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ARTICLE INFO ABSTRACT

The increased occurrence of flood events resulting from urbanization and global climate change is a great threat
to water security. To systematically evaluate the impacts of urbanization on floods, we applied a paired catch-
ments approach to two adjacent river basins in south-central Texas — the San Antonio River Basin (SARB), with
fast urbanization; and the Guadalupe River Basin (GRB), with little land cover change. A physics-based dis-
tributed hydrological model — the Distributed Hydrology Soil Vegetation Model, embedded with a multi-pur-
pose reservoir module (DHSVM-Res) — was used to simulate streamflow and reservoir storage. The simulations
were conducted under different land cover scenarios, including a newly developed continuous land cover series
(CLCS). Holistic analyses were then conducted for the paired basins using three methods: analyzing the selected
flood events, detecting change points (CP) of monthly floods, and testing the elasticity of long-term flood re-
gimes. The results suggest that: (1) urbanization may reduce lag time and elevate flood peaks significantly by
3-30% in our study area; (2) when there is little land cover change, changing climate is the major driver of
variations in the monthly maximum streamflow (MMS); (3) fast urbanization can amplify streamflow variability,
increase MMS significantly, and thus alter the timing of CP; and (4) the mean MMS of observed streamflow in the
SARB has increased by as much as 75.7% from the pre-CP to post-CP periods. This comprehensive study fills in a
gap in our current understanding of the isolated impacts of urbanization on flooding and is expected to support
future explorations of anthropogenic influences on floods.
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1. Introduction infrastructure (Hall and Borgomeo, 2013; Gain et al., 2016; Yangon,

2016). Thus, it is critical for policymakers to update water management

Global urbanization exacerbates the negative socioeconomic im-
pacts from severe climatic disasters (e.g., floods and droughts) (United
Nations, 2009, 2011; Jha et al., 2012). For example, urbanization is
associated with increasing impervious area and decreasing infiltration,
which can lead to more frequent and severe flooding (Cuo, 2016;
DeFries and Eshleman, 2004; Jongman, 2018; Nowak and Greenfield,
2012; OniStephen et al., 2015). This directly endangers our societal
safety as well as infrastructure stability (Jha et al., 2012), which
threatens water security and hinders improvements in water related

plans and promote water security through evaluating the influence of
urbanization on floods (Winters et al., 2015; Cross et al., 2018; Emmett
et al., 2018).

In recent decades, the frequency and intensity of various climate
extremes have increased substantially (Alexander et al., 2006; Zhang
et al., 2011; Donat et al., 2013). For example, in the United States, nine
of the top ten most extreme 1-day precipitation events from 1910 to
2015 occurred after 1990 (NOAA, 2019). This intensification of heavy
precipitation has also been observed in other parts of the world, such as
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the United Kingdom, South Africa, India, and Japan (Groisman et al.,
2005; Goswami et al., 2006; Min et al., 2011; Westra et al., 2013;
Kunkel & Frankson, 2015; Donat et al., 2016). Some regions have
shorter, more intense storms compared to other regions, which leads to
unexpected severe floods. Recently, the Hurricane Harvey event (Au-
gust 25 — 31, 2017) — which was ranked as the second most destructive
storm in U.S. history (Hurricane Katrina being the worst, in inflation-
adjusted costs of $161 billion) (Natsios, 2019) — resulted in damages of
around $125 billion. Combined with other factors such as urbanization,
the impacts from intensified climate extremes can be further non-
linearly enhanced. Thus, it is important to understand the mechanism
of the hydrological changes under these impacts.

However, while it is imperative to evaluate the distinct impacts of
urbanization and the changing climate on flooding to better support
decision making (in terms of flood control and urban planning), such
effects are challenging to quantify separately. Since both climate and
land cover affect streamflow, it is difficult to separate their effects when
a single basin is investigated. Thus, neighboring basins with similar
physical characteristics (e.g., climate pattern, topography, soil texture,
vegetation)—but different paces of urbanization—are ideal study areas
that can be used to isolate the land cover impacts and the climate im-
pacts.

One of the most common practices used to separate the effects of
urbanization and climate is paired catchments analysis (Ochoa-Tocachi
et al., 2016; Seibert and McDonnell, 2010; Zhao et al., 2010). The paired
catchments study originated from a forestry study (Bates & Henry, 1928)
and has since been widely used to evaluate the influences of changes in
land cover on the magnitudes of water yields (Bosch and Hewlett, 1982;
Brown et al., 2005; Ide et al., 2013; Schelker et al., 2013). In recent
years, this method has also been applied to investigate the effects of
urbanization on streamflows (Burns et al., 2005; OniStephen et al.,
2015; Putro et al., 2016; Zégre et al., 2010). Typically, a “reference
basin” and an “urbanized basin”—with similar physical character-
istics—are selected to isolate the effects of urbanization. Regression
models or conceptual frameworks are usually applied to analyze the
results from the paired river basins (Burns et al., 2005; Zhao et al.,
2010a). While this approach provides a systematic way to disentangle
the combined issues, other anthropogenic factors (e.g., reservoir reg-
ulation and irrigation schemes) may further complicate the analysis and
hamper an accurate quantification (Zégre et al., 2010). Hence, it is
necessary to use additional tools and methods to further extract the
influence of urbanization on flooding when studying the paired catch-
ments.

Unlike lumped models, distributed physics-based models can be
employed to represent the spatial heterogeneity of the soil and vege-
tation parameters, and the meteorological forcing data (Giertz et al.,
2006). Such models have a distinct advantage of being able to simulate
streamflow under various land use/cover change (LUCC) scenarios at
high spatial and temporal resolution (Motta & Tucci, 1984; Wigmosta
et al., 1994; Brirhet & Benaabidate, 2016). For example, a 2008 study
used the MIKE SHE model to study the effects of five types of land use
changes on streamflow in a Korean river basin (Im et al., 2008). Cuo
et al. (2008) employed the Distributed Hydrology Soil Vegetation
Model (DHSVM) to study the effects of continuing urbanization on peak
flows in a partially urbanized basin in the State of Washington. Zhao
et al. (2016a) compared DHSVM simulations under different historical
and projected land-cover maps in Texas’s San Antonio River Basin and
found that urbanization alone had a profound impact on the increased
peak streamflow. With the availability of coupled hydrologic and re-
servoir management models (e.g., DHSVM-Res; Zhao et al., 2016b),
distributed models can be further used to study areas under significant
reservoir regulation that cannot be addressed through conventional,
natural, ‘streamflow-only’ models.

In addition to the above approaches, using detrended climate data
coupled with a series of LUCC snapshots in time is a commonly adopted
modeling approach used to isolate the effects of LUCC and climate
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change/variability on streamflow. For example, detrended daily rainfall
was used in the Variable Infiltration Capacity (VIC) hydrological model
to evaluate the relative impacts of climate and land cover changes in
the Godavari River Basin, India (Hengade and Eldho, 2019). In the
Andean basins of South America, precipitation and streamflow time
series datasets which were influenced by the El Nifio-Southern Oscil-
lation, were detrended to disentangle the impacts of climate variability
and LUCC (Molina et al., 2015). However, in these types of studies, the
results can be easily affected by the uncertainties associated with the
selection of the time period. Overall, our current understanding about
the isolated influence of urbanization on floods is limited because of
two main obstacles: the joint effects of urbanization and changing cli-
mate are difficult to distinguish, and other human-induced factors such
as reservoir regulation also plays a role (Kaushal et al., 2008; Hejazi
Mohamad & Markus, 2009).

With an overarching goal of improving water security, our specific
objective in this study is to systematically evaluate the impacts of ur-
banization on flooding by leveraging both paired catchments analysis
and physics-based distributed hydrological modeling with an embedded
multi-purpose reservoir module. Specifically, DHSVM-Res was selected
to simulate the hydrological processes due to its explicit urban and
reservoir modules, and its high spatial and temporal resolutions. Two
adjacent Texas river basins — one with little LUCC and one with con-
siderable urbanization — are compared holistically via a stepwise
methodology. First, the flood characteristics (e.g., peak flow and peak
time) of several observed/simulated flood events are analyzed for the
paired basins. Second, changes in the monthly flood-related variables
are studied via a change point detection method (Killick & Eckley,
2014). Third, a newly defined elasticity test is conducted to evaluate
the sensitivity of the flood peak flows to different urban land cover
conditions under perturbed precipitation conditions.

2. Study area

Texas is the largest state in the contiguous United States (CONUS),
and its climate is characterized by drastic spatial and temporal varia-
tions throughout the state (Kottek et al., 2006). Two adjacent river
basins in south-central Texas — the San Antonio River Basin (SARB),
and the Guadalupe River Basin (GRB) — are selected as the study area
(Fig. 1). The San Antonio River merges into the Guadalupe River about
16 km upstream of San Antonio Bay (located adjacent to the Gulf of
Mexico). Both basins have similar precipitation climatology (Fig. 2a),
vegetation types (e.g., grass and shrub), and soil types (e.g., clay). The
characteristics of the paired basins are further compared in Fig. S1 and
Table S1 (Supplementary Material). Both basins are vulnerable to re-
curring tropical storms (including hurricanes) due to their geographical
proximity to the Gulf Coast (Guannel et al., 2010).

The SARB has a drainage area of 10,826 km?. The elevation of the
basin ranges from 4 m to 693 m above sea level, and the average annual
precipitation was 813 mm from 1966 to 2011(Livneh et al., 2013).
There are six subbasins in the SARB: the Medina River, the Leon Creek,
the Salado Creek , the upper San Antonio River, the Cibolo Creek, and
the lower San Antonio River subbasins (Fig. 1). The city of San Antonio
— the second-most populous city in Texas — has experienced rapid
urbanization. The urban population doubled from 0.65 million in 1970
to 1.30 million in 2010, and the impervious area almost tripled from
325 km? (3.0%) to 903 km? (8.3%) during the same period (Fig. 2b;
Price et al., 2006; Jin et al., 2013; Thomas et al., 2013).

The GRB has a drainage area of 15,418 km?. The elevation of the
basin ranges from 1 m to 735 m above sea level, and the annual average
rainfall was 889 mm from 1966 to 2011 (Livneh et al., 2013). The GRB
consists of four subbasins: the upper Guadalupe River, the San Marcos
River, the middle Guadalupe River, and the lower Guadalupe River
subbasins (Fig. 1). In contrast to the SARB, the GRB only had a popu-
lation of approximately 0.24 million in 1970 and approximately 0.33
million in 2010 (Thomas et al., 2013). From 1970 to 2010, the
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Fig. 1. Map of the study area, which includes the San Antonio River Basin (SARB) and the Guadalupe River Basin (GRB). The subbasins of each river basin are

denoted in different colors.

impervious area of the GRB increased slightly from 93 km? (0.6%) to
132 km? (0.9%) (Fig. 2b; Price et al., 2006; Jin et al., 2013). There is a
flood control reservoir within the GRB — Canyon Lake (29.86°N,
98.20°W; Fig. 1) — that has been operated at the conservation level
since 1968 by the U.S. Army Corps of Engineers.

3. Methodology and data
3.1. Hydrological model and input data

3.1.1. Hydrological model

The Distributed Hydrology Soil Vegetation Model (Wigmosta et al.,
1994), with an embedded multi-purpose reservoir module (DHSVM-
Res, Zhao et al., 2016b), was used to simulate the streamflow of the
SARB and GRB. DHSVM-Res is an open-source, physics-based, fully
distributed model which computes the energy and water balances at
each grid cell. The model can be set up at a high spatial resolution (e.g.,
10 - 200 meter) and at a sub-daily time step (e.g., 1 — 24 hour), which
together can facilitate the simulation of flood response. In this study,

DHSVM-Res was set up at a 200-meter spatial resolution and at a 3-
hourly time step from 1965 to 2011 with the first year used for model
spin-up.

One of the major advantages of DHSVM-Res is its explicit urban
module (Cuo et al., 2008). Coupled with the spatially distributed fea-
tures of the model, the urban module can simulate the flow path from
an urban pixel to its nearest river channel. For each urban pixel, the
fraction of impervious area and the fraction of water stored in flood
detention are both specified. The fraction of impervious area de-
termines the amount of surface runoff which is diverted to detention
storage and follows the designed detention process. Then, based on the
outflow from detention, discharge to the nearest channel is calculated.
With the support of this module, the spatial heterogeneity of the urban
sprawl (e.g., denser urbanization along highways) can be explicitly si-
mulated.

Another recently added feature of DHSVM is a multi-purpose (e.g.,
flood control, water supply) reservoir module (Zhao et al., 2016b,
2018). The reservoir module consists of three components: the eva-
poration scheme, the release scheme, and the storage calculation
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Fig. 2. a) Monthly precipitation climatology in the GRB and the SARB (1966 — 2011). Data are adopted from Livneh et al. (2013). b) The impervious percentages of

the GRB and the SARB are from 1970 to 2011.
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(which calculates the overall water balance of the reservoir). The re-
servoir releases water based on prescribed operation rules. By in-
corporating this module during the calibration and validation pro-
cesses—and then removing its effects in the following
simulation—naturalized flow can be obtained. It is a common practice
to create naturalized flow. For example, in Doll et al. (2009) naturalized
flow was computed by removing all reservoirs in the global water
model WaterGAP simulation to quantify the impacts of reservoir reg-
ulation on streamflow. In our study, this methodology facilitates the
separation of the urbanization impacts from the influences of reservoir
flow regulation.

3.1.2. Input data
There are three types of input data for DHSVM-Res: land surface
parameters, reservoir configurations, and meteorological forcing data.

e Land surface parameters include elevation, soil, and land cover
data. The elevation data — Digital Elevation Model (DEM) map —
was adopted from the Shuttle Radar Topography Mission 30-meter
resolution product (Jarvis et al., 2008), and was resampled to 200-
meter. The basin mask was created based on the DEM using ArcMap
10.3. The flow direction, the stream network, and the soil depth
were generated using the DEM and python scripts from Duan
(2018). Soil texture data was obtained from the Soil Survey Geo-
graphic Database (SSURGO; Nauman et al., 2018). Land cover data
were collected from three sources: 1) the United States Geological
Survey (USGS) National Land Cover Database (NLCD), which in-
cludes NLCD1992, NLCD2001, NLCD2006, and NLCD2011
(Vogelmann et al., 2001; Homer et al., 2007; Fry et al., 2011; Jin
et al., 2013); 2) the USGS Enhanced Historical Land-Use and Land-
Cover Datasets, which depict LUCC from the 1970s to 1980s (re-
ferred to as LC1970 hereinafter; Price et al., 2006); and 3) the
continuous land cover series (CLCS), which depicts the continuous
urban expansion of the City of San Antonio for each year from 1984
to 2011. The CLCS was generated by combining the baseline map —
LC1970 — with the classified annual urban land cover maps, which
were derived from annual Landsat 5 Thematic Mapper images. The
steps of CLCS generation are demonstrated in Text S1 of the
Supplementary Material.

e Reservoir configurations (storage, elevation, and surface area) for
Canyon Lake (Fig. 1) were acquired from the Texas Water Devel-
opment Board and were used to derive the reservoir rating curve
(Fig. S5, Supplementary Material). The storage capacity of Canyon
Lake (1.5 x 10° m®) was divided by the U.S. Army Corps of En-
gineers into a surcharge pool (1.1 x 10® m®), a flood control pool
(9.1 x 108 m®), a conservation pool (4.8 x 10® m®), and an inactive
pool (8.7 x 10° m®). Four downstream control points (i.e., New
Braunfels NBRT2, Gonzales GNLT2, Cuero CUET2, and Victoria
VICT2; National Weather Service, 2018) with the same channel
streamflow limit (340 m3/s) were designated to represent the
downstream flow-control operations. The reservoir parameters in-
clude the water demand, the discharge rate from the reservoir, and
the flood inflow threshold (Zhao et al., 2016b). The monthly water
demand data for each reservoir was calculated based on the water
rights and water use data, which were derived from the Texas
Commission on Environmental Quality (2017). The discharge rate
from the reservoir and the flood inflow threshold were calibrated
based on a comparison between the simulated and observed re-
servoir storage.

e Two types of meteorological forcing data — observation-based
and synthetic —were utilized in this study. Both datasets contain a
full set of meteorological forcing terms (i.e., air temperature, wind
speed, relative humidity, incoming shortwave radiation, incoming
longwave radiation, and precipitation). The observation-based for-
cing data were obtained from Livneh et al. (2013), which are
available for the CONUS at 1/16° spatial resolution and a daily time
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step from 1915 to 2011. To explore the sole influence of urbaniza-
tion on flooding, an alternative synthetic forcing dataset—which
does not exhibit any precipitation interannual variability (i.e.,
having the same annual precipitation each year)—was created for
the SARB. 1975 was selected as the representative year for the SARB
mainly because the annual mean precipitation in 1975 (832 mm)
was close to the multi-year annual mean observed precipitation
from 1966 to 2011 (813 mm). Additionally, the intra-annual pre-
cipitation distribution of 1975 is similar to the SARB precipitation
climatology when compared to other years. Moreover, there were
neither extremely wet nor extremely dry events in 1975. Next, the
cumulative distribution function (CDF) mapping technique was
applied. The 1975 daily precipitation was first organized as a look-
up table. During each year, the quantile of daily precipitation was
determined and then used to identify the corresponding quantile in
the 1975 table. Then it was replaced by the value from the look-up
table. This led to a synthetic forcing dataset that had identical daily
precipitation distribution values for each year. The concept of this
approach is similar to that of the Quantile Mapping (QM) method,
which is widely used to post-process downscaled GCM projections
(Wood et al., 2002; Wood & Lettenmaier, 2006). This method can
facilitate the removal of inter-annual variations of the precipitation
data while preserving its physical characteristics. Both datasets were
then disaggregated to a 3-hourly time step. Further details about the
synthetic forcing data can be found in the Supplementary Material.

3.2. Model set up and study design

3.2.1. DHSVM-Res calibration and validation

The calibration and validation processes were conducted for the
GRB. The calibrated parameters for the SARB were adopted from Zhao
et al. (2016a) (Table S4). The calibration was performed individually
for each subbasin of the GRB from January 1, 2001 to December 31,
2011, and the simulation was conducted under NLCD2006 using ob-
servation-based forcing data. Ten USGS streamflow gauges (Fig. 1) were
selected for the two basins based on their locations and the available
data lengths. Calibration based on multiple gauges across the entire
river basin can also facilitate the testing of the model’s performance and
can reduce over-fitting issues.

The calibration of the soil and vegetation parameters was conducted
by comparing the simulated streamflow—and the simulated monthly
maximum streamflow—with the observed streamflow at four USGS
stations (i.e., USGS 08167500, USGS 08171300, USGS 08173900, and
USGS 08175800). Based on a sensitivity test (Zhao et al., 2016a),
streamflow was found to be most sensitive to six soil/vegetation para-
meters — lateral hydraulic conductivity, maximum infiltration, soil
porosity, wilting point, field capacity, and monthly leaf area index. The
reservoir parameters were calibrated afterward by comparing the si-
mulated and observed reservoir storage values. Three criteria were used
for the calibration: the Nash Sutcliffe Efficiency (NSE; Nash & Sutcliffe,
1970), the coefficient of determination (R?), and the relative bias (RB).

The validation was conducted from January 1, 1966 to December
31, 2011 by comparing the simulated streamflow with the observed
streamflow at USGS 08175800. The simulation was conducted under
LC1970, NLCD1992, NLCD2001, NLCD2006, and NLCD2011 using the
observation-based forcing data. The results of the calibration and the
validation for the GRB are shown in Section 4.1.

3.2.2. Study design

The impacts of urbanization on flooding were studied comprehen-
sively through a series of comparative analyses between the paired
basins (Table 1). Considering that the change in land cover due to ur-
banization affects floods in many aspects, three sets of analyses were
designed. First, to study the influence of urbanization on the change of
flood characteristics (i.e., flood peak, peak time), the analysis was
performed for two specific flood events by comparing the observed and
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Table 1
Summary of the designed analyses.

Inputs for simulation
Focus on . . . .
Purpose Basin Landcover Forcing Periods for simulation
variables
map source
GRB Dec 1, 1986 — Jan 31,
Analyzing
Q LC1970 Observed 1987; Oct 17, 2002 —
flooding events SARB
Dec 1, 2002
'MMS,
‘ GRB
Detecting CP ‘nMMS LC1970 Observed
of monthly MMS SARB 1968-2006
floods GRB
‘RX5day
SARB
Testing LC1970 Observed
clasticity of , SARB CLCS
MMSso Synthetic 1986-2011
long-term ULC1986*
flood regimes GRB LC1970 Observed

*The constructed CLCS of 1986, which was created using the baseline map —
LC1970 — and the urban land cover maps of 1986.

IMMS represents the monthly maximum streamflow time series and was de-
rived from the 3-hourly streamflow.

2nMMS represents the monthly maximum streamflow time series without the
impacts of reservoir regulation.

SRX5day represents the monthly maximum of consecutive 5-day precipitation
time series.

“MMSs, represents the median of the monthly maximum streamflow time
series.

simulated daily mean streamflow (Q) for the paired basins. Then, to
study the influence of urbanization on the change of monthly floods
(e.g., statistical distribution), the distributions of three variables were
investigated via change point (CP) analysis and percentile analysis.
These three variables are: the observed monthly maximum consecutive
5-day precipitation time series (RX5day), which is an important metric
to indicate monthly floods (Karl et al., 1999; Peterson et al., 2001;
Wang et al., 2017); the observed/simulated monthly maximum
streamflow time series (MMS), representing the monthly peak stream-
flow series (Zhang et al., 2011); and the observed/simulated monthly
maximum naturalized streamflow time series (nMMS), indicating the
MMS without the impact from reservoir regulation. Finally, to test the
sensitivity of the status of long-term flood regimes to different urban
land covers, a newly defined elasticity test was conducted that studied
the median of the monthly maximum streamflow time series (MMSs).
The above three steps are explained in detail below.

First, the observed daily mean streamflow (Q,ps) and the simulated
daily mean streamflow using LC1970 (Qc1970) Were analyzed for the
paired basins over two periods — December 1, 1986 to January 31,
1987, and October 17, 2002 to December 1, 2002. This analysis is based
on the streamflow data from USGS 08175800 and USGS 08188500,
which are the main downstream stations of the paired basins, respec-
tively. For each flood event during the two periods, the differences in
the peak time and the peak magnitude between Q,ps and Qrc1970 Were
compared for the paired basins. The purpose of using the fixed LC1970
for Qrc1970 is to eliminate the effects of urbanization to isolate the in-
fluence of the changing climate.

Second, the CP detection method (Killick & Eckley, 2014) was uti-
lized to detect the abrupt changes of the long-term underlying dis-
tributions of RX5day, MMS, and nMMS. This method was developed
based on a maximum likelihood estimation framework and has been
applied to a number of hydrological time series in past studies (Harder
etal., 2015; Gu et al., 2017; Li et al., 2017; Liu et al., 2017; Sidibe et al.,
2018). Before implementing this method, the flood peaks of the his-
torical flood events were analyzed. The October 1998 flood peak was
the highest peak on record for both the GRB and the SARB. This flash
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flood was caused by two hurricanes in the Eastern Pacific (i.e., Hurri-
cane Madeline and Hurricane Lester) and a relatively stationary cold
front (White, 2018; National Weather Service, 2019; U.S. Geological
Survey, 2014). Thus, this extreme event was considered as an outlier,
which greatly impacted the statistics of the dataset (e.g., mean and
standard deviation). Thus, the values of RX5day and the flood peaks in
October 1998 were removed from all datasets for both basins at the
locations of USGS 08175800 and USGS 08188500 (which are the main
downstream stations of the paired basins). Then, the CPs of RX5day, the
observed MMS (MMS,,,), and the simulated MMS under the fixed
LC1970 (MMS; c1970) Were calculated for both basins. Because there are
no major reservoirs in the SARB, the CP of the simulated nMMS under
the fixed LC1970 (nMMS; c1970) Was not tested for the SARB. After the
CP detection, percentile analyses were conducted for RX5day,
MMSLCl970, and MMSobS.

Third, an elasticity test was conducted for two purposes: (1) com-
paring the elasticity of precipitation between the paired basins, and (2)
assessing the isolated influence of the progressive urbanization process
on MMSs,. Correspondingly, there were two sets of simulations pro-
cessed from 1986 to 2011 to facilitate the elasticity tests: (1) the first set
was processed under the same fixed land cover map (i.e., LC1970); (2)
the second set was conducted using the CLCS and a single fixed land
cover (i.e., ULC1986) for the SARB. The elasticity test was originally
introduced by Schaake (1990) and was designed for evaluating the
sensitivity of the annual mean streamflow to changes in annual pre-
cipitation. A similar but modified test was performed in this study based
on simulations that were conducted under different urban land cover
scenarios and were forced by a series of perturbed precipitation pat-
terns. The elasticity of MMSs is defined as:

dQ/Q

P, Q)= —
2. Q) dP/P 6h)

where Q represents MMSs, and P’ represents the perturbed observed/
rescaled precipitation. In the first set of the elasticity tests, the ob-
servation-based precipitation (Livneh et al., 2013) was perturbed such
that the interannual variations of the historical precipitation data could
be preserved. In the second set of the elasticity tests, the rescaled
synthetic precipitation was perturbed, which is free of the interannual
variations resulting from the use of the CDF mapping technique. In both
sets, the precipitation values have been changed by * 10%, + 20%,
and + 30%. The test was conducted for the entire SARB, and focuses on
the simulated streamflow at USGS 08188500. However, for the GRB,
the elasticity test was only conducted for the San Marcos River subbasin
(Fig. 1; a subbasin of the GRB), and the simulated streamflow was
targeted at USGS 08173900. This is due to the fact that the main soil
type of the upper Guadalupe River Basin is clay loam (Fig. S1,
Supplementary Material), which is different from the major soil types of
the other subbasins of the GRB—and those of the entire SARB. The San
Marcos River subbasin is also representative for the GRB in terms of the
DEM, land cover, and precipitation distribution. For the DEM, most
subbasins are in the region of low elevation—except the upper GRB,
and the upper portion of San Marcos River subbasin. Thus, the DEM for
San Marcos River subbasin can be representative of the whole GRB. The
San Marcos River subbasin contains two major land cover types (grass
and forest), while other subbasins are dominated by just one land cover
type (forest in the Upper GRB, and grass in the Middle GRB and Lower
GRB). Additionally, the monthly precipitation distribution in the San
Marcos River subbasin is almost the same as that of the entire GRB.

4. Results
4.1. DHSVM-Res calibration and validation

The calibration and validation results for the GRB are shown in
Fig. 3. The error statistics of the daily calibration for the Lower GRB



M. Shao, et al.

Journal of Hydrology 589 (2020) 125154

320 ) 100 b)
a .
—observation Upper GRB - Blanco River
~ 240 | . . USGS 08167500 = USGS 08171300
z ---simulation RB =-0.67% T RB = 5.0%
g R2=0.73 T 60} R2=0.57
é 160 - NSE =0.73 é NSE =0.54
g € 40 +
[ <
=4 =4
@ g &
q [} 20 - ! \ l“
L 7 I \ ‘l" \
'/‘ 7 A a
0 J o N ;N \ 0 ) i\ ) \
2001 2003 2005 2007 2009 2011 2001 2003 2005 2007 2009 2011
500 600
) Middle GRB oo | D | Lower GRB
o 400 USGS 08173900 - | USGS 08175800
X RB=-21% 2 1
E gk R2=0.66 R
2 NSE = 0.63 S
: g
2 £ 200 )
7] & Y
100
~m 0 W
2001 2003 2005 2007 2009 2011 2001 2003 2005 2007 2009 2011
1000
e) GRB
800 | USGS 08175800
= =-9%
% R2=0.68
E 600 NSE=0.67
Py
[=}
E a0l |
- I |
& \
i ]
200 -
0
1966 1971 1976 1981 1986 1991 1996 2001 2006 2011
103
f Canyon Lake
USGS 08167700
. 18} RB=1.3%
% R2=0.78
5 NSE =0.73
Xos2he abhe [Whwe
b
£
3
S 26| -
0 L L 1 1 A 1 1 L & 1
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Fig. 3. Results of the calibration (January 2001- December 2011) and the validation (January 1966 — January 2011) in the GRB. a) — d) Calibration of the daily
streamflow for each subbasin. e) Validation of the daily streamflow over the entire GRB. f) Calibration of the monthly reservoir volume for the Canyon Lake
Reservoir. The statistics in a) — e) are all based on daily results but are shown as monthly average results for showing general hydrograph.

suggest that the simulated streamflow is relatively accurate with an R*
of 0.75, an NSE of 0.71, and an RB of 0.05 (Fig. 3d). However, the
results for the Blanco River gauge station (Fig. 3b) are not as good, with
both the R? and the NSE under 0.60. Meanwhile, it is observed that the
simulated base flows do not agree very well with the observations in
some subbasins (Fig. 3b, ¢, and d), which can be attributed to
groundwater discharge from the Edwards Aquifer close to USGS
08171300 near Kyle, Texas. Regardless, the good agreement of the

simulated and observed reservoir storage volume for Canyon Lake in-
dicates that the reservoir parameters in DHSVM-Res are robust (Fig. 3f).
The error statistics of MMS were also calculated for both basins, and the
results show that the simulated MMS are relatively accurate (with R?
values of 0.84 and 0.78, and NSE values of 0.78 and 0.77 for the GRB
and the SARB, respectively). The validation results (Figs. 3f and 4) in-
dicate that the calibrated parameters can simulate the daily streamflow
and the MMS for both basins.
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To evaluate the simulated timing of peak flow events, several flood
events with similar magnitude to the flood events in Fig. 5 are selected
to calculate the lag time between the observed and simulated peak flow
timing. Results shown in Tables S5 and S6 of the Supplementary
Material indicate that the model can accurately simulate the peak time
on a daily scale in 43% of the selected events in the SARB and in 68% of
those in the GRB.

4.2. Comparisons between SARB and GRB

4.2.1. Comparisons of streamflow during flood events
To evaluate the impacts of urbanization on flood events, the flood

peak and peak time were compared between Qs and Q;ci97¢ for the
paired basins over two selected periods (i.e., December 1, 1986 to
January 31, 1987; October 17, 2002 to December 1, 2002) —a time
period during which the two basins had similar precipitation events and
similar hydrological responses (Fig. 5).

First, Qops and Qrci970 Were compared from December 1, 1986 to
January 31, 1987. For the GRB, the peak of Qs was 612 m>/s on
December 26, 1986, which was 17% smaller than that of Qpci970 On
December 25, 1986 (739 m3/s; Fig. 5a). This might be attributed to
model uncertainties. For the SARB (Fig. 5b), the peak of Q,,s was
303 m3/s on December 27, 1986, which was slightly higher and 1 day
earlier than Qic1o70 (295 m3/s peaked on December 28, 1986). The
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impervious area increased from 3.0% in 1970 to 4.9% in 1986 esti-
mated from the CLCS, which could lead to an acceleration of runoff
process resulting in the observed elevation of the flood peak.

Then, Qps and Qrcig70 in the GRB and the SARB were compared
from October 17, 2002 to December 1, 2002 (a period which contains
two flood events). For the GRB, the first peak of Q,ps was 668 m3/s on
October 28, 2002, which was slightly lower than that of Qrcigzo
(761 m>/s) on October 27, 2002 (Fig. 5¢). The second peaks of Qs and
Q1c1970 Were 1705 m>/s and 1361 m>/s respectively, which both oc-
curred on November 7, 2002 (Fig. 5¢). This can be possibly attributed to
model uncertainties and uncertainties associated with the land cover
data. First, the classification algorithms are different for LC1970 and
other NLCD products, which may add uncertainties to the simulated
streamflow. Second, based on the data shown in Table S7
(Supplementary Materials), the impervious area increased 0.19% from
LC1970 to NLCD2001—with a slight decrease in bare ground, grass-
land, and forest. The higher second peak flow in the Qs compared
with Qrc1970 could be also related to these land cover changes, which
were not addressed in the model scenarios. For the SARB, the first peak
of Qups Was 484 m®/s on October 28, 2002. This is about 20% larger
than that of Qrc1e70 (406 m>/s), which occurred on October 30, 2002
(Fig. 5d). The second peak of Qs was 470 m>/s on November 8, 2002,
which is 30% larger than that of the corresponding Q1970 (363 m3/s)
on November 10, 2002 (Fig. 5d). The comparison between Fig. 5¢ and
Fig. 5d suggests that urbanization exacerbated the effects of antecedent
moisture conditions on floods. In the SARB, the difference between the
second peaks (30%) is noticeably larger than that of the first flood
peaks (20%). When comparing Fig. 5b and d, the difference between
the lag times is two days for both flood events in 2002 and only one day
for the flood events in 1986. These differences might be attributed to
the increase in impervious area (i.e., 6.5%), the higher catchment's
antecedent moisture content, and/or the larger flood size in 2002 (as
compared to 1986). It can be inferred that urbanization effects out-
weigh the model uncertainty and are apparent in the SARB.

4.2.2. Change point analysis

The results of the detected CPs are summarized in Table 2. The CPs
of RX5day were detected in terms of variance, and the CPs of other
variables (i.e., MMS,ps, MMS; 1970, and nMMS; ¢;97¢) were detected in
terms of mean. All CPs were detected at a significance level of 5%. The
CPs of RX5day were not detected in terms of mean because the varia-
tion of mean value of RX5day was relatively small, and the CP of the
mean value of RX5day was undetectable at a significance level of 5%.
When comparing the mean/variance of the post-CP period with the pre-
CP period for the above four variables, the mean/variance of the post-
CP period was larger than that of the pre-CP period in all cases
(Table 3).

The CPs of RX5day were first compared for the paired basins to
assess if the two basins had undergone similar climate patterns. The CP
of RX5day for the GRB was in October 1991, which was close to the CP
of RX5day for the SARB (i.e., April 1990). This indicates that the
RX5day of the two basins share similar change patterns, which makes
them suitable for paired catchments analysis. Next, the CPs of MMSs
and MMS; 1970 Were detected for these basins. For the GRB, the CPs
were also in October 1991 (for both MMS,;,s and MMS; ¢197¢), which is
in agreement with the CP of RX5day. The results show that the change
of flood pattern mainly depends on the changing climate when there is
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Table 3
Differences (%) between the post-CP and the pre-CP periods.
Basin Variable RXS5day MMSobs MMS.c1970 nMMSici970
mean 6.5% 24.7% 46.1% 44.5%
GRB
variance 39.1% 25.8% 69.0% 58.3%
mean 5.4% 75.7% 37.9%
SARB
variance 57.9% 440.0% 65.5%

limited or no LUCC.

For the SARB, the CP of MMS; 1979 Was also October 1991 — the
same for the GRB. However, the CP of MMS,,;,; was June 2001, with its
mean value increased by 75.7% from the pre-CP period to the post-CP
period (Table 3). In contrast, the mean value of MMS,,s only grew by
24.7% for the GRB, even though the RX5day of the GRB had a larger
gain (6.5%) than that of the SARB (5.4%). The significant change of
MMS,s for the SARB after June 2001 could be linked to the high-speed
urbanization of San Antonio — with the impervious area increasing at
an average annual rate of around 3% from 2001 to 2007, and the po-
pulation growing at an average annual rate of 15.9% from 2000 to 2010
(Castro et al., 2012). This continuous urbanization amplified the effects
of the changing climate (i.e., the change of RX5day) on streamflow, and
thus elevated the value of MMS significantly (and even changed the
timing of the CP of MMS).

For the GRB, the CPs of nMMS; ¢1970 and MMS; 979 Were both in
October 1991—with the average of nMMS; c197¢ being 10% larger than
that of MMS; ¢1970. This suggests that the construction of the reservoir
has changed the natural hydrological process by lowering the MMS.
Additionally, the same change points of the variables (October 1991;
Table 2), and the similar differences of nMMS; 1979 and MMS; 1970
(Table 3), show that the monthly floods also vary significantly ac-
cording to the change of RX5day.

Next, the mean value of each of the following—RX5day, MMS,,s,
and MMS; 1970, Within each 10th percentile—was calculated in both
the pre-CP and post-CP periods (CP: October 1991). The difference
between the mean values of the pre-CP and post-CP periods was then
calculated for each of the ten percentile ranges. Fig. 6 shows the par-
titioning of the total difference according to the variable’s percentile
range. Because the difference values are very small in the 1-70 per-
centile range, these are summed together. As shown in Fig. 6, the major
differences of the three variables (i.e., RX5day, MMS,,s and
MMS; c1970) are all found within the 90th to 100th percentile. This
suggests that the changes detected are primarily associated with ex-
treme rainfall or extreme peak flows. For the GRB, the difference value
for each percentile range is very similar among the three variables For
the SARB, the difference of the MMS,;, in the 90th — 100th percentile
range is clearly larger than those of the RX5day and
MMS; c1970—indicating that the urbanization in the SARB after 1991
has exacerbated the impact of changing precipitation on the peak flows.

4.2.3. Elasticity tests

There were two sets of elasticity tests conducted from 1986 to 2011
(Fig. 7). In general, elasticity increases when there is more precipitation
because larger precipitation can lead to more surface runoff and
therefore is more likely to cause a larger rainfall-runoff ratio. However,
the differences among the elasticities of the two urban conditions are
relatively small when compared with those of the variously disturbed

Table 2
Summary of the change point analysis.
Basin GRB SARB
Variable RX5day MMS,ps nMMS;c1970 MMS;c1970 RX5day MMSops MMS;c1970
CP (month/year) 10/1991 10/1991 10/1991 10/1991 04/1990 06/2001 10/1991
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precipitation series.

The comparison of the elasticities between the paired basins is
shown in Fig. 7a. The simulations were processed for the paired basins
under the same fixed land cover map (i.e., LC1970) and the same ob-
servation-based forcing data. Considering that there was a relatively
small amount of urbanized land in the paired basins in the 1970s,
elasticity mainly depended on basin characteristics and forcing data.
The elasticity ranges from 1.71 to 2.82 for the GRB, which is similar to
that of the SARB (1.69 to 2.76). The elasticities of the GRB are slightly
larger than those of the SARB in the case of 30% precipitation. In the
cases of 10% and 20% precipitation, however, the elasticities of the
SARB are slightly larger than those of the GRB. Nevertheless, it is evi-
dent that the elasticity values of the paired basins resemble each other.
This analysis also supports using the paired catchments comparison ap-
proach for this study.

The evaluation results showing the isolated impacts of the pro-
gressive urbanization process on MMSs, are shown in Fig. 7b. The
elasticity was tested under two types of land cover maps and was
synthetically forced over the SARB. One land cover map is CLCS, and
the other is the fixed CLCS with 1986 urban land cover (i.e., ULC1986).
In the case of ULC1986, the elasticity ranges from 1.77 to 2.81. In the
case of CLCS, the elasticity ranges from 1.74 to 3.02 (Fig. 7b). The
elasticity of CLCS is obviously larger than that of ULC1986 in most
perturbed precipitation scenarios, except in the case of —30% pre-
cipitation (where the elasticity of ULC1986 is slightly larger than that of
CLCS). This can be attributed to two reasons: First, when the pre-
cipitation is relatively small, most of it becomes evapotranspiration and
soil moisture (where little can reach the basin outlet in the form of
overland flow or base flow). Second, when there is more impervious
area, DHSVM-Res is set up such that a higher portion of the surface
runoff goes into the urban channel. This is due to the low infiltration
capacity of impervious surface, and the quick routing process — so less
surface runoff is available to infiltrate into the deep soil, and less is
available to evaporate on the land surface. Despite this, continuous
urbanization still plays a primary role in elevating the elasticity of
MMSso.

5. Discussion

The paired catchments approach has a unique advantage because it
uses observed precipitation and streamflow data to complement the
modeling approaches and quantify the urbanization impact. For in-
stance, the change point analysis that we performed (Section 4.2.2) has
shown that by comparing the statistics of observed precipitation and
streamflow over the paired basins, the effects of urbanization within the
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Fig. 7. The results of the elasticity test under different scenarios. a) The elasticities under LC1970 for the GRB and the SARB. b) The elasticities under the ULC1986

and the CLCS for the SARB.



M. Shao, et al.

SARB are isolated. If we only investigate the changes of observed pre-
cipitation and streamflow from one basin, it is challenging to separate
the urbanization and climate change impacts as their impacts are both
included in the observation data. Even though using detrended climate
data to drive a model is a well-recognized method, the results can be
subject to uncertainties due to the selected period. Therefore, our study
uses a hybrid approach that leverages both the paired catchments and
modeling methods.

It is important to investigate the effects of the changing climate
before evaluating the isolated influences of urbanization. In the paired
basins, we found that RX5day increased significantly after the 1990s,
which is in line with the findings of Kunkel et al. (2010)—who observed
that the number of heavy precipitation events associated with tropical
cyclones over the CONUS during 1994 to 2008 was more than twice the
long-term average.

While many studies show that the changing climate is one main
factor affecting streamflow variability, other factors such as urbaniza-
tion are also closely associated with increasing flood events (Yang et al.,
2013; Buendia et al., 2016; Zhao et al., 2016a). We reached a similar
conclusion by combining paired catchments analysis with a physics-
based modeling framework (DHSVM-Res). Furthermore, we disen-
tangled the impacts of urbanization and changing climate on floods
using a hydrological model. The application of the fixed LC1970 to the
model simulations of the paired basins not only extracted the influences
of the changing climate, but also facilitated the evaluation of isolated
urbanization effects by comparing Qups With Qpc1970, and MMS,,s with
MMS; c1970- The idea of conducting a comparative analysis with fixed
land use maps has been previously investigated. For example, the ef-
fects of land use change on the flood frequency regime in the Samoggia
river basin of Italy were assessed by applying fixed land use scenarios
from 1955, 1980 and 1992 (Brath et al., 2006). In this study, nMMS was
simulated to eliminate the influences from reservoir regulation on the
GRB, which contributes to the rationality of using the GRB as the “re-
ference basin”. The elimination of similar “non-target effects” within
the “reference basin” is important for other studies (this can be ac-
complished by various hydrological modeling techniques).

In this study, all subbasins within these two basins were calibrated
independently to avoid an overfitting problem which occurs when only
the streamflow of the downstream stations was calibrated. While this
has improved the overall model performance, it could also add un-
certainties to the paired catchments approach. Since the validation was
conducted over a long time period (46 years from 1966 to 2011), the
robust results suggest that the uncertainties associated with this cali-
bration approach are relatively small. As a result, the paired basins do
not exactly share the same model parameterization. Furthermore, the
calibration was conducted in this way because the model and model
parameters are not completely physics-based. Model structure, and
model parameters — as well as the forcing and input data (e.g., soil
texture) — all have associated uncertainties. Calibration over each
subbasin could practically reduce the impacts of these types of un-
certainties. Nevertheless, the selection of parameters over the paired
basins has not been fully investigated in this study. Thus, more future
studies are expected to be conducted using the recently published
parallel DHSVM (Perkins et al., 2019) —which is significantly more
computational efficient — for evaluating the effects of parameter se-
lection over the neighboring basins.

The elasticity results were also compared against a contour map of
precipitation elasticity of streamflow covering the United States, which
was developed by Sankarasubramanian et al. (2001) and was widely
used as a validation metric in later studies. The map showed that the
elasticity values ranged from 0.5 to 3.5 over the United States, and
higher values (greater than 2.0) primarily occurred in arid and semiarid
regions such as the Southwest and Midwest. In Texas, elasticity values
mainly fall into the range of 1.0 — 2.5. Considering that model genres
and model calibration also play important roles in determining elasti-
city values (Sankarasubramanian et al., 2001; Dooge, 1992), the
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elasticity results of this study are reasonable and can be compared with
those of future research.

The application of synthetic forcing data in elasticity tests sig-
nificantly eliminated the influences of the changing climate, which
made the isolated evaluation of urbanization influences even more
thorough. The CDF mapping technique borrows this idea from the QM
method, which is widely used to post-process downscaled GCM pro-
jections (Wood et al., 2002; Wood & Lettenmaier, 2006). When creating
synthetic forcing data, the selection of a representative year is an im-
portant step. Here we mainly consider the similarity of annual mean
precipitation and intra-annual precipitation distribution between the
selected year and the climatology. However, there are still uncertainties
inherent to this method. Experiments using different representative
precipitation years are expected to be conducted in the future. Never-
theless, this CDF mapping technique creates the rescaled precipitation
of the synthetic forcing data (Text S2 in Supplementary Material) —
which is a simple and transferrable method.

In most hydrological modeling studies over the United States, four
NLCD land cover maps (i.e., NLCD1992, NLCD2001, NLCD2006, and
NLCD2011) have been applied to simulate the change in land cover.
However, the unavailability of continuous land cover maps hinders the
continuous quantification of the effects of LUCC on hydrologic pro-
cesses (Fletcher et al., 2013; Zarezadeh & Giacomoni, 2017). This is
because LUCC influences the energy balance and the hydrological cycle
(Zhu & Woodcock, 2014). In this sense, using annually continuous
LUCC maps to parameterize the model is the ideal choice for realistic
evapotranspiration and surface runoff results. However, our newly de-
veloped CLCS only provided continuous LUCC changes for urban areas
and did not include changes for non-urban land use types. This is pri-
marily because our focus is on urbanization, which has the most sig-
nificant impacts on altering surface runoff as compared to other land
cover changes. Meanwhile, other non-urban land cover types did not
change as much as urban land cover in the SARB. To our knowledge, a
product named LCMAP (Land Change Monitoring, Assessment, and
Projection), which includes annual LUCC maps (from 1985 to 2017) in
the United States, is under development (U.S. Geological Survey, 2020).
This product can be used in future studies to facilitate sustainable land
management and to better evaluate the hydrological responses to
LUCC. In addition, a free and advanced cloud-computing geospatial
platform—the Google Earth Engine (GEE; Gorelick et al., 2017)—was
used to develop the CLCS used in this study. The analysis scripts and
results have been released on GEE (https://code.earthengine.google.
com/a71de59b8522e79ba401ccb4f63f1d55), which makes the classi-
fication methods transferrable to many other urbanized basins
throughout the world.

With regard to CP detection, historical analyses have mainly been
based on either total or mean streamflow over multiple years (Gao
et al., 2010; Harrigan et al., 2014; Cockburn & Garver, 2015; Buendia
et al., 2016; Ivancic & Shaw, 2017). Also, a limited number of CP
analyses have been performed on flood-related variables at a monthly
level. Our work expands the use of CP to support further exploration of
anthropogenic influences on floods.

Even though our work can deliver useful information for local water
resources management, some limitations need to be addressed in future
studies:

1) Only satellite images collected by the Landsat 5 TM sensor from
1984 to 2011 were used. The length of the study period can be
extended to more recent years by incorporating images collected by
Landsats 7 and 8, which will be more informative to current and
near-future water resources management practices.

2) Table S7 of the Supplementary Material shows a slight increase in
forested area from LC1970 to NLCD1992. However, there could be
uncertainties associated with the LC1970 land cover data because
the classification methodology is different for LC1970 when com-
pared with that of other NLCD products (Price et al., 2006).
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Research is necessary to obtain more accurate historical land cover
maps, which have consistent classification with the current NLCD
products.

3) The calibration and validation results (Fig. 3) suggest that the cap-
abilities of DHSVM-Res in base flow simulations are limited, which
hinders further applications of DHSVM-Res. In the future, this lim-
itation can be alleviated by coupling a complete groundwater
component to the current modeling framework.

4) The impacts of urbanization on regional climate were not con-
sidered. Other modeling systems such as the Weather Research and
Forecasting (WRF) model can be used in the future to capture the
influences of urbanization on regional climate.

5) The elasticity test uses MMSsg, which is different from the tradi-
tional estimator (i.e., the average streamflow). The reason is that
limited research campaigns have investigated MMSsy, so this study
could provide quantitative information regarding the sensitivity of
the long-term monthly flood regime to precipitation. Furthermore,
only one normal year (1975) was selected as the representative year,
and thus the uncertainties regarding the selection of the re-
presentative years have not been fully investigated. More pre-
cipitation scenarios—using wet or dry years as the representative
year—should be included in future elasticity studies. Additionally,
the simulations for the elasticity test can be extended by including a
future climate sensitivity test, via the application of regional climate
models (Feser et al., 2011).

6. Conclusion

A large portion of the world’s population is facing flood-related risks
because of urbanization (Miao, 2018), and it is imperative to study the
impacts of urbanization on flooding. Considering the widescale acces-
sibility of various remote sensing datasets, distributed hydrological
modeling can be conducted in many other paired river basins. Hence,
our comparative investigation, based on paired catchments analysis and
a modeling framework, is transferrable to other regions of the world to
promote local water security. Overall, this study evaluates the influence
of urbanization on flooding and unravels the combined impacts of ur-
banization and the changing climate to improve water security. Our
main findings include:

1) The GRB and SARB are reasonably paired basins for studying the
effects of urbanization on floods. They share similar physical char-
acteristics and analogous elasticities of precipitation. Additionally,
the urban impervious area of the SARB has increased significantly,
while the land cover of the GRB has scarcely changed.

2) With paired basins and a comprehensive modeling framework, this
study separated the impacts of the changing climate and urbaniza-
tion and removed the effects of reservoir regulation. Thus, the in-
fluence of urbanization on flooding was extracted.

3) The change of MMS patterns was mainly driven by the changing
climate when there was limited LUCC. The evidence is the same CP —
October 1991 — among the RX5day, MMS,,s and MMS; c197¢ for the
GRB, as well as MMS; ;97 of the SARB.

4) Through analysis of the selected flood events, we found that urba-

nization can cause an apparent elevation of flood peaks, lead to

shorter lag times, and exacerbate the influence of antecedent
moisture conditions on floods. During the flood events over the

SARB in 2002, the flood peak of Qs was two days earlier than that

of Qici970—and the difference between the peaks of Qpci970 and

Qobs reached 30%.

By detecting the change points (CP) of monthly floods, we found

that the high-speed urbanization of San Antonio amplified the ef-

fects of the changing climate on streamflow patterns. This elevated

MMS significantly, and thus changed the timing of the CP of MMSs

to June 2001. Meanwhile, the difference between the values of the

post-CP and the pre-CP periods of MMS,,,s for the SARB was around

5

=

11
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76%, which was obviously larger than that for any of the other
cases.

6) The elasticity test confirmed that continuous urbanization played a
primary role in elevating the elasticity of MMSso when the influence
of the changing climate was eliminated to a significant level. The
differences among the elasticities of the two urban land cover sce-
narios became larger with increased precipitation.

7) While flow regulation reduced the peak flow values and lessened the
streamflow intra-annual variability, it did not affect the CP. For
instance, in the GRB we found that the variance is larger for
MMS;970 (69%) than for nMMS;970 (58.3%; Table 3)—but the CPs
of MMS; 1970 and nMMS; c1970 Were the same as that of RX5day —
October 1991.

This study successfully quantified the impacts of urbanization on
floods in a systematic manner by using paired catchments analysis and
DHSVM-Res in two adjacent basins. More studies about the changes of
hydrological processes under a changing environment (e.g., urbaniza-
tion, climate change) are needed in the future.
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