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Abstract Although it is widely recognized that urbanization has a notable impact on streamflow charac-
teristics, the relative influence of the extent, spatial configuration, and positioning of urban development on
low, high, and peak flow regimes is still not fully understood. The overarching research objective of this
study was to clarify these relationships by analyzing 119 watersheds throughout the Charlanta megaregion,
which stretches from Charlotte, NC to Atlanta, GA. Spatial metrics were derived from land use/land cover
data sets to quantify the urban development patterns of each watershed while the streamflow characteris-
tics were evaluated using mean daily discharge and annual peak streamflow data. Analysis of variance tests,
bivariate correlations, and multivariate regression models were used to identify intraregional variability and
quantify the impact of urban development patterns on streamflow characteristics while controlling for the
physical differences between watersheds. The statistical analysis revealed that increasing the extent of
urban development enhanced high and low flow frequency as well as annual peak unit discharge. There-
fore, urbanization within Charlanta generally produced a more extreme streamflow regime. In terms of the
spatial configuration of urban development, the models indicated that more contiguous developed open
space increased high and low flow frequency. Finally, the positional analysis suggested that clustering
impervious surfaces in source areas distant from streams increased the frequency of high flows. The study
highlights the overall importance of considering the extent, configuration, and positioning of urban devel-
opment when devising land use policies aimed at minimizing streamflow alteration due to urbanization.

1. Introduction

With over half the world’s population currently residing in urban areas and this proportion projected to
approach 66% by 2050 (United Nations, 2014), the pressures placed on the natural environment by urban
development are widely evident and likely to increase in the future. The hydrologic regimes of rivers are no
exception, as continued urbanization has produced notable and widespread alterations of streamflow char-
acteristics (Burian & Pomeroy, 2010; DeWalle et al., 2000; Poff et al., 2006). The impervious surfaces, storm
water drainage systems, and compacted soils common throughout urban environments typically increase
peak flows, runoff volumes, and flashiness (Leopold, 1968; Sauer et al., 1984). These alterations not only
endanger urban infrastructure and human lives but also threaten the ecological sustainability of urban river
systems (Ashley & Ashley, 2008; Brown et al.,, 2009). Consequently, moderating such impacts via effective
land use planning appears imperative.

One of the original techniques utilized to encourage sustainable levels of development was the identifica-
tion of total and/or effective impervious area thresholds above which urbanization noticeably degraded nat-
ural streamflow characteristics (Booth & Jackson, 1997; Klein, 1979; Schueler, 1994; Schueler et al., 2009;
Shuster et al., 2005; Wang et al., 2001). Although such thresholds can inform best management practices,
they often fail to explicitly address how the urban development is configured spatially and positioned
within watersheds (Brabec, 2009). Therefore, studies have begun exploring the influence of the spatial con-
figuration of urban land use and the positioning of impervious surfaces, either near watershed outlets or in
more distant headwaters, on streamflow characteristics to guide more precise land use planning measures.

Developing watershed headwaters is theorized to produce larger peak discharges because the time of con-
centration is reduced, which superposes the peaks observed in the distant portions of the watershed with
those closer to the outlet (Beighley & Moglen, 2002). However, studies based upon stream gage observa-
tions have largely been unable to establish clear statistical relationships between the positioning of urban
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development and streamflow responses (Beighley & Moglen, 2002, 2003; Sauer et al., 1984; ten Veldhuis
et al,, 2018; Wright et al,, 2012; Zhou et al,, 2017). Modeling efforts evaluating hypothetical distributions of
imperviousness have more successfully revealed that clustering urban development in headwater locations
and source areas increases peak flows on an annual and individual storm basis (Mejia & Moglen, 2009,
2010). The hydrologic influence of the spatial configuration of urban development, rather than its relative
positioning within watersheds, has been analyzed less frequently, with more fragmented and less con-
nected urban land use configurations generally found to minimize the impacts of urbanization on stream-
flow (Kim & Park, 2016; McMahon et al., 2003; Olivera & DeFee, 2007).

Although past studies have highlighted the importance of urbanization in governing streamflow character-
istics, this paper aims to address several notable gaps present within the literature. First, the inability of
observational studies to identify consistent statistical relationships between the positioning of urban devel-
opment and streamflow responses highlights the necessity of developing more nuanced methodologies for
quantifying the relative positioning of impervious surfaces within watersheds. Relying upon simplistic mea-
sures, such as calculating the percentage of urban development within each quarter of a given watershed,
may explain why modeling efforts have largely been more successful in elucidating these relationships. Sec-
ond, the generalizability of the findings from previous studies may be limited because they often analyze a
small number of watersheds (e.g., Beighley & Moglen, 2003; Olivera & DeFee, 2007; Roberts, 2016). The lack
of substantial sample sizes has also prevented the widespread usage of rigorous multivariate statistical tech-
nigues, as the measures evaluating the positioning and spatial configuration of urban development are
commonly used as qualitative aids when interpreting various streamflow responses (e.g., Olivera & DeFee,
2007; Wright et al., 2012). These concerns have led to numerous calls for studies with larger sample sizes to
evaluate the generalizability of the relationships between urban development patterns and streamflow
characteristics (Olivera & DeFee, 2007; Roberts, 2016).

Finally, apart from McMahon et al. (2003), previous research has focused primarily on how urban develop-
ment patterns influence peak flows (Ferguson & Suckling, 1990; Hamel et al., 2015). Although peak flows
are relevant to damaging flood events, base flow alterations can have equally important ecological ramifica-
tions (Poff et al.,, 2006). Additionally, the relationships between urbanization and low flow patterns remain
unclear (Bhaskar et al., 2016; Brown et al., 2009; Meyer, 2005). Urban areas have traditionally been hypothe-
sized to reduce base flow due to the increased runoff from impervious surfaces limiting infiltration and
groundwater recharge (Leopold, 1968; Price, 2011; Rose & Peters, 2001). Conversely, leaky water infrastruc-
ture and irrigation can increase groundwater recharge and help sustain base flow in certain urban settings
(Bhaskar et al., 2016). Conflicting results have also emerged regarding the influence of urban development
on annual peak streamflow. Urbanization is generally theorized to have less influence on annual peak dis-
charges, relative to more frequent high flows, because the natural land cover is often saturated and effec-
tively impervious during such events (Hollis, 1975; Sauer et al., 1984; Smith et al., 2002). However, several
studies have detected increasing trends in annual peak discharge due to urbanization (Sheng & Wilson,
2009; Yang et al,, 2013) while others have reaffirmed that urbanization has no significant influence on
annual peak streamflow (Villarini et al., 2013).

The overarching goal of this study was to provide a comprehensive assessment of the relationships
between urban development patterns and streamflow characteristics by addressing the shortcomings dis-
cussed above. Spatial metrics were utilized in conjunction with multivariate regression modeling to quanti-
tatively describe the relative influence of the extent, spatial configuration, and positioning of urban
development on low, high, and annual peak flows. The following section outlines the study watersheds in
more detail as well as the data and methodologies used to quantify the streamflow characteristics and
urban development patterns. The results are discussed in section 3. Finally, section 4 summarizes the main
findings and explores the potential urban planning implications of the research.

2. Data and Methods

2.1. Study Watersheds

In total, 119 watersheds were analyzed throughout the Charlanta megaregion, which incorporates the
Atlanta (ATL), Greenville, Spartanburg, Anderson (GSP), and Charlotte (CHA) Metropolitan Statistical Areas
(MSAs) along the 1-85 corridor (Florida et al., 2008; Mitra & Shepherd, 2016; Shepherd et al., 2013) (Figure 1).

DEBBAGE AND SHEPHERD

3729

95U9017 SLOWILWIOD SAIIa.D) 9|qed![dde ayy Aq pausenob ae sapie YO ‘85N JO Sa|ni o} Aiq18UlUO A3[IA UO (SUONIPUOI-PUR-SWBIW0D A8 | 1M AleIq 1 jpul|Uo//:SdNy) SUONIPUOD PuUe SWIS 1 8Y) 89S " [7202/20/70] uo Ariqiauliuo A[IM ‘Ariqi AIseAIuN unnd Aq ¥65TZ0MM.T0Z/620T 0T/I0p/W0d A8 1M Aeiq 1 uluo'sqndnBe//:sdny woiy pepeojumoq 'S ‘8TOZ ‘SL6.7V6T



~1
AGU

100

ADVANCING EARTH
/AND SPACE SCIENCE

Water Resources Research 10.1029/2017WR021594

T —— o
L= T rerr——
—_ J-...mh|

L e Y

i'— 185 Comigar |
|:| Ty Welerghady
| PSS Bounclanies

I:h‘ah Brctins ‘ {

[T

= ..I
i AN |

Figure 1. Location of the Charlanta Megaregion and study watersheds.

The study focused on Charlanta because its impervious footprint is projected to expand notably (Terando
et al.,, 2014) and heighten the pressures placed on river systems if additional land use guidelines are not
implemented. Future urban expansion is particularly problematic given that Charlotte and Atlanta are cur-
rently ranked as the fifth and seventh flashiest cities in the contiguous United States, respectively (Smith &
Smith, 2015). Finally, analyzing the entire Charlanta megaregion also helped assess the generalizability of
the relationships between urban development patterns and streamflow characteristics.

The individual watersheds included in the analysis were selected primarily based upon continuous U.S. Geo-
logical Survey (USGS) stream gage data availability between 2009 and 2013 (Figure 1). The timeframe of the
analysis was centered on 2011 because it was the vintage of the land use data set used to quantify the pat-
terns of urban development. Importantly, the 5 year study period enabled a climatologically representative
precipitation sample and was brief enough to reasonably assume that the 2011 land use was representative
for the entire timeframe. Specifically, the average annual precipitation over the 5 year period was 2.14 and
5.75 cm greater than the climatological normal value for Charlotte (105.74 cm) and Atlanta (126.26 cm),
respectively (NWS, 2017a, 2017b). The stream gages included in the study were also required to be in the
Geospatial Attributes of Gages for Evaluating Streamflow (GAGES-II) data set (Falcone, 2011), as it provided

Table 1
Statistics Describing the Characteristics of the Study Watersheds
Population
Area density Urbanized Mean annual Mean annual
Metropolitan area Number (km?) (persons/kmz) area (%)  precipitation (cm) temperature (°C)
Atlanta (ATL) 54 79.5(242.7) 465.0 (420.1) 61.1(26.3) 136.4 (8.7) 15.3(0.7)
Charlotte (CHA) 49 485 (506.4) 354.7 (410.6) 66.4 (32.1) 118.3 (2.9) 15.5 (0.4)
Greenville-Spartanburg- 16 198.8 (183.7) 73.8(170.8) 18.0(18.6) 140.8 (10.0) 15.6 (0.2)
Anderson (GSP)
All watersheds 119 76.8 (368.4) 340.3 (408.0) 60.8 (29.6) 130.4 (11.9) 15.5 (0.6)

Note. Median values are reported with standard deviations in parentheses. All the variables were obtained from the
GAGES-Il data set (Falcone, 2011) except urbanized area, which was derived from the 2011 National Land Cover Data-
base (NLCD).
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an extensive suite of variables describing the physical characteristics of the watersheds and delineated the
watershed boundaries. Characteristics of the study watersheds are detailed in Table 1. The study watersheds
had a median area of 77 km? because large rivers highly regulated by dam infrastructure, such as the Chat-
tahoochee, Savannah, and Catawba, were avoided. Overall, the watersheds evaluated a gradient of urban
intensities, with the GSP watersheds generally exhibiting lower levels of urban development.

2.2. Quantifying Streamflow Characteristics

Mean daily discharge and annual peak streamflow data were obtained from the USGS National Water Infor-
mation System for each study watershed. A peaks-over-threshold (POT) technique was used to analyze the
mean daily discharge because it allowed for multiple high and low flow events within a given year (Villarini
et al,, 2013). This was particularly appropriate for analyzing the effects of urbanization since they are often
most pronounced during more frequent, lower magnitude high flow events (Hollis, 1975). High and low
flow frequency were evaluated by calculating the number of days during which the daily mean discharge
remained above the 75th and below the 25th percentile for a given gage, respectively. The percentile val-
ues were based upon daily mean discharge data during the 2009-2013 study period. Threshold exceedan-
ces on consecutive days were considered only once to avoid double counting the same event. The number
of exceedances was summarized from 2009 to 2013 and divided by five, producing a long-term annual
average that minimized the influence of climatic variability. Although the POT analysis was likely sensitive
to the specific thresholds selected, the 75th and 25th percentiles have been successfully used previously to
identify high and low flow frequency (Hamel et al., 2005; Hopkins et al., 2015).

Supporting information Figure S1 provides an example of the thresholding approach for 1 year of daily
streamflow data at Peachtree Creek, which is a highly urbanized watershed in Atlanta. Utilizing mean daily
streamflow may have potentially underestimated the influence of urban development in certain cases, but
POT analysis of mean daily discharge is a widely adopted technique used to quantify the effects of urbani-
zation on streamflow characteristics (e.g., Diem et al,, 2018; Hamel et al.,, 2015; Hopkins et al., 2015; Villarini
et al, 2013; Yang et al,, 2013). The annual peak streamflow data required less processing, as it was con-
verted to cubic meters per second, averaged over the 5 year study period, and standardized by watershed
area to produce annual average peak unit discharge (Choi et al., 2016).

2.3. Quantifying Urban Development Patterns

The metrics used to quantify the extent, spatial configuration, and positioning of urban development within
each watershed were derived from the 2011 National Land Cover Database (NLCD) (Homer et al., 2015). The
2011 NLCD was selected due to its relatively high spatial resolution of 30 m and detailed urban classification
scheme. Specifically, the variables describing the positioning of urban development were derived from the
2011 NLCD percent developed raster, which specifies an imperviousness value ranging from 0 to 100 for
each cell. Four positioning variables were calculated to explore the potential differences between traditional
and more complex approaches. First, a partitioning technique similar to past studies was performed (Beigh-
ley & Moglen, 2002). Each watershed was partitioned into a top and bottom half using one half of the lon-
gest drainage path length as the dividing threshold. The difference between the mean imperviousness of
the top and bottom half was calculated, with positive values indicating that the headwaters were more
heavily developed. The second positioning variable was the outlet imperviousness gradient. It was deter-
mined by measuring the distance of each pixel to the watershed outlet and calculating the relationship
between those distances and the cell imperviousness values using ordinary least squares (OLS) regression.
Larger positive values indicate that imperviousness increased more notably with distance from the water-
shed outlet. Thus, the outlet imperviousness gradient was conceptually analogous to the watershed parti-
tioning technique although its calculation was more complex and less sensitive to arbitrary partitioning
thresholds.

The third approach was a river imperviousness gradient designed specifically to evaluate the degree to
which the positioning of urban development mirrored the hypothetical source clustering scenario of Mejia
and Moglen (2010), which according to their modeling experiments increased peak flows more substantially
than clustering development near river channels. The river imperviousness gradient was calculated by mea-
suring the distance of each pixel to the nearest river feature, as defined by the National Hydrography Data
set (NHD) flowlines, and determining the relationship between those distances and the cell imperviousness
values using OLS regression. Larger positive values suggest that imperviousness increased more notably
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Table 2

with distance from the river features, which would be indicative of source clustering. The methodology of
this approach was similar to the outlet imperviousness gradient, but it assessed a fundamentally different
positioning pattern. The final positioning variable evaluated the intensity of urban development within the
riparian zone of each watershed by calculating the average imperviousness within 150 m of the NHD flow-
lines. The 150 m threshold was selected because it is the maximum recommended width of riparian buffers
for flood attenuation purposes (Fischer & Fischenich, 2000).

To determine the extent and spatial configuration of urban development, spatial metrics were calculated
using the FRAGSTATS software package (McGarigal et al., 2012). The spatial metrics were derived from the
2011 NLCD land cover data set, which includes 20 land use/land cover (LULC) categories with four devoted
to urban land uses of various intensities. Although a wide variety of spatial metrics exist, those most fre-
quently utilized in studies focusing on urban development were selected (Debbage et al.,, 2017). Table 2
describes the six class-level metrics included in the analysis, which evaluated different aspects of urban
morphology. Percentage of the landscape (PLAND) is a basic composition metric that quantified the relative
extent of urban development as a percentage of the total watershed area. The shape complexity of the
urban land use was evaluated by the area-weighted mean shape index (AWMSI) and edge density (ED).
AWMSI used a modified perimeter-area ratio to evaluate shape complexity while ED compared the total
urban edge length to the watershed area. In both cases, larger values were indicative of increasingly com-
plex and irregular urban forms.

The degree of urban fragmentation in the watersheds was determined by the patch density (PD),
largest patch index (LPI), and percentage of like adjacencies (PLADJ). PD counted the number of
urban patches within the watershed, which was subsequently standardized by watershed area. LPI
evaluated the dominance of the largest urban patch by dividing its area by the watershed area.
Finally, PLADJ provided a pixel-based measure of fragmentation by calculating the number of like
adjacencies involving urban pixels relative to the total number of adjacencies involving urban pixels.
Smaller LPI and PLADJ values as well as larger PD values were associated with less contiguous and
more fragmented urban morphologies. Although this study focused primarily on the metrics calcu-
lated for the four NLCD urban land uses, the spatial metrics in Table 2 were derived for all the LULC
categories present within each watershed.

Equations and Technical Descriptions of the Spatial Metrics Used to Quantify the Extent and Spatial Configuration of the Urban Development Within Each Watershed

(McGarigal et al. 2012)

Spatial metric Equation Technical description
Area-Weighted Mean Shape AWMS/= ™1 0.25p; ay Where p;; is the perimeter of patch ij and aj is the area of patch jj
Index (AWMSI) - Zf:1 ( aj ) j:w aj (i = number of patch types, j = number of patches)
m Units: None
Edge Density (ED) ED= % %10, 000 Where ey is the total edge length (m) of class i in the landscape and

Largest Patch Index (LPI)

Patch Density (PD)

Percentage of Like Adjacencies
(PLADJ)

Percentage of Landscape
(PLAND)

A is the total landscape area; the result is multiplied by 10,000 to
convert to hectares
mﬂal.!) Units: Meters per hectare
LPI= ’A‘ *100 Where max(aj) is the area (m?) of the largest patch of the corre-
sponding class and A is the total landscape area (m?); the result is
multiplied by 100 to convert to a percentage
Units: Percent
PD="7%%10,000+%100 Where n; is the number of patches in the landscape of patch type i
and A is the total landscape area (m?)
Units: Number per 100 hectare
PLADJ= ( 2 )*1 00 Where g;; is the number of like adjacencies between pixels of patch
i 9 type i and gy is the number of adjacencies between pixels of patch
types i and k
T g Units: Percent
PLAND= ’%‘” x100 Where a;; is the area (m?) of patch jj and A is the total landscape area
(m?); the result is multiplied by 100 to convert to a percentage
Units: Percent

Note. A patch is defined as a contiguous group of pixels that share a common land use/land cover type.
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2.4, Statistical Analysis

Several statistical tests were used to analyze the variability of streamflow within the Charlanta megaregion and
determine the influence of urban development patterns on streamflow characteristics. First, analysis of variance
(ANOVA) tests were conducted with MSA as the grouping variable to identify if the streamflow characteristics
varied across the Charlanta megaregion. ANOVA tests were performed for the three streamflow metrics as well
as the variables describing the patterns of urban development and physical characteristics of the watersheds to
explain any observed dissimilarities in streamflow. Tukey’s honest significant difference (HSD) tests were subse-
quently used to identify the specific MSAs that exhibited statistically significant differences (Tukey, 1949).

The variables that characterized the physical properties of the watersheds in the ANOVA tests and addi-
tional statistical analysis described below were obtained from the GAGES-Il data set (Falcone, 2011).
Although numerous variables were considered, several were central to the study including the: percentage
of watershed surface area covered by lakes, ponds, and reservoirs (Lake Storage), ratio of base flow to total
streamflow (Base Flow Index), percentage of soils in hydrologic soil groups A and B (Soil Groups A & B),
mean annual precipitation within the watershed (Mean Ann. Precip.), and percentage of total streamflow
produced by Horton overland flow.

To gain a further understanding of the relationships, bivariate Pearson correlation coefficients were calculated
between the three streamflow variables and each of the measures evaluating the extent, spatial configuration,
and positioning of urban development. Correlations were also calcu-
lated between the streamflow metrics and the potential control varia-

{ Annual Average |
| High Thrashold |

bles extracted from the GAGES-Il data set. More complex multivariate
modeling was then explored to quantify the relative influence of urban
R development patterns on streamflow characteristics while controlling
for potential confounding factors. The high threshold exceedances per
year, low threshold exceedances per year, and annual average peak
unit discharge were the dependent variables in the three OLS regres-
s sion models estimated. The independent variables considered for inclu-
o sion in the models described the urban development patterns as well
s Pl i as the physical differences between the watersheds. The variables ulti-
E:--- }| mately included in the models were selected manually based upon the

{Annual Average |
| Lerw Threhodd |
| Espredances
[Z009-2013F)
L dad-dad
& adi- o !
| & nn.irn

e i

bivariate analysis and regression diagnostics to avoid the potential
issues associated with stepwise regression (Ssegane et al., 2012). The
error terms of the models were assessed for heteroscedasticity, nor-
malcy, and spatial autocorrelation using the Breusch-Pagan (Breusch &
Pagan, 1979), Shaprio-Wilk (Shapiro & Wilk, 1965), and Moran’s | tests
(Moran, 1950), respectively. The degree of multicollinearity amongst the
independent variables was evaluated through variable inflation factors
(VIFs) (Marquardt, 1970). Finally, potential outliers were detected using
Cook’s D (Cook & Weisberg, 1982) and DFBETAs (Belsley et al., 1980).

The model diagnostics revealed that the assumptions of OLS regression

[Arnual Aversge |

| Peak Unit

| Discharge

| [2009-2013)
o 218088

1

were appropriate in most cases. Outliers were not a concern, as the Cook’s
D values of the three multivariate regression models were all less than
0.20 and the DFBETAs remained below 0.80. Multicollinearity amongst the
independent variables was also not detected since the VIFs never
exceeded 2. The p-values of the Breusch-Pagan and Shapiro-Wilk tests
never fell below 0.05 so the null hypotheses of homoscedastic and nor-
mally distributed residuals were not rejected. However, the low threshold
exceedances and annual average peak unit discharge models were esti-
mated using a natural logarithm transformation of the dependent vari-
able. The original statistical distribution of these dependent variables

Figure 2. Spatial distribution of (a) high threshold exceedances per year, (b)

exhibited positive skewness, which resulted in the nontransformed mod-
els failing the diagnostic test for normally distributed residuals. Finally,

low threshold exceedances per year, and (c) annual average peak unit dis- Moran’s | tests were performed to evaluate the degree of spatial autocor-
charge (m*s™" km™?) for the Atlanta MSA. relation amongst the residuals. A k-nearest neighbors approach was used
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to conceptualize the spatial relationships due to the varying density of stream gages across the megaregion. Spe-
cifically, the four gages nearest the gage of interest were considered its neighbors. This small neighborhood was
utilized since spatial autocorrelation was most apparent at local rather than regional scales, which was likely attrib-
utable to the inclusion of nested watersheds in the sample. The Moran’s | tests revealed that only the residuals of
the annual average peak unit discharge model exhibited significant spatial autocorrelation. Therefore, a spatial
error model (SEM) was also estimated for the annual peak unit discharge to enable comparisons with the OLS
results (Anselin, 1988).

3. Results and Discussion

3.1. Spatial Distribution of Streamflow Characteristics and Intra-Charlanta Variability
The streamflow variables were initially mapped to gain a basic understanding of their spatial distributions
throughout Charlanta. Figures 2—4 illustrate that the high and low threshold exceedances were greatest
proximate to the urban cores of each MSA. Therefore, urban development throughout Charlanta appeared
to increase both high and low flow frequency, although the spatial distribution of low threshold exceedan-
ces did not align with urban land uses as consistently. The overall spatial patterns also suggest that the spe-
cific percentiles selected for the POT analysis were generally sensitive to the degree of urbanization. Unlike
the threshold exceedances, annual average peak unit discharge generally exhibited a more ambiguous
qualitative relationship with urbanization. This highlights the potential

o

weaker influence of impervious surfaces on annual peak streamflow
(e.g., Hollis, 1975; Sauer et al., 1984). In the case of Atlanta, the spatial
mismatch between urbanized areas and large peak unit discharge val-
ues was partially attributable to the average peak streamflow being
influenced by the extreme 2009 flood event (Shepherd et al., 2011).

A quantitative examination of the spatial distributions was achieved
by calculating correlation coefficients between the threshold exceed-
ances and the distance to the central business district (CBD) of each
MSA (Figure 5). The city halls of Atlanta, Charlotte, and Greenville

served as proxies for the CBD locations (U.S. Census Bureau, 2012).
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The high threshold exceedances exhibited a significant negative cor-
relation with distance to the CBD for each MSA. Loess curves fitted to
the scatterplot revealed a substantial upturn in high threshold
exceedances between 15 and 30 km away from the CBDs, which cor-
responds roughly with the location of the perimeter highways of each
city (i.e., 1-285, I-485, and 1-185). The increase in high threshold exceed-
ances was most gradual for Atlanta, likely reflecting the expansive
low-density urban development beyond the I-285 perimeter.

The low threshold exceedances displayed weaker negative correla-

tions with distance from the CBD that were significant for Atlanta and
Charlotte. The lack of a statistically significant relationship in Green-
ville was largely due to the Reedy River stream gage near Waterloo,
SC, which exhibited numerous low threshold exceedances despite its
distance from the CBD. The enhanced low flow frequency near Water-
loo likely occurred because the large areal extent of the watershed
incorporated the urban core of Greenville. This highlights a shortcom-
ing of using distance to the CBD as a proxy for urbanization, particu-
larly for larger watersheds. When the Reedy River outlier was omitted,
the correlation was significant (r = —0.57; p = 0.03) and similar to the

Figure 3. Spatial distribution of (a) high threshold exceedances per year, (b)
low threshold exceedances per year, and (c) annual average peak unit dis-
charge (m3s~" km™2) for the Charlotte MSA.

coefficients calculated for the other MSAs. Finally, the low threshold
exceedances demonstrated a less pronounced upturn within the 15—
30 km window, as the relationships between distance to the CDB and
low flow frequency appeared more linear.
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Figure 4. Spatial distribution of (a) high threshold exceedances per year, (b)
low threshold exceedances per year, and (c) annual average peak unit dis-
charge (m*s~" km™?) for the Greenville, Spartanburg, and Anderson MSAs.

The ANOVA and Tukey HSD tests revealed additional intraregional var-
iability. Charlotte exhibited a significantly higher number of low and
high threshold exceedances compared to Atlanta and Greenville (Fig-
ure 6a). Furthermore, the number of high threshold exceedances
observed in Atlanta was significantly greater than in Greenville. These
findings suggest that urban development in Charlotte altered the nat-
ural streamflow regime more substantially than in Greenville or
Atlanta. The differences in annual average peak unit discharge were
less notable, as Charlotte and Atlanta displayed a similar range of val-
ues (Figure 6b). However, Greenville exhibited a significantly lower
annual peak unit discharge than Charlotte and Atlanta. This was
largely attributable to the greater areal extent of the Greenville water-
sheds, which resulted in smaller values when standardizing annual
peak discharge by watershed area. The raw annual peak streamflow
values were also analyzed and revealed no significant intraregional
differences.

The dissimilarities in the number of threshold exceedances between
the Charlanta MSAs can be partly explained by differing urban devel-
opment patterns. Specifically, the Greenville watersheds appeared to
be less urbanized than their counterparts in Atlanta and Charlotte
across all urban intensity categories (Figure 7a), although these differ-
ences were only statistically significant (p-value < 0.05) for low and
medium intensity development. The lower levels of urbanization
within Greenville watersheds likely contributed to the smaller number
of threshold exceedances. Disparities in the extent of urban develop-
ment did not explain the greater number of threshold exceedances
observed in Charlotte relative to Atlanta, as the two MSAs exhibited
no significant differences in the percentage of watershed area devel-
oped. Considering the contiguity of urban development helped fur-
ther elucidate the variability of threshold exceedances between the
MSAs (Figure 7b). The significantly less contiguous low and medium
intensity development within Greenville watersheds likely further
moderated high and low flow frequency. Differences in the contiguity
of urban development were also observed between Atlanta and Char-
lotte. Specifically, Charlotte exhibited significantly higher levels of con-

tiguity for developed open space, which likely contributed to the greater number of threshold exceedances
observed in Charlotte relative to Atlanta. The important role of developed open space in governing the
flood response of urbanized watersheds in Charlotte has also been identified by Zhou et al. (2017) and may
potentially be related to the hydrologic properties of urban soils. These results highlight the importance of
analyzing both the extent and configuration of urban development across a range of intensity levels to bet-
ter understand the variable effects of urbanization on streamflow and potentially inform more detailed land

use policies.

In addition to the disparate urban development patterns, differences in the natural properties of the water-
sheds also likely influenced the number of threshold exceedances observed in each MSA. Mean annual pre-
cipitation was significantly lower for Charlotte watersheds relative to Atlanta and Greenville (Figure 8a).
Although less precipitation may have contributed to the elevated number of low threshold exceedances in
Charlotte, due to the increased likelihood for prolonged dry periods, it did not explain the greater number
of high threshold exceedances. This apparent discrepancy was likely due to the mean annual precipitation
not fully resolving the warm season thunderstorms that are primarily responsible for floods in Charlotte
(Zhou et al., 2017). The percentage of Horton overland flow and base flow provided more consistent explan-
ations of the elevated threshold exceedances observed in Charlotte. The percentage of Horton overland
flow was significantly higher in Charlotte relative to the other MSAs while base flow contributions were sig-
nificantly lower (Figures 8b and 8c). A greater propensity for Horton overland flow (i.e., infiltration excess
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Figure 5. Relationships between (a) high and (b) low threshold exceedances
and distance to the central business district (CBD) of each MSA in Charlanta.
Pearson correlation coefficients (r) and sample sizes (N) are reported with p val-
ues in parentheses. The grey shading around the lines represents the 95% con-
fidence interval.

flow) in Charlotte likely produced a more consistent rapid runoff
response, resulting in more frequent high threshold exceedances.
Additionally, the lower percentage of base flow in Charlotte suggests
that streamflow was more likely to become stressed during prolonged
dry periods, which would enhance low flow frequency. These hydro-
logic properties that potentially influenced the threshold exceedances
were related to underlying geological differences between the water-
sheds. Charlotte watersheds contained a significantly lower percent-
age of hydrologic group A and B soils, which are characterized by
moderate to high infiltration rates (Figure 8d). Overall, the natural fac-
tors likely worked in tandem with the differing urban development
patterns to produce variable POT results within the megaregion.

3.2. Correlations Between Streamflow Characteristics and Urban
Development Patterns

To initially identify the aspects of urban development that were influ-
ential in governing streamflow, correlations were calculated between
the streamflow characteristics and the variables describing the urban
development patterns. The POT correlation analysis revealed that
more urbanized watersheds exhibited a significantly greater number
of high and low threshold exceedances (Figure 9). This suggests that
urbanization within Charlanta not only enhanced high flow frequency
but also low flow frequency. Therefore, the reduction of groundwater
recharge and base flow throughout the megaregion due to impervi-
ous surfaces inhibiting infiltration appeared to outweigh urban contri-
butions to base flow (e.g., water infrastructure leakage, irrigation). The
low threshold exceedances did exhibit weaker correlations than the
high threshold exceedances with the percentage of the watershed
developed, which was likely indicative of the more complex pathways
through which urbanization influences low flow regimes (Bhaskar
etal, 2016).

The extent of the intermediate urban classes displayed the strongest
correlations with both the low and high threshold exceedances (Fig-
ures 9b and 9¢). The weaker relationships for developed open space
were likely attributable to the larger quantities of natural vegetation

allowed within the category obfuscating the connections between urbanization and enhanced low and
high flow frequency. Additionally, developed open space often incorporates forms of low-density residential
development that rely upon septic tanks, which further complicates the relationship between urbanization
and low threshold exceedances (Burns et al., 2005). At the opposite end of the urban intensity spectrum,
high intensity development displayed weaker correlations because many of the sampled watersheds con-
tained small percentages of such development (Figure 9d). The dotted loess curves in the scatterplot sug-
gest that the relationships were perhaps more exponential in nature, as the number of threshold
exceedances increased notably with the percentage of high intensity development until roughly 5% after
which the relationships weakened. Importantly, this implies that urban modifications of high and low flow
regimes may occur in watersheds with small quantities of high intensity development (e.g., 5% of the water-
shed area), which highlights the potential tenuous nature of threshold-based land use policies (Mejia &

Moglen, 2009).

The urban configuration metrics were also significantly (p < 0.05) correlated with the threshold exceedan-
ces, but they were sensitive to the extent of urban development within the watersheds (PLAND). Table 3
provides the correlations, averaged over the four NLCD urban intensity classes, of each configuration metric
with the high and low threshold exceedances as well as PLAND. ED exhibited the strongest correlations
with the threshold exceedances, but it was evaluating an aspect of urban configuration heavily influenced
by PLAND (r = 0.97). Although there is often some degree of redundancy between composition and config-
uration spatial metrics, the small areal extent of the watersheds potentially exacerbated this issue for ED. PD
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Figure 6. Differences in (a) threshold exceedances and (b) annual average
peak unit discharge between the Charlanta MSAs. The F values from the
ANOVA tests are reported with the associated p values in parentheses.

and PLADJ displayed stronger relationships with the threshold
exceedances while being less influenced by PLAND. The positive cor-
relations suggest that more contiguous urban development and a
greater number of urban patches enhanced both high and low flow
frequency. The large average correlation with the threshold exceedan-
ces exhibited by PD was driven by the patchiness of high intensity
development whereas for PLADJ it was due to the contiguity of devel-
oped open space and low intensity development. This implies that
the number of high intensity urban patches has a notable influence
on low and high flow frequency because each patch substantially
alters natural runoff processes regardless of its contiguousness. Con-
versely, the contiguity of less intense urban development was more
relevant because a certain degree of contiguousness likely must be
achieved before urbanization incorporating greater quantities of natu-
ral vegetation alters streamflow characteristics considerably.

The relationships between urban development patterns and annual
average peak unit discharge were analyzed as well. The majority of
the spatial metrics failed to exhibit significant correlations with the
raw peak streamflow values due to the differences in watershed area,
but more urbanized watersheds displayed significantly higher annual
average peak unit discharge (Figure 10). The correlations, however,
were smaller than those calculated for the threshold exceedances,
which highlights the weaker influence of urban development on the
magnitude of larger, more infrequent floods (e.g., Hollis, 1975). Addi-
tionally, this suggests that utilizing a higher threshold to quantify high
flow frequency in the POT analysis would yield weaker correlations.
The urban configuration metrics also generally exhibited smaller cor-
relations with annual peak unit discharge that were occasionally not
statistically significant across all four urban categories (Table 3). Never-
theless, these results indicate that urbanization within Charlanta
increased the magnitude of annual peak streamflow in addition to
enhancing low and high flow frequency. This supports the notion that
positive temporal trends in annual peak streamflow may be due to

watersheds undergoing urbanization (Sheng & Wilson, 2009; Yang et al., 2013). Collectively, the significant
correlations imply that urban land use policies designed to manage the extent and configuration of urban
development could potentially reduce urban alterations of low, high, and peak flows.

The final urban development pattern evaluated was the positioning of impervious surfaces throughout the
watersheds. Correlations between the streamflow characteristics and the positioning variables were ana-
lyzed individually for each MSA because the results varied throughout the megaregion. Only Atlanta dis-
played a significant correlation between the high threshold exceedances and the imperviousness
difference between the top and bottom half of the watersheds (Figure 11a). The positive correlation sug-
gests that in Atlanta clustering urban development in distant headwaters increased high flow frequency as
hypothesized by previous studies (Beighley & Moglen, 2002). However, the insignificant correlations for
Greenville and Charlotte highlight the inconsistent nature of this relationship, which may partly explain the
inconclusive findings of past studies using similar positioning measures (e.g., Beighley & Moglen, 2003). The
relationship in Atlanta was likely significant because several of the watersheds exhibited simplistic distribu-
tions of imperviousness with distinct divisions between the top and bottom halves. Most notable were the
Proctor Creek and Intrenchment Creek watersheds, which each contain a large portion of Atlanta’s CBD in
their headwaters (supporting information Figure S2). The urban development in the other MSAs appeared
to be more complexly distributed throughout the watersheds and was thus less suitably described by mean
imperviousness difference. Overall, this suggests that simplistic difference measures may be useful when
the observed positioning of urban development closely mirrors idealistic scenarios, such as in Atlanta, but
they may fail to capture the influence of more complex positioning patterns on high flow frequency.
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Figure 7. Differences in (a) the relative extent of urban development and (b)
the contiguity of urban development between the Charlanta MSAs. The F val-
ues from the ANOVA tests are reported with the associated p values in
parentheses.

The correlations between the outlet imperviousness gradient and the
high threshold exceedances (Figure 11b) largely mirrored the mean
imperviousness difference results, which was anticipated given that it
evaluated the same fundamental positioning pattern albeit via a more
complex methodology. Conversely, mean imperviousness of the ripar-
ian zone was more consistently related to the high threshold exceed-
ances and exhibited statistically significant positive correlations for
each MSA (Figure 11c). The correlations were also stronger than those
calculated between the extent of urban development and high flow
frequency, illustrating the importance of the positioning of urban
development within watersheds. Highly vegetated riparian zones
likely provided a critical buffering mechanism by attenuating surface
runoff, which emphasizes the need to preserve and expand existing
riparian corridors throughout Charlanta.

The river imperviousness gradient, which evaluated how rapidly
imperviousness within the watersheds increased with distance from
the nearest river feature, was the final positioning metric considered.
It exhibited significant positive correlations with the high threshold
exceedances for each MSA (Figure 11d). This suggests that enhancing
the imperviousness gradient by clustering urban development in
source areas distant from river features would increase high flow fre-
quency. Therefore, these findings support the hypothesis that devel-
oping source areas increases high flows because the time of
concentration is reduced, superposing the peaks observed in the dis-
tant portions of the watershed with those closer to the outlet (Beigh-
ley & Moglen, 2002). The river imperviousness gradient overall
appeared to be a more robust and informative positioning metric
from an urban land use planning perspective than the imperviousness
difference calculation because it better acknowledged the spatial
complexity of urban land use distributions within watersheds.

The relationships between the positioning variables and low threshold
exceedances as well as annual peak unit discharge were also consid-
ered (Table 4). Generally, the results were similar to those observed
for high flow frequency. The mean imperviousness difference and out-

let imperviousness gradient only exhibited significant correlations for Atlanta, further demonstrating their
inability to capture urban positioning patterns broadly relevant to streamflow characteristics. Conversely,
mean imperviousness of the riparian zone and the river imperviousness gradient exhibited more consistent
relationships with both the low threshold exceedances and annual peak unit discharge. The imperviousness
of the riparian zone displayed significant positive correlations with the low threshold exceedances of each
MSA and with annual peak unit discharge for each MSA except Greenville. This implies that the storage pro-
vided by highly vegetated riparian zones can help sustain low flows during dry periods and attenuate
extreme flood events, which emphasizes the importance of land use policies protecting these corridors.
Similarly, the river imperviousness gradient was significantly correlated with the low threshold exceedances
and annual peak unit discharge for all the Charlanta MSAs except annual peak unit discharge in Greenville.
The positive correlations indicate that clustering urban development in source areas and enhancing the
river imperviousness gradient would increase annual peak streamflow and low flow frequency. While
annual average peak unit discharge was potentially enhanced by a greater river imperviousness gradient
due to mechanisms similar to those outlined for high threshold exceedances, the physical linkages for low

flow frequency were less clear.

3.3. Multivariate Regression Models

Multivariate regression models were used to control for potential confounding factors, such as the physical
differences between the watersheds, and better understand the relative influence of the extent, spatial con-
figuration, and positioning of urban development on streamflow characteristics. Overall, the models
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Figure 8. Differences in the natural characteristics of the Charlanta watersheds by MSA. The F values from the ANOVA
tests are reported with the associated p values in parentheses.

performed well as they explained between 56 and 90% of the variability in streamflow characteristics
(Tables 5 and 6). The explanatory power of the models largely mirrored the bivariate correlation results, as
the R? was largest for the high threshold exceedances model and smallest for the annual average peak unit
discharge model.

The partial slope coefficients of the high threshold exceedances model indicated that the extent, configura-
tion, and positioning of urban development all had significant effects on high flow frequency even when
controlling for physical differences between the watersheds (Table 5). A 10 percentage point increase in the
extent of medium intensity development (PLAND Class 23) was predicted to enhance high threshold
exceedances per year by 8.1 while a 10 percentage point increase in the contiguity of developed open
space (PLADJ Class 21) was estimated to enhance high threshold exceedances per year by 2.8. A greater
river imperviousness gradient (River Imp. Gradient) was also predicted to significantly elevate high flow fre-
quency although the coefficient magnitude was modest, as a 0.01 increase in the gradient was estimated to
enhance high threshold exceedances per year by 0.59. The standardized regression coefficients also sug-
gested that the positioning of urban development was of secondary importance relative to the extent and
contiguity of urbanization. Finally, the control variables had a significant moderating influence on high flow
frequency. A 1 percentage point increase in the watershed area covered by lakes and/or reservoirs (Lake
Storage) was predicted to reduce high threshold exceedances per year by 3.3, which was likely due to the
increased storage capacity delaying runoff. Additionally, a 10 percentage point increase in the Base Flow
Index was estimated to decrease high threshold exceedances per year by 1.9 because of the greater pro-
pensity for runoff to reach streams via slower subsurface pathways.
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Figure 9. Relationships between the percent of the watershed developed and the threshold exceedances. Pearson corre-
lation coefficients (r) and sample sizes (N) are reported with p values in parentheses. The grey shading around the lines
represents the 95% confidence interval. In subplot (d), the dashed lines represent loess curves fitted to the scatterplot.

Table 3

Correlations Between the Urban Configuration Metrics and High
Threshold Exceedances, Low Threshold Exceedances, Annual Aver-
age Peak Unit Discharge, and PLAND Averaged Over the Four
NLCD Urban Intensity Levels

Configuration High Low Annual peak

metric threshold threshold unit discharge PLAND
PD 0.67% 0.54% 0.39% 0.72%
PLADJ 0.58% 0.51° 0.25 0.73°
LPI 0.52° 041° 0.53° 0.73°
AWMSI 0.52% 0.43° 0.19 0.75%
ED 0.76% 0.61° 0.45% 0.97¢

2All four correlation coefficients used to calculate the average
had a p-value < 0.05.

For the low threshold exceedances model, the unstandardized coefficients were
much smaller in magnitude and interpreted differently due to the natural loga-
rithm transformation of the dependent variable (Table 5). Importantly, the river
impervious gradient was not significantly related to low flow frequency in the
multivariate analysis and was excluded from the final model. The extent of
medium intensity development (PLAND Class 23) exhibited a significant partial
slope coefficient, as a 10 percentage point increase was estimated to enhance
low threshold exceedances by 24%. The contiguity of developed open space
(PLADJ Class 21) also significantly influenced low flow frequency with a 10 per-
centage point increase predicted to enhance low threshold exceedances by 11%.
The partial slope coefficients of the control variables were significant and moder-
ated low flow frequency. A 10 cm increase in mean annual precipitation (Mean
Ann. Precip.) was estimated to decrease low threshold exceedances by 7%.
Finally, an increase in the percentage of soils within hydrologic groups A and B
(Soil Groups A & B) by 10 percentage points was predicted to decrease low
threshold exceedances by 2%, which was expected since these soils are character-
ized by moderate to high infiltration rates and help sustain base flow.
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Figure 10. Relationships between the percent of the watershed developed and annual average peak unit discharge. Pear-
son correlation coefficients (r) and sample sizes (N) are reported with p values in parentheses. The grey shading around
the lines represents the 95% confidence interval.

The annual average peak unit discharge results from both the OLS model and SEM are provided in Table 6. The
SEM likely provided more robust estimates, as the spatial autoregressive coefficient lambda was significant and
the Akaike Information Criterion (AIC) was lower. However, since the coefficient values estimated using the OLS
model and SEM were similar, particularly when considering their standard errors, only the results from the OLS
model are discussed further to enable more direct comparisons with the POT models. The partial slope coeffi-
cient for the extent of low intensity development (PLAND Class 22) was significant, as a 10 percentage point
increase was estimated to enhance annual peak unit discharge by 29%. However, the standardized regression
coefficient for the extent of urban development in the annual peak unit discharge model (0.33) was smaller
than its counterparts in the high (0.54) and low (0.44) threshold models. This suggests that the extent of urban
development significantly influenced peak streamflow, but the magnitude of this impact was modest relative
to urban effects on more frequent high and low flow events. Additionally, the variables describing the spatial
configuration and positioning of urban development were not significantly related to annual peak unit dis-
charge within the multivariate context. This lack of significant relationships may be partly due to evaluating
peak streamflow only at the watershed outlet, which likely emphasized the importance of the extent of urban
development rather than its positioning or spatial configuration.
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Figure 11. Relationships between the positioning metrics and the high threshold exceedances. Pearson correlation coefficients
() and sample sizes (N) are reported with p values in parentheses. The grey shading around the lines represents the 95% confi-

dence interval.

The remaining variables included in the model accounted for important natural differences between the
watersheds that moderated annual peak unit discharge. Increasing the contiguity of woody wetlands
(PLADJ Class 90) 10 percentage points was predicted to reduce peak unit discharge by approximately 46%
because more contiguous woody wetlands were often indicative of unfragmented and heavily vegetated

Table 4
Correlations Between the Urban Positioning Metrics and High Threshold Exceedances, Low Threshold Exceedances, and Annual Average Peak Unit Discharge
ATL CHA GSP

High Low Annual peak High Low Annual peak High Low Annual peak
Positioning metric threshold  threshold unit discharge  threshold  threshold unit discharge  threshold  threshold unit discharge
Mean Imp. Difference 047° 0.54° 0.24 —0.05 —0.07 —0.05 —0.15 0.24 —0.33
Outlet Imp. Gradient 0.42° 0.48% 0.33% —0.02 —0.07 0.14 —0.54° —0.39 —0.37
Riparian Imp. 0.84° 0.77% 0.32% 0.91% 0.71° 0612 0.97% 0.73° 0.00
River Imp. Gradient 0.48° 0.46° 0.30° 0.78° 0.53° 0.45° 0.89° 0.76° —0.06

“p-value of correlation < 0.05.
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riparian zones. Finally, a greater quantity of lake/reservoir storage

Table 5 .
OLS Regression Results for the High and Low Threshold Exceedances (Lake.Stc?rage) and a larger proportion of base ﬂO.W (?ase Flow Index)
also significantly reduced annual average peak unit discharge.

High threshold Low threshold

exceedances exceedances®
Independent - Std. » std. 4, Conclusions and Urban Planning Implications
variable Coefficient p-Value Coef. Coefficient p-Value Coef.
e 1204 ~0.00 2746  ~0.00 By analyzing the statistical relationships between urban development
PLAND Class 23 081  ~0.00 054 0024 ~0.00 044  patterns and numerous streamflow characteristics across the Char-
PLADJ Class 21 028 ~000 024 0011 ~000 025 |anta megaregion, this study aimed to further elucidate the role of
River Imp. Gradient  59.06 002 009 urbanization in altering streamflow. The correlation analysis revealed
Lake Storage ~330 ~000 —0.18 that greater levels of urban development not only increased high
Base Flow Index ~019  ~000 -025 9 v u velop v > g
Soil Groups A & B —0.002 002 —015 threshold but also low threshold exceedances. Thus, urbanization
Mean Ann. Precip. —0.007 ~0.00 —0.27 within Charlanta appeared to produce a more extreme streamflow
= 6 . regime where both high and low flows were more frequent. This two-
Adj. R? 0:90 0:66 fold impact of urban development has clear societal and ecological
N 117 117 ramifications. Increased high flows enhance the potential for flood

“Note: Dependent variable was transformed by the natural logarithm.

damage and stream bank erosion while more frequent low flows
increase the likelihood of high water temperatures and contaminant
concentrations that can ultimately alter in-stream species assemb-
lages (Bhaskar et al., 2016; O'Driscoll et al., 2010; Welty, 2009). The findings also indicated that more urban-
ized watersheds in Charlanta exhibited significantly greater annual average peak unit discharge,
challenging the traditional notion that larger, more infrequent flooding events are not substantially influ-
enced by urban development (Hollis, 1975). However, the correlations between the relative extent of urban
development and annual peak unit discharge were weaker than the relationships with the threshold
exceedances, which reaffirms that the impact of urbanization diminishes as flood recurrence interval
increases.

The positioning of impervious surfaces within the watersheds emerged as an additional factor that gov-
erned streamflow characteristics. The river imperviousness gradient exhibited significant positive correla-
tions with the threshold exceedances, highlighting its capability to describe hydrologically relevant
positioning patterns. Conversely, the difference in imperviousness between the top and bottom half of the
watersheds, which has been commonly used to quantify the positioning of urban development, was not
consistently related to the threshold exceedances. The simplistic partitioning technique largely failed to
capture the complex positioning of urban land use within the watersheds, which potentially explains the
inconclusive findings produced by studies utilizing similar measures (e.g., Beighley & Moglen, 2002). Finally,
the imperviousness of the riparian buffer was also a critical characteristic, as watersheds with highly devel-
oped riparian zones exhibited a larger number of high and low threshold exceedances.

Table 6
OLS and SEM Regression Results for Annual Average Peak Unit Discharge

Annual peak unit discharge® (OLS) Annual peak unit discharge® (SEM)

Independent variable Coefficient Std. error p-Value Std. Coef Coefficient Std. error p-Value
Intercept 3.310 0.674 ~0.00 3.651 0.714 ~0.00
PLAND Class 22 0.029 0.007 ~0.00 0.33 0.023 0.007 ~0.00
PLADJ Class 90 —0.046 0.008 ~0.00 —042 —0.039 0.006 ~0.00
Lake Storage —0.267 0.126 0.04 —0.14 —0.301 0.117 0.01
Base Flow Index —0.023 0.006 ~0.00 —0.31 —0.039 0.010 ~0.00
Lambda 0.634 ~0.00
R? 0.56
AIC 202.21 181.09
N 103 103

Note. Lambda represents the spatial autoregressive coefficient.

“Note: Dependent variable was transformed by the natural logarithm.
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The multivariate models indicated that the extent, configuration, and positioning of urban development sig-
nificantly influenced certain streamflow characteristics even when controlling for potential confounding fac-
tors. Furthermore, the moderate to high explanatory power of the statistical models suggests that the
results can be used to inform urban land use policies aimed at minimizing the impacts of urbanization on
streamflow. In terms of the extent of urban development, the findings highlighted that increasing the
urbanized percentage of a watershed would enhance high and low flow frequency as well as annual aver-
age peak unit discharge. Although imperviousness thresholds appear to be a simple approach that could
moderate streamflow alterations due to urbanization based upon these findings, studies have suggested
that threshold-based policies can have the unintended consequence of encouraging sprawl-like develop-
ment that enhances the spatial extent of hydrological impacts (e.g., Mejia & Moglen, 2009). These com-
plexities emphasize the importance of also considering the configuration and positioning of urban
development, in addition to its extent, when devising land use policies aimed at minimizing streamflow
alteration due to urbanization.

The models also revealed that the configuration of LULCs can likely be optimized to reduce impacts on
streamflow. For high and low threshold exceedances, the models indicated that decreasing the contiguity
of developed open space would reduce high and low flow frequency. Such a configuration could be
achieved via policies that encourage a greater interspersion of natural vegetation in areas of low density
residential development. The configuration of urban development was less influential for annual peak unit
discharge, but the modeling results suggested that the annual peaks were moderated by the presence of
highly contiguous woody wetlands. This finding emphasizes the critical importance of protecting contigu-
ous wetlands from development due to their substantial storage capacity. Finally, the positioning of urban
development was most important for high flow frequency. The results indicated that enhancing the river
imperviousness gradient by developing source areas distant from rivers would increase high threshold
exceedances. Given that urbanization proximate to rivers also increased high flow frequency, positioning
urban land use outside the riparian zone while avoiding headwater regions distant from rivers may poten-
tially provide an optimal arrangement.

Although achieving the ideal extent, configuration, and positioning of urban development within a water-
shed is unlikely in reality, the overarching importance of these findings from an urban planning perspec-
tive is that all three facets of urban development patterns did significantly influence streamflow
characteristics. Each aspect therefore provides one potential avenue through which land use policies can
moderate the impacts of urbanization on streamflow. For example, although minimizing the total extent
of urbanized land use is one technique for reducing streamflow alteration, the imposition of and adher-
ence to an imperviousness threshold may be challenging in certain cases due to urban development
pressures. In such scenarios where urbanization is deemed unavoidable, the results suggest that policies
guiding the spatial configuration and/or positioning of impervious surfaces can effectively moderate
streamflow alteration.

Of course, caution must be taken when extrapolating the urban planning implications of these findings to
cities outside the Southeastern United States since hydrological processes are sensitive to different physio-
graphical settings. This study also analyzed the hydrological impacts of urban development patterns largely
in isolation without fully addressing the potential ramifications for other aspects of the urban system. Future
research employing a broader perspective that considers the urban system in its entirety could identify
potential synergies among land use management strategies. For example, decreasing the contiguity of
urban development may not only reduce high and low flow frequency, as other studies have suggested it
holds the potential to mitigate urban heat island intensities as well (Debbage & Shepherd, 2015; Pearsall,
2017).

Moving forward, the utilization of physically based models (e.g., Storm Water Management Model) that
provide a more detailed evaluation of storm water drainage systems will be necessary to fully assess the
potential efficacy of mitigation strategies based upon idealized urban development patterns. Additional
statistical analysis that considers highly urbanized and suburban watersheds separately as well as seasons
independently may also reveal subtle differences in how urbanization influences streamflow that are rele-
vant to land use planning measures. Despite these avenues for future research, the current study provides
an improved understanding of how urban development patterns influence high, low, and peak flows that
can inform a broad suite of land use management strategies aimed at minimizing the impacts of
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urbanization on streamflow. Such progress appears imperative given that urban areas are projected to
continue expanding and will likely be exposed to an increased frequency of extreme rainfall events as
well as prolonged dry periods in the future due to climate change (Chow, 2017; Fischer & Knutti, 2015;
Sheffield & Wood, 2008).

References

Anselin, L. (1988). Spatial econometrics: Methods and models. Dordrecht, the Netherlands: Kluwer Academic.

Ashley, S. T., & Ashley, W. S. (2008). Flood fatalities in the United States. Journal of Applied Meteorology and Climatology, 47, 805-818.
https://doi.org/10.1175/2007JAMC1611.1

Beighley, R. E., & Moglen, G. E. (2002). Trend assessment in rainfall-runoff behavior in urbanizing watersheds. Journal of Hydrologic Engineer-
ing, 7(1), 27-34. https://doi.org/10.1061/(ASCE)1084-0699(2002)7:1(27)

Beighley, R. E., & Moglen, G. E. (2003). Adjusted measured peak discharges from an urbanizing watershed to reflect a stationary land use
signal. Water Resources Research, 39(4), 1093. https://doi.org/10.1029/2002WR001846

Belsley, D. A, Kuh, E., & Welsch, R. E. (1980). Regression diagnostics: Identifying influential data and sources of collinearity. New York, NY: Wiley.

Bhaskar, A. S., Beesley, L., Burns, M. J., Fletcher, T. D, Hamel, P., Oldham, C. E,, et al. (2016). Will it rise or will it fall? Managing the complex
effects of urbanization on base flow. Freshwater Science, 35(1), 293-310. https://doi.org/10.1086/685084

Booth, D. B, & Jackson, C. R. (1997). Urbanization of aquatic systems: Degradation thresholds, storm water detection, and the limits of miti-
gation. Journal of the American Water Resources Association, 33(5), 1077-1090. https://doi.org/10.1111/j.1752-1688.1997.tb04126.x

Brabec, E. A. (2009). Imperviousness and land-use policy: Toward an effective approach to watershed planning. Journal of Hydrologic Engi-
neering, 14(4), 425-433. https://doi.org/10.1061/(ASCE)1084-0699(2009) 14:4(425)

Breusch, T. S., & Pagan, A. R. (1979). A simple test for heteroscedasticity and random coefficient variation. Econometrica, 47, 1287-1294.
https://doi.org/10.2307/1911963

Brown, L. R, Cuffney, T.F., Coles, J. F,, Fitzpatrick, F, McMahon, G,, Steuer, J., et al. (2009). Urban streams across the USA: Lessons learned from
studies in 9 metropolitan areas. Journal of the North American Benthological Society, 28(4), 1051-1069. https://doi.org/10.1899/08-153.1

Burian, S. J.,, & Pomeroy, C. A. (2010). Urban impacts on the water cycle and potential green infrastructure implications. In J. Aitkenhead-
Peterson & A. Volder (Eds.), Urban ecosystem ecology (pp. 277-296). Madison, WI: American Society of Agronomy.

Burns, D,, Vitvar, T,, McDonnell, J., Hassett, J., Duncan, J., & Kendall, C. (2005). Effects of suburban development on runoff generation in the
Croton River basin, New York, USA. Journal of Hydrology, 311, 266-281. https://doi.org/10.1016/j.jhydrol.2005.01.022

Choi, W., Nauth, K., Choi, J., & Becker, S. (2016). Urbanization and rainfall-runoff relationships in the Milwaukee River Basin. Professional
Geographer, 68(1), 14-25. https://doi.org/10.1080/00330124.2015.1007427

Chow, W.T. L. (2017). The impact of weather extremes on urban resilience to hydro-climate hazards: A Singapore case study. International
Journal of Water Resources Development, in press. https://doi.org/10.1080/07900627.2017.1335186

Cook, R. D., & Weisberg, S. (1982). Residuals and influence in regression. New York, NY: Chapman and Hall.

Debbage, N., Bereitschaft, B., & Shepherd, J. M. (2017). Quantifying the spatiotemporal trends of urban sprawl among large U.S. metropoli-
tan areas via spatial metrics, Applied Spatial Analysis and Policy, 10, 317-345. https://doi.org/10.1007/512061-016-9190-6

Debbage, N., & Shepherd, J. M. (2015). The urban heat island effect and city contiguity. Computers, Environment and Urban Systems, 54,
181-194. https://doi.org/10.1016/j.compenvurbsys.2015.08.002

DeWalle, D. R., Swistock, B. R., Johnson, T. E., & McGuire, K. J. (2000). Potential effects of climate change and urbanization on mean annual
streamflow in the United States. Water Resources Research, 36(9), 2655-2664. https://doi.org/10.1029/2000WR900134

Diem, J. E, Hill, T. C, & Milligan, R. A. (2018). Diverse multi-decadal changes in streamflow within a rapidly urbanizing region. Journal of
Hydrology, 556, 61-71. https://doi.org/10.1016/j.,jhydrol.2017.10.026

Falcone, J. A. (2011). GAGES-II: Geospatial attributes of gages for evaluating streamflow. Reston, VA: U.S. Geological Survey. Retrieved from
https://water.usgs.gov/GlS/metadata/usgswrd/XML/gagesll_Sept2011.xml

Ferguson, B. K., & Suckling, P. W. (1990). Changing rainfall-runoff relationships in the urbanizing Peachtree Creek watershed, Atlanta, Geor-
gia. Journal of the American Water Resources Association, 26(2), 313-322. https://doi.org/10.1111/j.1752-1688.1990.tb01374.x

Fischer, E. M., & Knutti, R. (2015). Anthropogenic contribution to global occurrence of heavy-precipitation and high-temperature extremes.
Nature Climate Change, 5, 560-564. https://doi.org/10.1038/NCLIMATE2617

Fischer, R. A, & Fischenich, J. C. (2000). Design recommendations for riparian corridors and vegetated buffer strips. Vicksburg, MS: U.S. Army
Engineer Research and Development Center, Environmental Laboratory. Retrieved from http://www.elkhornsloughctp.org/uploads/
files/1381443282Fischer%20and%20Fischenich%202000%20buffer%20design.pdf

Florida, R, Gulden, T., & Mellander, C. (2008). The rise of the mega-region. Cambridge Journal of Regions, Economy and Society, 1, 459-476.
https://doi.org/10.1093/cjres/rsn018

Hamel, P., Daly, E., & Fletcher, T. D. (2015). Which base flow metrics should be used in assessing flow regimes of urban streams. Hydrological
Processes, 29, 4367-4378. https://doi.org/10.1002/hyp.10475

Hollis, G. E. (1975). The effect of urbanization on floods of different recurrence interval. Water Resources Research, 11(3), 431-435. https://
doi.org/10.1029/WR011i003p00431

Homer, C. G,, Dewitz, J. A, Yang, L., Jin, S, Danielson, P., Xian, G., et al. (2015). Completion of the 2011 National Land Cover Database for
the conterminous United States-Representing a decade of land cover change information. Photogrammetric Engineering and Remote
Sensing, 81(5), 345-354. https://doi.org/10.14358/PERS.81.5.345

Hopkins, K. G., Morse, N. B, Bain, D. J,, Bettez, N. D,, Grimm, N. B, Morse, J. L, et al. (2015). Assessment of regional variation in streamflow responses
to urbanization and the persistence of physiography. Environmental Science & Technology, 49, 2724-2732. https://doi.org/10.1021/es505389y

Kim, H. W., & Park, Y. (2016). Urban green infrastructure and local flooding: The impact of landscape patterns on peak runoff in four Texas
MSAs. Applied Geography, 77, 72-81. https://doi.org/10.1016/j.apge0g.2016.10.008

Klein, R. D. (1979). Urbanization and stream quality impairment. Journal of the American Water Resources Association, 15(4), 948-963.
https://doi.org/10.1111/j.1752-1688.1979.tb01074.x

Leopold, L. B. (1968). Hydrology for urban planning: A guidebook on the hydrologic effects of urban land use (U.S. Geol. Surv. Circ. 554). Wash-
ington, DC: U.S. Geological Survey. Retrieved from https://pubs.usgs.gov/circ/1968/0554/report.pdf

Marquardt, D. W. (1970). Generalized inverses, ridge regression, biased linear estimation, and nonlinear estimation. Technometrics, 12, 591-
612. https://doi.org/10.2307/1267205

DEBBAGE AND SHEPHERD

3745

95U9017 SLOWILWIOD SAIIa.D) 9|qed![dde ayy Aq pausenob ae sapie YO ‘85N JO Sa|ni o} Aiq18UlUO A3[IA UO (SUONIPUOI-PUR-SWBIW0D A8 | 1M AleIq 1 jpul|Uo//:SdNy) SUONIPUOD PuUe SWIS 1 8Y) 89S " [7202/20/70] uo Ariqiauliuo A[IM ‘Ariqi AIseAIuN unnd Aq ¥65TZ0MM.T0Z/620T 0T/I0p/W0d A8 1M Aeiq 1 uluo'sqndnBe//:sdny woiy pepeojumoq 'S ‘8TOZ ‘SL6.7V6T


https://doi.org/10.1175/2007JAMC1611.1
https://doi.org/10.1061/(ASCE)1084-0699(2002)7:1(27)
https://doi.org/10.1029/2002WR001846
https://doi.org/10.1086/685084
https://doi.org/10.1111/j.1752-1688.1997.tb04126.x
https://doi.org/10.1061/(ASCE)1084-0699(2009)14:4(425)
https://doi.org/10.2307/1911963
https://doi.org/10.1899/08-153.1
https://doi.org/10.1016/j.jhydrol.2005.01.022
https://doi.org/10.1080/00330124.2015.1007427
https://doi.org/10.1080/07900627.2017.1335186 
https://doi.org/10.1007/s12061-016-9190-6
https://doi.org/10.1016/j.compenvurbsys.2015.08.002
https://doi.org/10.1029/2000WR900134
https://doi.org/10.1016/j.jhydrol.2017.10.026
https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml
https://doi.org/10.1111/j.1752-1688.1990.tb01374.x
https://doi.org/10.1038/NCLIMATE2617
http://www.elkhornsloughctp.org/uploads/files/1381443282Fischer%20and%20Fischenich%202000%20buffer%20design.pdf
http://www.elkhornsloughctp.org/uploads/files/1381443282Fischer%20and%20Fischenich%202000%20buffer%20design.pdf
https://doi.org/10.1093/cjres/rsn018
https://doi.org/10.1002/hyp.10475
https://doi.org/10.1029/WR011i003p00431
https://doi.org/10.1029/WR011i003p00431
https://doi.org/10.14358/PERS.81.5.345
https://doi.org/10.1021/es505389y
https://doi.org/10.1016/j.apgeog.2016.10.008
https://doi.org/10.1111/j.1752-1688.1979.tb01074.x
https://pubs.usgs.gov/circ/1968/0554/report.pdf
https://doi.org/10.2307/1267205
https://www.mrlc.gov/
https://www.mrlc.gov/
https://waterdata.usgs.gov/nwis
https://waterdata.usgs.gov/nwis
https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml
https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml
https://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml

~1
AGU

100

ADVANCING EARTH
/AND SPACE SCIENCE

Water Resources Research 10.1029/2017WR021594

McGarigal, K., Cushman, S. A, & Ene, E. (2012). FRAGSTATS v4: Spatial pattern analysis program for categorical and continuous maps. Amherst,
MA: University of Massachusetts, Amherst. Retrieved from http://www.umass.edu/landeco/research/fragstats/fragstats.html.

McMahon, G., Bales, J. D., Coles, J. F,, Giddings, E. M. P., & Zappia, H. (2003). Use of stage data to characterize hydrologic conditions in an
urbanizing environment. Journal of the American Water Resources Association, 39(6), 1529-1546. https://doi.org/10.1111/j.1752-1688.
2003.tb04437.x

Mejia, A. I, & Moglen, G. E. (2009). Spatial patterns of urban development from optimization of flood peaks and imperviousness-based
measures. Journal of Hydrologic Engineering, 14(4), 416-424. https://doi.org/10.1061/(ASCE)1084-0699(2009)14:4(416)

Mejia, A. I, & Moglen, G. E. (2010). Impact of the spatial distribution of imperviousness on the hydrologic response of an urbanizing basin.
Hydrological Processes, 24, 3359-3373. https://doi.org/10.1002/hyp.7755

Meyer, S. C. (2005). Analysis of base flow trends in urban streams, northeastern lllinois, USA. Hydrogeology Journal, 13, 871-885. https://doi.
0rg/10.1007/510040-004-0383-8

Mitra, C., & Shepherd, J. M. (2016). Urban precipitation: A global perspective. In K. C. Seto, W. D. Solecki, & C. A. Griffith (Eds.), The Routledge
handbook of urbanization and global change (pp. 152-168). London, UK: Routledge.

Moran, P. A. P. (1950). Notes on continuous stochastic phenomena. Biometrika, 37, 17-23. https://doi.org/10.2307/2332142

NWS (2017a). Charlotte monthly precipitation. Silver Spring, MD: NWS. Retrieved from http://www.weather.gov/media/gsp/Climate/CLT/
CLTmonthlyPobs.pdf

NWS (2017b). Atlanta rainfall scorecard. Silver Spring, MD: NWS. Retrieved from https://www.weather.gov/ffc/rainfall_scorecard

O'Driscoll, M., Clinton, S., Jefferson, A, Manda, A., & McMillan, S. (2010). Urbanization effects on watershed hydrology and in-stream pro-
cesses in the Southern United States. Water, 2, 605-648. https://doi.org/10.3390/w2030605

Olivera, F., & DeFee, B. B. (2007). Urbanization and its effect on runoff in the Whiteoak Bayou watershed, Texas. Journal of the American
Water Resources Association, 43(1), 170-182. https://doi.org/10.1111/j.1752-1688.2007.00014.x

Pearsall, H. (2017). Staying cool in the compact city: Vacant land and urban heating in Philadelphia, Pennsylvania. Applied Geography, 79,
84-92. https://doi.org/10.1016/j.apge0g.2016.12.010

Poff, N. L., Bledsoe, B. P., & Cuhaciyan, C. O. (2006). Hydrologic variation with land use across the contiguous United States: Geomorphic
and ecological consequences for stream ecosystems. Geomorphology, 79, 264-285. https://doi.org/10.1016/j.geomorph.2006.06.032

Price, K. (2011). Effects of watershed topography, soils, land use, and climate on base flow hydrology in humid regions: A review. Progress
in Physical Geography, 35(4), 465-442. https://doi.org/10.1177/0309133311402714

Roberts, A. D. (2016). The effects of current landscape configuration on streamflow within selected small watersheds of the Atlanta metro-
politan region. Journal of Hydrology: Regional Studies, 5, 276-292. https://doi.org/10.1016/j.ejrh.2015.11.002

Rose, S., & Peters, N. E. (2001). Effects of urbanization on streamflow in the Atlanta area (Georgia, USA): A comparative hydrological
approach. Hydrological Processes, 15, 1441-1457. https://doi.org/10.1002/hyp.218

Sauer, V. B, Thomas, W. O,, Stricker, V. A, & Wilson, K. V. (1984). Flood characteristics of urban watersheds in the United States (U.S. Geol. Surv.
Water Supply Pap. 2207). Washington, DC: U.S. Government Printing Office. Retrieved from https://pubs.usgs.gov/wsp/2207/report.pdf

Schueler, T. R. (1994). The importance of imperviousness. Watershed Protection Techniques, 1(3), 100-111.

Schueler, T. R, Fraley-McNeal, L., & Cappiella, K. (2009). Is impervious cover still important? Review of recent research. Journal of Hydrologic
Engineering, 14(4), 309-315. https://doi.org/10.1061/(ASCE)1084-0699(2009)14:4(309)

Shapiro, S. S., & Wilk, M. B. (1965). An analysis of variance test for normality (complete samples). Biometrika, 52, 591-611. https://doi.org/10.
2307/2333709

Sheffield, J.,, & Wood, E. F. (2008). Projected changes in drought occurrence under future global warming from multi-model, multi-scenario,
IPCC AR4 simulations. Climate Dynamics, 31, 79-105. https://doi.org/10.1007/500382-007-0340-z

Sheng, J., & Wilson, J. P. (2009). Watershed urbanization and changing flood behavior across the Los Angeles metropolitan region. Natural
Hazards, 48, 41-57. https://doi.org/10.1007/511069-008-9241-7

Shepherd, J. M., Andersen, T,, Strother, C., Horst, A., Bounoua, L., & Mitra, C. (2013). Urban climate archipelagoes: A new framework for urban
impacts on climate, Earthzine, New York, NY: IEEE. Retrieved from https://earthzine.org/2013/11/29/urban-climate-archipelagos-a-new-
framework-for-urban-impacts-on-climate/

Shepherd, J. M., Mote, T., Dowd, J., Roden, M., Knox, P., McCutcheon, S. C,, et al. (2011). An overview of synoptic and mesoscale factors con-
tributing to the disastrous Atlanta flood of 2009. Bulletin of the American Meteorological Society, 92, 861-870. https://doi.org/10.1175/
2010BAMS3003.1

Shuster, W. D., Bonta, J., Thurston, H., Warnemuende, E., & Smith, D. R. (2005). Impacts of impervious surface on watershed hydrology: A
review. Urban Water Journal, 2, 263-275. https://doi.org/10.1080/15730620500386529

Smith, B. K, & Smith, J. A. (2015). The flashiest watersheds in the contiguous United States. Journal of Hydrometeorology, 16, 2365-2381.
https://doi.org/10.1175/JHM-D-14-0217.1

Smith, J. A, Baeck, M. L, Morrison, J. E,, Sturdevant-Rees, P., Tumner-Gillespie, D. F., & Bates, P. D. (2002). The regional hydrology of extreme floods in
an urbanizing drainage basin. Journal of Hydrometeorology, 3, 267-282. https://doi.org/10.1175/1525-7541(2002)003 <026 7:TRHOEF >2.0.CO;2:
TRHOEF>2.0.CO;2

Ssegane, H., Tollner, E. W., Mohamoud, Y. M., Rasmussen, T. C., & Dowd, J. F. (2012). Advances in variable selection methods I: Causal selec-
tion methods versus stepwise regression and principal component analysis on data of known and unknown functional relationships.
Journal of Hydrology, 438-439, 16-25. https://doi.org/10.1016/j.jhydrol.2012.01.008

ten Veldhuis, M.-C,, Zhou, Z,, Yang, L., Liu, S., & Smith, J. (2018). The role of storm scale, position and movement in controlling urban flood
response. Hydrology and Earth System Sciences, 22, 417-436. https://doi.org/10.5194/hess-2017-197

Terando, A. J,, Costanza, J,, Belyea, C,, Dunn, R. R, McKerrow, A, & Collazo, J. A. (2014). The southern megalopolis: Using the past to predict
the future of urban sprawl in the Southeast U.S. PLoS One, 9(7), €102261. https://doi.org/10.1371/journal.pone.0102261

Tukey, J. W. (1949). Comparing individual means in the analysis of variance. Biometrics, 5, 99-114. https://doi.org/10.2307/3001913

United Nations (2014). World urbanization prospectus: The 2014 revision highlights. New York, NY: United Nations. Retrieved from https://
esa.un.org/unpd/wup/Publications/Files/WUP2014-Highlights.pdf

U.S. Census Bureau (2012). Patterns of metropolitan and micropolitan population change: 2000 to 2010. Washington, DC: U.S. Government
Printing Office. Retrieved from https://www.census.gov/prod/cen2010/reports/c2010sr-01.pdf

Villarini, G., Smith, J. A, Baeck, M. L., Smith, B. K., & Sturdevant-Rees, P. (2013). Hydrologic analyses of the July 17-18, 1996, flood in Chicago
and the role of urbanization. Journal of Hydrologic Engineering, 18(2), 250-259. https://doi.org/10.1061/(ASCE)HE.1943-5584.0000462

Wang, L., Lyons, J., Kanehl, P., & Bannerman, R. (2001). Impacts of urbanization on stream habitat and fish across multiple spatial scales.
Environmental Management, 28(2), 255-266. https://doi.org/10.1007/50026702409

Welty, C. (2009). The urban water budget. In L. A. Baker (Ed.), The water environment of cities (pp. 17-28). New York, NY: Springer.

DEBBAGE AND SHEPHERD

3746

85U8017 SUOWILLID BAIER1D 3|qeoljdde au Aq peusenob ale il VO ‘8sn J0 SajnJ 10} ARIq1TUIUO AB]IA UO (SUOTHPUOD-pUe-SWIBIALIOY™A8 1M AReiq 1 pUl|uo//SdNL) SUOTPUOD pue W | 8U188S *[202/20/70] uo Ariqiauliuo Ao ‘Ariqi AisAIUN uND AQ Y6STZOMM. TOZ/62Z0T OT/I0p/W00 A8 1M Areiq 1 jputuo'sandnfey/sdny wouy pepeojumod ‘G ‘8T0C ‘€L6/6T


http://www.umass.edu/landeco/research/fragstats/fragstats.html
https://doi.org/10.1111/j.1752-1688.2003.tb04437.x
https://doi.org/10.1111/j.1752-1688.2003.tb04437.x
https://doi.org/10.1061/(ASCE)1084-0699(2009)14:4(416)
https://doi.org/10.1002/hyp.7755
https://doi.org/10.1007/s10040-004-0383-8
https://doi.org/10.1007/s10040-004-0383-8
https://doi.org/10.2307/2332142
http://www.weather.gov/media/gsp/Climate/CLT/CLTmonthlyPobs.pdf
http://www.weather.gov/media/gsp/Climate/CLT/CLTmonthlyPobs.pdf
https://www.weather.gov/ffc/rainfall_scorecard
https://doi.org/10.3390/w2030605
https://doi.org/10.1111/j.1752-1688.2007.00014.x
https://doi.org/10.1016/j.apgeog.2016.12.010
https://doi.org/10.1016/j.geomorph.2006.06.032
https://doi.org/10.1177/0309133311402714
https://doi.org/10.1016/j.ejrh.2015.11.002
https://doi.org/10.1002/hyp.218
https://pubs.usgs.gov/wsp/2207/report.pdf
https://doi.org/10.1061/(ASCE)1084-0699(2009)14:4(309)
https://doi.org/10.2307/2333709
https://doi.org/10.2307/2333709
https://doi.org/10.1007/s00382-007-0340-z
https://doi.org/10.1007/s11069-008-9241-7
https://earthzine.org/2013/11/29/urban-climate-archipelagos-a-new-framework-for-urban-impacts-on-climate/
https://earthzine.org/2013/11/29/urban-climate-archipelagos-a-new-framework-for-urban-impacts-on-climate/
https://doi.org/10.1175/2010BAMS3003.1
https://doi.org/10.1175/2010BAMS3003.1
https://doi.org/10.1080/15730620500386529
https://doi.org/10.1175/JHM-D-14-0217.1
https://doi.org/10.1175/1525-7541(2002)003%3C0267:TRHOEF%3D2.0.CO;2
https://doi.org/10.1175/1525-7541(2002)003%3C0267:TRHOEF%3D2.0.CO;2
https://doi.org/10.1175/1525-7541(2002)003%3C0267:TRHOEF%3D2.0.CO;2
https://doi.org/10.1016/j.jhydrol.2012.01.008
https://doi.org/10.5194/hess-2017-197
https://doi.org/10.1371/journal.pone.0102261
https://doi.org/10.2307/3001913
https://esa.un.org/unpd/wup/Publications/Files/WUP2014-Highlights.pdf
https://esa.un.org/unpd/wup/Publications/Files/WUP2014-Highlights.pdf
https://www.census.gov/prod/cen2010/reports/c2010sr-01.pdf
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000462
https://doi.org/10.1007/s0026702409

~1
AGU

100

ADVANCING EARTH
/AND SPACE SCIENCE

Water Resources Research 10.1029/2017WR021594

Wright, D. B., Smith, J. A, Villarini, G., & Baeck, M. L. (2012). Hydroclimatology of flash flooding in Atlanta. Water Resources Research, 48,
W04524. https://doi.org/10.1029/2011WR011371

Yang, L., Smith, J. A,, Wright, D. B., Baeck, M. L., Villarini, G, Tian, F., et al. (2013). Urbanization and climate change: An examination of non-
stationarities in urban flooding. Journal of Hydrometeorology, 14, 1791-1809. https://doi.org/10.1175/JHM-D-12-095.1

Zhou, Z, Smith, J. A, Yang, L, Baeck, M. L, Chaney, M., Ten Veldhuis, M.-C, Deng, H., et al. (2017). The complexities of urban flood response: Flood
frequency analyses for the Charlotte metropolitan region. Water Resources Research, 53, 7401-7425. https://doi.org/10.1002/2016WR019997

DEBBAGE AND SHEPHERD

3747

85U8017 SUOWILLID BAIER1D 3|qeoljdde au Aq peusenob ale il VO ‘8sn J0 SajnJ 10} ARIq1TUIUO AB]IA UO (SUOTHPUOD-pUe-SWIBIALIOY™A8 1M AReiq 1 pUl|uo//SdNL) SUOTPUOD pue W | 8U188S *[202/20/70] uo Ariqiauliuo Ao ‘Ariqi AisAIUN uND AQ Y6STZOMM. TOZ/62Z0T OT/I0p/W00 A8 1M Areiq 1 jputuo'sandnfey/sdny wouy pepeojumod ‘G ‘8T0C ‘€L6/6T


https://doi.org/10.1029/2011WR011371
https://doi.org/10.1175/JHM-D-12-095.1
https://doi.org/10.1002/2016WR019997

