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ABSTRACT

The US EPA’s Stormwater Management Model (SWMM) was used to model
stormwater runoff volumes and pollutant concentrations in Miller Creek, located in
Duluth, Minnesota. The quantity model was calibrated and validated with. two years of
hourly gage data for three sites along the creek. The quality model had minimal
calibration from pollutant loading data for four subcatchments, and was meant for use
as a comparative tool to analyze relative changes in pollutants based on various
scenarios. As expected, commercial and industrial areas with high amounts of
impervious surfaces had a significant impact on the flow volumes, resulting in higher,
flashier peaks than undeveloped portions of the watershed. Of the four pollutants
modeled (total dissolved solids, total suspended solids, nitrate-Nitrogen, and total

Phosphorus), developed areas contributed the majority of all pollutants.



INTRODUCTION

Stormwater quantity and quality were modeled for the Miller Creek watershed in
Duluth, MN (fig. 1). Geomorphically, Miller Creek is typical of many North Shore
streams, with low-gradient headwaters surrounded by wet shrublands, becoming
incised as it nears the ridgeline, and finally dropping rapidly across exposed bedrock as
- it descends to the St. Louis River estuary of Lake Superior. There are three factors
which gave impetus to this modeling effort: Miller Creek’s status as a Brook Trout
stream with natural reproduction, the significant amount of commercial development
occurring in the upper part of the watershed, and the impending regulation of
stormwater in cities with populations between 50,000 and 100,000 by the U.S.
Environmental Protection Agency.

We selected the EPA Storm Water Management Model (SWMM) to model
stormwater quantity and quality. SWMM was developed by the EPA from 1969 to 1971,
| and has been modified and upgraded over the years by universities, private consultants,

-the US EPA, and others (James et al. 1998, Huber and Heaney 1976, Jewell et al.
1976, Donigian and Huber 1991). There is a wide body of literature documenting its
use and an Internet list-serv (www.chi.on.ca/swmmusers.html) where new and veteran
users post questions and answers, tips, and problems associated with using SWMM.
Also, the PCSWMM front-end developed by Computational Hydraulics International is a
relatively inexpensive program which simplifies some of the procedures necessary to
run SWMM. SWMM is widely used, widely documented, supported since its
development, and has an inexpensive program available to reduce the required
learning-time.

The expected outcome of this effort was a water quantity model calibrated and
validated for three points along Miller Creek and a quality model with enough calibration

to allow for scenario and paired-basin analyses. Confidence in the quantity portion of
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Fig. 1. Map of Miller Creek, including subcatchment boundaries and channels used in
the SWMM model, and locations of data sites used for calibration and validation.



the model is much higher than the quality portion due to the availability of DNR gage
data for calibration and validation.” There is a relatively high uncertainty associated with
the quality model. Thus, the actual pollutant concentrations and loads are suspect,
however the relative changes associated with paired basin analysis or applied scenarios

such as increased development or channelized waterways can be viewed with greater

confidence.



METHODS
Model Parameterization

Numerous sources of data were used to obtain the parameters required by
SWMM and as a reference to evaluate calculated values. Those sources include the
GIS data layers of roads, landuse, elevation, stormsewers, waterways, and watershed
boundaries. Other data sources include hard copy maps of county soil survey data,
published stormwater pollution concentrations and loads from the Minnesota Pollution
Control Agency (MPCA 1994), published pollution buildup and washoff rates such as
the EPA’s National Urban Runoff Program (NURP; EPA 1983), National Weather
Service hourly rainfall data, and data collected by the Minnesota Department of Natural
Resources, including stream gage data for three sites along Miller Creek, and hourly
rainfall for the uppermost site. The sources of data for the various parameters will be
discussed in more detail in the following sections.

The upper part of the basin is relatively flat, with a large amount of wetland areas
and as-yet limited amounts of development. These wetland areas likely have two roles:
- absorbing water and releasing it slowly, thus reducing flashiness and storing water for
baseflow, and recharging groundwater, some of which may return to Miller Creek below
the Miller Hill Mall in the form of coolwater springs (MPCA 1994). These factors made
the modeling of the headwaters both important and more difficult. The groundwater
routines in SWMM are not robust, and the amount of locally available data was quite
limited, reducing the accuracy of modeling groundwater flow. In addition, there are no
wetland modeling routines in SWMM, so parameters were adjusted to best approximate
wetland functions.

There were several types of data required for modeling water yield: climatic data,
subcatchment-specific data, channel and pipe information, and soils information. Not all
of the information was available for Miller Creek, so some values were estimated and

used as calibration parameters, others were taken from tables of published values, and
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others were taken from a SWMM model for an area in Minneapolis, MN. Table 1
provides an overview of required data, along with the sources uséd.

The climatic data consisted of hourly precipitation and monthly evaporation
records. Precipitation data was obtained from two sources: the National Weather
Service (NWS) in Duluth, and the Minnesota Department of Natural Resources. The
NWS rain gage is located in the headwaters of Miller Creek, and the DNR rain gage
was located just above the Miller Hill Mall, at the same location as the upper stream
level gage operated by the DNR. Thiessen polygons were drawn around these two
points to determine which gage should be used for which basins (Jewell et al.1976),
resulting in subcatchments 1 and 2 using the NWS rain gage, and all others using the
DNR rainfall data. There was high variability in the data between these two gages (fig.
2), and the DNR gage seemed to more closely match the runoff patterns. Thus, during
the quantity calibration process the NWS gage was dropped and all basins assigned to
the DNR gage. NWS rainfall data was still used for the quality calibration, since the
DNR gage was not in operation over the time period during which the quality data used
in calibration was collected. Rainfall data was obtained for the time periods when the
DNR stream level gages were in operation (8/97-11/97, 8/98-11/98) and for the time
period of the MPCA poliutant loading studies (5/93-6/93). The Duluth NWS office does
not collect evaporation data, so this data was taken from a successful SWMM model for
the Lake Calhoun watershed in Minneapolis, MN and reduced by 10% to account for the
cooler weather in Duluth.

Obtaining the subcatchment-specific data first required the delineation of
subcatchments within the watershed. The South St. Louis Soil and Water Conservation
District had delineated Miller Creek subcatchments and created a 30 x 42 inch paper
map (South St. Louis Soil and Water Conservation District 1992). This was first
digitized into a GIS, then analyzed for any discrepancies in the subcatchment

boundaries. Additional GIS data layers of streams, storm sewers, roads, digital ortho-
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Table 1. SWMM model parameters and descriptions, from James et al. (1998), and the source from which we obtained
values for the Miller Creek model.

Parameter
Group Variable Code Description Source
General Parameters
PCTZER Percent of impervious area with zero detention storage. Default value, then used in calibration
VAP Monthly Evaporation Rates 90% of Minneapolis evaporation rates
Channel/Pipe Data
NPG Type of channel or pipe. stormsewer maps, first-hand knowledge
some channels measured, stormsewers from City data,
GWIDTH Bottom width of trapezoidal channel, diameter of pipes. estimated for others.
GLEN Length of channel/pipe, ft. GIS stream and stormsewer maps
G3 invert slope, ft/ft (dimensionless). GIS elevation maps, City data for stormsewers
GS1 Left-hand side slope, ft/ft. estimated
GS2 Right-hand side slope, ft/ft. estimated
estimated based on substrate and roughness values in
G6 Manning's roughness coefficient. Haan et al. (1994) .
some channels measured, stormsewers from City data,
DFULL Depth of channel when full, ft. estimated for others.
GDEPTH Starting depth of pipe/channet, ft. estimated, stormsewers setto O
Subcatchment Data
WIDTH Width of subcatchment, ft. Calculated using GIS as described in Fig. 3
AREA Area of subcatchment, acres. GIS subcatchment map
%IMP Percent imperviousness of subcatchment. GIS GAP landuse map
SLOPE Ground slope, ft/ft (dimensionless). GIS elevation map
estimated from GIS landuse, DOQ's, and value tables
(MPN Impervious area Manning's roughness. in Haan et al. (1994).
estimated from GIS landuse, DOQ's, and value tables
PERVN Pervious area Manning's roughness. in Haan et al. (1994).
calibration parameter; initial values from tables in
IDS Impervious area depression storage, in. James et al. (1998)
calibration parameter; initial values from tables in
PDS Pervious area depression storage, in. James et al, (1998)
SUCT Average capillary suction, in. of water. NRCS soil surveys, tables in Rawls et al. (1983)
HYDCON Saturated hydraulic conductivity of soil, invhr, NRCS sail surveys, tables in Rawls et al. (1983)
SMDMAX Initial soil moisture deficit, vol air/vol voids. NRCS sail surveys, tables in James et al. (1998)
Estimated using techniques in James et al. (1998);
BELEV Elevation of bottom of water table aquifer, ft. used in calibration.
GRELEV Elevation of ground surface, ff. Estimated using techniques in James et al. (1998).
STG Elevation of initial water table stage, ft. Estimated and used in calibration
Elevation of channe! bottom or threshold stage for
BC groundwater flow Estimated and used in calibration
T™W Channel water influence parameter. Estimated and used in calibration
Calculated as recommended for infiltration and
drainage to adjacent channel in James et al. (1998)
A1 Groundwater flow coefficient, in/hr-ft*B1. and used in calibration.
Caleulated as recommended for infiltration and
drainage to adjacent channel in James et al, (1998)
B1 Groundwater flow exponent, dimensionless. and used in calibration,
Calculated as recommended for infiltration and
drainage to adjacent channel in James et al. (1998)
A2 Coefficient for channel water influence, in/hr-ftAB2 and used in calibration.
Calculated as recommended for infiltration and
drainage to adjacent channel in James et al. (1998)
B2 Exponent for channel water influence, dimensioniess. and used in calibration.
Calculated as recommended for infittration and
Coefficient for the cross product between groundwater drainage to adjacent channel in James et al. (1998)
A3 flow and channel water, in/hr-ft? and used in calibration.
Calculated from Soil Survey size fraction information
POR Porosity expressed as a fraction. and equations in James et al. (1992).
WP Wilting point expressed as a fraction. Tables in James et al. (1998)
FC Field capacity expressed as a fraction. Tables in James et al. (1998)
HKSAT Saturated hydraulic conductivity, in.fhr. NRCS soil surveys, tables in Rawls et al, (1983)
TH1 Initial upper zone moisture expressed as a fraction. Estimated and used in calibration
Hydraulic conductivity vs. moisture content curve fitting
HCO parameter Estimated from other models and used in calibration
PCO Average slope of tension versus soil moisture curve Estimated from other models and used in calibration



CET
oP

DET

General Quality Parameters
DRYDAY
CBVOL

DRYBSN
RAINIT

REFFDD
KLNBGN
KLNEND

Fraction of maximum ET rate assigned to the upper zone.

Coefficient for unquantified losses,

Maximum depth over which significant lower zone
transpiration occurs.

Number of dry days prior to start of storm.
Average individual catchbasin storage volume, ft3.

Dry days required to recharge catchbasin concentrations

to initial concentrations.

For erosion, highest average 30-minute rainfall intensity

during the period modeled.

Street sweeping efficiency (removal fraction) for dust and

dirt
Day of year on which street sweeping begins.
Day of year on which street sweeping ends.

Dust and Dirt Buildup (results not used)

DDLIM
DDPOW
DDFACT
CLFREQ
AVSWP
DsLCL

Limiting buildup quantity.

Power or exponent.

Coefficient.

Cleaning interval, days.

Availability factor, fraction

Days since last cleaning, DSLCL <= CLFREQ

Pollutant-Specific Parameters (entered for each modeled pollutant)

Pollutant Buildup
Rate

Pollutant
Washoff Rates
CBFACT

CONCRN
REFF
Groundwater

Pollutant
Concentrations

Pollutant-specific buildup rates (several parameters)

Pollutant-specific washoff rate (several parameters)
Initial catchbasin concentration.

Concentration in precipitation.
Street sweeping efficiency (removal fraction)

Groundwater Pollutant Concentrations

Erosion Data (results not used)

ERODAR

ERLEN
SOILF
CROPMF
CONTPF

Area of subcatchment subject to erosion, acres.

Flow distance in feet from point of origin of overland flow
over erodible areas to point at which runoff enters pipe or

channel.

Soil factor ‘K.

Cropping management factor 'C".
Control practice factor 'P'.

Subcatchment Surface Quality Data

Estimated from other models and used in calibration
Estimated from other models and used in calibration

Estimated from other models and used in calibration

Rainfall data
Estimated from other models

Estimated from other models
Measured from rainfal! data.

Values taken from table in James et al. (1998)
Estimated
Estimated

Estimated; Dust and dirt not used in model.
Estimated; Dust and dirt not used in model.
Estimated; Dust and dirt not used in mode!.
Estimated; Dust and dirt not used in mode!.
Estimated; Dust and dirt not used in model.
Estimated; Dust and dirt not used in model.

Calculated from MPCA data

Minneapolis, MN model
Minneapolis, MN model

values taken from a model for Minneapolis, MN for
NO3 and Tot-P; assumed O for TSS and TDS.
Minneapolis, MN model

Assumed O for TSS, NO3, and Tot-P, estimated and
calibrated for TDS.

GIS: Gap fand use

GIS: channel and landuse maps

Table in James et al. (1998) for each soil type
Table in James et al. (1998) for each soll type
Table in James et al. (1998) for each soil type

KL Land use classification GIS: GAP landuse, DOQ's, first-hand knowledge
BASINS(N) Number of catchbasins in subcatchment. City of Duluth-provided GIS data

GQLEN(N) Total curb length within subcatchment (hundreds of feet)  GIS: road maps

PSHED Initial loading, first through last constituent. setto O

PLAND Fraction of each landuse in each subcatchment GIS: GAP landuse, DOQ's, first-hand knowledge
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photo quadrangles (DOQ’s), and elevations were used to check subcatchment
accuracy. Several alterations were made and some smaller basins were lumped
together, while some larger ones were broken into smaller subcatchments to conform to
the areas sampled by the MPCA in 1993. The result was 36 subcatchments from which
the subcatchment-specific data was determined (fig. 3).

Many of the specific data required for each subcatchment were measured with a
geographic information system (GIS; Haubner and Joeres 1996). These include: area,

average slope, % impervious, and width. Width is a measure of the average width of

L = length of channel

A = area of entire basin

A1 = area of basin on one
side of channel

A2 = area of basin on
other side of channel

Sk=(Az- A)/A

Width = (2-Sy)*L

Fig. 4. Method for calculation of the width of overland flow. Sy is the skew factor.

overland flow, not the physical width of the delineated subcatchment. The method used
to calculate the width was taken from Jewell et al (1976), and requires calculation of a
skew factor as shown in Fig. 4. The percent impervious area was initially set ae 10% of
the developed land use areas in the basin and used as a calibration parameter.
Developed land uses were taken from the Minnesota GAP land use GIS layer, a
combination of the developed and transportation land use categories.

Other subcatchment-specific parameters include the surface roughness

(Manning’s n) and surface water storage depth for the pervious and impervious areas in



each basin. These values were taken from tables in Haan et al. (1994) for the dominant
surface type (grass, woodland, concrete, asphalt, etc), which was determined from the
land use and DOQ data. Roughness and surfacé storage depth were considered
calibration parameters, and were adjusted during the model development.

Numerous other parameters were required for each subcatchment in order to
model groundwater flow. Elevation data was required for groundwater flow subroutines,
including channel, ground surface, bottom of aquifer, and water table stage elevations.
Some of these values were estimated from the GIS elevation data, but no good data
was available for aquifer elevations. These were estimated and used in the calibration
process. Subsurface losses, including evaporation and transpiration rates, the depth to
which these processes occur, and an unquantified loss parameter were also required.
These were estimated (using data from example SWMM models) and used for
calibration purposes.

Soil data was also required for each subcatchment, and is used in the model for
two main purposes: to determine the amount of infiltration occurring over pervious areas
for runoff volume calculations and to model the movement of groundwater. Soils maps
were obtained form the Duluth Natural Resources Conservation Service (NRCS) office,
from which dominant soil types were. inferred for each basin. The soil types were then
used to determine the soil properties of hydraulic conductivity, capillary suction,
porosity, wilting point, field capacity, and soil moisture contents. The values used for
these parameters were taken from tables found in various published sources (Rawls et
al. 1983, James et al. 1998, James et al. 1992). Porosity was calculated as per the
formulae in James et al. (1992), using the size fraction information for the various soil
types provided in the soil surveys.

The modeled flow of groundwater is determined through two equations in SWMM
(James et al. 1998), with 5 coefficients and exponents set by the user. For several

basins, these equations were manipulated to produce a constant groundwater flow. For

17



others, values were taken from example SWMM models and calibrated to obtain a
reasonable groundwater hydrograph. Basins consisting of primarily impervious
surfaces had no groundwater flow modeled. The exact locations of major groundwater
influxes are not known, but by distributing constant and varying groundwater flows
among the basins, we derived a modeled hydrograph that mimicked the measured
hydrograph.

Channel parameters are required to determine how the water.and pollutants flow
downstream through the stream network. The initial step in determining channel
parameter values was to define where the channels ran in relation to the
subcatchments. This was accomplished by overlaying the streams and stormsewer
layers onto the subcatchment data in the GIS. A new data layer was created, named
channels, where the streams were segmented according to subcatchment boundaries,
and individual segments of stormsewers or drainage ditches were combined or divided
as necessary. The next step was to add detention ponds, natural ponds or marshes,
and culverts where they existed. The result was a data layer in which each line
segment represented a feature to be modeled in SWMM, either a segment of Miller
Creek within a subcatchment, a tributary draining an individual subcatchment., a
collector tributary, combining the flows of multiple upstream tributaries, or other
hydrologic features. These channels were used to calculate channel lengths, slopes
(with the DEM), and to determine the correct channel network. Due to resolution
limitations, it was understood that the GIS data could not accurately display every bend
and twist in the natural channels, so for natural, unchannelized channel segments,
length was used in the calibration process. Channel shapes and sizes were obtained
from three sources: the City of Duluth provided us with storm sewer dimensions (and
some slopes), we measured Miller Creek at several locations (interpolating for areas in
between), including the major'tributaries and culvert dimensions, and detention and

natural pond sizes were taken from the DOQ and hydrography GIS data layers.
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Channel roughness values were taken from Haan et al. (1994), and treated as a

calibration parameter.

Model Calibration and Validation

Calibration was broken into several stages. The first stage was to calibrate the
model for runoff quantity in the upper part of the basin, downstream to a point just
above the Miller Hill Mall, where the DNR had collected discharge data (fig. 1). Once
calibrated, this upper-basin model was validated with additional data not used in the
calibration process. The model was then calibrated downstream to the middle section
of the creek, just below Miller Hill Mall, where the second DNR gage was located.
When this section was calibrated and validated as done for the upper basin, the entire
stream was modeled, using data from the DNR’s downstream-most gage near the
mouth for calibration and validation. After water quantity was calibrated, we modeled
four pollutants, using load data for the four subcatchments studied by the MPCA for
calibration.

Calibration was done visually, by plotting the streamflow gage data with the
SWMM predicted flow. The summer 1998 DNR gage data was used for calibration,
using two storm events between August 15th and August 28th. The features analyzed
were: timing of peaks, peak flow rates, total volume, and the matching of the ascending
and receding arms of the hydrograph. The model parameter adjusted during each
iterative run depended on the feature(s) where the discrepancy existed. Volume
discrepancies were adjusted through the amount of impervious area and the percent of
impervious area with zero storage. Peak flow discrepancies were adjusted through
subcatchment impervious depression storage alterations. Peak flow timing problems
were corrected by altering subcatchment and channel roughness and channel lengths
(for natural, unchannelized channel segments). Ascending and receding arm

discrepancies were remedied by changing roughness (subcatchment and channel),
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subcatchment width, and individual channel characteristics (i.e. slight surcharging of
some upstream tributaries, mimicking wetlands, results in a more slowly receding
hydrograph). Keeping in mind the variability of the rainfall data alone (fig. 3), perfect fits
were not expected, but once the model matched the existing data, we moved to the
validation step.

Validation was performed using the 1997 DNR data, for two storms between
September 8" and 30"™. The upper gage model required further manipulation, the
middle gage fit the validation data very closely, and the lower gage required some
modifications. Model parameters were adjusted where required so that the best-fit
between the calibration and validation data was achieved, resulting in the model
underestimated flows for the calibration period and overestimated flows for the
validation period for the upper Miller Creek flow gage. The middle and lower points fit
the gage data much more accurately for both the calibration and validation datasets.

.Once quantity modeling was calibrated and validated for the entire basin, four
quality components were simulated: total dissolved solids (TDS), total suspended solids
(TSS), nitrate-Nitrogen (NO3), and total Phosphorus (Tot-P). These were chosen
because they are commonly measured parameters with some historical loading data in
Miller Creek. Since little data existed, most of the model parameters were taken from
literature values, previously completed quality models by other investigators, or the |
SWMM hydrology manual (James et al. 1998). There were several groups of data
required to model pollutants; land uses and roads in each subcatchment, landuse-
specific buildup and washoff rates for each modeled pollutant, groundwater and
precipitation concentrations for each pollutant, and catchbasin information.

A total of five land uses were used in the model, with different buildup rates for
each. Land uses were derived from the Minnesota GAP land use layer and reorganized
into two classes, developed and natural/open. The developed category was broken into

four additional categories on a subcatchment-specific basis: commercial, industrial, low-
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density residential, and high-density residential. Each subcatchment was assigned one
of those four land uses for all of its developed landuse percentage. The developed land
use type was determined through digital ortho-photo quadrangle (DOQ) analysis, aerial:
photos, and field observations. The result was two land use percentages for each
subcatchment: the first the percent of open or natural lands, and the second the percent
of developed land, all assigned to one type of development as determined by the DOQ
analysis. The sum of these two values was always 100%. The protocol for determining
the development type in each subcatchment was fairly general. If large parking lots and
shopping centers existed, commercial was chosen. Industrial was chosen when there
were factories, warehouses, construction-oriented businesses, or other types of
industrial activities. Specifically, this included the airport area in the headwaters and
lands adjacent to the freeway on the lower end of the basin. Low- and high-density
residential were distinguished in a practical manner by the locations of guttered roads.
Residential lands with guttered roads were listed as high-density, and areas with
predominantly non-guttered roads were listed as low-density. This corresponded very
closely to the visible house density on the DOQ files and aerial photos, and allowed the
use of different buildup parameters. Residential pollutant buildup is typically modeled
based on gutter lengths, however, in most of the outlying areas of Duluth and
Hermantown in the Miller Creek watershed, there is significant residential development
with no or few guttered roads. Thus, a buildup.based on guttered road lengths would
result in a severe underestimation of pollutant buildup. Low-density residential pollutant
buildup was therefore based on area. This demonstrates one of the problems with
using a stormwater model in a mixed basin. Commercial and natural area buildup
parameters were also based on area. Commercial areas in the Miller Creek watershed
are typified by parking lots and large buildings, but relatively few gutters, thus a gutter
length-based buildup would be biased towards underestimating buildup rates.

The initial landuse-specific buildup rates used in the model were calculated from
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the MPCA data, as pounds per acre per day for the commercial landuse basin, and
pounds per curb-foot per day for the industrial landuse. Both were calculated for the
residential landuse MPCA site. The MPCA data lists the total load of the pollutants
coming off the basin after a specific storm event. These loads were used as surrogates
of the total amount of that pollutant which had accumulated on that basin since the
previous storm. Values were calculated only for storms where a previous storm was
larger, and averaged over all available storms that met this criteria. Buildup rate was
the main quality calibrating parameter, and the initial values were altered during the
calibration process. Natural area buildup was calculated from the residential buildup
rate by using the relationship between the residential buildup and natural buildup rates
in a completed model for Lancaster, Pennsylvania (Jewell et al. 1976). Natural buildup -
rates were 73.5% of residential buildup for NO3, 31.6% for Tot-P, 70% for TDS, and
70% for TSS. A linear buildup was chosen, thus these buildup rates were used directly
in the model.

Other parameters required by the model include gutter lengths, catchbasin
densities, pollutant washoff rates, dust and dirt buildup and washoff, average catchbasin
volume, street sweeping parameters, initial catchbasin concentrations, and precipitation
and groundwater pollutant concentrations. Groundwater concentration was treated as a
calibration parameter for TDS, and assumed zero for TSS, NO3, and Tot-P. The
relatively small contributions of groundwater to the total flow during storm events makes
these parameters fairly insensitive. Gutter lengths and catchbasin densities were
calculated using the GIS data. Catchbasins were counted by sequentially selecting
each subcatchment and querying the catchbasins to find all within that basin. Gutter
lengths were calculated only in basins that had a gutter-length pollutant buildup rate:
industrial and high-density residential. This was calculated by summing up the lengths
of all roads within the basin and multiplying by two. There are possibly some

unguttered roads within these areas, but the basins with these two landuse types were
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in areas with predominantly guttered roads. Precipitation concentrations were assumed
zero for TDS and TSS, and set to values used in a model for a Minneapolis, MN
watershed for NO3 and Tot-P. Washoff, street sweeping, dust and dirt, and catchbasin
parameters were taken from this Minneapolis model as well. These were less-sensitive
parameters and were not used in the calibration prdcess.

Erosion parameters were entered, but the results were not used due to lack of
calibration data. Soil erodibility (K factor), cropping management factors, and control
practice values were determined from the soils map provided by the NRCS and
information in the SWMM manual (James et al. 1998). Erodeable area was taken as
10% of the bare ground in the GAP landuse GIS layer. The average distance from the
erodible area to the nearest channel was calculated using GIS as well. A continuous
. distance grid was created, where each point was assigned the distance to the nearest
channel, then the bare ground areas were extracted from the landuse map and set as a
mask. The distance grid was theh summarized to find the average distance of the
areas within the bare ground mask area.

Calibration of the quality model was accomplished sequentially for each landuse,
using the subcatchments and storm events used in the MPCA study and then
extrapolated across the entire watershed. The buildup rate was the main calibration
parameter, and storm event loads were the output used to calibrate the model. Buildup
rates were modified to bracket the measured load for the storm(s) available for that
MPCA basin, for a specific pollutant. A regression was then performed between
pollutant load and buildup rate, with the resulting equation used to predict the buildup
rate necessary to attain the desired load as measured by the MPCA. Where data for
multiple storms existed, the buildup rate was calculated for each storm and then
averaged. This was done for each of the MPCA subcatchments, corresponding to three
of the landuse types used (commercial, industrial, high-density residential). High-

density residential was converted from gutter-length dependant to area-dependent for
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low-density residential, and natural area buildup was calculated as a percentage of
high-density residential as previously discussed. The resulting buildup rates for each

pollutént in each landuse were then used for each subcatchment.
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RESULTS

Calibration and validation of flow resulted in good peak alignment but poor
volume similarity in the upper Miller Creek site (figs 5 and 8). The middle and lower
Miller Creek sites showed both good peak alignment and volume similarity between
measured and modeled hydrographs, however (figs 6-7 and 9-10). The hydrograph
receding arms matched well between measured and modeled data, with the exception
of the upper Miller Creek (fig. 8). The shorter interval of the y-axis, however,
exaggerates the differences in comparison to the other plots.

After completion of the model, the Nash-Sutcliffe coefficient was calculated for
each of the gaged sites for the calibration and validation data. This coefficient is often
used to compare modeled data to measured streamflow values (Peterson and Hamlett,
1998; Manguerra and Engel, 1998). The coefficient ranges from negative infinity to a
positive 1, with +1 indicating no difference. The coefficient was calculated for a random
period in August or September, with the results displayed in Table 2. All comparisons
were good, with the exception of the Upper Miller Creek validation, which was

reasonable.

Table 2. Nash-Sutcliffe R2 coefficients
for each of the gaged sites on Miller
Creek

Calibration Validation

(15 days) (23 days)
Upper Miller Cr 0.735 0.176
Middle Miller Cr 0.936 0.700

Lower Miller Cr 0.510 0.826
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Quality calibration results show wide variability (fig. 11}, in particular with the
residential land use. Little variability exists for commercial land use because only one
storm event was availabie for calibration, thus the model was calibrated to fit only one
point, rather than averaging between two.

The completed flow and pollutant model was used to generate flows, pollutant
concentrations, and loads for various locations throughout the basin for a 6 hour, 2-year
return interval design storm event (fig. 12). This design storm was used for comparison
purposes to have a standard, moderate-duration, commonly occurring storm event, and
was calculated using the SCS method (Haan et al 1994). Three sets of data were
extracted from the model output: flow and concentration over time (hydrographs and
pollutographs), total volume of water and loads of pollutants, and event-mean flows and
concentrations. Each of these data types provides somewhat different information; a
greater load extended over a longer time would be viewed very differently than a short-
duration, high concentration spike. The hydrograph/ pollutograph data provides a way
to visually inspect the full set of data, and allows some conclusions to be drawn
regarding maximum concentrations, durations, and how the concentrations or flow rates
change during the course of the storm event. The load and flow volume data provide a
value with which direct comparisons can be made regarding the arﬁount of water or
pollutant, and the event-mean concentrations (EMC) allow direct comparisons of the
average concentration over the duration of the storm.

These data sets (hydrographs and pollutographs, load and flow volume, and
event mean flows and concentrations) were used to compare various locations within
the Miller Creek watershed. Two main comparisons were made: differences between
points along Miller Creek and differences between subcatchments with differing land
uses. In addition, all subcatchments were compared, determining the relative

contributions of each area to the total flow and pollutant loads.
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Fig. 11. Calibration data for quality parameters. MPCA data are loads measured by the MPCA,
and SWMM data is the resulting loads predicted by SWMM for the same storm. Only one storm
was available for calibrating commercial areas. Two storms were used for industrial and
residential land uses. Natural areas were calibrated as a percent of residential buildup.
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Three points along Miller Creek were compared: above the Miller Hill Mall, below
the Mall at Chambersburg Street, and at the mouth. These points were chosen to
determine the effects of the mall commercial area, the largest commercial development
in the basin and the location of some of the major water quality problems (MPCA,
1994), and also to see how the flow and pollutants are altered between the upper part of
the basin and the mouth. Flow and poliutants were much different between all three
sites, as expected. Flow volume increased downstream (fig. 13) as expected. The
shape of the hydrograph changed between the upper and middle Miller Cr sites, with
the upper site having a rapid rise in flow between hours 3 and 4, but a more slow rise
between hours 4 and 8, to the peak flow. The middle site, however, had a very rapid
rise to the peak flow value, with a staggered receding arm. The lower site, differing
somewhat from both sites above, rose rapidly to its peak flow rate, and dropped steadily
back to baseflow. This is likely due to the large amounts of impervious area and storm -
- sewer channels in the Miller Hill Mall area, where rainfall can travel quickly and directly
from the surface to the stream. The delayed decline represents the slower traveling
water moving across pervious surfaces, rougher natural channels, and wetland areas.

Nitrate concentrations tended to vary widely throughout the duration of the storm
(fig. 14), with both an initial peak and a peak towards the end of the storm event. The
upper Miller site lacked the late peak, and the middle site had higher peak and event
mean concentrations, even though the lower site had a greater overall load of nitrate.
The dual-peak has two likely causes. The first peak is “first-flush” runoff, where the first
rainfall runoff to reach the streams carries large amounts of pollutant that had built up
on the landscape since the last rainfall event. The second peak occurs after flow
volumes decline, thus reducing the effects of dilution and resulting in increasing
concentrations. Loads are a combination of flow rates and concentration: even though

concentrations may stay low, the total load may still be high if enough water flows

35



through that point. Nitrate concentrations showed a decline below the mall area, though
the load increased. |

Total dissolved solids showed the highest peak and event-mean concentrations

_in the middle Miller site, with the lower site having the greatest load even though it
lacked the initial peak (fig. 15), due to the greater flow volumes. Concentrations
increased below the upper site, but stayed close in the middle and lower sites, except
for the initial peak. The lack of an initial peak in the lower site can be most easily
explained by a dilution effect of the rainwater. The upper and middle sites show a very
slight decline in TDS concentrations before their peaks. This dip is exaggerated in the
lower site.

Total phosphorus data reveals the highest peak concentration in the middle Miller
site, with the lower site having the lowest peak flow, but the highest event-mean
concentration and load (fig. 16). Even though the middle site has a much higher peak
concentration, the lower site stays higher for longer. The upper site peak is later than
the middle and lower sites, again showing the effects of natural channels and wetlands.

Total suspended solids were similar to total phosphorus (fig. 17), with the middle
Miller site having the highest peak concentration, but the highest load and event-mean
concentration in the lower Miller site. The upper site again had the latest peak
concentration, occurring 60 minutes after the peaks in the middle and lower sites.

Landuse comparisons were done between select subcatchments which were
dominated by a single land use. There were three sites dominated by natural areas,
three dominated by high-density residential, and two each for commercial and industrial
land uses. No subcatchments were dominated by low-density residential areas.
Natural areas consistently contributed the least, in both flow and pollutants, while
commercial areas consistently contributed the most, per unit area (fig. 18). Industrial
areas contributed high amounts of flow, moderate amounts of nitrate, and relatively low

levels of the other constituents. High-density residential areas were high contributors
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to flow, moderately low sources of nitrate and total dissolved solids, but moderate
sources for total phosphorus and suspended solids. The moderate phosphorus
contributions is likely related to lawn fertilizer applications.

Over all subcatchments, developed lands, in particular commercial areas,
contributed more per acre than undeveloped lands (table 3). Even low-density
residential areas appear to contribute more flow and pollutants than natural areas. This
result is expected, since buildup rates and % imperviousness were based on land use
parameters. The relationship between these is not direct, however. Physical
parameters of the subcatchments and channel parameters can have a large effect on

the resulting concentrations and loads (see appendix B).
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Fig. 18. Area-standardized flow volumes and.pollutant loads for selected basins
dominated by a single land use. Each basin is at least 72% of the listed land use
(see table 2 for percentages of each land use). Low-density residential land use
did not dominate any subcatchment. X-axis values represent subcatchment
numbers. The mixed subcatchments had approximately half commercial and half
‘natural land uses.




DISCUSSION

The model seemed to perform correctly, with no spurious results or
unexplainable dips or peaks in flow or pollutants. Overall, the model seemed to work
well for what it was calibrated for. The Nash-Sutcliffe coefficients (table 2) suggest
overall good model concordance with the gaged data. No data was available to validate
the pollutant loads, but the relative differences between subcatchments were as
expected.

There were several known sources of error in the model. Some could be
eliminated with a more detailed study, while others are associated with limitations in
SWMM. Some of the data which could be improved upon includes channel
characteristics, groundwater properties, detailed land uses, wetland locations, pollutant
concentrations, precipitation, and evaporation data.

Channel parameters, although measured in a few locations, were estimated for
most locations. Simple measures of width, bank full depth and width, bank angle, slope,
and substrate material (for channel roughness calculations) could be done relatively
easily, and would provide more accurate information for the model. For this model,
these parameters were estimated in most locations and treated as calibration
parameters across the watershed. In addition, base flow measurements would allow
more accurate determinations of groundwater recharge and initial channel water
volumes. Many culverts were identified and measured, in particular along major
tributaries, but we did not perform a systematic search. Culvert size seemed to play an
important role in regulating flow, so missed culverts have the potential for significant
impacts. A method for modeling surcharged water behind culverts overtopping.the
roadway and passing over the road to the downstream channel was not included in the
model, but would be important for modeling storms of greater magnitude or longer
duration. Storm sewer data was complete, and is as accurate as the City of Duluth’s

storm sewer records.
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Groundwater properties were estimated or calculated from minimal data
throughout. Some soil properties were obtained from a county soil map, but the
properties given on the soil surveys were broad ranges, and subcatchment boundaries
were not accurately drawn onto the soil map. The result was the use of estimated
parameters for the major soil series in general areas of Miller Creek. By taking soil
samples from the basin and measuring parameters such as percolation and saturated
and unsaturated hydraulic conductivity directly, much better values could be obtained
for the groundwater and infiltration model routines. Groundwater depth and depth to
bedrock could be obtained from well logs in the Duluth area. Combining this data with
baseflow measures along the entire length of Miller Creek would significantly enhance
the modeled groundwater flow in Miller Creek.

Land use maps detailing different types of developed landuse classes would
allow direct determination of each developed land use type without the need for
lumping, as done in this model. Since land uses tended to be clumped together,
developed land use lumping by subcatchment is relatively accurate, but there is some
introduced error which could be eliminated.

Wetland areas were modeled in the upper basin by altering subcatchment flow
parameters, such as creating surcharge conditions or increasing overland flow
roughness. If an accurate map of their locations were obtained or created, each could
be modeled specifically, which would eliminate the need for model “fixes” employed to
simulate wetlands in this model. Although SWMM does not model wetlands specifically,
channel parameters can be altered to mimic wetland conditions: wide, shallow, and slow
flowing water.

Pollutant concentrations were not used in calibrating the model. Load data alone
was used in pollutant calibration, thus estimates of concentration are likely inaccurate
and should be used for comparative purposes only. Sampling of pollutant

concentrations over time and for base flow would give the concentration results more
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justification and accuracy to real-world conditions.

Climatic data for more locations in the watershed should improve the model’s
predictive ability substantially. The variability between the two rain gages was fairly
high (fig. 2), even though they were fairly close together. The precipitation is highly
variable across the watershed; hourly precipitation data for additional locations
throughout the watershed should reduce this source of error. Evaporation data,
estimated from Minneapolis, MN data, could be measured or estimated more
accurately. Evaporation rates seemed to have a large impact on the amount of runoff
and channel losses in the model. Other evaporation estimates were used, including the
default 0.1 inches per hour, the same rate for Minneapolis, as well as 80% and 70% of
the Minneapolis rate. The 90% Minneapolis gave the closest estimates of flow,
however this may have been simply due to offsetting other model parameter errors.

Other problems, associated with limitations in the model, were encountered
- during the model development. Channel recharge of groundwater is not simulated by
SWMM, thus wetlands cannot act in the model as sources of groundwater recharge,
and channels cannot lose water to the ground, both of which occur in Miller Creek.
Another problem is the changing roughness of channels with the progression of the
seasons. Many of the channels, specifically in the upper part of the Miller Creek
watershed, are dirt drainage ditches which are clean and smooth in the spring but
become more and more heavily vegetated as summer progresses, until frost, when the
vegetation dies back and the channel opens up again. This natural vegetation growth
changes the channel roughness values, which affects the rates of water delivery, but
cannot be modeled in SWMM. In order to simulate this changing roughness, a new
model must be run for each season, with the appropriate roughness value inserted for
that channel in that season. Our models were run primarily in late summer/early fall,
and are thus calibrated for that time period, but extending the model outside this season

poses potential problems. Differences in evaporation rate across the watershed are not

47



modeled in SWMM either. Though this may be minor, channels through heavily-
vegetated areas will have less surface evaporation than channels through open-
canopied areas. Another model-related source of error is the lack of biotic uptake of
nutrients. While not a problem in typical storm sewer systems, Miller Creek’s extensive

wetlands, ponds, and natural channels could have a significant effect on the flow of

nutrients.
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CONCLUSIONS

The stormwater model was constructed for the Miller Creek watershed using only
readily-available data. The resulting model was quite accurate at predicting peak flow
rates and storm volumes. Limitation in the available data and the model insert errors,
especially when the model is used for larger storms and during time periods other than
the late summer/early fall period for which the model was calibrated. The broad-scale
nature of this modeling endeavor restricts the use of this model to changes occurring
across the watershed, and does not have the detail necessary to look at changes within
a single subcatchment. The best uses of the model are comparisons between
subcatchments, where differences can be attributed to physical characteristics of the
landscape, or scenario analysis, where certain properties of the subcatchments or
channel can be altered baéed on some pre-defined management plan or trend in
development. A description of the scenarios we analyzed can be found in Appendix B.
- The advantage of scenario modeling is that it allows analysis of basin-wide effects of
any changes rather than just local effects on a specific area. Due to the limitations and
known errors in the model, relative changes from the original model were used rather
than the actual values reported by the model.

Pollutants were modeled with minimal calibration data, focusing on loads only.
Given that a certain concentration is required to obtain a total load of any pollutant, the
concentrations provided by the model may retain usefulness in the area of cross-basin
comparisons and scenario analysis. The load values, however, are more rigorous and

are more likely to reflect reality.
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APPENDIX B

The second major endeavor was to analyze possible scenarios which could
occur within the watershed. The theoretical background for the scenario analysis
begins with the ideas of upstream-downstream linkages, where upstream alterations
affect downstream conditions. Consider fig. 19, showing the modeled hydrograph for a
6-hour long, 2-year return interval design storm (fig. 12) at the mouth of Miller Creek.
This amount of flow with this distribution over time is produced by flow coming from all
areas upstream (fig. 20), from the various subcatchments and traveling through the
tributaries and channels. Each subcatchment and channel affects the rainfall, flow, and
pollutants based on various physical parameters (fig. 21). Subcatchment properties
such as slope, length of overland flow, roads, and land use affect both how much and
how rapidly the water reaches the channels, while the type, shape, length, roughness,
and slope of the channels alters how the water flows downstream. The various
combinations of both subcatchment and channel properties leads to the specific
hydrograph shown in fig. 19.

The results of subcatchment parameters on flow and pollutants can result in
problems with both quantity and quality (fig. 22). High amounts of commercial area
leads to drastic increases in all modeled parameters, through greater pollutant loading
rates and more impervious area, where rainfall runs off rapidly, without being able to
infiltrate into the ground. These increases are cumulative in nature, with a single
subcatchment with high amounts of impervious area having a relatively small effect on
the overall flow in Miller Creek, however the cumulative effect of numerous
subcatchments with significant amounts of impervious area results in a much greater
effect.

Given that subcatchment and channel parameters affect flow and pollutants, and
certain characteristics can lead to problems, it follows that alterations in channel or
landscape factors may result in changes to the flow of water or pollutants in Miller

Creek. To determine what these changes in flow or pollutants might be requires first
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Fig. 19. Miller Creek watershed with the modeled hydrograph for the Miller Creek outlet to the
St. Louis River for the 2 year, 6 hour design storm event.
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determining what changes could take place in the landscape, or in other words, what
landscape management alternatives exist. These alternatives can be broken into two
broad categories. The first deals with land management: alterations of parcels of land
regarding land use or cover, impervious area, roads, or slope. The second category
deals with structural changes: changes to channel structures or addition of (or changes
to) detention ponds, weirs, or diversions, for example.

Land management alternatives might be focused towards a specific target, such
as changing phosphorus buildup rates in residential areas, wither increasing or
decreasing them. These rates could be increased, for instance, if street sweeping
efficiency or frequency declined or if residents applied more fertilizer to their lawns.
Rates could be decreased through education campaigns, increased efficiency or
frequency of street sweeping, or any one of numerous other ways. The effects of either
scenario are noticeable in a subcatchment dominated by residential areas (fig. 23), with
approximately 10% changes in the total storm load from the originally modeled loads.
The effects are much less obvious when calculated at the mouth of Miller Creek,
‘however (fig. 24), where only 2-3% changes in loads are expected. Though the relative
change is much smaller, even a 2 to 3 percent reduction or increase in phosphorus may
be very significant to organisms living in the stream or to regulatory agencies charged
with monitoring water quality.

In contrast to altered phosphorus buildup rates, land management decisions
might be more broad based in nature. A trend in the upper and middle part of the
watershed is increases in the amount of impervious surface and commercial area. To
simulate possible scenarios of increases in these parameters, we modeled 5, 10, and
50% increases, and a 5% decrease, in the % impervious and % commercial area within
each subcatchment. As a reference to the magnitude of these increases, a currently
progressing development in subcatchment 16 (currently referred to as the “OPUS
Development”) results in an approximate 8% increase in both % impervious and
commercial area. The portion of the development affecting Miller Creek consists of 3

retail stores (one a large department store, one restaurant, and one small retail store),
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two parkinglots, and roadway access. Fig. 25 displays the modeled hydrographs for
each of the increased impervious and commercial scenarios along with the original
modeled hydrograph. The percent change in total flow volume is shown as well. As
should be expected, flow rates and volumes increase rapidly with increased
impervious/commercial areas. The stair-step, long, drawn-out recession arm of the
50% increase is due to channel size limitations causing surcharging upstream:
overloaded channels with backed-up water. The model stores the water upstream until
channel space is available, but in real-life situations, this would indicate flooding.
Pollutants are affected by the changes as well; nitrate, total dissolved solids, total
phosphorus, and total suspended solids all follow a similar trend in changes in total
load, with the 5% decrease resulting in decreased loads, and loads increasing from the
5% to 50% increases in commercial area. With the greater increases in commercial
area, the concentrations stay higher longer, as well. Despite the much greater amounts
of water, dilution is not able to reduce concentrations.

Structural changes deal mainly with flow rates and volumes in the SWMM model,
with only indirect effects on pollutants. With real systems, some pollutants can be
reduced through structural features, however only flow results will be presented here.
Two possible structural changes in Miller Creek are converting upper and middle basin
tributaries into stormsewers, a scenario which would likely be accompanied by
increased development, and adding detention ponds to all tributaries, a commonly used
mitigation effort (TRIBSEW and DETPOND in table 4). The TRIBSEW scenario
displays a hydrograph with a faster, higher peak, a quicker drop to baseflow, and a
delayed tail (fig. 30). The flat peak is indicative of surcharging, as is the delayed, stair-
stepped tail, suggesting channel overflow. This may be due to storm sewer sizes
modeled, where larger pipe diameters would reduce the surcharging, however the
increased volume, more rapid fluctuation, and faster drop in flow indicates a negative
effect on Miller Creek. The addition of detention ponds resulted in the opposite effect: a
reduced peak, a slower drop to baseflow, and reduced overall volumes within the first

24 hours. This suggests that detention basins may be useful in offsetting changes in
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hydrology due to alterations that would otherwise negatively affect the stream.

Since changes seldom occur alone, and to satisfy our goal of modeling a realistic
future scenario, we combined several individual changes into two combination
scenarios (COMBO and COMBOBMP in table 4). The first (COMBQO) combined
possible development scenarios, including a 10% increase in impervious and
commercial areas, converting tributaries to stormsewers, and channelizing Miller Creek.
The second (COMBOBMP) used the COMBO scenario but added several best-
management practice-type alternatives, including adding detention basins to each
tributary, increasing the roughness of the stormsewers, mainstem, and impervious
areas, and increasing the surface storage on impervious areas (see table 4 for details).
The changes to impervious areas simulate a slightly roUgher impervious area than the
typical smooth asphalt parkinglots which currently exist. The effects of each scenario
on flow is obvious in fig. 32, with the COMBO scenario resulting in great increases in
peak flow, a faster rise, and quicker drop to base flow. The COMBOBMP scenario still
has a greater flow volume, but the peak flow is actually lower, and the tail drops slower
than the original model. With nitrates (fig. 33), the COMBOBMP results in the greatest
increase in load and EMC, while the COMBO scenario displayed the highest peak
concentration. In all other pollutants (figs 34-36), the COMBO loads and peak
concentrations were greater than the COMBOBMP. [n each of these last three
pollutants (TDS, Tot-p, TSS), the original model displayed a greater peak concentration.
As stated in the text, the concentration data is unsubstantiated, however this could also
be explained by dilution in the COMBO scenario, which has a greater flow volume, and

by storage with delayed releases in the COMBOBMP scenario.
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Table 4. Scenario descriptions and details for each of the scenarios presented. The scenario names are
used in the text and figures to identify a specific scenario,

Name

Description

IMPERV

TRIBSEW

DETPOND

COMBO

comBOBMP

RESIDENT

Changes were made in the % impervious and % commercial area over the entire basin.
Changes were a 5, 10, and 50% increase, and 5% decrease in the % impervious and %
commercial. These percentages were added to (or subtracted from) the existing
amounts of commercial / impervious areas and taken from the existing natural
fimpervious areas. for example, if only 6% of the subcatchment was natural, 5% was
added to the commercial percentage for the 5% increase, but only 6% for the 10 and

50% increases.

Upper and Middle Basin tributaries (above Chambersburg St) were converted into
stormsewers by: changing channels to pipes, reducing roughness to 0.014 and
decreasing length/increasing slope in unchannelized segments. NO changes were
made in the mainstem. Pipes were sized to eliminate surcharging. Time increased an
extra day to accommodate tails of flows, ponds were left in place, and culverts were set

to the same size as pipes.

Detention ponds were added to each modeled Miller Creek tributaries from headwaters
to Chambersburg St. Ponds were exact same size, with same outlet, as exists for the
Miller Hill Mall (basin # 17). Ponds were put in place just before trib entered Miller
Creek, and downstream (and in addition to) any existing features such as natural ponds,
culverts, etc. Stormsewered sections had detention ponds added as well. Where
multiple tribs combined before entering Miller Creek, each tributary had a pond added
PRIOR to the joining of the tributaries (i.e. basins 14,15,16)

Combination scenario, which includes 10% increase in impervious and commercial
areas, channelized Miller Cr (500 ft fractal; includes resulting slope increases), and
tributacdes in upper basin converted to stormsewers (as in TRIBSEW model). Model
output for two days to incorporate longer flow tails.

Combination scenario which includes all COMBO scenario alterations and potential best
management practices (BMP's): detention ponds at end of all upper basin tributaries,
increased mainstem channel roughness, increased roughness and storage of
impervious surfaces, and tributary stormsewers roughness increased to 0.0255
{corresponding to the maximum roughness for pipes in Haan et al 1994).

Buildup rates of Tot-P in residential landuses were increased and decreased by 10% (in
QFACT 3 in line J3 of model) for both high-density and low-density residential landuses.
Only Total Phosphorus was affected.
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