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ABSTRACT
The 2009 Atlanta flood was a historic event that resulted in catastrophic damage throughout the metropolitan area. The flood was the product of several hydrometeorological processes, including moist antecedent
conditions, ample atmospheric moisture, and mesoscale training. Additionally, previous studies hypothesized
that the urban environment of Atlanta altered the location and/or overall quantities of precipitation and
runoff that ultimately produced the flood. This hypothesis was quantitatively evaluated by conducting a
modeling case study that utilized the Weather Research and Forecasting Model. Two model runs were
performed: 1) an urban run designed to accurately depict the flood event and 2) a nonurban simulation where
the urban footprint of Atlanta was replaced with natural vegetation. Comparing the output from the two
simulations revealed that interactions with the urban environment enhanced the precipitation and runoff
associated with the flood. Specifically, the nonurban model underestimated the cumulative precipitation by
approximately 100 mm in the area downwind of Atlanta where urban rainfall enhancement was hypothesized.
This notable difference was due to the increased surface convergence observed in the urban simulation, which
was likely attributable to the enhanced surface roughness and thermal properties of the urban environment.
The findings expand upon previous research focused on urban rainfall effects since they demonstrate that
urban interactions can influence mesoscale hydrometeorological characteristics during events with prominent
synoptic-scale forcing. Finally, from an urban planning perspective, the results highlight a potential
two-pronged vulnerability of urban environments to extreme rainfall, as they may enhance both the initial
precipitation and subsequent runoff.

1. Introduction
Because of a complex combination of both social
and physical factors, urban areas are particularly
vulnerable to flooding. The pressures of urbanization have increased flood zone occupancy, especially
among vulnerable individuals (Houston et al. 2011),
while simultaneously altering the surface properties
that largely govern rainfall–runoff processes (Leopold
1968; Debbage and Shepherd 2018). A striking example
of this urban vulnerability to extreme rainfall occurred
in Atlanta, Georgia, during late September 2009, as the
city suffered from a historic flooding event (McCallum
and Gotvald 2010). The flood occurred as a result of a
prolonged period of intense precipitation from 16 to
Corresponding author: Neil Debbage, neil.debbage@utsa.edu

22 September. The maximum 24-h rainfall total of
534.16 mm was observed west of downtown Atlanta in
Douglas County on 21 September (NWS Atlanta 2014).
Throughout metropolitan Atlanta, the sustained intense
rainfall overwhelmed urbanized watersheds. Streamflow at numerous gauges across the region approached
or exceeded the discharge associated with a 100-yr
flood (McCallum and Gotvald 2010). In terms of societal impacts, the flood was categorized as ‘‘catastrophic’’
according to the damage-based flash flood severity
index of Schroeder et al. (2016). Unfortunately, almost a
dozen fatalities were reported and flood damage claims
approached $500 million (McCallum and Gotvald 2010;
NWS Atlanta 2014).
The extreme flooding was the product of several
different meteorological processes that were consistent with the broader flood climatology of the region
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(Gamble and Meentemeyer 1997; Shepherd et al. 2011).
At the synoptic scale, a weak cutoff low stalled over the
lower Mississippi Valley on 17 September and resulted
in substantial precipitation prior to the heaviest rainfall.
The high antecedent moisture conditions produced by
the cutoff low likely exacerbated the flood peaks observed several days later. Throughout the flood event,
there was also persistent southerly and easterly flow in
the region associated with a surface low pressure system
over the lower Mississippi Valley and a surface high
pressure system over the Great Lakes, respectively. This
circulation pattern advected atmospheric moisture from
the Gulf of Mexico and Atlantic Ocean into the greater
Atlanta region for several days, which provided ample
water vapor for the most intense precipitation events.
At the mesoscale, training occurred, possibly due to
interactions with the topography, and contributed to
the localized pockets of anomalously high precipitation. Finally, Shepherd et al. (2011) hypothesized that
boundary layer interactions with the urban land cover
of Atlanta may have enhanced the overall quantity of
precipitation and/or influenced its location. This hypothesis appeared plausible because the largest precipitation totals were located downwind of Atlanta,
primarily in Douglas County and Cobb County, which
is where urban rainfall enhancement would likely occur
based upon the framework established by Shepherd
et al. (2002).
The hypothesis that the urban environment of Atlanta
influenced the rainfall observed during the 2009 flood
was also informed by previous research focused on urban modifications of precipitation and convective activity. These studies date back at least to Horton (1921),
who provided anecdotal evidence that urban environments were preferential areas for convective activity.
Subsequent observational and climatological analyses
produced by the Metropolitan Meteorological Experiment (METROMEX; Huff and Changnon 1973;
Changnon et al. 1977) largely supported Horton’s
hypothesis. Specifically, METROMEX identified a
9%–17% increase in warm-season precipitation over
background values due to urban effects within and
15–55 km downwind of the city (Huff and Changnon
1973). Over the past four decades, studies validated
and extended the original findings of METROMEX
by more conclusively identifying the casual mechanisms responsible for the urban rainfall effect during
both the warm and cold season (Burian and Shepherd
2005; Johnson and Shepherd 2018). Urban-induced
alterations of precipitation have generally been attributed to one or a combination of the following
mechanisms (Shepherd 2005): 1) the increased surface roughness within urban environments enhancing
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surface convergence (Thielen et al. 2000); 2) the different thermal properties of the city producing unstable
atmospheric conditions through the creation, enhancement, and/or displacement of mesoscale circulations
(Shepherd and Burian 2003); 3) elevated aerosol concentrations altering cloud microphysical processes by
providing an abundant source of cloud condensation
nuclei (CCN; Molders and Olson 2004; Schmid and
Niyogi 2017); 4) urban irrigation and industrial activities
increasing low-level atmospheric moisture availability
(Shepherd et al. 2002; Diem and Brown 2003); and 5) the
built environment acting as a barrier that bifurcates
existing storm systems (Bornstein and Lin 2000). Both
observational and modeling studies have identified the
capability of these mechanisms to alter convection,
precipitation, and lightning activity within and downwind of Atlanta (Bornstein and Lin 2000; Dixon and
Mote 2003; Diem and Mote 2005; Rose et al. 2008; Shem
and Shepherd 2009; Ashley et al. 2012; Haberlie et al.
2015; Debbage et al. 2015; McLeod et al. 2017).
The overarching goal of this study was to quantitatively evaluate the hypothesis of Shepherd et al. (2011)
that interactions with the urban environment influenced
the location and/or quantity of precipitation during the
2009 Atlanta flood. A better understanding of the degree to which urbanization influenced the flood will
help inform policies aimed at making the city more resilient to extreme rainfall, which has been identified as a
research priority in Georgia due to the state’s rapidly
urbanizing population (Rudd et al. 2018). Additionally,
this paper provides an extension of past research that
has primarily addressed urban precipitation effects
under synoptically benign conditions (i.e., warm season convection) by analyzing possible urban-induced
alterations of precipitation during an event with prominent synoptic-scale forcing. Although several modeling studies have indicated that urban environments
can influence the spatial distribution and quantity of
precipitation even under strong large-scale forcing
(Ntelekos et al. 2008; Yang et al. 2014; Yu and Liu 2015),
they have generally focused on shorter-lived extreme
rainfall events during the warm season. Therefore, the
complexities of urban rainfall modification during sustained synoptic-scale forcing merit further investigation.
It is important to note that urbanization is certainly
not the primary contributor to large-scale precipitation
systems, such as those responsible for the 2009 Atlanta
flood. However, the urban environment may play an
important secondary role through localized enhancements of convection and precipitation within the synoptically driven event.
By conducting a numerical weather modeling case
study, this paper aimed to answer the following research
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FIG. 1. The Atlanta study region: (a) position of Atlanta within the southeastern United States, (b) detailed map of the Atlanta MSA, and
(c) location of the outer and inner WRF modeling domains used to simulate the 2009 Atlanta flood.

questions: 1) how did the urban environment of Atlanta
influence the spatiotemporal characteristics of runoff
and precipitation during the 2009 flood, and 2) what
physical mechanisms were potentially responsible for
any urban modifications? The subsequent section describes the data and methods used to assess how the
hydrometeorological characteristics of the flood were
potentially modified by the urban environment. Section
3 presents the results of the numerical modeling experiments. Finally, section 4 summarizes the major findings
and explores the potential urban planning implications
of the study.

2. Data and methodology
a. WRF Model configuration
Because of the complexity of the 2009 Atlanta flood, it
was difficult to conclusively discern the second-order
influences of the urban environment from observational

records. Therefore, this study relied upon the Weather
Research and Forecasting (WRF) Model to conduct a
controlled modeling experiment. WRF is a fully compressible, nonhydrostatic, mesoscale model with advanced
dynamics, physics, and numerical schemes that is supported
by the National Center for Atmospheric Research
(NCAR; Skamarock et al. 2008). Specifically, version
3.8.1 of the Advanced Research WRF (WRF-ARW)
was used. The WRF-ARW Model was selected because
it has been previously utilized to identify urban modifications of precipitation and convective activity in
North American cities (e.g., Shem and Shepherd 2009;
Ntelekos et al. 2008).
The modeling analysis focused on the Atlanta
Metropolitan Statistical Area (MSA), which is located
in the southeastern portion of the United States and
consists of 28 individual counties (Figs. 1a,b). A two-way
nested modeling domain was created to simulate the 2009
Atlanta flood. The outer domain covered a majority of
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the southeastern United States at a 10-km resolution
while the inner domain was centered over Georgia and
had a resolution of 2 km (Fig. 1c). The North American
Regional Reanalysis (NARR) was used to initialize
the model, and it provided the boundary conditions
throughout the simulations. NARR was selected primarily because of its high temporal resolution of 3 h and
moderate spatial resolution of 32 km (Mesinger et al.
2006). The simulations were initialized on 1200 UTC
13 September, which provided ample spinup time prior
to the heaviest precipitation events, and concluded on
1200 UTC 23 September. A 30-s time step was used in
both the inner and outer domains. Table 1 summarizes
the WRF-ARW physics options selected in the simulations. The physics, except the cumulus parameterization, were the same for both the outer and inner domain
to minimize inconsistencies at the boundary. For the
cumulus parameterization, the Kain–Fritsch scheme
was used in the outer domain, but parameterization was
not necessary within the inner domain since the resolution was sufficient to explicitly resolve convection.

b. Modeling experiments: Urban and nonurban
simulations
Two different model runs, an urban and nonurban
simulation, were performed to evaluate the influence of
the urban environment on the 2009 Atlanta flood. In
both the urban and nonurban simulations, the configurations described in the previous section remained the
same, but the land use scenarios varied. For the urban
run, the default Moderate Resolution Imaging Spectroradiometer (MODIS) land use in WRF developed by
the International Geosphere–Biosphere Programme
(IGBP; Table 2) was augmented within the inner
model domain by including urban land use data from the
2011 National Land Cover Database (NLCD; Homer
et al. 2015; Fig. 2a). The four NLCD urban classes were
reclassified into three categories (i.e., low-intensity residential, high-intensity residential, and commercial/
industrial/transportation) to provide the necessary urban parameter information for the single-layer urban
canopy model (SLUCM) used to depict urban-related
meteorological processes (Kusaka et al. 2001; Chen
et al. 2011).
The SLUCM is coupled to the Noah land surface
model (LSM; Chen and Dudhia 2001) and provides a
more realistic representation of heat, momentum, and
water vapor exchanges within urban environments by
incorporating a simplified urban canyon geometry and
considering the shadowing, reflection, and trapping of
radiation. The depiction of urban surface roughness is
also more detailed by using the SLUCM. In the Noah
LSM, all urban land use is parameterized with a surface
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TABLE 1. WRF-ARW physics options used in the simulations.
Physics

Scheme

Microphysics
Cumulus parameterization
Boundary layer
Longwave radiation
Shortwave radiation
Surface layer
Land surface

WRF single-moment 6-class
Kain–Fritsch (outer)/none (inner)
Mellor–Yamada–Janjić
RRTM for GCMs (RRTMG)
RRTMG
Eta similarity
Noah

roughness length of 0.8 m, but in the SLUCM each urban
category is associated with a different building height
(Table 2). Finally, to provide a more spatially heterogeneous depiction of the urban land use, the urban
fraction parameter (FRC_URB2D) was specified using
percent developed imperviousness data from the 2011
NLCD rather than relying upon the default WRF
lookup tables.
The urban footprint of Atlanta was removed in the
nonurban simulation and replaced with natural vegetation, which is a standard modeling technique used to
assess urban influences on meteorological phenomena
(e.g., Ntelekos et al. 2008; Niyogi et al. 2011; Carter et al.
2012; Wang et al. 2015). Similar to previous WRF
modeling studies of Atlanta (Shem and Shepherd 2009;
Zhou and Shepherd 2010), the NLCD urban land use
within the inner domain was replaced with a cropland/
natural vegetation mosaic (class 14) because it is representative of the dominant land cover types surrounding the metropolitan area (Fig. 2b). The cropland/
natural vegetation mosaic class was also selected, rather
than a forest land cover category, because its lower
surface roughness length of 0.14 m enabled an evaluation of how urban surface roughness influenced precipitation (e.g., Zhong and Yang 2015; Table 2). Finally,
since the urban environment was excluded from the
nonurban run, the SLUCM was not coupled to the Noah
LSM and FRC_URB2D was not specified.

c. Analysis of WRF simulation output
Several techniques were used to analyze the output
from the two simulations and identify any urban influences on the hydrometeorological characteristics of
the flood. The analysis focused on 19–22 September
since these days incorporated the most intense precipitation. First, the precipitation from the urban simulation was compared with three sets of observations to
ensure that the model adequately captured the dominant features of the storm event. The spatial and temporal distribution of the modeled rainfall was evaluated
using the National Centers for Environmental Prediction
(NCEP) Stage IV quantitative precipitation estimates
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TABLE 2. Characteristics of the land use/land cover (LULC) categories included in the modified IGBP MODIS Noah classification scheme.
Class No.

Class name

Roughness length (m)

Albedo (%)

Building height (m)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
31
32
33

Evergreen needleleaf forest
Evergreen broadleaf forest
Deciduous needleleaf forest
Deciduous broadleaf forest
Mixed forests
Closed shrublands
Open shrublands
Woody savannas
Savannas
Grasslands
Permanent wetlands
Croplands
Urban and built-up
Cropland/natural vegetation mosaic
Snow and ice
Barren of sparsely vegetated
Water
Wooded tundra
Mixed tundra
Barren tundra
Low-intensity residential
High-intensity residential
Industrial or commercial

0.50
0.50
0.50
0.50
0.50
0.05
0.06
0.05
0.15
0.12
0.30
0.15
0.80
0.14
0.001
0.01
0.0001
0.30
0.15
0.10
0.80
0.80
0.80

12
12
14
16
13
22
20
22
20
19
14
17
15
18
55
25
8
15
15
25
10
10
10

—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
—–
5.0
7.5
10.0

(QPEs; Nelson et al. 2016). The NCEP Stage IV QPEs
provide gridded Multisensor Precipitation Estimates
(MPEs), which combine Doppler radar estimates and
observations from station gauges at a spatial resolution
of approximately 4 km (Seo 1998; Seo et al. 2010). The
overall average root-mean-square error (RMSE) of the
MPE throughout the eastern United States is 8.13 mm,
although this varies for individual storm events (Wootten
and Boyles 2014). Both hourly and daily MPE datasets
were utilized in the model validation. Comparisons were
also drawn between the simulated precipitation and
hourly observations obtained from the Fulton County
Airport (KFTY) ASOS station. Lastly, the modeled
output was compared to the average daily precipitation
totals from the Community Collaborative Rain, Hail
and Snow Network (CoCoRaHS; Cifelli et al. 2005)
stations located in Douglas County and southern Fulton
County.
A quantitative accuracy assessment was performed in
addition to qualitative visual comparisons. Specifically,
the RMSE was calculated for the daily precipitation
totals on 20–22 September by comparing the observed
MPE values with the predicted values from WRF. Due
to the different projections and spatial resolutions of the
MPE dataset and WRF Model output, each WRF precipitation value within the inner domain was compared
to the value at the nearest MPE grid cell. Lower RMSE
values suggest that the WRF Model more accurately
depicted the storm event.

After evaluating the model performance, potential
urban modifications were detected by comparing maps
of daily precipitation between the urban and nonurban
simulations. Areal averages of precipitation from the
two simulations were also analyzed, which provided a
quantitative assessment. The region included in the areal averages incorporated a majority of Douglas County
and the southern portions of Cobb and Fulton counties
(Fig. 2c). This specific location was selected because it
contained the heaviest rainfall and also represented the
area downwind of Atlanta where Shepherd et al. (2011)
hypothesized urban rainfall enhancement occurred.
Although this region west of Atlanta is not commonly
downwind of the city in terms of the broader climatology,
the area is consistent with the ‘‘flow regime dependent’’
downwind area concept introduced by McLeod et al.
(2017) because the predominant surface flow during the
flood event was southeasterly.
To further highlight any discrepancies between the
urban and nonurban model runs, difference plots were
created for the surface runoff. Maps were also produced
for the 10-m wind field, surface convergence, friction
velocity, sensible heat flux, and 2-m air temperature to
help identify the underlying physical mechanisms responsible for any urban influences on precipitation. Finally, the evolution of the updrafts associated with the
rainfall were examined by creating cross sections of
vertical velocity along two transects that spanned the
city of Atlanta (Fig. 2c), which is a common approach
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FIG. 2. Land use scenarios used for the (a) urban and (b) nonurban WRF simulations. The LULC category numbers correspond to
the modified IGBP MODIS Noah classification scheme outlined in Table 2. (c) Location of the downwind area of interest included in the
areal averages as well as the cross sections in the northern and southern portions of Atlanta.

used to assess urban influences on vertical motion (e.g.,
Niyogi et al. 2011; Wang et al. 2015).

3. Results
a. WRF Model validation
The model performance was evaluated by comparing
the daily precipitation accumulation from the urban simulation with the 24-h MPE totals for 20–22 September
2009. The model appeared to capture the major elements
of the rainfall distribution each day (Fig. 3). The areas
with the greatest precipitation totals on 20 September in
northwest Georgia, northeast Georgia, and west of Atlanta
were accurately depicted in the model. More detailed
features were also resolved, including the narrow band of
heavy precipitation west of Atlanta that stretched north
of Interstate 20 (I-20) roughly along the border of
Paulding and Cobb County. Additionally, the model
captured the pocket of intense precipitation over the
southwestern quadrant of Atlanta. On 21 September, the

urban simulation again adequately captured the regions of
intense precipitation in northwest and northeast Georgia.
The model also resolved the heavy rainfall directly over
the northern and western portions of Atlanta as well as the
region of intense precipitation west of the city in Douglas
and Cobb counties. Finally, the heavy precipitation within
the vicinity of Interstate 575 (I-575) was accurately depicted by the urban simulation on 22 September.
Although the overall spatial distribution and magnitude of precipitation were well represented in the urban
model run, several discrepancies emerged. First, the
simulation underestimated precipitation around the
boundary of the inner domain, which was likely due to
the cumulus parameterization being utilized in the outer
domain but not in the inner domain. Since the predominant surface flow was southeasterly, Atlanta was
positioned further away from the southeastern domain
boundary to prevent possible edge effects from influencing the area of potential urban rainfall enhancement
downwind of the city. Second, the precipitation totals
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FIG. 3. Daily precipitation totals from the WRF urban simulation, MPE, and WRF nonurban simulation for 1200 UTC (left) 20 Sep,
(center) 21 Sep, and (right) 22 Sep.

appeared to be slightly larger in the urban simulation on
20 September relative to the MPE but smaller on
22 September. This disparity could be due to the inherent limitations of the MPE dataset, which include the
errors associated with radar beam geometry, assumptions of Z–R relationships, and gauge undercatch (Smith
et al. 1996; Sieck et al. 2007; Kitzmiller et al. 2013;
Wootten and Boyles 2014). The differences are also
possibly indicative of a minor timing discrepancy, as the
WRF simulation may have initiated the heaviest rainfall
earlier. Despite these inconsistencies, the general spatial
distribution and quantity of precipitation predicted by
the urban model run was in reasonable agreement with
the MPE daily totals.

Additional model validation was performed, which
focused explicitly on the region downwind of Atlanta
where urban rainfall enhancement potentially occurred.
The hourly simulated precipitation was averaged within
the downwind area of interest (Fig. 2c) and compared to
hourly observations from the KFTY ASOS station and
hourly MPE precipitation values averaged over approximately the same region. The cumulative precipitation time series indicated that the urban simulation
initiated intense rainfall earlier than the MPE and
KFTY observations (Fig. 4a). However, the model did
accurately depict two distinct periods of heavy precipitation similar to the KFTY observations (Fig. 4a).
Although it may appear that the KFTY station recorded

Unauthenticated | Downloaded 01/09/23 05:54 AM UTC

10

JOURNAL OF HYDROMETEOROLOGY

VOLUME 20

FIG. 4. Comparison of the (a) cumulative and (b) hourly precipitation from the WRF urban
simulation averaged within the downwind area of interest with several proximate observations.

three periods of intense rainfall, this was largely an artifact since the abrupt lull in precipitation on 21 September between 0900 and 1500 UTC was due to a gauge
malfunction. The values for a majority of the ASOS
variables were reported as missing during these 6 h, and
the METAR indicated that system maintenance was
required.
A time series of hourly precipitation highlighted
similar temporal discrepancies, as the simulated periods
of intense rainfall displayed slightly different magnitudes and often preceded the peaks in the MPE record
(Fig. 4b). Previous WRF modeling studies have encountered comparable issues regarding the nuanced
timing and magnitude of individual rainfall peaks within
broader intense precipitation events (Wang et al. 2015).
Importantly, as noted by Wang et al. (2015), since both
the urban and nonurban simulations displayed similar
temporal characteristics, the timing discrepancies could
be considered systematic model error, which would not
necessarily affect the model comparisons.
The cumulative precipitation time series was also
used to examine how well the model resolved the

overall precipitation accumulation in the region of
potential urban rainfall enhancement. The urban
simulation performed satisfactorily, as the cumulative
precipitation closely aligned with the areal-averaged
MPE and CoCoRaHS data (Fig. 4a). Specifically, the
model predicted a total accumulation of 266 mm, which
was 11 and 15 mm less than the cumulative precipitation
recorded by the CoCoRaHS and MPE, respectively.
Because of the missing data during the second period
of intense rainfall, the cumulative precipitation total
of 205 mm reported at KFTY was likely a severe
underestimate.
Finally, the RMSE of the daily precipitation totals
predicted by the urban simulation on 20–22 September
ranged from 31 to 40 mm. These values were comparable to previous WRF modeling studies of extreme
precipitation events (Pennelly et al. 2014), which
suggests that the model performance for the 2009 Atlanta flood was adequate. For the 3-day period of interest, the RMSE of the urban simulation was lower
than that of the nonurban simulation, indicating that the
inclusion of the urban land use improved the model
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performance. Overall, the realistic depiction of the
major elements associated with the 2009 Atlanta flood
by the urban simulation suggests that the modeling experiment (i.e., removing the urban footprint of Atlanta)
provided a substantive assessment of how urbanization
influenced the hydrometeorological characteristics.

b. Comparison of precipitation and runoff between
the urban and nonurban simulations
The predicted daily precipitation accumulation from
the nonurban simulation was also mapped to provide a
qualitative comparison between the urban and nonurban model runs (Fig. 3). On 20 September, the
nonurban simulation failed to capture the intense precipitation in Douglas County south of I-20. Instead, the
model appeared to incorrectly shift this pocket of
heavy rainfall northward. The nonurban simulation
also erroneously predicted a broad swath of intense
precipitation northwest of Atlanta parallel to Interstate 75 (I-75), which was not observed in the MPE.
Most importantly, the nonurban simulation failed to
resolve the narrow band of heavy precipitation that
stretched north of I-20 roughly along the border of
Paulding and Cobb County.
Similar discrepancies were observed on 21 September.
The nonurban simulation again underestimated the
quantity of precipitation in Douglas County and southern Fulton County. Additionally, the model failed to
capture the intense precipitation directly over the
northern and western quadrants of Atlanta. The nonurban simulation also overestimated precipitation south
of Atlanta between LaGrange and Macon during this
period. Although overestimates in this region were observed in the urban model, they were more pronounced
in the nonurban model. Finally, the differences between
the two simulations were less notable on 21 September,
as both models underestimated the daily total precipitation due to the earlier initiation of the extreme
rainfall in WRF. The nonurban simulation, however,
still produced less precipitation in the area of potential
urban enhancement, particularly within Interstate 285
(I-285) over northwest Atlanta. Overall, the visual differences between the two model outputs suggest that
the urban environment played a notable role in governing both the location and the overall quantity of
precipitation.
Averaging the precipitation from each simulation
within the area of interest downwind of Atlanta (Fig. 2c)
provided a quantitative assessment of the potential urban rainfall enhancement. Plots of cumulative rainfall
revealed that the nonurban simulation underestimated
the precipitation during both periods of intense rainfall
(Fig. 5a). Overall, the nonurban model predicted a

11

precipitation total of 172 mm during the 5-day period
analyzed, which was approximately 100 mm less than the
cumulative precipitation produced by the urban model.
The underestimation by the nonurban simulation was so
severe that its total cumulative precipitation was less
than that reported by KFTY, which malfunctioned
during the second phase of intense rainfall. The substantial differences revealed by this quantitative assessment further suggest that interactions with the
urban environment of Atlanta likely amplified precipitation in Douglas County and southern Fulton and
Cobb counties.
To further assess the differences between the urban
and nonurban simulations during the two periods of
intense rainfall, plots of hourly precipitation were created (Fig. 5b). The first phase of intense precipitation
began at 0000 UTC 20 September. The urban simulation
predicted greater quantities of precipitation throughout
the majority of this phase of rainfall, with a maximum
hourly difference of approximately 10 mm. During the
second period of intense rainfall, the urban and nonurban simulations predicted similar precipitation values
for the first several hours. The most notable dissimilarities occurred during the latter half of the storm’s evolution with the urban simulation predicting greater
quantities of precipitation. However, the maximum
hourly difference during the second phase of intense
precipitation was only 5 mm. Overall, the varying
magnitude of the differences between the urban and
nonurban simulations during each phase of intense
rainfall suggests that different physical mechanisms may
have been responsible for the urban precipitation
enhancements.
The notable disparities in precipitation had clear
implications in terms of the surface runoff and subsequent flooding. To visualize these discrepancies, difference
maps were created for surface runoff by subtracting
the values predicted by the nonurban model from the
urban model. During the first phase of intense precipitation, a well-defined positive surface runoff anomaly
approaching 80 mm was observed north of I-20 roughly
along the border of Paulding and Cobb County
(Fig. 6a). This was likely due to the nonurban simulation failing to resolve the narrow band on intense
precipitation that developed downwind of Atlanta.
Anomalies of a greater magnitude occurred during
the second phase of heavy rainfall, as the urban simulation produced 120 mm of additional surface runoff directly over southwest Atlanta (Fig. 6b). Since the
surface runoff anomalies exceeded the differences in
precipitation between the urban and nonurban simulation during each phase of intense rainfall, they cannot be
attributed to urban precipitation enhancement alone.
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FIG. 5. Comparison of the (a) cumulative and (b) hourly precipitation averaged within the
downwind area of interest between the urban and nonurban WRF simulations.

Instead, the enhanced surface runoff in the urban simulation was likely the combined effect of additional
rainfall, saturated soils, and the impervious nature of the
urban land use. This highlights a potential two-pronged
vulnerability of cities to extreme rainfall, as interactions
with the urban environment may enhance both the
quantity of precipitation and the subsequent surface
runoff (Yang et al. 2013; McLeod et al. 2017).

c. Potential mechanisms responsible for urban
modifications
To identify the potential mechanisms responsible for
the observed urban rainfall enhancement downwind of
Atlanta, the 10-m wind field, surface convergence, friction velocity, vertical velocity, sensible heat flux, and
2-m air temperature from both simulations were examined. The 10-m wind field was superimposed on the
modeled land use to highlight potential surface flow
interactions with the urban environment. Prior to the
first phase of intense precipitation on 20 September at
0000 UTC, a clear boundary developed downwind of
Atlanta along the urban–rural interface in the urban

simulation (Fig. 7a). Importantly, this boundary was not
observed when the urban footprint of Atlanta was removed from the model. The enhanced surface roughness
within the urban environment was likely responsible for
these differences, as the city appeared to bifurcate the
surface flow and subsequently enhance convergence at
the downwind urban–rural interface. At 0100 UTC, this
boundary was still well pronounced along the border of
Paulding and Cobb County north of I-20 in the urban
simulation while it was largely nonexistent in the nonurban simulation. The failure of the nonurban model to
resolve the surface flow boundary at the urban–rural
interface likely contributed to its underestimation of
precipitation downwind of Atlanta.
Divergence/convergence fields were computed using the u and y wind components to further visualize
how the urban environment potentially enhanced nearsurface convergence prior to the first period of extreme rainfall on 20 September. At 0000 UTC, several
strong, linear bands of convergence (i.e., negative
divergence) developed downwind of Atlanta along the
western urban–rural interface in the urban simulation
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FIG. 6. Difference in the surface runoff between the urban and nonurban simulations during the (a) first and
(b) second phase of intense precipitation. Positive values represent greater surface runoff in the urban simulation.

(Fig. 7b). The linear extent and strength of this convergence zone was not fully captured in the nonurban
simulation. Additionally, along the eastern urban–rural
boundary a noticeable ribbon of divergence was observed in the urban simulation, which was less pronounced in the nonurban simulation. This band of
divergence along the eastern edge of Atlanta supports
the hypothesis that the surface flow was bifurcated
by the city, due to the enhanced surface roughness
within the urban environment (e.g., Bornstein and Lin
2000; Niyogi et al. 2011), which ultimately contributed to
the enhanced converged observed at the downwind
urban–rural interface.
The general pattern of enhanced convergence downwind of Atlanta along the urban–rural interface was
persistent for several hours in the urban simulation. This
suggests that interactions with the urban environment
helped establish and sustain a linear convergence zone
downwind of Atlanta, which contributed to the greater
rainfall totals observed in Cobb, Paulding, and Douglas
counties during the first period of intense precipitation.
Previous studies have similarly indicated that urban land
use can enhance convergence along the urban–rural
interface rather than directly over the urban core (Shem
and Shepherd 2009).
Analysis of friction velocity also indicated that the
surface roughness of Atlanta was a critical mechanism
that contributed to the bifurcation of the surface flow
and enhanced downwind convergence in the urban

simulation. Greater friction velocity values were observed within the urban footprint of Atlanta in the urban
simulation at 0100 UTC (Fig. 8a), which suggests that
the flow was more turbulent within the city at the onset
of the first phase of intense precipitation. The mechanical turbulence associated with the increased surface
roughness of urban environments has been widely
documented to increase surface convergence (e.g.,
Thielen et al. 2000). Urban influences on the thermal
environment appeared to be of less importance during
the first phase of intense precipitation as modest differences in the sensible heat flux and 2-m temperature
were observed between the urban and nonurban
models. Urban alterations of air temperature and sensible heat were likely moderated to some extent by the
rainfall that occurred prior to the first phase of intense
precipitation at 1800 UTC.
Finally, vertical velocity cross sections were created
for both the urban and nonurban simulations to visualize how the urban environment of Atlanta potentially
altered the circulation patterns. For the first period
of intense rainfall, the vertical circulations associated with the narrow band of intense precipitation
north of I-20 along the border of Cobb and Paulding
County were examined using the northern cross section (Fig. 2c). At 0100 UTC 20 September, the urban
simulation predicted notable vertical velocities exceeding 6 m s21 at the downwind urban–rural interface
while the maximum vertical velocity predicted by the
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FIG. 7. Differences in the (a) 10-m wind field and (b) divergence at the beginning of the first phase of intense
precipitation between the (left) urban and (right) nonurban WRF simulations.

nonurban simulation at the same location was less than
4 m s21 (Fig. 8b). Additionally, the updraft observed in
the nonurban model exhibited less vertical development. Similar differences were observed for the following hours, as the vertical velocities at the downwind
urban–rural interface were greater in the urban simulation. The weaker updraft present in the nonurban

simulation was also less stationary and progressed farther eastward by 0300 UTC.
Overall, the differences in the vertical velocities
suggest that the enhanced downwind convergence in
the urban simulation supported an earlier formation
of updrafts, which were stronger and more persistent
along the urban–rural interface. The capability of
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FIG. 8. Differences in the (a) friction velocity and (b) vertical velocity along the northern transect at the beginning
of the first phase of intense precipitation between the (left) urban and (right) nonurban WRF simulations.

urban environments to enhance vertical velocities and
the resulting convection has been documented by previous modeling studies that performed similar urban
versus nonurban comparisons (Niyogi et al. 2011). The
vertical velocity discrepancies at least partially explain
the greater rainfall totals observed along the border of
Cobb and Paulding County in the urban model.

A similar analysis was conducted for the second
period of intense rainfall that began at 0000 UTC
21 September. Initially, the differences in the 10-m wind
field were not as pronounced between the two simulations. A boundary developed in the urban model over
the southwest portion of Atlanta that stretched southwestward along Interstate 85 (I-85) at 0200 UTC
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21 September. In the nonurban simulation, a similar
boundary was present, although it was shifted toward
the northwest. Importantly, by 0300 UTC, the boundary
progressed eastward in the nonurban model while in the
urban simulation it was still located directly over the
city, roughly parallel to I-85 (Fig. 9a). The less-persistent
boundary observed over Atlanta in the nonurban model
likely contributed to its underestimation of precipitation
within the city during the second period of intense
rainfall.
Differences in convergence during the second phase of
extreme precipitation mirrored the discrepancies observed in the 10-m wind field. At 0200 UTC 21 September,
both models initially resolved pockets of convergence
over Atlanta. However, the nonurban simulation predicted the areas of intense convergence would progress
eastward beyond I-285 by 0300 UTC, while in the urban
model a crescent shaped band of convergence was
still present directly over the city (Fig. 9b). This
suggests that interactions with the urban environment may have helped sustain the convergence zone
directly over Atlanta.
Analysis of the sensible heat flux and 2-m air temperature indicated that urban influences on the thermal
environment potentially contributed to the stationary
nature of the convergence zone during the second
phase of intense precipitation. The sensible heat flux
within Atlanta was ;60 W m22 greater in the urban
simulation relative to the nonurban model prior to the
second phase of intense rainfall at 2300 UTC (Fig. 10a).
Several hours earlier at 2100 and 2200 UTC, these
differences were even more pronounced, as the sensible heat fluxes within Atlanta in the urban simulation
were ;100–125 W m22 greater. These differences in
the sensible heat flux between the urban and nonurban
simulations within Atlanta were comparable to similar
modeling studies that have documented urban influences on precipitation (Shem and Shepherd 2009;
Shepherd et al. 2010).
Importantly, the surface energy balance leading up to
the second phase of intense precipitation was less
influenced by antecedent rainfall, as the simulated reflectively and hourly precipitation plots (Fig. 4b) highlighted that little precipitation occurred over Atlanta
during the preceding 6–8 h. This enabled more pronounced surface heating, especially compared to the
first period of intense rainfall, which was preceded by
precipitation at 1800 UTC 19 September (Fig. 4b). The
lack of antecedent precipitation likely explains the more
important role of the thermal environment during the
second phase of intense precipitation since the diurnal
heating of urban surfaces was not disrupted by afternoon precipitation. The highest sensible heat fluxes in
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the urban model were observed directly over downtown
Atlanta and Hartsfield–Jackson Atlanta International
Airport, which further demonstrated the important influence of intense urban land use on the surface energy
balance prior to the second period of intense rainfall.
Plots of 2-m air temperature illustrated that an urban
heat island (UHI) was also evident at 0000 UTC
21 September before the second phase of intense precipitation began (Fig. 10b). The core of the UHI was
displaced toward the northwest of downtown Atlanta,
which was expected due to the southeasterly flow. Collectively, the higher sensible heat fluxes and UHI depicted in the urban simulation likely contributed to the
development of a sustained UHI circulation that supported the stationary convergence zone across Atlanta.
Unfortunately, it was challenging to assess the role of
urban surface roughness during the second phase of
precipitation using friction velocity since the large
values observed over Atlanta in both the urban and
nonurban simulations were likely influenced by the individual storm elements.
For the second period of intense rainfall, an analysis of
the vertical circulations within the convergence zone
located directly over Atlanta was performed using the
southern cross section (Fig. 2c). During the first 3 h of
rainfall from 0000 to 0200 UTC, the vertical velocities were greater in the urban simulation relative to
the nonurban simulation. The updraft was marginally
stronger in the nonurban simulation by 0300 UTC, but it
had shifted eastward and was no longer located over the
urban core of Atlanta (Fig. 10c). Conversely, in the urban model, two updrafts were still present, with one
located closer to the downwind urban–rural interface
and one positioned directly over the city. The streamlines highlighted that low-level convergence potentially
contributed to the stronger updraft observed over the
city in the urban simulation at 0300 UTC. The crosssection results suggest that urban influences on the
thermal environment during the second period of intense rainfall contributed to the quasi-stationary nature
of the convection, which Shepherd et al. (2011) identified as an important contributor to the prodigious
precipitation totals.
Overall, interactions with the urban environment
appeared to alter the surface flow regime substantially and support the formation of persistent and welldefined boundaries, which were conducive for extreme
precipitation. During the first phase of intense precipitation, the greater surface roughness of the urban
environment was of primary importance while urban
thermal effects were likely more influential during the
second period of intense rainfall. This may explain the
greater urban rainfall enhancement observed during
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FIG. 9. Differences in the (a) 10-m wind field and (b) divergence during the second phase of intense precipitation
between the (left) urban and (right) nonurban WRF simulations.

the first period of intense precipitation, as the urban
environment appeared to bifurcate the surface flow and
support the development of a broad convergence zone
at the downwind urban–rural interface. Conversely, the
urban thermal effects observed during the second period
helped sustain a convergence zone over Atlanta, which
primarily enhanced rainfall during the latter stages of

the storm’s evolution. These findings are consistent with
Zhang et al. (2017) regarding how the location of urban
precipitation enhancements relates to the underlying
causal mechanisms. Specifically, Zhang et al. (2017)
concluded that urban surface roughness enhances precipitation outside the urban core whereas a stronger
UHI effect tends to amplify precipitation directly over
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FIG. 10. Differences in the (a) sensible heat flux, (b) 2-m air temperature, and (c) vertical velocity along the
southern transect during the second phase of intense precipitation between the (left) urban and (right)
nonurban WRF simulations.
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the city. This important distinction mirrors the different
locations and physical mechanisms responsible for the
urban rainfall enhancements observed in the urban
simulation during the first and second phases of intense
precipitation, respectively.

4. Conclusions and urban planning implications
By performing the first WRF modeling case study of
the 2009 Atlanta flood, this paper explored how the
hydrometeorological characteristics of the flood were
potentially influenced by the urban environment. A
base run urban simulation was initially conducted,
which appeared to accurately capture the general spatial
patterning and overall quantity of precipitation when
compared with ASOS, MPE, and CoCoRaHS measurements. A nonurban simulation was then performed
by replacing the urbanized land use with natural vegetation. Finally, both qualitative and quantitative comparisons were made between the urban and nonurban
models to assess the influence of urbanization on the
flooding event.
The comparative analysis revealed noticeable discrepancies between the two simulations in the area
downwind of Atlanta where Shepherd et al. (2011) hypothesized that urban rainfall enhancement occurred.
Specifically, the nonurban model underestimated the
cumulative precipitation in this region by approximately
100 mm. The substantial differences in precipitation
combined with the impervious land cover of the urban
environment produced notable disparities in the surface
runoff between the urban and nonurban simulations as
well. In some regions of Atlanta, the urban simulation
predicted 120 mm of additional surface runoff. Overall,
the findings indicated that the urban environment of
Atlanta played a notable role in governing the location
and quantity of precipitation and runoff that ultimately
produced the record-breaking 2009 flood.
Several different physical mechanisms were potentially
responsible for the stark contrasts between the urban and
nonurban simulations. Interactions with the urban environment appeared to alter the surface flow regime, which
invigorated and sustained areas of convergence. During
the first period of intense precipitation, the elevated surface roughness within the urban environment appeared to
bifurcate the surface flow and enhance convergence at the
downwind urban–rural interface. For the second phase of
intense rainfall, the greater sensible heat fluxes and formation of a UHI in the urban simulation likely helped
sustain convergence directly over Atlanta. These two
mechanisms acted to produce stronger and more persistent
updrafts in the urban simulation during each period of
intense precipitation, which amplified the rainfall totals
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downwind of and directly over downtown Atlanta. By
quantitatively evaluating the urban rainfall effect during
the 2009 Atlanta flood and identifying potential explanatory mechanisms, this study largely confirms the hypothesis
of Shepherd et al. (2011) that urbanization substantially
increased not only the surface runoff but also the quantity
of precipitation that produced the flood. Furthermore, the
findings suggest that interactions with the urban environment can alter the mesoscale hydrometeorological characteristics of a storm event even if it is synoptically driven.
From an urban planning perspective, these findings
highlight a potential two-pronged vulnerability of urban
environments to extreme rainfall. Although it is widely
understood that impervious surfaces can increase surface runoff during extreme rainfall events (e.g., Yang
et al. 2013; Debbage and Shepherd 2018), the capability
of urban environments to also amplify the initial precipitation is not broadly acknowledged. Fortunately, this
two-pronged vulnerability may indicate that mitigation
strategies aimed at reducing the influence of urbanization
on runoff have previously unrecognized synergistic
benefits. For example, while incorporating green infrastructure within a city can enhance infiltration and
mitigate increases in surface runoff due to urbanization
(Kim and Park 2016), such strategies could also potentially reduce the surface roughness within the urban
environment and mitigate the UHI effects that are
often responsible for urban rainfall enhancement. This
highlights the importance of green infrastructure as a
possible synergistic policy solution due to its wellrecognized runoff benefits and its potential to reduce
urban rainfall enhancement as well. Additional research,
however, is necessary to more fully understand the scales
at which the potential cobenefits of urban green infrastructure are maximized. Importantly, the National
Research Council has examined many facets of this topic
and provided specific recommendations regarding how to
operationalize such research in urban planning and flood
management arenas (National Research Council 2012).
Of course, the model findings are sensitive to the WRF
specifications used in this study as well as the unique
characteristics of the storm itself. Although the case study
approach enabled a detailed assessment of the urban influences on precipitation during the 2009 Atlanta flood,
considering additional cases will be imperative to conclusively determine the commonality of urban rainfall
enhancement during large-scale flooding events. For example, the 2015 Texas–Oklahoma flood would likely
provide another informative case study. Future modeling
efforts that utilize higher spatial resolutions, more complex representations of urban land use based upon urban
climate zones, and multilayer urban canopy models
may also enable further insights regarding the physical
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mechanisms responsible for urban rainfall enhancements
during floods. Despite these avenues for additional research, the present study contributes to an emerging
body of literature that suggests urban environments can
influence the magnitude and/or location of precipitation
during events with prominent synoptic-scale forcing (e.g.,
Ntelekos et al. 2008; Yang et al. 2014; Yu and Liu 2015;
Reames and Stensrud 2018).
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