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Abstract SWMM (Storm Water Management Model)
has been widely used in urban water resources manage-
ment. Despite its popularity, no commonly accepted
pollutant buildup and washoff parameters are available
for urban areas in semi-arid or arid climate, which
covers 30% of global land area and is sustaining fast
growth. This study provides a method to determine
these parameters using inverse modeling and apply it
in a semi-arid Texan urban watershed. Because GIS land
use data is not available for early 1980s, it was deter-
mined from aerial photography from 1984 to 2006, and
GIS land use data from 2006. Calibration using Shuffled
Complex Evolution — University of Arizona (SCEUA)
was used for hydraulic parameters followed by pollutant
parameters. Confidence intervals of pollutant parame-
ters were calculated by GLD (Generalized Lambda Dis-
tribution). Buildup parameters are clustered in narrow
numerical ranges, indicating that spatially uniform fac-
tors are responsible for pollutant buildup. Washoff pa-
rameters do not cluster and are distributed more evenly,
indicating strong influence of local factors such as
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topography. The results also imply that the commonly
used parameter values need major revision.
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1 Introduction

Different types of land use deliver different pollutants to
urban streams from the different kinds of human activ-
ities they carry. In the USA, the National Urban Runoff
Program (NURP) is one of the first programs to deter-
mine such differences using field measurements
(Urbonas and Stahre 1993; United States Environmental
Protection Agency [U.S. EPA] 1983). The NURP con-
cluded that no statistically significant differences exist in
pollutant-providing capabilities between different land
uses in the USA. NURP’s conclusions were generalized
for the entire USA (i.e., ignoring regional difference),
but other smaller scale studies worldwide based on
either event mean concentrations (EMC) (Park et al.
2009) or linear buildup rates from urban surfaces
(Wicke et al. 2012; Wang and Li 2009; Huber and
Dickinson 1988) arrived at different conclusions. For
those small-scale studies, different land uses did gener-
ate runoff containing different pollutant concentrations.

The first version of SWMM (Storm Water Manage-
ment Model) was introduced by the U.S. EPA in 1971
(Rossman 2010) and was extremely popular in urban
water resources management since then. SWMM is
capable of simulating pollutant delivery by using
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buildup and washoff equations. Correctly parameteriz-
ing the equations for different land use is important for
utilizing the full potential of SWMM.

Three buildup equations (power, exponential, and
saturation) and three washoff equations (exponential,
rating curve, and event mean concentration) are provid-
ed in SWMM (Rossman 2010). Parameters of exponen-
tial buildup and exponential washoff equations are fre-
quently reported in literature as Table 1 shows. There-
fore, this study considered only parameters of the expo-
nential buildup (Eq. 1) and washoff (Eq. 2) equations, so
the results are comparable. The equations are as follows:

Buildup = Cy-(1—exp(—Cy't)) (1)

Washoff = Cs-Runoff “*-Buildup (2)

In Eq. 1, the buildup term on the left-hand side is the
pollutant buildup in mass per unit area or unit curb
length, and # on the right-hand side is the number of
preceding dry weather days. In Eq. 2, the washoff term
on the left-hand side is the washoff load in the unit of
mass per hour, the runoff term on the right-hand side is
runoff rate per unit area (inches/h or mm/h), and Build-
up’ is the pollutant buildup in units of total mass. C; is
the maximum buildup possible (mass per unit area or
unit curb length), C, is the buildup rate constant con-
trolling the speed of pollutant buildup (1/days), Cs is the
washoff coefficient, and C, is the washoff exponent.

In the literature, researchers have resorted to either
computer modeling or small-scale field measurements
in order to determine parameters C;—C,4. Some of these
efforts have been summarized in Table 1.

In Table 1, the buildup and washoff parameters vary
significantly from one location to another, as urban
runoff pollution is influenced (Tsihrintzis and Hamid
1997) by both local (e.g., traffic volume, land use,
geographic/geologic characteristics, maintenance prac-
tice, drainage system configuration) and climate factors
(e.g., rainfall pattern, rainfall volume, rainfall intensity,
antecedent dry days). A more versatile and universal
approach is needed to derive the parameters from any
location of interest. In addition, two points are also
derived from Table 1:

1. Locations where experimental data was collected
from Table 1 are all located in the humid climate.
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No similar study has been performed for locations
of semiarid and/or arid climates, in which the rain-
fall pattern is drastically different from that in the
humid climate (Hermandez et al. 2000). Semiarid
and arid regions represent approximately 30% glob-
al land area, and they are among the most fast-
growing regions worldwide (Scanlon et al. 2006).
Since climate is a major factor controlling urban
runoff pollution, it is imperative to have a study
providing baseline values for pollutant parameters
from semiarid and/or arid regions.

2. The results in Table 1 are limited in land use with
only one study (Chow et al. 2012) exploring the
parameters for commercial and industrial land uses.

Therefore, the purpose of this study is two-fold:

1. This study will present a methodology to derive the
pollutant buildup and washoff parameters, so users
worldwide can derive these parameters for their
own area of interest.

2. Applying the methodology, this study will provide
baseline values for pollutant parameters of multiple
land uses in a semiarid urban region.

2 Research Area

The subwatershed of Walnut Creek from the City of
Austin was used in this analysis. The Walnut Creek
Watershed at Webberville Rd. lies in the eastern part of
the city with a total area of 13,287 ha. The elevation
change throughout the landscape is gentle, ranging from
285 m in the north to 132 m in the south, which gives a
mean slope of approximately 1%. Most soil types in the
watershed are clayey as delineated in the Web Soil
Survey (Natural Resources Conservation Services
[NRCS] 2017), so storms can create significant runoff
due to the low hydraulic infiltration rate of clay.

Austin has a bimodal distribution of precipitation,
with annual precipitation around 84 cm (National Cli-
matic Data Center [NCDC] 2017). Thunderstorms trig-
gered by the interaction between moist air from the Gulf
of Mexico and the dry air from the Rocky Mountains are
the main source of precipitation. Based on the definition
of UNESCO (United Nations Educational, Scientific,
and Cultural Organization), Austin is in the region of
semiarid climate because it has a ratio of mean annual
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Table 1 Parameters for exponential buildup and washoft equations in SWMM from literature studies

Study Location Land use Pollutant C C, Cs Cy
Chow et al. 2012 Malaysia Residential TSS 0.003 (kg/m curb) 0.8 0.2 1.4
TP 0.003 (kg/m curb) 0.05 041 1.46
Commercial TSS 0.015 (kg/m curb) 0.8 14 0.9
TP 0.0005 (kg/m curb) 0.1 0.4 1
Industrial TSS 0.013 (kg/m curb) 0.7 3 0.6
TP 0.0003 (kg/m curb) 0.16 0.8 1.08
Hossain et al. 2012 Australia Residential TSS - — 0.03 0.21
impervious ™ - - 0.004-0.005  0.65-0.8
TP - - 0.0003-0.0004 0.75-0.9
Pervious TSS - - 0.05-0.055 0.21
N - - 0.0065-0.008  0.65-0.8
TP - - 0.0005-0.0007 0.75-0.9
Wicke et al. 2012 New Urban TSS 27.6 (kg/ha) 0.2 0.24 1
Zealand (concrete)
TSS (asphalt) 13.4 (kg/ha) 023 027 1
Hossain et al. 2010  Australia Urban TSS (road) 53 (kg/ha) 0.222  0.0029-0.0135 0.608-0.986
27.5 (kg/ha) 021  0.0015-0.0059 0.945-1.27
26 (kg/ha) 0.382 0.0062-0.011 0.753-0.914
TSS (roof) 8.5 (kg/ha) 0.188  0.051-0.202  0.363-0.603
12 (kg/ha) 0.122  0.112-0.213  0.333-0.414
Hood et al. 2007 Estonia Urban TSS* 25 (kg/ha) 1 49 1.57
TN 0.15 (kg/ha) 0.0015 250 1
TpP* 0.25 (kg/ha) 0.0025 500 2.35
Temprano et al. Spain Residential TSS 0.046 (kg/m curb) 0.3 1.811 1
2006 17.5 (kg/ha) 03 1811 1
COD 0.0027 (kg/m curb) 0.3 3.937 1
1.02 (kg/ha) 0.3 3.937 1
N 0.0001 (kg/m curb) 0.3 8.661 1
0.039 (kg/ha) 0.3 8.661 1
Barco et al. 2004 Italy Residential TSS 18 (kg/ha 0.3 0.13 1.2
impervious)

 Unit not given. Presumed to be kg/ha because of its numerical range

precipitation to potential evapotranspiration (PET) be-
tween 0.2 and 0.5 (Scanlon et al. 2006).

3 Methodology

3.1 Summary

This study will utilize inverse modeling to derive the
buildup and washoff parameters for total suspended

solid (TSS), total nitrogen (TN), and total phosphorus
(TP) in a watershed in Austin, Texas. Inverse modeling

backtracks parameters from the measured data (Ines and
Droogers 2002). Utilizing observations at the outlet of a
watershed, inverse modeling has been successfully used
by studies to derive pollutant parameters (Hossain et al.
2012). Because the distributions of parameters from
multiple calibration runs were found to be mostly bi-
modal from this study, they will be fit by GLD (Gener-
alized Lambda Distribution), so confidence intervals
can be calculated.

The USGS (United States Geological Survey) stream
water quality data (USGS 2017a) is used to represent
overland runoff water quality. However, the use of Best
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Management Practices (BMP), such as stormwater re-
tention ponds, has become prevalent in recent decades
(Urbonas and Stahre 1993). Since 1990, cities in the
USA have been required to install BMPs as part of their
stormwater management programs under the direction
of NPDES—National Pollutant Discharge Elimination
System. As of 2012, the City of Austin, TX, had over
7000 B.P. registered in the greater Austin area, up from
just over 100 in the early 1980s (City of Austin 2017).
BMPs mitigate stormwater quality, so the link between
stream water quality and overland runoff water quality is
broken. Since BMPs interfere with the determination of
native pollutant buildup and washoff parameters, so a
watershed free of BMPs is desirable in inverse modeling
of parameters. So, only data from early 1980s was used
in this study.

Due to rapid development in the past decades, land
use from the early 1980s in Austin, TX, needs to be
determined, so the SWMM model can be correctly
parameterized. An approach utilizing both aerial photo-
graphs in 1984 and 2006 as well as expert judgment was
applied to determine the land use in 1984.

3.2 Data Availability

The sources of the data used in this study are summa-
rized in Table 2. The only data source that is not readily
available in Table 2 is land use data, which will be
discussed below.

3.3 Land Use Determination

Land use from 1984 required special attention because
no detailed land use data was available for Austin in the

Table 2 Data used in the current study

early 1980s. Land use in 1984 was derived from three
sources: aerial photography from 2006, aerial photogra-
phy from 1984, and GIS land use data from 2006 (City
of Austin 2017). Figure 1 contains a flow chart for
illustrating the process for land use determination. The
determination was done for individual city blocks.

First, aerial photographs from 1984 and 2006 were
visually compared for each city block. The differences
were categorized into two types: (1) Undeveloped land
in 1984 becomes developed in 2006 (i.e., urban expan-
sion), and (2) rezoning or rebuilding of lots. The first
type, which is the most common, was easier to handle
by simply converting the new urban area (2006) back to
undeveloped land use (1984). For the second type of
correction, the unknown land use in 1984 was deter-
mined by comparing the block of question with other
parts of the 1984 aerial image where land uses had been
determined. All edits were done on the GIS land use
data from 2006 to generate the land use of 1984. The
1984 land use distribution of the Walnut Creek Water-
shed at Webberville Rd. is shown in Fig. 2.

3.4 Stormwater Management Model (SWMM)

SWMM simulates the quantity and quality of surface
water by separating the water cycle into the land surface
compartment, the atmosphere compartment, the ground-
water compartment, and the transport compartment
(Rossman 2010). The atmosphere compartment simu-
lates the distribution of rainfall. The watershed is divid-
ed into a number of subcatchments in the land surface
compartment. Water infiltration is simulated by the land
surface compartment by one of the three methods: (1)
Horton’s equation, (2) Green-Ampt equation, or (3)

Data Data date Format Source

Elevation n/a 10-m DEM raster (USGS 2017b)
Imperviousness 2001 30-m raster (MRLC? 2017)

Land use 1984 GIS shape file Derived in this study
Stormwater sewer network 2012 GIS database (City of Austin 201 2)°
River network n/a GIS shape file (USGS 2017b)
Channel cross section 1982-1985 Field survey (USGS 2017a)
Precipitation 1982-1985 Hourly mean (NCDC 2017)

Runoff 1982-1985 Daily mean (USGS 2017a)

# Multi-Resolution Land Characteristics Consortium

® Data acquired from City of Austin by personal communication
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Fig. 1 Flow chart of land use
determination used in this study
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Curve Number equation. Runoff is considered the ex-
cess of rainfall after evaporation (calculated by temper-
ature or user input values) and infiltration are accounted
for.

The groundwater compartment separates soil into the
unsaturated zone and the saturated zone (i.e., ground-
water aquifer). The hydrologic connection between the
unsaturated and saturated zones is calculated using
Darcy’s Law (Huber and Dickinson 1988). If the

. Gage of Walnut Ck @ Webberville Rd
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- Industrial
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- Transportation
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elevation of saturated zone (i.e., water table) is higher
than that of the surface water, the groundwater aquifer
can connect with the surface water to provide baseflow,
and vice versa.

The transport compartment simulates water flow in
all conveyance elements (channels, pipes, pumps, regu-
lators, etc.) and storage/treatment devices by link and
node objects, which are connected to subcatchments in
the land surface compartment and baseflow in the

OI58N3 6
s Kilometers

Fig. 2 Land use distribution in the Walnut Creek Watershed at Webberville Road in 1984 derived from aerial photography and 2006 land

use
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groundwater compartment. SWMM provides three op-
tions in simulating flow routing: steady flow, kinematic
wave, and dynamic wave routing. Steady flow routing is
“no routing,” which transfers the upstream hydrographs
to downstream without change. Kinematic routing con-
siders only the effect of conduit friction (calculated by
Manning’s equation under unpressurized conditions) in
St. Venant equations and omits inertial and pressure
forces and backwater effects. Dynamic routing con-
siders all components in the St. Venant equations but
needs small computational time steps.

3.5 Model Construction

All stormwater sewers installed after 1984 were deleted
on the 2012 stormwater sewer network based on the data
attributes in the GIS database. The remaining manholes,
inlets, and junction points were used to create
subcatchments with the minimum area threshold of
2 ha. This procedure generated 168 subcatchments for
use in SWMM simulation. To accelerate the modeling
process (set-up and run time), stormwater sewers were
simplified (Leitao et al. 2010; Fischer et al. 2009) to
keep only the skeleton sewer network.

Hourly precipitation data from five NCDC (National
Climatic Data Center) weather stations (Granger Dam,
Georgetown Lake, Spicewood, Red Rock, and Camp
Mabry) was used (NCDC 2017). Precipitation at each
subcatchment is calculated by inverse distance
weighting (IDW) from the four weather stations with a
power parameter of two (Ruelland et al. 2008).

Only direct runoff is simulated in this study, so pa-
rameters in the SWMM groundwater compartment do
not need to be calibrated as they are not used. The
observation data from the gage of Walnut Ck @
Webberville Rd. (USGS site number 08158600) was
processed by baseflow separation by the digital filter
method (Lim et al. 2005) using settings for porous
aquifers, so the simulated and observed data is
comparable.

The initial values and allowed numerical ranges of
parameters in hydraulic parameter calibration follow
recommendations from the SWMM user’s manual. As
for the pollutant parameters (i.e., buildup and washoff
parameters) of TSS, TN, and TP, the initial values were
chosen as mean values from Table 1 and the ratios of
maximum/mean and mean/minimum are based on the
same ratios of event mean concentrations (EMC) in the
NURP report (U.S. EPA 1983).
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Runoff data from 36 events with direct runoff larger
than twice the average daily direct runoff were selected
between February 1983 and February 1985 for model
calibration and validation. These 36 events were further
split into two groups, calibration and validation, respec-
tively, with similar distributions in the magnitude and
duration of events in both groups.

The model was calibrated using the Shuffled Com-
plex Evolution—University of Arizona (SCEUA) mod-
ule in the model-independent Parameter Estimation and
Uncertainty Analysis (PEST) (Doherty 2010). SCEUA
starts with an initial random population of parameter
sets. The population is divided into a number of com-
plexes, and each complex is evolved separately. The
population with the lowest value for the objective func-
tion is dropped. Sum of square of the residuals was used
as the objective function. This completes a loop and the
algorithm enters the next loop by dividing the popula-
tion into complexes again, as described above. The
detailed algorithm is described by Duan et al. (1993).

Accuracy of calibration and validation was assessed
using Nash-Sutcliffe Efficiency (NSE) (Eq. 3). NSE
ranges from — oo to 1, where NSE of 1 indicates a perfect
fit between measured and predicted values. Q' repre-
sents observed flow rate at time ¢, an represents
modeled flow rate at time ¢, and Q, represents the
average of observed flow rates. Following calibration,
the hydraulic model had a NSE of 0.76 and the valida-
tion group had a NSE of 0.70. The calibrated model
showed negligible runoff and routing error in SWMM,
at —0.124 and 0.182%, respectively.

(0,-0.,)
NSE = 1-1

M~ L~
©

N
Il

Calibration of pollutant (buildup and washoff) pa-
rameters of TSS, TP, and TN was performed following
completion of calibration and validation of hydraulic
parameters. The same set of hydraulic parameters ap-
plies to all subcatchments, but pollutant parameters
were calibrated on a land use basis, i.e., each land
use has a unique set of pollutant parameters. Pollutant
parameters were calibrated based on field observation
data from two USGS river gages: Walnut Creek at
Webberville Road (08158600) and Walnut Creek at
Dessau Road (08158200).
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Field measurements of USGS observation data pres-
ent the mixture of direct runoff and baseflow, so pollut-
ant concentrations in direct runoff were further deter-
mined by Eq. 4. In Eq. 4, Cy;, indicates the concentration
of direct runoff, C,,;, indicates the mixed concentration
from USGS data, Cy,¢indicates the concentration of base
flow, and BFI is the base flow index. The baseflow
concentrations were calculated by averaging the con-
centrations from baseflow dominated events in the
USGS water quality database. BFI higher than 0.95
was defined as “baseflow dominant” in this study.

Conis—CyBFI

C ir —
¢ (1-BFI)

(4)

Among the 36 events, only six events are synchro-
nized with USGS water quality measurements. All six
events were used in calibration, and no validation was
performed because of the low number of available data
points. For each water quality constituent, two calibra-
tion runs were performed, area-based parameters and
curb length-based parameters, and the one set of param-
eters with higher NSE is chosen. Area-based parameters
were used for TSS (NSE =0.42) and TN (NSE =0.74),
and curb length-based parameters were used for TP
(NSE =0.90) in the following analyses.

3.6 Derivation of Confidence Intervals of Pollutant
Parameters

A large number of pollutant parameters were calibrated
considering all eight land uses and four parameters for
each land use, so SCEUA does not always give the same
optimal solution from results of multiple runs, possibly a
result of correlation between parameters. In other words,
equifinality (i.e., multiple models are all acceptable to
represent a system) is likely to happen. The direct effect
of equifinality is the increased uncertainty in parameter
estimation (Beven 2006). Some prior studies also en-
countered similar problems, particularly water balance
models at large scales (Wilby 2005). A Monte Carlo
process is often used to explore the parameter space and
uncertainty.

In addition to the final optimized results given by
SCEUA, simulations (prior to reaching the final opti-
mized result) performed by SCEUA can provide useful
information in uncertainty analysis (van Griensven and
Meixner 2007). Therefore, useful simulations (i.e., with
objective function below the upper boundary in Eq. 5

below) were gathered based on the criterion given by
van Griensven and Meixner (2007):

X}ZDCL
=O0F-|1 : 5
c ( +N—P> ( )

where ¢ is the upper boundary of the objective function
(the lower boundary is the optimal solution itself), OF is
the objective function of the optimal solution, N is the
number of observations, P is the number of parameters,
and X%’,CL is the chi-squared statistic for P (parameter

values) and CL (confidence level).

Based on the data gathered from all simulations with
objective function below the criterion in Eq. 5, the result
(delineated below) showed bimodal distributions for
many of the parameters. Thus, a generalized lambda
distribution (GLD), which has been successfully applied
to fit a range of unimodal and bimodal data, was used to
fit the statistical distributions (Su 2009) to derive the
confidence intervals. The input value u to a GLD is the
cumulative probability, and the GLD function gives the
value of the variable (Karian and Dudewicz 2000).
Therefore, the input value u for a GLD equation is
always between 0 and 1. There are two parameteriza-
tions of the GLD equations. The first was proposed by
Ramberg and Schmeiser (RS, Eq. 6), and the second
was proposed by Freimer, Mudholkar, Kollia, and Lin
(FMKL, Eq. 7). In Egs. 6 and 7, the input variable is u,
and \;, Ay, A3, and )\, are coefficients.

A3 1_ Ay
O W G (6)
A2
ub-1 (1-u)™-1
Fl(u) = A +-28 M (7)
A2

The RS GLD has a simpler form, but it requires

mzo. The FMKL GLD only requires that

A, is positive. The statistical package GLDEX for the
software R was used to fit FMKL GLD.

4 Results
The calibrated hydraulic parameters (Table 3) show a
few interesting points. First, the imperviousness area for

the watershed decreased from 2001 (original value) to

@ Springer
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Table 3 Calibrated hydraulic parameters

Parameter Initial value (2001) Calibrated value (1984) Change
Impervious percentage Varies by subcatchment Varies by subcatchment —10%
Subcatchment width Varies by subcatchment Varies by subcatchment +246%
Manning’s n for impervious area 0.013 0.016 +23%
Manning’s n for pervious area 0.13 0.10 -23%
Storage of impervious surface area 1.27 (mm) 1.27 (mm) n/a
Storage of pervious surface area 5 (mm) 7.62 (mm) +52%
Percent of impervious area with no storage 25 17.58 -30%
Maximum infiltration rate 50 (mm/h) 79.58 (mm/h) +59%
Minimum infiltration rate 0.5 (mm/h) 0.66 (mm/h) +32%
Decay constant for Horton’s infiltration equation 4 (1/h) 2 (1/h) —50%
Drying time 8 (days) 14 (days) +75%
Manning’s n for open channels 0.03 0.031 +3%
Manning’s n for closed pipes 0.013 0.026 +100%

1984 (calibrated value), which matches the fact that the
watershed indeed had been under development. Second,
the subcatchment width increased significantly after
calibration, indicating that the overland flow path is
much shorter in 1984 than expected, which may indicate
serious soil erosion status in early 1980s when the
watershed was under development.

Based on 95% confidence level, multiple SCEUA
runs were performed and data from 794 simulations,
546 simulations, and 378 simulations was gathered
for TSS, TN, and TP, respectively. The relative fre-
quency histograms of the pollutant parameters from
the simulations are shown in Figs. 3, 4, and 5. Many
of the parameters exhibit bimodal distributions. A
Shapiro-Wilk W Test determined that none of the
parameters were normally distributed with 95% con-
fidence level.

Because the values of two parameters in Fig. 5 were
smaller than the numerical precision acceptable to the
intermediate data file of SCEUA, which is different
from that of the final output file, they do not have
distribution presented. Their confidence intervals
(marked with asterisks) in Table 4 were calculated by
normal distribution of the final optimized results.

5 Discussion

The results showed that most buildup parameters (C,
and C,) concentrate in narrow numerical regions.

@ Springer

However, many washoff parameters (C; and C,) are
distributed evenly. This phenomenon may indicate that
pollutant buildup is controlled by factors that are spa-
tially uniform, such as land use, temperature, or climate.
On the other hand, washoff is controlled by local factors
such as topography and slope. The uniform effect of
climate on pollutant buildup has been studied by field
experiments (Wang and Li 2009). Local factors such as
topography and slope influence the runoff rate, which is
the dominant factor for pollutant washoff as supported
by pollutant washoff models (Rossman 2010;
Soonthornnonda et al. 2008).

The USGS water quality record of Walnut Creek
Watershed showed particularly high concentrations in
water quality constituents. TSS from the USGS gage at
the outlet of the Walnut Creek, for example, frequently
reached concentrations of more than 6000 mg/L (USGS
2017a), which is much higher than anything found in
literature (Hood et al. 2007; Temprano et al. 2006; Barco
et al. 2004) probably due to the intense thunderstorms in
summer. One would expect that this watershed has a
tremendous capability to generate pollutants. Neverthe-
less, the results from this study showed that C,
(representing the maximum amount of pollutant per unit
area or unit curb length that can provide) of many land
uses is actually close to the numbers from literature
(Table 1). The exceptions are C; for bare soil, industrial,
and single family land uses for TSS, bare soil, industrial,
single family, and undeveloped land uses for TN, and
industrial land use for TP (summarized in Table 5).



Water Air Soil Pollut (2018) 229:121

Page 9 of 15 121

Single Family Multifamily Industrial Commerecial Civic Bare Soil

Transportation

Undeveloped

Fig. 3 Distribution of T

0000
ONB OO

al
tlll |
s

cooo
ONPOOR
(@]
I $

NON YNNI O 00
OO ANONVWOM
NSO MO M
ORTHAFPOST T
NN NAN—dOog
NOOWOUSTNOKWOM
At oOTIOMmOom
TAHANANMNMMN <
1
0.8
0.6
0.4
0.2-
0S5 wonsm oo
AN M<TNO N 000
SAOTHOR0QG
HOmeQLQQMQ—! 1
SHdamstn ON2
oM <N WO N 00
(<))
1-
0.8
0.6
0.4
0.2
O — —
NMIN© N QN
VO FTNOGO N
FA TN T oM 00mM 00
AT NNM oSS
et sy
S MNONX QO
TOTNOXN O M
AT OAFO MO M
NN NN

o000
oONPOOF
S

44.5-88.2
88.2-131.9
131.9-175.5
175.5-219.2
219.2-262.9
262.9-306.6
306.6-350.2
350.2-393.9
393.9-437.6
437.6-481.2

00O
ORI
6. ‘

0.1-16.2
16.2-32.4

4

6

8

9

1

4

6

ococoo
oRrNwWd
RPN

64.0-89.1
89.1-114.1
114.1-139.2
139.2-164.2
164.2-189.2
189.2-214.3
214.3-239.3
239.3-264.4
264.4-289.4
289.4-314.5

ococoo
oONDO

0.1-48.2
433.1-481.2

48.2-96.4
96.4-144.5
144.5-192.6
192.6-240.7
240.7-288.8
288.8-336.9
336.9-385.0
385.0-433.1

cooo
Omem'—‘
coooo
OHNWJ}W
o

N<l‘

0.1-48.
48.2-96.
96.

4-144.5
144.5-192.6

192.6-240.7
240.7-288.8
288.8-336.9
336.9-385.0

385.0-433.1
433.1-481.2

wn

N O NNM S
QHHNNmmwﬁ'm
FLH O AN 0™
OCoduNNmM < <

0.4

(=]
0.3
0.2
0.1
0

ONWOST—HNMNO N
o"—iHNrnmvmeo
O AdEHNM dh
SoddnNmms S0

ONO S OONOS
c;‘—h—qwmqu-mto

0.8
0.6 1
0.4 1
0.2 4
0

tllll |
S
ocooo0o0
OrRrNWwWhUIO
-D. @]
' £

I REEREERR

0.2
0.15
0.1
0.05

| W

oMmMoLwMoOLwMOL©
Hmh’lLD(X)OHMLﬁLD

0.25-
0.2
0.15

0.05

o
oG
-1.6
3
.0
.6
3
10.0
11.6
133
.0
.6

—AMN VWO — MLNO

oo i

BEN2Ch A b

— wn O " e

o™ 0O M

o e
0.8
0.6 1
0.4+
0.24
0

NONOOMO oSN

0.8- Qﬁ

0.6 - 0.151

0.4 0.1 1

OS 0.05
ENRIOONRIO 0-gmoomaoma o
QMM FLH W GO EBR AN O
NONOTOWLNK 5o 5 o
SO ddamm < <Fin
IS

0.8 1

0.6 - 0.8 1

04 | 0.6

: 0.4

0.2 0.2

ommwvmommmo ommw@qquwﬁ
oomooodﬁwq ONGSAOSAN M <FINGO
AP0 TN O RRD &ﬁhézgjzzz
S oMM 5 NN Q) 00 HONORNANS O
e OOOOONW NS Nm<t LA

co

‘ONTHN MO 0N
Sicin oo 1139
Ao AT NN E
80‘—|HNmrri<l:q‘m
[S]

S pollutant parameters values

o
1
1
. 1
X 1
. 1

11.5- 3 2
13.2-14.8
14.8-16.5

~NMmQumon

Ammwwmﬁ
:\mou:)m

gﬁmmwwm

oMmowmMo Mo
M NGO MO

0.2

ooo
o w

0.25
0.2

0.1
0.05

F

100000 OM
HNMQ‘U’\&DI\OOO\CD
HHHHOOOOOO
S HNMIFINON 0

0.8

0.6 -
0.4
0.2+

F

NA O S O N o6 0
0.15
0.1+
0.05
0-

ipiaininlieleolale Yo 0]

NHHHHOOOmm
OHNMQ’L{)LDI\I\DO

0.5

OHM <I‘UJI\O\ONM
NNN NNNNMMM
OOOH mwmv\c\om
N NNNNNMM

E

kDLﬁI-ﬁQ‘MNNHOO\
Hva'Lthl\oochm
l\kDI.nIJ')Q‘mNNHO
OHNMQ‘LOLDI\OOC\

[<)
1.2
2.1
3.1

-4.1
5.1

-6.0
7.0
8.0
9.0
9.9

0.2
1.2
2.1
3.1
4.1
5.1
6.0
7.0
8.0
9.0-

@ Springer



121 Page 10 of 15 Water Air Soil Pollut (2018)229:121
C C C C
1 2 3 4
0.8 0.6 4 0.254 0,4}
061 02 o2l 03
5 0.4+ 0.3 01 0,2‘
© 0.2+ ¥ 0.05+ 0.1
© 0 0 0 e Nimec 0N O 0
© NN O MWD NN—THA—S OO0 OON N O 0o 0
@ SSRANRAN MM NERNNBIRBY ke Badshudaa iy tul 15038098
QLRI PRI dqqqN HA QO L O R0 ?95@@?
ONLNOO MW NANTA A0 O D ! ! NOOSTONN D0
S SR[NRRMR R aNneSas beFdalop b g 5883355332
OO0 O0O00O0O0CO [eXeYoNoR o Ru R FNENIN ﬁﬂdggdgsgﬁ NANOMSFNO 6 Nowoa
0 0.5 0.25 N 0.25
06 0.4 0.2 0.2+
0a- 03 0.15 0.15-
o 0.2 0.2 0.1 0.1+
S —_
5 °33gon42s8g °1 0.05 0,05
coog R 0 = ~
2CRcocdcocoo M- NO MO K NMoOS O ©
; cocooooooon
Rel8909%n QQodiddgigan ISR SUNEEN bt trisded=pd
RSP o PRpRPEDEPA N, 8222:::222 St A G P
%o S mhw#mNOmN OHwamwhwm
coo SRMEPIRLN
1 0.6 - 0.2- 0.2
0.8 0.5
_ 06 0.4 0.15 0.15+
< 04 0.3 0.14 0.1+
% 0.2 - 0.2 0.05
£ °3533395599] O 0- 0.051
€ 23353585938 MINO—INO MO I Nono <o a 0
S  AkdduIlidad Q@oociddingiqgian T8 EHINSBRY IR SRge =
S8 88 Hdad AN AABRAIROND PR by e g Hvamwhzmm
©Scocoococdocoo COoOCH NN mw 0 ONON T hNHD
(=} S} wmmNOw S i NmMS 6 NS
NIFINDOO N
0.8 0.8 0.25 0.6
0.6 - 0.6 0.24 0.5-
_ 04- 04l 0.15 1 8~§
8 0.2 | .
g 0 0.2 0%_:1,. 0.2
2 " B3I5AIRA88 o : 01
S
OssSo [32) <O NN n o 0
c Jof-FoR=f=RofoRoya) ) 1h 00 No~ owmmo TN — O
= IS PN A SOCHadaina NG~ Ao 006 < oo™ WO
hB SIS IR MM AU ohthod i b dh i Lh SRNeIh mqhm PGSO NG
BCcoccscccsoco ©Sco0dHd-H NN MNO“mmowwm HARNON TN N
5 © o qwohmmﬁw®¢ A NSO N G
o ANNNFNNON
1- 0.6- 0.15+ 025-
0.8 0.5 ’
> 06 0.4 0.1
E 04 0.3 \ 05
£ 02 0.2 0.05
£ Y9wcmnoncoss 01
= SRAAANNMHNOM 0 0 0%
E Qo-OlddOOdOOI NN TN NN W INNNMOSONO
PPN AN AN OO S ogTgigiaaa ONOLNHAORING MmN N oo Ng
noaN O T ! N meLD ’\00
88’8‘_!‘_! NAN® NmmoOle\le-ﬁ m, -—cmmq-mucl\oooom
83gcoccccoo O ococoddd AN OH“N“qumm THN AN HO DR
co ° oINS T ASAR S M BN 060
1 1 1 0.6
0.8 1 0.8 0.8 0.5-
- 0.6 0.6 0.6 0.4
= 04+ 0.4 0.4 0.3
€ 0.2+ . 0.2
g0 0.2 0.2 od
SRAN OINNHLN D N 5
w SESTEIZRMmmm ONwmmﬁmmwoq Oﬂhmmvowqhm 0
oD dodooocoooo : ORCITMANGS NGO —“QoNOS MmN
s o oA Gy A i h CP<?°°HH"HNN STNDT G O N0 N oSS N 053
= ] X
A SS9 ddNAm YNSTONHMNNDO SHN MO S SO AN At daorOtma
goococcccoo dOOOOHHHHN ANOSON I AN AN @O SN O N
1 0.8 0.25‘ 025
- 82 0.6 0.2
o .
2 04 0.4 0.15 015
8 02 0.1
£
g 0 - 02 0.05
o goo:mcnml\x—nnm 0 0 005
2 p=p=uin i B S S Rt M-S NON Qumnomnomnmomnaxs 0
E 23gIsgseii  893UIN33RR  UBRSRSHeR O anirucess
= §SoaHaNNm gmmwavmomm womomomomm HN::ﬁ::wmm
gocccoscso geee"d-danN NGO S 00S PR TADE NI NEISOS $5
ANNIT OO~ © ~ oo
0.8 1 0.8 0.4
° 0.6+ 0.8 0.6 0.3 4
2 044 0.6 0.4- 02
% 0.2 0.4 02 §
S o 0.2 o 0.1
- IINIARNAAR 0- N = OO M 0w
< S8533aaaaa DeannuRaneR Nogudnaoss O Samontma—a
=) SR OOy Qeeqdagan BB s A INEN LT
NI AN OO AN ANOANLND O A AD DN hod o i
838‘_!“!“!“‘.‘\!”’"? OCcooHudnNAN AR PO B e P Homv\wmwmr\h—!
Sggcoocsoes = ANM® < T N AN® NGO N OT
Fig. 4 Distribution of TN pollutant parameters

@ Springer



Water Air Soil Pollut (2018) 229:121

Page 11 of 15 121

Bare Soil

Civic

Transportation Single Family Multifamily Industrial Commercial

Undeveloped

Cl

0.8
0.6
0.4
0.2
0

0-0.006
0.006-0.013
0.013-0.019
0.019-0.026
0.026-0.032
0.032-0.039
0.039-0.045
0.045-0.052 |
0.052-0.058
0.058-0.065 J§

Not recorded

o000
ONDOO

0-0.006
0.058-0.065 |

0.006-0.013
0.013-0.019
0.019-0.026
0.026-0.032
0.032-0.039
0.039-0.045

0.045-0.052
0.052-0.058

0000
ONDPOOF

-

0-0.006
0.006-0.013,
0.013-0.019
0.019-0.026
0.026-0.032
0.032-0.039
0.039-0.045 |
0.045-0.052
0.052-0.058
0.058-0.065

cooo

oNPO®
0-0.006
0.006-0.013
0.013-0.019
0.019-0.026
0.026-0.032
0.032-0.039
0.039-0.045
0.045-0.052
0.052-0.058
0.058-0.065

oooo
ONB oo

o

OO0
ORNWRUIoY

0-0.006
0.006-0.013
0.013-0.019
0.019-0.026
0.026-0.032
0.032-0.039
0.039-0.045
0.045-0.052
0.052-0.058
0.058-0.065

o000

ONDOOR

0.006-0.013

0-0.006
0.013-0.019
0.019-0.026 |
0.026-0.032
0.032-0.039
0.039-0.045
0.058-0.065 |

0.045-0.052
0.052-0.058

Not recorded

G

1

0.8

0.6

0.4

0.2
Opommaonotm
SN ITNON®
SS09630CS S
h oo WM — G0 W
OCOHNMNT FINO N
gooooooooo

0.8-

0.6

0.4

0.2

OHmmwONmmnm
OIQOOHHHHﬁH
NHM OO NMNN
8DOOOHﬁHﬁﬁ
(=

1-

0.8

0.6

0.4

0.2

Oﬁmvomequ

OOOOOOH\—l\—I\—!
m«—cmvuooom\—lmw
OOOOOOOHHH

cooo
oMWk
I.AA 0.

0.015-0.020

0.003-0.007
0.007-0.011
0.011-0.015
0.020-0.024
0.024-0.028
0.028-0.033
0.033-0.037
0.037-0.041
0.041-0.046|

HNMINONO O M
ooooooo\—n—c-—i
maNmm\m\mo‘—i
oooooooo‘—c.—q

cooo
OoON PO
r >

0.003-0.005
0.005-0.007
0.007-0.009
0.009-0.011
0.011-0.014
0.014-0.016
0.016-0.018
0.018-0.020
0.020-0.022
0.022-0.025|

oocoo
oNnb o

—_—
AN M V® 0O
OO OOOOOOHH
e AN NG RN D
8 cccococoo-
IS

cooo
ONPOOO -

NN O N O N
S0 65933 S
m‘—c Nmﬁ‘kDI\OOG\\—'
8 cccocood

[S)

Fig. 5 Distribution of TP pollutant parameters

0.5

0.4-
0.3~
0.2-

L |

S NMm®< O N G

coo0000
OoOrRrNWARUIO
01-0. r

0.5
0.4
0.3
0.2
0.1

B

==
MNOO\T\&DQ‘MHO
\—unllmmq'n.nu)l\oom
mmNOU\I\\DQ'MH
OHNMMQ‘U"‘-D’\OO

0.2
0.15 ¢
0.1
0.05

MNANN—HO OO o) 00
HNMQ‘U\LD\DI\OIOOX

MMNN\—IOOO\O\OO
S Nm <SG O NO

0.25+ 0.4 -
0.2+ 03
0.15
0.2+
0.1

0.05 0.1

0- 0
QN O ONHO CoONM®XONNOWO
OHNmﬁ'mle\OOO\ HNwamLor\oom
HAhON O Hoommoowr\:\u)
go‘—cwmwmmv\w Conn® < SN oo

1 1

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2

0- 0-
SN NOANS— O © NNOHMNNO ™M
HHNMMQ‘IJ\LDU')I\ OOOHﬁ‘—n—cHNm‘l
M ORI NANT = O NN G et N O)
OrddaNMmMmMtn © © OO0 HAH =N

0.4

0.01-0.9

0.8
0.6
0.4
0.2

T

aONOVINTMNN— OO
Q@ NP Y DO 00 00
HdAROVNTMNAD
8DHvam®Nm

0.4

0.3

0.2

0.1

O mmomns ma -
S iqia S G~
SN0 S NN
8OHNm¢m®Nw

0.25

0.2

0.15

0.1

0.05
0

AN OVONTETMNMANOO
OIHNMQ‘LH\DI\OOOO

HHON O HAND
Oo‘—cmmqmgm\oo

0.3 1

[SE=Y=Y=TT-RoR-T- NN
IR A T - INCR R

0.2
0.15+
0.1
0.05

OO 0o D
HNMQ’Q‘LHLDI\OOU\
woooommmmm
OHNMQ‘Q’U’)&DI\OO

@ Springer



121  Page 12 of 15

Water Air Soil Pollut (2018) 229:121

Table 4 Confidence intervals of pollutant parameters for TSS, TN, and TP

TSS (area-based):
Confidence level =95%

TN (area-based):
Confidence level =95%

TP (curb-based):
Confidence level = 95%

Land use Parameter Low Mean High Low Mean High Low Mean High
Bare soil C, 337.96 429.74 465.13 0.30 0.37 0.39 2.3e-3 0.013 0.024
C, 0.30 0.70 1.03 0.12 0.36 0.84 0.011 0.061 0.11
C; 12.58 15.83 16.61 26.88 56.59 77.68 3.16 595 8.74
Cy 2.98 3.46 6.84 3.78 5.40 7.13 0.80 2.00 3.20
Civic G 0.03 1.42 16.49 3.5¢3 5.4e-3 0.02 1.1e-4* 1.4e-4 1.6e-4*
C, 0.21 2.11 5.54 0.26 0.82 1.78 0.21 0.44 0.66
Cs 3.27 7.51 12.53 13.47 36.79 69.12 0.46 2.70 4.94
Cy 4.06 7.22 8.98 2.97 6.01 8.34 1.58 4.82 8.06
Commercial C, 20.92 329 92.50 2.2e3 0.010 0.050 2.5¢-3 3.9¢-3 5.2e-3
C, 0.45 1.76 3.65 0.17 0.67 1.62 0.024 0.077 0.13
C; 3.42 8.24 13.39 24.68 49.71 73.09 1.96 4.68 7.40
Cy 1.87 4.11 7.42 3.05 5.85 8.13 0.95 341 5.87
Industrial C, 380.72 44891 470.46 0.26 0.36 0.38 0.049 0.058 0.067
C, 0.32 0.59 1.05 0.23 0.56 1.28 0.011 0.019 0.027
Cs 11.24 15.18 16.25 25.69 54.21 68.86 0.77 1.01 1.25
Cy 4.54 6.28 7.48 5.32 8.89 9.89 0.51 0.67 0.83
Multifamily C 1.00 6.84 32.35 3.8¢-3 0.010 0.045 6e-3 0.021 0.035
C, 0.09 0.88 2.58 0.12 0.60 1.53 0.028 0.20 0.37
Cs 4.15 9.59 14.12 13.24 43.02 68.07 1.99 2.00 7.60
Cy 2.31 5.49 8.05 3.59 6.61 8.58 1.76 4.16 6.55
Single family C, 159.55 181.40 329.00 0.30 0.36 0.38 3.9¢-3 0.031 0.027
C, 0.20 0.22 0.31 0.034 0.061 0.17 3.4e-3 7.2e-3 0.011
C; 15.32 16.49 16.73 2.46 8.73 27.84 0.76 1.83 2.90
Cy 2.51 2.62 2.85 2.00 3.66 6.17 0.60 2.70 4.80
Transportation C, 89.28 117.29 232.61 0.016 0.030 0.087 1.6e-3 3e-3 4.3e-3
C, 0.29 1.55 3.77 0.21 0.51 1.35 0.067 0.12 0.18
Cs 1.64 5.46 13.39 11.38 37.01 66.56 3.05 4.73 6.40
Cy 1.76 5.52 7.96 2.29 5.51 891 1.38 2.92 446
Undeveloped C, 14.39 37.54 83.98 0.22 0.30 0.34 1.1e-4% 1.3e-4 1.4e-4*
C, 0.58 2.09 4.55 0.19 0.47 0.79 0.018 0.036 0.053
Cs 3.54 7.68 11.43 425 7.94 19.48 2.37 4.78 7.18
Cy 5.37 7.78 9.16 5.40 7.18 8.57 1.38 4.77 8.15

# Calculated by normal distribution from final optimized values

These land uses in Table 5 are potentially the major
sources of non-point pollutions. The result of undevel-
oped land use providing a large quantity of TN but not
TSS may indicate the existence of manure sources from
free-ranging Texan cattle. As for TP, pollutant genera-
tion capability for commercial and industrial land uses
should be similar, according to Chow et al. (2013). The
disparity in pollutant generating capability for

@ Springer

commercial and industrial land uses, and the high TP
generating capability for industrial land use, is worth
investigating.

After further examination, this phenomenon can be
contributed to the fact that many industrial sites were
newly built or under construction in 1984 (particularly
the large industrial park in the western part of the water-
shed). Therefore, their TSS generation characteristics
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Table 5 Land uses with high capacity to provide pollutants for
non-point pollution

TSS TN TP
Bare soil X X
Industrial X X
Single family X
Undeveloped X

should be close to bare soil. The use of fertilizer to
facilitate plant growth in newly constructed sites may
explain why industrial land use has high TN and TP
exports. Therefore, it may be appropriate to ignore pa-
rameters for industrial land use, and instead use the
parameters from commercial land use for industrial areas.

The parameter C, governs the speed of pollutant
buildup. Among all water quality constituents, the
values of C, for most land uses stay in the same numer-
ical range. For TSS, C, stays in the range of approxi-
mately 0-0.6. For TN, C, stays in the range of approx-
imately 0—0.3. For TP, C, stays in the range of approx-
imately 0-0.1 except for the land uses of industrial and
single family. This indicates that pollutant buildup is
mainly controlled by factors that are spatially distribut-
ed, such as land use, temperature, or climate.

The parameters C; and Cy4 both control the washoff
rate of water quality constituents, with C; the coefficient
and C, the exponent of the equation. Numerical distri-
butions of these parameters are more diverse indicating
the influence of local factors that control runoff rates.

For C,, it is interesting to compare the washoft equa-
tion (Eq. 2) with the equation of shear stress (Eq. 8)
along a channel provided by:

T ="Rs (8)
In Eq. 8, 7 is the shear stress at the bottom of the
channel (N/m), v is the specific weight of water
(9.81 kN/m®), R is the hydraulic radius (m*/m), and s
is slope (m/m). For overland flow where width is much
larger than depth, the hydraulic radius R is close to the
depth of runoff. Given the same shear stress, pollutant
washoff can be assumed to be proportional to the
amount of available pollutant buildup on the surface.
Therefore, Egs. 8 to 2 are linked as shown in Eq. 9.

T = Rsx(7s) - Runoff «C3-Runoff * 9)

The unit of runoff is depth/h. Equation 9 implies that
the value of C, should be close to 1 under ideal

conditions. This agrees with values found in the litera-
ture (Wicke et al. 2012; Temprano et al. 2006). Howev-
er, this study found that Cy is not close to 1 for many
land uses. The use of the conventional value of 1 for Cy
can result in large errors.

6 Conclusion

The methodology depicted by this study has shown
to derive reasonable results for multiple land uses
from limited data input. For buildup parameters (C,
and C,), they are governed by mechanisms uniform
in space, such as land use, temperature, or climate,
so the derived parameters are also distributed in
narrow numerical ranges. On the other hand,
washoff parameters (C; and C,), which are con-
trolled by local factors such as topography and
slope, have derived parameters scattered more
uniformly.

Also, the semiarid urban watershed showed higher
sediment generation capability (USGS 2017a) com-
pared to that from other literature studies in Table 1,
which were performed in cities of humid climate. The
derived parameters from this study can provide a
baseline for modeling pollutant generation and deliv-
ery in semiarid urban watersheds worldwide.

This study also showed that some of the conventional
values for pollutant parameters might not be accurate in
the field. Using them in modeling can lead to large
erTors.

Nevertheless, this study still leaves space for improve-
ments. Many new industrial sites under construction were
identified as industrial, while their pollutant generation
and delivery characteristic are actually close to bare soil,
which greatly distorted the derived parameters for indus-
trial land use. Therefore, parameters of commercial land
use should be used to replace those of industrial land use,
since the two land uses showed similar pollutant loadings
in field observations (Chow et al. 2013). For future
studies adopting the approach of this study, urban water-
sheds under rapid transition (like the Walnut Creek wa-
tershed used in this study) should be avoided because
newly developed area may exhibit different pollutant
buildup and/or washoff characteristics.
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