County, southern Hall County, eastern
Jackson County, and eastern Barrow County, with maximum values over Gwinnett County and
Hall County. During September and October, the maximum values shift northwestward to

Forsyth County.
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5.3 Month-Specific Cumulative Precipitation Frequency Surfaces

The spatial patterns of precipitation totals varied considerably among the months, with
only July and August exhibiting the expected patterns related to urban-precipitation enhancement
(Figure 5.6). In January, maximum precipitation occurred far to the southwest of Atlanta in
Heard County. During February-April, maximum precipitation was recorded far to the north of
Atlanta in Dawson County, with February and March showing more precipitation in the western
portion of the study region compared to the eastern portion. In May, maximum precipitation
occurred to the northeast of Atlanta in Hall and Jackson Counties. Maximum precipitation totals
in June were located to the southwest of Atlanta in Fulton, Coweta, Heard, and Troup Counties.
July and August had maximum precipitation totals over and slightly to the northeast of Atlanta in
DeKalb and Gwinnett Counties. In September, maximum precipitation totals were found far to
the northeast of Atlanta in Hall and Forsyth Counties. Finally, the maximum precipitation totals
during October-December occurred far to the north/northeast of Atlanta in Dawson and Lumpkin

Counties.
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Figure 5.6 Month-specific surfaces of cumulative precipitation totals (mm) for the Atlanta region
over 2014-2013 with the cross-validated percent error on each surface. White contour lines
outline areas within the top 1% of precipitation totals.
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The monthly maps of precipitation days showed greater consistency compared to the
maps for precipitation totals, and the urban precipitation enhancement was less pronounced
(Figure 5.7). The maximum number of precipitation days over the region occurs mostly in the far
northern part of Atlanta, particularly in Pickens and Dawson Counties, across all months.
September and November were the only months where a relatively high number of precipitation
days occurred over and immediately downwind of Atlanta, specifically in DeKalb and Gwinnett

Counties.
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Figure 5.7 Month-specific surfaces of cumulative frequencies of precipitation days for the
Atlanta region over 2014-2013 with the cross-validated percent error on each surface. White
contour lines outline areas with the top 1% of values.
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The variability in the number of heavy-precipitation days followed unique monthly
patterns compared to precipitation days, and there is evidence of urban enhancement of
precipitation during July, August, September, and December (Figure 5.8). The maximum number
of heavy-precipitation days peaked downwind of Atlanta in Gwinnett, Forsyth, DeKalb, and
Walton counties. In January and March, the maximum numbers of heavy-precipitation days
occurred far to the west and southwest of Atlanta, specifically in Heard, Haralson, and Carroll
Counties, while in February, the maximum values were far to the northwest of Atlanta. April,
May, October, and November saw maximum values occurring far to the north/northeast of
Atlanta, particularly in Dawson, Lumpkin, and Pickens Counties. Notably, November also had
maximum values to the southwest of Atlanta in Troup, Meriwether, and Spalding Counties. June
exhibited maximum values both far to the east and far to the southwest of Atlanta, in Heard and
Jackson Counties, respectively. July's maximum values were scattered throughout the region,
with some zones of maximum values over and immediately to the east of Atlanta in Gwinnett,
Walton, and DeKalb Counties. Similarly, in August, maximum values occurred over and
immediately to the east of Atlanta in DeKalb, Gwinnett, and Hall Counties. In September,
maximum values were observed immediately to the northeast of Atlanta in Forsyth, Gwinnett,
and Hall Counties. Finally, December had maximum values occurring immediately northeast of

Atlanta in Gwinnett County and far to the southeast of Atlanta in Jasper County.
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Figure 5.8 Month-specific surfaces of cumulative frequencies of heavy-precipitation days for the
Atlanta region over 2014-2013 with the cross-validated percent error on each surface. White
contour lines outline areas with the top 1% of values.
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5.4 Month-specific correlations between mean imperviousness 20 to 80 km upwind of
gauges

Significant positive correlations between upwind impervious surfaces and precipitation
values occurred only during May and July-December (Figure 5.9). May exhibited significant
correlations for PT at all distances except 20 to 40 km, a significant correlation for PD at all
distances except 20 km, and only one significant correlation (at 80 km) for HPD. In July,
significant correlations for PT and PD were observed from 20 km to 70 km, while no significant
correlations were found for HPD. In August, significant correlations for PT were observed at all
distances, there were no significant correlations for PD, and significant correlations for HPD
occurred at all distances except 20 km. The only significant correlations in September occurred
from 50 to 80 km for HPD. October showed significant correlations for all three variables at 70
and 80 km. November had significant correlations for PD from 30 km to 80 km, and December
showed significant correlations for HPD at 20 km and 30 km.

Significant negative correlations between upwind impervious surfaces and precipitation
values occurred only in February and March (Figure 5.9). February exhibited significant
correlations for PT at all distances except 60 to 80 km, no significant correlation for PD, and
significant correlations for HPD occurred at all distances. In March, significant correlations for

PT and HPD occurred at all distances, while no significant correlations were found for PD.
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Figure 5.9 Month-specific correlations between mean imperviousness at distances ranging from
20 km to 80 km upwind of precipitation gauges and total precipitation, precipitation days, and
heavy-precipitation days. For each month, the first bar is the correlation with 20-km upwind
imperviousness and the last bar is the correlations with 80-km upwind imperviousness. Bars
extending to or beyond the dashed lines are significant (o= 0.01, one-tailed).

5.5 Month-specific correlations between upwind imperviousness (20 to 80 km) and
precipitation residuals
Significant positive correlations between upwind imperviousness and precipitation
residuals were observed only during May, July, August, and December (Figure 5.10). In May,
significant correlations for PT were found at distances of 60 to 80 km, except for 20 to 40 km,
with a significant correlation for PD at 60 km and no statistically significant correlation for HPD.

In July, significant correlations for PT and PD were observed across distances from 20 km to 70



RUNNING HEAD 28

km, but no significant correlations were found for HPD. In August, significant correlations for
PT were present at all distances, while significant correlations for HPD were observed at all
distances except for 20 km and 30 km, no significant correlations were found for PD. In
September, the only significant correlation occurred at 80 km for HPD. Finally, in December,
significant correlations for HPD were found at all distances except for 80 km, with no significant
correlations for PT or PD.

Significant negative correlations between upwind imperviousness and precipitation
residuals occurred only during February- April (Figure 5.10). In February and March, significant
correlations for PT and HPD were found at all distances, while no significant correlations were
found for PD. In April, significant correlations for PT occurred at all distances except 20km

while there is no significant correlation for PD and HPD.
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Figure 5.10 Month-specific correlations between upwind imperviousness (20 to 80 km) and
precipitation and residuals of total precipitation, precipitation days, and heavy-precipitation days.
The residuals were created by regressing each of the precipitation variables on elevation. For
each month, the first bar is the correlation with 20-km upwind imperviousness and the last bar is
the correlations with 80-km upwind imperviousness. Bars extending to or beyond the dashed
lines are significant (o= 0.01, one-tailed).

5.6 Downwind Precipitation vs Upwind Precipitation

Compared to upwind (control) gauges, downwind gauges tended to show lower
precipitation totals during winter and early spring, while totals were higher in late spring and
summer. Notably, precipitation totals at downwind gauges were significantly lower in March,
with a reduction of approximately 10%. Conversely, downwind gauges recorded significantly

higher totals in May, July, and August, with increases of around 20%.
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Downwind gauges generally had more precipitation days compared to control gauges
across most months. Significant differences were observed in May, July, August, and October,
where downwind gauges saw more precipitation days. In May and July, downwind gauges
experienced nearly 15% more precipitation days, while August and October saw increases of less
than 10%.

Similar to precipitation totals, downwind gauges tended to have fewer heavy-
precipitation days than control gauges in late winter and early spring and more heavy-
precipitation days compared to control gauges from late spring to late summer. The only instance
of significantly fewer heavy-precipitation days at downwind gauges compared to control gauges
occurred in March. In contrast, significantly more heavy-precipitation days at downwind gauges
compared to control gauges were recorded in May and September, with percentage increases

ranging from 36% to 53%, the highest being in May.
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Figure 5.11 Heat map showing differences between downwind (urban-influenced) and control
gauges within 60 km of downtown Atlanta. The figure is divided into precipitation totals,
precipitation days, and heavy-precipitation days. Imperviousness-upwind distances range from
20 km to 80 km. The colors are Z score from Mann-Whitney U tests, with red (blue) indicating
smaller (larger) precipitation values for downwind gauges compared to control gauges. Numeric
values denote the percent difference (i.e., downwind vs. control) when the differences are
statistically significant (o = 0.01 and one-tailed).
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6 DISCUSSION

6.1 Precipitation Enhancement in Late Spring and Summer

The enhancement of precipitation totals and heavy-precipitation days in the Atlanta
metropolitan area, which occurs mostly in DeKalb and Gwinnett counties (northeast and east of
Atlanta), tends to occur predominantly during the late spring and summer months (Figures 5.6-
5.8) These months coincide with higher values of Convective Available Potential Energy
(CAPE), which is essential for the development of convective storms that produce significant
rainfall (Lacke et al., 2009). The enhancement north/northeast of Atlanta during the warm
seasons is consistent with several studies that have shown significant precipitation and lightning
enhancement downwind of Atlanta (Bentley et al., 2012; Mote et al., 2007; Diem, 2008; McLeod
etal., 2017; Diem and Mote, 2005; Shem and Shepherd, 2008; Rose et al., 2008; Stallins and
Bentley, 2006; Burke and Shepherd, 2023; Stallins et al., 2006). This study found precipitation
totals enhanced by 16% to 27% and heavy-precipitation days enhanced by 36% to 53% during
May, July, and August, demonstrating stronger localized impacts in specific months of the warm
season. These findings align with previous research, which has shown that a 20% increase in
heavy precipitation days was found downwind of Atlanta for June-August (Diem, 2008) and
10% for May—-September (Dixon and Mote, 2003); a 30% increase in daily average precipitation
in June to August (Mote et al., 2007); and a flash density enhancement of 8.0 flashes km=2 yr*

was observed in Gwinnett County, northeast of Atlanta (Stallins et al., 2006).
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6.2 Precipitation Suppression in Late Winter and Early Spring

In contrast to the enhancement observed during the summer, suppression of precipitation
totals and heavy-precipitation days occurs in February and March mostly in DeKalb and
Gwinnett counties (Figures 5.6, 5.8-5.11). There was a significantly negative correlation in
February and March for PT and HPD with March being the most significant (Figures 5.9-5.11).
Precipitation totals and heavy-precipitation days are suppressed by 8% to 17 % in March (Figure
5.11). These results suggest that urban particulates likely reduce precipitation during late winter
and early spring, especially when convective forces are less intense. Particulates can suppress
precipitation by increasing cloud condensation nuclei (CCN) that slow droplet formation, which
leads to reduced rainfall (Rosenfeld, 2000; Givati and Rosenfeld, 2004). Another study (Diem,
2013) shows HPD suppression in the Atlanta region during the summer months prior to the
passage of the Clean Air Act. Only one other study has found contemporary rainfall suppression
in urban areas (Barman and Gokhale, 2022), observing that black carbon aerosols reduce rainfall
during the pre-monsoon period in northeast India by increasing atmospheric stability through the
semi-direct effect, which suppresses cloud formation and convection, particularly in regions with

higher terrain during cooler months when convection is weaker.

6.3 Aerosol Effects on Precipitation Days

Unlike precipitation totals and heavy-precipitation days, urbanization appears to increase
precipitation days during most months (Figures 5.7, 5.9-5.11). Significant enhancement occurs
during May, July, August, and October (Figures 5.7 and 5.11), and significant correlations
occurred in May, June, October, and November (Figures 5.9 and 5.10). No recent contemporary

study has specifically focused on the “precipitation days” variable in Atlanta; however, one study
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(Dixon and Mote, 2003) has found an increase in precipitation days. An increase in precipitation
days due to the urban heat island effect occurred predominantly during the summer months, with
a peak in July, while no UHI-initiated precipitation events were recorded in September (Dixon
and Mote, 2003). Aerosol effects on clouds are the most likely explanation of increased
precipitation days during the non-summer months, because aerosols usually increase cloud
droplet numbers while reducing individual droplet sizes, slowing the coalescence process, and
often prolonging cloud cover without intensifying rainfall (Tao et al., 2012). Urban aerosols can
increase the frequency of light precipitation days by extending cloud duration rather than directly
increasing rainfall intensity, as was found in certain regions in China, particularly in the summer
months (Sun and Zhao, 2021). High aerosol levels also have been linked to delayed precipitation
onset and a tendency for prolonged, lighter rainfall events rather than increased intensity (Givati

and Rosenfeld, 2004; Han et al., 2011).
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7 CONCLUSION

Through the analysis of precipitation patterns in the Atlanta region, this study has shown
that urbanization has a significant effect on precipitation during most months. Precipitation totals
and heavy-precipitation days were enhanced northeast and east of Atlanta (mostly in DeKalb and
Gwinnett counties) in May, July, and August, while significant correlations were observed
between upwind imperviousness and PT and HPD from May to October, with enhancements
reaching up to 20% downwind for PT and 50% for HPD. Urbanization appears to increase
precipitation days during most months, with significant enhancement downwind of Atlanta
(north and northeast) occurring in May, July, August, and October, and significant correlations
with imperviousness observed in May, June, October, and November, enhancing precipitation by
about 5-15% downwind. Urbanization appears to suppress precipitation during late winter and
early spring. The urban heat island effect is likely the dominant mechanisms responsible for the
precipitation enhancement. The impact of urban aerosols on clouds is the likely cause of the
suppression of precipitation totals and heavy-precipitation days and the increase in precipitation
days. To improve the continuity of results and reduce the impact of outliers, future studies might

consider using three-month overlapping periods rather than individual months.
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