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1. Introduction

Urbanization is one of the most important anthropogenic
modifications of the global environment (Antrop, 2004; DeFries
and Eshleman, 2004; Eshleman, 2004; Foley et al., 2005; Weng,
2002; Wu, 2014). Every urban region in the United States has
expanded substantially in area in recent decades (USEPA, 2013).
Urbanization presents humans with a dilemma (Foley et al., 2005).
On one hand, urban development is essential because it provides
convenience of infrastructure, goods and services needed by peo-
ple, government, economic development, industry, and trade
(Foley et al., 2005; Lowry, 1990); on the other hand, land surface
modifications occur during the process of urbanization including
vegetation reduction, soil compaction, and change from pervious
surfaces to impervious surfaces such as roofs, roads, and parking
lots (Arnold and Gibbons, 1996; Booth and Jackson, 1997; Schueler,
1994). The consequences of these land surface modifications
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include but are not limited to: changes in water supply from altered
hydrologic processes of infiltration, groundwater recharge, and
runoff; water quality degradation from urban runoff and combined
sewer overflows (CSOs); and changes in water demand (Burns et al.,
2012; DeFries and Eshleman, 2004; Gitau et al., 2016; Passerat et al.,
2011; Semadeni-Davies et al., 2008; Tong and Chen, 2002; Vietz
et al., 2016).

In general, surface runoff and river discharge increase when
natural vegetation, especially forests, decrease (Costa et al., 2003;
Foley et al., 2005; Sahin and Hall, 1996). Impervious surfaces
developed during urbanization contribute more surface runoff due
to decreased infiltration (Arnold and Gibbons, 1996; Schueler, 1994;
Schueler et al., 2009). Reduced infiltration leads to higher peak
flows, even for short duration low intensity rainfall, and increases
the risk of flooding (Bhaduri et al., 2001; Suriya and Mudgal, 2012).
Urban runoff also carries non-point source pollutants, such as oil,
grease, metals, and pesticides, into streams and rivers during
rainfall events (Arnold and Gibbons, 1996; Blair et al., 2014;
Schueler, 1994). Even if urban runoff is captured by a sewer sys-
tem and can be conveyed to wastewater treatment plants, Com-
bined Sewer Overflows (CSOs) in some highly urbanized areas
continue to cause serious water pollution problems (Bhaduri et al.,
2001; Passerat et al.,, 2011; Semadeni-Davies et al., 2008).

Computer-based hydrological models can save time and money
because of their ability to perform temporal and spatial simulation
of the effects of hydrologic processes and management activities on
water quantity and water quality (Moriasi et al., 2007). The United
States Department of Agriculture (USDA) Soil Conservation Services
(SCS) Curve Number (CN) (Natural Resources Conservation Services
(NRCS), 1986) approach is widely used in several hydrological
models that are used to assess the impact of land use change on
surface hydrology, including sophisticated models such as Soil and
Water Assessment Tool (SWAT) (Arnold et al., 1998; Srinivasan
et al, 1998), as well as models adopting the philosophy of
simplicity such as the Long-Term Hydrologic Impact Assessment (L-
THIA) (Bhaduri et al., 2000; Harbor, 1994). Sophisticated models
usually require more parameters to set up the model before
simulation, which may create limitations due to lack of data or time
(Bhaduri et al., 2001). L-THIA is an easy, quick, and user friendly
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tool, which only requires readily available data including hydro-
logic soil group (HSG), land use, and long-term rainfall data to
assess surface runoff influenced by past, present, as well as future
land management decisions for specific locations (Bhaduri et al.,
2001; Grove et al., 2001; Tang et al., 2005). The L-THIA model has
been successfully used in numerous studies to assess the impact of
land use change on surface hydrology and water quality (e.g.,
Bhaduri et al., 2000; Choi, 2007; Davis et al., 2010; Grove et al.,
2001; Gunn et al, 2012; Kim et al, 2002; Lim et al., 2006a,
2006b, 2010; Muthukrishnan et al.,, 2006; Pandey et al., 2000;
Tang et al., 2005; Wilson and Weng, 2010). The L-THIA model has
also been incorporated and integrated into Web-based and GIS-
based decision support systems (Choi et al., 2003, 2005a, 2005b;
Choi and Engel, 2003; Engel, 2001; Engel et al., 2003; Engel and
Hunter, 2009; Pandey et al., 2000; Shi et al., 2004; Tang et al.,
2004), as well as a low impact development model (Ahiablame
et al., 2012a, 2012b, 2013; Engel and Ahiablame, 2011; Hunter
et al,, 2010; Liu et al., 2015a, 2015b, 20164, 2016b; Martin et al.,
2015; Wright et al., 2016).

Research evaluating urbanization impacts on surface runoff
using L-THIA has focused primarily on watershed-scale analysis,
and quantitative assessment of urbanization impacts on surface
runoff at a national scale is limited. The release of National Land
Cover Database (NLCD) 2011 edition datasets for 2001, 2006, and
2011 across the nation makes the assessment of urban land use
change impacts on surface hydrology at the national level feasible
(Homer et al, 2015). The NLCD extends land use/land cover
coverage over larger areas at more frequent time intervals allowing
large scale investigations to be conducted (DeFries and Eshleman,
2004). Explicit understanding of urbanization impacts on surface
runoff will provide information for decision makers who need to
balance trade-offs between the advantages and possible unin-
tended consequences of urbanization. This study assessed urbani-
zation impacts on surface runoff for 2001, 2006, and 2011 in the
contiguous United States using the L-THIA Tabular Tool, a derivative
of the L-THIA model. We first present the assessment of the
normalized average annual runoff depth (NAARD) for 2001, 2006,
and 2011 by contiguous U.S. counties and evaluate whether popu-
lation change is a consistent indicator for urban development; then
we present an assessment of NAARD for 2001, 2006 and 2011 by
U.S. states; finally, we present the assessment of the national
average annual runoff volume increase due to urbanization.

2. Methods and materials
2.1. L-THIA Tabular Tool

The L-THIA Tabular Tool, which shares the same philosophy as
the original L-THIA model (Harbor, 1994), uses the SCS CN method
(Natural Resources Conservation Services (NRCS), 1986) to calculate
average annual runoff for land use and soil combinations based on
long-term climate data for that area (Bhaduri et al., 2001). The
runoff depth is estimated when rainfall exceeds initial abstraction
based on (Natural Resources Conservation Services (NRCS), 1986):
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where Q represents direct runoff depth in mm; P represents rainfall
depth in mm; S represents potential maximum retention after
runoff begins in mm; CN represents curve number; and I, repre-
sents initial abstraction in mm.

The L-THIA Tabular Tool was developed using the Python pro-
gramming language and is run as a toolbox in ArcGIS version 10.2.2.
It is designed to expedite tabulating calculations over diverse
geographical areas. An external component (a Java program) cal-
culates daily runoff for all curve numbers using the equations
above. The calculations are performed for each precipitation gauge
in a region using daily rainfall and all curve numbers. The calcu-
lations are made for each year in the database (typically between 30
and 100 years). The user selects how many of the available years of
annual runoff to average in order to create average annual runoff,
and the same number of years is used from every gauge.

The ArcGIS implementation (a Python script tool) of L-THIA
Tabular consists of three main components. The first component
aims to generate a CN raster using land use and HSG combination. A
six-digit combination raster layer including HSG (first digit), land
use (second to third digits), and corresponding CN (fourth to sixth
digits) was created for each pixel in the NLCD data, as shown in
Table 1. The second component prepares the study area boundary
for the runoff calculation. This operation determines which Thies-
sen polygons (Thiessen, 1911) representing rain gauges intersect
the study area. The tool determines how many pixels of each of CN
raster is within each Thiessen polygon. The third component is used
to tabulate the selected years of average annual runoff, under
antecedent moisture condition (AMC) II condition (normal ante-
cedent soil moisture), using the CN raster information generated
from the first component inside the study outline generated from
the second component, as well as rainfall data. The tabulation
consists of accumulating the area of each CN present in each pre-
cipitation polygon in the region, and fetching the appropriate
runoff total for each CN from the web-based results of the runoff
calculator, and averaging the requested number of years to obtain
average annual runoff for each CN used in the study area. Runoff
depth is converted to volume through multiplying by pixel area for
each CN. The final outputs of L-THIA Tabular Tool include average
annual runoff volume and depth within a given boundary. The units
of the output average annual runoff volume and depth can be
represented using both U.S. and metric units. The third component
also computes non-point source pollution estimates using the
runoff volume and the CN-land use pairs to choose the appropriate
pollution coefficient (event mean concentration, EMC) if desired.

The study area is the contiguous United States, which includes
48 adjoining states and the District of Columbia (DC). The L-THIA
Tabular Tool was set up to create analyses based on U.S. county
boundaries. A total of 3109 counties were modeled. Calibration and
validation would be challenging for a national analysis due to the
scarcity of observed surface runoff data from county based urban
areas. However, the SCS CN method is a well-known and widely
used runoff estimation approach, and a substantial number of
studies have reported its usefulness and credibility; for example,
many L-THIA studies have validated the SCS CN method with little
or no calibration (Ahiablame et al., 2013; Bhaduri et al., 2001; Grove
etal,, 2001; Kim et al., 2002; Liu et al., 2015b; You et al., 2012). Thus,
this approach can be applied to assess surface runoff at a national
scale.

2.2. Input data

In the L-THIA Tabular Tool, the basic input data include daily
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Table 1

Six-digit combination raster layer for urban land in the national land cover database (NLCD).

Land use index in NLCD Urban land types in NLCD

Six-digit combinations

21 Developed Open Space

22 Developed Low Intensity

23 Developed Medium Intensity
24 Developed High Intensity

121,039 221,061 321,074 421,080
122,056 222,071 322,081 422,086
123,069 223,081 323,087 423,090
124,089 224,092 324,094 424,095

Note: For six-digit combination raster layer, the first digit represents hydrologic soil group, A= 1, B = 2, C = 3, and D = 4; the second to third digits represent the urban land
index in NLCD, 21 = Developed open space, 22 = Developed low intensity, 23 = Developed Medium Intensity, and 24 = Developed high intensity; the last three digits
represent SCS CN value, those values are based on USDA NRCS (Natural Resources Conservation Services (NRCS), 1986).

precipitation, land use/land cover data, and HSG data. In this
study, CLIGEN (Climate Generator, version 5.3) - a stochastic
weather generator employing quality control techniques for
improved reproducibility of climatic parameters - was used to
produce daily precipitation based on monthly statistical values
derived from historic measurements at each particular site (Meyer
et al., 2002, 2008; Zhang and Garbrecht, 2003). Quality control
techniques in CLIGEN involve computing the probability that the
mean and standard deviation of the random numbers driving
CLIGEN were standard normal as assumed and reject those that
were not. For the contiguous United States, 50-year daily precip-
itation was generated for a total of 2600 CLIGEN stations nation-
wide using station specific parameter files. The Thiessen method
(Thiessen, 1911) was applied to generate Thiessen polygons
covering the contiguous United States based on CLIGEN station
points. Areas within the same polygon shared the same daily
precipitation dataset.

With the recent release of the NLCD 2011 product, a decade of
consistently produced land cover datasets became available
(Homer et al., 2015). Homer et al. (2015) suggested that NLCD 2001
(2011 Edition) and NLCD 2006 (2011 Edition) must be used if
conducting direct change comparison. In this study, NLCD 2001
(2011 version), NLCD 2006 (2011 version), and NLCD 2011 (Fry et al.,
2011; Homer et al., 2007, 2015), which were created by the Multi-
Resolution Land Characteristics (MRLC) Consortium (Wickham
et al, 2014), were used as sources of land use data. The three
NLCD datasets adopted the same 16 class land cover classification
scheme based on a decision-tree classification of Landsat satellite
data circa that year at a spatial resolution of 30 m (Fry et al., 2011;
Homer et al., 2007, 2015).

The State Soil Geographic (STATSGO) dataset (Wolock, 1997) was
applied as a source of HSG. In this study, any complex HSG such as
A/D, B/D, and C/D, was assumed to be D soil for urban areas due to
construction impacts (Lim et al., 2006a); other single type HSG
were assumed to be the same as the original HSG.

2.3. Preliminary assessment of land use/land cover change impacts
on surface runoff

The initial motivation of this study was to estimate the land use/
land cover change impacts on surface runoff nationally including all
16 land use types from the NLCDs. Precipitation and HSG data were
applied uniformly to the three NLCDs within a ten-year time
period. L-THIA Tabular Tool was set up based on U.S. county
boundaries, and the 50-year average annual runoff depth (AARD)
was calculated for each pixel with land use and HSG combination
within each specific U.S. county. The final output was AARD and
volume for each U.S. county. The percentage change (from 2001 to
2006, from 2006 to 2011, and from 2001 to 2011) in AARD was
calculated for each U.S. county. Counties classified as mild outliers
(between 1.5 interquartile range (IQR) and 3.0 IQR) and extreme
outliers (greater than 3.0 IQR) for both increasing and decreasing
percent change AARD were mapped.

As shown in Fig. 1, outliers with respect to percentage change
in AARD showed no pattern, and some were reversed between
the two five-year periods. For example, numerous counties in the
western U.S. showed an increasing trend in AARD from 2001 to
2006, while from 2006 to 2011 they had decreasing AARD, which
is counterintuitive. Land use/land cover changes were examined
further for counties that had outliers of both increasing and
decreasing AARD since the land use/land cover served as the only
variable. As shown in Fig. 2 a through d, some land use/land
cover types such as wetlands, cultivated crops, forests, herba-
ceous, barren land, and open water, changed inconsistently be-
tween two five-year periods, which indicates likely
misclassification issues. For example, in sub-figure a, classified
barren land in counties belonging to outliers with increasing
AARD increased in area by 1915 km? from 2001 to 2006, but then
decreased in area by 670 km? from 2006 to 2011; classified open
water in counties belonging to outliers with increasing AARD
decreased in area by 2384 km? from 2001 to 2006, while it
increased in area by 1348 km? from 2006 to 2011. Homer et al.
(2015) stated that even though extensive efforts had been put
into image pre-processing, spectral change detection, and change
labeling work during NLCD creation, some misclassifications
occurred. Our results of this preliminary modeling trial also
indicate that apparent misclassification issues in some land use/
land cover types in NLCDs may limit the analysis at a national
scale. However, according to Homer et al. (2015), during the
classification processes, urban class pixels in the NLCDs had top
priority, with any change related to newly developed lands al-
ways being included in the final land cover change map. Since
urban land classification has more accuracy than other cate-
gories, only urban land was considered in further analysis to
assess the urbanization impact on surface runoff at a national
scale for 2001, 2006, and 2011.

The urban classes in NLCDs include developed open space,
developed low intensity, developed medium intensity, and devel-
oped high intensity lands (Fry et al., 2011; Homer et al., 2007, 2015).
Fig. 3 illustrates changes in urban land between 2001, 2006 and
2011. Within the ten-year time period from 2001 to 2011, urban
development occurred and increased in area by 20,296 km?2.
Developed medium intensity ranked at the top of net gain in area
(9049 km?), developed low intensity ranked second with an
increased area of 4437 km?, and developed high intensity and open
space ranked third and fourth with similar net area gains
(3427 km? and 3383 km?, respectively). In the first five-year time
period from 2001 to 2006, the ranks of net gain in area were:
developed medium intensity (5441 km?) > developed low intensity
(2689 km?) > developed open space (2563 km?) > developed high
intensity (1975 km?). In the latter five-year period from 2006 to
2011, the ranks of net gain in area were: developed medium in-
tensity (3609 km?) > developed low intensity
(1748 km?) > developed high intensity (1453 km?) > developed
open space (821 km?). Comparing urban land change between the
two five-year time periods, all four urban land types have higher
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Outliers of AARD
percentage change
from 2001 to 2006

Outliers of AARD
percentage change
from 2006 to 2011

Outliers of AARD
percentage change
from 2001 to 2011

»

| | State_Boundary Non-ourlier (increasing AARD) N
Il Extreme outlier (decreasing AARD) Mild outlier (increasing AARD) A
Mild outlier (decreasing AARD) I Extreme outlier(increasing AARD)
Non-outlier (decreasing AARD) 0 500 1,000 2,000
L L 1 | ! ] | Kilometers

Fig. 1. County based outlier of AARD change percentage.

net gain in area during the first five-year time period from 2001 to development in the latter five years due to the financial crisis
2006 than in the latter five-year period from 2006 to 2011. One beginning in 2008 (Erkens et al., 2012; Ivashina and Scharfstein,
possible reason for this trend might be slower economic 2010; Peters et al., 2012; Reinhart and Rogoff, 2008).
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2.4. Simulation of urban land impact on surface runoff

The L-THIA Tabular Tool was set up based on U.S. county
boundaries, and the AARD was calculated only from pixels
belonging to developed land as indicated by categories 21, 22, 23,
and 24. The final output was AARD and volume from urban land for
each U.S. county. In order to conduct direct comparison between
different U.S. counties, normalized average annual runoff depth
(NAARD) was calculated using the following equation:

NAARD county = i‘?’if”z 1000
oun

(4)
where NAARDounty represents NAARD for each U.S. county in mm,
RVurban represents the average annual runoff volume from urban
land within each US. county in m?, Acounty represents the U.S.
county area in m?, and multiplying by 1000 represents the unit
conversion from meters to millimeters.
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The NAARD of each U.S. state was also calculated using the
following equation:

Z?:l RVCounty,i
ZF:] ACounty_i

where NAARDs;4¢e represents the NAARD of each U.S. State in mm, n
represents the total number of counties within a US. state,
RVcounty_i represents the average annual runoff volume from the ith
U.S. county within a U.S. state in m?, Acounty_i Tepresents the area of
the ith U.S. county in m?, and multiplying by 1000 represents the
unit conversion from meters to millimeters.

NAARDg g0 = 1000

(5)

2.5. Comparison of population change and urban land change

After obtaining NAARD values for U.S. counties and states, popu-
lation data for 2001, 2006, and 2011 were obtained from U.S. Census
Bureau (http://www.census.gov/) (U.S. Census Bureau, Population
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cover change of counties belonging to outliers with decreasing AARD from 2001 to 2006. c. Land use/land cover change of counties belonging to outliers with increasing AARD from
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Division, 2006, 2011) and considered in the analysis (Note: the pop-
ulation data for year 2001 are included in U.S. Census Bureau,
Population Division, 2006 dataset). Population change was
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Fig. 3. Urban land change between 2001, 2006, and 2011 for the contiguous U.S.
Data source: Homer et al., 2015.

compared with urban land change in order to evaluate whether
population change was a consistent indicator for urban development.

3. Results and discussion
3.1. Assessment of NAARD by counties in the contiguous U.S.

During the processes of urbanization, many other types of land,
such as forest, shrub land, and herbaceous land, are converted to
urban land; while some urban land can also be changed to other
types of land, those changes are far less than urbanization as evi-
denced by the expansion in urban areas. Increased urban land over
time can significantly increase runoff volume due to increased
impervious surfaces. The spatial variability of urban development
impacts spatial variation of runoff (Tang et al., 2005). The NAARD
was used to assess urbanization impacts on surface runoff, which
allows direct comparison of runoff among different regions
regardless of area differences. The NAARD calculated for each
county in the contiguous U.S. was represented using the standard
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Fig. 4. County-based long-term (50 years) normalized average annual urban runoff depth maps of contiguous U.S. in 2001, 2006, and 2011.

deviation classification method that shows how spread out the
values are and their spatial distribution. As shown in Fig. 4, green
represents low runoff, which means that NAARD values are less

than 0.5 standard deviation of NAARD value in 2001 (0—17.8 mm);
yellow represents medium runoff, which means that NAARD values
range between 0.5 and 1.5 standard deviation of NAARD value in
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2001 (17.8 mm—37.4 mm); orange represents high runoff, which
means that NAARD values range between 1.5 and 2.5 standard
deviation of NAARD value in 2001 (37.4 mm—57.0 mm); red rep-
resents very high runoff, which means that NAARD values are
greater than 2.5 standard deviation of NAARD value in 2001
(57.0 mm—331 mm).

Fig. 4 reveals an uneven spatial pattern of urban growth, which
confirms that urbanization occurred non-uniformly across the
contiguous U.S. from 2001 to 2011; the majority of counties in the
contiguous U.S. belong to the category of low runoff with a NAARD
value of less than 17.8 mm. The brighter colors including yellow,
orange and red, representing medium, high, and very high runoff,
occur mainly in large metropolitan areas, where a high proportion
of impervious surfaces occur, such as Miami (FL), Orlando (FL),
Tampa (FL), Jacksonville (FL), and Atlanta (GA) (see three insets in
Fig. 4), as well as Chicago (IL), Houston (TX), Dallas (TX), San
Antonio (TX), Seattle (WA), New York (NY), Memphis (TN), Char-
lotte (NC), and Boston (MA). From 2001 to 2011, the color change
patterns included: green was turned to yellow, yellow was turned
to orange or red, orange was turned to red, and more yellow or
orange emerged around the red. Those color change patterns over
time indicate the occurrence of urban expansion and
intensification.

Table 2 lists the number of counties belonging to four categories
of runoff. Low runoff counties are the dominant category among
2001 (91.9%), 2006 (91.2%), and 2011 (90.5%). Total number of
counties with low runoff decreases from 2001 to 2011, total number
of counties with high runoff remains stable during the ten-year
time period, while total number of counties with medium runoff
and very high runoff increases from 2001 to 2011 with an
increasing percentage of 21.8% and 23.3%, respectively. The
increasing percentage of medium and very high runoff counties
from 2001 to 2006 (12.1% and 16.4%, respectively) was greater than
that from 2006 to 2011 (8.6% and 5.9%, respectively), which cor-
responds to the increasing trend in urban land during the two five-
year time periods. Urban sprawl and urban intensification resulted
in higher NAARD and more medium and very high runoff counties.

3.2. NAARD, urban land, and population of counties with very high
runoff

For 90 counties with very high runoff in 2011, analysis of urban
land change and population change were conducted. The top ten
counties with increased percentage of NAARD from 2001 to 2011
and their associated urban land change as well as population
change are shown in Fig. 5. The percentage increase of NAARD from
2001 to 2011 for the top ten counties with very high runoff ranges
from 18.0% to 44.8%, and their high percentage increase of NAARD
are associated with increased population (11.3%—60.9%) as well as
large increase of urban land (10.9%—34.6%). Typically, large ur-
banization rates are driven by large population growth rates rather
than by economic growth (Buhaug and Urdal, 2013; Cincotta et al.,
2003). For the top ten counties with very high runoff, large
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Fig. 5. Change percentage of NAARD, population, and urban land from 2001 to 2011 of
top ten counties with very high runoff.
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Fig. 6. Change percentage of NAARD, population, and urban land from 2001 to 2011 of
some counties with very high runoff.

population increases likely stimulated urban development in order
to fulfill people's life needs. Population could be considered a
driving force for increasing the extent of developed land. However,
as depicted in Fig. 6, many exceptions existed; some counties with
very high runoff experienced an increase in NAARD and developed
land from 2001 to 2011, but the population decreased during the
same ten-year time period. This result is consistent with UN sta-
tistics (United Nations, 2010; United Nation - Habitat, 2010), which
show that the global urban population increased more than four
times during the 20th century. Further, the statistics show that
urban growth remained persistent even while overall population
growth is slowing. Thus, population growth is not a consistent
factor stimulating urban development.

Table 2

Number of counties in the contiguous U.S. in low (green), medium (yellow), high (orange), and very high (red) urban runoff categories for 2001, 2006, and 2011.
Categories NAARD range (mm) 2001 2006 2011 Change percentage (%)

Amount Percentage (%) Amount Percentage (%) Amount Percentage (%) 01 to 06 06 to 11 01to 11

Green 0-17.76 2858 91.93 2835 91.19 2815 90.54 0.80 0.71 1.50
Yellow 17.77-37.39 124 3.99 139 447 151 4.86 12.10 8.63 21.77
Orange 37.40—57.02 54 1.74 50 1.61 53 1.70 7.41 6.00 1.85
Red 57.03—331.00 73 235 85 2.73 90 2.89 16.44 5.88 23.29
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Fig. 7. Comparison of top ten NAARD values states in 2011 (group 1, left side a, b and c¢) with top ten NAARD change percentage states in 2011 (group 2, right side d, e and f). a.
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of Top Ten NAARD Change Percentage States. Note: population data were from U.S. Census Bureau population (U.S. Census Bureau, Population Division, 2006, 2011).

3.3. Assessment of NAARD by states in the contiguous U.S.

The NAARD value of each state in the contiguous U.S. was
calculated in order to conduct direct comparison of runoff among
different states regardless of area differences. The top ten NAARD
values states in 2011 (group 1) as well as the top ten NAARD change
percentage states (group 2) in 2011 were selected for the state level
analysis. For each group, the NAARD values, urban land change
percentage among 2001, 2006, and 2011, as well as population
change among 2001, 2006, and 2011, are depicted in Fig. 7. Sub-
figures a through c represent group 1 and sub-figures d through f
represent group 2. There are similarities between the two groups:
NAARD values increased from 2001 to 2011; urban land had
increasing percentages in both five-year periods, and the percent-
age increase from 2001 to 2006 was higher than that from 2006 to
2011, except in DC and Wyoming (WY).

The NAARD values of the top ten NAARD value states, as shown
in sub-figure a of Fig. 7, range from 10.2 mm to 99.4 mm in 2011.

Those ten states are mainly located in the northeast, east, southeast,
and southern United States. One reason for their high NAARD
values is that higher precipitation often occurs in those areas
relative to other US locations. A large percentage of urban land also
contributes to high NAARD values as depicted in sub-figure b of
Fig. 7. Population change within the decade from 2001 to 2011
varied in different states, as shown in sub-figure c of Fig. 7. Rhode
Island (RI) experienced a population increase from 2001 to 2006,
but saw a population decrease from 2006 to 2011 which was of a
higher magnitude than prior increase, resulting in an overall pop-
ulation decrease from 2001 to 2011. Louisiana (LA) experienced a
population decrease from 2001 to 2006 attributable to natural di-
sasters such as Hurricane Katrina in 2005 (Burby, 2006; Hartman
and Squires, 2006; Kates et al., 2006), while population increased
from 2006 to 2011 with higher magnitude, which led to an overall
increased population from 2001 to 2011. Seven other states and DC
have undergone population increases in both five-year time pe-
riods, among them, population percentage increases from 2001 to
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2006 in four states including FL, New Jersey (NJ), Delaware (DE),
and Maryland (MD) were higher than that from 2006 to 2011; the
population increase of Massachusetts (MA), Connecticut (CT),
Mississippi (MS) and DC from 2001 to 2006 was lower than that
from 2006 to 2011.

For group 2, as shown in sub-figure d of Fig. 7, seven out of the
top ten NAARD change percentage states are distributed in the
western U.S. except South Carolina, Georgia, and North Carolina.
The NAARD values of those western states are low due to low
precipitation in those areas. Their high percentage increases in
NAARD values were greatly influenced by large urban land in-
creases within the decade from 2001 to 2011 (ranging from 3.1% to
12.3% in 2011), as shown in sub-figure e of Fig. 7, which indicated
that areas that experienced more urban growth had a larger po-
tential for increased average annual surface runoff. Similar studies
also found that rapid urban expansion increased annual runoff,
daily peak flow, and flood volume (Barron et al., 2013; Du et al,,
2012; Weng, 2001; White and Greer, 2006). Population increased
consecutively in the two five-year time periods from 2001 to 2011
with different magnitudes, as depicted in sub-figure f of Fig. 7. The
increasing percentage ranges from 13.6% to 29.9% from 2001 to
2011, which could stimulate urban development. By comparing
groups 1 and 2, urban growth had a higher magnitude in areas with
larger population increase, while urban growth continues to occur
even if population decreases. This indicates that population should
only be considered as one of the possible factors stimulating the
growth of urban land, and that only considering population growth
is not a good way to analyze the increase in urban development,
consistent with Hasse's (Hasse and Lathrop, 2003) study on land
resource impact indicators of urban sprawl.

3.4. Assessment of runoff volume increase due to urbanization

The national average annual runoff volume was calculated by
summing runoff volume from each county. As depicted in Fig. 8, for
the contiguous U.S., about 1.9 billion cubic meters of average annual
runoff were generated due to urbanization from 2001 to 2006 and
about 1.4 billion cubic meters of average annual runoff were gained
from urbanization from 2006 to 2011, totaling 3.3 billion cubic
meters of average annual runoff gained due to urbanization for the
decade from 2001 to 2011, which is about 10% of the total amount of
urban runoff in 2001. This increased runoff can have substantial
impacts on many issues, such as flooding, reduced groundwater
recharge, and water quality degradation.
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Fig. 8. National average annual runoff volume increase due to urbanization.

The scale of the national average annual runoff volume increase
due to urbanization from this study can be used to strengthen
decision maker's awareness of potential long-term impacts of ur-
ban expansion and intensification. It also implies that future urban
planning or urban re-development should consider mitigation
approaches, such as low impact development to reduce the impacts
of urbanization.

4. Conclusions

This study quantified urbanization impacts on surface runoff at a
national scale. The contiguous United States underwent urbaniza-
tion in the decade from 2001 to 2011. Urbanization occurred non-
uniformly across the nation, and urban expansion and intensifica-
tion served as driving forces altering surface runoff. The runoff
change analysis revealed that: (i) the majority of counties in the
contiguous Unites States were low runoff counties during the
period 2001 to 2011 and had long-term normalized average annual
runoff depth from urban land less than 17.8 mm. However, spread
of urban sprawl to suburban areas around metropolitan as well as
newly urbanized areas within metropolitan areas resulted in more
medium and very high runoff counties; (ii) For the top ten NAARD
states in 2011, NAARD values were jointly influenced by high pre-
cipitation and increasing urban land, while the top ten NAARD
change percentage states in 2011 were mainly in the western U.S. in
areas with low precipitation, and their NAARD values were mainly
influenced by high increases in urban land; (iii) Nationally, about
3.3 billion cubic meters of average annual runoff were gained due to
urbanization from 2001 to 2011; and (iv) Population increases are a
factor in urban development, however population is not a good
predictor of urbanization levels because some areas have under-
gone decreasing population but increasing urban land area.
Therefore, population change alone is not a sufficient proxy with
which to analyze the increase in urban development.

This study also demonstrated that the L-THIA Tabular Tool is
capable of generating useful information about urbanization im-
pacts on surface runoff using the stochastic weather generator,
CLIGEN, together with the NLCD datasets and STATSGO soil dataset.
Potential future research directions include exploring urbanization
impacts on water quality, for instance, computing non-point source
pollution estimates using the runoff volume and the CN-land use
pairs to choose the appropriate EMC; comparing the results from
this study to results obtained by applying nationwide spatial-
distributed observed daily precipitation; comparing the results
from this study to results by applying Soil Survey (SSURGO)
geographic data; or simulating future land use change scenarios
and their hydrological and environmental impacts, among others.
The results of this study can be used to strengthen a decision
maker's awareness of potential long-term impacts of urbanization.
The tool can also be used for analyzing trade-offs between the
advantages and possible unintended consequences of urbanization
in future urban planning or urban re-development.
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