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ABSTRACT. Best Management Practices (BMPs) are commonly adopted to ameliorate the quality of runoff and reduce the frequency
and intensity of flash floods in urban areas. To date, many of the BMP studies are conducted using coarse resolution data. However, the
accuracy of such studies may be compromised due to the shortcomings inherent in the input data; as such, the evaluation of the BMP
cost-effectiveness may not be accurate. The objective of this paper is to demonstrate the improvements of higher resolution images over
coarse resolution data in BMP analyses. An unmanned aerial vehicle (UAV) was used to collect a more detailed and accurate picture of
the digital surface model and digital elevation model. Landsat 8 multi-spectral imagery was classified by object-oriented classification
to generate a land use/land cover map. The method used in this study provided more detailed and accurate information of the physical
conditions of the study area, an improved subwatershed delineation, a more comprehensive list of the suitable locations for BMPs, and
a more reliable estimate of the cost-effectiveness of the BMP ensembles than that generated using coarse resolution data. Using the fine
resolution data, this study further determined the utility of the selected BMP ensembles under a changed future climate regime and
identified the best BMP and BMP ensemble in reducing urban surface runoff. This method can be especially useful in areas without

quality topography and land use data.
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1. Introduction

Urban Best Management Practices (BMPs) are structural
facilities designed to mitigate stormwater runoff (Liu et al.,
2017). To effectively control the quantity of surface runoff, one
needs to conduct accurate analyses so as to design appropriate
BMPs. To this end, high quality aerial photographs and digital
elevation model (DEM) are indispensable. A typical satellite re-
mote sensing system, such as the Landsat, ASTER, AVHRR,
and MODIS, has a relatively coarse resolution of 10 to 30 m
(Tucker, 1979; Kerr and Ostrovsky, 2003), while the use of im-
agery sensors mounted on unmanned aerial vehicles (UAVs) can
provide imageries with a finer resolution (sub-meter) and more
accurate information. It is also less expensive and more con-
venient to acquire data using UAVs than manned aircrafts, es-
pecially for inaccessible places. Although satellites can capture
imageries of remote areas and difficult terrain, they have rigid
temporal revisit cycles. UAVSs, on the other hand, can collect
real-time on-demand data. For these reasons, UAV technology
has been developing rapidly, and there have been many re-
search projects employing UAVs to collect hyperspectral
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(Mitchell et al., 2012; Uto et al., 2013) and thermal data (Berni
et al., 2009; Zarco-Tejada et al., 2012). Some researchers also
used LiDAR sensors mounted on drones to collect elevation
data and develop DEMs (Rock et al., 2011; Harvey et al., 2014;
Uysal et al., 2015). Nevertheless, there is little research on the
benefits of using finer resolution data in watershed manage-
ment, although sustainable development is becoming a more
and more important issue in light of future climate change and
urbanization.

The use of finer resolution data is particularly advanta-
geous in BMP studies because many urban BMPs, such as in-
filtration trenches and bioretention systems, are rather small
and are installed in local sites. Also, due to the complicated
physical and environmental conditions intrinsic in a watershed,
there can be multiple possibilities for the types, number, place-
ments, and combinations of BMPs. However, limited resources
often confine BMP implementations to only those that can yield
maximum runoff reductions at minimum costs. We therefore
need data that can support more detailed analyses in a site scale.

The study described herein is a continuation of an earlier
study by Fan et al. (2017), which examined the cost-effective-
ness of different arrangements of BMPs in the Ludlow water-
shed in Kenton County, northern Kentucky (Figure 1). It em-
ployed data from secondary sources, such as the national data
archives from the U.S. Geological Survey (USGS) and the
Multi-resolution Land Characteristics Consortium (MRLC).
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The spatial scales of the DEM and the 2006 land use/land cov-
er (LULC) data are 30 m. That study found that bioretention
and infiltration trenches are the most appropriate BMPs in the
study area according to soil type, topography, and available sur-
face area required for BMP installation. It further identified
three suitable sites for their installation. Because of the dated
(2006) LULC information and the relatively coarser resolutions
in both the DEM and LULC data, the results might not reflect
the potential environmental benefits and associated costs of
these BMPs.
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Figure 1. Map showing the Ludlow watershed study area.

In this research, we used UAV techniques to collect DEM
data at a higher spatial resolution for the same study area. Mean-
while, Ground Control Point (GCPs) were collected in the study
area to rectify and validate the DEM. We also acquired the new
Landsat 8 multi-spectral remote sensing imagery and utilized
the object-oriented classification method to generate a more de-
tailed and updated (2016) LULC dataset. The main objective
was to examine how finer resolution data would facilitate amore
comprehensive watershed BMP analysis. To this end, we de-
rived two BMP scenarios. The three-BMP-ensemble, which had
the same number and types of BMPs as in Fan et al. (2017),
was used to explore how better subwatershed delineation and
BMP siting could improve BMP simulation results. The seven-
BMP-ensemble depicted the maximum number of BMPs that
could be installed in the watershed, an arrangement that would
only be made possible by the better quality data. This analysis
was to determine the maximum potential annual flow reduc-
tion and the associated costs.

While there are reports on the use of BMPs in urban water-
shed management (see forexample, Snead and Maidment, 2000),
there is hardly any reference of their use in watersheds with
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mixed land use, such as the Ludlow watershed. Therefore, the
other objectives of this research were to assess the utilities
(costs and benefits) of the BMP ensembles and to determine the
future efficacy of the selected BMP ensembles in attenuating
surface runoff in such a watershed.

2. Study Area and Data Processing

2.1. Study Area

We used the same Ludlow watershed as our study area (Fig-
ure 1). Its area is 1.24 km? and its population has been grow-
ing since World War II. The city of Ludlow is redeveloping,
and highly developed area now occupies about 46.64% of the
watershed, whereas medium intensity developed area covers
27.27% of the watershed (Fryetal., 2011; Wickham and Flather,
2013). With recent urban development, sustainable watershed
management schemes are needed. By providing a more accu-
rate picture of the land use types and physical conditions of the
area, the UAV and remote sensing data may be helpful in this
endeavor.

The climate of northern Kentucky is cool and wet. Its av-
erage daily temperature varies from 17 to 31 <C during summer
and from -5 to 12 T during winter. Winter and spring precipita-
tions are usually in the form of low intensity events over a long-
time period, while summer precipitations are characterized by
high-intensity and short-duration storms (NCDC, 2012).

The Ludlow watershed was chosen in this study because
to make a fair comparison with the previous study, it is more
appropriate to use the same study area. Most importantly, it is
frequently flooded. The Ohio River is a mighty river. Its large
volume of water and high stream velocities have carved deep
valleys with extraordinarily steep gradients around the study
region. The narrow flood plains and intensive urban develop-
ment have caused frequent flooding in low-lying regions, and
the economic damages are staggering. It is therefore paramount
to mitigate floods as the watershed is urbanizing and our cli-
mate is changing with probably more intense storm events. In-
stallation of proper BMPs may be instrumental in controlling
stormwater (U.S. Federal Insurance Administration, 1979).

2.2. Data Acquisition and Processing

2.2.1. Acquisition of High Resolution UAV and Remote
Sensing Data

UAYV offers data of higher quality with a finer spatial reso-
lution than most of the products from available satellites. The
cost to deploy an UAYV is also lower than data acquired from
LiDAR sensor installed on manned aircraft. Listed in Table 1 are
three examples of UAV and customized camera combinations
as well as the rental fees to charter a manned aircraft for col-
lecting and producing multi-spectral imagery, digital surface
model (DSM), DEM, and orthomosaics.

Data collection by UAVs has many advantages. Battery
powered UAV has less environmental impacts than aircrafts
powered by fossil fuels. UAVs are more convenient and easier to
launch.
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Table 1. Comparison between Costs for Customized UAV and Manned Aircrafts

UAYV and camera solutions

DJI phantom 4 Pro 3DR SOLO DJI MATRICE 100
+ stock camera + MAPIR cameras + FLIR VUE PRO
UAYV cost $1,599 ~ 2,499 $700 ~ 2,200 $3,299 ~ 8,399
Camera cost Included $300 ~1,200 $1,499 ~ 4,499
Fly time 28 minutes 21 minutes 42 minutes
Payload 600 g 500 g 1,000 g
Manned aircraft and rental rates*

Very light jet Light jet Executive Turboprop
Aircraft example Phenom 100, Hawker 400XP, King Air 200, Air 90,

Eclipse 500 Learjet 31A Pilatus PC-12
Rental rate (h) $1,750 ~ 2,200 $2,200 ~ 2,800 $1,500 ~ 1,850
Number of seats 2~4 6~7 3~8

*Rates quoted from NewFlightcharters (2017).

Once UAVs are set up, they can be reused. To deploy a UAV,
one only requires some flight training and a FAA part 107 certifi-
cation, which costs far less than obtaining an aircraft pilot li-
cense. UAV is also safer when negotiating inaccessible, difficult,
and hazardous terrain. Although a manned aircraft can provide
more payloads and a higher fly height than an UAV, data col-
lected by an UAV are sufficient for most local scale environment-
tal monitoring and watershed management studies.

In this research, we used DJI Phantom IV Pro quadcopter
(Figure 2) (Themistocleous, 2014; Stroppiana et al., 2015) and
a stock 1/2.3 inch (1.10 cm) CMOS camera sensor with a 12.4
m effective pixels and Field of Vision (FOV) of 94=20 mm f/
2.8 focus at c (DJI, 2017). The reconnaisances UAV flights
over the Ludlow watershed were conducted on April 30, 2017.
It was a clear day with good visibility and relatively low wind
speed. In UAV data collection, there is a trade-off between
UAV flight coverage and the spatial resolution of the image
product. Although a higher flying height can provide a larger
areal coverage, the spatial resolution of the UAV image will be
compromised. To resolve this dilemma, we divided the Ludlow
watershed into 3 sub-regions and conducted separate flights for
each sub-region (Figure 3). With a flying height of approxi-
mately 120 m, the UAV imagery after mosaic has both a high
resolution and a full coverage of the study area.

Figure 2. The DJI Phantom IV UAV system used in the present
research.

Given that there is a view angle between the drone camera
and land objects, to produce DEM/DSM products with a higher

accuracy, it is better to capture imagery from all directions and
aspects of the target area. Thus, for each flight, our drone fol-
lowed a route of inscribed circles of the sub-region. Each circle
has a radius of approximately 300 m (Figure 3). As such, images
taken by the UAV are evenly distributed along the circle and
the camera is always pointing to the center of the target area
(Figure 4). Elevation distortions due to view angle of the camera
can then be rectified during data processing.
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Figure 3. GCPs, fly path, and UAV imagery geotags in the
Ludlow watershed.
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Based on the flight altitude and pixel size of the UAV im-
agery, the DSM, DEM, and orthoimages generated in this study
have avery high spatial resolution (0.8 m). Nevertheless, the im-
ages only have red, green, and blue bands, which are inade-
quate to distinguish impervious surfaces. However, impervious
surfaces are prevalent in urban areas and have significant hy-
drologic effects (Slonecker et al., 2001). To resolve this quan-
dary, Landsat 8 remote sensing imagery was incorporated to
take advantage of its multi-spectral capability and its near infra-
red band to depict impervious surfaces.
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The July 12,2016 Landsat 8 datawere acquired from USGS
(2017a). They have multi-spectral bands, including blue, green,
red, near infrared, shortwave infrared, panchromatic, and ther-
mal infrared, with a 30 m spatial resolution for the optical bands
and a 15 m spatial resolution for the panchromatic band. In the
earlier study, the LULC data were obtained from the National
Land Cover Database (NLCD) of the MRLC, which are based
primarily on Anderson classification of the 2006 Landsat sat-
ellite data (Fry et al., 2011) and are at a 30 m resolution. Here,
due to the higher spatial resolution and the more sophisticated
object-orientated classification algorithm used in the classifi-
cation, the resultant LULC coverage has more updated and re-
liable information (Figure 5).

Figure 4. UAV circle fly path around the target area.

2.2.2. DEM Data Processing

The image captured by the stock camera on-board the UAV
was transformed via the Drone2Map software (ESRI, 2017) in-
to professional 2D and 3D products, including orthoimages,
DSM, DEM, cloud points, and Normalized Difference Vegeta-
tion Index (NDVI).

The UAV DEM for the entire study area was obtained by
mosaicing the images of the three sub-regions (Figure 6a). To ca-
librate the DEM and rectify the UAV imagery, 26 GCPs were
collected from easily discernable land features, such as road in-
tersections and corners of playgrounds, in the Ludlow water-
shed (Figure 3) using the Trimble high-performance GNSS Sys-
tem, which has the capability of measuring and recording the
geographical coordinates with an accuracy of less than 0.5 m.
After calibration, a quality DEM was generated from the UAV
imagery (Figure 6a) via Drone2Map software. To ascertain its
accuracy, the UAV DEM was validated against the USGS DEM
data from the National Elevation Dataset (NED) (USGS, 2015)
(Figure 6b). Because the USGS DEM data have a spatial resolu-
tion of 30 m, some reference targets, such as parking lots and
golf courses, were used in the validation. The results show that
the UAV DEM had an estimated elevation accuracy of 1.3 m.

2.2.3. Derivation of Land Use Data by Object-Oriented
Classification of Landsat Data

Object-oriented classification is based on the relationships
between image objects, which are derived from dividing the
whole image into small objects according to the shape, size,
and spectral content of the image segments. Because object-
oriented classification generates classes at object level, with ap-
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propriate training samples and parameters, it has an excellent
capability to delineate objects at a local scale (Jacquin et al.,
2008). When compared with traditional pixel-based classifica-
tion methods, which use regular pixels, object-oriented classify-
cation is more appropriate for hydrologic modeling of small ur-
ban watersheds (Li et al., 2014). Thus, it has been widely used
for automatic and semiautomatic analyses (Benz et al., 2004;
Liu etal., 2010; Zhang et al., 2014).

We performed the object-oriented classification on the Land-
sat 8 multi-spectral data using eCognition (Trimble, 2017). Multi-
resolution classification was used because Landsat 8 has both 30
m and 15 m spatial resolutions for optical and panchromatic
bands, respectively. To performthe object-oriented multi-resolu-
tion classification, we utilized seven bands (red, green, blue,
near infrared, two shortwave infrared, panchromatic) of the da-
ta. Panchromatic band was assigned with a larger weight than the
other bands to take advantage of its higher resolution (15 m).
To obtain the best classification results, we set the object size
to 80 pixels. To calibrate the classification parameters, a sam-
ple of classification results was compared to the USGS land co-
ver data. (Figure 7a shows the selected training object). By ad-
justing the coefficients of the shape and compactness of the im-
age objectsto 0.2 and 0.5, anew LULC map was produced (Fig-
ure 7b). For validation of the Landsat 8 object-oriented classify-
cation results, we chose several targets, such as impervious sur-
face and water bodies. Ground-truth validation results ascertain
that highways and water bodies are well delineated in our clas-
sification. When the LULC map from Landsat 8 object-oriented
classification was compared with the 2006 NLCD map used in
the previous research (Figure 7c), the new classification results
notonly have more updated information and a finer spatial reso-
lution (15 m), but also a better image of the objects. Highways
are depicted in a more continuous shape, and all image objects
are more clearly discernable. As such, the object-oriented clas-
sification was deemed to have successfully classified each LULC
class, and the map was considered suitable for use in further
analyses.

2.2.4. Meteorological and Other Environmental Data

BMP modeling requires an array of geospatial environ-
mental data. Here, the 2007 to 2009 daily maximum and mini-
mum air temperature time series data for Cheviot, Ohio, at
39.15°N and 84.62°W (GHCND: USC00331515) were ac-
quired from the National Climatic Data Center (NCDC). The
hourly precipitation records were obtained from the Cincinnati
Northern Kentucky Airport NCDC station at 84.67°W and
39.04°N (COOP: 151855). These data were used for model
development and validation.

As watershed planning is usually for a period of 15 to 20
years, and a BMP generally has a design life of 15 years, the
cost-effectiveness of the BMP ensemble in the year 2030 was
also examined. The 2020 to 2039 precipitation and temperature
data derived from the Community Climate System Model (CCSM
3.0) (Collins et al., 2006) under the distributed World Climate
Change Projections-SRES B1 scenario, as described and re-
ported in the Fourth Assessment Report (AR4) (IPCC, 2008),
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Figure 6. a) DEM collected by UAV for the Ludlow watershed at a 0.8 m spatial resolution; b) USGS national elevation DEM

dataset at a 30 m spatial resolution.

was adopted to represent the future climatic conditions and
used to calculate the hydrologic conditions.

Moreover, watershed boundary and stream network data
were obtained from the National Hydrography Dataset Plus
(NHDPIus) (USEPA, 2012). Soil data were retrieved from the
State Soil Geographic (STATSGO) database published by the
U.S. Department of Agriculture (USDA) (Smith et al., 1997).
Daily flow data (in m®/s) from September 1, 2007 to November
30, 2009 were obtained from the USGS gage station 03260015
at 39.09°N and 84.56 W NAD27 in Pleasant Run Creek at Oak
Street near Ludlow, Kentucky (USGS, 2017b); they were used
for model calibration and validation.

3. Methods

3.1. Selection of the Watershed Hydrologic and BMP Model
There are a few software packages for watershed hydrol-

ogic modeling, such as the Stormwater Management Model
(SWMM) (Rossman, 2004), Hydrological Simulation Program
Fortran (HSPF) (Bicknell et al., 2001), and System for Urban
Stormwater Treatment and Analysis Integration (SUSTAIN)
(Shoemaker et al., 2009; Lee et al., 2012). While both SWMM
and HSPF can be used to model the hydrologic impacts of BMPs,
they do not consider the economic aspects of BMPs. They also
do not have optimization tools to facilitate the determination of
the optimal arrangement of BMPs (Rossman, 2004).

SUSTAIN, on the other hand, is a comprehensive analytic-
cal and decision support system designed for BMP siting, simu-
lation, and cost estimation at both the watershed scale and local
scale (Shoemaker et al., 2009). By using process-based algo-
rithms, its land simulation module, conveyance module, and
BMP module can compute rainfall-runoff response and wash
off over the land surface as well as simulate the functions and
efficiencies of BMPs in removing surface runoff. The BMP
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Figure 7. Object-oriented classification results for the Ludlow watershed: a) object training samples; b) Object-oriented classi-
fication results from 2016 Landsat 8 at a 15 m spatial resolution; c) 2006 NLCD map at a 30 m spatial resolution as used in Fan et

al. (2017).

siting tool in SUSTAIN uses a spatial optimization process to
evaluate an array of BMP arrangements and select the most ap-
propriate BMP type, number, and location.

Developed by the U.S. Environmental Protection Agency
(USEPA), SUSTAIN has been tested by the agency through
various pilot studies conducted in Kansas City, Missouri (Lee
et al., 2012), Louisville, Kentucky (Shoemaker et al., 2012),
and Las Vegas Valley, Nevada (Sun et al., 2016). From the re-
sults of these studies, it is evident that SUSTAIN is capable of
objectively and comprehensively determining the optimal ar-
rangements of BMPs and modeling the hydrologic conditions
before and after the installation of BMPs. Because of its proven
capabilities, SUSTAIN was selected in the previous study and
this study to determine the most appropriate number, types, ar-
rangements and locations of BMP as well as to evaluate their
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costeffectiveness under the current and future climatic condi-
tions.

3.2. Ludlow Watershed SUSTAIN Model Development

The same 2008 water year (from October 2007 to Septem-
ber 2008), as was used in the previous study, was chosen to de-
pict the current climatic conditions and develop the base SUS-
TAIN model for the Ludlow watershed. It was because the
weather conditions during this year were representative of the
average current conditions of the watershed. Based on the me-
teorological data from station COOP 151855, the annual preci-
pitation of the year of the watershed was 1,909.6 mm, which is
very close to the 30-year average precipitation value of 1,936.5
mm (Williams Jr. et al., 2007).
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To build the base model, the 2008 ~ 2009 weather data and
the UAV DEM data were imported into SUSTAIN, and the
model was run to simulate the daily flow without the BMPs. In
this study, the calibration and validation of the model were per-
formed using the Licking watershed because the only gage sta-
tion in the study area is located in the Licking watershed. Be-
sides, it encompasses the Lud- low watershed, and both water-
sheds have similar climate, soil, and LULC (Figure 1). To assess
model performance, the simulated daily flow results were com-
pared with the monitored flow records from the USGS gage
station and the error rate was calculated according to Bicknell
et al. (1996):

( flowsimulated — ﬂOWobserved)

Error (%) = Z
( ) ZﬂOWobserved

%100% 1)

If the error rate was high, the parameter values of the mod-
el would be adjusted and the model would run again. This proc-
ess was repeated iteratively by trial and error until the error rate
reached the minimum value. For validation, the weather data
from October 2008 to September 2009 were used to run the
model with the same set of parameter values. The error rate be-
tween the flow simulation results and the gage station records
of the 2009 water year was calculated. If the validation results
were acceptable, the same parameter values of the Licking water-
shed model would be used in the Ludlow watershed model.

3.3. BMP Siting and Cost-Effectiveness Determination

Prior to BMP siting and modeling, we conducted some
preparatory work. First, in order to perform a more detailed and
thorough BMP analysis, we took advantage of the better qual-
ity DEM data acquired from the UAV imagery (Figure 6a) to-
gether with the LULC data from the Landsat 8 satellite image-
ries to conduct a more accurate watershed delineation. By com-
puting the flow directions and flow accumulation threshold, sev-
en subwatersheds were successfully delineated. Second, we im-
ported the data pertaining to soil type, LULC, topography, stream
network, the availability of flat areas, and the size of the target
area to SUSTAIN. Third, similar to the previous study, we chose
the Holtan-Lopez algorithm to calculate stormwater hydrology
because the other method, the Green-Ampt method, does not
consider the effects of vegetation root zone on infiltration rate.
Fourth, to evaluate the overall runoff in the watershed, we de-
fined the outlet for the entire Ludlow watershed as the assess-
ment point, which is located at exactly the same place as in the
previous study (Figure 8a).

For every BMP installation, one needs to consider the
amount of flow reduction and the costs of installation and main-
tenance (Damodaram et al., 2010). Different BMPs may have
different flow attenuation capabilities and costs. While a larger
number of BMPs can certainly reduce more surface runoff, the
costs of installing and maintaining them will increase. In this
research, the cost-optimization tool in SUSTAIN was used to
determine the optimal types, number, and arrangements of BM-
Ps and to evaluate the cost-effectiveness of different BMP en-
sembles. Here, cost was calculated as:

Cost,(Comp,,)

COSt B Mm {ZJ ZIZi l|:+ COSti (Complnfiltrench):l} (2)

where m and n are the respective numbers of infiltration trench-
es and bioretention basins installed, i is the individual bioreten-
tion basin identification number, and j is the infiltration trench
identification number. Compyj, is the functional components of
bioretention and Compigsiireanch IS the functional components of
infiltration trench. Flow reduction was calculated as:

Flow reduction:

(%)= (volume: —volumeswe)
volume:

)
where volume; is the flow volume without BMP at time t,
volumegwp is the simulated flow volume with the BMP install-
ed at time t.

The data used in calculating the costs of installing and
maintaining the BMPs were abstracted from the SUSTAIN cost
database (USEPA, 2017). Cost-effectiveness curves were gen-
erated by calculating the percentage of flow reduction against
the cost of BMP. We used the Ordinary Least Squared (OLS)
fitting model to fit a logarithmic function against the cost-
effectiveness curve. The solution with the highest positive re-
sidual was selected as the optimal solution because the higher
the residual, the more efficient the solution will be in balance-
ing the cost and the amount of flow reduction.

3.4. Examining the Benefits of Fine Resolution Data in
BMP Analyses

To address our main research question whether the better
quality source data could provide results that would be more
indicative of the actual cost-effectiveness of the BMPs in the
watershed, we sought to compare the levels of annual flow
reduction and the costs of installation and maintenance of the
new BMP ensembles with the results derived from coarse re-
solution data as reported in the previous study under the cur-
rent (2008) climatic conditions.

In the first analysis, we utilized the same number of sub-
watersheds (three subwatersheds) and the same types of BMPs
(one bioretention and two infiltration trenches) as in the pre-
vious study to safeguard that the set up and costs of BMPs of
these two studies will be the same and the comparison will be
appropriate. However, in this instant study, the use of a differ-
ent data source may result in a different watershed delineation
and BMP siting. The sizes and shapes of the three subwater-
sheds and the potential BMP sites can be different as well. To
determine which BMP locations should be eliminated from the
analyses and to find the best three-BMP-ensemble option, we
used the results from preliminary model runs. After the types,
arrangements, and locations of the three BMPs were deter-
mined, the cost-effectiveness of the three-BMP-ensemble was
evalu- ated and compared with that of the BMP arrangement
used in the early study.

The second phase of this analysis was to explore the costs
and benefits if the maximum number of BMPs was installed.
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With the finer resolution UAV DEM, we managed to delineate
seven (the maximum number) subwatersheds, each with many
potential BMP sites. To find the best location for the BMP in
each of these watersheds and to establish the best seven-BMP-
ensemble, we again used simulation results from prelimnary
studies. Then, its cost-effectiveness under the 2018 climatic
conditions was calculated and compared to Fan et al. (2017).

3.5. Examining the Future Utilities of the BMP Ensembles

To ensure that the capital investment on BMPs will yield
not only short-term but also long-term benefits, lasting through-
out the whole design life span, the Ludlow watershed model
was run under the 2030 climatic conditions. The 2030 percent-
ages of flow reduction by the chosen three-BMP-ensemble and
seven-BMP-ensemble and their costs were calculated and their
cost-effectiveness curves and logarithmic functions were gen-
erated by the OLS logarithmic fitting model. The cost-effec-
tiveness of these ensembles was compared. These results were
also com- pared with the results from the 2008 analyses.

4, Results

4.1. SUSTAIN Model Calibration and Validation

After adjusting the parameter values of zero impervious
percentage, maximum/minimum infiltration rate, depth of de-
pression storage, maximum infiltration volume and dry time,
the Licking watershed SUSTAIN model reached a percentage
error rate of 1.98% for the entire 2008 water year. The Pear-
son correlation coefficient between the simulated daily flow
and the monitored values is 0.76 (Table 3). Seasonally, the er-
ror percentage is 7.14% for winter and 9.43% for summer. The
validation using 2009 weather data yielded even more promis-
ing results with error rates of less than 5.50% and correlation
coefficients equal to or above 0.85 (Table 3). Based on the re-
commenddation of Bicknell et al. (1996), the model was regard-
ed as accurate enough to simulate the hydrology of the area. Its
parameter values were used in the Ludlow watershed SUSTAIN
model for further analyses.

4.2. Improvements of BMP Analyses by Using High
Resolution Data

In the previous study, with the 30 m DEM and LULC data
from USGS, three subwatersheds were delineated and three
BMPs were sited. A bioretention basin was sited in subwater-
shed 2 and infiltration trenches were sited in subwatershed 1
and subwatershed 3 (Figure 8a). In this study, even for the three-
BMP-ensemble siting, the better quality data provided a slight-
ly different subwatershed delineation. The new subwatersheds
had different sizes and shapes, and interestingly, smoother boun-
daries (Figure 8b). There were also more candidate sites for
BMP installation. After a series of elimination, the best three-
BMP-ensemble was determined (Figure 8b and Table 2).

The finer resolution data also enabled us to have a more
real- istic watershed delineation. We managed to partition the
Ludlow watershed into more subwatersheds, seven in all (Fig-
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ure 9), each with more potential BMP sites. Figures 10b and
10d show that there were seventeen bioretention and eight in-
filtration trench potential sites. When Figure 10a is compared
with 10b and Figure 10c with 10d, the improvement afforded
by fine resolution data in identifying potential BMP sites is un-
equivocal. With more options, we could make a more informed
decision as we were considering the best possible type, arrange-
ment, and location of BMP in each subwatershed. This again is
a great improve- ment over the earlier study. The seven-BMP-
ensemble that we finally selected entailed installing bioreten-
tions in subwatersheds 1, 3, 4, 6, 7 and infiltration trenches in
subwatersheds 2 and 5 (Figure 9 and Table 2).

Also with UAV DEM at a 0.8 m spatial resolution and
LULC data derived from multi-spectral satellite imagery at a
15 m spatial resolution, better shapes and sizes of the BMPs
were depicted. In the earlier study, the shapes of the BMPs
identified by the BMP siting tool were like triangles. This may
be because the coarse resolution data were too crude to depict
the fine details of the DEM and LULC, and the shape of the
BMP site was formed simply by connecting the centroids of a
few pixels. In this study, with the finer resolution data, more
detailed information was provided, which facilitated the por-
trayal of a more accurate picture of the environmental condi-
tions and the estimation of the actual shapes and sizes of BMPs.

4.3. BMP Analyses under Current 2008 Climatic
Conditions

Figure 11 shows the cost-effectiveness of the three BMPs
under the 2008 climatic conditions for both the previous and
the current studies. In each graph, the small circles represent
the entire solution population. The triangles depict the least cost
solutions, and the fitted line represents the cost-effectiveness
curve. At the point when the curve starts to level off (as de-
picted by the diamond), it reaches the optimal cost-effective-
ness solution with the least expense but the maximum flow
attenuation.

The cost-effectiveness curves of both the earlier and the
current studies have a non-linear relationship between costs and
flow reduction; as the percentage of flow reduction increases,
the cost will increase. Nonetheless, the curve for the three-
BMP-ensemble used in this study (Figure 11b) is notably steep-
er than the one for the three BMPs used in the previous study
(Figure 11a). The OLS logarithmic function for the cost-effec-
tiveness curve for the previous study is:

y = 23.004Ln(x) +30.953 @)

whereas the fitted function for the instant study is:

y =37.369Ln(x) +18.836 )

The coefficient of cost increase for the previous study is
23.004, and for this study, it is 37.369. These results therefore
demonstrate that the instant three-BMP-ensemble will be more
cost-effective than the BMP arrangement identified earlier. In
the current study, as the amount of flow reduction continues to
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Table 2. Description of the Selected Three-BMP-Ensemble and Seven-BMP-Ensemble Used in this Study

Subwatershed ~ BMP Type Length (m)* Width (m)
Three-BMP 1 B1 bioretention 523 34.0
ree- i 2 11 infiltration trench 413 37.0
Ensemble L .

3 12 infiltration trench 274 31.0

1 B1 bioretention 110 304

2 11 infiltration trench 200 38.0
S BMP 3 B3 bioretention 583 35.0
even- ) 4 B4 bioretention 178 34.0
Ensemble L. .

5 12 infiltration trench 413 39.0

6 B5 bioretention 482 34.0

7 B2 bioretention 566 34.0

*Length is defined as a decision parameter for BMPs
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Figure 9. BMP types and locations of the selected seven-BMP-
ensemble used in the analysis.

increase, a lesser amount of cost increase will be incurred. Ac-

tually, in the study of Fan et al. (2017), the optimal solution
(the diamond in Figure 11a) can reduce 63.97% of the flow vo-
lume at the cost of 4.5 million USD. Nevertheless, in this study,
the optimization results indicate that the optimal solution for
the three-BMP-ensemble can reduce 65.66% of flow at a cost
of only 3.6 million USD (Figure 11b).

Figure 12 shows the 2008 cost-effectiveness curve for the
chosen seven-BMP-ensemble. The logarithmic fitted function
for the cost-effectiveness curve is:

y =30.693Ln(x) +17.93 ®)

When the results of this study were contrasted with the
results from Fan et al. (2017), the advantages of using better
quality data are obvious. Here, if all seven identified BMPs
were installed in the seven subwatersheds, the optimal solution
(the diamond in Figure 12) under the 2008 climatic condition
would cost 5.6 million USD and would reduce 73.51% of an-
nual flow. Hence, the maximum practicable amount of flow re-
duction would increase by 9.54% at an additional cost of 1.1
million USD than what Fan et al. (2017) had reported.
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Table 3. Calibration and Validation Results for the Licking Watershed SUSTAIN Model

Time Observed Simulated Error Correlation

daily flow (m®/s)  daily flow (m%s) rate* coefficient
Calibration 2008 water year Oct 07 ~ Sep 08 0.2627 0.2679 1.98% 0.76
2008 Winter Dec 07 ~ Feb 08 0.8679 0.9299 7.14% 0.92
2008 Summer Jun 08 ~ Aug 08 0.3795 0.4153 9.43% 0.99
Validation 2009 water year Oct 08 ~ Sep 09 0.2454 0.2541 3.55% 0.85
2009 Winter Dec 08 ~ Feb 09 0.8134 0.8581 5.49% 0.93
2009 Summer Jun 09 ~ Aug 09 0.3419 0.3584 4.83% 0.99

*The percentage error is used as error rate

4.4, BMP Simulations under Future 2030 Climatic
Conditions

Figure 13 shows the 2030 hydrologic conditions after the
installation of the three-BMP-ensemble and the seven-BMP-
ensemble. It reveals that the optimal cost-effectiveness BMP
solution for the three-BMP-ensemble will cost 4.0 million USD
and will reduce 63.02% of the flow, whereas the seven-BMP-
ensemble will cost 5.9 million USD with a reduction of 72.85%
in annual flow. Thus, both the three-BMP-ensemble and the
seven-BMP-ensemble will still be adequate to reduce surface
runoff even under the future 2030 climatic conditions. When
compared with the 2008 current climatic conditions (Figures
11b and 12), the amount of flow attenuated by the three-BMP-
ensemble in 2030 will be less (2.64% less), but the cost will be
higher (0.4 million USD more) (Figures 11b and 13a). Sim-
ilarly, the seven-BMP-ensemble will reduce 0.66% less flow
but at an additional cost of 0.3 million USD (Figures 12 and
13b). The slightly higher cost in 2030 is attributable to the
main- tenance cost from 2008 to 2030.

Regarding the 2030 logarithmic fitted functions for the cost-
effectiveness curves, the equation for the three-BMP-ensemble
is:

y =27.659Ln(x) + 27.872 7

The equation for the seven-BMP-ensemble is:

y = 21.865Ln(x) +33.178 ®)

They show that the coefficients of cost increase for the
three-BMP-ensemble under the 2030 climate regime is 27.659
and that for the seven-BMP-ensemble is 21.865.

5. Discussion

The results of the analyses are informative; they can be
used further to determine the most important BMP in reducing
surface flow. Under the current climatic conditions, out of the
seven BMPs in the ensemble, the two infiltration trenches are
responsible in reducing 36% of the total flow, while the five
bioretentions can reduce 64% of the total flow (Table 4). Among
them, the infiltration trench 12 will provide the largest flow re-
duction, followed by B3 and B2 bioretentions. When the loca-
tion maps of the seven-BMP-ensemble (Figure 9) and the three-
BMP-ensemble (Figure 8b) were compared, they show that 12
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and 11 are the only BMPs that share similar locations in the two
ensembles. Thus, regardless of the number, shape, and size of
the subwatersheds, the BMP siting tool in SUSTAIN consis-
tently identified these two BMPs in these locations, suggest-
ing that 12 is the most important BMP and should be given pri-
ority consideration in stormwater management.

The results can also help in identifying the most cost-
effective BMP ensemble. Under the current climatic conditions,
the optimal BMP solutions from the cost-effectiveness curves
for the three-BMP-ensemble analysis show that the two infil-
tration trenches and one bioretention BMP can reduce 65.66%
of flow at a cost of 3.6 million USD, whereas for the seven-
BMP-ensemble with two infiltration trenches and five biore-
tention BMPs, the percentage of flow reduction will be 73.51%,
and the cost will be 5.6 million USD. Hence, the four additional
bioretentions in the seven-BMP-ensemble can reduce a further
7.85% of flow at an additional cost of 2 million USD. An ex-
amination of the logarithmic fitted functions of the cost-effec-
tiveness curves for the two BMP-ensembles (Equations 5 and
6) also reveals that the coefficient for cost increase is 30.693
for the seven-BMP-ensemble but 37.369 for the three-BMP-
ensemble, indicating that the percentage of flow reduction per
unit cost increase is higher for the three-BMP-ensemble.

Similarly, under the 2030 climate regimes, the coefficient
of cost increase of the three-BMP-ensemble is higher than the
seven-BMP-ensemble (27.659 and 21.865, respectively). Thus,
even under the future climatic conditions, the cost will actual-
ly be lower for the three-BMP-ensemble than for the seven-
BMP-ensemble to reduce the same amount of flow. In essence,
if the water management goal is to achieve the best flow reduc-
tion with the least cost, the three-BMP-ensemble will be more
cost-effective, and it should be installed.

Nonetheless, the seven-BMP-ensemble can also be a suit-
able solution for the study area. Under the current climatic con-
ditions, the optimal cost-effective solution for the seven-BMP-
ensemble shows that it can reduce 73.51% of flow, while the
three-BMP-ensemble can only achieve a 65.66% flow reduc-
tion. Moreover, if the maximum amounts of flow reduction (in-
stead of the optimal cost-effective solutions) are considered,
the three-BMP-ensemble can reduce a maximum 65.84% of sur
face flow, while the seven-BMP-ensemble can reduce a maxi-
mum 76.24% of flow (Figures 11b and 12). This additional
10.40% of maximum flow reduction capacity afforded by the
seven-BMP-ensemble can play an important role in flood mi-
tigation during heavy storms. Hence, if the objective is to max-
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Figure 11. Results of the 2008 cost-effectiveness analyses for a) the earlier study as reported in Fan et al. (2017); and b) the three-
BMP-ensemble in this study.

imize the amount of flow reduction and to mitigate urban floods
notwithstanding the cost, the water manager should choose the
seven-BMP-ensemble.

Of note is that the results of this study show that the per-
centages of flow reduction by the BMP ensembles in 2030 will
be slightly less than those in 2008 (2.64% less for the three-
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BMP-ensemble and 0.66% less for the seven-BMP-ensemble).
However, this finding has to be used with reservetion. First,
model simulation results are dependent on input data. The IPCC
AR4 B1 future climate scenario portrays that the weather in
2030 would be drier than the 2008 base year in the study area
(Table 5). With less precipitation, the utility of the BMPs in
flood mitigation can be decreased. Nevertheless, this study
shows that the seven-BMP-ensemble could still reduce 72.85%
of surface runoff in 2030, which will contribute substantially to
flood mitigation.
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Figure 12. Results of the cost-effectiveness analysis for the
seven-BMP-ensemble under 2008 climatic conditions.

Second, the B1 climate scenario adopted in this study is a
hypothetical portrayal. While the assumptions underlying this
scenario are reasonable, things may change, and the amount of
carbon dioxide emission may be different. The future climate
in the Ohio Valley could be wetter, and the amount of flow re-
duction could be increased. Besides, with global climate change,
there may be more extreme events, such as torrential thunder-
storms (Field, 2012), which have yet to be accounted for in the
projected climatic data. Furthermore, the climate projecttions
may not be accurate. IPCC is updating its projections for the
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future climate regimes regularly, and there are other advances
in climate modeling, which might provide a different set of cli-
mate regimes, contrary to what we were using in this study. Re-
gardless of the future climate regimes, the results from this stu-
dy confirm that installation of BMPs can help ameliorate flash
floods in the Ludlow watershed.

6. Conclusions

The results of the analyses clearly show that BMPs are ef-
fective in reducing surface runoff even in a watershed with
mixed land use under both the current and the future climatic
conditions. Also, by comparing the results of this work with the
earlier work, this study clearly demonstrates the advantages of
using better quality data in BMP studies. Because BMPs are
designed to operate in a small area under a local site scale, the
use of finer resolution data is more suitable. First, better quality
data can help to enhance subwatershed delineation. In this re-
search, seven subwatersheds were delineated, instead of three
subwatersheds as in the study by Fan et al. (2017) using coarse
resolution data. Second, data with finer resolution can enhance
BMP siting. By providing more potential BMP implementation
solutions, the most optimal BMP configuration in stormwater
runoff management can be determined. In this study, five bio-
retention basins and two infiltration trenches can be sited, which
is a great improvement over the earlier study where only two
infiltration trenches and one bioretention BMP can be installed.
Third, a more accurate estimate of the BMP cost-effectiveness
can be derived. By using UAV high resolution data, it reveals
that more BMPs can be installed and together they are capable
to attenuate more flow (73.51% instead of 63.97%) under the
current climate conditions. Also the three-BMP-ensemble will
actually cost less than what the previous study suggested.

Based on the results, the three-BMP-ensemble and, specifi-
cally, the 12 infiltration trench, was found to be the most effect-
tive flood mitigation tool. Additionally, the results show that the
identified BMP ensembles will still be instrumental in reducing
surface flow in the future in the face of impending climate
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Figure 13. 2030 cost-effectiveness curve for a) the three-BMP-ensemble; b) the seven-BMP-ensemble arrangements as used in

this study.
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Table 4. Percentage Flow Reduction for Each BMP in the Seven-BMP-Ensemble under the 2008 Climatic Conditions

Subwatershed 1 2 3 4 5 6 7
BMP Bl 11 B3 B4 12 B5 B2
Flow reduction (%) 9.313 14.059 15.811 10.010 21.941 13.665 15.115

Table 5. Temperature and Precipitation Regimes in 2030 as Compared with Current 2008 Climatic Condition*

Winter Spring Summer Fall
Year Average Diff Average Diff Average Diff Average Diff
Temperature (<T) 2008 -0.14 10.47 23.30 13.15
2030 1.20 +1.34 12.90 +2.43 24.40 +1.10 14.40 +1.25
Precipitation (mm) 2008 110.24 157.40 85.85 43.01
2030 66.28 -43.96 97.24 -60.16 82.30 -3.55 67.60 +24.59
*Information is abstracted from IPCC (2007) and NOAA (2012)
change. Unequivocally, this new information will be valuable JCLI3761.1

to water managers as they formulate strategies for stormwater
management and flood mitigation.

This study is a step forward to a more accurate and infor-
mative BMP analysis. It is the first attempt using both UAV
and satellite remote sensing in such analyses. It is cheap, con-
venient, and efficient, and it can produce reliable results. With
little modification, the method can be used by other researchers
in other study areas; particularly in areas without quality data.

While the findings of this research can be useful to scien-
tific literature, the work presented here could be improved.
First, the stock camera in the UAV could be modified to capture
images with different bands to produce multi-spectral imagery.
As such, high resolution LULC maps could be generated with-
out relying on satellite remote sensing. This could further im-
prove the resolution and the accuracy of the model and reduce
the work involved in image processing. Second, the future tem-
perature data retrieved from IPCC AR4 B1 scenario are linearly
extrapolated. Besides, AR4 does not provide any future climate
scenarios with extreme weather conditions. Future research can
explore the performances of BMPs under these events.
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