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1. SCOPE AND PURPOSE

The Red River Basin Commission’s Long Term Flood Solutions Report (RRBC LTFS) established a basin
wide set of goals to reduce flood risk for residents and industry in the region. The Lower Red River
Retention Study is being completed to for the general purpose of satisfying three primary
objectives:

e Update the RRBC LTFS Report and the Halstad Upstream Retention Report

e  Provide policy assistance for potential future funding considerations

e Assist Local Water Resource Districts (ND) and Watershed Districts (MN) in developing
future projects

The frequency analysis and balanced hydrograph analysis contained within this Appendix supports
the objective in the third bullet point in the list above. Peak flow frequency, volume frequency, and
balanced hydrograph information is included in this Appendix to aid local tributary watersheds in
the development of local flood risk reduction projects. Frequency information and balanced
hydrographs are included for the 10% (10-yr), 4% (25-yr), 2% (50-yr), 1% (100-yr), 0.5% (200-yr) and
0.2% (500-yr) annual exceedance probability (AEP) events. Frequency information and balanced
hydrographs are developed for the tributary sites listed below.

e Rush River at Amenia, ND (USGS Gage ID 05060500)

e Buffalo River near Dilworth, MN (USGS Gage ID 05062000)

e Goose River at Hillsboro, ND (USGS Gage ID 05066500)

e Thief River near Thief River Falls, MN (USGS Gage ID 05076000)

e Snake River above Warren, MN (USGS Gage ID 05085450)

e Middle River at Argyle, MN (USGS Gage ID 05087500)

e Pembina River at Walhalla, ND (USGS Gage ID 05099600)

e Pembina River at Neche, ND (USGS Gage ID 05100000)

e Roseau River - Dominion City, Manitoba, Canada (ENVCA Gage ID 050D001)

Additional tributary sites where frequency curves and balanced hydrographs are desired are included in
Appendix D1. The tributary sites listed in the streamflow gage inventory in Appendix D1 that are not
included in this analysis were omitted from this study because these sites are affected by upstream
regulation, do not fit an analytical distribution, or are affected by breakout flows and require a graphical
approach. Carrying out the more detailed analysis required to generate graphical flow-frequency
relationships is beyond the scope of this study, therefore, analysis at sites requiring graphical analysis
was not generated.

2. DATA AVAILABILITY
All major streamflow gages located in the study area are displayed in the diagrams included in Appendix
D2. The diagrams identifies the interconnectivity of the tributary rivers, reservoirs, and the mainstem of
the Red River of the North. Flow data for tributaries to the Red River of the North is primarily available
from the United States Geological Survey (USGS). Preference is given to the USGS gage data because
the USGS publishes peak flow data and daily data which has undergone a quality review prior to
publication. In general, most major tributaries to the Red River of the North have at least one long-term
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USGS gage with peak and daily flow information for use in this analysis. An inventory of streamgages is
included in Appendix D1 of this report.

3. ANALYSIS PERIOD OF RECORD
The criteria for application of probability theory to carry out discharge and volume frequency analysis is
that recorded stream events adopted for the analysis must be (1) random, (2) independent, (3)
stationary, and (4) homogeneous. Discharge data selected for each analytical site in this Appendix is
assumed to meet the probability theory criteria. In cases where peak flow data and daily flow data is
available, the full period of record is evaluated in terms of its stationarity and homogeneity. The entire
systematic period of record is adopted to perform the analyses presented in this write-up.

4. BALANCED HYDROGRAPH ANALYSIS
For solving complex, large scale basin flooding problems, representative hydrographs at gaged locations
can be created by using volume duration frequency statistics with a pattern runoff event to create a
balanced hydrograph. A balanced hydrograph is a hypothetical hydrograph where the incremental
volumes are arranged in a constant volume frequency relationship for specified durations. The duration
intervals produce volumes with the same chance of exceedance as the volume frequency curves.
Balanced hydrographs balance flow rates, volumes, and frequency (Reference 7). For example, the top
3 days of flow from the balanced hydrograph for the 1% annual chance exceedance (AEP) event will
match the 1% AEP from the 3-day volume frequency curve. Figure 1 illustrates this concept. The shape
of a balanced hydrograph is determined using an observed, pattern event hydrograph. In this analysis,
the pattern hydrographs selected to develop balanced hydrographs come from large, snowmelt driven
events.

Balanced hydrographs are generated in this study for select tributary locations. HEC-SSP version 2.1
(Reference 7) is used to generate unregulated annual instantaneous flow frequency and volume
duration frequency analysis. For tributary sites, station skew is combined with a regional skew to
produce a weighted skew value. In select cases regional skew or station skew is adopted instead of a
weighted skew to improve the fit of the frequency curve to the plotted data. Additional smoothing of
statistics is performed as needed for the volume frequency analysis at each site. Using HEC-SSP, the
results of the unregulated volume frequency analysis are used to produce balanced hydrographs
representative of the 10% (10-yr), 4% (25-yr), 2% (50-yr), 1% (100-yr), 0.5% (200-yr), and 0.2% (500-yr)
annual exceedance probability (AEP) events. In conjunction with the computer software program HEC-
SSP version 2.1, a spreadsheet developed by engineering staff at the St. Paul District is used to compute
and smooth the balanced hydrographs for this analysis. The target maximum difference between the
computed balanced hydrograph volumes and the smoothed balanced hydrograph volumes is shown in
Table 1 below.
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Figure 1 Balanced hydrograph conceptual diagram

The volume frequency curves computed in this analysis also assume that events used to define the
frequency curves are independent and identically distributed (IID). For most of the balanced
hydrographs in this analysis, a maximum 30-day duration is used to define the balanced hydrographs
which is assumed to meet the IID criteria. Within the Red River of the North Basin, it is common for a
flood hydrograph to rise, peak, and recede over a period of greater than 30 days. In these cases, volume
frequency curves are computed up to the 90-day duration for the purpose of providing additional
definition of the balanced hydrograph. Only the highest 30-day volume of the balanced hydrographs
developed in this analysis should be used for future analysis to ensure the IID criteria is met.

Table 1 Allowable volume difference between volume frequency results and smoothed balanced hydrographs

Duration Volume Percent Difference: Smoothed Balanced
(days) Hydrographs vs. Volume Frequency Results
1 0.10%
3 2%
7 2%
15 5%
30 5%
60 5%
90 5%
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4.1 Bulletin 17C Guidelines for Determining Flood Flow Frequency
In 2018, the Hydrologic Frequency Analysis Work Group (HFAWG), under the Subcommittee on
Hydrology, published Bulletin 17C: Guidelines for Determining Flood Flow Frequency (Reference 20).
Bulletin 17C is a revision of Bulletin 17B (Reference 19). The latest version of HEC-SSP (version 2.1,
Reference 7) incorporates the methodology presented in Bulletin 17C. Bulletin 17C Guidelines improve
on Bulletin 17B in the following ways:

(1) Low Outlier Detection: Bulletin 17C applies the Multiple Grubbs-Beck test versus the simple
Grubbs-Beck test recommended by Bulletin 17B. The low outlier detection tests are used to
identify influential low flood observations that should be excluded from analysis when
characterizing the chance of exceedance associated with large flow magnitudes. The Multiple
Grubbs-Beck Test (MGBT) facilitates the identification of multiple low outliers including zero
flow values.

(2) Confidence Limits: Large differences in confidence intervals may be observed between intervals
computed with Bulletin 17B compared to intervals calculated with Bulletin 17C because the
Bulletin 17B confidence intervals ignore uncertainty in estimating skew and has no provisions for
recognizing the value of historical information. In Bulletin 17C the Expected Moments Algorithm
(EMA) is applied to generate confidence limits.

(3) Log Pearson Type Il (LP3) versus Expected Moments Algorithm (EMA): Bulletin 17C facilitates
the use of the EMA which is a generalized method of moments procedure to estimate the
Pearson Type lll distribution parameters. EMA provides a direct fit of the Pearson Type Il
distribution using the entire dataset. EMA allows the user to better characterize datasets that
contain historical data including paleofloods, flow intervals, and knowledge of the number of
years in the historical period when no large flood occurred. For the simple data situation that
consists of a systematic record, no historical information, and no potentially influential low
floods, the EMA returns the standard method of moments estimates of the Log Pearson type IlI
parameters.

(4) Record Extension. For record extension using a nearby long-term station, Bulletin 17C guidance
now recommends the Maintenance of Variance Extension Type 3 (MOVE.3) approach instead of
relying on the two station comparison. The MOVE.3 approach is discussed in Section 4.2.

4.1.1 Application of Perception Thresholds
The Expected Moments Algorithm (EMA) differs from the log Pearson type lll distribution in that it uses
interval data rather than discrete data points in computations. Each flow value used in the analysis is
represented as a flow range interval. The EMA approach requires that each year in the systematic
record be represented as a flow interval. Observed, systematic events are assumed to be known with a
high degree of accuracy. Therefore, the perception thresholds for systematic events uses a low
perception threshold equal to zero and a high perception threshold equal to infinity. A perception
threshold which spans zero to infinity assumes that all discharges that occurred during periods when
measurements were taken would have been recorded, regardless of magnitude. Applying a perception
threshold in this manner implies that the low flow interval value is equal to the high flow interval value.
Both the low and high flow interval values are equivalent to the observed event magnitude.

Flow intervals for years with missing information are estimated using a bounded perception threshold.
The perception threshold is defined with a lower limit equal to a reference, observed flow magnitude

LRBR Study - Appendix D: Tributary Frequency Analysis & Balanced Hydrographs 8



and an upper limit of infinity. Where applicable, the most accurate estimates of the lower limit of the
perception threshold is made by reviewing local flood information or by developing comparisons with
other nearby watersheds to more accurately characterize the missing information. For example, if a
gage of interest is missing flow data for a particular year, nearby gages are used to help estimate what
the relative flow magnitude at the gage of interest would have been. This can be done using the
MOVE.3 extension technique described in Section 4.2 or by ranking the flood events from largest to
smallest at the nearby gage. Ranking the flood events at the nearby gage allows a comparison to be
made between the relative magnitudes of floods at each site. For example, based on information from
the nearby site, it may be determined that the flood at the gage of interest was likely the N largest
flood event.

If available, local historic flood information recorded outside of the systematic record can be applied to
define the lower limit of the perception threshold. By adopting historic flood information to define the
lower limit, this implies that if a flood greater than the historic flood had occurred during the missing
portion of the period of record, it would have been recorded. This is a conservative approach from a
flood risk management perspective when no other information is available to estimate the perception
threshold (Reference 20).

In cases where the systematic stream flow record has gaps and where historic flood information is
unavailable, the event of record (largest observed event) from within the systematic period of record is
used to define the lower limit of the perception threshold for the missing flow years. Various resources
including flows recorded at hydrologically similar locations, newspaper articles, USGS water supply
papers, and past studies are used to validate the assumption that the flow magnitudes associated with
the missing data years would have been less than the largest event recorded (Reference 20). This
approach was discussed with experts at the USACE Hydrologic Engineering Center (HEC). Experts at HEC
indicated that using the event of record to define a perception threshold, in the absence of historic
information, is a conservative way of estimating the discharge frequency curve for sites with
discontinuities in the systematic flow record.

4.1.2 Volume Duration Extrapolation Technique
For some sites included in this analysis, there were years when the annual peak discharge was recorded,
but mean daily peak information was not. Since the Bulletin 17C methodology is used to define all
analytical frequency curves in this analysis, estimates of the missing daily volume duration information
are needed to carry out volume frequency analysis. To estimate perception thresholds for missing
periods of daily data, the largest three events with observed annual peak flow data and mean daily peak
flow data are used to derive an average duration reduction factor. The reduction factor is developed by
dividing the peak flow from one water year by the 1-day flow in that same water year. This process is
performed for all three events in the analysis. The three event specific reduction factors are averaged
and the average value is used to estimate volume duration information for periods with missing mean
daily peak flow data.

An example of how a reduction factor was developed to estimate a missing 1-day flow from annual peak
information is shown in Table 2 below. In the example, if the annual peak flow is known for a specific
year which lacks a daily flow record, the 1-day flow can be determined by dividing the annual peak flow
by the average reduction factor. A similar reduction factor is developed to estimate the 1-day flow from
the peak flow, to estimate the 3-day flow from the 1-day flow, to estimate the 7-day flow from the 3-day
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flow, etc. For example, if the peak flow event in the year 2000 was published as 4,000 cfs but no mean
daily peak flow information were available the 1-day flow could be estimated by taking 4,000 cfs + 1.065
= 3,756 cfs.

Table 2 Sample computation of average duration reduction factor

1-day Peak Flow Divided by 1-day
Flow (cfs) Flow Factor for Each Event
1975 4,260 3,790 1.124
2006 3,500 3,500 1.000
2002 2,730 2,550 1.071
Average Duration Reduction Factor
(AIP to 1-Day) 1.065

4.2 Record Extension Technique
Several gages in the study area have periods of record which are either short, discontinued, or contain
missing information. Observed, annual instantaneous peak flow records and mean daily streamflow
records at nearby long term index stations are used to fill in and extend discharge records observed at
sites with partial or short term records. Initially, simple linear regression is used to identify correlation
between observed flows at short term, partial stations and observed flows at a long term, index
stations. A coefficient of determination, R?, value of at least 0.70 is used to determine if correlation
between two records exists. Once an appropriate index station is identified for each partially gaged
location, the maintenance of variance extension type three (MOVE.3) method is used to estimate
missing flows from the partial record station using information from the long-term, index station.

42.1 MOVE.3 Record Extension
The MOVE.3 technique is a statistical method for estimating missing flows from the record at a short
term station by comparing the short term flow record to the long term flow record. This extension
technique can be applied to sites with a strong statistical correlation of flows within hydrologically
similar watersheds. The MOVE.3 technique produces a nearly unbiased estimate of mean and variance.
MOVE.3 is primarily applied in support of water resources planning and management models, as well as
for reservoir design and operation. The equation presented below summarizes the MOVE.3 regression
used to estimate missing flows at short record stations if there is a long term station nearby. Additional
details about this technique can be found in Bulletin 17C: Guidelines for Determining Flood Flow
Frequency (Reference 20).

Equation 1 MOVE.3 General Equation
(yi) =a’ + b(xi- X2) [LOG SCALE]

() = Estimated flow at the short record site
a’ = Intercept of regression line
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b = Slope of regression line
Ili”

xi = Observed flow at long term site in year
X2 = Mean of the long term station for the non-overlapping period

The Nash-Sutcliffe (NS) efficiency coefficient is used to assess how well the MOVE.3 equations
developed to approximate flows at short record sites based on nearby, long-term stations are able to
replicate the observed, flow record. Nash-Sutcliffe coefficients can range between negative infinity and
one. A coefficient of 1 indicates that the MOVE.3 modeled data exactly matches the observed data. A
coefficient of zero indicates the mean of the observed flow is a better predictor of discharge at the short
term site than the MOVE.3 estimate. For this study, the Nash-Sutcliffe efficiency index associated with
the record extension must be at least 0.70. Equation 2 shows how the Nash-Sutcliffe efficiency index is
computed.

Equation 2 Nash-Sutcliffe Efficiency Index

Yl _1(Qot-Qmt)?
E =RysZ =1 -2&1 "
NS >T_,(Qot-Qo)?

E = Rns? = Nash Sutcliffe model efficiency coefficient
o' = Observed discharge at time “t”

Qn' = Modeled discharge at time “t”

Qo = Mean of observed discharges

4.3 Tributary Analysis Sites

4.3.1 Rush River at Amenia, ND (USGS Gage ID 05060500)
Annual Instantaneous Peak Flow Frequency Analysis

The Rush River at Amenia, ND USGS gage (Gage ID 05060500) is located 0.6 miles north of Amenia, ND
immediately downstream of the State Highway 18 bridge in Cass County, ND. The stream flow gage
measures runoff from a 116 square mile drainage area. A review of peak stream flow records provided
by the USGS indicates peak flows are not affected by regulation (Reference 16).

The observed peak flow record for the Rush River at Amenia, ND gage (ID 05060500) includes a
continuous systematic record from 1946-2016. Since the record starts in August 1946 and does not
include the entire 1946 water year, the period from 1947-2016 is used for analysis. An analytical flow
frequency analysis using methods outlined in Bulletin 17C: Guidelines for Determining Flood Flow
Frequency is adopted to define the flow frequency curve at this location (Reference 20), as there is no
evidence of upstream regulation and the data appear to fit an analytical distribution. Annual peak flow
records provided by the USGS indicate the maximum daily average was used in place of the annual
instantaneous peak for the year 1980. To correct the annual peak flow record, a linear regression
relationship is developed between the maximum daily average and annual instantaneous peak records
for the period from 1947-1979 and 1981-2016. The regression equation is then applied to the maximum
daily average flow for 1980. Figure 2 shows a plot of the linear regression relationship developed to
estimate the 1980 annual instantaneous peak event.
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Peak Flow Data Correction: Rush River at Amenia, ND
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Figure 2 Rush River at Amenia, ND mean daily peak to annual instantaneous peak correction

After correcting the annual instantaneous peak flow record for the Rush River at Amenia, ND gage (ID
05060500), the frequency curve is defined according to the guidelines in Bulletin 17C: Guidelines for
Determining Flood Flow Frequency (Reference 20). The Expected Moments Algorithm (EMA) in HEC-SSP
version 2.1 (Reference 7) is used to estimate the log Pearson type Il distribution parameters using the
observed peak flows. Hirsch-Stedinger plotting positions are used to plot observed data, and low
outliers are plotted with Median plotting positions. The analytical frequency curve is derived using HEC-
SSP version 2.1 (Reference 7). A weighted skew value is adopted using the results from the Regional
Regression Equations to Estimate Peak-Flow Frequency at Sites in North Dakota Using Data through
2009 study (Reference 43). The station skew of -0.994 is weighted with a regional skew of -0.585 (MSE
of 0.084) to produce an adopted skew of -0.635. A summary of the frequency curve is shown in Table 3
and the final, adopted frequency curve is shown in Appendix D3.
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Table 3 Rush River at Amenia, ND analytical flow frequency summary

Annual Peak Discharge Frequency Analysis

USGS Gage 05060500 Rush River at Amenia, ND
Methodology: Bulletin 17C - Log Pearson Type il

Exceedance Probability 90% Confidence Limits (cfs)
(%) Peak Estimate (cfs) 5% 95%
0.20% 5,800 11,900 3,500
0.50% 4,800 9,000 3,100
1% 4,000 7,200 2,700
2% 3,300 5,500 2,300
4% 2,600 4,000 1,900
5% 2,400 3,600 1,800
10% 1,700 2,400 1,300
20% 1,100 1,500 860
50% 410 530 300
80% 130 180 60
90% 60 100 20
95% 30 60 10
99% 10 20 0

Statistics
Mean 2.556 Systematic Record 70
Standard Deviation 0.566 Total Period 70
Adopted Skew -0.635 Years in Record 1947-2016

Volume Frequency Analysis

HEC-SSP version 2.1 (Reference 7) is used to apply Bulletin 17C guidelines (Reference 20) to compute
volume frequency curves for the Rush River at Amenia, ND. Initially, a frequency curve for each duration
(1-, 3-, 7-, 15-, and 30-day) is plotted using a weighted skew value, derived from station skew and a
regional skew of -0.585 (MSE of 0.084). The regional skew is adopted from the Regional Regression
Equations to Estimate Peak-Flow Frequency at Sites in North Dakota Using Data through 2009 study
(Reference 43). After plotting the initial volume frequency curves, a smoothed skew value is determined
by plotting the log skew (Y-axis) versus log mean (X-axis) associated with each duration curve and fitting
the points with a smooth line, as shown in Figure 3. A smoothed standard deviation is also determined
by the same method, but by plotting the log standard deviation (Y-axis) versus log mean (X-axis)
associated with each duration, as shown in Figure 4. Smoothed skew and smoothed standard deviation
are adopted for each duration to improve the fit of the frequency curve to the plotted data and prevent
the curves from crossing. The low outlier threshold is set equal to the Multiple Grubbs-Beck Critical
Value for each duration, and low outlier thresholds are displayed in Table 4. Even though the number of
low outliers differs significantly for the 7-, 15-, and 30-day durations relative to the annual
instantaneous peak, 1-, and 3-day durations, the curves fit the observed data well. Table 5 shows the
results of the Rush River at Amenia, ND volume frequency analysis. A graph of the adopted curves is
shown in Appendix D4.
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Table 4 Rush River at Amenia, ND computed low outlier thresholds

HEC-SSP Computed Values
Grubbs-Beck # of Low
Critical Value Outliers

Duration

AIP
1-Day
3-Day
7-Day

15-Day
30-Day

Table 5 Rush River at Amenia volume frequency curves summary

Volume Frequency Analysis
USGS Gage 05060500 Rush River at Amenia, ND

Exceedance Return Period 1-Day 3-Day 7-Day 15-Day
Probability (%) (yrs) (cfs) (cfs) (cfs) (cfs)
0.2 500 4,900 3,800 2,700 1,800
0.5 200 4,000 3,100 2,200 1,500
1 100 3,400 2,600 1,800 1,200
2 50 2,700 2,100 1,500 960
4 25 2,100 1,600 1,100 730
5 20 2,000 1,500 1,000 670

Statistics
Mean

Adopted Standard Deviation
Adopted Skew

30-Day
(cfs)

1,200
930
760
600
460
410
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Smooth Skew: Rush River at Amenia, ND
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Figure 3 Rush River at Amenia smoothed skew versus mean

Smooth Standard Deviation: Rush River at Amenia, ND
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Figure 4 Rush River at Amenia smoothed standard deviation versus mean
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Balanced Hydrograph Analysis

Balanced hydrographs are generated using the 1979 event. This event is chosen as the pattern event for
the analysis because it is the largest, unimodal, snowmelt-driven event, likely representative of
hydrologic conditions desired to estimate balanced hydrographs for large magnitude events. Figure 5
below shows the three largest events of record in the basin.

Pattern Event Selection: Rush River at Amenia, ND
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Figure 5 Rush River at Amenia pattern event selection

Results from the volume frequency analysis are used to generate balanced hydrographs for the Rush
River at Amenia, ND such that computed balanced hydrograph volumes match the volume frequency
analysis results exactly for each duration. However, matching the computed volumes exactly often
results in unrealistic hydrograph shapes which sometimes spike rapidly on the rising or receding limb.
Therefore, each balanced hydrograph is manually smoothed to be representative of the observed
pattern hydrograph shape and to nest well with curves from each duration. Section 4 includes USACE
standards for the maximum allowable difference in volumes between the computed and smoothed
balanced hydrographs for each duration. Table 6 summarizes the differences between computed and
smoothed balanced hydrographs for the Rush River at Amenia, ND. A summary plot of all final balanced
hydrographs for the Rush River at Amenia, ND can be seen in Figure 6.
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Table 6 Rush River at Amenia smoothed balanced hydrograph results

Rush River at Amenia, ND Balanced Hydrographs

Difference After Smoothing (%)
1-day 3-day 7-day 15-day 30-day

Recurrence Interval

10-yr
25-yr
50-yr
100-yr
200-yr
500-yr
6,000
=de=—0.2% AEP Smoothed Balanced Hydrograph
—4—0.5% AEP Smoothed Balanced Hydrograph
5,000 =>=1% AEP Smoothed Balanced Hydrograph ]
—#— 2% AEP Smoothed Balanced Hydrograph
== 4% AEP Smoothed Balanced Hydrograph
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2
S
£'3,000
=
(5
.
[a]
2,000
1,000
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Days

Figure 6 Rush River at Amenia summary plot of final balanced hydrographs

4.3.2 Buffalo River near Dilworth, MN (USGS Gage ID 05062000)
Annual Instantaneous Peak Flow Frequency Analysis

The Buffalo River near Dilworth, MN USGS gage (Gage ID 05062000) is located 60 feet downstream of
the County Road 94 bridge, 6.5 miles northeast of Dilworth in Clay County, MN. The stream flow gage
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measures runoff from a 975 square mile drainage area. A review of peak stream flow records provided
by the USGS indicates peak flows are not affected by regulation (Reference 10).

The observed peak flow record for the Buffalo River near Dilworth, MN gage (ID 05062000) includes a
continuous systematic record from 1931-2016. An analytical flow frequency analysis using methods
outlined in Bulletin 17C: Guidelines for Determining Flood Flow Frequency is adopted to define the flow
frequency curve at this location (Reference 20), as there is no evidence of upstream regulation and the
data appear to fit an analytical distribution. Annual peak flow records provided by the USGS indicate the
maximum daily average was used in place of the annual instantaneous peak for the years 1950, 1973,
1995, 1997, and 2010. To correct the annual peak flow record, a linear regression relationship is
developed between the maximum daily average and annual instantaneous peak records for the period
of record, omitting 1950, 1973, 1995, 1997, and 2010. The regression equation is then applied to the
maximum daily average flow for 1950, 1973, 1995, 1997, and 2010. Figure 7 shows a plot of the linear
regression relationship developed to estimate each annual instantaneous peak event.

Peak Flow Data Correction: Buffalo River near Dilworth, MN
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Figure 7 Buffalo River near Dilworth peak flow data correction

After correcting the annual instantaneous peak flow records for the Buffalo River near Dilworth gage (ID
05062000), the frequency curve is defined according to the guidelines in Bulletin 17C: Guidelines for
Determining Flood Flow Frequency (Reference 20). The Expected Moments Algorithm (EMA) in HEC-SSP
version 2.1 (Reference 7) is used to estimate the log Pearson type Il distribution parameters using the
observed peak flows. Hirsch-Stedinger plotting positions are used to plot observed data, and low
outliers are plotted with Median plotting positions. The analytical frequency curve is derived using HEC-
SSP version 2.1 (Reference 7). A weighted skew value is adopted using the results from the Generalized
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Skew Coefficients for Flood-Frequency Analysis in Minnesota study (Reference 33). The station skew of -
0.230 is weighted with a regional skew of -0.361 (MSE of 0.182) to produce an adopted skew of -0.270.
A summary of the frequency curve is shown in Table 7 and the final, adopted frequency curve is shown
in Appendix D3.

Table 7 Buffalo River near Dilworth analytical flow frequency summary

Annual Peak Discharge Frequency Analysis
USGS Gage 05062000 Buffalo River near Dilworth, MN
Methodology: Bulletin 17C - Log Pearson Type il

Exceedance Probability 90% Confidence Limits (cfs)
(%) Peak Estimate (cfs) 5% 95%
0.20% 22,000 42,100 14,200
0.50% 17,400 29,900 12,000
1% 14,200 22,600 10,300
2% 11,400 16,700 8,600
4% 8,800 12,100 6,900
5% 8,000 10,800 6,300
10% 5,800 7,400 4,700
20% 3,900 4,700 3,200
50% 1,700 2,000 1,400

80% 690 860 540
90% 420 540 300
95% 280 370 180
99% 120 190 60

Statistics
Mean Systematic Record 86 Years
Standard Deviation 0.445 Total Period 86 Years
Adopted Skew -0.270 Years in Record 1931-2016

Volume Frequency Analysis

HEC-SSP version 2.1 (Reference 7) is used to apply Bulletin 17C guidelines (Reference 20) to compute
volume frequency curves for the Buffalo River near Dilworth, MN. Initially, a frequency curve for each
duration (1-, 3-, 7-, 15-, and 30-day) is plotted using a weighted skew value, derived from station skew
and a regional skew of -0.361 (MSE of 0.182). The regional skew is adopted from the Generalized Skew
Coefficients for Flood-Frequency Analysis in Minnesota study (Reference 33). After plotting the initial
volume frequency curves, a smoothed skew value is determined by plotting the log skew (Y-axis) versus
log mean (X-axis) associated with each duration curve and fitting the points with a smooth line, as
shown in Figure 8. A smoothed standard deviation is also determined by the same method, but by
plotting the log standard deviation (Y-axis) versus log mean (X-axis) associated with each duration, as
shown in Figure 9. Smoothed skew and smoothed standard deviation are adopted for each duration to
improve the fit of the frequency curve to the plotted data and prevent the curves from crossing. The
low outlier threshold is set equal to the Multiple Grubbs-Beck Critical Value for each duration, and low
outlier thresholds are displayed in Table 8. Even though there is a large jump in the number of low
outliers for the 30-day duration relative to each preceding duration, the 30-day curve fits the observed
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data well. As such, this discrepancy is ignored. Table 9 shows the results of the Buffalo River near
Dilworth, MN volume frequency analysis. A graph of the adopted curves is shown in Appendix D4.

Table 8 Buffalo River near Dilworth computed low outlier thresholds

HEC-SSP Computed Values

Grubbs-Beck # of Low

Critical Value Outliers

AIP 163.0
1-Day 158.0 1
3-Day 142.7 1
7-Day 182.1 2
15-Day 106.3 1
30-Day 304.3 18

Duration

Table 9 Buffalo River near Dilworth volume frequency curves summary

Volume Frequency Analysis
USGS Gage 05062000 Buffalo River near Dilworth, MN

Exceedance Return Period 1-Day 3-Day 7-Day
Probability (%) (yrs) (cfs) (cfs) (cfs)
0.2 500 21,400 19,600 15,400 10,000 5,900
0.5 200 16,900 15,600 12,400 8,200 5,000
1 100 13,900 12,800 10,300 6,900 4,300
2 50 11,100 10,300 8,400 5,700 3,600
4 25 8,600 8,000 6,600 4,600 3,000
5 20 7,800 7,300 6,000 4,200 2,700

Statistics
Mean

Adopted Standard Deviation
Adopted Skew
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Smooth Skew: Buffalo River near Dilworth, MN
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Figure 8 Buffalo River near Dilworth smoothed skew

Smooth Standard Deviation: Buffalo River near Dilworth, MN
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Figure 9 Buffalo River near Dilworth smoothed standard deviation
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Balanced Hydrograph Analysis

Balanced hydrographs are generated using the 1969 event. This event is chosen as the pattern event for
the analysis because it is a large, unimodal, snowmelt-driven event, representative of hydrologic
conditions necessary to estimate balanced hydrographs for large magnitude events. The 1969 event is
the third largest event of record. The 2009 event is greater in magnitude; however, the 2009 event has
a peak on the receding limb of the hydrograph from a rainfall driven event. The 1975 event is the
largest event of record, but this event peaks on July 2™. It is not snowmelt-driven and therefore not
representative of hydrologic conditions modeled in this study. Figure 10 below shows the three largest
events of record in the basin.

Pattern Event Selection: Buffalo River near Dilworth, MN
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Figure 10 Buffalo River near Dilworth pattern event selection

Results from the volume frequency analysis are used to generate balanced hydrographs for the Buffalo
River near Dilworth, MN such that computed balanced hydrograph volumes match the volume
frequency analysis results exactly for each duration. However, matching the computed volumes exactly
often results in unrealistic hydrograph shapes which sometimes spike rapidly on the rising or receding
limb. Therefore, each balanced hydrograph is manually smoothed to be representative of the observed
pattern hydrograph shape and to nest well with curves from each duration. Section 4.1.2 includes
USACE standards for the maximum allowable difference in volumes between the computed and
smoothed balanced hydrographs for each duration. Table 10 summarizes the differences between
computed and smoothed balanced hydrographs for the Buffalo River near Dilworth, MN. A summary
plot of all final balanced hydrographs for the Buffalo River near Dilworth, MN can be seen in Figure 11.

LRBR Study - Appendix D: Tributary Frequency Analysis & Balanced Hydrographs 22



Table 10 Buffalo River near Dilworth smoothed balanced hydrograph results

Buffalo River near Dilworth, MN Balanced Hydrographs

Difference After Smoothing (%)
1-day 3-day 7-day 15-day 30-day

Recurrence Interval

10-yr
25-yr 0.00% | 0.00% | 0.00% | 0.26% | 2.01%
50-yr
100-yr 0.00% | 0.00% | 0.00% | 0.00% | 0.44%
200-yr
500-yr
25000.0 i i i i i i i i i i i i i
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Figure 11 Buffalo River near Dilworth summary plot of final balanced hydrographs

4.3.3 Goose River at Hillsboro, ND (USGS Gage ID 05066500)
Annual Instantaneous Peak Flow Frequency Analysis

The Goose River at Hillsboro, ND USGS gage (Gage ID 05066500) is located 600 feet upstream from
Foogman Dam in Hillsboro, ND. The stream flow gage measures runoff from a 1,093 square mile
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drainage area. A review of peak stream flow records provided by the USGS indicates peak flows are not
affected by regulation (Reference 11), and according to the USACE National Inventory of Dams website,
there are no dams operated for flood control upstream of the gage at Hillsboro (Reference 37).

An analytical flow frequency analysis using methods outlined in Bulletin 17C: Guidelines for Determining
Flood Flow Frequency is adopted to define the flow frequency curve at this location (Reference 20). The
observed peak flow record includes four historic events in 1882, 1897, 1907, and 1916, and a systematic
record from 1931-2016. The historic period of record for the Goose River at Hillsboro, ND USGS gage
(Gage ID 05066500) is 135 years. Annual peak flow records provided by the USGS indicate the maximum
daily average was used in place of the annual instantaneous peak for the year 1943. To correct the
annual peak flow record, a linear regression relationship is developed between the maximum daily
average and annual instantaneous peak records for the years 1931-1942 and 1944-2016 and applied to
the observed data for the year 1943. Figure 12 shows a plot of the linear regression relationship
developed to estimate the 1943 annual instantaneous peak event.

Peak Flow Data Correction: Goose River at Hillsboro, ND
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Figure 12 Goose River at Hillsboro active gage peak flow data correction

The adopted period of record used in this analysis is 1882, 1897, 1907, 1916 (historic events), 1931-2016
(135 year historic record). Because the 1916 event is the lowest historic event of record, it is reasonable
to assume any flow greater than the 1916 event would have been noted in the historic record.
Therefore, a low perception threshold equal to the 1916 event (4,700 cfs) and a high perception
threshold of infinity is used to fill in the missing records from 1883-1896, 1898-1906, 1908-1915, and
1917-1930.
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The frequency curve is defined according to the guidelines in Bulletin 17C: Guidelines for Determining
Flood Flow Frequency (Reference 20). The Expected Moments Algorithm (EMA) in HEC-SSP version 2.1
(Reference 7) is used to estimate the log Pearson type lll distribution parameters using the observed
peak flows. Hirsch-Stedinger plotting positions are used to plot observed data and low outliers are
plotted with Median plotting positions. The analytical frequency curve is derived using HEC-SSP version
2.1 (Reference 7). A weighted skew value is adopted using the results from the Regional Regression
Equations to Estimate Peak-Flow Frequency at Sites in North Dakota Using Data Through 2009 study
(Reference 43). The station skew of -0.628 is weighted with a regional skew of -0.509 (MSE of 0.136) to
produce an adopted skew of -0.548. A summary of the frequency curve is shown in Table 11 and the
final, adopted frequency curve is shown in Appendix D3.

Table 11 Goose River at Hillsboro analytical flow frequency summary

Annual Peak Discharge Frequency Analysis

USGS Gage 05325000 Goose River at Hillsboro, ND
Methodology: Bulletin 17C - Log Pearson Type il

Exceedance Probability 90% Confidence Limits (cfs)
(%) Peak Estimate (cfs) 5% 95%

0.20% 17,700 28,400 12,400

0.50% 14,600 21,800 10,800

1% 12,400 17,500 9,500

2% 10,200 13,700 8,100

8,100 10,400 6,600
5% 7,400 9,500 6,100
10% 5,500 6,700 4,500
20% 3,600 4,400 3,000
50% 1,500 1,800 1,200
80% 530 690 320
90% 290 410 140
95% 170 270 70

99% 60

120 10

Statistics
Mean 3.131 Systematic Record 86 Years
Standard Deviation 0.501 Historic Period 135 Years

1882, 1897, 1907,
1916, 1931-2016

Adopted Skew -0.548 Years in Record

Volume Frequency Analysis

HEC-SSP version 2.1 (Reference 7) is used to apply Bulletin 17C guidelines (Reference 20) to compute
volume frequency curves for the Goose River at Hillsboro, ND. Initially, a frequency curve for each
duration (1-, 3-, 7-, 15-, and 30-day) is generated using a weighted skew value, derived from station
skew and a regional skew of -0.509 (MSE of 0.136). The regional skew is adopted from the Regional
Regression Equations to Estimate Peak Flow Frequency at Sites in North Dakota Using Data Through
2009 study (Reference 43). Historic records for 1882, 1897, 1907, and 1916 are only available for the
annual peak data, not the 1-, 3-, 7-, 15-, and 30-day datasets. Therefore, the magnitude of each historic
event is estimated for each duration. See Section 4.1.2 for a detailed description of how events are
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estimated in this case, and see Table 12 below for the adopted reduction factor and estimated 1882,
1897, 1907, and 1916 event magnitudes for each duration.

Table 12 Goose River at Hillsboro estimated historic event magnitudes for each duration

Reduction Factors - Historic Events: Goose River - Hillsboro, North Dakota

Annual
Instantaneous 1-Day Flow (cfs) 3-day cfs) 7-day cfs) 15-Day cfs) 30-Day cfs)

Peak cfs)
Water Year

Reduction
Factor

Reduction
Factor

Reduction
Factor

Reduction
Factor

Reduction

Flow (cfs) Factor

Flow (cfs) Flow (cfs) Flow (cfs) Flow (cfs) Flow (cfs)

9,420 1.129 8,340 1.112 7,497 1.279 5,861 1.390 4,217 1.208 3,491

14,800 1.028 14,400 1.216 11,843 1.317 8,993 1.544 5,823 1.570 3,709

10,000 1.009 9,910 1.082 9,163 1.159 7,904 1.484 5,327 1.513 3,522

Average Reduction Factor & Estimated Event Magnitudes

A low perception threshold equal to the estimated magnitude of the 1916 event and a high perception
threshold of infinity are used for each duration to fill in the missing periods from 1883-1896, 1898-1906,
1908-1915, and 1917-1930. Estimated historic values for 1882, 1897, 1907, and 1916 are also added to
the record to generate a historic 135 year period of record.

After plotting the initial volume frequency curves, a smoothed skew value is determined by plotting the
log skew (Y-axis) versus log mean (X-axis) associated with each duration curve and fitting the points with
a smooth line, as shown in Figure 13. A smoothed standard deviation is also determined by the same
method, but by plotting the log standard deviation (Y-axis) versus log mean (X-axis) associated with each
duration, as shown in Figure 14. Smoothing the skew and standard deviation was required to prevent
the volume frequency curves from crossing and to improve the fit of the frequency curve to the plotted
data. Smoothed standard deviation is adopted for each duration. Smoothed skew is adopted for the 1-
and 3-day durations, and station skew is adopted for the 7-, 15-, and 30-day durations. The low outlier
threshold is set equal to the Multiple Grubbs-Beck Critical Value for each duration, and low outlier
thresholds are displayed in Table 13. Table 13 shows the results of the Goose River at Hillsboro, ND
volume frequency analysis. A graph of the adopted curves is shown in Appendix D4.
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Table 13 Goose River at Hillsboro computed low outlier comparison

HEC-SSP Computed Values
Grubbs-Beck # of Low
Critical Value Outliers

Duration

AIP
1-Day

3-Day
7-Day
15-Day
30-Day

Table 14 Goose River at Hillsboro volume frequency curves summary

Volume Frequency Analysis
USGS Gage 05325000 Goose River at Hillsboro, ND

Exceedance Return Period 1-Day 3-Day 7-Day 15-Day 30-Day

Probability (%) (yrs) (cfs) (cfs) (cfs) (cfs) (cfs)
0.2 500 17,000 15,700 10,300 7,100 4,800

0.5 200 14,000 13,000 8,900 6,100 4,100

1 100 11,900 11,000 7,700 5,400 3,600

2 50 9,800 9,000 6,500 4,600 3,100

4 25 7,700 7,100 5,300 3,700 2,500

5 20 7,100 6,600 4,900 3,500 2,300

Statistics
Mean

Adopted Standard Deviation
Adopted Skew
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Smooth Skew: Goose River at Hillsboro, ND
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Figure 13 Goose River at Hillsboro smoothed skew

3.2

Smooth Standard Deviation: Goose River at Hillsboro, ND
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Figure 14 Goose River at Hillsboro smoothed standard deviation
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Balanced Hydrograph Analysis

Balanced hydrographs are generated using the 1979 event. The 1979 event is chosen as the pattern
event for the analysis because it is the largest, unimodal, snowmelt-driven event of record,
representative of hydrologic conditions necessary to estimate balanced hydrographs for large
magnitude events. Figure 15 below shows the three largest events of record in the basin.

Pattern Event Selection: Goose River at Hillsboro, ND
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Days

Figure 15 Goose River at Hillsboro pattern event selection

Results from the volume frequency analysis are used to generate balanced hydrographs for the Goose
River at Hillsboro, ND such that computed balanced hydrograph volumes match the volume frequency
analysis results exactly for each duration. However, matching the computed volumes exactly often

results in unrealistic hydrograph shapes which sometimes spike rapidly on the rising or receding limb to

preserve volume exactly. Therefore, each balanced hydrograph is manually smoothed to be
representative of the observed pattern hydrograph shape and to nest well with curves from each
duration. Section 4 includes USACE standards for the maximum allowable difference in volumes
between the computed and smoothed balanced hydrographs for each duration. Table 15 summarizes
the differences between computed and smoothed balanced hydrographs for the Goose River at

Hillsboro, ND. A summary plot of all final balanced hydrographs for the Goose River at Hillsboro, ND can

be seen in Figure 16.
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Table 15 Goose River at Hillsboro smoothed balanced hydrograph results

Goose River at Hillsboro, ND Balanced Hydrographs

Difference After Smoothing (%)
1-day 3-day 7-day 15-day 30-day

Recurrence Interval

10-yr
25-yr
50-yr
100-yr
200-yr
500-yr

18,000
—#—Pattern Hydrograph
16,000 /‘\ —4—0.2% AEP Smoothed Balanced Hydrograph
=—4—0.5% AEP Smoothed Balanced Hydrograph
—4—1% AEP Smoothed Balanced Hydrograph
14,000 —#—2% AEP Smoothed Balanced Hydrograph | |
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Figure 16 Goose River at Hillsboro summary plot of final balanced hydrographs

4.3.4  Thief River near Thief River Falls, MN (USGS Gage ID 05076000)
Annual Instantaneous Peak Flow Frequency Analysis

The Thief River near Thief River Falls USGS gage (Gage ID 05076000) is located 0.2 miles upstream from
140™ Avenue Northeast, 5 miles north of Thief River Falls, and 7 miles upstream from the mouth of the
Red Lake River. The stream flow gage measures runoff from a 985 square mile drainage area. A review
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of peak stream flow records provided by the USGS indicates peak flows are affected to some degree by
regulation from Thief and Mud Lakes (Reference 18). According to the USACE National Inventory of
Dams website, there are multiple dams upstream of the gage at Thief River Falls, MN. However, there
are no large dams operated for flood control (Reference 37). Thief Lake and the numerous artificial
pools operated for fish and wildlife management in the Agassiz National Wildlife Refuge, about 15 miles
north of Thief River Falls, could impact some flows at Thief River Falls, MN.

An analytical flow frequency analysis using methods outlined in Bulletin 17C: Guidelines for Determining
Flood Flow Frequency is adopted to define the flow frequency curve at this location (Reference 20). An
analytical approach is used even through some regulation exists. Any regulation from Thief and Mud
Lakes does not appear to have an impact on the plotting positions of the annual peak flow data. The
frequency curve derived for this analysis appears to represent the data well; consequently, it is assumed
that an analytical distribution can be used to estimate the peak flow frequency statistics of discharge at
this site.

The observed peak flow record consists of a broken systematic record from 1909-1917, 1919-1926, and
1929-2016. The total period of record for the Thief River near Thief River Falls USGS gage (Gage ID
05076000) is 108 years, and the systematic record is 105 years. Annual peak flow records provided by
the USGS indicate the maximum daily average was used in place of the annual instantaneous peak for
the years 1909-1910, 1913, 1916, 1920-1923, 1930, and 1937-1938. To correct the annual peak flow
record, a linear regression relationship is developed between the maximum daily average and annual
instantaneous peak records for the period of record, omitting the years 1909-1910, 1913, 1916, 1920-
1923, 1930, and 1937-1938. This relationship is then applied to the observed data for the years in which
maximum daily averages were used. Figure 17 shows a plot of the linear regression relationship
developed to estimate each annual instantaneous peak event.

Peak Flow Data Correction: Thief River near Thief River Falls, MN
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Figure 17 Thief River near Thief River Falls peak flow data extension
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The adopted period of record used in this analysis is 1909-1917, 1919-1926, and 1929-2016. The largest
event of record occurred in 1950 (5,610 cfs) (Reference 18). It is reasonable to assume missing flows do
not exceed the event of record during the years for which no records are available (1918, 1927-1928);
therefore, a low perception threshold equal to the 1950 event (5,610 cfs) and a high perception
threshold of infinity is used to fill in the missing records during the periods 1918 and 1927-1928. Using
the event of record is a conservative approach for defining perception thresholds for period with missing
information. The frequency curve is defined according to the guidelines in Bulletin 17C: Guidelines for
Determining Flood Flow Frequency (Reference 20). The Expected Moments Algorithm (EMA) in HEC-SSP
version 2.1 (Reference 7) is used to estimate the log Pearson type Il distribution parameters using the
observed peak flows. Hirsch-Stedinger plotting positions are used to plot observed data and low outliers
are plotted with Median plotting positions. The analytical frequency curve is derived using HEC-SSP
version 2.1 (Reference 7). A weighted skew value is adopted using the results from the Generalized
Skew Coefficients for Flood-Frequency Analysis in Minnesota study (Reference 33). The station skew of -
0.508 is weighted with a regional skew of -0.487 (MSE of 0.182) to produce an adopted skew of -0.495.
A summary of the frequency curve is shown in Table 16 and the final, adopted frequency curve is shown
in Appendix D3.

Table 16 Thief River near Thief River Falls analytical flow frequency summary

Annual Peak Discharge Frequency Analysis

USGS Gage 05076000 Thief River near Thief River Falls, MN
Methodology: Bulletin 17C - Log Pearson Type il

Exceedance Probability 90% Confidence Limits (cfs)
(%) Peak Estimate (cfs) 5% 95%
0.20% 6,600 8,900 5,400
0.50% 5,900 7,600 5,000
1% 5,400 6,700 4,600
2% 4,800 5,800 4,200
4% 4,200 5,000 3,700
5% 4,000 4,700 3,600
10% 3,400 3,900 3,000
20% 2,700 3,000 2,400
50% 1,700 1,800 1,500
80% 950 1,100 700
90% 690 840 440
95% 520 670 290
99% 300 440 120

Statistics

Mean Systematic Record 105
Standard Deviation 0.272 Total Period 108
1909-1917,

Adopted Skew -0.495 Years in Record 1919-1926,
1929-2016
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Volume Frequency Analysis

HEC-SSP version 2.1 (Reference 7) is used to apply Bulletin 17C guidelines (Reference 20) to compute
volume frequency curves for the Thief River near Thief River Falls, MN. The duration of flood
hydrographs in this basin often last for long periods of time. Therefore, in order to create balanced
hydrographs that capture the entire rising and falling limbs of the pattern event, 60- and 90-day
durations are included in this analysis. Initially, a frequency curve for each duration (1-, 3-, 7-, 15-, 30-,
60-, and 90-day) is plotted using a weighted skew value, derived from station skew and a regional skew
of -0.487 (MSE of 0.182). The regional skew is adopted from the Generalized Skew Coefficients for
Flood-Frequency Analysis in Minnesota study (Reference 33). Like the peak flow data set, daily data is
missing during the periods 1918 and 1927-1928. Unlike the peak flow data set, daily data is also missing
during the periods 1919, 1922, and 1925-1926. A low perception threshold equal to the magnitude of
the 1950 event for each duration and a high perception threshold of infinity are used for each duration
to fill in the missing records for 1918 and 1927-1928. For the years 1919, 1922, and 1925-1926, the
maximum event for each duration is estimated from the annual instantaneous peak event. These
estimates are then used as low perception thresholds for each duration for water years 1919, 1922, and
1925-1926, with high perception thresholds of infinity. See Section 4.1.2 for a detailed description of
how events are estimated in this case, and see Table 17 and

Table 18 below for the adopted reduction factor and estimated 1919, 1922, and 1925-1926 event
magnitudes for each duration.

Table 17 Thief River near Thief River Falls estimated missing event magnitudes for 1-, 3-, and 7-day durations

Reduction Factors - Missing Events: Thief River - Thief River Falls, Minnesota

Annual Instantaneous

peak (cfs) 1-Day Flow (cfs) 3-Day Flow (cfs) 7-Day Flow (cfs)

Water Year

Reduction Reduction Reduction

Flow (cfs) Factor Flow (cfs) Factor Flow (cfs) Factor Flow (cfs)
4,191 1.027 4,080 1.010 4,040 1.009 4,003
5,610 1.005 5,580 1.007 5,543 1.019 5,441
4,120 1.010 4,080 1.007 4,053 1.054 3,844

Average Reduction Factor & Estimated Event Magnitudes
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Table 18 Thief River near Thief River Falls estimated missing event magnitudes for 15-, 30-, 60-, and 90-day durations

Reduction Factors - Missing Events: Thief River - Thief River Falls, Minnesota

15-Day Flow (cfs) 30-Day Flow (cfs) 60-Day Flow (cfs) 90-Day Flow (cfs)

Water Year

Reduction Flow (cfs) Reduction Flow (cfs) Reduction Flow (cfs) Reduction Flow (cfs)
Factor Factor Factor Factor
1.069 3,743 1.413 2,648 1.637 1618.3 1.425 1135.4
1.051 5,179 1.192 4,344 1.441 3015.3 1.321 2282.4
1.177 3,267 1.201 2,720 1.330 2045 1.225 1669.4

Average Reduction Factor & Estimated Event Magnitudes

After plotting the initial volume frequency curves, it was necessary to smooth the skew and standard
deviation to improve the fit of the volume frequency curves to the plotted data and prevent several of
the curves from crossing. A smoothed skew value is determined by plotting the log skew (Y-axis) versus
log mean (X-axis) associated with each duration curve and fitting the points with a smooth line, as
shown in Figure 18. A smoothed standard deviation is also determined by the same method, but by
plotting the log standard deviation (Y-axis) versus log mean (X-axis) associated with each duration, as
shown in Figure 19. To create curves that best fit the observed data, smoothed skew is adopted for the
1-, 3-, 7-, and 15-day durations, regional skew is adopted for the 30-day duration, weighted skew is
adopted for the 60-day duration, and station skew is adopted for the 90-day duration. Smoothed
standard deviation is adopted for each duration. The low outlier threshold is set equal to the Multiple
Grubbs-Beck Critical Value for each duration. Adopted low outlier thresholds are shown in Table 19.
Table 20 shows the results of the Thief River near Thief River Falls, MN volume frequency analysis. A
graph of the adopted curves is shown in Appendix D4.
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Table 19 Thief River near Thief River Falls adopted low outlier thresholds

HEC-SSP Computed Values
Grubbs-Beck # of Low
Critical Value Outliers

Duration

AIP
1-Day
3-Day
7-Day

15-Day
30-Day
60-Day
90-Day

Table 20 Thief River near Thief River Falls volume frequency curves summary

Volume Frequency Analysis
USGS Gage 05076000 Thief River near Thief River Falls, MN

Excee_d_ancs: Return Period 1-Day 3-Day 7-Day I;:;/ Sgy Sgy
Probability (%) (yrs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs)
0.2 500 6,600 6,500 6,300 6,100 5,500 3,600 2,300
0.5 200 5,900 5,800 5,500 5,300 4,700 3,200 2,200
1 100 5,300 5,200 4,900 4,600 4,100 2,800 2,000
2 50 4,700 4,600 4,300 4,000 3,500 2,500 1,900
4 25 4,100 4,000 3,700 3,400 3,000 2,100 1,700
5 20 3,900 3,800 3,500 3,200 2,800 2,000 1,600
10

Statistics
Mean

Adopted Standard Deviation
Adopted Skew
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Smooth Skew: Thief River near Thief River Falls, MN
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Figure 18 Thief River near Thief River Falls smoothed skew
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Figure 19 Thief River near Thief River Falls smoothed standard deviation
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Balanced Hydrograph Analysis

The pattern event selected to develop the balanced hydrographs for this analysis is the 1950 event. The
1950 event is chosen as a pattern event because it is the largest snowmelt-driven event of record,
representative of hydrologic conditions necessary to estimate balanced hydrographs for large
magnitude events. It is not unimodal, but there are no large, unimodal, snowmelt-driven events in the
observed record. This is likely because hydrographs in the Thief River Falls basin appear to have a long
duration, and potentially cover multiple events, making it difficult to isolate a single hydrograph
representative of runoff from one event. Figure 20 below shows the three largest events of record in
the basin. As the events show, each hydrograph has a duration of greater than 30-days. Volume
frequency curves for the 60-day and 90-day durations are included to aid in the development of
balanced hydrographs.

Pattern Event Selection: Thief River near Thief River Falls, MN
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Figure 20 Thief River near Thief River Falls pattern event selection

The 1950 event spans approximately 60 days. Initially, hydrographs are generated such that computed
balanced hydrograph volumes match the volume frequency analysis results exactly for each duration.
However, matching the computed volumes exactly results in unrealistic hydrograph shapes which
sometimes spike rapidly on the rising or receding limb to exactly preserve volume. Therefore, each
balanced hydrograph is manually smoothed to be representative of the observed pattern hydrograph
shape and to nest well with curves from each duration.

Section 4 includes USACE standards for the maximum allowable difference in volumes between the
computed and smoothed balanced hydrographs for each duration. Table 21 summarizes the differences
between computed and smoothed balanced hydrographs generated from the 1950 event for the Thief
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River near Thief River Falls, MN. A summary plot of all final balanced hydrographs generated from the
1950 event for the Thief River near Thief River Falls, MN can be seen in Figure 21.

Table 21 Thief River near Thief River Falls smoothed balanced hydrograph results — 1950 event

Thief River near Thief River Falls, MN Balanced Hydrographs - 1950 event

Recurrence Difference After Smoothing (%)
Interval 1-day 3-day 7-day 15-day 30-day 60-day
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Figure 21 Thief River near Thief River Falls summary plot of final balanced hydrographs — 1950 event
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4.3.5 Snake River above Warren, MN (USGS Gage ID 05085450)
Annual Instantaneous Peak Flow Frequency Analysis

The Snake River above Warren, MN USGS gage (Gage ID 05085450) is located 20 feet downstream of the
County Highway 34 bridge and 2.5 miles east northeast of Warren, MN. The stream flow gage measures
runoff from a 176 square mile drainage area. A review of peak stream flow records provided by the
USGS indicates peak flows are not affected by regulation (Reference 17).

The observed peak flow record for the Snake River above Warren, MN gage (ID 05085450) includes a
systematic record of only 8 years, 2009-2016. The USGS and the MN DNR have sporadically operated
many stream gages along the Snake River over the past few decades. A stream gage inventory of known
USGS and MN DNR stream gage sites on the Snake River is shown in Table 22 below. As the table shows,
most of the gages on the Snake River have relatively short, sporadic annual instantaneous peak flow and
mean daily peak flows records.

Table 22 Stream gage inventory of discharge information on the Snake River in Northwestern Minnesota

USGS AIP

Location Period of Data Data Source Area (mi?)
Record

DNR Archive Drainage

Snake Above USGS 05085450/DNR

1 River Warren, MN 68031002 2009-2016 2008-2017 USGS/DNR 176 Yes Yes
Snake Above USGS 05085420/DNR

2 River Radium, MN 68032002 2005-2008 2004-2008 USGS/DNR 30 Yes Yes

Above

Snake Alvarado, USGS 05085900/DNR

3 River MN 68006002 1993-1996 1993-1996 USGS/DNR 218 Yes Yes
Snake At Alvarado, USGS 05086000/DNR 1945, 1954-

4 River MN 68006001 1956 2004-2016 USGS/DNR 309 Yes Yes
Snake At Warren, 1945, 1954- Not

5 River MN USGS 05085500 1956 Available USGS 175 Yes No

At Retention

Snake Pond Outlet Not Not Not
6 River near Radium USGS 05085430 Not Available Available USGS Available Available Not Available
Snake At Warren, Not Not
7 River MN DNR 68031001 Not Available 1999-2002 DNR Available Available Poor Quality
Snake At Radium, Not Not
8 River MN DNR 68032001 Not Available 2003-2004 DNR Available Available Poor Quality
Snake Near USGS Not Not Not
9 River Radium, MN 481311096345501 Not Available Available USGS Available Available Not Available
Snake Below USGS Not Not Not
10 River Alvarado 481606097041001 Not Available Available USGS Available Available Not Available
Above
Middle River
Snake nr Big Not
11 River Woods, MN USGS 05086500 1945 Available USGS 481 Yes No
Near Mouth
Snake nr. Big Not Not Not
12 River Wood, MN USGS 05087600 Not Available Available USGS Available Available No

The neighboring Middle River at Argyle, MN USGS gage (ID 05087500) has a period of record of 1945
and 1950-2016 (68 events). Initially, site numbers 3 and 5 in Table 22 are added to the Snake River
above Warren, MN flow record. The Snake River at Warren, MN (site 5, Table 22, USGS Gage ID
05085500) annual instantaneous peak flow record is added directly to the Snake River above Warren,
MN (USGS Gage ID 05085450) record because there is less than a 1% difference in the drainage areas
between the two sites. The Snake River above Alvarado, MN (site 3, Table 22, USGS Gage ID 05085900)
annual instantaneous peak flow record is adjusted using the drainage area transfer discussed in the
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Evaluation of Drainage-Area Ratio Method Used to Estimate Streamflow for the Red River of the North
Basin, North Dakota and Minnesota report (Reference 21). The MOVE.3 record extension technique is
applied to the modified peak flow record of the Snake River above Warren, MN (USGS ID 05085450) by
comparing it to the Middle River at Argyle, MN (USGS Gage ID 05087500). The resulting Nash-Sutcliffe
coefficient was 0.15, which is well below the accepted threshold of 0.70 used in this study.
Consequently, the sites in Table 22 are not used to extend the period of record for the Snake River
above Warren, MN.

To extend the period of record of this gage, a MOVE.3 analysis is calculated by comparing the systematic
record of the Snake River above Warren, MN (short term, Gage ID 05085450) gage to the nearby Middle
River at Argyle, MN USGS gage (long term, Gage ID 05087500), which has a period of record of 1945 and
1950-2016 (68 events). A linear regression of concurrent annual peak flow data at both sites indicates a
coefficient of determination, R?, value of 0.84, which suggests that discharges between the two sites are
highly correlated. The Nash-Sutcliffe coefficient, Rxs?, for the MOVE.3 analysis is 0.77, which indicates
the MOVE.3 estimates are adequate to extend the period of record.

The adopted period of record used in this analysis is 1945, 1950-2016 (68 year systematic record, with
MOVE.3 estimated flows). An analytical flow frequency analysis using methods outlined in Bulletin 17C:
Guidelines for Determining Flood Flow Frequency is adopted to define the flow frequency curve at this
location (Reference 20). The Expected Moments Algorithm (EMA) in HEC-SSP version 2.1 (Reference 7)
is used to estimate the log Pearson type Il distribution parameters using the observed peak flows.

The expected moments algorithm uses interval data, consequently there cannot be missing information
in the period of record used for the analysis. The missing record from 1946-1949 is described by
selecting appropriate perception thresholds. Perception thresholds are typically described using flood
information from the period of record, flood information from neighboring watersheds, or qualitative
flood information which can be used to infer a discharge. The observed period of record for the Snake
River above Warren, MN consists of 8 systematic events and no historic information. Therefore, the
perception threshold for the Snake River above Warren, MN (05085450) is set using information from
the neighboring Middle River at Argyle, USGS gage (ID 05087500). According to the water year summary
for the Middle River at Argyle, the maximum peak flow observed in this watershed occurred during the
1996 event. The 1996 event estimated from the MOVE.3 relationship for the Snake River above Warren,
MN is used to set the low perception threshold for the 1946-1949 missing period of information in the
analytical frequency analysis.

For the years 1946-1949, a low perception threshold equal to the largest peak flow of record (5,963 cfs,
estimated with MOVE.3) is used with a high perception threshold of infinity. Hirsch-Stedinger plotting
positions are used to plot observed data, and low outliers are plotted with Median plotting positions.
The analytical frequency curve is derived using HEC-SSP version 2.1 (Reference 7). Station skew of -
0.471 is adopted for this analysis. A weighted skew using the results from the Generalized Skew
Coefficients for Flood-Frequency Analysis in Minnesota study (Reference 33) was also developed,;
however, station skew provided the best fit to the observed data. A summary of the frequency curve is
shown in Table 23 and the final, adopted frequency curve is shown in Appendix D3.
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Table 23 Snake River above Warren analytical flow frequency summary

Annual Peak Discharge Frequency Analysis

USGS Gage 05085450 Snake River above Warren, MN
Methodology: Bulletin 17C - Log Pearson Type il

Exceedance Probability 90% Confidence Limits (cfs)
(%) Peak Estimate (cfs) 5% 95%
0.20% 10,200 28,400 6,000
0.50% 7,900 18,000 5,100
1% 6,400 12,600 4,300
2% 5,000 8,600 3,500
4% 3,700 5,700 2,700
5% 3,400 5,000 2,500
10% 2,300 3,200 1,700
20% 1,400 1,900 1,100
50% 490 660 360
80% 150 210 70
90% 70 110 20
95% 40 70 10
99% 10 30 1

Statistics
Mean 2.646 Systematic Record 68 Years
Standard Deviation 0.587 Total Period 72 Years
Adopted Skew -0.471 Years in Record 1945, 1950-2016

Volume Frequency Analysis

HEC-SSP version 2.1 (Reference 7) is used to apply Bulletin 17C guidelines (Reference 20) to compute
volume frequency curves for the Snake River above Warren, MN. Initially, a frequency curve for each
duration (1-, 3-, 7-, 10-, and 15-day) is plotted using station skew to be consistent with the approach
taken in the peak flow frequency analysis and because station skew appeared to fit the data better.
Durations greater than 15 days are not included in this analysis, because events in the Snake River basin
tend to peak quickly and generally last 15 days or less. As with the annual instantaneous peak flow
record, the daily flow record contains only 8 water years, 2009-2016. To extend the daily period of
record for this gage, a MOVE.3 analysis is calculated for each duration by comparing the Snake River
above Warren, MN (short term, Gage ID 05085450) gage to the nearby Middle River at Argyle, MN USGS
gage (long term, Gage ID 05087500), which has an adjusted daily period or record from 1951-1990 and
2002-2016. See the Middle River at Argyle Volume Frequency Analysis for information regarding daily
record adjustments. MOVE.3 statistics for each duration are shown in Table 24 below. The Nash-
Sutcliffe coefficients for the 7-, 10-, and 15-day MOVE.3 computations are not very high; however, p
values are greater than 0.7, and each extended data set has an improved variance. Bulletin 17C
guidelines (Reference 20) note that when the p value is greater than 0.7 the MOVE.3 estimate is
worthwhile.

LRBR Study - Appendix D: Tributary Frequency Analysis & Balanced Hydrographs 41



Table 24 Snake River above Warren MOVE.3 statistical parameters for each duration

MOVE.3 Statistical Parameters

Duration
AIP 1-Day 3-Day 7-Day 10-Day 15-Day

Statistical Parameter

RZ
P

The MOVE.3 extended daily period of record for the Snake River above Warren gage (ID 05085450) is
1951-1990 and 2002-2016, with missing records from 1991-2001. For each year from 1991-2001, the
maximum event for each duration is estimated from the annual instantaneous peak event. These
estimates are then used as low perception thresholds for each duration for water years 1991-2001, with
high perception thresholds of infinity. See Section 4.1.2 for a detailed description of how events are
estimated in this case, and see Table 25 below for the adopted reduction factor and estimated 1991-
2001 event magnitudes for each duration.

Table 25 Snake River above Warren estimated 1991-2001 event magnitudes for each duration
Reduction Factors - Missing Events: Snake River - Warren, Minnesota

Annual
Instantaneous
Peak

Annual Maximum 1- Annual Maximum 3- Annual Maximum 7- Annual Maximum  10- Annual Maximum  15-
Day Flow Day Flow Day Flow Day Flow Day Flow
Water Year

Reduction Reduction Reduction Reduction Reduction

Flow (cfs) Factor Flow (cfs) Factor Flow (cfs) Factor Flow (cfs) Factor Flow (cfs) Factor

Flow (cfs)

1,880 1.080 1,740 1.157 1,503 1.281 1,174 1.189 1.299
812 1.075 755 1.059 713 1.218 585 1.216 1.351
754 1.049 719 1.198 600 1.125 533 1.000 1.033

Average Reduction Factor & Estimated Event Magnitudes
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After plotting the initial volume frequency curves, a smoothed skew value is determined by plotting the
log skew (Y-axis) versus log mean (X-axis) associated with each duration curve and fitting the points with
a smooth line, as shown in Figure 22. A smoothed standard deviation is also determined by the same
method, but by plotting the log standard deviation (Y-axis) versus log mean (X-axis) associated with each
duration, as shown in Figure 23. Smoothed skew and smoothed standard deviation are adopted for
each duration. The low outlier threshold is set equal to the Multiple Grubbs-Beck Critical Value for each
duration, and low outlier thresholds are displayed in Table 26. Table 27 shows the results of the Snake

River above Warren, MN volume frequency analysis. A graph of the adopted curves is shown in
Appendix D4.

Table 26 Snake River above Warren computed low outlier thresholds

HEC-SSP Computed Values

Grubbs-Beck # of Low
Critical Value Outliers

Duration

AIP
1-Day
3-Day
7-Day

10-Day
15-Day

Table 27 Snake River above Warren volume frequency curves summary

Volume Frequency Analysis
USGS Gage 05085450 Snake River above Warren, MN

Exceedance Return Period 1-Day 3-Day 7-Day 10-Day 15-Day
Probability (%) (yrs) (cfs) (cfs) (cfs) (cfs) (cfs)
0.2 500 7,900 6,400 4,800 3,800 2,300
0.5 200 5,900 4,900 3,700 3,000 1,900
1 100 4,600 3,900 3,000 2,500 1,600
2 50 3,500 3,000 2,400 2,000 1,300
4 25 2,600 2,200 1,800 1,500 1,000
5 20 2,300 2,000 1,600 1,400 960
10

Statistics
Mean

Adopted Standard Deviation
Adopted Skew
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Smooth Skew: Snake River above Warren, MN
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Figure 22 Snake River above Warren smoothed skew

Smooth Standard Deviation: Snake River above Warren, MN
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Figure 23 Snake River above Warren smoothed standard deviation
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Balanced Hydrograph Analysis

Balanced hydrographs are generated using the 2009 event. This event is selected as the pattern event
for the analysis because it is the largest snowmelt-driven event in the observed record at the Snake
River above Warren, MN gage (Gage ID 05085450), representative of hydrologic conditions desired to
estimate balanced hydrographs for large magnitude events. Judging by the limited daily flow data
available (8 water years) in the observed record, flood events in the Snake River Basin tend to consist of
a duration lasting approximately 10 days. Therefore, when generating balanced hydrographs in this
analysis, durations beyond 10 days are not considered. Since the rising and falling limbs of peak events
are captured in 10 days, including longer durations does not reflect the behavior of the watershed.
Figure 24 below shows the three largest events in the observed record in the basin.

Pattern Event Selection: Snake River above Warren, MN
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Figure 24 Snake River above Warren pattern event selection

Results from the volume frequency analysis are used to generate balanced hydrographs for the Snake
River above Warren, MN such that computed balanced hydrograph volumes match the volume
frequency analysis results exactly for each duration. However, matching the computed volumes exactly
often results in unrealistic hydrograph shapes which sometimes spike rapidly on the rising or receding
limb. Therefore, each balanced hydrograph is manually smoothed to be representative of the observed
pattern hydrograph shape and to nest well with curves from each duration. Section 4 includes USACE
standards for the maximum allowable difference in volumes between the computed and smoothed
balanced hydrographs for each duration. Table 28 summarizes the differences between computed and
smoothed balanced hydrographs for the Snake River above Warren, MN. A summary plot of all final
balanced hydrographs for the Snake River above Warren, MN can be seen in Figure 25.
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Table 28 Snake River above Warren smoothed balanced hydrograph results

Snake River above Warren, MN Balanced Hydrographs

Recurrence Interval

Difference After Smoothing (%)

1-day 3-day 10-day
10-yr
25-yr
50-yr
100-yr
200-yr
500-yr
9,000
8,000
------ |- Pattem Hydrograph
500yr H
71000 g 200-yT Smoothed Balanced Hydrograph
bt 100-yr Smoothed Balanced Hydrograph
/ \\ - :
2541 H
6,000 A 1091 H P
g 5,000 / \
E 4,000 / / /\\\
3,000
O
1,000 =
0 . ‘ ,
1 2 3 4 5 6 8 9 10
Days
Figure 25 Snake River above Warren summary plot of final balanced hydrographs
4.3.6 Middle River at Argyle, MN (USGS Gage ID 05087500)

Annual Instantaneous Peak Flow Frequency Analysis

The Middle River at Argyle, MN USGS gage (Gage ID 05087500) is located 30 feet upstream of the

County Highway 4 bridge in Argyle, MN. The stream flow gage measures runoff from a 255 square mile

drainage area. A review of peak stream flow records provided by the USGS indicates peak flows are not
affected by regulation (Reference 12).
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The observed peak flow record for the Middle River at Argyle, MN gage (ID 05087500) includes a
systematic record of 1945 and 1950-2016. An analytical flow frequency analysis using methods outlined
in Bulletin 17C: Guidelines for Determining Flood Flow Frequency is adopted to define the flow frequency
curve at this location (Reference 20). Annual peak flow records provided by the USGS indicate the
maximum daily average was used in place of the annual instantaneous peak for the years 2008 and
2014. To correct the annual peak flow record, a linear regression relationship is developed between the
maximum daily average and annual instantaneous peak records for the period of record, omitting 2008
and 2014. The regression equation is then applied to the maximum daily average flow for 2008 and
2014 to estimate the annual instantaneous peak for these years. Figure 26 shows a plot of the linear
regression relationship developed to estimate each annual instantaneous peak event.

Peak Flow Data Correction: Middle River at Argyle, MIN
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Figure 26 Middle River at Argyle peak flow data correction

After correcting the annual instantaneous peak flow records for the Middle River at Argyle gage (ID
05087500), the frequency curve is defined according to the guidelines in Bulletin 17C: Guidelines for
Determining Flood Flow Frequency (Reference 20). The Expected Moments Algorithm (EMA) in HEC-SSP
version 2.1 (Reference 7) is used to estimate the log Pearson type Il distribution parameters using the
observed peak flows. For the years 1946-1949, a low perception threshold equal to the largest peak
flow of the observed record (1996 event: 5,020 cfs) is used with a high perception threshold of infinity.
The website for the Middle River at Argyle, MN USGS Gage indicates that the 1996 event is the largest
observed peak event on record at this gage; therefore, the 1996 event is a conservative choice for the
low perception threshold (Reference 12). Hirsch-Stedinger plotting positions are used to plot observed
data, and low outliers are plotted with Median plotting positions. The analytical frequency curve is
derived using HEC-SSP version 2.1 (Reference 7). A weighted skew value is adopted using the results
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from the Generalized Skew Coefficients for Flood-Frequency Analysis in Minnesota study (Reference 33).
The station skew of -0.231 is weighted with a regional skew of -0.481 (MSE of 0.182) to produce an
adopted skew of -0.371. A summary of the frequency curve is shown in Table 29 and the final, adopted
frequency curve is shown in Appendix D3.

Table 29 Middle River at Argyle analytical flow frequency summary

Annual Peak Discharge Frequency Analysis
USGS Gage 05087500 Middle River at Argyle, MN
Methodology: Bulletin 17C - Log Pearson Type il

Exceedance Probability 90% Confidence Limits (cfs)
(%) Peak Estimate (cfs) 5% 95%
0.20% 7,100 12,000 5,000
0.50% 6,000 9,300 4,400
1% 5,200 7,600 4,000
2% 4,400 6,100 3,500
4% 3,600 4,800 2,900
5% 3,400 4,400 2,800
10% 2,600 3,300 2,200
20% 1,900 2,300 1,600
50% 1,000 1,200 830
80% 490 600 320
90% 320 420 170
95% 230 320 100
99% 110 190 30

Statistics
Mean 2.981 Systematic Record 68 Years
Standard Deviation 0.358 Total Period 72 Years
Adopted Skew -0.371 Years in Record 1945, 1950-2016

Volume Frequency Analysis

HEC-SSP version 2.1 (Reference 7) is used to apply Bulletin 17C guidelines (Reference 20) to compute
volume frequency curves for the Middle River at Argyle, MN. Initially, a frequency curve for each
duration (1-, 3-, 7-, 15-, and 30-day) is plotted using a weighted skew value, derived from station skew
and a regional skew of -0.481 (MSE of 0.182). The regional skew is adopted from the Generalized Skew
Coefficients for Flood-Frequency Analysis in Minnesota study (Reference 33). The complete daily period
of record includes the years 1945, 1951-1990, and 2001-2016. However, daily records from 1945 are
not adopted for this analysis because the daily records fail to capture the complete rising and falling
limbs of the peak event hydrograph. Additionally, the only daily record available for 2001 is September
30™, the last day of the 2001 water year. Since a single daily record is insufficient to analyze an entire
water year, this record is discarded. The observed daily period of record for the Middle River at Argyle
gage (ID 05087500) then becomes 1951-1990 and 2002-2016, with missing records from 1991-2001. For
each year from 1991-2001, the maximum duration specific event is estimated from the annual
instantaneous peak event through the use of a reduction factor generated from observed data. These
estimates are then used as low perception thresholds for each duration for water years 1991-2001, with
high perception thresholds of infinity. See Section 4.1.2 for a detailed description of how events are
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estimated in this case, and see Table 30 below for the adopted reduction factor and estimated 1991-
2001 event magnitudes for each duration.

Table 30 Middle River at Argyle estimated 1991-2001 event magnitudes for each duration

Reduction Factors - Missing Events: Middle River - Argyle, Minnesota

Annual
Instantaneous 1-Day Flow (cfs) 3-Day Flow (cfs) 7-Day Flow (cfs) 15-Day Flow (cfs) 30-Day Flow (cfs)
Peak (cfs)

Water Year

Reduction Reduction Reduction Reduction Reduction

Flow (cfs) Factor Flow (cfs) Factor Flow (cfs) Factor Flow (cfs) Factor Flow (cfs) Factor Flow (cfs)

2,730 1.071 2,550 G 2,250 1.341 1,678 1.548 1,084 1.652

4,260 1.124 3,790 1.090 3,477 1.430 2,431 1.807 1,345 1.837

3,500 1.000 3,500 1.094 3,200 1.315 2,433 1.562 1,557 1.768

Average Reduction Factor & Estimated Event Magnitudes

After plotting the initial volume frequency curves, a smoothed skew value is determined by plotting the
log skew (Y-axis) versus log mean (X-axis) associated with each duration curve and fitting the points with
a smooth line, as shown in Figure 27. A smoothed standard deviation is also determined by the same
method, but by plotting the log standard deviation (Y-axis) versus log mean (X-axis) associated with each
duration, as shown in Figure 28. Smoothed skew and smoothed standard deviation are adopted for
each duration to improve the fit of the frequency curves to the data as well as prevent the curves from
crossing. The low outlier threshold is set equal to the Multiple Grubbs-Beck Critical Value for each
duration, and low outlier thresholds are displayed in Table 31. Even though there is a large jump in the
number of low outliers for the 30-day duration relative to each preceding duration, the 30-day curve fits
the observed data well; therefore, the default Multiple Grubbs Beck Test is adopted. Table 32 shows the
results of the Middle River at Argyle, MN volume frequency analysis. A graph of the adopted curves is
shown in Appendix D4.
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Table 31 Middle River at Argyle computed low outlier threshold

HEC-SSP Computed Values
Grubbs-Beck # of Low
Critical Value Outliers

Duration

AIP
1-Day

3-Day
7-Day
15-Day
30-Day

Table 32 Middle River at Argyle volume frequency curves summary

Volume Frequency Analysis
USGS Gage 05087500 Middle River at Argyle, MN

Exceedance Return Period 1-Day 3-Day 7-Day 15-Day 30-Day
Probability (%) (yrs) (cfs) (cfs) (cfs) (cfs) (cfs)
0.2 500 5,900 4,900 3,500 2,400 1,500
0.5 200 5,000 4,200 3,000 2,100 1,300
1 100 4,300 3,600 2,700 1,800 1,200
2 50 3,700 3,100 2,300 1,600 1,000
4 25 3,100 2,600 1,900 1,300 880
5 20 2,900 2,400 1,800 1,300 830

Statistics
Mean

Adopted Standard Deviation
Adopted Skew
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Smooth Skew: Middle River at Argyle, MN
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Figure 27 Middle River at Argyle smoothed skew
Smooth Standard Deviation: Middle River at Argyle, MN
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Figure 28 Middle River at Argyle smoothed standard deviation

LRBR Study - Appendix D: Tributary Frequency Analysis & Balanced Hydrographs

3.1

3.1

51



Balanced Hydrograph Analysis

Balanced hydrographs are generated using the 2006 event. The 2006 event is selected as the pattern
event for the analysis because it is a large, unimodal, snowmelt-driven event. The 2006 event is the
second largest event of record. The 1975 event is greater in magnitude, but this event peaks on July 4™,
It is not snowmelt-driven and therefore not representative of hydrologic conditions modeled in this
study. Figure 29 below shows the three largest events of record in the basin.

Pattern Event Selection: Middle River at Argyle, MN
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Figure 29 Middle River at Argyle pattern event selection

Results from the volume frequency analysis are used to generate balanced hydrographs for the Middle
River at Argyle, MN such that computed balanced hydrograph volumes match the volume frequency
analysis results exactly for each duration. However, matching the computed volumes exactly results in
unrealistic hydrograph shapes which sometimes spike rapidly on the rising or receding limb to preserve
volume. Therefore, each balanced hydrograph is smoothed to be representative of the observed
pattern hydrograph shape and to nest well with curves from each duration. Section 4 includes USACE
standards for the maximum allowable difference in volumes between the computed and smoothed
balanced hydrographs for each duration. Table 33 summarizes the differences between computed and
smoothed balanced hydrographs for the Middle River at Argyle, MN. A summary plot of all final
balanced hydrographs for the Middle River at Argyle, MN can be seen in Figure 30.

LRBR Study - Appendix D: Tributary Frequency Analysis & Balanced Hydrographs 52



Table 33 Middle River at Argyle smoothed balanced hydrograph results

Middle River at Argyle, MN Balanced Hydrographs

Recurrence Interval

10-yr
25-yr
50-yr
100-yr
200-yr
500-yr

Difference After Smoothing (%)

1-day 3-day 7-day 15-day 30-day

----- & Pattern Hydrograph
——0.2% AEP Smoothed Balanced Hydrograph
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Figure 30 Middle River at Argyle summary plot of final balanced hydrographs

4.3.7 Pembina River
Annual instantaneous peak flow frequency curves, volume frequency curves, and balanced hydrographs
were estimated for the Pembina River at Walhalla, ND (USGS gage ID 05099600) and the Pembina River
at Neche, ND (USGS gage ID 05100000). The Pembina River can be subject to breakout flows which are
considered for this analysis and discussed in the section below.
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4.3.7.1 Pembina River Breakout Flows
Flow which breaks out of the main channel of the Pembina River and into the surrounding floodplain
occurs both upstream and downstream of Neche, ND. However, only the flows which breakout of the
channel downstream of Neche leave the Pembina River Watershed.

According to the Fargo-Moorhead Metro Supplemental Draft Feasibility Report Appendix A-3, near
Walhalla the river flows upon what was formerly the Glacial Lake Agassiz lakebed (Reference 4). Thus,
the terrain between Walhalla and the mouth of the Pembina River is flat, which makes it susceptible to
flow breaking out of the main conveyance channel and inundating the surrounding floodplain.
Downstream of Neche the riverbed is perched, meaning the bed and main channel is higher than the
surrounding floodplain (Reference 4). Breakout flow from the main channel into the surrounding
floodplain occurs on the Pembina River upstream and downstream of Neche but upstream of Neche
breakout flows can re-enter the Pembina River. The streamflow gage at Neche has been adjusted by the
USGS to include upstream breakout flows into the Pembina River’s extended floodplain in the total
observed gage record for the Pembina River at Neche, ND USGS gage (ID 05100000) (Reference 8).

According to the North Dakota USGS, the USGS has never documented any of the observed breakout
flow exiting the Pembina River Basin and flowing into the neighboring Aux Marais watershed upstream
of the County Road 55 Bridge or Highway 18 Bridge in Neche, ND (see Figure 32 for diagram of area).
The majority of the flows which breakout from the Pembina River channel above Neche return to the
channel downstream before reaching Neche. The peak flow is lagged and attenuated between Walhalla
and Neche as the water breaks out into the fields around Leroy, ND before eventually draining back into
the Pembina River channel downstream (Reference 8).

The USGS measurements collected through many separate events confirm that the peak discharge at
Neche is often less than the peak discharge at Walhalla, even though the drainage area at Neche is
slightly greater than at Walhalla. Figure 31 shows a comparison of annual instantaneous peak flows for
the Pembina River at Neche and Walhalla for 2009-2016. As the figure shows, there are instances where
the peak flow at the downstream Neche gage is less than the peak discharge at the Walhalla gage.
Despite the attenuation in the flood peak, the North Dakota USGS believes that the total volume being
passed between the Walhalla, ND gage and the Neche, ND gage is similar, indicating that inter-basin
breakout flows from the Pembina watershed to the Aux Marais watershed do not occur upstream of
Neche, ND.
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Comparison of Annual Peak Discharge
Pembina River at Walhalla, ND and Neche, ND
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Figure 31 Comparison of Annual Instantaneous Peak Flow Data for the Pembina River at Walhalla, ND and Neche, ND
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Figure 32 Lower Pembina River watershed map (Reference 38)
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The total monthly flow volume (in acre-feet) of the Pembina River at Walhalla and Neche was computed
in HEC-DSSVue version 2.6 (Reference 6) to compare the volumes between the two sites. Due to the
relatively small difference in drainage area between the two sites (a 2% difference), and the fact that
there are no major tributary inputs between Walhalla and Neche, local inflows are assumed to be small.
Consequently, if breakout flows are not significant the volume between the two sites should be similar.
Large decreases in volume between Walhalla and Neche would indicate that discharge is breaking out of
the Pembina River watershed between Walhalla and Neche and leaving the watershed. Figure 33 below
shows a comparison of monthly volumes for 2009-2016. As the figures show, the volumes of flow
recorded at the two sites generally match.

Additionally, a comparison of the volume frequency curve information for Walhalla and Neche, shown in

Table 39 and Table 44, respectively, indicates that for shorter durations the volume at Neche is less than
the volume at Walhalla. For longer durations, the volume at Neche is greater than the volume at
Walhalla indicating that the volume is preserved over longer durations. Based on all the information
and analysis determined for this study, it can be assumed that there are not significant breakout flows
leaving the Pembina watershed upstream of Neche. Based on this analysis and the information
presented above, it is assumed that an analytical approach can be used to define the discharge and
volume frequency relationships at the Walhalla, ND and Neche, ND sites on the Pembina River.
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Figure 33 Comparison of monthly volumes between the Pembina River at Walhalla and Neche (2009-2016)
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Substantial breakouts in the Lower Pembina River watershed occur downstream of Neche, ND and
upstream of the mouth of the Pembina River (Reference 4). A road dike runs west to east along the
United States and Canada border and restricts the inter-basin transfer of breakout flows from the
Pembina River into the adjacent Aux Marais Watershed in Manitoba (Reference 31). Culverts are
installed in the road dike, but the majority have a capacity only slightly greater than the capacity
required to convey normal agricultural drainage (Reference 31). The culvert system cannot handle the
substantial overland flows which occur when the Pembina River spills over its banks (Reference 31). The
majority of overland, Pembina River breakout flow travels parallel to the road dike towards the Red
River of the North. Breakout flows on the Pembina River channel immediately downstream of Neche,
ND typically begin at approximately 8,370 cfs and increase as total discharge increases. The relationship
in Table 34 below describes the breakout flow relationship for the Pembina River at Neche, ND to the
Aux Marais watershed.

Table 34 Breakout flow relationship for the Pembina River immediately downstream of Neche, ND

According to the North Dakota State Water Commission (ND SWC), Border Crossing #6, which is located
approximately 6 miles east (downstream) of Neche, allows a portion of the breakout flows from the
Pembina River to flow through the international road dike and into the neighboring Aux Marais
watershed (Reference 39). The water that does not exit the Pembina River Basin via Crossing #6
continues to flow east on the North Dakota Side. At the confluence of the Pembina River with the Red
River of the North, water flows northwest across the border. Flows from the Pembina River and the Red
River of the North cause backwater effects to occur near the mouth of the Aux Marais watershed
(Reference 39). The image in Figure 34 from the ND SWC Pembina River Hydraulic Model Report shows
the extents of flooding for the April 2006 flood event (Reference 38). Figure 34 displays the interaction
between the Pembina River watershed, the Red River of the North and the Aux Marais River watershed
during large flood events.
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Figure 34 Simulated April 11, 2006 (blue) and April 13, 2006 (yellow) flood extents overlying an April 11, 2006 Landsat Image courtesy of the USGS (Reference 38)
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4.3.7.2 Pembina River at Walhalla, ND (USGS Gage ID 05099600)
The Pembina River at Walhalla, ND USGS gage (Gage ID 05099600) is located on the southeast corner of
the State Highway 32 Bridge, 0.5 miles south of Walhalla, and 7 miles downstream of the confluence of
the Little South Pembina River and the Pembina River (Reference 14). The Walhalla stream flow gage
measures runoff from a 3,350 square mile drainage area. A review of peak stream flow records for this
site indicates that discharge is not significantly affected by regulation from upstream hydraulic
structures (Reference 14).

The continuous daily and annual instantaneous peak flow record for the Pembina River at Walhalla, ND
USGS gage (ID 05099600) is 1940-1990, 1994-1995, and 2000-2016 (70 systematic events) (Reference
14). In 1997 a peak stage of 16.53 feet was obtained from a high water mark and converted to a peak
flow of 23,100 cfs using a USGS rating curve. The 1997 event is considered the event of record at
Walhalla, but the USGS does not provide further information which would allow the 1997 event to be
put into a longer historic context (Reference 14). Thus, a systematic record of 71 years is adopted for
analysis. Previous analysis performed by the US Army Corps of Engineers St. Paul District also included
the 1997 event within the systematic period of record (Reference 4).

Annual Instantaneous Peak Flow Frequency Analysis

Observed, annual instantaneous peak flow data from the Pembina River at Walhalla, ND USGS gage (ID
05099600) is compared to data collected at the nearby Pembina River at Neche, ND USGS gage (ID
05100000) using linear regression. The systematic annual instantaneous peak flow period of record at
Neche is 1904-1915 and 1919-2016 (110 systematic events). The linear regression analysis produces a
coefficient of determination, R?, of 0.96 (see Figure 35) between the two sites. The MOVE.3 analysis
technique discussed in Section 4.2 is applied to extend the period of record at the short term Walhalla,
ND gage using the record from the long-term Neche, ND gage. The Nash-Sutcliffe coefficient, Rns?, for
the MOVE.3 analysis of the Walhalla gage is 0.93, which indicates that the MOVE.3 estimates are
adequate to extend and fill-in the period of record at Walhalla, ND. Figure 36 shows a comparison of
the observed and MOVE.3 estimated flows for the Pembina River at Walhalla, ND USGS gage. The
estimated flows model the observed flows well. The systematic period of record generated using the
MOVE.3 extension is 1904-1915 and 1919-2016 (110 years). The annual instantaneous peak at Neche
was not recorded for water year 1909, but a mean daily annual peak could be generated from the daily
flow record. The mean daily annual peak was used to approximate an annual instantaneous peak at
Neche for 1909 and this value was used to approximate a corresponding flow at Walhalla using the
MOVE.3 equation.
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Figure 35 Linear correlation of concurrent peak discharges of the Pembina River at Walhalla and Neche USGS Gages
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Figure 36 Observed vs. MOVE.3 estimated flows for the Pembina River at Walhalla, ND USGS gage (ID 05099600)

An analytical flow frequency analysis using methods outlined in Bulletin 17C: Guidelines for Determining
Flood Flow Frequency is adopted to define the flow frequency curve at this location (Reference 20). The
Expected Moments Algorithm (EMA) in HEC-SSP version 2.1 (Reference 7) is used to estimate the Log
Pearson Type lll distribution parameters using the observed peak flows and peak flows estimated using
MOVE.3. The Bulletin 17C EMA method requires the use of interval data; consequently, there cannot be
missing data contained in the annual instantaneous peak flow record. Information from the USGS
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website for the Pembina River at Walhalla, ND USGS gage (ID 05099600) is used to define the perception
threshold in this frequency analysis. According to the USGS, the 1997 event is listed as the largest
recorded event (Reference 14). A low perception threshold equal to the 1997 event (1997 event: 23,100
cfs) and a high perception threshold of infinity is used to represent the missing peak flow years: 1916-
1918. By defining the low perception threshold to be equivalent to 23,100 cfs, this implies that if an
event larger than the 1997 event had occurred, evidence of the event would be available for use in
hydrologic frequency analysis. Therefore, it is assumed that periods with missing information had flood
magnitudes less than 23,100 cfs (this is a conservative assumption from a flood risk management
perspective).

Hirsch-Stedinger plotting positions are used to plot observed data, and low outliers are plotted with
median plotting positions. A weighted skew value is adopted using the results from the Regional
Regression Equations to Estimate Peak-Flow Frequency at Sites in North Dakota report (Reference 43).
The station skew of -0.193 is weighted with a regional skew of -0.509 (MSE of 0.136) to produce an
adopted skew of -0.288. A summary of the frequency curve is shown in Table 35 and the final, adopted
frequency curve is shown in Appendix D3.

Table 35 Pembina River at Walhalla, ND Peak Flow Frequency Results

Annual Peak Discharge Frequency Analysis

USGS Gage 05099600 Pembina River at Walhalla, ND
Methodology: Bulletin 17C - Log Pearson Type lll, Expected Moments Algorithm

a0 90% Confidence Limits (cfs)
Exceedance Probability (%) Peak Estimate (cfs) 5% 95%
0.20% 40,500 75,100 25,600
0.50% 31,000 52,100 21,100
1% 24,700 38,700 17,700
2% 19,100 28,000 14,400
4% 14,300 19,600 11,100
5% 12,800 17,300 10,200
10% 8,900 11,300 7,200
20% 5,600 6,900 4,600
50% 2,200 2,600 1,800
80% 770 960 600
90% 430 560 310
95% 270 360 180
99% 100 160 50
Statistics
Mean Systematic Record 110 Years
Standard Deviation 0.513 Total Record 113 Years
Adopted Skew -0.288 Years in Record’ 1904'12901 15é 1919-

"The observed record at Walhalla is extended using the nearby Pembina River at Neche, ND USGS
gage (ID 05100000) by applying MOVE.3
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Volume Frequency Analysis

Generating volume duration frequency analysis is similar to annual peak flow frequency analysis, except
that a daily record is used to compute the frequency curves for durations of interest (e.g. 1-day, 3-day,
7-day, etc.), instead of an annual instantaneous peak stream flow record. Mean daily peak (MDP) flow
data is available for the Pembina River at Walhalla, ND USGS gage from 1940-1990, 1994-1995, and
2000-2016 (70 systematic events). The period of record for the Pembina River at Walhalla is extended
by applying a MOVE.3 analysis using the long-term station at Neche, ND (USGS Gage ID 05100000
Pembina River at Neche, ND).

A separate MOVE.3 calculation was performed for each duration included in the analysis (1-, 3-, 7-, 15-,
and 30-day). The extended period of record used in the analysis is 1904-1915, 1919-2016 (110
systematic events). The Nash-Sutcliffe coefficient is used to evaluate the strength of the record
extension technique’s ability to estimate observed events. A Nash-Sutcliffe coefficient of at least 0.70 is
considered sufficient to extend the period of record at the short term station using a comparison with
the record at the long term station. A summary of the Nash-Sutcliffe coefficients computed for each
duration is shown in Table 36 below.

Table 36 Nash-Sutcliffe Coefficient Summary — Pembina River at Walhalla, ND

Duration MOVE.3 Nash-Sutcliffe Coefficient (Rys?)

AlP 0.93
1-Day 0.96
3-Day 0.98
7-Day 0.99

15-Day 0.99
30-Day 0.99

The Bulletin 17C Expected Moments Algorithm (EMA) requires the use of interval data; consequently,
there cannot be missing data in the daily flow record. No annual instantaneous peak or daily flow
information is available for the missing 1916-1918 portion of the period of record, consequently, the
highest observed flow-duration value for each duration is used to define a conservative low perception
threshold for these missing flow years. The highest observed flow-duration value for each duration in
the analysis is shown in Table 37. A high perception threshold of infinity is used for both missing flow
years and years where observed streamflow data is available.

Table 37 Estimates of low perception threshold for Pembina River at Walhalla Missing Period of Record

Duration ‘Annual Instantaneous Peak 1-Day 3-Day 7-Day 15-Day 30-Day

Est. Flow (cfs) 23,100 16,300 | 15,433 | 12,746 | 11,066 | 8,141

HEC-SSP version 2.1 (Reference 7) is used to apply Bulletin 17C guidelines (Reference 20) to compute
volume frequency curves for the Pembina River at Walhalla, ND USGS gage (ID 05099600). A volume
frequency curve for each duration (1-, 3-, 7-, 15-, and 30-day) is computed using a weighted skew value,
derived from station skew and a regional skew of -0.509 (MSE of 0.136). The regional skew is adopted
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from the Regional Regression Equations to Estimate Peak-Flow Frequency at Sites in North Dakota
report (Reference 43). Initially, several of the volume frequency curves crossed. Investigation of the
summary statistics in HEC-SSP version 2.1 (Reference 7) revealed that the number of low outliers
computed across the various durations varied considerably between durations. The number of low
outliers was manually adjusted to zero for the 3-day and 7-day durations to be consistent with the
number of low outliers computed for the other durations. The resulting curves nested without crossing
and no adjustments were required to the computed statistics. Table 38 shows the original number of
low outliers and the adopted number of low outliers used in each volume frequency analysis. A
summary of the final adopted curves is shown below in

Table 39 and a plot of the final curves is shown in Appendix D4.

Table 38 Pembina River at Walhalla, ND number of low outliers

Duration Original Number of Low Outliers Adopted Number of Low Outliers

AlP 0 0
1-Day 0 0
3-Day 40 0
7-Day 40 0

15-Day 0 0
30-Day 0 0

Table 39 Pembina River at Walhalla, ND volume frequency curves summary

Volume Frequency Analysis
USGS Gage 05099600 Pembina River at Walhalla, ND

Exceedance Return Period 1-Day 3-Day 7-Day
Probability (%) (yrs) (cfs) (cfs) (cfs)

0.2 500 38,600 34,700 28,200 23,100 18,700

0.5 200 28,900 25,800 21,100 17,100 13,800

1 100 22,600 20,100 16,500 13,300 10,700

2 50 17,200 15,200 12,500 10,000 8,100

4 25 12,500 11,000 9,100 7,200 5,800

5 20 11,200 9,800 8,100 6,500 5,200

Statistics
Mean

Adopted Standard Deviation
Adopted Skew

Balanced Hydrograph Analysis

Balanced hydrographs are patterned after the 2006 event. This event was chosen as the pattern event
because it is a large, unimodal, snowmelt-driven event, representative of hydrologic conditions which
produce large scale flooding in the basin. Other large events considered for the Pembina River Basin
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exhibited a double peak hydrograph which is not preferred for balanced hydrograph analysis. The 2006
event is the sixth largest observed event on record and is unimodal. Figure 37 below shows the 2006
pattern event.

Pembina River at Walhalla, ND
14000
12000
10000
8000

6000
—@— 2006 Pattern Event

Discharge (cfs)

4000
2000
0

11Mar2006 01Apr2006 22Apr2006 13May2006 03Jun2006
Date

Figure 37 Pembina River at Walhalla, ND pattern event

Results from the volume frequency analysis are used to generate balanced hydrographs for the Pembina
River at Walhalla, ND such that computed balanced hydrograph volumes match the volume frequency
analysis results exactly for each duration. However, matching the computed volumes exactly often
results in exaggerated hydrograph features on the rising or falling limb of the hydrograph. Therefore,
each balanced hydrograph is smoothed in Microsoft Excel to be representative of the observed pattern
hydrograph shape and to nest well with the results for each exceedance probability. Section 4 includes
the adopted tolerance for the maximum allowable difference in volumes between the computed and
smoothed balanced hydrographs for each duration. Table 40 summarizes the differences between
computed and smoothed balanced hydrograph volumes for the Pembina River at Walhalla, ND. A
summary plot of all final balanced hydrographs for the Pembina River at Walhalla, ND can be seen in
Figure 38.

Table 40 Pembina River at Walhalla smoothed balanced hydrograph results

Pembina River at Walhalla, ND Balanced Hydrographs

Volume Percent Difference After Smoothing (%)

Exceedance Probability (%)

1-day 3-day 7-day 15-day
10 0.00% 0.08% 0.19% 0.32% 0.54%
4 0.00% 0.09% 0.23% -0.06% 0.53%
0.00% 0.11% 0.26% 0.18% 0.36%
0.00% 0.12% 0.31% 0.32% 0.54%
0.00% 0.13% 0.30% 0.43% 0.52%
0.00% 0.14% 0.29% 0.86% 0.59%
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Figure 38 Pembina River at Walhalla, ND summary plot of final balanced hydrographs

4.3.7.3 Pembina River at Neche, ND (USGS Gage ID 05100000)
The Pembina River at Neche, ND USGS gage (Gage ID 05100000) is located on the right bank at the State
Highway 18 bridge (Reference 13). The Neche stream flow gage measures runoff from a 3,410 square
mile drainage area. A review of peak stream flow records for this site indicates that discharge at this site
is not significantly affected by regulation from upstream hydraulic structures (Reference 13). The period
of record associated with the observed daily flow records for the Pembina River at Neche, ND USGS gage
(ID 05099600) is 1904-1915, and 1919-2016 (110 systematic events) (Reference 13). Annual
instantaneous peak flows are reported for the same period with the exception of the 1909 event.
According to the USGS, the 2013 event (17,500 cfs) is listed as the event of record in the basin. The USGS
does not provide further information which would allow this event to be put into a historic context and
includes it in the systematic record of information (Reference 13).

Annual Instantaneous Peak Flow Frequency Analysis

The USGS annual instantaneous peak flow record indicated that the values of the 1910 and 1944 annual
instantaneous peak flows were actually representative of mean daily peak flows (Reference 13).
Additionally, the mean daily peak flow value is available for the 1909 water year, but the annual
instantaneous peak flow value is not. A linear regression was developed between concurrent annual
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instantaneous peak flows and mean daily peak flow (see Figure 39 below) to develop a regression
equation to estimate annual peak flow data from mean daily peak flow data. The mean daily peak flows
values for the 1909, 1910, and 1944 water years were converted to be representative of an annual
instantaneous peaks using the regression relationship in Figure 39. Thus, the systematic period of
record available for annual instantaneous peak flow-frequency analysis is 1904-1915 and 1919-2016
(110 systematic events).
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Figure 39 Pembina River at Neche, ND mean daily peak to annual instantaneous peak conversion

Peak Discharge Frequency Analysis

An analytical flow frequency analysis using the methods outlined in Bulletin 17C: Guidelines for
Determining Flood Flow Frequency is adopted to define the peak flow frequency curve for the Pembina
River at Neche, ND (Reference 20). The Expected Moments Algorithm (EMA) in HEC-SSP version 2.1
(Reference 7) is used to estimate the log Pearson type Ill distribution parameters using observed peak
flows. The Bulletin 17C EMA method requires the use of interval data; consequently, there cannot be
missing data in the annual instantaneous peak flow record. Information available from the USGS
website for the Pembina River at Neche, ND USGS gage (ID 05100000) is used to define the perception
thresholds for the years where flows were not recorded: 1916-1918. The USGS indicates that the 2013
event is the event of record at Neche (Reference 13). A low perception threshold equal to the 2013
event (2013 event: 17,500 cfs) and a high perception threshold of infinity is used to represent the water
years 1916 through 1918. Setting the low perception threshold to be equivalent to the largest observed
event implies that if an event larger than the 2013 event had occurred, evidence of the event would be
available for use in hydrologic frequency analysis. This is a conservative assumption from a flood risk
management perspective.

Hirsch-Stedinger plotting positions are used to plot observed data and low outliers are plotted with
median plotting positions. The analytical frequency curve is derived using HEC-SSP version 2.1
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(Reference 7). A weighted skew value is adopted using the results from the Regional Regression
Equations to Estimate Peak-Flow Frequency at Sites in North Dakota report (Reference 43). The station
skew of -0.203 is weighted with a regional skew of -0.509 (MSE of 0.136) to produce an adopted skew of
-0.295. A summary of the frequency curve is shown in Table 41 and the final, adopted frequency curve
is shown in Appendix D3.

Table 41 Pembina River at Neche, ND Peak Flow Frequency Results

Annual Peak Discharge Frequency Analysis

USGS Gage 05100000 Pembina River at Neche, ND
Methodology: Bulletin 17C — Log Pearson Type lll, Expected Moments Algorithm

Exceedance Probability 90% Confidence Limits (cfs)
(%) Peak Estimate (cfs) 5% 95%
0.20% 31,000 56,500 19,800
0.50% 24,000 39,700 16,400
1% 19,200 29,700 13,900
2% 15,000 21,700 11,300
4% 11,300 15,300 8,900
5% 10,200 13,600 8,100
10% 7,100 9,000 5,800
20% 4,500 5,500 3,700
50% 1,800 2,200 1,500

80% 660 810 510
90% 370 480 270
95% 230 310 150
99% 90 140 50

Statistics
Mean 3.229 Systematic Record 110 Years
Standard Deviation 0.500 Total Record 113 Years

. 1904-1915, and
Adopted Skew -0.295 Years in Record 1919-2016

Volume Frequency Analysis

Mean daily peak (MDP) flow data is available for the Pembina River at Neche, ND USGS gage (ID
05100000) from 1904-1915 and 1919-2016 (110 systematic events). The entire mean daily peak record
is adopted for the volume frequency analysis.

The Bulletin 17C Expected Moments Algorithm (EMA) requires the use of interval data; consequently,
there cannot be missing data in the daily flow record. No annual instantaneous peak or daily flow
information is available for the missing 1916-1918 portion of the period of record, consequently, the
highest observed flow-duration value for each duration is used to define a conservative low perception
threshold for these missing flow years. The highest observed flow-duration value for each duration in
the analysis is shown in Table 42. A high perception threshold of infinity is used for both missing flow
years and years where observed streamflow data is available.
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Table 42 Estimates of low perception threshold for Pembina River at Neche Missing Period of Record

Duration AIP 1-Day 3-Day 7-Day 15-Day 30-Day
Est. Flow (cfs) | 17,500 | 14,600 13,633 12,071 10,902 8,131

HEC-SSP version 2.1 (Reference 7) is used to apply Bulletin 17C guidelines (Reference 20) to compute
volume frequency curves for the Pembina River at Neche, ND (USGS ID 05100000. A volume frequency
curve for each duration (1-, 3-, 7-, 15-, and 30-day) is computed using a weighted skew value, derived
from station skew and a regional skew of -0.509 (MSE of 0.136). The regional skew is adopted from the
Regional Regression Equations to Estimate Peak-Flow Frequency at Sites in North Dakota report
(Reference 43). Initially several of the volume frequency curves crossed. Investigation of the summary
statistics in HEC-SSP version 2.1 (Reference 7) revealed that the number of low outliers computed across
the various durations varied drastically and was inconsistent. The number of low outliers was manually
adjusted to zero for the 1-, 3-, and 7-day durations to be consistent with the number of low outliers
computed for the other durations. This approach is similar to the approach used for the volume
frequency analysis of the Pembina River near Walhalla, ND (see Section 4.3.7.2). The resulting curves
nested without crossing and no adjustments were required to the standard deviation and skew. Table
43 shows the original number of low outliers and the adopted number of low outliers used in each
volume frequency analysis. A summary of the final adopted curves is shown below in Table 44.

Table 43 Pembina River at Neche, ND number of low outliers

Duration Original Number of Low Outliers Adopted Number of Low Outliers

AlP 0 0
1-Day 42 0
3-Day 42 0
7-Day 41 0

15-Day 0 0
30-Day 0 0
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Table 44 Pembina River at Neche, ND volume frequency curves summary

Volume Frequency Analysis
USGS Gage 05100000 Pembina River at Neche, ND

Exceedance Return Period 1-Day 3-Day 7-Day
Probability (%) (yrs) (cfs) (cfs) (cfs)

0.2 500 29,900 28,800 24,700 21,300 17,400

0.5 200 22,900 21,900 18,800 16,000 13,000
1 100 18,300 17,400 14,900 12,500 10,200
2 50 14,200 13,400 11,500 9,500 7,800
4 25 10,600 10,000 8,500 7,000 5,700
5 20 9,600 9,000 7,700 6,300 5,100

Statistics
Mean

Adopted Standard Deviation
Adopted Skew

Balanced Hydrograph Analysis

Balanced hydrographs are generated using the 2006 event as a pattern event to be consistent with the
approach used in the analysis of the Pembina River at Walhalla, ND. This event was chosen as the
pattern event for the analysis because it is a large, unimodal, snowmelt-driven event, representative of
hydrologic conditions desired to estimate balanced hydrographs for large magnitude events. Other
large events in the Pembina River basin were considered, but exhibited a two peak hydrograph which is
not preferable for balanced hydrograph analysis. The 2006 event is the fifth largest observed event on
record at Neche, ND. Figure 40 below shows the 2006 pattern event.
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Figure 40 Pembina River at Neche, ND pattern event

Results from the volume frequency analysis are used to generate balanced hydrographs for the Pembina
River at Neche, ND such that computed balanced hydrograph volumes match the volume frequency
analysis results for each duration. However, matching the computed volumes exactly sometimes results
in unrealistic hydrograph shapes. Therefore, each balanced hydrograph is manually smoothed in
Microsoft Excel to be representative of the observed pattern hydrograph shape and to nest well with
the curves associated with each exceedance probability. Section 4 includes the standards adopted for
this study for the maximum allowable difference in volume between the computed and smoothed
balanced hydrographs for each duration. Table 45 summarizes the differences between computed and
smoothed balanced hydrograph volumes for the Pembina River at Neche, ND. A summary plot of all
final balanced hydrographs for the Pembina River at Neche, ND can be seen in Figure 41.

LRBR Study - Appendix D: Tributary Frequency Analysis & Balanced Hydrographs 72



Table 45 Pembina River at Neche smoothed balanced hydrograph results

Pembina River at Neche, ND Balanced Hydrographs

- Volume Percent Difference After Smoothing (%)
Exceedance Probability (%)

1-day 3-day 7-day 15-day 30-day

0.00% 0.03% 0.22% -0.06% 1.15%
0.00% 0.04% 0.17% 0.00% 0.92%
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Figure 41 Pembina River at Neche, ND summary plot of final balanced hydrographs
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4.3.8  Roseau River - Dominion City, Manitoba, Canada (ENVCA Gage ID 050D001)
Annual Instantaneous Peak Flow Frequency Analysis

The Roseau River near Dominion City ENVCA gage (Gage ID 050D001) is located in the municipality of
Franklin and the province of Manitoba, Canada. The stream flow gage measures runoff from a 1,938
square mile drainage area (Reference 26). According to the USACE National Inventory of Dams website,
there is some regulation upstream of Dominion City in the United States portion of the watershed
(Reference 37). Table 46 lists the three largest dams in the watershed, by storage capacity along with
their respective drainage areas.

Table 46 Dams upstream of Roseau River near Dominion City gage

. Max Storage Drainage Area
Completed Operation (ac-ft) (mi?)
Roseau River WMA Pool 1950 Wwildlife 15,000 322
No. 2 Management
Roseau River WMA Pool 1950 Wildlife 13,000 322
No. 3 Management
Norland Impoundment 2011 Flood Control 11,000 1.8

The Roseau River Water Management Area (WMA) pools are not operated for flood control; however,
significant natural and artificial storage exists in and around these pools in the Roseau River State
Wildlife Management Area. This region between Ross, MN and Caribou, MN consists of a flat floodplain
with numerous wetlands. Additionally, the Roseau Lake Bottom, an ancient lakebed just east
(upstream) of Ross, MN, acts as a natural reservoir during high flows. These natural features, along with
the fact that peak flow magnitudes decrease from Ross, MN downstream to Dominion City, MB, indicate
natural storage impacts the flow regime of the Roseau River Basin.

The downstream most USGS gage on the Roseau River is the Roseau River below State Ditch 51, near
Caribou, MN USGS Gage (Gage ID 05112000). The water year summary for this gage indicates that some
regulation exists from wildlife management impoundments several miles upstream of gage (Reference
15). Occasionally at high stages there is some natural diversion of flow above station to headwaters of
Two Rivers (Reference 15). Since the wildlife impoundments are operated for maintaining wildlife
habitat and not flood risk reduction, it is unlikely that these impoundments have a significant impact on
annual instantaneous peak flows at this gage. Further study is needed to determine the extent of the
impacts from the wildlife impoundments and the potential diversion flows from the Roseau River
watershed to the Two Rivers watershed. A review of the USGS peak stream flow qualification codes for
the Roseau River is the Roseau River below State Ditch 51, Near Caribou, MN USGS Gage does not
indicate influences from upstream regulation on recorded annual instantaneous peak flows (Reference
15).

The Norland Impoundment is located east of Roseau, MN, too far upstream to significantly impact peak
flows at Dominion City, MB. Additionally, the drainage area of the Norland Impoundment is too small to
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significantly impact flows at the Dominion City gage. According to the Final Engineers Report: Hay Creek
Setback Levees and Norland Impoundment by HDR Engineering, the Norland Impoundment and Hay
Creek Setback levees are anticipated to have a 2% reduction in flood damages in the Roseau Lake Bed
(upstream of Ross, MN) and 1% or less reduction in flood damages on the Red River of the North
(Reference 27). The Dominion city gage is located sufficiently downstream of Ross, MN and is located
near the mouth of the Roseau River near the confluence with the Red River of the North. It is assumed
that since the Norland Impoundment (and Hay Creek Setback levees) achieves a 1% or less reduction in
flood damages near the confluence with the Red River of the North, affects from the Impoundment may
be considered negligible on peak flow frequency analysis.

A preliminary analysis using the methods outlined in Bulletin 17C: Guidelines for Determining Flood Flow
Frequency is used to plot the annual peak flow data. Based on this preliminary analysis, it appears that
peak flood flows fit an analytical statistical distribution. As a result of the information from the
references listed above and the preliminary analysis, it is assumed that an analytical analysis method
should be used to develop the discharge frequency statistics for this site. Impacts from upstream
impoundments are assumed to have a negligible effect on recorded annual instantaneous peak
discharges along the Roseau River.

The observed peak flow record for the Roseau River near Dominion City gage (Gage ID 050D001)
includes the years 1964-71, 1974-75, 1978-93, 1995-98, 2001-06, 2010, and 2014. The observed
maximum daily flow record is longer and includes the years 1913-1914, and 1916-2016. Therefore,
annual instantaneous peak flows are extrapolated from maximum daily average flows for years in which
daily flow records are available and peak flow records are not. To extend the annual peak flow record, a
linear regression relationship is developed between the maximum daily average and annual
instantaneous peak records for the years 1964-71, 1974-75, 1978-93, 1995-98, 2001-06, 2010, and 2014.
This relationship is then used to estimate the annual instantaneous peak flows for the years in which
annual peak flow records are missing from 1913-1914 and 1916-2016. Figure 42 shows a plot of the
linear regression relationship developed to estimate annual instantaneous peak flows.
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Peak Flow Data Extension: Rosea River near Dominion City, MB
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Figure 42 Roseau River near Dominion City peak flow data extension

The Environment Canada (ENVCA) website does not list any historic information for the Roseau River
near Dominion City gage (Gage ID 050D001). However, according to the Floods of 1950 in the Red River
of the North and Winnipeg River Basins — Water Supply Paper 1137-B report, the Roseau River at Ross
near the international boundary reached the highest stage since 1896 (Reference 9). This historic
information if utilized in the frequency analysis. An analytical flow frequency analysis using methods
outlined in Bulletin 17C: Guidelines for Determining Flood Flow Frequency is adopted to define the flow
frequency curve at this location (Reference 20).

Incorporating the above historic information, the adopted period of record used in this analysis is 1896-
1912, 1913-1914, and 1916-2016 (121 year historic period). A low perception threshold equal to the
1950 event (8,310 cfs) and a high perception threshold of infinity is used to fill in the missing records
from 1896-1912 and 1915. The Expected Moments Algorithm (EMA) in HEC-SSP version 2.1 (Reference
7) is used to estimate the log Pearson type Il distribution parameters using the observed peak flows.
Hirsch-Stedinger plotting positions are used to plot observed data and low outliers are plotted with
Median plotting positions. A regional skew value is adopted using the results from the Generalized Skew
Coefficients for Flood-Frequency Analysis in Minnesota study (Reference 33). The regional skew of -
0.435 is adopted for this analysis, since the regional skew provides the best fit to the observed data. A
summary of the frequency curve is shown in Table 47 and the final, adopted frequency curve is shown in
Appendix D3.

LRBR Study - Appendix D: Tributary Frequency Analysis & Balanced Hydrographs 76



Table 47 Roseau River near Dominion City analytical flow frequency summary

Annual Peak Discharge Frequency Analysis

ENVCA Gage 050D001 Roseau River near Dominion City, MB
Methodology: Bulletin 17C - Log Pearson Type il

Exceedance Probability 90% Confidence Limits (cfs)
(%) Peak Estimate (cfs) 5% 95%
0.20% 9,200 18,200 5,700
0.50% 8,200 13,800 5,400
1% 7,300 11,200 5,200
2% 6,500 9,000 4,900
4% 5,600 7,100 4,500
5% 5,300 6,600 4,400
10% 4,400 5,200 3,900
20% 3,500 3,900 3,100
50% 2,100 2,400 1,800
80% 1,200 1,400 1,000
90% 850 990 680
95% 640 780 470
99% 360 510 210

Statistics
Mean 3.301 Systematic Record 103 Years
Standard Deviation 0.282 Total Period 121 Years

Adopted Skew -0.435 Years in Record 1913'1298 14é 1916-

Volume Frequency Analysis

HEC-SSP version 2.1 (Reference 7) is used to apply Bulletin 17C guidelines (Reference 20) to compute
volume frequency curves for the Roseau River near Dominion City, MB. Events in the Roseau River basin
typically have a long duration with a long rising hydrograph limb and a long falling hydrograph limb.
Therefore, in order to create balanced hydrographs that capture the entire rising and falling limbs of the
pattern event, 60- and 90-day durations is included in this analysis. Initially, a frequency curve for each
duration (1-, 3-, 7-, 15-, 30-, 60-, and 90-day) is plotted using a weighted skew value, derived from
station skew and a regional skew of -0.435 (MSE of 0.182). The regional skew is adopted from the
Generalized Skew Coefficients for Flood-Frequency Analysis in Minnesota study (Reference 33). A low
perception threshold equal to the magnitude of the 1950 event for each duration and a high perception
threshold of infinity are used for each duration to fill in the missing records from 1897-1912 and 1915.

After plotting the initial volume frequency curves, a smoothed skew value is determined by plotting the
log skew (Y-axis) versus log mean (X-axis) associated with each duration curve and fitting the points with
a smooth line, as shown in Figure 43. A smoothed standard deviation is also determined by the same
method, but by plotting the log standard deviation (Y-axis) versus log mean (X-axis) associated with each
duration, as shown in Figure 44. To create curves that best fit the observed data, regional skew is
adopted for the 1-, 3-, 7-, 15-, and 30-day durations, smoothed skew is adopted for the 60-day duration,
and station skew is adopted for the 90-day duration. Smoothed standard deviation is adopted for each
duration. The low outlier threshold is set equal to the Grubbs-Beck Critical Value for each duration.
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Adopted low outlier thresholds are shown in Table 48. Even though there is a large range of low outlier
values, the curves nest well. As such, the default low outlier threshold remains unchanged. Table 49
shows the results of the Roseau River near Dominion City, MB volume frequency analysis. A graph of
the adopted curves is shown in Appendix D4.

Table 48 Roseau River near Dominion City adopted low outlier thresholds

Adopted Low Outlier Thresholds
Grubbs-Beck # of Low
Critical Value Outliers
AlIP 576.1 5
1-Day 550.9 5
3-Day 542.7 5
7-Day 806.2 11
15-Day 946.1 20
30-Day 882.1 23
60-Day 787.4 27
90-Day 513.9 23

Duration

Table 49 Roseau River near Dominion City volume frequency curves summary

Volume Frequency Analysis
ENVCA Gage 050D001 Roseau River near Dominion City, MB

15- 30- 60-

Exceedance Return Period 1-Day 3-Day 7-Day Day Day Day

Probability (%) (yrs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs)
0.2 500 8,700 | 8,500 | 8,100 | 7,700 | 7,200 | 5,800 | 4,100
0.5 200 7,700 | 7,500 | 7,100 | 6,800 | 6,300 | 5,200 | 3,800
1 100 6,900 | 6,700 | 6,400 | 6,100 | 5,600 | 4,600 | 3,500
2 50 6,100 | 6,000 | 5,700 | 5,400 | 5,000 | 4,100 | 3,100
4 25 5,300 | 5,200 | 4,900 | 4,700 | 4,300 | 3,500 | 2,800
5 20 5,100 | 4,900 | 4,700 | 4,400 | 4,100 | 3,400 | 2,600
10 10 4,100 | 3,900 | 3,700 | 3,300 | 2,800 | 2,200

Statistics
Mean 3.270 | 3.252 | 3.218 | 3.164 | 3.066 | 2.958

Adopted Standard Deviation 0.279 | 0.277 | 0.284 | 0.293 | 0.311 0.332
Adopted Skew -0.435 | -0.435 | -0.435 | -0.435 | -0.532 | -0.773
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Smooth Skew: Roseau River near Dominion City, MB
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Figure 43 Roseau River near Dominion City smoothed skew
Smooth Standard Deviation: Roseau River near Dominion
City, MB
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Figure 44 Roseau River near Dominion City smoothed standard deviation
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Balanced Hydrograph Analysis

Figure 45 shows several different potential pattern events recorded at the Thief River Falls near
Dominion City gage. The 1951 event is chosen as a pattern event because it is a large unimodal event. It
should be noted that given the long duration of the hydrographs in this watershed, the pattern event is
likely capturing multiple events since the 90-day volume frequency statistics are included. Also, the
general shape of hydrographs in the basin appears to change with magnitude. Figure 45 below shows
the three largest events of record in the basin, as well as the 1915 event.

Pattern Event Selection: Roseau River near Dominion City, MB
9,000
8,000
7,000
6,000

5,000 1950 Event
1951 Event

Flow (cfs)

4,000
— 1997 Event

3,000 = 2002 Event
2,000

1,000

0 10 20 30 40 50 60 70 80 a0
Days

Figure 45 Roseau River near Dominion City pattern event selection

Results from the volume frequency analysis are used to generate balanced hydrographs for the Roseau
River near Dominion City, MB, using the 1951 event. Each set of balanced hydrographs spans a duration
of 90 days. Initially, hydrographs are generated such that computed balanced hydrograph volumes
match the volume frequency analysis results exactly for each duration. However, matching the
computed volumes exactly often results in unrealistic hydrograph shapes which sometimes spike rapidly
on the rising or receding limb to perfectly preserve the volumes. Therefore, each balanced hydrograph
is manually smoothed to be representative of the observed pattern hydrograph shape and to nest well
with curves from each duration. Section 4 includes USACE standards for the maximum allowable
difference in volumes between the computed and smoothed balanced hydrographs for each duration.
The 90-day difference in volumes between computed and smoothed hydrographs exceeds the
maximum allowable difference of 5%. This is necessary to prevent each curve from crossing. Table 50
summarizes the differences between computed and smoothed balanced hydrographs generated from
the 1951 event. A summary plot of all final balanced hydrographs generated from the 1951 event for
the Roseau River near Dominion City, MB can be seen in Figure 46.
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Table 50 Roseau River near Dominion City smoothed balanced hydrograph results — 1951 event

Roseau River near Dominion City, MB Balanced Hydrographs - 1951 event

Recurrence Interval

Difference After Smoothing (%)

1-day

3-day

7-day

15-day

30-day

60-day

90-day

10-yr 0.00%
25-yr 0.00% | 0.00% | 0.00% | 0.00% | 0.48% | 0.49% | -1.27%
50-yr 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | -0.24% | -3.46%
100-yr 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | -0.26% | -5.54%
200-yr 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | -0.70% | -8.39%
500-yr 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | -1.32% | -12.04%

10,000
——Pattern Hydrograph
9,000 ———10% AEP Smoothed Balanced Hydrograph L]
/\ ——4% AEP Smoothed Balanced Hydrograph
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Days
Figure 46 Roseau River near Dominion City summary plot of final balanced hydrographs — 1951 event
4.1 Additional Sites Not Completed — Future Study
Several tributary streamgage locations in the Red River of the North watershed are affected by
upstream regulation, breakout flows, or do not fit an analytical distribution. Some sites fall into more
than one of these categories. Sites which are affected by breakout flows require additional hydraulic
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modeling to define breakout flow relationships to use in the frequency analysis. Sites affected by
regulation require a graphical analysis approach which incorporates reservoir/hydrologic modeling and
synthetic event analysis. Many sites in the Red River watershed do not appear to fit an analytical
distribution and hydrologic modeling is required to provide insight about why the plotted flow data
deviates from an analytical distribution. The map in Appendix D5 illustrates which sites were completed
for this study and which sites were not completed. Sites located in the headwaters of the Red River of
the North, along the mainstem of the Red River, and analytical tributary sites were analyzed.

The primary purpose of this Lower Red River Basin Retention study is to define an array of detention
features, including those already built since 1997, that will reduce peak flows along the mainstem of the
Red River of the North by 20%. Due to resource constraints, the sites listed in Table 51 could not be
included in this analysis because they were deemed less critical than other work for this project.
Additionally, the sites in Table 51 require substantial effort to define frequency relationships and
balanced hydrographs due to their complexity. It is recommended that frequency curves and balanced
hydrographs be developed for the sites listed in Table 51 as resources become available.

Table 51 Tributary sites where analysis was not completed with list of analysis challenges

Analysis
Basin Type Gage Number Gage Location Type Analysis Challenges
. . . . USGS Abercrombie, .
Wild Rice River- ND Tributary 05053000 ND Graphical Breakout Flows.
Upper Sheyenne . USGS . . .
River Tributary 05059000 Kindred, ND Graphical Regulation/Breakout Flows.
Lower Sheyenne " USGS .
River Tributary 05059500 West Fargo, ND Graphical Breakout Flows.
Maple River Tributary 05%2%2%%/05 Mapleton, ND Graphical Regulation/Breakout Flows.
Wild Rice River- . USGS . . .
MN Tributary 05064000 Hendrum, MN Graphical Breakout/Diversion Flows.
Marsh River Tributar UsGs Shelly, MN Graphical Breakout/Diversion Flows
v 05067500 v P i
Sand Hill River Tributar USGS Climax, MN Analytical Data does not fit analytical distribution
v 05069000 ' v v :
. . USGS at Red Lake X . ) P
Clearwater River Tributary 05078500 Falls, MN Graphical Data does not fit analytical distribution.
Upper Red Lake . USGS . . .
River (Red Lake) Tributary 05074500 Red Lake, MN Graphical Regulated. ResSim Model May be required.
Lower Red Lake . USGS X )
River Tributary 05079000 Crookston, MN Graphical Potential Breakout.
. . USGS . . Short period of record requires record extension. Nearby sites do not correlate well (poor
Turtle River Tributary 05082625 Arvilla, ND Analytical R? value) or produce poor Nash-Sutcliffe Score (low Rys). Potential Regulated site.
. . USGS . . Breakout flows. Flows breakout from Forest River above Minto? Further investigation
Forest River Tributary 05085000 Minto, ND Analytical required.
. . USGS . . . . P .
Park River Tributary 05090000 Grafton, ND Graphical Potential graphical analysis. Verify if and how Homme Dam is regulated for flood control.
. " USACE Homme Dam . .
Park River Tributary HOMNS and Reservoir Graphical Regulation.
South Branch Two ) USGS Lake Bronson, . . o
Rivers Tributary 05094000 MN Graphical Potential Breakout Flows. Need to verify if breakout flows occur.
Tongue River " USGS . .
Tribut: Akra, ND Graphical Regulation.
(Pembina River) ributary 05101000 e rapnica eguiation
ENVCA Christie, Breakout flow. Breakout flows from the neighboring Pembina River watershed may affect
Aux Marais River Tributary Manitoba, Graphical ' g . & v
050C022 flows at the Christie, MB gage.
Canada
USGS Below State
Roseau River Tributary Ditch 51 near Analytical Investigate potential breakout flows
05112000 .
Caribou, MN
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