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ABSTRACT

The mathematical simulation models (1) SSARR, developed by the Corps of
Enginéers and the National Weather Service, and (2) the TR-20, developed by the
Soil Conservation Service were applied to three watersheds in the Copper-Nickel
region of noreéétern Minmesota. The study was sponsored by the Minnesota

Environmental Quality Council, Minnesota State Planning Agency.

(]
The results indicate that the SSARR model provides a good basis for con-

tinuous synthesis of runoff, both high and low flow, for selected watersheds in
the region. A proposed second phase of this study should include application
of the medel to portions of the Kawishiwi and Upper St. Louis Basins and additional

fitting with large floods.

The TR-20 model was successfully fitted to the same 3 watersheds for selected
storms. Due to the nature of the soils, vegetation and topography of this re-
gion, the response of the watersheds to rain and snowmelt moisture inputs is
much slower than for agricultural watersheds. The use of considerable detail in
the fitting process to simlate individual subwatersheds, swamps, and beaver
dams produced no significant.impiovement over a coarser structure. The model
has no procedure for drying the soil between storms or for the analysis of
snovmelt. Its primary use in these investigations may be for the analysis of
runoff from selected areas where the infiltration and runoff characteristics are
modified by mining operations. Consideration should be given to a determination

of curve numbers associated with the modified arecas.

One wezkness of the SSARR is the failure of the soil moisture index to
transfer from the snow basin to the rain basin. This should be reviewed rela-

tive to possible improvement.

Information is provided on the results of an ailied study of soil moisture
predictions for use in the analysis of individual storm events. This is of

interest for use of models such a2s the TR-20.

In calibrating these models, it appeared that the data on rain and water
content of snow weTe the wezkes:t part of the system. Raingages in this region

are not cpaced closely enough to procvide reasonzbly accurate data on summer storms.



Hydrologic Investigation of Selected Watersheds
in the Copper-Nickel Region

of Northeastern Minnesota

by
Charles S Sava:rd,1 Nels P. Nelson,2
3

and C. Edward Bowers

INTRODUCTION

The primary objectives of this investigation include:

1. Evaluation of the performance of the Soil Conservation Service
TR-20 and the Streamflow Synthesis and Reservoir Regulation
(SSARR) mathematical simulation models in the Copper-Nickel
Region of Northeastern Mimmesota.

2. Application of the models to three selected watersheds in the

region.

The evaluation involves a measure of the ability of the models to (1) pre-
dict runoff events with good estimates of peak flows and Yearly volumes of run-

off and (2) synthesize frequency events such as the 100 year flood.

The SSARR was chosen over other continuous synthesis mathematical simu-
lation models because of its favorable performance record in the Columbia River

basin by the Corps of Engineers and in other areas, including Minnesota.

The TR-20 has been widely used in Minnesota by the Soil Conservation Service
and by others interested in determination of both computed peak flows and changes
in peak flows due to changes in land use. The TR-20 utilizes unit hydrograph
theory and the SCS-Mockus curves relating rainfall and runoff yolumes. Antecedent
moisture conditions can be considered in terms of "dry'", "normal", and "wet"
conditions, AMC I, II, and IIT, respectively. These choices affect the curve

numbers in the runoff analysis. As the TR-20 is design oriented, the user would

hen s s . . .
' "Graduate Students, Dept. of Civil and Mineral Engineering, University of
Mirnesota. .

Professor, St. inthony Falls Hydraulic Laboratory, Dept. of Civil and
Mineral Engineering, University of Minnesota. '
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normally select one of these conditions for the desired future condition. In
attempts to use the model to fit past events, it was considered desirable to

. -
develep a seil meisture model.

Professor Curtis Larson, of the Department of Agricultural Engineering,
agreed to investigate methods of predicting initial soil moisture conditions

for runoff event models. His report is Addendum No. 1 of this report.
Computer printouts of selected runs constitute Addendums No. 2 and No. 3.

While both the TR-20 and SSARR models were already operaticnal at the St.
Anthony Falls Hydraulic ILaboratory, Department of Civil and Mineral Engineering,
it was necessary to acquaint staff members with their use, and to determine the
performence of the models in the Copper-Nickel area. Prior to this time, in
this Department (CME), the models had been used primarily in the south-central
part of the state in predominantly agricultural areas.

It should be noted that the SSARR model was developed starting about 1958
and that the TR-20 was probably initiated about or soon affer this date. TUse
of the models on a daily operational basis wouid result in optimum performance
of the models. In the current study the models have been used quite actively
over an 8 month period. This has been very helpful in attempts to properly use
the models but it must be noted that the authors of this report still have much

to learn zbout their use.

It was considered desirable to evaluate the models with measured runoff
data for earlier years. While the TR-20 could be utilized with existing re-
gional data, it would be necessary to fit the SSARR model to the watersheds
using past data and in the process, evaluate parameters such as the soil moisture
index (SMI), the baseflow infiltration index (BII), and 'surface runoff'-'sub-
surface runoff' (5-S5) relationship. While this information is available for
southAcentral Mirmesota, it was not known whether it was applicable to the Copper-
Nickel Region. It was thought desirable to operate the TR-20 with data for earlier

years to assist in an evaluation of its performance in the CoPper-Nickél area.

In discussions with Mr. Alan Wald of the Environmental Quality Council Staff,
the three wetersheds selected for this phase of the program were: Filson Creek
(9.6 sg. miles), the Stony River near Babbitt (180 sq. miles), and the Partridge

River n2ar Aurora (130 sg. miles above Second Creek). With the assistance of the
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EQC, DNR, the USGS, and theiForest Service hydrologic data for 1961, 62, 63, 6L,
75, and 77 were assembled for the Stony and Partridge Rivers. Data for portions
of 1975, 76, and 77 were assembled for Filson Creek (1977 data are incomplete).
Additional data would have been desirable.

The three watersheds‘are in close proximity to each other in the Hoyt Lakes -
Babbitt - Ely area, shown in Figure 1. Filson Creek and the Stony River are
‘north of the Laurentian Divide and part of the Kawishiwi River Basin, whereas
the partridge River is south of the Laurentian Divide and part of the St. Louis

River Basin.

211 three of the watersheds are in heavily forested areas with many lzkes

and swamps, resulting in considerable storage.

The following table lists some data on the watersheds:

' 4 Area Stream Storage
Watershed Sqg. Mi. Slope* e_Area
Filson Creek 8-10 . 15.3 11.0
Stony River near Isabella 180 12.6 28.1
Partridge River 130%% 8.1 20.1

*ft/mile

**above Second Creek

The Partridge River Watershed has fairly extensive mining areas. This
affects runoff to some extent but of more imjortance is the extensive pumping
of water from mines to streams and from Colby Lzke to the mining operations.
Erie Mining Company is the primary firm involved in this activity. Runoff

‘data were modified to account for these operations as described later in the .

report.

The bedrock in all three watersheds is crystalline consisting of gabbro,
anorthosite, and grarites from the Duluth complex. Outcrops are extensive in
certain areas znd cause high runoff due to their low permeabilities. Deep.

groundwater aquifers do not exist in the arca. However, shallow aguifers exist
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in the extensive glacial déposits of the watersheds. Bouldery till aﬁd outwash
déposits'of sand and gravel are very important locally to the hydrologic re-
sponse of small areas. The glacial deposits zre generally thin, 0 - 50 feet,
but many reach depths of more than 100 feet. They act as small storage
reservoirs for interflow‘during wet periods. Thus, the interflow is released

slowly after the precipitation event.

The region also has extensive peat and marsh-like areas. Along with the
numerous lakes, these have a tendency to reduce peak flows and lengthen the

time of concentration for single events in the watersheds.

SSARR MODEL

Description of the SSARR

The SSARR is a FORTRAN IV program designed to model the runoff process in
a river system using mathematical abstractions of the physical world. It is a
continuous synthesis model that is partially conceptually based end partially
rhysically based. Determination of the runoff volume is physically based
using such watershed parameters as the soil moisture index (SMI), the baseflow
infiltration index (BII), and others. The timing of the runoff is conceptually
based using reservoir routing theory. Surface, subsurface,.and baseflow con-~
ceptﬁal reservoirs accepted as inflow the runoff volume. An outflow hydrograph is
then determined from the reservoir outflows and calibrated against observed

discharges.

Other options in the SSARR not utilized in the present phase of the pfoject
include the 'river system model' section and the reservoir regulation model.
Presently, plans are being made to extend the study and include these options

l'in a hydrologic evaluation of the Copper-Nickel area.

As with any_continuous computer model, time is broken down into finite
steps. The length of computation period, the time step, is a function of the
desired output detail, input detail, and desired error in the computation.

For this study, gaily time steps were used orn the Stony and Partridge Rivers.
On Filson Creek, hourly time steps were used. The major factor in determing
the time step length was ‘he time step used in measuring the actual river dis-

charge.
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In discussing the SSARR; input parameters can be divided into two groups,
watershed parameters and time dependent parameters. The watershed parameters
are optimized during célibration and should remain constant with time unless
the watershed physically changes. The time dependent parameters, such as

precipitation and temperature, continually change for different simulations.

The runoff process in the SSARR is flow charted in Figure 2 and will"®
be discussed below. First, only runoff from a rain event will be explained.
Then the snowmelt calculations will be added. These involve both snowmelt and

rain inputs.

The precipitation input is calculated as the extrapolated amount over the
entire watershed from point precipitation data. The runoff volume from the
precipitation is calculated using the SMI (Soil Moisture Index) function.

The SMI determines the runoff percentage of input. The SMI is & physical

- model of the soil system and the actual soil moisture an indicator of runoff.

The SMI is depleted by the evapotranspiration index (ETI). The ETI reduces
the SMI during each time step by a value specified by the user. The reduction
represents the loss of soil water in the soil in the watershed. The soil

moisture is replenished by rainfall. In the SSARR the amount of precipitation

. input that did not run off is added to the SMI. During periods of precipitation,
_the actual evapotranspiration should be reduced. The SSARR has a function

called the KE function to reduce the ETI during rrecipitation. The ETI value

is multiplied by a percentage which is a function of the précipitation intensity.

Once the volume of runoff is determined, the runoff is routed through the
tﬁree ccenceptual reservoirs. The baseflow component is determined using the
baseflow infiltration index (BII). Tke remaining volume is then split between
surface and subsurface reservoirs using the surface-subsurface separation

curve (S-SS).

Bach of the “three flow components is then routed through a series of con-
ceptual reservoirs. The user specifies the number and time of concentration
for each component Tlow system. An cutflow from each reservoir system is com-
puted for every time step. The outflow hydrograph of the basin is the sum of

the three components.

The approazch used in modeling snowmelt was the split basin method. The
basis for the arprcach is that a watershed with snow cover behaves differently

than a watershed without snow cover. An example of this behavior would be
: . {
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frozen soil in a snow basin. High runoff rates would be ex@ecfed. The SSARR
uses two watershed basins, rain and snow, to model the physical basin. A
gimulation starts with the snow basin prcviding 100 percent of the runoff input.
As the snowcover melts, the rain basin increases in runoff input until no snow-

cover remains. Then the snow basin no longer contributes to the runoff.

Several choices are available for snowmelt analysis, including 2 degree-day
methods and an energy budget method. In this study a degree day, temperature
index method was used. The amount of melt, the moisture input to the snow basin,

is calculated from the eguation

M= (r, - T )R(PE/2L)

where
M = moisture input
TA = period temperature
‘TB = base temperature
R = melt rate
PH = period length in hours.

The period temverature is taken from meteorological data; the base temperature
used was 32°F. The melt rate is a functionzl value of the percentage of
seasonal snowmelt runoff. Thus the snowpack can be ripened and melted faster

late in the season.

Transfer of moisture input from snow tq rain basin is controlled by a snow-
cover function. The sncwcover area decreases as the accumulated water content
of snow runoff reaches the estimated total seasonal runoff. When the accumulated
amount reaches the seasonal total, snowcover becomes zero and the model transfers

to the rain basin.

The SSARR has_an elevation band option designed for melting snow in
mountainous regions. Since there is no snow banding in northern Minnesota, the
elevation change in a watershed was specified as only 20 feet. Thus, the lapse

rate factors in the SSARR did not have any effect on the amount of melt.
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Other snowmelt options available but not utilized were (1) General snow-

melt équation including such factors as wind speed, solar radiation, and albedo,

\ (2) Accumulated degree-day method, and (3) The snowcover depletion function to
define the melt rate. The accumulated degree—daylmethod has shown good results

in southern Minnesota and possibly may be transferable to northern Minmesota.

The moisture inputs from the split basin are transferred into runoff
volumes and routed through the conceptual reservoirs. The outflow hydrographs
from both basins are combined to form the hydrograph of the real watershed.

The simulation event can be started anywhere in time as the SSARR has initial
condition options so parameters can be set to specified values and the simula~-

tion completed.

Calibration of the SSARR is accomplished by matching the models output
to observed discharges. Each watershed was calibrated on the basis of the
3 . entire year. This means that low flows were Jjust as important in the calibra-
».tion as the large floods. Matching volumes and correct timing of both small and

large events were used as the measure of calibration.

Ideally, several years of data should be used for calibration. Then the
model's performance can be tested on a few more years of independent data and
" checked. The Stony and Partridge River watersheds had several years of data and
were calibrated using 1961, 1962, 1963, and 196L data. The check for the
Partridge was made on 1975 data. The Stony was checked for 1976. However, a
station dovnstrezm from the calibration gauge was used. The results for both
— 'f.Q\
watersheds were fairly good.- In Filson Creek only late 1975, 1976, and early

1977 data were\zﬁhl able. Thus, after calibration no data existed for checking.

To calibrate the model each of the watershed parameters must be optimized‘
individually. The SSARR has no built-in optimization routines, therefore the
user must optimiée the parameters. Since the SSARR is a large computer program,
turnaround time is slow during peak period uszge. Thus the many individual
runs necessary td® optimize each parameter results in a very slow calibration pro-

cess.

o ' A punched cird format was used to enter the input information. Other options
in the SSARR allow for data to be handled from tape or disk storsage. Some of the
time dependent data used during a simulation are shown in Fig. 3. The meteoro-
logical data seis are shown zcross the top. The discharge measurements used in
the calibration are chown alonz the bottom. Tre triangles represent the SSARR

- . . : {
input deck for a simulation run.
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The output information for a simulation was on computer printout. The
SSARR has other options, including storage of results on tape or disk and
distribution of results throughout a teletype network. The output consists of
detailed accounting of the parameters for each time step, along with the com-
puted discharge. Also, the 'SSARR will print out a hydrograph along with the

associated precipitation for visual inspection of the results.

Time Devendent Data

The precipitatiorn input for the SSARR was determined using National Weather
‘Service. and U.S. Forest Service meteorlogicel stations. For the Stony River
watershed, two stations, Isabella 1 W and Babbitt 2 SE, were used. A Thiessen
polygon weighting of 85 percent for Isabella and 15 percent for Babbitt were
used. In the Partridge River watershed a ThiesSen weighting of 66 percent for
Hoft Lekes SN and 3L percent for Bebbitt was used. For Filson Creek, only '
the South Kawishiwi Leab station was used. The SSARR weighting factors are com-
puted differently. The Thiessen weight is mulfiplied by the number of stations
used. Thus, in the Stony River the percentages were 170 percent for Isabella
and 30 percent for Babbitt.

For snowmelt computations, temperature data were needed for the tempera-
ture index method. Only one temperature station was used in each watershed to
represent the temperature cycle for the whole watershed. For the Stony,
Isabella was used. The Pariridge used Hoyt Lakes while Filson Creek used the
South Kawishiwi Lab. The hourly temperature readings from the Lab were used

in the Filson computations.

For the Stony and Partridge Rivers a daily average was used. The daily
average was the sum of the maximum and the minimum divided by two. The deily
aferages were only computed during the spring months when snowmelt runoff

occurs. -

The water content of the snowpack was needed for ezch year. The amount is
used to compute the total amount of moisture to be inputed to the snow basin
and also is used in the functions to determine the melt rate and snow covered
vercent of area. The data were faken from water content ¢f snowpack maps pre-

pared by the Corps of Engineers for specific years or snow course data taksn by
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the Forest Service. The water content is an important parameﬂer. It may
be weak in that the whole watershed has to be lumped into one parameter.
Therefore, the best estimate of the water content is extremely important for

the SSARR to give good predictions of snowmelt events.

The potential evapotranspiration function (ETI) was partially determined
from the pan evaporation data for Hoyt Lakes. The average daily values are
indicated in Figure L. During calibration of the SSARR, the ETI function was
changed so that any departure from the average value during the calibration
period would be represented in the simulation. The amount of change was
calculated using the monthly departure from the average for the period of
record. The departure was divided by thirty to get a daily departure then
multiplied by a pan coefficient of 0.8 to get the amount of daily change.
Thus, if the pan data for a month was greater than the average, this would
indicafe a higher potential evapotranspiration. The calibration improved

when the ETI change was implimented.

For future application of the SSARR, the average ETI should closely
apprbximate the potential evapotranspiration. If data are available indicating
increased or decreased potential evapotranspiration for future simulation, then
the ETI function should be changed accordingly. The sensitivity of the model
to ETI varies. For single isolzated events the ETI function is not that
critical. But for precipitation events that follow one another quickly, the
drying out of the soil (to give an accurate SMI) is importanf for determination

of runoff volume.

The discharge measurements used for calibration were taken at gauging
stations maintained by the U.S. Geological Survey and the Mimnesota Department
of Natural Resources. The average daily flow was used for the Stony and
Partridge Rivers. For Filson Creek hourly stage measurements were available.

These stages were converted to discharge using a preliminary USGS rating curve.

Discharge data for the lower Partridge River watershed (Fig. §) required
corrections for diversicns due to iron ore processing. TFirst, the Second
Creek subwatershed was eliminzted from the Partridge River watershed. The
discharge in the creek is not representative of runoff since extensive de--

watering operations of open pit mines Tor iron ore are emptied into Second
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Creek. A hypofhetical gauge was created by subiracting the Second Creek dis-
charge from the Partridge discharge. With the two gauges only one third of a

mile apart, the timing effect was ignored.

The hypothetical gauge then had to be corrected for diversions by the
Erie Mining Company. Thg first diversion consisted of pumping water out of
Colby Leke to a taconite processing plant. The amount pumped out was added
back into the discharge measurement to get a flow that should have occured.
The second diversion was the pumping of water into Whiteface Lake for storage
and later ieleased to Colby Lake. During high flows, Erie diverted water into
Whiteface. During low stages, the water was released from storage to supplement
the Partridge discharge. When flow was pumped cut of Colby Lake, a correction
was added to the gauge data. When flow was pumped back to Colby, a correction

was subtracted to obtain a true Partridge River discharge.

" Possible sources of error for a true Partridge River discharge would in-
* c¢lude the distance and timing of ﬁumpage, leakage from Whiteface Lake into the
Partridge River system, other pumpage in the lower watershed, natural storage
in Colby Lake, and human error in data handling. Since all of the diversions
and gauges are close enough together, the downstream propagation of flow
changes will take place in less than a day. The corrections should be made
' the same day the diversion or flow happened. The leakage from Whiteface seems
to be smell enough to ignore at this time. Any other pumpage by itself should
be small enough to be unimportant, but a combined effect of many small diver-
sions may have to be investigated. The natural release of water from Colby

storage should be incorporated within the model. The human error in data

~ handling seems to. be minimal.

Watershed Parzmeters

The watershed parameters were calibrated for each wétershed with several
years of data, except for Filson which only had two years of data. The results,
to be discussed later, gave fairly good results. Since the hydrologic system
is complex, the simple parameters possibly could te optimized several different
ways to obtain good results. Calibration of parazmeters on the basis of several
years of data, with similar resulis for these years, suggests that the parameter

values are representative.
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For each watershed, snow and rain basin soil moisture index (SMI) éurves
were prepared. The snow basin SMI relationships (Fig. 6) indicate a high
percentage of runoff. A large portion of thié runoff is routed through thé
vase flow reservoirs and represents the spring recharge of the glacial
aquifers. The high runoff may also be indicative of possible frozen ground
or runoff of melt over the.snowpack. A possible explanation for the dif-
ference of the runoff percentage at low SMI's for Filson Creek as opposed to

the Stony or Partridge River is probably due to the physical néture of Filson.

The rain basin SMI relztionships (Fig. 7) all show the same general
trend with variance for each watershed. The differences between the snow and
rain basin curves indicate a higher infiltration rate during the non-snow
periods and a greater soil retention of water. A good optimization of the
SMI curves is important because the volume of runoff is determined with this

watershed parameter.

With the split basin approach there were two baseflow infiltration in-
dexes (BII) for each watershed. The high vercentage of runoff to baseflow
in the snow basins (Fig. 8) represents spring recharge of the glacial aguifers,
where some of the melt is vercolating into the groundwater system to come out
~as runoff later. The BTI is increesed as the runoff rate increases. Thus,

* a higher percentage of fiow will becone surface or subsurface flow.

The three rain BII's (Fig. 9) are similar for each watershed. Again, as
the BII increases, the baseflow percentage decrezses. However, in the rain
basin, higher percentages of runoff are routed through the surface and sub-

surface reservoirs.

It is important that the BII function be properly fitted. In between
storm events the baseflow reservoirs release and control the low flow emounts
to the greatest extent. To accurately model low flow conditions the BII

functions must provide an adequate volume of runoff.

The time delay or time of storagze parazmeter (TSEII) is used to calculate
the BII. The TSBII was originally incorporated in the SSARR to account for
changing baseflow ¢heracteristics baiween the rising and falling limbs of a
hydrograph. The different values used for each basin cz=n be seen in Table 1.
The TSBII is a relatively unimportant paremeter and does not exert a large

effect on the hydrograph shape. A similar model calibration can be accomplished by
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Table 1 - TSBII Parameter Values for the Watersheds

/

Watershed Basin

Stony River Sno%
Stony River Rain
Partridge River Snow
Partridge River Rain
Filson Creek Snow

Filson Creek Rain

-21-

Rising Limb TSBII
(Hours)

4O
Lo
- Lo
Lo
30
60

Falling Limb TSBII
(Hours)

20
60
60
60
70
60
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optimizing the parameters for the conceptual baseflow reservoirs. Very little

optimization effort was used in determing the TSBII.

. The remaining percentage of runoff after the ﬁaseflow has been determined
is then split in surface and subsurface flows using the surface-subsurface
separation curves (S-SS). The rain basin S-SS (Fig. 10) shows small amounts of
runoff being routed to the surface component as compared to the total input rate.
Physically, this is because very little overland runoff occurs in the forested
watersheds, and large amounts of runoff become interflow. The interflow is
caused by the porous forest soil and litter and is represented in the model by
the subsurface reservoir. The S-S5 curves are not well defined at the higher
input rates, since during the calidbration years very few events were in that
region to optimize the curves. The curves do show an upward trend that as

the input rate is increased, the surface component becomes more important and

the subsurface component reaches an upper limit.

"The snow basin S-S5 curves (Fig. 11) alllgenerally trend in the same
pattern as the rain S-SS curves. A good optimization of the wvalues is difficult
since the snow conditions and the vath of water during the snowmelt process is
not well understicod. More work could be done to refine the curves if better in-

put information wers available.

The melt rate functions (Fig. 12), using the percent of seasonal snowmelt
runoff, were similar for 211 three watersheds. Starting at low melt rates and
proceeding to higher rates indicate a fipening of the snowpack as the snowrack
releases more moisture. Optimizing the melt rzte was difficult. The guide to
~a correct melt rate would be the amount of ;oisture input to the system. The
moisture input to the system is also a function of the number of degree-days
during the time period. Thus the melt rate relationship could possibly be

improved if the temperature cycle remained constant.

The snow covered area of the watershed is determined as a function of water
equivalent in the snowpack (SCA). The function was neerly equal for all three
‘watersheds (Fig. 13). The snow covered arez in the snow basin was defined
as 100 percent of“basin arce until a cervain amcunt of water content was left
in the snowpack. The snow coversd arza then decrezsed linearly to zero as
the remaining water ccontent of cnow was melted. - Very 1ittls optimizing weas
done on the SCA functicn. Since the meli rate is usually high when the brezk
preint in waler canlent iz reached, the snov covered zrea dxcappears quite

) . . ‘
p=1 - conpeS - - - 33 Eo JUUNUI . 5, o N o~ P = s
rapidly, 1-5 doys. Thus ery differznce in the SCA curves will not seriously
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The effectiveness of evapotranspiratioh index function is similar for all
three watersheds (Fig. 14). Initially the values shown in the Corps of Engineers,
SSARR documentation were used [2]. Since there are two major types of precip-
itation events in northern Minnesota, frontal~and convective, optimization of
the function was difficult. A frontal storm may last all day and result in
low evapotranspiration, while a convective storm of the same volume may last
only a short period, resulting in very liftle lost evapotranspiration potential.

4 better approach might be to make the effectiveness of ETI a function of
duration of the rainfall. The SSARR does not currently have the capacity to
do this, nor is the precipitation data usually fine enough to determine the

distribution during the day.

The design, the numbér, and time of concentration for the baseflow, sub-
surface, and surface reservoirs determine the shape of the outflow hydrograph.
Trial and error fitting of different designs resulted ;n the final designs
as tabulated in Table 2. The output hydrographs are very sensitive to the dé«

sign.

Discussion of Results

With the watershed parameters set as described in the previous section,
calculated discharges represented the actual discharges with some degree of
accuracy for all three watersheds. Improved performance could be obtained if
additional meteorlogical data were available. Idezally, several more recording

. /F\\\
rain gauges and snow courses are described in each watershed.

Generally, the snowmelt can be modeled if good snowcover data are available.
One problem encountered with the SSARR was modeling rain as the snowcover
~melted awey. Using the two basin approach key parameters such as the SMI and
'BII are nct trensferred from the snow basin to the rain besin. In physicel
terms the wet soil of the snow basin is not transferred over to the rain basin.
When early spring rain falls on the rain basin, a high percentage should run
off.

Instead, the model uses the low SMI of the rain basin, and runoff is under-
predicted. The 196l simulation of the Stony River chows this very well in
Figure 15. The watershed perameters could be changed to compensate for this,

but then all the summer rain events would be overprelicted.
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Table 2 - Conceptual Reservoir Designs

Time of Concentration

Watershed Basin Conceptual Number of
Reservoir Reservoirs (Hours)
System
Stony River Snow Surface 6 25
. Subsurface 6 70
Baseflow 3 250
Stony River Rain Surface L 200"
Subsurface L HS
Baseflow 2 250
Partridge River Snow Surface 5 25,
Subsurface 6 65
Baseflow 3 250
Partridge River Rain Surface b 15//
Subsurface 3 L5
Baseflow 2 275
Filson Creek Snow Surface 3 3:5//
Subsurface L 12
Baseflow 3 150
Filson Creek Rain Surface g 77
Subsurface L 20 -
Baseflow 2 100
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Figure 16 again shows the underprediction)of discharge (1962) when rain
is falling during the period the snowcover is melted. The rest of the 1962

year results in a good fit for the Stony River, similar to 196L.

The Partridge River in 1975 (Fig. 17) shows fair fit for the entire year,
with the exception of June. However, the simulation does show two problems
continually encountered while trying to fit the parameters. For 1975 the snow-
cover is not really adequately defined for the watershed. Thus the calculated
discharge is not as good as it should be. Associated with this may be the
inability of the Degres-day method of the SSARR to model snow runoff in northern
Minnesota. The snowpack may vary over the watershed a great deal, but the
SSARR lumps the snowpack water equivalent into one number. The extrapolation
of the water equivalent zrnd other factors, such as the temperature, meltrate,
and percentage of the watershed covered with snow may be inadequate for certain

years.

The second problem is the problem of rain gauge density. Large storms
can move through the watershed end not be picked up by the very sparse gauge
system of northeastern Minmesota. Underprediction of events frequently results.
An associated problem involves raingauge measurements of convective storms.
These small storms do not affect the whole watershed, but the model extrapolates

the rainfall and large overpredictions can occcur.

The summer Filson Creek simulations gave fairly good results as illustrated
in.Figure 18 during 1975. Several of the summer events were underpredicted.
Since the rain gauge data used in the simulation was outside the watershed by
a few miles, a comparison was made with the nonrecording gauge in the water-
shed. Accumulated volumes for approximately two week periods were compared.
When the watershed received more rain than recording gauge, the calculated
outflow shoud be underpredicted. It did this during the time periods May 17,
1976 to June 17, 1976 and June 1y 1977 to June 20, 1977. When the recording
gauge receives more than the watershed, the model should overpredict. The
model did this during the time period June 15, 1976 to July 1, 1976. During
the period May 16, 1977 to June 1, 1977, the two gauges agreed fairly closely.

The computed outflow was fairly close to the observed discharges.
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Calibration for snowmelt events on Filson Creek was not very good since oniy
"one smowmelt event could be simulated. The poor agreement, as shown in Figure
19, may be due to several factors: (1) inaccurate input data for precipitation,
initial snowpack conditions, temperature, or observed discharges, (2)
failure of the SSARR model to determine runoff rates from snowmelt and rain,

and (3) improper use of the model.

In fitting simulation models of this type the tendency is to assume that
the compufed‘discharge is wrong vhenever differences exist. However, in this
case consideration must be given to the fact that ice can cause serious errors
in measured discharge and stage due to (1) increased friction losses, (2) ice
jems and backwater influences, and (3) frozen riverbeds during severe winters
with water from the spring melt flowing over ice. The sharp rise and fall of the
discharge on March 29-31, 1976, April L, 1976, and April 7, 1976 may be shaxp
-~ increases in stages due to ice problems, with a much lower discharge than the
.values shown. In an attempt to improve the fit for the data of Figure 18, numer-
ous changes were made in the paremeters and in the assumed initial snowpack.

It appeared very difficult to improve significantly on the values shown. It is
possible that the computed discharge for the simulation is superior to the

"observed" wvalues.

In geperal, the SSARR appears to be able to predict fairly well and should
provide useful simulation data for the hydrologic study of the Copper-Nickel
area. Further optimization of the parameters is always desirable 2long with more

detailed meteorological data to provide a better predictive tool.

Also, different snowmelt methods, available in the SSARR, should be investi-
gated.

Frequency Analysis

One objective of this study was the determination of the 2, 10, 25, and 00
Year floods for the three watersheds. To determine the floods, frequency-events,
such as the 100 year-rainstorm or the 100-year-snowcover (March 1-15) were used

as input to the SSARR. The computed floods were then synthesized using the
input data.
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For the Stony and Partridge River watersheds the .2, 10, 25, and 100 year

10 day predipitation events were used as input. For Filson Creek only the one

day events of the same frequency were used. The precipitation amounts were

" determined from TP LO and TP L9 of the National Weather Service. Incremental

values were determined within the time period and the storm rearranged around
the middle of either the 10 day or 1 day event, as shown in Figure 20. Depth-
area corrections were applied to translate the point rainfall data across the

watershed.

The snowmelt floods used the 2, 10, 25, and 100 year snowcover equivalents

as of March 1-15, determined from Corps of Engineers maps. The temperature
cycle was fixed for all snowmelt events as the 196l record of Isabella. Also,
the rainfall record from Isabella for the same year was chosen and fixed as
the rainfall pattern to defermine flood frequencies. A stochastic analysis
might provide for better datz input, but time and funds did not permit a full
evaluation of temperature cycles and rainfall.events in association with snow-
melt. Since Filson Creek needed houily temperature readings, and Isabella
had only daily minimum and maximum temperatures, a temperature cycle was
synthesised from them. TUsing the daily minimum temperature at 0300 hours and
the daily maximum at 1500 hours, a Sine curve approximation was used to deter-

mine the other hourly readings.

Shown ia Table 3 are the resultiﬁg peak discharges for éach calculated
event. Frequency graphs for each watershed were prepared (Figs. 21, 22, and
23). The curves derived from the data seem to be a good approximation for the

desired events.

Possible errors in the frequency analysis could be (1) Improper calibraticn
of the SSARR for infrequent events, (2) Over or under estimation of meteorological

events leading to the discharge events, and (3) Over or under estimation of

'watershed initial conditions.

In general, ﬁpe results appear feasible. It was anticipated that curves
for summer rain floods would be below the spring snowmelt "combined" floods
because many of the annual floods in this region are snowmelt-rain combined
floods. However, Tor Filson Creek they differ by a factor of 3. This may be
realistic due to a higher percentaege of "high infiltration soils" in the water-

shed. The hills or raised portions of this area appeared to contain considerable
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Table 3 - Peak Discharge Table - CU-NI Watershed Events, SSARR

Watershed Event

Stony/Rain
" Stony/Snow
Stony/USGS
Partridge/Rain
fartridge/énow
Fiison/Rain

Filson/Snow

%,
355
619/

835

280

308/
32

113/

QP10

1041
1300
1670

T00

740

oL

292

’

e
1386
1940
2130
1001
1306

128

L22

/

%00 %00/4

2295 12.75
3169 17.65
2820 ‘15.67
o158 12.18
2121 16.32
20& 20.4
533 53.3
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.

pand and gravel. It is possible that these areas may have a high infiltration
rate in summer and a lesser rate in the spring when the ground is frozen.

Also, as only about 2 years of data were available to calibrate the Filson Creek
watershed, the summer events may have been too small to produce an acceptable.

calibration.

A curve based on a U.S.G:S. frequency analysis of annual floods for the
Stony River is also shown in Figure 22. This curve is based on all annual floods,
including snowmelt, and should be compared with the computed snowmelt floods.

It may be noted that agreement is excellent for recurrence intervals of 25 to 100
years (probability of occurrence of L percent to 1 percent) and good for lower re-
currence intervals. This provides considerable support for the SSARR. However,

due to the short record on the Stony, both the computed and fregquency curve may
be a bit low.

[

e et e T
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Tk-20 MODEL

Description of Model

The TR-20 Model was developed by the Hydrology Branch of the Soil Conser-
vation Service. Its primary purpose is for the determination of flood hydro-
graphs with specified recurrance intervals for design purposes., Because these

are large events of short duration, the model is designed to be used for single

events only. Thus, there is no provision for drying of the soil over time and

the representation of baseflow is rudimentary.

The program uses the SCS hydrologic procedures to estimate the runoff

pattern. Precipitetion input is reduced to a runoff volume according to

g (=02 5)?

P+ 0.858

P = Precipitation
Runoff

Loss parameter for initial
abstraction, storage,
infiltration

[ o
woou

 The equation is reduced to a series of curves (Fig. 244) numbered 1 to 100
through the relationship ‘ '

1000

5= oy

-10

It is important to realize that as rainfall accumulates, the ratio 8 aprroaches

P
1 regardlgss of the precipitation pattern. For a given storm, only one curve

number can be used. The SCS has guidelines for curve selection based upon

soil type, vegetaﬁibn, and antecedent soil moisture of the watershed.

From the runoff pap%rn a hydrograph is developed by scaling the SCS
dimensionless hydrograpn using the peak flow and time of concentration for the

watershed. The equations used are Qp = £§%4é and tp = D/2 + ty 9 D=.133 %

= D
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= Duration of Rainfall

Qp'= Peak Dischérge D

‘A = Ares tc = Time of Concentration

't = Time to Peak t1 = Lag time from Centroid of
P Rainfall to Q -

The resulting runoff ﬁydrographs can then be routed and added by the

machine. Routing in reservoirs is controlled by parameters of discharge and

storage as a function of stage. Routing in chammels is controlled by discharge

and end area as a function of stage and by a routing coefficient. If no routing
coefficient is chosen, the machine will compute the velocity ( Disch ) and

select a routing coefficient automatically. End Area

In the watersheds of the study, storage was a significant factor in
determining runoff patterns while channel routing had a minor effect on the
overall hydrcgraph. The overall response of the watersheds is quite slow.

Filson Creek

The first runs with the Filson Cféek watershed used four sub-watersheds and
two reservoirs (Fig. 25). The reservoirs corresponded to Bogberry and Omaday
Lakes.’ The storage characteristics of these lakes were estimated from USGS
quadrangle maps by plenimetering the contour intervals. The discharge character-
istics were derived from an estimate of friction control in a small channel.
Curve number and time of concentration were estimated.from SCS guidelines (Figs.
26 and 27).

-

Results obtained from these parameters (Fig. 28) were unsatisfactory. This
is due probably equal to two factors. First, the guidelines are intended for use
in agricultural areas and may contain assumptions not valid in northern Minmesota
and second, the guidelines require experience in judgement of the limited soil

and land use infermation, which may have been lacking in this study.

In an effort £o match the hydrograph of the June 1975 storm, the time of
concentration and curve numbers were increased greafly. When a reasonable fit
was oblaired (Figs. 29 and 30), these two parameters had exceeded any reascnzble

value for the watershed, (cN = 60 TC~130). The problem was more eviden:t when

_ & second stom, that of iusust 25, 1977, was used. The multiwatershed model

greatly over-predicted both peak and volume for the larger storm (Fig. 31-Model B).
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MN-ENG-T5 ' .
10-76

(File Code ENG-13) HYDROLOGIC CURVE NUMBER COMPUTATION SHEET

LAND USE FOR RURAL AREAS

Present or Future

U & DIPARTMENT OF asacuitiyse
$OIL COMSIRVATION stavicg

Watershed Filson Site D.A. Acres
Computed by NPN Date Checked by Date
.2 Curve Numbers
Condition Mi Moisture Condition II
Cover Practice or Per A B C D
. Rotation [Practice Soils | Scils Soils | Soils Product
Pallow traicht Pow 77 25 a1 ak
Straight How 2o0r 72 51 Jels] Q1
Straight Row Good e7 73 s X3
Straight Row | Mulen till &1 70 =L =7
Row Crops Contoured 2/ roor 70 79 ou €3
' Contoured 2/ Cood 5 75 22 1SS
Contoured 27| Mulen till n2 73 =0 )
Cand T 1/ Poor co 74 o0 52
Cand T 1/ Good o2 71 75 BE
Cand T 1/ Maleh Till cl 70 w7 50
Straight Row Coor o5 7o si o)
Straight Row ocod o3 75 &3 o7
traight Row | raulen talli =5 Ta 52 Sle}
Contoured 2/ Poor 3 7L 2 a5
Sm. Grain Contoured 2 Gocd 61 73 Z1 34
Contoured 2/ | itulsn till = 72 cd 5
Cand T _1_/ Poor =}l 72 7a z2
Cand T 1/ Good 53 70 o) c1
Cand T 1/ Malch Till ) oo =7 0
Straight Row Poor £o 77 cs [
Legumes Straight Row Goeod ) =) 72 o =
‘or Contoured 27 Boor o4 75 o* €3
Rotation Contoured 2/ Good =5 £ 7 z
Meadow Cand T 1/ Poor 032 73 ) 3
Cand T 1/ Gocd X o7 7c =
Poor ) 79 co z0
Pasture Fair 4o 00 73 )
‘ Good ’ 23 61 74 )
Meadow (Permanent) Good 58 71 78
. Poor . us [ole} 77 B3
Wood or Forest Land Tair .65 | % %) -3 73 99
Good . 25 =35 70 77
Farmsteads - 59 74 82 86
Roads Dirt Surface - 72 (=2 27 89
(Inc.R.0.W.) Hard Surface - 74 8L 30 a2
Impervious Surfaces _— 100 100 1C0 100
Water ?ur‘faces(la_‘ates.ponds) - .130 100 100 100 1C0 13
Swamp (open water) 3/ _— 8 8 | 85 8
Swamp (vegetazed) 4 — . 52 78 '.’g "g 72 )41 .6
Low Dens:ity Residential —— 47 o5 70 2
Medium Density Residential -— 54 70 79 84
High Density Residential — 70 81 87 90
Cermmercial and Inddsirial — A a1 a3 ol
- Total Acres 2.30 Product Total = 153'6
Weighted Runoff Curve No, LEddict Toral (6.8 == 67
Tptal Acres
1/ Contoured and graced terraces or iand 2/ 1/3 of swamp curface 13 Cpen wWater.
5/ ;flth ieas t.r.a{m 2% sloge. L7 Swemp has no cpen water e desigm
£ neludes level terraced areas, is a 25-year frequency or less.

(runof? corrected by velize)

Fig. 26 - SCS Hydrologic Curve hamber Computation Sheet.

-
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Distance from Watershed Rim =

1.47 =1.022 = 1.4l Miles

A Flevation - 1600 - 1508 = 92 Ft.

Slope = 1.2%

Velocity (Forest) = .28 fps .

Velocity (Swemp) = .60 fps Average = .L5 fps
Distance . . (1. 11i(5280
Velocity ~ Time of Concentration = Lo

]

16896 Seconds
L4.70 Hours Vv

n

Fig. 27 - Watershed #1 - Bogberry Lake Watershed
. Calculation of Time of Concentration.
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Fig. 29 - Filsonlcreek, TR-20 Runs With l; Subwatersheds, -Large Curve Numbers, and Large Tc.
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Fig. 30 - Filson Creek, TR-20 Runs With l; Subwatersheds, CN = 90 and Toc

= 40 to 130.
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Fig. 31 - Filson Creek, TR-20 Run With CN = 85.
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In order to reconcile tlese two events, a simple one-watershed model was
tried with a larée hypothetical reservoir regulating the flow (Fig. 31,
Fig. 32) VWhile this reservoir storage slowed the runoff from the larger storm
and reduced the slope of the receséion curve from the smaller storm, it also
depended on parameters which could not be easily estimated, e.g. reservoir level

at T =0 as a function of watershed moisture condition.

At this time, DNR aerial photo information became available which indicated
that the true area of bog and swamps in the watershed was higher than had been
assumed. The data were bog surface areas only but it was possible to incorporate

these into the model by lumping the bog areas by subwatershed and assuming them

- to be conical basins with maximum depth of 3 ft. This required a new reservoir

on the west branch of the creek and an increased storage cavacity in the other

two reservoirs (Fig. 33).

) The new high storage model allowed the use of more réasonable curve numbers
ard times of concentration. It was still found to be impossible to fit both -
large and small storms. By fitting three storms individually, it was found that
the larger storm hed a good fit with curve number 78 and Tc of 26 hours (max.),
while the smaller storm required a higher curve number (85) and much longer time
of concentration (45 to 60 hrs.). The parameters, which fit one storm, produce
a poor fit for the others. TFigures 3 to L2 show a set of 3 storms using three
sets of parsmeters. The first set (Figs. 3L, 35, and 36) uses parameters which
fit 'storm 1. The second set (Figs. 37, 38, and 39) fits storm 2 (August 25, 1975)
and the third set fits storm 3 (Figs. L0, 41, and L2).

An important factor is that the storms used to fit the watershed are not
large events--the largest - 3.1" in 60 hours appears to be abcut the 2-year fre-
quency storm. The hydrographs of storms 2 and 3 contain a large baseflow com-

ponent which is not easily modellied by the TR-20 since it is designed for such

major events as the 50-znd 100-year storms and uses a hydrograph which simulates

surface runoff. The program was modified by SCS to input & baseflow but the
baseflow volure, base time, and time to peak must be specified and no method of

predicting these baseflow parameters is given by the SCS.

A possibility which holds some promise was that of dividing the precipite-
tion itself into two components ~ one fcr baseflow, znd cne for surface runoff

and running these through ithe watershed separately using baseflow-iype parzzeters
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Fig. 40 - Filson Creek, TR-20, Storm 1 With Parameters Based on Stoim 3.
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for the baseflow component ‘and runoff parameters for the ruﬁoffAcomponent. This
actually requires using two identical watersheds and adding the hydrographs
obtained from each. Figures 43, Lk, and L5 show the results of a run with this
model. These results may be compared with Figures 37-39 and an improvement in
overall fit noted. Lack of time precluded further exploration of this idea, but
it appears very promising. Tt was based on the observation that for smaller

storms, under about 1.5", all flow had a very slow response.

either interflow or base flow.

pezk was present, suggesting surface runcff or fast response interflow.

A final attempt at making the model as exact as possible was the inclusion
of 15 reservoirs (Fig. L6). These were beaver dams shown on a. tracing of DNR

aerial photographs. The stage storage curves were estimated by assuming the

. =92

L]

reservoirs to be half-cones 3 feet deep.

by the equation for a broad crested weir.

not produce any visible improvement (Figs. L7, 48, and L9) over the 3 reservoir

model.

A slight modification of the SCS unit hydfograph was also attempted by
moving the pezk forward and 1engthening the tail, but this merely reduced the
time of concentration required for fitting any storm without allowing a single
fit of 211 three storms. Figures 50 and 51 give a summary of the parameters
which fit the three storms, using the two types of hydrograph. |

The round hydrograph in this study was similar to the SCS hydrograph with
The "sharp" hydrograph had the peak

moved forwerd and the recession curve rzised even higher.

the recession curve increased slightly.

Figure 52 is a graph of the computed 100-, 25-, 10-, and 2-year computed

flocds for Filson Creek. Tabulated values are as follows:

Tr

2 Year
10 Year
25 Year

100 Yeer

Precipitation

(inches)

}.30
6.85
8.15
10.15

This suggests

For storms in excess of 1.5" a quicker response

Overflow from the dams was regulated

The model was guite large and did

Peak Flow

cfs

55
134
177
259
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