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Abstract we examine urban flood response through data-driven analyses for a diverse sample of “small”
watersheds (basin scale ranging from 7.0 to 111.1 km?) in the Charlotte Metropolitan region. These water-
sheds have experienced extensive urbanization and suburban development since the 1960s. The objective
of this study is to develop a broad characterization of land surface and hydrometeorological controls of
urban flood hydrology. Our analyses are based on peaks-over-threshold flood data developed from USGS
streamflow observations and are motivated by problems of flood hazard characterization for urban regions.
We examine flood-producing rainfall using high-resolution (1 km? spatial resolution and 15 min time resolu-
tion), bias-corrected radar rainfall fields that are developed through the Hydro-NEXRAD system. The analy-
ses focus on the 2001-2015 period. The results highlight the complexities of urban flood response. There
are striking spatial heterogeneities in flood peak magnitudes, response times, and runoff ratios across the
study region. These spatial heterogeneities are mainly linked to watershed scale, the distribution of impervi-
ous cover, and storm water management. Contrasting land surface properties also determine the mixture of
flood-generating mechanisms for a particular watershed. Warm-season thunderstorm systems and tropical
cyclones are main flood agents in Charlotte, with winter/spring storms playing a role in less-urbanized
watersheds. The mixture of flood agents exerts a strong impact on the upper tail of flood frequency distri-
butions. Antecedent watershed wetness plays a minor role in urban flood response, compared with less-
urbanized watersheds. Implications for flood hazard characterization in urban watersheds and for advances
in flood science are discussed.

Plain Language Summary We examine urban flood response through for a diverse sample of
“small” watersheds (basin scale ranging from 7.0 to 111.1 km? in the Charlotte Metropolitan region. These
watersheds have experienced extensive urbanization and suburban development since the 1960s. Our anal-
yses are based on flood data developed from USGS stream gaging stations and are motivated by problems
of flood hazard characterization for urban regions. We examine flood-producing rainfall using high-
resolution radar rainfall fields. The analyses focus on the 2001-2015 period. The results highlight the com-
plexities of urban flood response. The heterogeneities in flood response are mainly linked to watershed
scale, the distribution of impervious cover, and storm water management. Warm-season thunderstorm sys-
tems and tropical cyclones are main flood agents in Charlotte, with winter/spring storms playing a role in
less-urbanized watersheds. Antecedent watershed wetness plays a minor role in urban flood response, com-
pared with less-urbanized watersheds. The results provide implications for flood hazard characterization in
urban watersheds and for advances in flood science.

1. Introduction

In this study, we examine the impacts of urbanization on flood hydrology through analyses of peaks-over-
threshold flood observations for a diverse sample of “small” watersheds (drainage area less than 200 km?,
see Table 1 for details) in the Charlotte metropolitan region, Mecklenburg County, North Carolina. Our
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analyses are motivated by problems of flood hazard characterization and flood frequency analysis for urban
regions. Reliable flood frequency estimates are essential for densely populated urban areas. Regional flood
frequency analysis procedures that have been employed for urban areas rely on quantitative characteriza-
tions of land use and land cover [Sauer et al., 1983; Hawley and Bledsoe, 2011; Feaster et al., 2014]. In North
Carolina, for example, regression equations for estimating flood peaks at selected return intervals are repre-
sented as power law functions of drainage area and impervious fraction [Feaster et al., 2014]. There are dif-
ferent versions of regression equations that differ in the number and the nature of parameters considered
[see Sauer et al. 1983 for more details]. These procedures provide practical tools for a range of engineering
design problems. In this study, we will show that there are gaps in our understanding of urban flood peak
distributions and flood response, especially in light of the heterogeneity of basin properties (e.g., drainage
area, impervious coverage, and storm water management, etc.) and the mixtures of flood producing
mechanisms.

The impacts of urban land surface properties on both magnitude and variability of flood peaks have been
examined in previous studies [Anderson, 1970; Hollis, 1975; Boyd et al., 1993; Robbins and Pope, 1996; Beigh-
ley and Moglen, 2002; Villarini and Smith, 2010; Mejia and Moglen, 2010a; Yang et al., 2015; Zhou et al., 2016].
Despite the previous efforts in investigating the relationship between urbanization and urban flood
response, difficulties remain in attributing specific changes in urban flood peak distributions to specific
urbanization characteristics.

The impervious fraction varies markedly across urban regions (especially between different urban land
cover classifications) and is an important factor for runoff generation [e.g., Georgakakos, 2006; Yang et al.,
2011; Koga et al., 2016]. Differences in hydrologic responses among urban basins cannot be fully accounted
for by differences in impervious cover. The distribution of impervious cover within a watershed and the
“nature” of impervious cover (especially “hydraulically” connected versus “disconnected” impervious cover)
[Shuster et al., 2005; Ogden et al., 2011] can play an important role in determining flood response [Leopold,
1968; Martens, 1968; Liscum and Massey, 1980; Shuster et al., 2005; Moglen and Kim, 2007; Bell et al., 2016].

Replacement of surface stream channels with subsurface storm drain systems is a critical feature of urban
flood response [Leopold, 1973; Graf, 1977; Smith et al., 2002; Gregory et al., 2006; Meierdiercks et al., 2010;
Pouyat et al., 2010]. Properties of the urban drainage network have impacts on flood response that are com-
parable to, or larger than, the effects of impervious cover [Ye et al., 2003; Arrigoni et al,, 2010; Wang and
Hejazi, 2011; Deasy et al., 2014]. It is difficult to assess the relative impacts of drainage network structure and
impervious cover on flood hazards. Hydrologic and hydraulic modeling studies have provided insights to
these issues for watersheds in the Charlotte metropolitan region [Smith et al., 2002; Turner-Gillespie et al.,
2003; Wright et al., 2014b].

The nature and history of storm water management practices have large impacts on urban flood response
[Brander et al., 2004; Carter and Jackson, 2007; Gilroy and McCuen, 2009; Loperfido et al., 2014; Bhaskar et al.,
2016; Jarden et al., 2016; Mogollon et al., 2016]. Stormwater detention structures are typically designed to
directly and locally impact flashiness of flood response. The impact of a system of storm water infrastructure
on flood response over an urban drainage basin is more difficult to assess [Burns et al.,, 2012; Shuster and
Rhea, 2013; Palla and Gnecco, 2015; Rhea et al., 2015; Smith et al., 2015; Jato-Espino et al., 2016]. The Char-
lotte metropolitan region reflects a complex pattern of storm water development ranging from older urban
development with high-density storm drain networks and little detention storage to newer development in
which modern storm water regulations lead to a relatively high density of storm water detention structures.

The role of antecedent watershed wetness for urban flood response remains uncertain. Some studies have
suggested that urban soil moisture can affect hydrologic response [Shi et al., 2007; Marchi et al., 2010; Stovin,
2010; Borga et al., 2011; Yang et al., 2011], while others show that the role of antecedent watershed wetness
for flood response is markedly diminished relative to predevelopment conditions [Shuster et al., 2005; Smith
et al., 2013]. The implementation of modern storm water infrastructure further complicates the assessment
of antecedent watershed wetness and flood response in urban watersheds [Williams and Wise, 2006; Ahia-
blame et al., 2012; Fletcher et al., 2013; Loperfido et al., 2014].

Rainfall is a key driver of urban flood response and flood peak distributions in urban regions [Manley, 1958;
Changnon et al., 1971; Shepherd and Burian, 2003; Molders and Olson, 2004; Diem and Mote, 2005; Shepherd,
2005; Grimmond et al., 2010; Berne et al. 2004; Smith et al., 2012; Zhou et al., 2016; Thorndahl et al. 20171].
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Ochoa-Rodriguez et al. [2015] showed that variations in temporal resolution of rainfall inputs affect simula-
tion of urban flood response more strongly than variations in spatial resolution (see similarly in Yang et al.
[2016]). Ogden et al. [2000] argue that uncertainty in the space/time distribution of rainfall has a more signif-
icant impact on predicting runoff production in urban areas than uncertainty in urban runoff characteristics.
The variability in space-time rainfall structure is closely linked to different storm types. Organized thunder-
storm systems, for instance, exhibit the largest short-term rainfall rates and the largest spatial variability of
rainfall rate [Syed et al., 2003; Smith et al., 2005b; Villarini et al., 2011; Yang et al., 2013; Zhou et al., 2014; Lla-
sat et al., 2016]. Yang et al. [2013] found contrasting rainfall generating mechanisms that produce floods
over two neighboring watersheds in Milwaukee, Wisconsin, and attributed the difference to the changing
land surface properties associated with urban development.

Modeling studies have been widely used to assess the impacts of urbanization on all aspects of the water
cycle [see Mitchell et al., 2001; Fletcher et al., 2013; Elga et al., 2015 for reviews], but modeling studies alone
cannot resolve uncertainties in urban flood hydrology. A major obstacle to advances in understanding
urban flood hydrology is the limited number of urban settings with dense networks of long-term instru-
mented watersheds. The Baltimore Ecosystem Study (BES) LTER (Long-Term Ecological Research) water-
sheds have provided important insights to a broad range of problems associated with urban hydrology
[see, e.g., Smith et al.,, 2005a, 2005b; Miles and Band, 2015; Bhaskar and Welty, 2015]. Similarly, the Central
Arizona Project (CAP) LTER watersheds have provided significant advances in understanding urban hydrol-
ogy for arid/semiarid regions [see, e.g., Roach et al., 2008; Hale et al., 2015]. In Europe, long-term monitoring
programs for urban hydrology have been implemented in the greater Lyon region and in the great Paris
and Lyon regions [Gasperi et al.,, 2010; Madoux-Humery et al., 2013; Barraud et al., 2002], both focusing on
water quality aspects of urban storm water systems. Other monitoring programs have investigated small-
scale rainfall variability in relation to storm water runoff production in small urban catchments, for instance
in Denmark [Thorndahl et al., 2006] and in the United Kingdom [Pina et al., 2016; Wang et al., 2015].

We use the exceptional observational resources of the Charlotte metropolitan region to develop a broad
characterization of the land surface and hydrometeorological controls of urban flood frequency. We build
on previous studies by addressing the following questions: (1) How do flood peak distributions vary across
an urban area with diverse land use and development history? (2) What are the dominant flood agents and
the dominant controls on the upper tail of flood peaks in urban watersheds? (3) How does flood response
in urban watersheds vary with watershed scale, rainfall magnitudes, urban infrastructure, antecedent water-
shed wetness, and other forms of urban water storage in urban watersheds (for watershed scales less than
200 km?)?

Our analyses suggest that hydrologic modeling approaches for urban flood frequency are an important
direction to pursue in enhancing flood hazards characterizations. Our analyses are also designed to provide
empirical foundations for developing “urbanized” hydrologic models that can be used for flood frequency
analysis [see, e.g., Mitchell et al., 2001; Ogden et al., 2011; Smith et al., 2015; Yang et al., 2016]. Urbanized
hydrologic models that accurately reproduce the key elements of flood response, combined with resam-
pling methods using catalogs of high-resolution rainfall fields [e.g., Wright et al., 2014b], provide an attrac-
tive path for flood hazards assessment in diverse urban settings.

The rest of the paper is organized as follows. In section 2, we describe the 16 study watersheds and intro-
duce the data sets used in the study. In section 3, the results and discussion, focusing on the distribution of
flood frequency, mixture of flood agents and scale-dependent flood response are presented. A summary
and conclusions are presented in section 4. We conclude section 4 with a discussion of implications of our
analyses for development of methods used for flood hazard characterization in urban regions, and more
generally for advancement of flood science.

2. Data and Methods

2.1. Study Area

The study region has experienced rapid urbanization and suburban development since the 1960s. Urban
area in Mecklenburg County increased from 31.5% in 1992 to 68.3% in 2011, while forest area decreased
from 55.5% in 1992 to 27.6% in 2011 [Mecklenburg County, 2016]. The population density reached 746 km ™2
in 2015, with an increase of 12.4% from 2010 to 2015 [United States Census Bureau, 2015]. Extensive urban
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development has contributed to changing flood risks in the Charlotte Metropolitan region [Smith et al.,
2002; Villarini et al., 2009; Bell et al., 2016; Mogollén et al., 2016; Smith and Smith, 2015]. A series of major
floods during the 1990s [Smith et al., 2002; Turner-Gillespie et al., 2003; Villarini et al., 2009; Wright et al.,
2014a] resulted in changes to flood mitigation strategies for the region. Flooding, however, remains a major
problem for the region, with the 27 August 2008 flooding associated with Tropical Storm Fay providing the
most notable example [Charlotte-Mecklenburg Emergency Management, 2010].

The 16 gaged watersheds which are the focus of our study range in drainage area from 7.0 to 111.1 km?
(Table 1) and are contained within the Sugar Creek watershed (Figure 1). The principal subwatersheds of
Sugar Creek are Little Sugar Creek (denoted No.10 in Table 1, with a gaging station at 111 km?), McAlpine
Creek (No.14, with a gaging station at 100 km?) and Irwin Creek (No.3, with a gaging station at 78 km?). The
urban core of the study region is located in Little Sugar Creek (Figure 1). Each of these subwatersheds con-
tains a nested network of stream gaging stations. In addition to the downstream station, Little Sugar Creek
contains four gaged subwatersheds, which we denote Upper Little Sugar Creek (No.6), Upper Briar Creek
(No.7), Briar Creek (N0.8), and Little Hope Creek (No.9, Table 1 and Figure 1). Irwin Creek contains two gaged
subwatersheds, Upper Irwin Creek (No.2) and Statesville Creek (No.1). In addition, there are three “small”
watersheds in Irwin Creek, Taggart Creek (No.4), Coffey Creek (No.5), and Steele Creek (No.16), which are
downstream of the 78 km? watershed. McAlpine Creek contains three gaged subwatersheds, which we
denote Upper McAlpine Creek (No.11), Campbell Creek (No.12), and Irvins Creek (No.13). McMullen Creek
(No.15) is a “small” watershed in McAlpine Creek, which is downstream of the 100 km? gaged watershed.

The gaged watersheds reflect a range of drainage areas, intensity of urban development, and pattern of
urban development. The drainage networks of urban watersheds in the Charlotte metropolitan region
include a mix of storm drain systems, concrete-lined open channels, and alluvial channels [Turner-Gillespie
et al, 2003]. With the initiation of storm water management regulations in the 1970s, Charlotte-
Mecklenburg began a period of expanded implementation of flood mitigation infrastructure. Since the
1990s, evolving best management practices (BMPs), such as storm water wetlands and ponds, have been
introduced to the region [Charlotte-Mecklenburg Emergency Management, 2010].

We extracted land use/land cover type, impervious percentage, developed area, number of dams, and mor-
phometric properties of gaged watersheds from the USGS GAGES Il data set (Geospatial Attributes of Gages
for Evaluating Streamflow, (see http://water.usgs.gov/GlS/metadata/usgswrd/XML/gagesll_Sept2011.xml for
more information). The data set provides geospatial data for 9322 stream gages maintained by the USGS.
Another data set of land use was obtained from the National Land Cover Data set (NLCD, http://www.mrlc.
gov), reflecting the changes in land use from 1992 to 2011. Table 1 provides a summary of basin properties
for the 16 watersheds. Each watershed has a USGS stream gaging station at its outlet.

Little Sugar Creek drains portions of the urban core of Charlotte, with McAlpine Creek to the east and Irwin
Creek to the west. Urban development has also extended west of Little Sugar Creek to Irwin Creek and to
the east in McAlpine Creek. The three watersheds exhibit different degrees of urban land use, with total
urban developed land use (including low-intensity, medium intensity, and high intensity developed land) of
57% for Little Sugar Creek, 35% for McAlpine Creek, and 62% for Irwin Creek, respectively. McAlpine Creek
has the largest developed open space and forest area. Developed open space (typically grass lawns around
commercial, industrial and residential areas) accounts for 46% of McAlpine Creek, 39% of Little Sugar Creek,
and 26% of Irwin Creek. The forest area in McAlpine Creek is more than four times larger than that of Little
Sugar Creek. The increases in urban land use from 2001 to 2011 are comparable in three watersheds with
4% for Irwin Creek, 3% for Little Sugar Creek, and 5% for McAlpine Creek.

The study watersheds exhibit a range of physical characteristics. McAlpine Creek and Little Sugar Creek are
approximately “100 km?” watersheds but have contrasting watershed shapes (Table 1). The watershed com-
pactness, which is defined as the ratio of area to the squared perimeter, reflects the shape of the water-
sheds. Larger values imply a more compact shape and smaller values a more elongated shape. McAlpine
Creek is approximately square with compactness of 2.3%, whereas Little Sugar Creek is elongated with com-
pactness of 1.6%. The variation in basin slope is generally small and not tied to urban development
(Table 1).

The four subwatersheds in Little Sugar Creek are all highly developed (Table 1). Upper Little Sugar Creek
(31.5 km?) has the highest intensity urban land use and drains the urban core of Charlotte. Little Hope Creek
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Figure 1. Location map for the Charlotte study area, with watershed boundaries and land use/land cover. The numbers of watershed are the same as those in Table 1. (a) The red star is
denoted as urban core, which is located in No.6 with the largest imperviousness. (g) The black outline is the boundary of Mecklenburg County, NC and the grey area is the city of

Charlotte.
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(i.e., developed prior to modern
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lations). Briar Creek (48.5 km?)
has extensive areas of residen-
tial development, with large
areas of vegetated landscape in
1 parks and recreation areas and
consequently less impervious
area. Briar Creek and Upper
Briar Creek have larger areas of
open space and lower impervi-
1 ous fraction than Little Hope
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Normalized Flow Distance from Outlet The two subwatersheds in Irwin
Creek, Upper Irwin Creek
(23.4 km?) and Statesville Creek
(14.9 km?) have slightly smaller
values of impervious fraction
and high-intensity development than the Irwin Creek watershed as a whole. Statesville Creek has a larger
portion of forest area (19.2%) than other areas of Irwin Creek (8.5% for the entire basin). The downstream
watersheds of Irwin Creek, Taggart Creek (13.6 km?) and Steele Creek (18.3 km?), have impervious area cov-
erage of 35% and 32%. Coffey Creek has an impervious cover of 25.5% and has second largest forested area
of 30%, which is slightly less than Irvins Creek in McAlpine Creek.

0

Figure 2. Distribution of impervious area as a fraction of distance from the basin outlet of
Coffey Creek (No.5), Upper Little Sugar Creek (No.6), and McAlpine Creek (No.14).

Upper McAlpine Creek (18.9 km?), Campbell Creek (15.3 km?), and Irvins Creek (21.8 km?) are the
subwatersheds in McAlpine Creek and each has four dams. Irvins Creek is the least developed residential
watershed, with the largest forest area, 31%, and the least impervious cover, 8%. McMullen Creek
(18.3 km?) stands out from the other study watersheds in having 61% of its surface classified as devel-
oped open space, by far the largest value among the 16 study watersheds (Upper McAlpine Creek is
second at 49%).

The spatial distribution of impervious cover varies across the watersheds. We used the impervious area
curve to examine the spatial distribution of impervious area within a watershed, which shows the percent-
age of the total impervious cover within the watershed at a given flow distance from the outlet [see Meier-
diercks et al., 2010; Wright et al. 2012 for details]. A curve with a steep slope at a given flow distance
indicates a high degree of impervious development at that flow distance from the outlet. The impervious
area curve has been used to interpret the impact of the spatial distribution of urban development on flood
response [e.g., Mejia and Moglen, 2010a, 2010b]. The “developed high-intensity” land use type is used to
represent the spatial distribution of impervious cover (Figure 1). The impervious area curves for Upper Little
Sugar Creek (No.6), Coffey Creek (No.5), and McAlpine Creek (No.14) are shown in Figure 2. Upper Little
Sugar Creek and McAlpine Creek have relatively uniform impervious coverage within the watershed, while
Coffey Creek has a large percentage of impervious cover in the upper reaches of the watershed. Coffey
Creek (23.8 km?) has forested land use of 30.1% and developed land use of 59%. Coffey Creek, with an air-
port in its upper watershed, has a distinctive spatial distribution of urban land use. In the following section,
we will relate features of flood response to the spatial distribution of impervious cover for the study water-
sheds (see more details in section 3).

2.2. Rainfall and Discharge Data
Instantaneous discharge data from the USGS were used for each of the gaged watersheds. The study region
has an exceptionally dense network of stream gaging stations, including multiple watersheds with nested
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gaging stations at basin scales ranging from less than 10 km? to more than 100 km? [Smith et al,, 2002; Tur-
ner-Gillespie et al., 2003; Villarini et al., 2009; Wright et al., 2014b]. Each station has at least 14 years of stream
gaging observations (the earliest year is 1986) up to 2015 with the time interval ranging from 1 to 15 min.
We linearly interpolated all streamflow records to a regular 1 min time interval and converted time stamps
to Universal Time Coordinated (UTC, which is the same as Greenwich Mean Time).

High-resolution (15 min temporal resolution, 1 km? spatial resolution) radar rainfall fields for the period
from 2001 to 2015 were derived from volume scan reflectivity fields using the Hydro-NEXRAD algorithms.
Hydro-NEXRAD rainfall fields have been used in previous studies for hydrological analyses in Charlotte
[Wright et al., 2013, 2014a] and other regions in the United States [Krajewski et al., 2011; Kruger et al., 2011;
Wright et al., 2012; Smith et al., 2013; Villarini et al,, 2013; Yang et al., 2014]. The Hydro-NEXRAD system
includes quality control algorithms, Z-R conversion of reflectivity to rainfall rate, time integration, and spatial
mapping algorithms [e.g., Seo et al., 2011].

The study region has a high-quality rain gage network maintained by the USGS, consisting of more than 70
stations [e.g.,, Wright et al., 2014a]. In this study, volume scan radar reflectivity observations from the Greer,
SC WSR-88D (Weather Surveillance Radar 88 Doppler) and 15 min rainfall accumulations from a network of
72 rain gauges in the Charlotte area are the principal data sets used for developing the radar rainfall fields
(see Wright et al. [2013] for more details about the bias-correction procedures). We utilize rain gage observa-
tions, in combination with high-resolution radar rainfall fields to develop rainfall fields at 1 km horizontal
resolution and 15 min time scale for the period 2001-2015. High-quality, high-resolution rainfall fields make
it possible to resolve the temporal and spatial variation of rainfall over the Charlotte study watersheds, even
for basin scales smaller than 10 km?.

In the following sections, for the analysis of flood peaks and flood agents, the study period covers the entire
time series of discharge data, which is from the 1990s (earliest year is 1986) to the end of 2015 water year.
For the analysis of flood response with both rainfall and discharge data, the study period is the “warm sea-
son” (April-September) from 2001 to 2015.

2.3. Methods

We extracted discharge and rainfall time series for peaks-over-threshold (POT) flood events in each water-
shed. The threshold for selecting POT events was selected so that we had, on average, five events per year.
Flood events were local maxima in discharge for which there was not a larger discharge in a time window
of 12 h around the peak time. All POT flood events did not exceed channel capacity.

The climatology of floods and heavy rainfall was examined through analyses of the mixture of flood-
producing storm systems. In this study, tropical cyclone floods were identified using the HURDAT “best
track” database from the NOAA National Hurricane Center [e.g., Jarvinen et al.,, 1984; Kaplan and DeMaria,
2003]. A flood was associated with a tropical cyclone if the center of circulation of the storm was within
500 km of the gaging station and the timing of the flood peak was within 14 day window around the day of
the flood peak [Smith et al., 2011]. The thresholds (i.e., 500 km and 14 days) were selected to reflect the spa-
tial extent of tropical cyclone rainfall and the environmental conditions leading to the passage of the tropi-
cal cyclone.

We used cloud-to-ground (CG) lightning observations to examine the role of thunderstorms as flood agents.
Cloud-to-ground lightning data were obtained from the National Lightning Detection Network (NLDN, see
Orville [2008] for more details). CG lightning data have been used in previous studies for climatological anal-
yses of lightning and thunderstorms over the United States [e.g., Carey and Rutledge, 2003; Bentley and Stal-
lins, 2005; Ntelekos et al., 2007; Villarini and Smith, 2010; Yang et al., 2013]. If there were more than one
cloud-to-ground lightning strike recorded over the watershed (with a spatial buffering of 5 km) within a
12 h time window around the time of flood peak, we labeled the flood as a thunderstorm flood. We
excluded flood events which were identified as tropical cyclones, even if they produced lightning, from the
list of thunderstorm events.

We used the Generalized Pareto distribution (GPD) [e.g., Davison and Smith, 1990; Hosking and Wallis, 1987;
Wang, 1991] to model the distribution of threshold exceedance for POT discharge data and maximum x-
hour rainfall; the cumulative distribution function is given by:
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The shape parameter of the GPD, ¢, provides an index of the thickness of the upper tail of the distribution
with higher values representing thicker tails and thus higher probability of higher peak discharge values.
Maximum likelihood was used to estimate the shape parameter for POT flood events in each of the study
watersheds [Grimshaw, 1993]. The Kolmogorov-Smirnov test was used to examine goodness of fit [Kotte-
goda and Ross, 2008]. Positive (negative) values of the shape parameter imply unbounded (bounded), thick-
tailed (thin-tailed) distributions; a value of zero implies exponential tails [Massey, 1951].

3. Results and Discussion

3.1. Distributions of Flood Peaks

We examine nonstationarities in flood peaks and flood counts using the Mann-Kendall method [Mann,
1945; Kendall, 1975] and Theil-Sen method [Helsel and Hirsch, 1992]. Neither flood magnitudes nor flood
counts exhibit evidence of significant increase during 2000-2015, which is contrast to that from the 1960s
to 2000 [see Smith et al., 2002; Villarini et al., 2009]. Our analysis focus on spatial heterogeneities of urban
flood response for a region with diverse urban development patterns but remains relatively static in urban
footprint (see Table 1 for assessments of change in land use). Coffey Creek (No.5) experienced the most sig-
nificant urbanization from 2001 to 2011, with developed land use increasing by 11%. Flood counts in Coffey
Creek (Figure 3) suggest the possibility of time trend, but not statistically significant.

The absence of pronounced nonstationarities in flood peaks in the Charlotte region after the 1990s is princi-
pally due to the pace of urban development, which slowed markedly after 2000, with many watersheds
having approached “full development” (Table 1). For those watersheds with fast urbanization, the addition
of impervious cover is paired with introduction of storm water detention facilities. Subsequent analyses of
urban flood response for the 16 study watersheds principally reflect the properties of a static or slowly vary-
ing mix of urbanization patterns.

The distributions of POT flood peaks exhibit large variation across the study watersheds (Figure 4). There
are sharp contrasts in the distributions of unit discharge flood peaks among the three principal watersheds.
Little Sugar Creek (No.10) has a median unit discharge flood peak, 1.1 m3s™'km™?, that is 49% larger
than the median peak for McAlpine Creek (No.14), 0.7 m3s~ 'km ™2 The interquartile range of flood peaks
for McAlpine Creek does not overlap with the interquartile range of flood peaks for Little Sugar Creek.

12 T T T T T T T T 12
®  POT Event Counts -
*  Annual Flood Peak
10F ] [ L ] 110
€
3 3
o 8r 18
- \E,
Q )
5 =0.250x-497.8 g
2 6 (] ™ y X 6 B
5 a
8 3
A I, &
g E:
< £
=
<
2r . " * y=0.038x-764 . ] 2
* * -
*_*_J___ax_*_*————*——*—ﬁ—r‘
1 * 1 1 1 1 1 1

0 0
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
Year

Figure 3. Time series of annual flood counts and annual maximum flood peaks for Coffey Creek (No.5) (Linear trends are calculated using
Theil-Sen estimator).
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Figure 4. Box plot of peak discharge. The limits of the box represent the 0.25 and 0.75 percentiles, while the line inside represents the
median value. The whiskers indicate the 0.1 and 0.9 percentiles.

(Figure 4). Unit discharge flood peak distributions for Irwin Creek are similar to those for Little Sugar Creek.
McAlpine Creek not only has smaller flood magnitudes than Little Sugar Creek or Irwin Creek, it also has a
much narrower distribution, implying less variability in flood magnitudes.

Not surprisingly, basin scale plays a role in determining the distribution of flood magnitudes for the 16
study watersheds, which cover an order of magnitude of basin scale from approximately 10 to 100 km?. The
smallest of the 16 study watersheds, Little Hope Creek (No.9, 7.0 km?), located in the western portion of Lit-
tle Sugar Creek, has the largest unit discharge flood peaks, with a median value of 2.3 m3s™'km™2. The sec-
ond largest flood peaks, however, are from Upper Little Sugar Creek (No.6), which at 31.5 km? ranks ninth in
drainage area among the 16 study watershed. The smallest value of median flood peak is for Coffey Creek
(No.5), which ranks sixth in drainage area.

Differences in flood peak magnitudes across the three principal watersheds are associated in part with dif-
ferences in impervious fraction and high-density development. The impervious fraction is 34% in Irwin
Creek and 32% in Little Sugar Creek, versus 20% in McAlpine Creek. High-intensity development is 12% in
Irwin Creek and 10% in Little Sugar Creek, versus 4% in McAlpine Creek. In contrast, forest cover in McAlpine
Creek (15%) is five times larger than that in Little Sugar Creek (3%), and almost twice the value of Irwin
Creek (8%). McAlpine Creek is dominantly residential, as reflected in the ratio of night-time population den-
sity to day-time population density, 1.5. The ratios in Little Sugar Creek and Irwin Creek are 0.6 and 0.5,
respectively, reflecting the level of commercial and industrial development in the two watersheds.

The spatial heterogeneities in flood magnitudes among the three principal watersheds are paired with large
spatial heterogeneities in urban development within the watersheds (Figure 4), especially for Little Sugar
Creek. Unit discharge flood peaks for Little Sugar Creek at 111 km? are larger than the upstream peaks for
Briar Creek (No.8, 49 km?) and substantially smaller than the peaks in Upper Little Sugar Creek (No.6,
32 km?). Upper Little Sugar Creek has a median flood peak which is more than twice the value for Briar
Creek. Not only does the interquartile range of Briar Creek not overlap with Upper Little Sugar Creek, but
the 0.1 quantile flood peak for Upper Little Sugar Creek is larger than 0.9 quantile flood peak for Briar Creek.
Upper Little Sugar Creek has the largest impervious fraction among the 16 watersheds, 48%, and its imper-
vious fraction is almost twice as large as Briar Creek. Even though Upper Little Sugar Creek and Briar Creek
have similar drainage densities, Upper Little Sugar Creek was largely developed before storm water man-
agement regulations, as reflected in the absence of dams in the basin (Table 1). In contrast, Briar Creek has
the largest densities of dams among the four small watersheds in Little Sugar Creek, reflecting extensive
development after the implementation of storm water management regulations. Upper Briar Creek (No.7)
has higher flood peaks than Briar Creek with the 0.1 quantile larger than 0.75 quantile of Briar Creek. The
median value for Upper Briar Creek is only slightly less than Upper Little Sugar Creek. As noted above, Briar
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Creek has four dams with one dam distributed in Upper Briar Creek, implying that storm water detention
structures are concentrated in the downstream portion of Briar Creek.

Similar contrasts are seen in the distributions of flood magnitudes within Irwin Creek and McAlpine Creek
(Figure 4). The three small subwatersheds of McAlpine Creek (No.11, No.12, and No.13, watershed scale less
than 22 km?) generally have smaller flood peaks than small watersheds in Little Sugar Creek or Irwin Creek,
but their flood distributions do not exhibit a simple dependence on impervious cover and storm water
management. Irvins Creek (No.13) has larger flood peaks than Upper McAlpine Creek (No.11) or Campbell
Creek (No.12), but less urban development, while Campbell Creek (No.12) has the smallest median flood
peak, but the largest impervious fraction and high-intensity development.

McMullen Creek (No.15), which is a downstream tributary of McAlpine Creek, has much larger flood peaks
than the other small watersheds in McAlpine Creek. The interquartile range does not overlap with Campbell
Creek (No.12) or Upper McAlpine Creek (No.11). It does not have larger impervious fraction or fewer dams
than the other small watersheds in McAlpine Creek. The anomalous property of McMullen Creek is the large
fraction of developed open space, 61%; none of the other 15 watersheds has a value larger than 50%.
McMullen Creek also has an anomalously large fraction of the watershed, 73%, with soils characterized by
slow infiltration rates (see USGS GAGES II, as in section 2, for more details). For the other three watersheds
soils with slow infiltration rates cover less than 41% of the basin area (figure not shown).

Coffey Creek (No.5) has anomalously small flood peaks, with flood magnitudes smaller than Irvins Creek
(No.13) which has the least impervious fraction (8%) among all the watersheds and lower high-intensity
development (0.5%) than Coffey Creek (13%). The flood peaks for Coffey Creek are also much smaller than
the adjacent downstream watershed, Steele Creek (No.16), which has larger impervious fraction but slightly
smaller high-intensity development than Coffey Creek. Coffey Creek even has slightly larger drainage den-
sity than Irvins Creek (No.13) and Steel Creek. The most distinctive feature of Coffey Creek, which we will
examine more closely in connection with its even larger anomalies in response time, is the distribution of
urban land use and impervious fraction within the watershed (Figure 1).

The USGS regional flood frequency equations for urban watersheds in North Carolina include drainage area
and impervious cover and employ different regression equations for watersheds with basin area ranging
from 0.3 km? to around 1000 km? [Feaster et al., 2014]. The variability of flood peak distributions among the
16 watersheds demonstrates that there is no simple relationship between flood peaks and watershed
scales, highlighting the need for more sophisticated characterization of regional flood frequency equations.

We examine upper tail properties of flood distributions using the estimated shape parameters of the Gener-
alized Pareto distribution (GPD). Two watersheds, Upper Irwin Creek (No.2) and Upper Little Sugar Creek
(No.6) have negative shape parameters, —0.22 and —0.14, respectively, implying that the upper tail of flood
distributions is bounded. Flood peak distributions that are bounded above have served as a foundation for
developing design flood procedures [Fernandes et al., 2010]. Bounded flood peak distributions in urban
watersheds can be tied to capacity constraints in the urban drainage system [Smith and Smith, 2015]. Urban
watersheds in Baltimore exhibit capacity constraints that are tied to design decisions that were made in siz-
ing the storm drain network [e.g., Meierdiercks et al., 2010; Smith et al., 2005a, 2005b]. The upper tail proper-
ties of flood distributions are likely influenced by mixtures of flood agents over the region [e.g., Morrison
and Smith, 2002; Villarini et al., 2009; Villarini and Smith, 2010], which will be discussed in the following sec-
tion. Maximum 1 h and 12 h rainfall rates for the 16 study watersheds generally show negative shape
parameters (Table 2). The nature of the upper tail of flood peak distributions in urban watersheds, including
their dependence on upper tail properties of basin-averaged rainfall rate, warrants additional study.

3.2. Mixtures of Flood Agents

Warm-season thunderstorm systems are the major flood agents for the Charlotte metropolitan region
(Table 3), as they are in most urban regions of the U.S. east of the Rocky Mountains [Smith and Smith, 2015].
As noted in section 2, we exclude the tropical cyclone events which produce lightning from the list of thun-
derstorm events, so the percentage of thunderstorm events in Table 3 is somewhat understated. For Little
Sugar Creek, more than 50% of POT flood peaks are produced by thunderstorms. The tributary watersheds
of Little Sugar Creek have slightly fewer POT peaks which are produced by thunderstorms. For Irwin Creek,
only 36% of POT peaks are thunderstorm events; its upstream tributaries have 40% (Upper Irwin Creek,
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Table 2. Estimates of GPD Parameters for POT Flood Peak and for Maximum 1, 3, and 12 h Rainfall Rates for Each Watershed?®

Rainfall Rate
No. USGS ID (0214-) POT Flood Max 1 h Max 3 h Max 12 h
1 6211 0.27 0.24 0.36 047
2 627970 -0.22 —0.30 0.40 0.35
3 6300 0.15 —0.15 0.12 0.22
4 6315 0.14 -0.21 —0.01 -0.10
5 6348 0.02 0.16 0.18 —0.25
6 6409 -0.14 -0.22 —0.02 —0.02
7 642825 0.26 —0.18 —0.20 0.32
8 645022 0.30 —0.02 0.35 -0.18
9 6470 0.17 0.02 0.21 0.37
10 6507 0.20 —0.65 —0.21 —0.06
11 655255 0.36 —0.53 —0.45 —0.09
12 6562 0.77 —0.60 —1.15 —=1.15
13 657975 0.03 —0.39 —0.83 —1.15
14 6600 0.20 -1.07 —1.08 -0.52
15 6700 0.35 —0.23 —0.19 —0.10
16 678175 0.16 0.02 —0.07 -0.21

“Note: POT flood peak uses exceedance of the median POT flood peak. Rainfall rates use the median rainfall rate at each time scale.

No.2) and 53% (Statesville Creek, No.1). McAlpine Creek and its tributaries have between 41% and 45% of
flood peaks produced by thunderstorms. Coffey Creek (No.5), the watershed with anomalously small flood
peaks (as discussed above) has the smallest fraction of thunderstorm peaks, 28%.

Upper Irwin Creek (No.2) and Upper Little Sugar Creek (No.6), the two watersheds that have negative shape
parameters of GPD, have anomalously large fractions of warm-season storms (June-August) exceeding
50%, indicating a dominant role of thunderstorm systems in determining the upper tail of flood peak distri-
butions for the two watersheds. Little Sugar Creek, with a 100 km? basin scale, also has a relatively large
fraction of warm-season events, but its shape parameter is positive. The relationship of storm scale and
basin scale plays an important role in determining flood response in urban watersheds and the contrasting
upper tail properties of flood peak distributions in Charlotte watersheds reflects these contrasts [see Ten
Veldhuis et al., 2017 for additional details]. For the other watersheds, the fractions of flood agents are distrib-
uted among warm-season storms, tropical cyclones, and other winter/spring extratropical systems (see also
Wright et al. [2014b]).

Table 3. Percent of All the POT Flood Events and Numbers of Largest Five Flood Peaks Produced by Thunderstorm and Tropical Cyclone
in Each Watershed

POT Flood Peaks (%) Top Five Flood Events (Count)
USGS ID
No. (0214-) Thunderstorm Tropical Cyclone Others Thunderstorm Tropical Cyclone Others
1 6211 40 34 26 3 2 0
2 627970 53 28 19 4 1 0
3 6300 36 23 41 2 1 2
4 6315 48 19 33 3 0 2
5 6348 28 13 59 2 1 2
6 6409 51 27 23 4 1 0
7 642825 47 32 22 3 2 0
8 645022 44 31 25 2 1 2
9 6470 37 29 34 4 0 1
10 6507 53 30 18 4 1 0
11 655255 41 34 25 3 2 0
12 6562 45 35 20 4 1 0
13 657975 41 31 28 2 2 1
14 6600 41 29 31 1 2 2
15 6700 44 28 28 3 2 0
16 678175 36 19 45 0 2 3
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Figure 5. Seasonal rate of occurrence of flood peaks.

Tropical cyclones are another important flood agents in the Charlotte metropolitan region (Table 3). The
fraction of tropical cyclone flood peaks ranges from a minimum of 13% for Coffey Creek (No.5) to a maxi-
mum of 35% for Campbell Creek (No.12). For the three principal watersheds, the fraction of tropical cyclone
peaks ranges from a minimum of 23% for Irwin Creek to 29% for McAlpine Creek to a maximum of 30% for
Little Sugar Creek. The frequency of tropical cyclone flood peaks in Charlotte reflects a regional maximum
in tropical cyclone flood peaks that extends from South Carolina to the mid-Atlantic region [Villarini and
Smith, 2010].

Previous studies found that for portions of the mid-Atlantic region (and for certain basin scales), tropical
cyclones dominate the upper tail of flood distributions [Villarini and Smith, 2010]. This is not the case in
Charlotte, where warm season thunderstorms remain major flood agents in the upper tail of flood distribu-
tions (Table 3). This result is similar to conclusions developed for flood-producing storms in the Baltimore
region [Ntelekos et al., 2007]. For most watersheds, there are more warm-season thunderstorm flood peaks
than tropical cyclone flood peaks in the top five flood events. We found positive correlation between the
values of estimated shape parameters for the GPD and fractions of tropical cyclones over the 16 watersheds
(not shown). Even though warm-season thunderstorms remain major flood agents in the upper tail of flood
distribution, tropical cyclones also affect the shape of the distributions.

Winter/spring extratropical systems are also significant flood agents for some watersheds, as reflected in
the fraction of flood peaks that occur during winter and spring (Table 3 and Figure 5). Among the three
principal watersheds, Irwin Creek has the highest fraction of Winter/Spring flood events, 41%; in Little Sugar
Creek and McAlpine Creek, winter/spring events account for 18% and 31%, respectively. Coffey Creek (No.5)
has the largest fraction of winter/spring flood events, 59%. Steele Creek (No.16), which is adjacent to Coffey
Creek, has the second largest fraction, 45%.

For all watersheds, there is a pronounced seasonality in flood occurrence (Figure 5). Except for Coffey Creek
(No.5), other watersheds show the largest fraction of warm-season events, which are associated with tropi-
cal cyclones and thunderstorms. While Coffey Creek, as mentioned above, with the largest portion of win-
ter/spring flood events, shows the largest fraction of spring events. The results reflect the mixtures of warm-
season thunderstorm, tropical cyclone, and winter/spring extratropical system flood events.

The varying composition of flood agents leads to modest differences in basin-averaged rainfall rate distribu-
tions for POT flood events (Figure 6). Among the three principal watersheds, McAlpine Creek has the small-
est median rainfall rate at 1 h time scale and the largest median rainfall rate at 12 h time scale. Coffey Creek
(No.5) with the largest fraction of extratropycal storms, has the smallest median rainfall rate at 1 h time
scale, reflecting the relatively lower magnitudes of winter/spring storms at short duration, while median
rain rate at 12 h time scale for Coffey Creek is comparable with the other watersheds.
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Figure 6. Box plot of maximum 1 and 12 h rainfall rate. The limits of the box represent the 0.25 and 0.75 percentiles, while the line inside represents the median value. The whiskers indi-

cate the 0.1 and 0.9 percentiles.

3.3. Analyses of Flood Response
3.3.1. Response Time

We define response time, or lag time, as the time difference between the rainfall time centroid (based on
15 min basin-averaged rainfall time series during the period of maximum 12 h rainfall around the flood
peak time) and the time of peak discharge. Generally, lag time increases with increasing watershed scale
(Figure 7). Furthermore, for the watersheds with larger flood magnitudes, the lag time is generally shorter.
Within the three principal watersheds, the median lag time for Little Sugar Creek, 1.5 h, is half the value for

Lag Time (hour)

~

o

H

w

T T T T J 2 T T T T T T T T T

____20-50km"_ _ _ _

[ a :
[ 70-110km?_ | | . l
r T I 1 I
L | Iy ! i
| 1 I I
[ 1 I I

1 |

i :: R 5- 20 km? -
| I O O R R T E N I A R |
| I 1 1 i I
M TI| 1 1 i H
T T 1 1 B I -
I y b 4 - 1 i 4 I
o b by oy ! H
I L T - by T . 1 : :
| L 1 ! by 1 1
H 1 1y i 1 ||I ! - T U
I 1 I i i T -!
| 1y i .I.II 1 E ll
4 Ll 11 1]
L+ I 11 L Q L :
————— 1

1 nd = | T + F | & .
C_1 1 1 A 1 5 i 1 1 1 1 1 1 1 1 -
10 14 3 8 5 2 13 11 15 16 12 1 4 7 9

Watershed No.

Figure 7. Box plot of lag time. The limits of the box represent the 0.25 and 0.75 percentiles, while the line inside represents the median
value. The whiskers indicate the 0.1 and 0.9 percentiles.
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Figure 8. Time series of rainfall rate and discharge for the 17 July 2004 storm for (a) Little Sugar Creek, (b) McAlpine Creek, (c) Irwin Creek,
and (d) Coffey Creek (No.5).

McAlpine Creek, 3 h, even though McAlpine Creek is smaller in size. Irwin Creek has a median lag time of
2.2 h, slightly closer to the lag time for McAlpine Creek. McAlpine Creek has the largest interquartile range,
while Little Sugar Creek and Irwin Creek have similar values of interquartile range.

Little Sugar Creek has comparable lag times to those from small watersheds. Lag times for Little Sugar Creek
are shorter than for its upstream tributary, Briar Creek (No.8, Figures 7 and 8). Flood peaks at the outlet of
Little Sugar Creek, are largely determined by contributions from Upper Little Sugar Creek (No.6), with the
paired tributary, Briar Creek, not contributing to peak response. Lag times for Upper Little Sugar Creek are
the shortest among the 16 watersheds, shorter even than lag times for Little Hope Creek (No.9), which has
the largest unit discharge flood peaks and smallest drainage area. The flashy flood response in Upper Little
Sugar Creek is tied to the influence of a dense storm drain network, especially in the lower portion of the
watershed close to the basin outlet. The goal of storm water management during the period when Upper
Little Sugar Creek was developed was to move water as rapidly through the drainage network as possible
(as shown in Figure 8).

As with other characteristics of flood response, the most anomalous lag time results are for Coffey Creek
(No.5). The median lag time for Coffey Creek is longer than that for the three principal watersheds. The
median lag time for Coffey Creek, 4.7 h, is more than 50% larger than the median lag time for the “slow”
watershed, McAlpine Creek. The anomalous response time in Coffey Creek highlights the impact of spatial
distribution of urban land cover. As mentioned above, the most striking feature of Coffey Creek is the con-
centration of high-intensity development in the upper portion of the watershed (Figures 1 and 2). The distri-
bution of the storm drain network in Coffey Creek is closely linked to the distribution of high-intensity land
use (figure not shown), which is also concentrated in the upper portion of Coffey Creek.

It is difficult to interpret the contrasting behavior of flood response across urban watersheds simply based
on watershed scale or impervious fraction. McMullen Creek (No.15) and Upper Briar Creek (No.7), for exam-
ple, have similar urban development and flood peak distribution, but the median lag time for Upper Briar
Creek is more than twice the value for McMullen Creek. These contrasts likely reflect the differences in basin
storage associated with storm water infrastructure in Upper Briar Creek and urban soils in McMullen Creek.

The contrasts in flood response between the three principal watersheds are illustrated in Figure 8 for a rela-
tively simple flood event. Little Sugar Creek and Irwin Creek have similar rainfall magnitude and response
time, 1.75 and 2 h, respectively, while the flood peak magnitude for Little Sugar Creek (1.59 m3s™'km™2) is
larger than Irwin Creek (1.33 m3s™'km™2). The response in McAlpine Creek is attenuated, relative to the

ZHOU ET AL.

THE COMPLEXITIES OF URBAN FLOOD RESPONSE 7415



@AG U Water Resources Research

10.1002/2016WR019997

3.5

g
n w

Peak Discharge (mslslkmz)
N

Table 4. Summary of Correlation Between Rainfall Rate and Peak Discharge, and Rainfall and Runoff®

Peak & Maximum Peak & Maximum Maximum 12 h Rain

No. USGS ID (0214-) 1 h Rainfall Rate 12 h Rainfall Rate and Maximum 12 h Runoff
1 6211 0.27 0.35 0.54
2 627970 0.35 0.34 0.56
3 6300 0.28 0.3 0.47
4 6315 0.54 0.36 0.69
5 6348 —0.02 0.28* 0.24
6 6409 0.48 0.45 0.83
7 642825 0.26* 0.35 0.58
8 645022 0.42 0.51 0.65
9 6470 0.58 0.40 0.71
10 6507 0.32 0.42 0.68
11 655255 0.58 0.56 0.52
12 6562 0.49 0.36 0.59
13 657975 0.36 0.4 0.35
14 6600 0.44 0.57 0.53
15 6700 0.48 0.34 0.69
16 678175 0.34 0.26* 0.28

“Note Values with italic refer to the insignificant correlation. Values with * refer to the correlation at the significance level of 0.1.

Little Sugar Creek and Irwin Creek response, with a two-phase response characterized by an initial rapid
hydrograph rise followed by an extended slow rise to the peak (Figure 8). We also illustrate the anomalous
response in Coffey Creek (No.5), in which a period of slow rise is followed by a more rapid rise to the peak
(linked to contributions from the upstream impervious portion of the watershed).

3.3.2. Rainfall-Flood Peak/Runoff Relationships

There are striking contrasts between maximum 12 h rainfall rate and peak discharge between McAlpine
Creek and the more urban watersheds, Little Sugar Creek and Irwin Creek (Table 4 and Figure 9a). Peak dis-
charge increases much more slowly with 12 h rainfall rate in McAlpine Creek (that is, for a given max 12 h
rainfall rate, McAlpine Creek has lower peak discharge values than the other two principal watersheds) and
there is less variability in the rainfall-flood peak relationship. For the three watersheds, the largest correla-
tions between maximum rainfall rate (at 1 and 12 h time scales) and peak discharge are in McAlpine Creek.
The 12 h correlation in McAlpine Creek of 0.57 is larger than the correlations for Little Sugar Creek, 0.42, and
for Irwin Creek, 0.30. The same holds at 1 h time scale. Similar pattern of higher correlations between rainfall
rate and peak discharge for less developed watersheds also hold for subwatersheds (Table 4).
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The correlation between rainfall and runoff in the 16 watersheds (Table 4) exhibits sharp contrasts with
results from the rainfall-flood peak correlations. Runoff generation across the watersheds is examined
through maximum 12 h runoff. For the three principal watersheds, the correlations increase from 0.47 for
Irwin Creek to 0.53 for McAlpine Creek to 0.68 for Little Sugar Creek (Figure 9b). Upper Little Sugar Creek
has the highest correlation (0.83) between maximum 12 h rainfall and maximum 12 h runoff, while the
smallest correlations are in McAlpine Creek, with Irvins Creek (No.13) having the minimum value, 0.35,
among the 16 watersheds.

We compute runoff ratio for each of the POT flood events as maximum 12 h rainfall accumulation divided
by maximum 12 h runoff total (Figure 10). The median runoff ratio for Little Sugar Creek (0.45) is larger than
the value for McAlpine Creek and Irwin Creek (0.38). Upper Little Sugar Creek (No.6) has the largest median
runoff ratio (0.50) among the 16 watersheds. Little Hope Creek (No.9) has a relatively lower runoff ratio with
its median value less than the 0.1 quantile of Upper Little Sugar Creek. The runoff ratio for Briar Creek (No.8)
is consistent with watersheds having similar impervious fraction. For Irvins Creek with the least impervious
fraction, the median runoff ratio (0.34) is slightly lower than other watersheds. Coffey Creek (No.5) has com-
parable runoff ratios with other watersheds.

These analyses highlight the observed hydrologic response in a basin for a given rainfall and allow for com-
parison between the basins’ hydrologic responses independently of rainfall depth. The results suggest that
impervious fraction is a critical factor for runoff ratios but not for flood peak unit discharge. There are other
basin characteristics that significantly affect event hydrologic response [see also Yang et al.,, 2013; Smith
et al., 2013]. However, Bell et al. [2016] found total impervious coverage is the best predictor of both peak
unit discharge and runoff ratios at the event time scale. They focused on a collection of watersheds with a
wide range of impervious fractions and analyzed storm events across a wide range of storm sizes. Our
results highlight striking heterogeneities in flood response to rainfall forcing over extensively urbanized
watersheds in Charlotte. The weaker relationship between rainfall totals and flood peak magnitudes in
more urbanized watersheds implies that the interaction of space-time rainfall distribution with basin hetero-
geneities is an important player in determining flood peak properties, for instance, the relative spatial distri-
bution and motion of rainfall to storm drainage network [see e.g., Syed et al., 2003; Morin et al., 2006; Peleg
et al., 2017; Ten Veldhuis et al., 20171].

3.3.3. Impact of Antecedent Watershed Wetness

The role of antecedent watershed wetness is examined using rainfall accumulations within a time window
between 144 and 24 h prior to the time of flood peak. We do not find strong direct relationships between
flood peak/runoff ratio and antecedent rainfall (Figure 11). There are slight increases in flood peaks and run-
off ratio with increasing antecedent rainfall for McAlpine Creek (impervious fraction less than 20%).
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Figure 11. Three-day antecedent rainfall accumulations versus flood peak magnitudes for 16 watersheds.

To further examine the role of antecedent watershed wetness for flood response, flood events for each
watershed are divided into two categories, those with and without positive antecedent rainfall. The differ-
ences of median runoff ratios between the two categories are shown in Figure 12. For Irvins Creek (No.13),
the runoff ratio of flood events with antecedent rainfall is more than twice the value of flood events with no
antecedent rainfall. For Upper McAlpine Creek (No.11) and McAlpine Creek, the runoff ratios without ante-
cedent rainfall are 79% and 62%, respectively, less than those with antecedent rainfall. Similar results were
obtained using minimum discharge within the time window between 48 and 24 h prior to the time of flood
peak as a surrogate for antecedent watershed wetness (not shown). As with antecedent rainfall, strong
direct relationships between antecedent discharge and flood magnitude or flood runoff are not found (not
shown).

For the more urbanized watersheds, the differences in runoff ratios are smaller (Figure 12). With relatively
higher impervious cover, the differences between runoff ratios decrease, highlighting the smaller impact of
antecedent watershed wetness in highly urbanized watersheds. The results suggest that there is sensitivity
of flood response to antecedent watershed wetness in the least urbanized watersheds, but the dependence
on antecedent watershed wetness diminishes markedly with increasing urbanization.

3.3.4. “Downstream” Flood Response

Flood peak properties in the Charlotte metropolitan region for basin scales exceeding 100 km? are increas-
ingly influenced by peak attenuation [Smith et al., 2002; Turner-Gillespie et al., 2003]. The hydrographs for Lit-
tle Sugar Creek (111 km?) and Pineville (127.6 km?, see Figure 1 for the location marked by a cross) for the 5
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May 2009 flood event illustrates the typical magnitude of flood wave attenuation (Figure 13a). The flood
peak decreases from 314 m3s~" for Little Sugar Creek to 157 m3s™" for Pineville with an increase in drain-
age area of less than 20%. The attenuation is associated with geologically controlled decrease in the longi-
tudinal profile of the channel and expansion of the valley bottom.

A comparison of annual flood peaks for Little Sugar Creek and Pineville (all of which occur of the same day
for each annual peak) illustrates the systematic attenuation of flood peaks in this stretch of Little Sugar
Creek (Figure 13b). Scaling properties of flood peaks in nonurban watersheds of the eastern U.S. exhibit a

(@)

350

300 [

250

N

o

o
T

Discharge (msls)
I
o

50

0
18:00

Time (UTC)

(6)

: 400 : : ! ! ; :
Little Sugar Creek
= = = Pineville
350 1
()
300 1
250 1
) &)
Ll
E
2200 1
E ° o
£
- (&)
150 4
@ o (@]
© (6]
100 (&) 1
& o
50 1
06:00 12:00 50 100 150 200 250 300 350 400

Little Sugar Creek (m3/s)
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peak in variability for basin scales between approximately 25 and 250 km? [Smith, 1992; Gupta et al., 1994],
which has been linked to both space-time properties of rainfall and hydraulic processes associated with
flood wave attenuation. Out results indicate that caution is needed to estimate flood peaks based on the
scaling properties of flood peaks as represented by power law functions in urban watersheds [e.g., Galster
et al., 2006]. Developing a foundation for characterizing scaling properties of flood peaks in urban water-
sheds will help to advance the development of regional flood frequency methods used for hazards assess-
ment [see, e.g., Feaster et al., 2014], as well as urban flood science.

4. Summary and Conclusions

In this study, data-driven analyses of urban flood response are carried out based on peaks-over-threshold
flood data extracted from the instantaneous USGS stream gaging observations and high-resolution radar
rainfall fields. Observations cover the period from the 1990s to 2015. We examine flood response across a
diverse sample of watersheds in the Charlotte metropolitan region, North Carolina. The main findings of
this paper are as follows.

1. There is no simple way to characterize urban flood response in Charlotte watersheds in terms of variables
that are conventionally used to represent urban development. The distributions of flood peak magni-
tudes, flood response times, and runoff ratios exhibit complex dependencies on land use and land cover.
The spatial distribution of land cover within a watershed can exert striking controls on flood peak magni-
tudes and response times, as highlighted through the analyses for Coffey Creek (No.5). The hydrologic
properties of “urban soils” warrant particular attention in future studies. Anomalous flood response in
watersheds with extensive developed open space, along with antecedent watershed wetness controls of
flood response (see item 8 below), point to the potentially important role of urban soils. These results
highlight the need for advances in developing “urbanized” hydrologic models to provide a predictive
understanding of urban flood response.

2. There is little evidence for pronounced nonstationarities in flood counts or flood magnitudes for the
period from the 1990s to 2015. These results stand in sharp contrast to results from preceding studies
that document striking increases in flood magnitudes over the previous decades. The absence of pro-
nounced trends in flood magnitudes is tied both to the decreasing rate of land use change in Charlotte
watersheds and to the impacts of modern storm water management practices in watersheds that are
urbanizing. Change will continue to be an important element of flood distributions in urban watersheds,
but the patterns of change will not be dominated by the sharply increasing trends in magnitude of pre-
ceding decades.

3. The hydroclimatology of urban flooding in Charlotte reflects a mixture of flood agents, including orga-
nized thunderstorms, tropical cyclones, and winter/spring extratropical systems. Warm-season thunder-
storms account for the largest fraction of flood events, especially for the most urbanized watersheds. The
pattern of urban development in a watershed plays a role in determining the mixture of flood agents for
that particular watershed. Previous studies showed that tropical cyclones dominate the upper tail of
flood distributions for watersheds in some areas of the Eastern United States. For the Charlotte water-
sheds, organized thunderstorms are not just prominent in the central and lower portion of flood distribu-
tions, but also account for the largest fraction of events in the upper tail of flood distributions.

4. The estimated shape parameters of the Generalized Pareto distribution for POT flood peaks are generally
positive for the Charlotte study watersheds. For the most heavily urbanized watershed, the estimated
shape parameters for 1 and 12 h rainfall rates are generally negative, suggesting bounded distributions.
Bounded distributions of flood peaks in urban areas can arise from capacity constraints imposed by the
urban drainage system. Future studies should further explore the “nature” of the upper tail of flood and
rainfall distributions for urban watersheds.

5. The correlation between basin-averaged rainfall rate and flood peak magnitude is generally smaller for
more developed watersheds than for less developed watersheds. The reverse holds for relationships
between rainfall rate and runoff. McAlpine Creek shows the largest correlation between rainfall rate and
flood peak at 12 h time scale. Upper Little Sugar Creek has the highest correlation between maximum
12 h rainfall and maximum 12 h runoff.

6. The Charlotte study watersheds exhibit striking spatial heterogeneities of flood response. The difference
between variability of rainfall and flood peaks implies that the heterogeneity of land surface properties
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plays an important role in urban flood response across the 16 watersheds. The three principal water-
sheds, Irwin Creek, Little Sugar Creek, and McAlpine Creek (with watershed scale ranging from 78 to
110 km?), show pronounced variability in flood peak and lag time distributions. The peak discharge of
Little Sugar Creek is contributed almost exclusively from the western portion of the watershed (Upper
Little Sugar Creek). The eastern tributary, Briar Creek (No.8), typically peaks well after the downstream
station. The spatial heterogeneities of flood response in Charlotte watersheds reflect the historical evolu-
tion of storm water management practices. Stormwater detention infrastructure substantially reduces
flood peak magnitude and also smooths the peak response. At the basin scale of 100 km? to 200 km?,
“hydraulic” controls, characterized by flood attenuation, serve to mix the flood response, and reduce
flood magnitudes.

7. The role of spatial heterogeneity of surface properties on flood response is highlighted by analyses for
Coffey Creek (No.5), for which impervious cover is concentrated in the upstream portion of the water-
shed, with lower development in the remainder of the basin. It has lower flood magnitude than other
watersheds, but exceptionally longer response times. The anomalous land surface properties also trans-
late to anomalies in flood generating mechanisms, with winter/spring extratropical systems playing a
larger role in flood hydroclimatology than for any other watersheds.

8. The importance of antecedent watershed wetness on runoff generation decreases in highly urbanized
watersheds. The comparison of runoff ratio for Irvins Creek (No.13) between dry antecedent condition
and moisture condition highlights the role for antecedent watershed wetness in lower development
watersheds in Charlotte. Due to the expansion of impervious coverage, the impact of antecedent mois-
ture plays a less important role in flood response.

The preceding conclusions have implications for the ways in which we pursue research on flood frequency
and flood hazards in urban regions. We summarize below some of the research directions that would con-
tribute to a better understanding of urban flood hazards and enhanced methods for flood frequency analy-
sis in urban regions.

A consequence of the observation that there is no simple way to characterize urban flood response (item 1
above) is that regional flood frequency analysis procedures used for urban areas [see, e.g., Feaster et al.,
2014] will inherently reflect significant errors associated with the complexity of urban flood response. This
does not imply that these procedures are not important and useful, but rather that we need to expand the
scope of statistical analyses used for relating flood frequency to observable properties of a watershed. There
is a rapidly expanding information base on urban land use and cover, storm water management infrastruc-
ture, and urban channel morphology. Understanding and quantifying the “history” of urbanization also
plays an important role in advancing methods for flood frequency analysis. Nonstationary flood frequency
methods [see, e.g., Villarini et al., 2009] have an important role to play and can be enhanced through crea-
tive integration of quantitative information on urban development history.

Rainfall is a key driver of flood frequency and quantitative characterizations of rainfall frequency over a
range of space and time scales can markedly enhance the ability to assess flood frequency in urban regions,
especially for the large majority of urban regions that have sparser networks of stream gaging stations than
the Charlotte metropolitan region. Long records of high-resolution radar rainfall fields, like those used in
this study, can contribute to advances in methods used for rainfall and flood frequency analysis urban
regions. The Stochastic Storm Transposition (SST) method developed by Wright et al. [2013] is an especially
promising direction for flood hazard assessment. Combining SST with urban hydrologic models [Wright
et al,, 2014b] provides a path for developing flood frequency analyses continuously over urban drainage
networks at scales ranging from 1 to 100s of square kilometers. Enhancing the capability to “urbanize”
hydrologic models is an important step along this path.

Urban regions provide interesting settings for examining basic questions of flood science. The range of
hydrologic “experiments” that have been inadvertently carried out in watersheds affected by urbanization
is extensive. “Scaling” problems are especially prominent in urban regions and represent major challenges
for flood science. Flood peak scaling problems in urban regions are fundamentally tied to rainfall variability
in time and space and to heterogeneous land surface processes that control runoff production and trans-
port through the urban drainage network. Urban flood science is constrained by experimental resources
and the need to monitor over a broad range of spatial and temporal scales. Densely instrumented urban
regions like the Charlotte study region will provide important “laboratories” for advancing flood science.

ZHOU ET AL.

THE COMPLEXITIES OF URBAN FLOOD RESPONSE 7421



@AG U Water Resources Research

10.1002/2016WR019997

Acknowledgments

Discharge data in this study are
acquired from USGS National Water
Land use/Land cover data are acquired
from USGS Gage Il data set.
Information System. Radar data are
archived at Princeton University and
are available through the authors. The
research was supported by the
National Science Foundation (NSF
grant CBET-144758 and AGS-1522492).

References

Ahiablame, L. M., B. A. Engel, and I. Chaubey (2012), Effectiveness of low impact development practices: Literature review and suggestions
for future research, Water Air Soil Pollut., 223(7), 4253-4273.

Anderson, D. G. (1970), Effects of urban development on floods in northern Virginia, Off, U.S. Govt. Print., U.S. Geol. Surv. Water Supply Pap,
2001C, C22 pp.

Arrigoni, A. S., M. C. Greenwood, and J. N. Moore (2010), Relative impact of anthropogenic modifications versus climate change on the nat-
ural flow regimes of rivers in the Northern Rocky Mountains, United States, Water Resour. Res., 46, W12542, doi:10.1029/2010WR009162.

Barraud, S., J. Gibert, T. Winiarski, and J. L. B. Krajewski (2002), Implementation of a monitoring system to measure impact of stormwater
runoff infiltration, Water Sci. Technol., 45(3), 203-210.

Beighley, R. E., and G. E. Moglen (2002), Trend assessment in rainfall-runoff behavior in urbanizing watersheds, J. Hydrol. Eng., 7(1), 27-34.

Bell, C. D., S. K. McMillan, S. M. Clinton, and A. J. Jefferson (2016), Hydrologic response to stormwater control measures in urban water-
sheds, J. Hydrol., 541, 1488-1500, doi:10.1016/j.jhydrol.2016.08.049.

Bentley, M. L., and J. Stallins (2005), Climatology of cloud-to-ground lightning in Georgia, USA, 1992-2003, Int. J. Climatol., 25(15), 1979-1996.

Berne, A., G. Delrieu, J. D. Creutin, and C. Obled (2004), Temporal and spatial resolution of rainfall measurements required for urban hydrol-
ogy, J. Hydrol., 299(3), 166-179.

Bhaskar, A. S., and C. Welty (2015), Analysis of subsurface storage and streamflow generation in urban watersheds, Water Resour. Res., 51,
1493-1513, doi:10.1002/2014WR015607.

Bhaskar, A. S., D. M. Hogan, and S. A. Archfield (2016), Urban base flow with low impact development, Hydrol. Processes, 30(18), 3156-3171.

Borga, M., E. Anagnostou, G. BI6schl, and J.-D. Creutin (2011), Flash flood forecasting, warning and risk management: The HYDRATE project,
Environ. Sci. Policy, 14(7), 834-844.

Boyd, M. J., M. C. Bufill, and R. M. Knee (1993), Pervious and impervious runoff in urban catchments, Hydrol. Sci. J., 38(6), 463-478.

Brander, K. E.,, K. E. Owen, and K. W. Potter (2004), Modeled impacts of development type on runoff volume and infiltration performance,
Technometrics, 40(4), 961-969.

Burns, M. J,, T. D. Fletcher, C. J. Walsh, A. R. Ladson, and B. E. Hatt (2012), Hydrologic shortcomings of conventional urban stormwater man-
agement and opportunities for reform, Landscape Urban Plan., 105(3), 230-240.

Carey, L. D., and S. A. Rutledge (2003), Characteristics of cloud-to-ground lightning in severe and nonsevere storms over the central United
States from 1989-1998, J. Geophys. Res., 108(D15), 4483, doi:10.1029/2002JD002951.

Carter, T,, and C. R. Jackson (2007), Vegetated roofs for stormwater management at multiple spatial scales, Landscape Urban Plan., 80(1),
84-94.

Changnon, S. A, Jr,, F. A. Huff, and R. G. Semonin (1971), METROMEX: An investigation of inadvertent weather modification, Bull. Am. Mete-
orol. Soc., 52(10), 958-968.

Charlotte-Mecklenburg Emergency Management (2010), Mecklenburg County Hazard Mitigation Plan, 2010 Plan Updated, Charlotte, N. C.
[Available at https://www.charmeckem.net/node/29.]

Davison, A. C,, and R. L. Smith (1990), Models for exceedances over high thresholds, J. R. Stat. Soc. Series B (Methodological), 393-442.

Deasy, C., A. Titman, and J. N. Quinton (2014), Measurement of flood peak effects as a result of soil and land management, with focus on
experimental issues and scale, J. Environ. Manage., 132, 304-312.

Diem, J. E, and T. L. Mote (2005), Interepochal changes in summer precipitation in the southeastern United States: Evidence of possible
urban effects near Atlanta, Georgia, J. Appl. Meteorol., 44(5), 717-730.

Elga, S., J. Bronders, and O. Batelaan (2015), Hydrological modelling of urbanized catchments: A review and future directions, J. Hydrol.,
529, 62-81.

Feaster, T. D., A. J. Gotvald, and J. C. Weaver (2014), Methods for estimating the magnitude and frequency of floods for urban and small,
rural streams in Georgia, South Carolina, and North Carolina, 2011, U.S. Geol. Surv. Fact Sheet, 2014-5030, 2 pp.

Fernandes, W., M. Naghettini, and R. Loschi (2010), A Bayesian approach for estimating extreme flood probabilities with upper-bounded
distribution functions, Stoch. Environ. Res. Risk Assess., 24(8), 1127-1143.

Fletcher, T., H. Andrieu, and P. Hamel (2013), Understanding, management and modelling of urban hydrology and its consequences for
receiving waters: A state of the art, Adv. Water Resour., 51, 261-279.

Galster, J. C, F. J. Pazzaglia, B. R. Hargreaves, D. P. Morris, S. C. Peters, and R. N. Weisman (2006), Effects of urbanization on watershed
hydrology: The scaling of discharge with drainage area, Geology, 34(9), 713-716.

Gasperi, J., M. C. Gromaire, M. Kafi, R. Moilleron, and G. Chebbo (2010), Contributions of wastewater, runoff and sewer deposit erosion to
wet weather pollutant loads in combined sewer systems, Water Res., 44(20), 5875-5886.

Georgakakos, K. P. (2006), Analytical results for operational flash flood guidance, J. Hydrol., 317(1), 81-103.

Gilroy, K. L,, and R. H. McCuen (2009), Spatio-temporal effects of low impact development practices, J. Hydrol., 367(3), 228-236.

Graf, W. L. (1977), Network characteristics in suburbanizing streams, Water Resour. Res., 13(2), 459-463.

Gregory, J. H,, M. D. Dukes, P. H. Jones, and G. L. Miller (2006), Effect of urban soil compaction on infiltration rate, J. Soil Water Conserv.,
61(3), 117-124.

Grimmond, C,, M. Roth, T. R. Oke, Y. Au, M. Best, R. Betts, G. Carmichael, H. Cleugh, W. Dabberdt, and R. Emmanuel (2010), Climate and
more sustainable cities: Climate information for improved planning and management of cities (producers/capabilities perspective), Pro-
cedia Environ. Sci., 1, 247-274.

Grimshaw, S. D. (1993), Computing maximum likelihood estimates for the generalized Pareto distribution, Technometrics, 35(2), 185-191.

Gupta, V. K, O. J. Mesa, and D. R. Dawdy (1994), Multiscaling theory of flood peaks: Regional quantile analysis, Water Resour. Res., 30(12),
3405-3421.

Hale, R. L., L. Turnbull, S. R. Earl, D. L. Childers, and N. B. Grimm (2015), Stormwater infrastructure controls runoff and dissolved material
export from arid urban watersheds, Ecosystems, 18(1), 62-75.

Hawley, R. J., and B. P. Bledsoe (2011), How do flow peaks and durations change in suburbanizing semi-arid watersheds? A southern Cali-
fornia case study, J. Hydrol., 405(1), 69-82.

Helsel, D. R., and R. M. Hirsch (1992), Statistical Methods in Water Resources, Elsevier, Reston, Va.

Hollis, G. E. (1975), The effect of urbanization on floods of different recurrence interval, Water Resour. Res., 11(3), 431-435.

Hosking, J. R, and J. R. Wallis (1987), Parameter and quantile estimation for the generalized Pareto distribution, Technometrics, 29(3),
339-349.

Jarden, K. M., A. J. Jefferson, and J. M. Grieser (2016), Assessing the effects of catchment-scale urban green infrastructure retrofits on hydro-
graph characteristics, Hydrol. Processes, 30(10), 1536-1550.

ZHOU ET AL.

THE COMPLEXITIES OF URBAN FLOOD RESPONSE 7422


http://doi.org/10.1029/2010WR009162
http://doi.org/10.1016/j.jhydrol.2016.08.049
http://doi.org/10.1002/2014WR015607
http://doi.org/10.1029/2002JD002951
https://www.charmeckem.net/node/29

@AG U Water Resources Research 10.1002/2016WR019997

Jarvinen, B., C. Neumann, and M. Davis (1984), A Tropical Cyclone Data Tape for the North Atlantic Basin, 1886-1983: Contents, Limitations,
and Uses, NHC, NOAA Tech. Memo. NWS Report, NWS NHC 22, 24 pp., Natl. Hurricane Cent., Miami, Fla.

Jato-Espino, D., S. M. Charlesworth, J. R. Bayon, and F. Warwick (2016), Rainfall-runoff simulations to assess the potential of SuDS for miti-
gating flooding in highly urbanized catchments, Int. J. Env. Res. Public Health, 13(1), 149-161.

Kaplan, J., and M. DeMaria (2003), Large-scale characteristics of rapidly intensifying tropical cyclones in the North Atlantic basin, Weather
Forecast., 18(6), 1093-1108.

Kendall, M. (1975), Rank Correlation Methods, Charles Griffin, London, U. K.

Koga, T., A. Kawamura, H. Amaguchi, and H. Tanouchi (2016), Assessing impervious area ratios of grid-based land-use classifications on the
example of an urban watershed, Hydrol. Sci. J., 61(9), 1728-1739.

Kottegoda, N., and R. Ross (2008), Applied Statistics for Civil and Environmental Engineers, Blackwell, Oxford, U. K.

Krajewski, W. F., A. Kruger, J. A. Smith, R. Lawrence, C. Gunyon, R. Goska, B.-C. Seo, P. Domaszczynski, M. L. Baeck, and M. K. Ramamurthy
(2011), Towards better utilization of NEXRAD data in hydrology: An overview of Hydro-NEXRAD, J. Hydroinform., 13(2), 255-266.

Kruger, A, W. F. Krajewski, P. Domaszczynski, and J. A. Smith (2011), Hydro-NEXRAD: Metadata computation and use, J. Hydroinform., 13(2),
267-276.

Leopold, L. B. (1968), Hydrology for urban land planning-a guidebook on the hydrologic effects of urban land use, U.S. Geol. Surv. Circ., 554,
1-18.

Leopold, L. B. (1973), River channel change with time: An example address as Retiring President of The Geological Society of America, Min-
neapolis, Minnesota, November 1972, Geol. Soc. Am. Bull., 84(6), 1845-1860.

Liscum, F., and B. C. Massey (1980), Technique for estimating the magnitude and frequency of floods in the Houston, Texas, Metropolitan
Area, U.S. Geol. Surv. Water Resour. Invest. Rep., 80-17, 29 p.

Llasat, M. C,, R. Marcos, M. Turco, J. Gilabert, and M. Llasat-Botija (2016), Trends in flash flood events versus convective precipitation in the
Mediterranean region: The case of Catalonia, J. Hydrol., 541, 24-37, doi:10.1016/j,jhydrol.2016.05.040.

Loperfido, J. V., G. B. Noe, S. T. Jarnagin, and D. M. Hogan (2014), Effects of distributed and centralized stormwater best management prac-
tices and land cover on urban stream hydrology at the catchment scale, J. Hydrol., 519, 2584-2595.

Madoux-Humery, ASS., S. Dorner, S. Sauvé, K. Aboulfadl, M. Galarneau, P. Servais and M. Prévost (2013), Temporal variability of combined
sewer overflow contaminants: Evaluation of wastewater micropollutants as tracers of fecal contamination, Water Res., 47(13), 4370-4382.

Manley, G. (1958), On the frequency of snowfall in metropolitan England, Q. J. R. Meteorol. Soc., 84(359), 70-72.

Mann, H. B. (1945), Nonparametric tests against trend, Econometrica, 13, 245-259.

Marchi, L., M. Borga, E. Preciso, and E. Gaume (2010), Characterisation of selected extreme flash floods in Europe and implications for flood
risk management, J. Hydrol., 394(1), 118-133.

Martens, L. A. (1968), Flood inundation and effects of urbanization in Metropolitan Charlotte North Carolina, U.S. Geol. Surv. Water Supply
Pap., 1591-C, 60 pp.

Massey, F. J. (1951), The Kolmogorov-Smirnov test for goodness of fit, J. Am. Stat. Assoc., 46(253), 68-78.

Mecklenburg County (2016), State of the Environment Report 2016, technical report, N. C. [Available at http://charmeck.org/mecklenburg/
county/LUESA/SOER2016/Pages/default.aspx.]

Meierdiercks, K. L., J. A. Smith, M. L. Baeck, and A. J. Miller (2010), Analyses of urban drainage network structure and its impact on hydro-
logic response1, J. Am. Water Resour. Assoc., 45(8), 932-943.

Mejia, A. I, and G. E. Moglen (2010a), Impact of the spatial distribution of imperviousness on the hydrologic response of an urbanizing
basin, Hydrol. Processes, 24(23), 3359-3373.

Mejia, A. I, and G. E. Moglen (2010b), Spatial distribution of imperviousness and the space-time variability of rainfall, runoff generation,
and routing, Water Resour. Res., 46, W07509, doi:10.1029/2009WR008568.

Miles, B., and L. E. Band (2015), Green infrastructure stormwater management at the watershed scale: Urban variable source area and
watershed capacitance, Hydrol. Processes, 29(9), 2268-2274.

Moglen, G. E,, and S. Kim (2007), Limiting imperviousness, J. Am. Plan. Assoc., 73(2), 161-171.

Mogollén, B., E. A. Frimpong, A. B. Hoegh, and P. L. Angermeier (2016), Recent changes in stream flashiness and flooding, and effects of
flood management in North Carolina and Virginia, J. Am. Water Resour. Assoc., 52(3), 561-577.

Molders, N., and M. A. Olson (2004), Impact of urban effects on precipitation in high latitudes, J. Hydrometeorol., 5(3), 409-429.

Morin, E., D. C. Goodrich, R. A. Maddox, X. Gao, H. V. Gupta, and S. Sorooshian (2006), Spatial patterns in thunderstorm rainfall events and
their coupling with watershed hydrological response, Adv. Water Resour., 29(6), 843-860.

Morrison, J. E,, and J. A. Smith (2002), Stochastic modeling of flood peaks using the generalized extreme value distribution, Water Resour.
Res., 38(12), 1305, doi:10.1029/2001WR000502.

Ntelekos, A. A, J. A. Smith, and W. F. Krajewski (2007), Climatological analyses of thunderstorms and flash floods in the Baltimore metropol-
itan region, J. Hydrometeorol., 8(1), 88-101.

Ochoa-Rodriguez, S., L.-P. Wang, A. Gires, R. D. Pina, R. Reinoso-Rondinel, G. Bruni, A. Ichiba, S. Gaitan, E. Cristiano, and J. van Assel (2015),
Impact of spatial and temporal resolution of rainfall inputs on urban hydrodynamic modelling outputs: A multi-catchment investiga-
tion, J. Hydrol., 531, 389-407.

Ogden, F. L, H. O. Sharif, S. U. S. Senarath, J. A. Smith, M. L. Baeck, and J. R. Richardson (2000), Hydrologic analysis of the Fort Collins, Colo-
rado, flash flood of 1997, J. Hydrol., 228(1-2), 82-100.

Ogden, F. L., N. Raj Pradhan, C. W. Downer, and J. A. Zahner (2011), Relative importance of impervious area, drainage density, width func-
tion, and subsurface storm drainage on flood runoff from an urbanized catchment, Water Resour. Res., 47, W12503, doi:10.1029/
2011WR010550.

Orville, R. E. (2008), Development of the national lightning detection network, Bull. Am. Meteorol. Soc., 89(2), 180-190.

Palla, A., and I. Gnecco (2015), Hydrologic modeling of low impact development systems at the urban catchment scale, J. Hydrol., 528, 361-
368.

Peleg, N., F. Blumensaat, P. Molnar, S. Fatichi, and P. Burlando (2017), Partitioning the impacts of spatial and climatological rainfall variabil-
ity in urban drainage modeling, Hydrol. Earth Syst. Sci., 21(3), 1559.

Pina, R. D., S. Ochoa-Rodriguez, N. E. Simdes, A. Mijic, A. S. Marques, and C. Maksimovi¢ (2016), Semi-vs. fully-distributed urban storm water
models: Model set up and comparison with two real case studies, Water, 8(2), 58-77.

Pouyat, R. V., K. Szlavecz, I. D. Yesilonis, P. M. Groffman, and K. Schwarz (2010), Chemical, physical, and biological characteristics of urban
soils, in Urban Ecosystem Ecology, vol. 55, edited by J. Aitkenhead-Peterson and A. Volder, pp. 119-152, doi:10.2134/agronmonogr55.c7.

Rhea, L., T. Jarnagin, D. Hogan, J. V. Loperfido, and W. Shuster (2015), Effects of urbanization and stormwater control measures on stream-
flows in the vicinity of Clarksburg, Maryland, USA, Hydrol. Processes, 29(20), 4413-4426.

ZHOU ET AL.

THE COMPLEXITIES OF URBAN FLOOD RESPONSE 7423


http://doi.org/10.1016/j.jhydrol.2016.05.040
http://charmeck.org/mecklenburg/county/LUESA/SOER2016/Pages/default.aspx
http://charmeck.org/mecklenburg/county/LUESA/SOER2016/Pages/default.aspx
http://doi.org/10.1029/2009WR008568
http://doi.org/10.1029/2001WR000502
http://doi.org/10.1029/2011WR010550
http://doi.org/10.1029/2011WR010550
http://doi.org/10.2134/agronmonogr55.c7

@AG U Water Resources Research 10.1002/2016WR019997

Roach, W. J,, J. B. Heffernan, N. B. Grimm, J. R. Arrowsmith, C. Eisinger, and T. Rychener (2008), Unintended consequences of urbanization
for aquatic ecosystems: A case study from the Arizona desert, BioScience, 58(8), 715-727.

Robbins, J. C., and B. F. Pope (1996), Estimation of flood-frequency characteristics of small urban streams in North Carolina, U.S. Geol. Surv.
Water Resour. Invest. Rep., 96-4084, 21 pp.

Sauer, V. B, W. O. Thomas, V. A. Stricker, and K. V. Wilson (1983), Flood characteristics of urban watersheds in the United States, U.S. Geol.
Surv. Water Supply Pap., 2207, 63 pp.

Seo, B.-C,, W. F. Krajewski, A. Kruger, P. Domaszczynski, J. A. Smith, and M. Steiner (2011), Radar-rainfall estimation algorithms of Hydro-
NEXRAD, J. Hydroinform., 13(2), 277-291.

Shepherd, J. M. (2005), A review of current investigations of urban-induced rainfall and recommendations for the future, Earth Inter., 9(12),
1-27.

Shepherd, J. M., and S. J. Burian (2003), Detection of urban-induced rainfall anomalies in a major coastal city, Earth Inter., 7(4), 1-17.

Shi, P.-J,, Y. Yuan, J. Zheng, J.-A. Wang, Y. Ge, and G.-Y. Qiu (2007), The effect of land use/cover change on surface runoff in Shenzhen
region, China, Catena, 69(1), 31-35.

Shuster, W. D, J. Bonta, H. Thurston, E. Warnemuende, and D. R. Smith (2005), Impacts of impervious surface on watershed hydrology: A
review, Urban Water J., 2(4), 263-275.

Shuster, W., and L. Rhea (2013), Catchment-scale hydrologic implications of parcel-level stormwater management (Ohio USA), J. Hydrol.,
485,177-187.

Smith, B. K, and J. A. Smith (2015), The flashiest watersheds in the contiguous United States, J. Hydrometeorol., 16(6), 2365-2381.

Smith, B. K., J. A. Smith, M. L. Baeck, G. Villarini, and D. B. Wright (2013), Spectrum of storm event hydrologic response in urban watersheds,
Water Resour. Res., 49, 2649-2663, doi:10.1002/wrcr.20223.

Smith, B. K., J. A. Smith, M. L. Baeck, and A. J. Miller (2015), Exploring storage and runoff generation processes for urban flooding through a
physically based watershed model, Water Resour. Res., 51, 1552-1569, doi:10.1002/2014WR016085.

Smith, J. A. (1992), Representation of basin scale in flood peak distributions, Water Resour. Res., 28(11), 2993-2999.

Smith, J. A,, M. L. Baeck, J. E. Morrison, P. Sturdevant-Rees, D. F. Turner-Gillespie, and P. D. Bates (2002), The regional hydrology of extreme
floods in an urbanizing drainage basin, J. Hydrometeorol., 3(3), 267-282.

Smith, J. A, M. L. Baeck, K. L. Meierdiercks, P. A. Nelson, A. J. Miller, and E. J. Holland (2005a), Field studies of the storm event hydrologic
response in an urbanizing watershed, Water Resour. Res., 41, W10413, doi:10.1029/2004WR003712.

Smith, J. A, A. J. Miller, M. L. Baeck, P. A. Nelson, G. T. Fisher, and K. L. Meierdiercks (2005b), Extraordinary Flood response of a small Urban
watershed to short-duration convective rainfall, J. Hydrometeorol., 6(5), 599-617.

Smith, J. A, G. Villarini, and M. L. Baeck (2011), Mixture distributions and the hydroclimatology of extreme rainfall and flooding in the east-
ern United States, J. Hydrometeorol., 12(2), 294-309.

Smith, J. A, M. L. Baeck, G. Villarini, C. Welty, A. J. Miller, and W. F. Krajewski (2012), Analyses of a long-term, high-resolution radar rainfall
data set for the Baltimore metropolitan region, Water Resour. Res., 48, W04504, doi:10.1029/2011WR010641.

Stovin, V. (2010), The potential of green roofs to manage urban stormwater, Water Environ J., 24(3), 192-199.

Syed, K. H., D. C. Goodrich, D. E. Myers, and S. Sorooshian (2003), Spatial characteristics of thunderstorm rainfall fields and their relation to
runoff, J. Hydrol., 271(1-4), 1-21.

Ten Veldhuis, M.-C., Z. Zhou, L. Yang, S. Liu, and J. Smith (2017), The role of storm dynamics and scale in controlling urban flood response,
Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2017-197.

Thorndahl, S., C. Johansen, and K. Schaarup-Jensen (2006), Assessment of runoff contributing catchment areas in rainfall runoff modelling,
Water Sci. Technol., 54(6-7), 49-56.

Thorndahl, S., T. Einfalt, P. Willems, J. E. Nielsen, M. C. ten Veldhuis, K. Arnbjerg-Nielsen, M. R. Rasmussen and P. Molnar (2017), Weather
radar rainfall data in urban hydrology, Hydrol. Earth Syst. Sci., 21(3), 1359-1380.

Turner-Gillespie, D. F., J. A. Smith, and P. D. Bates (2003), Attenuating reaches and the regional flood response of an urbanizing drainage
basin, Adv. Water Resour., 26(6), 673-684.

United States Census Bureau (2015), Census of Population and Housing, Suitland, Md. [Available at http://census.gov/content/census/en/
library/publications.2015.html/.]

Villarini, G., and J. A. Smith (2010), Flood peak distributions for the eastern United States, Water Resour. Res., 46, W06504, doi:10.1029/
2009WR008395.

Villarini, G., J. A. Smith, F. Serinaldi, J. Bales, P. D. Bates, and W. F. Krajewski (2009), Flood frequency analysis for nonstationary annual peak
records in an urban drainage basin, Adv. Water Resour., 32(8), 1255-1266.

Villarini, G., J. A. Smith, M. L. Baeck, and W. F. Krajewski (2011), Examining flood frequency distributions in the Midwest U.S., J. Am. Water
Resour. Assoc., 47(3), 447-463.

Villarini, G., J. A. Smith, M. L. Baeck, B. K. Smith, and P. Sturdevant-Rees (2013), Hydrologic analyses of the July 17-18, 1996, flood in Chicago
and the role of Urbanization, J. Hydrol. Eng., 18(2), 250-259.

Wang, D., and M. Hejazi (2011), Quantifying the relative contribution of the climate and direct human impacts on mean annual streamflow
in the contiguous United States, Water Resour. Res., 47, W00J12, doi:10.1029/2010WR010283.

Wang, L. P., S. Ochoa-Rodriguez, J. Van Assel, R. D. Pina, M. Pessemier, S. Kroll, P. Willems, and C. Onof (2015), Enhancement of radar rainfall
estimates for urban hydrology through optical flow temporal interpolation and Bayesian gauge-based adjustment, J. Hydrol., 531, 408—
426.

Wang, Q. (1991), The POT model described by the generalized Pareto distribution with Poisson arrival rate, J. Hydrol., 129(1), 263-280.

Williams, E. S., and W. R. Wise (2006), Hydrologic impacts of alternative approaches to storm water management and land development, J.
Am. Water Resour. Assoc., 42(2), 443-455.

Wright, D. B., J. A. Smith, G. Villarini, and M. L. Baeck (2012), Hydroclimatology of flash flooding in Atlanta, Water Resour. Res., 48, W04524,
doi:10.1029/2011TWR011371.

Wright, D. B., J. A. Smith, G. Villarini, and M. L. Baeck (2013), Estimating the frequency of extreme rainfall using weather radar and stochastic
storm transposition, J. Hydrol., 488, 150-165.

Wright, D. B., J. A. Smith, G. Villarini, and M. L. Baeck (2014a), Long-term high-resolution radar rainfall fields for urban hydrology, J. Am.
Water Resour. Assoc., 50(3), 713-734.

Wright, D. B., J. A. Smith and M. L. Baeck (2014b), Flood frequency analysis using radar rainfall fields and stochastic storm transposition,
Water Resour. Res., 50, 1592-1615, doi:10.1002/2013WR014224.

Yang, G,, L. C. Bowling, K. A. Cherkauer, and B. C. Pijanowski (2011), The impact of urban development on hydrologic regime from catch-
ment to basin scales, Landscape Urban Plan., 103(2), 237-247.

ZHOU ET AL.

THE COMPLEXITIES OF URBAN FLOOD RESPONSE 7424


http://doi.org/10.1002/wrcr.20223
http://doi.org/10.1002/2014WR016085
http://doi.org/10.1029/2004WR003712
http://doi.org/10.1029/2011WR010641
http://doi.org/10.5194/hess-2017-197
http://census.gov/content/census/en/library/publications.2015.html/
http://census.gov/content/census/en/library/publications.2015.html/
http://doi.org/10.1029/2009WR008395
http://doi.org/10.1029/2009WR008395
http://doi.org/10.1029/2010WR010283
http://doi.org/10.1029/2011WR011371
http://doi.org/10.1002/2013WR014224

@AG U Water Resources Research 10.1002/2016WR019997

Yang, L., J. A. Smith, D. B. Wright, M. L. Baeck, G. Villarini, F. Tian, and H. Hu (2013), Urbanization and climate change: An examination of
nonstationarities in urban flooding, J. Hydrometeorol., 14(6), 1791-1809.

Yang, L., F. Tian, J. A. Smith, and H. Hu (2014), Urban signatures in the spatial clustering of summer heavy rainfall events over the Beijing
metropolitan region, J. Geophys. Res. Atmos., 119, 1203-1217, doi:10.1002/2013JD020762.

Yang, L., F. Tian, and D. Niyogi (2015), A need to revisit hydrologic responses to urbanization by incorporating the feedback on spatial rain-
fall patterns, Urban Clim., 12, 128-140.

Yang, L., J. A. Smith, M. L. Baeck, and Y. Zhang (2016), Flash flooding in small urban watersheds: Storm event hydrologic response, Water
Resour. Res., 52, 4571-4589, doi:10.1002/2015WR018326.

Ye, B., D. Yang, and D. L. Kane (2003), Changes in Lena River streamflow hydrology: Human impacts versus natural variations, Water Resour.
Res., 39(7), 1200, doi:10.1029/2003WR001991.

Zhou, Z,, S. Liu, H. Hua, C. S. Chen, G. Zhong, H. Lin, and C.-W. Huang (2014), Frequency analysis for predicting extreme precipitation in
Changxing station of Taihu basin, China, J. Coastal Res., 68(sp1), 144-151.

Zhou, Z., S. Liu, G. Zhong, and Y. Cai (2016), Flood disaster and flood control measurements in Shanghai, Nat. Hazards Rev., 18(1),
B5016001, doi:10.1061/(ASCE)NH.1527-6996.0000213.

ZHOU ET AL.

THE COMPLEXITIES OF URBAN FLOOD RESPONSE 7425


http://doi.org/10.1002/2013JD020762
http://doi.org/10.1002/2015WR018326
http://doi.org/10.1029/2003WR001991
http://doi.org/10.1061/(ASCE)NH.1527-6996.0000213

	l

