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Modeling Large Scale of Urban Nonpoint Source
Pollution using a Geographic Information System
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ABSTRACT

Concemn about nonpoint source pollution associated with urban storm water has led to the development of new
tools for better water quality planning. This paper presents an application of a geographic information system (GIS)
for urban water quality study. The GIS was used to manage land use data for nonpoint source pollution modeling
and to aggregate pollutant loadings within various types of geographic units. An empirical water quality model was
used to estimate pollutant loadings based primarily on land use. A land use coverage was created by updating an
old coverage through interpretation of recent photography. This land use coverage was also used to record all
pollutant loadings for each land use polygon. Storm sewer maps were digitized and interpreted to create a coverage
of storm sewer basins and sub-basins. By overlaying pollutant loadings with the sewer sub-basin layer, aggregated
pollutant loadings for major sewer outfalls were calculated. Based on the loading information, critical areas of

excessive pollutant loadings were located and the effectiveness of Best Management Practices (BMPs) to control
pollutant loadings were evaluated.

1. INTRODUCTION significant nonpoint sources in urban areas
(Peirce,1980). Establishing the best control strategy

Nationwide, investigators show that nonpoint for urban nonpoint source pollution includes initial

source pollution from urban areas is a major assessment of the magnitude of the nonpoint
contributor to water quality degradation. Storm source problem.  This assessment must be
runoff and combined sewer overflows are the most geographically specific to effectively target control
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practices. Currently, empirical models are typically
used to generate urban nonpoint source pollutant
loadings. These models are based on the fact that
urban nonpoint source pollution is mainly a
function of land uses and associated activities
{eg, medium density residential, or highly
impervious downtown commercial areas). Coeffi-
. clents for pollutant loadings by land use have
been developed from statistical analysis of field
sampled data from the gamut of land uses found
in urban areas. Therefore, the validity of model
results depends on the resolution of land use data
and the specificity of land wuse categories.
Modeling urban nonpoint source pollution across
extensive urban areas requires a large number of
units of analysis (land use polygons) and resulting
pollutant loadings because of highly heterogeneous
land uses. It is crucial in urban nonpoint source
studies to delineate the boundaries of different land
uses, at least to the street block level, in order to
effectively target control efforts. A procedure
which facilitates nonpoint source modeling based
on the aggregation of loadings from small,
homogeneous areas provides detailed nformation
about the contribution of nonpoint pollutants from
specific areas in order to identify problems. We
have called this a "micro” approach (Kim and
Ventura, 1993). Such a micro-approach, using a
high degree of spatial resolution for land use data
across extensive areas, has only been evaluated in
much smaller urban areas. A GIS provides the
capabilities to integrate and display several types
of geographic information in the micro~approach
to urban nonpoint source modeling. This project
‘tested three potential advantages of GIS. First,
existing digital layers representing street blocks
can be imported and used as base frame to
collect pollutant loadings. This can also provide a
framework for urban storm sewer collection area
delineations. Second, parameters such as land use
~ can be transferred between models and data bases
more easily using GIS data management functions.
In perticular, empirical models can be easily linked
to GIS layers because coefficients can readily be
applied to GIS layers (Sasowsky and Gardner,
1991). This implies that modeling procedures can
be simplified, with less data processing time
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compared to manual methods. Third, aggregated
pollutant loadings can be obtained for major sewer
outfalls and other geographic units of aggregation
through overlay analysis. This process will identify
critical areas contributing a significant amount of
pollutants. With additional geographic data such
as land ownership and value, the GIS and nonpoint
source model can be used to evaluate the cost
and effectiveness of alternative control strategies in
critical areas (Prey et al, 1993). This should lead
to best-fit control strategies, meeting the recent
federal wban storm water regulations which
require permits for certain categories of storm
water discharges (US. Environmental Protection
Agency, 1990). In a previous Wisconsin Depart-
ment of Natural Resources (WDNR) sponsored
pilot study using a small urban area, Harris et al.
(191) concluded that remote sensing and GIS
technologies provided reliable and timely data for
urban nonpoint source pollution planning. The GIS
provided a detailed base layer for identifying
small land use polygons, while TM satellite
imagery and NHAP2 aerial photography provided
an effective source of up-to-date land use data.
Kim et al. (1992) reported on the development and
testing of the micro-approach in this relatively
small urban area. The investigators also empha-
sized further study, ie, applying the results from
the pilot study to larger wrban areas. Based on
this study, the WDNR initiated a large scale
urban nonpoint source study for the Kinnickinnic
River priority watershed. This study, as reported
herein, was focused on developing a GIS-based
nonpoint source modeling procedure to estimate
pollutant loadings and establish effective mitigation
strategies.

2. OBJECTIVES

The mpjor aim of this project was to link GIS
with a nonpoint source model for establishing
effective BMPs based on model output of pollu-
tants. The specific goals were to a) acquire recent
land use information and develop a GIS coverage;
b) generate a sewer pipe network and delineate
storm sewer sub-basin boundaries for use as
pollutant loading boundaries of major sewer out-
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Figure 1. Street Network and Municipal Boundaries of the Study Area.

Displays street network imported from 1983 USGS DLG (1:100000) and boundaries o six runicipdlities
Milwaukee(MW), West Milwaukee( WM), Cudahy(CD), St Francis(SF), Green FieldGF), and West Allis(WA).
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Figure 2. Digitized Storm Sewer Network

74 Sewer mups were digitized and individuglly registered into Universal Transverse Mercator (UTM) coordinate
system and integrated into a sewer network coverage.
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falls; ¢) estimate aggregated pollutant loadings of
major sewer outfalls; and d) locate critical areas
and establish BMPs for reducing pollutant loadings
from these areas.

3. STUDY AREA

The study area is an urban area in the southem
part of Milwaukee County, Wisconsin (Figure 1),
Most of the area drains into the Kinnickinnic
River, while a small portion drains directly into
Lake Michigan. The area has seven major streams
and an urban storm sewer basin of about 27 mi2
extending over parts of six municipalities, inclu-
ding the City of Milwaukee. The study area has a
high density of intensive land wuses, including
large commercial and industrial areas, and a
significant area in transportation such as freeways,
railroads, and an airport.

4. METHODS

Land Use Data Sources

Several different sources of land use data were
acquired for this project. In an effort to generate a
recent land use layer in an effective way, they
were evaluated alone and in combination These
data sources were:

a) SEWRPC land use data: 1985 land use data
in hard copy plot at a scale of 1:24000 was
purchased from the Southeasten Wisconsin
Regional Planning Commission (SEWRPC) and
used as a baseline to generate land use data. A
digital copy of these data could not be obtained in
time for this study.

b) USGS DLG: 1983 USGS Digital Line Graph
(DLG) transportation layer at a scale of 1:100000
was used to delineate detailed street and railroad
networks. Check plots against more accurate data
showed the spatial accuracy of these data far
exceeded national map accuracy standards for
1:100,000 material, and approached that of 1:24,000.

¢} Aerial Photography: 1:4800 black and white
lithographic copies of 1:20000 aerial photographs
from 1990 were purchased from SEWRPC. These
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were used in conjunction with the 1985 SEWRPC
land use coverage to generate recent land use
data. It had previously been determined that
satellite imagery did not have sufficient resolution
to support this application (Ventura and Haris, 1993).

Land Use Generation

Land use data have been compiled based on a
version of level I USGS urban land use cate-
gories (Anderson, 1976) modified for inclusion in a
nonpoint source model. Using the DLG layer,
SEWRPC hard copy plot, and 1990 airphotos, a
recent land use coverage was generated. The
procedure used to generate land use data were:

a) import street and railroad center lines from
the USGS1:100,000 DLG;

b) digitize freeway and airport polygons from
SEWRPC plat, transform these polygons to overlay
on street center line coverage, and "dissolve” street
center lines inside freeway, railroad and airport
polygons,

c) topologically structure combined street center
line and freeway coverage to form a street blocks
and other transportation polygon coverage. These
blocks were then the initial basis for land use
interpretation;

d) generate a check—plot of the land use block
coverage at the scale of the SEWRPC plot. Note
and add any additional line work such as when a
block is sub-divided by two or more land uses of
significant area.

The detailed land use classes were assigned to
individual land use polygons using various sources
of data in the following sequence:

a) code freeways and railroads, using primarily
SEWRPC plot;

b) code open space, water bodies, and parks
using primarily 1:24,000 quadrangles, supplemented
by SEWRPC plot and airphotos;

c) code institutional uses such as schools and
hospitals, using all three data sources;

- d) code commercial, industrial, and residential
areas by initially assigning land uses to broad
areas according to the SEWRPC plot and then
using the 1990 airphotos to validate and refine. In
other words, the SEWRPC data were used to

WER MR 2 R B AR



X2ldEAAE o838 TA v|HULH =y =¥

delineate major land use boundaries and then block
by block interpretations were made with the
photography, such as determining residential density.

Storm Sewer Sub-basin Generation

To delineate the pollutant loading boundaries of
major sewer outfalls, a storm sewer pipe network
coverage was generated. This was done by digiti-
zing storm sewer pipe maps provided by individual
municipalities. The 74 sewer maps obtained from
municipal engineering offices were delivered in
various scales and degrees of quality. These maps
were individually digitized to form line coverages.
The City of Milwaukee was unique in that exten-
sive interpretation of the sewer maps had to be
done before digitizing, i.e, many pipes crossed,
went in and out of drainage ditches, etc. The pipes
were digitized in accordance with EPA’s urban
storm water regulations (Environmental Protection
Agency,1990). The minimum size of sewer pipes
digitized was 36 inches in residential and 12 inches
in commercial, industrial, and other areas. Zoning
information, either on the storm sewer maps or
from other sources, was used as a means to
distinguish general land uses. Pipes smaller than
the minimum dimension were not incorporated into
the sewer network except as needed for hydrologic
connectivity. These coverages were consolidated
into one composite coverage to represent the sewer
system of the entire study area (Figure 2). The
sewer sub-basins were delineated based on a
hierarchical watershed delineation in three steps.
The first step was to delineate two major
boundaries for the Kinnickinnic River and Lake
Michigan. The Kinnickinnic River has a watershed
area of 213 mi’, while 55 mi’ drain directly to
Lake Michigan. The second step was to delineate
the boundaries of major tributaries (mainly those
discharging into the Kinnickinnic River). The
Kinnickinnic River has six tributaries, so it was
further divided into six sub-watersheds (West
Milwaukee Ditch, Cherckee Park Creek, Wilson
Park Creek, Ville Mann Creek, Holmes Creek, and
Lyons Park Creek) based on topography, surface
drainage, and storm sewer network flow. The last
step was to delineate individual sewer sub-basin
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boundaries by interpreting the storm sewer pipe
network. This resulted in a coverage showing
pollutant discharge bhoundaries for each sewer
outfall. A total of 97 sewer sub-basins, as shown
in Figure 3, were delineated using the digitized
sewer network, supplemented by the street cover-
age and topography from 1:24000 quadrangles. The
major principle in delineating the sewer sub-basins
was to set the sewer sub-basin boundaries based
on minimum end-pipe size to meet the EPA's
requirement  for storm  water  management.
Therefore, delineation was done at a fine
resolution, resulting in sewer sub-basins ranging
from 11 to 1,008 acres in discharge area. This fine
resolution makes it possible to establish well-suited
BMPs for a variety of local urban conditions.

5. RESULTS

Land Use Interpretation Accuracy

Ground truthing by drive-by inspection was
conducted to analyze the accuracy of land use
interpretation. Over half the blocks (1440 out of
2789 polygons in the land use coverage) were
examined. Considering the relatively homogeneous
make-up of residential areas and the relatively
higher ratios of interpretation errors in commercial,

industrial, and institutional classes, emphasis was
given to the inspection of the latter classes. The
results from the ground truth were used to refine
the land use data.

Interpretation accuracy was analyzed based on
six major land use categories and 22 detailed land
use classes. Due to the use of reference data
provided by SEWRPC and large scale airphotos,
the final coverage had a high interpretation ac-
curacy. The six major categories show 98 percent
average and overall accuracies

(Table 1). The residential and transportation
classes were almost 100 percent correct. The
lowest accuracy was obtained from the industrial
class. A relatively high confusion between the
industrial class and commercial and open space
classes was observed For 22 detailed land use
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Figure 3. Sub-watershed and Storm Sewer Sub-basin Boundaries.
Displays boundaries of 97 storm sewer sub-basins and eight sub—untersheds: West Milwaukee Ditch (WMD), Lyons

Parke Greel(LPC), (herdkee Park Creek (CPC), Ville Man Creek (VMC), Holmes Creek (HC), Wilson Park
Creek (WPC), Lake Michigan (LM), and Kinnickinnic River (KK),

Table 1. Land Use Interpretation Accuracy of Six Major Categories.

Displays interpretation accuracy f land use in six mgjor oategories. Also shoun are detailed land use cdlasses o each
category and their dassification accuracies.

Known Land Use Classes Nunber Accuracy Number of polygons classifiad inlo classes
Sub-classcs (% sccurscy) of (%)

Resi- Comm- | Indu- Open ot Tratn-
dential ercial sl P tatronat Poruisn

Residenial 56 100 558 1
High demsity (96)
Modium density (95)
Low density (75)
Muli-family (74)
Mobile home (100)

Commescial » 9% 3 1%} 3 2
Strip comuncrcial (95)
Downtows comencrcial (93)
Shapping cenice (80)

Office park (70)

Industrial 268 9 L] 247 w
Manufacturing (99)
Light industry (82)
Airport (100)

Open Spece 128 [ 1 4
Undeveloped (99) .
Caastruction (88)
Park (84)
Water (100)
Cemetery (100}

Instiausonal us [ ' ' "
School (100) ‘
Miscellaneous (88)
Hospital (100)

Trenspocation. 1.1 wa EY)
Raitrood (100} v
Freeway (100) it
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Land Use Polygon Layer

Land Use Polygon Layer
with Pollutant Loadings

Municipal Boundary Layer

Sub-Watershed Boundary Layer

Sewer Sub-Basin Boundary Layer

Integrated Layer for Aggregating
Pollutant Loadings of Different
Geographic Units

Figure 4. Overlay Analysis for Pollutant Loading
Accumulation.

For accumulated pollutant loadings within different
geographic wnits and the boundaries of mgjor sewer
outfdlls, the land use polygon layer which stores
loadings for individudl land use poly- gons were

overlgyed with other

layers  including  municipal

boundary, sub-watershed boundary, and sewer sub-basin

boundary.
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Figure 5. Pollutant Loadings for Sub-watersheds.

Displays yearly and unit pollutant loadings for eight
sub-uatersheds (refer to Figure 3 for sub- watershed
codes).
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classes, 92 percent average accuracy was obtained

(Table 1). Relatively lower accuracy was obtained -

in low density and multi-family residential, and
office park. Low density residential was often
confused with medium density residential, and
multi-family was confused with high density
residential areas, as expected The general land
use pattem of office parks is similar to strip
commercial. This caused lower accuracy for office
parks. The mobile home park, schools, -airport,
hospitals, water, cemetery, freeways, and railroad
were 100 percent correct. This is mainly due to
the use of topographic maps, which indicated the
locations of several of these classes.

Nonpoint Source Modeling

An empirical urban water quality model develo-
‘ped by WDNR--Source Loading and Management
Model (SLAMM)--was used to estimate the
pollutant loadings of each land use polygon. This
model calculates runoff volumes and urban pollu-
tant loadings from individual rainfall events for
each land use type (Pitt, 1988). This model also
allows the user to estimate reductions in pollutant
loadings from source areas due to control measures
suwch as detention ponds or infiltration devices
(WDNR, 191). The major parameters required for
modeling are annual rainfall amount, soil type,
existing control practices, pollutant loadings coeffi-
cients, and the acreage of each land use. In
practice, acreages and land use classes are the
only independent variables in the modeling.
Uniform values were used for the whole area for
the other input data. The strength of the SLAMM
model is the small storm hydrology algorithms and
source area pollutant coefficients (WDNR, 1991).
The small storm hydrology verification took place
in Toronto, Ontario and Milwaukee, Wisconsin on
185 random rainfall events. The observed runoff
volume was withn 2 mm of model predicted
runoff in most cases. The source area coefficients
have been developed through extensive field
calibration and verification, including an ongoing
effort by WDNR to refine these values. The model
was run for 97 sub-basins of eight sub-
watersheds. Loadings of six pollutants of concemn
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were obtained from the model. Results from the
sub-basin analyses were used to calculated total
and unit (per acre) loadings for sub-watersheds
and municipalities. Loadings from individual land
use polygons were stored as an additional attribute
in that coverage. Through overlay analysis, it was
possible to determine loadings within any larger
division of the area (Figure 4). Figure 5 shows the
yearly and - unit pollutant loadings of each
sub-watershed. For heavy metals (eg, lead,
copper, zinc, and cadmium), Wilson Park Creek
showed the highest loadings except phosphorus,
followed by the Kinnickinnic and Lake Michigan
sub-watersheds. This is explained by the large
industrial area, including an airport, in Wilson Park
Creek. The Kinnickinnic sub-watershed has the
highest loadings of phosphorus, followed by Wilson
Park Creek sub-watershed, due to its large resi-
dential area. The unit pollutant loading--the yearly
pollutant loadings per acre-—were highest for West
Milwaukee Ditch. This was expected given the
relatively high proportion of heavy industrial land
use, the balance being largely residential with little
open space. This area also has the highest unit
loadings of sediment solids. For individual
municipalities, the City of Milwaukee shows the
highest total pollutant loadings followed by the
cities of Cudahy and West Allis. This was
expected since the contributing area of Milwaukee
is much larger than any other mumicipality. The
unit pollutant loading analysis showed that the
City of West Milwaukee had the highest per acre
loadings of all types of pollutants. This is due to
its small area and relatively high portion of
industrial land uses.

Best Management Practices

Based on the pollutant loading analysis, a critical
sub-basin was selected for evaluation of BMPs.
The KK sub-basin was selected in the east
central part of Kinnickinnic sub-watershed because
of its high pollutant loadings and relatively large
portion of residential area. Wet ponds were the
BMPs sdected to decrease pollutant loadings.
KK2% sub-basin has open spaces around major
sewer outfall which provide potential sites for wet
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Figure 6. Critical Sub-basin: KK26 Sub-basin

Displays lond use inventory and storm sewer network of
KK sub-basin selected as critical sub-basin 54 acre
open space around oulfalls were used as potential wet
pond site for reducing suspended solids by 90 percent.

ponds with minimal disturbance to existing land
use (Figure 6). To meet a goal of %0 percent
sediment reduction, DNR planners calculated a wet
pord size of 53 acres. Fortuitously, about 54 acres
of open space was located near the outfall of this
sub~basin, making the siting and implementation of
BMPs a straight-forward task This example
demonstrated that planners now have the tools and
data to effectively target and evaluate BMPs,

6. CONCLUSION

This study demonstrates the potential application

studies in a large urban area. The methods from
this study should be applicable to other urban
areas for establishing BMPs. The micro-approach
can identify the magnitude of pollutant loadings
from any size land use polygon and provide the
basis for aggregation to larger areas. This proce-
dure will assist communities in meeting the
EPA's storm water requirements. No major prob-
lems existed in the linkage of model parameters
between GIS data and the nonpoint source model.
The model output, transferred back to individual
land use polygons, was effective for graphical
display and for accurmuilating pollutant loadings to
find critical pollution areas. This study demonst-
rates that GIS technology is effective for urban
nonpoint  source pollution control, using its data
automation, overlay analysis, data base manage-
ment, and cartographic display capabilities. Up-to-
date, accurate data that was specific enough to
support urban nonpoint source pollution modeling
was generated from aerial photography in con-
junction with other data. The aerial photography
was used with existing DLG data to delineate
individual urban street blocks. More specific land
use boundaries within street blocks were delineated .
using a 198 SEWRPC land use map. Considering
the high accuracy of the land use interpretation
(over 90 percent using aeral photography), the
procedure to generate land use data demonstrated
in this micro-approach should be further used for
large scale urban nonpoint source pollution mode-
ling for other urban areas. The micro-approach
has two time-consuming components--manual land
use interpretation and boundary delineation of
sewer sub-basins. The more these tasks can be
automated, the more efficient the approach will be.
Automated urban land use generation using scan-
ned imagery and computerized land use classi-
fication methods is feasible (Kim, 1993). However,
the cost of scanning and the high degree of
technical expertise needed to classify images may
preclude routine use by municipalities. Head-ups
(on-screen) digitizing may be an effective way to

of GIS for modeling purposes in water quality realize some advantages of a GIS approach to land
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use generation -using known interpretation tech-
niques. For the delineation of sewer sub-basin
boundaries, a more automated procedure could save
time and effort. However, the initial automation of
storm sewer maps will require a great deal of
skilled interpretation if the variety and reliability of
maps in the Milwaukee area is any indication.
After initial data capture, it should be possible to
develop nules based on topography, flow direction,
and connectivity to automate the delineation of
drainage basins. If these efforts are done in con-
junction with the development of facilities mana-
gement systems for storm sewers, additional
benefits beyond water quality planning will accrue,
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