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Characterization of Historical and Stochastically
Generated Climate and Streamflow Conditions in the
Souris River Basin, United States and Canada

By Angela Gregory and Joel M. Galloway

Abstract

The Souris River Basin is a 61,000-square-kilometer
basin in the Provinces of Saskatchewan and Manitoba in
Canada and the State of North Dakota in the United States.
Greater than average snowpack during the winter of 201011,
along with record-setting rains in May and June 2011, resulted
in historically unprecedented flooding in the Souris River
Basin. The severity of the 2011 flood led the United States
and Canada to request a review of the operating plan for
any improvements of reservoir operations and flood control
measures in the basin, and the Souris River Basin Task Force
was formed. The International Souris River Study Board was
then formed in 2017 to carry out the recommendations of
the Souris River Basin Task Force laid out in a plan of study.
To support the International Souris River Study Board, the
U.S. Geological Survey (USGS), in cooperation with the
North Dakota State Water Commission and the International
Joint Commission, used the previously developed unregu-
lated and regulated streamflow models and data for stochastic
streamflow in the Souris River Basin to characterize climate
and streamflow and support selection of streamflow traces
based on their characterization. Components of the original
stochastic hydrology models and their outputs were used
in this phase of the study to (1) characterize historical and
stochastic climate and streamflow for the Souris River Basin,
(2) disaggregate monthly stochastic streamflow spatially
and temporally to meet the needs of the U.S. Army Corps of
Engineers, Hydrologic Engineering Center, Reservoir System
Simulation model for the Souris River Basin, and (3) discuss
selection of disaggregated streamflow traces (simulations)
using the characteristics of climate and streamflow. A trace is a
time series of a stochastic variable such as streamflow, poten-
tial evapotranspiration, or precipitation.

To characterize climate conditions, precipitation, poten-
tial evapotranspiration (PET), and moisture deficit for the
Souris River Basin and individual points at Rafferty, Grant
Devine, and Lake Darling Reservoirs were determined
annually and seasonally. The annual basin (November 1—
October 31) precipitation for the 50-percent nonexceedance
probability is 452 millimeters (mm). Spring (March—May) is

the wettest season, followed by summer (June—August), fall
(September—November), and winter (December—February).
Annual moisture deficit was largest at Lake Darling Reservoir,
followed by Rafferty Reservoir, and then Grant Devine
Reservoir.

Annual maximum monthly mean streamflow was
determined for the Souris River below Rafferty Reservoir,
Saskatchewan (Canadian streamgage 05NB036); Long Creek
near Noonan (above Boundary Reservoir), North Dakota
(USGS streamgage 05113600); Moose Mountain Creek near
Oxbow, Saskatchewan (Canadian streamgage 05ND004);
the Souris River near Sherwood, N. Dak. (USGS
streamgage 05114000); the Des Lacs River at Foxholm,

N. Dak. (USGS streamgage 05116500); and the Souris River
above Minot, N. Dak. (USGS streamgage 05117500). When
the seasonal maximum monthly mean streamflows are evalu-
ated in contrast to annual maximum monthly mean stream-
flows separated by their seasonal occurrence, summer months
of annual maximum monthly mean streamflows have a higher
50-percent exceedance probability of streamflow compared

to annual maximum monthly mean streamflows that occur in
spring, seasonal maximum monthly mean streamflows that
occur in spring, and seasonal maximum monthly mean stream-
flows that occur in summer. When annual maximum monthly
mean streamflows in summer are compared to annual maxi-
mum monthly mean streamflows in spring, they are consis-
tently higher in streamflow but occur in less than 4.2 percent
of years. Evaluation of whether the annual maximum monthly
mean streamflows that occur in summer can be described as

a separate population from annual maximum monthly mean
streamflows that occur in spring was outside the scope of this
study, and the summer and spring annual maximum monthly
mean streamflows were not tested for statistical differences in
mean or variance. Further investigation of seasonal weather
patterns that induce flooding could lead to a better understand-
ing of the seasonal differences in flooding.

Long-term hydrologic drought was characterized by
evaluating multiyear mean streamflow. Shorter averaging
periods have greater streamflow variability than longer periods
and hence have a wider range of values. As the averaging
period is extended to a longer period, the variability of mean
streamflow decreases, and the more extreme streamflow
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volumes seen in shorter averaging periods cannot be sustained.
Stochastic streamflow time series were disaggregated spatially
and temporally for use in a HEC—ResSim model. The combi-
nation of monthly and daily stochastic streamflow data was
used to select traces with qualities that could be used to test
alternatives focused on water supply, summer flooding, and
apportionment.

Introduction

The Souris River Basin is a 61,000-square-kilometer
basin in the Provinces of Saskatchewan and Manitoba in
Canada and the State of North Dakota in the United States.
The basin topography consists of gently rolling prairie

landscape and flat valleys. The main channel of the Souris
River is about 700 kilometers (km) in length, originating in
southeast Saskatchewan, flowing southeast into North Dakota,
and then continuing northward into Manitoba (Kolars and
others, 2016). The flow upstream from Minot, North Dakota,
is affected by regulation from the Rafferty, Grant Devine,

and Boundary Reservoirs in Saskatchewan and Lake Darling
Reservoir in North Dakota (fig. 1), which are operated in
accordance with an international agreement between Canada
and the United States (United Nations, 1989). The basin has

a highly variable, semiarid climate characterized by a distinct
east—west precipitation gradient with higher amounts in the
east and a mean annual potential evapotranspiration (PET) rate
that exceeds mean annual precipitation (International Souris
River Board, 2009; Ryberg and others, 2016).

106° W 105° W 104° W 103° W 102° W 101° W 100° W 99° W 98° W 97° W
I I [ &Kelliher I I [ Mossy River YT Vv I T /X
SI°N EXPLANATION
SASKATCHEWAN Il National Wildlife Refuge (NWR) area 2
|:| Souris River Basin area —
. — - - — Souris River Basin boundary
Regina  §~ ~~\<g'>”d'a” Hoad MANITOBA Redin2 o, Weather station and identifier
@ R Rafferty,, ‘Reservoir and identifier
h A
) 05117500, Streamgage and identifier

50°N Neepawa Murray A

49° N

H Noonan
Des Lacs
W Wi

Upper Souris,
NWR

48°N

[
47° Nf— Souris River Basin"/#/

o
i s

| &
Devils Lake Basin W
| kI \ 2’

- _RedRiver of = 4 a
- the North"Basin— — =

T— ¢

l [i( | |

7

@

. Morden
oty ©

CANADA

—
—_— ——

hope Bonineaui/"'UNITED STATES
& N

———
st

RWe

®Langdon Exp Farm

MINNESOTA

40 80 120 160 MILES |
1 1 ]

o—T—o

T T
120 160 KILOMETERS

NN AN\

Base from U.S. Geological Survey digital data, 1:2,717,267
Albers Equal-Area Conic projection

Standard parallels 29°30" N. and 45°30' N.

Central meridian 96°00" W.

North American Datum of 1983

Figure 1.
Survey streamgages.

Kolars and others, 2016

The Souris River Basin and locations of reservoirs, weather stations, cities, Canadian streamgages, and U.S. Geological



Before the 1990s, there were two dams on the Souris
River: Boundary Reservoir in Saskatchewan, which is oper-
ated to cool water from thermal power generation, and Lake
Darling Reservoir in North Dakota, which is operated for
wildlife management and flood control (fig. 1). Meteorological
and tree-ring data indicate a history of severe droughts in
the Souris River Basin (Ryberg and others, 2014; Ryberg,
2015), and the potential for periods of extended drought led
to the construction of Rafferty Dam and Grant Devine Dam in
the 1990s in Saskatchewan (fig. 1). A bi-national agreement
was signed in 1989 to provide the basis of flood control and
water supply operations for the reservoirs in the Souris River
Basin (United Nations, 1989). Because of the transboundary
nature of the Souris River Basin, water apportionment and
flood forecasting, among other activities, are overseen by the
International Souris River Board (ISRB). Board members of
the ISRB are volunteers from Federal agencies, State agencies,
Provinces, municipalities, and private individuals in Canada
and the United States. The board is responsible for ensuring
low-flow requirements and apportionment are met and for
overseeing flood operations in conjunction with entities identi-
fied in the Agreement between the Government of Canada
and Government of the United States of America for Water
Supply and Flood Control in the Souris River Basin (hereaf-
ter referred to as the “1989 international agreement”; United
Nations, 1989).

Greater than average snowpack during the winter of
2010-11, preceded by wetter than normal conditions that
started in 2008 with an unusually wet fall season in 2010,
followed by record-setting rains in May and June 2011,
resulted in historically unprecedented flooding in the Souris
River Basin (Vining and others, 2013). The severity of the
2011 flood led the United States and Canada to request a
review of the operating plan described in annex A of the 1989
international agreement for any improvements of reservoir
operations and flood control measures in the basin. The Souris
River Basin Task Force was established in 2012 to produce a
plan of study and a list of possible methods for evaluating the
1989 international agreement and identifying ways to alleviate
flooding issues (International Joint Commission, 2013). The
plan of study included measures to review operating rules,
improve understanding of flooding, and recommend potential
measures to reduce flood risk and protect water supply.

One of the recommendations made by the task force
was to develop stochastic (statistically generated) streamflow
simulation methods to estimate the exceedance probabilities
of future floods and nonexceedance probabilities of future
droughts that may be extreme based on the available historical
record but less extreme in a much longer historical context. In
response to the recommendation, the U.S. Geological Survey
(USGS), in cooperation with the North Dakota State Water
Commission and the International Joint Commission, devel-
oped a stochastic model for simulating precipitation, evapo-
transpiration, and natural (unregulated) streamflow in the
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Souris River Basin (Kolars and others, 2016). The task force
also recommended development of a stochastic model that
can account for regulation of streamflow for the Souris River
Basin upstream from Minot, N. Dak. To address this need,
the USGS, in cooperation with the North Dakota State Water
Commission and International Joint Commission, built upon
the stochastic natural (unregulated) streamflow simulation
model by incorporating a reservoir storage/streamflow routing
model into the previous work (Kolars and others, 2019).

The International Souris River Study Board (ISRSB)
was formed in 2017 to carry out the recommendations of the
Souris River Basin Task Force (International Souris River
Study Board, 2018). To support the tasks in the plan of study,
the USGS, in cooperation with the North Dakota State Water
Commission and the International Joint Commission, began
a study in 2018 to provide stochastic modeling output and
analysis of the stochastic output for use as input for other
modeling efforts as part of the ISRSB plan of study to evalu-
ate potential mechanisms for operational improvement in
the basin.

Stochastic modeling accounts for the frequency of past
climatic events and simulates a series of future realizations of
climatic inputs with the same probability distribution as the
historical record but with climatic events happening in a vari-
ety of orders within each realization. These future realizations
of the climatic inputs represent all potential outcomes includ-
ing multiyear wet or dry periods that are more extreme than
any wet or dry periods in the historical period of record.

Purpose and Scope

The purpose of this report is to describe statistical char-
acteristics of historical and stochastically generated climate
variables and streamflow in the Souris River Basin from
the headwaters of the Souris River Basin in Saskatchewan
through Minot, N. Dak. (fig. 1), and present model results
for the disaggregation of stochastically generated streamflow
from a monthly time step to a daily time step. The simulated
unregulated and regulated streamflow data used in this study
were previously published in Kolars and others (2016, 2019).
The simulated unregulated streamflow disaggregated to a
daily time step can be used as daily streamflow input data
for the U.S. Army Corps of Engineers (USACE), Hydrologic
Engineering Center, Reservoir System Simulation (HEC—
ResSim) model (U.S. Army Corps of Engineers, 2013a). The
statistical characteristics of the stochastic regulated streamflow
analysis can be used to better understand how natural and
anthropogenic changes affect the basin. This report presents
the results in terms of floods and droughts, as percentiles.
The flood analysis is presented for the 50-, 25-, 10-, 5-, and
1-percent exceedance probability. The drought analysis is
presented for the 1-, 5-, 10-, 25-, 50-, 75-, 90-, 95-, and
99-percent nonexceedance probability.
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Review of Stochastically Generated Natural
(Unregulated) and Regulated Streamflow
Models

Kolars and others (2016) presented a water balance model
(WBM) and routing equations for the generation of stochastic
streamflow with a 10-day time step for the Souris River Basin.
The WBM was developed in R (R Core Team, 2017) based
on a model presented by Gray and McCabe (2010). Input
to the WBM included monthly time series of temperature,
precipitation, and PET. Input to the WBM also included static
soils condition data including storage capacity and saturated
hydraulic conductivity. The basin was divided into 15 subba-
sins with outlets at Canadian and USGS streamgages. Climatic
inputs were distributed using LOESS, an acronym of locally
estimated scatterplot smoothing (Cleveland, 1979; Venables
and Ripley, 2002), to estimate values for 1,103 grid cells with

a size of 8 km by 8 km. Runoff generated from each grid cell
was then averaged with the other grid cells co-located within 1
of the 15 subbasins (fig. 2) at the monthly time step. The mean
subbasin runoff and historical local streamflow were used as
input to a linear regression model to numerically characterize
any time lags and multiplicative coefficients in the relation.
Local streamflow refers to the portion of streamflow contrib-
uted to a stream from one smaller basin. The local streamflows
were routed through the basin using a translational streamflow
model (Kolars and others, 2016). The WBM was calibrated
and validated using reconstructed streamflows for the period
of 19462011 (U.S. Army Corps of Engineers, 2013b).

After the development of the stochastically generated
natural streamflow model, the USGS, in cooperation with the
North Dakota State Water Commission, developed a regulated
model to include the four reservoirs in the basin upstream
from Minot, N. Dak., to reflect the application of annex A and
annex B reservoir operations rules presented in the
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Figure 2. Souris River subbasin boundaries, HUC-10 boundaries, HEC-ResSim input sites, stochastic input sites, and rivers.



1989 international agreement (Kolars and others, 2019; United
Nations, 1989). The purpose of the regulated model was to
estimate the probability of reservoir operation events, particu-
larly related to the risk of flooding in the basin. The regulated
model was run with the stochastic natural streamflow as input.
The regulated model was developed to reflect a simplified
version of the operations presented in annex A and annex B
(United Nations, 1989).

Annex A was developed for the provision of 100-year
flood protection at Minot, N. Dak., and to ensure apportion-
ment is met in the basin according to an International Joint
Commission directive in 2007. Each of the four reservoirs
have designated water levels that are associated with water
supply and flood storage. The results presented in Kolars
and others (2019) focused specifically on annual maximum
monthly mean streamflows in terms of wet, dry, and transition
conditions upstream from Minot, N. Dak., and calibration of
reservoir levels and volume.

Methods of Analysis

Historical and stochastic climate and streamflow data
used and generated in previous studies (Kolars and others,
2016; 2019) were characterized in this report. The methods
used to analyze the data are presented in this section. All input
and output data for models used in this report are available at
York and others (2021).

Climate Characterization

To characterize the climatic conditions in the Souris
River Basin, statistical analyses were completed on historical
and stochastically generated datasets. Stochastic precipita-
tion, temperature, and PET data used in Kolars and others
(2016) were derived using historical data from 16 weather
stations within or near the Souris River Basin for the period
of 1912-2011. Data were then converted to a gridded prod-
uct with an 8-km by 8-km grid or 1,103 grid points for the
basin using loess described in Venables and Ripley (2002) to
derive evenly weighted precipitation and temperature. PET
was calculated using the Hamon method (Lu and others, 2005;
Huffman and others, 2011) at each grid point, which requires
mean temperature, time of year, and latitude to estimate the
effect of solar angle on PET. The gridded products were then
used to estimate historical basin-averaged and point-specific
precipitation and PET at a monthly time step.

Time-series input to the WBM presented in Kolars and
others (2016) included precipitation, temperature, and PET.
The generation of the stochastic dataset for each time series
simulated seasonal and long-term (multiyear) patterns in addi-
tion to the random variability associated with each season and
variable type. The stochastic dataset consisted of 100 traces
(simulations) that are 100 years long with a monthly time step.
Like the historical climate dataset, the stochastic climate data
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are presented in terms of basinwide conditions and condi-
tions at Rafferty Reservoir, Grant Devine Reservoir, and Lake
Darling Reservoir. Stochastic precipitation and PET data are
presented by Canadian water year (referred to as “annual”),
seasonal, and monthly characteristics, and seasons are reflec-
tive of the historical climate data. The Canadian water year
starts on November | and ends on October 31 and is desig-
nated by the year in which it ends. Seasons were defined as
spring (March through May), summer (June through August),
fall (September through November), and winter (December
through February).

Stochastic monthly precipitation and PET data were
presented as the range of values between their maximum and
minimum values. For comparison to the stochastic data, his-
torical data were presented in terms of monthly maximum and
minimum values. Quantiles of the stochastic precipitation and
PET datasets also were calculated for the 1-, 5-, 10-, 25-, 50-,
75-, 90-, 95-, and 99-percent probability of nonexceedance
for the Souris River Basin, Rafferty Reservoir, Grant Devine
Reservoir, and Lake Darling Reservoir. Boundary Reservoir
was excluded because of its proximity to Rafferty Reservoir.
The nonexceedance probability is the probability that the
magnitude of an event within the stochastic dataset will be less
than or equal to a given value. The Weibull method was used
to calculate the nonexceedance probability of events (Helsel
and others, 2020).

The moisture deficit (precipitation minus PET) was
calculated for each month of the stochastic data. The sum of
the moisture deficit was then calculated for each annual time
step and for each season, and the quantiles of moisture deficit
were obtained at the 1-, 5-, 10-, 25-, 50-, 75-, 90-, 95-, and
99-percent of probability nonexceedance. Calculations for the
moisture deficit were completed at Rafferty Reservoir, Grant
Devine Reservoir, and Lake Darling Reservoir. Boundary
Reservoir was assumed to have the same climatic characteris-
tics as Rafferty Reservoir.

The moisture deficit was also calculated for the period
of August 1 to October 31. The moisture deficit was used to
calculate the standardized precipitation evapotranspiration
index (SPEI) with historical and stochastic meteorological
data. The climatic drought index, SPEI (Vicente-Serrano
and others, 2010), was selected for use in the ISRSB plan
of study to describe antecedent moisture conditions in the
Souris River Basin. An analysis of SPEI relative to reservoir
inflow was completed for the period of 1979-2016 (Halborg
and Muhammad, 2020) by the Water Security Agency in
Saskatchewan, Canada, which focused on defining a linear
relation between streamflow and SPEI.

The historical calculations in this report included the
period of 19462013 using the point estimates of moisture
deficit at Rafferty, Grant Devine, and Lake Darling Reservoirs.
The historical analysis period was limited to 1946-2013
because of the availability of USACE reconstructed hydrology
(U.S. Army Corps of Engineers, 2020) with routed streamflow,
which is later paired with SPEI to understand the occurrence
of wet and dry conditions in the Souris River Basin. SPEI uses
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the monthly moisture deficit to calculate a standardized value
for a specified lag period. SPEI is later used to evaluate the
distribution of streamflow as it relates to the mean of 3-month
and 12-month SPEIL

To calculate the SPEI for the stochastic moisture deficit,
the R package, SPEI (Vicente-Serrano and others, 2010), was
used. The SPEI package requires input of a monthly time
series of moisture deficit and the lag of interest. The lag time
step has units of months. The number of months lag is an indi-
cation of the number of months that the mean of the moisture
deficit should be taken over. For instance, SPEI calculated
based on a 3-month lag on November 1 (SPEI calculated with
3 previous months) uses the mean moisture deficit of August
through October. The package allows the user to specify the
probability distribution and a fitting function to calculate
SPEI The package defaults to the use of the log-logistic
distribution with the use of unbiased probability weighted
moments (Hosking, 1990) to estimate the log-logistic distribu-
tion parameters when not specified, and the defaults were used
in this study.

Lags investigated in Halborg and Muhammad (2020)
include a 3-month, 6-month, 12-month, and mean of the
3-month and 12-month lag. The mean of the 3-month and
12-month lag refers to the individual calculation of 3-month
and 12-month calculation and then taking the mean of the two
calculations of SPEI. However, further discussion with the
technical team of the ISRSB plan of study led to the decision
to focus on the mean of the 3-month and 12-month lagged
SPEI, and therefore, results of SPEI are limited to the mean of
the 3-month and 12-month lagged SPEI values. Calculations
of SPEI were completed for Rafferty Reservoir, Boundary
Reservoir, Grant Devine Reservoir, and Lake Darling
Reservoir using the moisture deficit time series of PET and
precipitation that were subset from the gridded meteorological
stochastic data discussed in the “Localized Daily Streamflow
and Stochastic Trace Selection” section of this report.

Wet and dry periods were classified based on thresholds
applied to SPEI values. The occurrence of either dry or wet
conditions in one season followed by an opposite condition in
the following months, for example, a wet fall followed by a
dry spring, is hypothesized to create unique conditions when
run through the HEC—ResSim base model, and such unique
conditions may indicate the need for a change in operational
rules. The fall cutoff is November 1, meaning that meteorolog-
ical data from August through October can be used to define
if the fall may have greater than normal precipitation. Seasons
are considered to have greater than normal moisture conditions
when they have an SPEI value greater than (>) 0.5. Similarly,
an SPEI value less than (<) —0.5 is considered to indicate
drought (Halborg and Muhammad, 2020). For this study,

SPEI is broken into four classes: (1) SPEI is greater than or
equal to (>) 0.5, (2) 0 is less than or equal to (<) SPEI<0.5,
(3) —0.5<SPEI<O0, and (4) SPEI<—0.5. These classes are used
in combination with spring streamflow, and the analysis is
discussed in more depth in the “Localized Daily Streamflow

and Stochastic Trace Selection” section. The identification of
a statistically significant relation between antecedent condi-
tions and streamflow is a goal of the ISRSB. Depending on the
degree of uncertainty in an identified relation between ante-
cedent conditions and streamflow, it is possible that relations
could be used to make informed decisions about the release of
streamflow from reservoirs in Saskatchewan. In the next sec-
tion, streamflow characteristics are discussed in greater detail
before eventually discussing the distribution of streamflow as
it relates to SPEIL.

High Streamflow and Drought Characteristics of
Natural (Unregulated) Streamflow

High streamflow and drought in the Souris River
Basin were characterized using the stochastically gener-
ated 10-day natural (unregulated) streamflow time series
developed by Kolars and others (2016). Kolars and oth-
ers (2016) developed a WBM with inputs of stochastically
generated precipitation, temperature, and PET. The output
from the WBM was 100 streamflow traces at each of the
15 stream sites along the Souris River (fig. 2). Each of the
15 stream sites were associated with a subbasin within the
Souris River Basin, and streamflows were only representa-
tive of those produced by the subbasin unless routed. The
traces were each 100 years long with 36 10-day time steps
for each year and maintained spatiotemporal correlation
across the basin (Kolars and others, 2016). The 10-day traces
were aggregated to a monthly time step assuming that each
month consists of three 10-day periods. For this report, the
analysis only used 5 sites selected from the 15 streamflow
time series presented in Kolars and others (2016) (fig. 1).
The primary sites used to characterize inflows to the main
reservoirs were the Souris River below Rafferty Reservoir,
Saskatchewan (Canadian streamgage 05NB036), and Moose
Mountain Creek near Oxbow, Saskatchewan (05ND004;
fig. 1) (Government of Canada, 2014). Although the Souris
River below Rafferty Reservoir streamflow site name implies
that there is regulation in the natural streamflow time series,
natural stochastic streamflow time series for this site are
assumed to be equal to inflow to Rafferty Reservoir. Other
stochastic streamflow time series were from sites on the Long
Creek near Noonan, N. Dak. (above Boundary Reservoir;
USGS streamgage 05113600); Des Lacs River at Foxholm,
N. Dak. (USGS streamgage 05116500); the Souris River near
Sherwood, N. Dak. (05114000); and the Souris River above
Minot, N. Dak. (05117500, fig. 1) (U.S. Geological Survey,
2014). The evaluation of stochastic monthly streamflow was
compared to reconstructed hydrology streamflow for the basin
at the same locations for the period of 19462013 (U.S. Army
Corps of Engineers, 2013b). The reconstructed hydrology
streamflow was evaluated in the same way as the stochastic
streamflow but was aggregated from a daily time step to a
monthly time step for comparison of the two datasets.



Written communications from the USACE in 2018 indi-
cate that floods in the Souris River Basin are defined as events
with a 10-year or greater recurrence interval (10-percent
exceedance probability); therefore, use of the term “flood”
will be limited to annual maximum monthly mean stream-
flows with a recurrence interval of 10 years or greater. Annual
maximum monthly mean streamflows were identified for each
of the 10,000 trace years of stochastic time series at the five
selected sites by determining the month within the Canadian
water year with the greatest streamflow. The annual maxi-
mum monthly mean streamflows were used to identify events
associated with the 50-, 25-, 10-, 5-, and 1-percent expected
exceedance probability per 100-year period for each site.

Streamflows were also considered for two of four sea-
sons. Annual maximum monthly mean streamflows occurring
between March and May are defined as spring events, events
occurring between June and August are defined as summer
events, and events that did not occur in spring or summer were
not evaluated in the report because of data limitations in the
fall and winter months. Specifically, not enough historical data
exist to make reasonable conjectures about these events. In
addition, the sample size of annual maximum monthly mean
streamflow in fall and winter is small. Three seasons were pre-
viously defined by their unique statistical signals in Kolars and
others (2016): November through February, March through
June, and July through October. The stochastic streamflow is
used in the ISRSB plan of study for evaluating alternatives to
annex A (United Nations, 1989); however, from an operations
perspective, dam operation decisions often are made based
on shorter, predefined seasonal conditions and are, therefore,
not defined exactly like those presented in later sections of
this report.

The months in which annual maximum monthly mean
streamflow occurred were first characterized as happening in
the spring or summer seasonal maximum monthly streamflow
period and placed into separate bins. The bins of annual maxi-
mum monthly mean streamflow were independently charac-
terized by calculating the streamflow associated with the 50-,
25-, 10-, 5-, and 1-percent exceedance probability of seasonal
high streamflows. As a comparison, the maximum monthly
mean streamflows from spring and summer were estimated
for all 10,000 trace years and plotted against their annual
exceedance probability. Literature on the topic of separation
of annual peak streamflows discourages separation of annual
peak streamflows by season or identification of seasonal
peak streamflow as if they are from independent popula-
tions (England and others, 2018). For the purposes of this
study, however, annual maximum monthly mean streamflows
are separated by season, and seasonal maximum monthly
mean streamflows are calculated for spring and summer. The
application of flood-frequency analysis to separate maximum
monthly mean streamflows in the case of this study is of
interest because of the potential ramifications of changes to
reservoir operations. Operations of the reservoirs in the Souris
River Basin are currently (2020) focused on spring events.

In the Souris River Basin, annual peak streamflow occurred
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in summer in 2011 and 2014 in the Souris River Basin and
nearby basins, prompting an evaluation of the occurrence

of annual maximum monthly mean streamflow in summer
months. Considering operation changes to rules for managing
summer floods requires that emphasis is placed on evaluation
of spring floods and summer floods and not necessarily annual
maximum monthly mean streamflow alone. Annual maximum
monthly mean streamflow was characterized with consider-
ation to season of occurrence and percentage of exceedance
probability of maximum monthly mean streamflow within
each season.

Co-occurrence of annual flood events from monthly
streamflow was also investigated for the Souris River below
Rafferty Reservoir, Moose Mountain Creek near Oxbow, and
the Des Lacs River at Foxholm (fig. 1). The Des Lacs River at
Foxholm was chosen in this analysis because it has the poten-
tial to increase the risk of flooding to the city of Minot. Co-
occurrence here refers to the occurrence of a flood that equals
or exceeds a flood quantile for one stream occurring at the
same time as that of another point in the Souris River Basin.
For example, if an annual maximum monthly mean stream-
flow that equals or is greater than the 10-percent exceedance
probability of occurrence annually on the Souris River below
Rafferty Reservoir occurs and an event that equals or exceeds
the 10-percent exceedance probability of an event on Moose
Mountain Creek near Oxbow occurs, then they are interpreted
to co-occur. The number of times events cooccurred at a
monthly time step was provided for the Souris River below
Rafferty Reservoir and Moose Mountain Creek near Oxbow
and then extended to the Des Lacs River at Foxholm for the
50-, 25-, 10-, 5-, and 1-percent exceedance probability.

Extended periods of dry hydrologic or drought con-
ditions were also evaluated for the Souris River below
Rafferty Reservoir; Long Creek near Noonan, N. Dak.

(above Boundary Reservoir; USGS streamgage 05113600);
Moose Mountain Creek near Oxbow; the Souris River near
Sherwood; the Des Lacs River at Foxholm; and the Souris
River above Minot. The mean streamflow was estimated

for the 1-year, 5-year, 10-year, and 20-year periods. When a
period was greater than 1 year, the number of samples for one
trace would be 100 years divided by the number of years aver-
aged. For instance, if a 20-year mean was taken for each trace,
there would only be 5 samples per trace, or 500 samples total
for the 10,000 trace year period. From the samples, the quan-
tile of occurrence for each event was presented in terms of
how many times it might occur in the 10,000 trace year period
of stochastically generated streamflow for each site.

Characteristics of Regulated Streamflow

The Souris River Basin regulated stochastic stream-
flow model results presented in Kolars and others (2019) in
conjunction with the streamflow traces from Kolars and others
(2016) were used to describe the characteristics of stream-
flow and reservoir elevations under regulated conditions.
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Characteristics that were relevant to evaluating operations

of the four reservoirs in the Souris River Basin (Boundary,
Rafferty, Grant Devine, and Lake Darling Reservoirs) by the
ISRSB included (1) monthly regulated inflow volume to Lake
Darling Reservoir, (2) monthly mean reservoir volume at each
reservoir, (3) the number of times the full supply level (FSL)
was surpassed at each reservoir, (4) the number of times the
maximum allowable flood level (MAFL) was surpassed at
each reservoir, and (5) the relation between inflow volume at
Rafferty Reservoir and Grant Devine Reservoir.

Decisions regarding reservoir operations are a function
of reservoir volume. The 10-day regulated reservoir volume
was averaged for each month of each trace. The 1-, 5-, 10-,
25-, 50-, 75-, 90-, 95-, and 99-percent exceedance probability
were then calculated for evaluating characteristics of how the
stochastic traces reflect reservoir operations.

Boundary, Rafferty, Grant Devine, and Lake Darling
Reservoirs have two distinct operational reservoir elevations:
the MAFL is the highest level a reservoir pool is allowed to
reach while storing water for flood control where any addi-
tional inflow must be released, and the FSL is the maximum
elevation that the reservoir pool is allowed to attain when
operations are not directed at flood control. The number
of occurrences for the two levels was calculated from the
10,000 trace years of stochastic data.

The potential for summer flood events was investigated
with several mechanisms. The 50-, 25-, 10-, 5-, and 1-percent
exceedance probability events were calculated annually and
during summer months to represent annual maximum monthly
mean streamflow at Souris River below Rafferty Reservoir,
Long Creek near Noonan (above Boundary Reservoir), Moose
Mountain Creek near Oxbow, the Des Lacs River at Foxholm,
Souris River near Sherwood, and Souris River above Minot
(fig. 1). In addition, the number of times the annual maximum
monthly mean streamflow occurred during a summer month
or spring month was also identified. The maximum month
of streamflow was identified for spring of each year in the
stochastic dataset, and percentiles of streamflow were calcu-
lated like in the annual calculations. This was repeated for
the summer months and compared to the annual and spring
exceedance probabilities.

Historical and Stochastic Climate
Characteristics

Precipitation and PET drive the production of stream-
flow in the Souris River Basin. In the last 50 years, the Souris
River Basin has experienced increased levels of precipitation
and runoff (Ryberg and others, 2014). According to Kolars
and others (2016), mean annual precipitation in the basin has
changed over time in distinct wet or dry periods. The period
of 1912-69 was considered dry, and mean annual precipitation
ranged from 365 millimeters (mm) in the southwest part of the
basin to 485 mm in the northeast part of the basin. The period

of 1970-2012 was considered wet, and mean annual precipita-
tion ranged from 398 mm in the southwest part of the basin to
500 mm in the northeast part of the basin.

The hydroclimatic shifts in the Souris River Basin are
not unique to this region. Several quasi-periodic oscillations
from wet to dry and dry to wet periods have occurred over the
last 1,000 to 2,000 years (Shapley and others, 2005; Vecchia,
2008). A climatic shift from a drier to a wetter climate is
known to have occurred around 1970 in the Souris River
Basin, leading to an increased risk of flooding (Kolars and oth-
ers, 2016). A similar shift was detected in neighboring drain-
age basins such as the Devils Lake Basin and the Red River
Basin in the 1980s (Vecchia, 2008). Although most recent
focus has been placed on the frequency and magnitude of
floods, dry conditions are also a concern. From 1930 to 1940,
the Souris River Basin experienced an extended period of
drought. Ryberg and others (2014) determined that in the last
several hundred years, precipitation trends, developed from
a combination of tree-ring and precipitation data in the basin
and surrounding region, support the notion that dry periods
are a regular part of the climate in the basin and that the 1930s
were far from the driest historical conditions.

Precipitation

The basinwide annual mean precipitation during
19122011 (fig. 3) ranged from 243 mm in 1934 to 659 mm in
2010. The median historical precipitation for the same period
was 460 mm. The stochastic precipitation data are representa-
tive of the potential range of cumulative monthly precipitation
that might occur in the future. The range of monthly precipita-
tion between the minimum and maximum stochastic precipita-
tion was plotted with the historical maximum and minimum
monthly precipitation data for the period of 19122011
(fig. 4). In general, the stochastic monthly precipitation fully
encapsulated the historical minimum and maximum precipi-
tation. The one exception was May 1917, when the actual
minimum monthly precipitation had values smaller than the
minimum stochastic monthly precipitation. The reason that
May 1917 precipitation was outside of the stochastic range of
precipitation has to do with the way that the stochastic pre-
cipitation was simulated. Stochastic precipitation time series
from Kolars and others (2016) was developed by first simulat-
ing seasonal precipitation using historical precipitation from
the period of 1912 to 2011 from 16 weather stations (fig. 1).
Grouping precipitation into seasonal totals reduces the vari-
ability of precipitation in comparison to monthly variability in
precipitation. After the seasonal stochastic precipitation was
simulated, historical ratios of monthly to seasonal precipi-
tation from one year, for the period of 1946 to 2011, were
randomly selected and multiplied by the seasonal precipitation
to generate monthly time series of precipitation. The year 1917
was not included in the historical ratio of monthly to seasonal
time series values for random sampling. Spring was defined
as occurring from March through June in the stochastic
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precipitation was not an outlier relative to the spring precipita-

tion totals from 1912 to 2011.

The 50-percent nonexceedance probability of the stochas-
tic precipitation was greatest in summer (201 mm), followed

by spring (106 mm), fall (82 mm), and winter (52 mm) in
the Souris River Basin (fig. 5). Rafferty Reservoir and Grant

Devine Reservoir are north of Lake Darling Reservoir (fig. 1)
and commonly receive more precipitation annually. Seasonal
precipitation was used to evaluate spatial differences in
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Figure 3. Historical annual
precipitation for the Souris
River Basin, 1912-2011.
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Figure 4. Monthly precipitation
for the Souris River Basin
presented with the historical
(1912-2011) and stochastic
monthly maximum and minimum
values.

precipitation near Rafferty Reservoir, Grant Devine Reservoir,
and Lake Darling Reservoir. The 50-percent nonexceedance
probability of annual precipitation for Grant Devine Reservoir,
Rafferty Reservoir, and Lake Darling Reservoir are 462, 429,
and 400 mm, respectively (fig. 5). Grant Devine Reservoir is
east of Rafferty Reservoir and tends to receive more precipita-
tion during all seasons regardless of the quantile chosen. All
the reservoirs receive more precipitation during the summer
months than any other time of year, followed by spring, fall,

and then winter.
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Potential Evapotranspiration

Historical mean basin PET was evaluated for the Souris
River Basin for the period of 1912-2011 at annual and
monthly time steps (figs. 6 and 7). For each month of the year,
the annual time series of one month’s historical basin mean
PET was determined and the results were collated. The maxi-
mum and minimum basin mean PET values were then deter-
mined from the historical record, and this was repeated for the
remaining 11 months; for example, for the month of October,
an annual time series of historical basin mean October PET
values would be determined, and then the maximum and
minimum values would be determined. The mean basin PET
for each month was calculated by applying LOESS (Venables
and Ripley, 2002) to the weather station PET to estimate PET
values at each grid point in the WBM and then taking the
mean of the gridded PET values across the basin at each time
step. The application of LOESS to the monthly PET from the
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weather station accounts for the uneven distribution of the
weather stations in the basin, and the bias that would occur in
the PET time series was averaged from the weather stations
alone. Maximum monthly historical PET ranged from 12 mm
in January to 148 mm in July (fig. 7). Minimum values of
PET in January and July were 2 and 87 mm, respectively. The
maximum and minimum estimation ranges are important to
note because they indicate that the stochastic data are variable
enough to contain the historical range of PET. As expected,
the greatest amount of PET occurs in the summer months

and is lowest during winter. The range of values between the
maximum and minimum historical PET lines is indicative of
the variability inherent in the data because values of historical
PET can fall anywhere between these two lines. Variability is
largest during the summer and decreases in the colder months
(fig. 7). The change in variability from winter to summer and
back is dependent on solar angle, inducing the cyclical nature
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of PET with time. In addition, monthly PET is controlled by
seasonal climatic patterns and natural variability in weather,
and these effects increase as PET increases.

Stochastically generated PET was quantified using mean
basin PET across all 10,000 trace years on a monthly time
step. Stochastically generated monthly PET values associated
with the maximum and minimum PET values were compared
with the historical maximum and minimum monthly PET
(fig. 7). Historical maximum PET was generally lower than
the maximum value of stochastic PET. Historical minimum
monthly PET was greater than the minimum stochastic PET
except for February 1926, which had a particularly low PET
of 2 mm (fig. 7).

Stochastic PET was calculated for the basin and for
Rafferty and Boundary Reservoirs, Grant Devine Reservoir,
and Lake Darling Reservoir (fig. 8). The 50-percent nonex-
ceedance probability of annual PET for the stochastic dataset
was the lowest at Grant Devine Reservoir (539 mm) and the
highest at Lake Darling Reservoir (552 mm; fig. 8) among the
three reservoirs. Grant Devine Reservoir is at the highest lati-
tude and, therefore, would be expected to have the lowest PET,
assuming temperature was the same at each of the sites. At all
reservoirs, summer accounts for between 55 and 57 percent
of the stochastically generated annual PET. Spring accounts
for 20 to 24 percent of stochastic PET at all sites, followed by
fall, which accounts for 18 to 21 percent, and winter with 3 to
6 percent (fig. 8).

Moisture Deficit

Moisture deficit was calculated for the basin and at
Rafferty and Boundary Reservoirs, Grant Devine Reservoir,
and Lake Darling Reservoir (fig. 9). Annual moisture defi-
cit was largest at Lake Darling, followed by Rafferty and

Boundary, and then Grant Devine. The 50-percent nonexceed-
ance probability of annual moisture deficit was —150 mm at
Lake Darling Reservoir, =116 mm at Rafferty and Boundary
Reservoirs, and —75 mm at Grant Devine Reservoir. Summer
had the highest moisture deficit, followed by fall, spring, and
winter. Winter was the only season where nearly all quantile
moisture deficit values were positive at the three reservoirs,
except for the 5- and 10-percent quantiles at Lake Darling
Reservoir (fig. 9). Moisture deficit is one indicator of the

state of the climate in the basin. Moisture deficit is not solely
responsible for the magnitude of runoff events, but it can

be used as an indicator of wetter or drier periods relative to
streamflow. Continuous periods of large negative moisture
deficit may lead to a reduction in spring runoff and base
streamflows. Previous studies have determined that the period
in which streamflow is highly correlated with the anteced-

ent climate conditions is typically short (less than 2 months),
regardless of time of year, and correlation is highest during the
summer months and low streamflow periods (Haslinger and
others, 2014; Zhu and others, 2016). However, in the Souris
River Basin, basinwide annual conditions do not exceed a total
moisture deficit of 0 until after the 75-percent nonexceedance
probability is surpassed. This is predominantly because of the
occurrence of large moisture deficits, particularly in the sum-
mer. In addition, PET surpasses actual evapotranspiration and
does not account for limitations in actual water storage. Spring
and fall moisture deficit are negative until the 50-percent
nonexceedance probability is surpassed. The soil conditions
in spring in combination with moisture deficit, snow water
equivalent in snowpack, and timing of snowmelt are all driv-
ers of spring runoff from snowmelt. Winter moisture deficit is
positive except for the 1-percent nonexceedance probability.
This holds true for all the reservoirs except Lake Darling
Reservoir, which experiences more negative moisture deficit
than the other reservoirs.
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Figure 8. Stochastic annual and seasonal potential evapotranspiration for Rafferty and Boundary Reservoirs, Grant Devine Reservoir,
Lake Darling Reservoir, and the Souris River Basin.
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Stochastically Generated Natural
(Unregulated) Streamflow
Characteristics

Monthly natural (unregulated) streamflow generated sto-
chastically by Kolars and others (2016) provided the founda-
tion for characterizing hydrologic conditions across the Souris
River Basin. There were two main focuses in the evaluation of
the natural streamflow traces. The first was to evaluate flood
occurrence in an unregulated condition annually and to com-
pare spring and summer flood events at a 3-month period and
a monthly period. A second interest was in estimating stream-
flow during extended periods of hydrologic drought.

Flood Characterization in the Souris River Basin

Many assumptions about reservoir operations in the
Souris River Basin were built around peak streamflows occur-
ring only during the spring months with the onset of snow-
melt. The snowmelt-generated peaks assumption was based
on historical flooding before the 1989 international agreement
(United Nations, 1989), and operations were developed based
on floods that occurred in 1969, 1974, 1975, 1976, 1979, and
1982 (fig. 10). Recent wet conditions have made the basin
susceptible to saturated soil conditions in the spring, summer,
and fall. These saturated soil conditions are cause for con-
cern because any flooding can be magnified by a lack of soil
moisture storage that might otherwise have been available.
Widespread record-setting flooding took place in the Souris
River Basin from May to August 2011 (International Joint
Commission, 2013). The annual precipitation total was great-
est in Canadian water year 2010 (fig. 3) and was in fact wetter
than the basin median in 2011 (fig. 3). Under wet conditions,
there is the potential for delayed floods with large magni-
tude and volume. The events leading to the flooding in 2011
prompted the need to evaluate the effects of streamflow in the
summer and fall on flooding and reservoir operations.

800 T T T T T T T T T T T T T T

Annual maximum monthly mean streamflow was esti-
mated for the Souris River below Rafferty Reservoir, Long
Creek near Noonan, Moose Mountain Creek near Oxbow, the
Souris River near Sherwood, the Des Lacs River at Foxholm,
and the Souris River above Minot (fig. 1). Streamflow quan-
tiles from the annual maximum monthly mean streamflow
data were computed for the 50-, 25-, 10-, 5-, and 1-percent
exceedance probability (table 1). Unrouted annual maximum
monthly mean streamflows were the highest for the Souris
River below Rafferty Reservoir. Streamflows from the Souris
River near Sherwood and the Souris River above Minot were
routed through the basin, accumulating streamflow from sub-
basins and local streamflow upstream from each streamgage
(Kolars and others, 2016). If the Souris River did not have
structures that regulated its streamflow, streamflow at these
locations would be expected to have similar characteris-
tics to the stochastically generated streamflow time series.
Unregulated streamflows from the streamgage at Souris River
near Sherwood are used in the calculations for apportionment
between the United States and Canada (United Nations, 1989).
The 2011 maximum mean monthly streamflow into Rafferty
Reservoir was 156 m3/s and occurred in June according to
the reconstructed hydrology (U.S. Army Corps of Engineers,
2020). This surpasses the 1-percent exceedance probabil-
ity (table 1) streamflow of 105.0 m3/s for the Souris River
below Rafferty Reservoir within the stochastic streamflow
dataset. The 1976 peak annual streamflow was the greatest
of the six annual peak streamflow events used in the design
of annex A (United Nations, 1989). The 1975 annual peak
streamflow occurred in the month of May and was 58 m3/s for
the Souris River below Rafferty Reservoir (U.S. Army Corps
of Engineers, 2020) and falls between the 1- and 5-percent
exceedance probability.

Maximum monthly mean streamflows in spring and sum-
mer were compared in two ways. First, seasonal maximum
monthly mean flow volumes from summer and spring were
plotted against their exceedance probability (fig. 11). The
seasonal maximum monthly mean flow volumes were calcu-
lated by retrieving the maximum monthly mean flow volumes
from spring and summer for each of the 10,000 trace years

Annual peak streamflow,
in cubic meters per second

Year

| Figure 10. Annual peak
streamflow from daily data
for the Souris River near
Sherwood, North Dakota
(U.S. Geological Survey
streamgage 05114000;

U.S. Geological Survey, 2014),
1930-2018.
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Table 1. Annual and seasonal maximum streamflow exceedance probabilities from monthly mean stochastic time series and annual
maximum monthly mean streamflow quantiles from reconstructed hydrology (1946-2013; U.S. Army Corps of Engineers, 2013b) at the
Souris River below Rafferty Reservoir, Long Creek near Noonan (above Boundary Reservoir), Moose Mountain Creek near Oxbhow, the
Souris River near Sherwood, the Des Lacs River at Foxholm, and the Souris River above Minot.

[Annual refers to the Canadian water year, November 1 to October 31; Sask., Saskatchewan; ND, North Dakota; USGS, U.S. Geological Survey]

Characterization of Historical and Stochastically Generated Climate and Streamflow Conditions in the Souris River Basin

Annual exceedance probability, in percent

Description
50 25 10 5 1
Souris River below Rafferty Reservoir, Sask. (Canadian streamgage 05NB036; Rafferty Reservoir inflow)
Reconstructed hydrology unregulated annual maximum monthly mean 4.0 15.6 40.5 47.2 91.6
streamflow
Stochastic annual maximum monthly mean streamflow 4.4 10.8 31.5 54.2 105.0
Seasonal (3-month mean) stochastic streamflow 0.1 1.2 3.6 8.3 322
Long Creek near Noonan, ND (above Boundary Reservoir) (USGS streamgage 05113600; Boundary Reservoir inflow)
Reconstructed hydrology unregulated annual maximum monthly mean 4.2 11.2 21.6 30.6 44.8
streamflow
Stochastic annual maximum monthly mean streamflow 3.7 5.7 16.3 26.7 51.4
Seasonal (3-month mean) stochastic streamflow 0.0 0.6 2.2 4.2 13.5
Moose Mountain Creek near Oxbow, Sask. (Canadian streamgage 05ND004; Grant Devine Reservoir inflow)
Reconstructed hydrology unregulated annual maximum monthly mean 3.6 8.9 19.0 22.6 49.8
streamflow
Stochastic annual maximum monthly mean streamflow 3.9 5.9 14.3 26.3 55.7
Seasonal (3-month mean) stochastic streamflow 0.1 0.9 2.5 4.2 17.2
Souris River near Sherwood, ND (USGS streamgage 05114000; routed streamflow, Lake Darling Reservoir inflow)
Reconstructed hydrology unregulated annual maximum monthly mean 16.4 47.8 90.5 112.8 221.3
streamflow
Stochastic annual maximum monthly mean streamflow 15.7 28.4 73.8 122.6 255.7
Seasonal (3-month mean) stochastic streamflow 0.4 3.9 11.3 22.4 78.4
Des Lacs River at Foxholm, ND (USGS streamgage 05116500)
Reconstructed hydrology unregulated annual maximum monthly mean 1.8 4.8 10.5 13.9 22.0
streamflow
Stochastic annual maximum monthly mean streamflow 23 4.0 9.4 15.9 33.6
Seasonal (3-month mean) stochastic streamflow 0.0 0.5 1.7 3.1 10.2
Souris River above Minot, ND (USGS streamgage 05117500; routed streamflow)
Reconstructed hydrology unregulated annual maximum monthly mean 19.5 57.4 108.6 136.7 251.6
streamflow
Stochastic annual maximum monthly mean streamflow 18.7 343 84.8 140.6 280.0
Seasonal (3-month mean) stochastic streamflow 0.5 4.9 13.9 27.3 91.9

and were assumed to be independent of one another. Summer
season maximum monthly mean flow volumes were consis-
tently lower than spring season maximum monthly mean flow
volumes. The second comparison separated annual maximum
monthly mean streamflows into the season in which they
occurred. When the annual maximum monthly mean stream-
flows are separated by their seasonal occurrence (table 2),
summer months of maximum monthly mean streamflow have
a higher 50-percent exceedance probability of streamflow
compared to annual maximum monthly mean streamflows
that occur in spring, spring season maximum monthly mean

streamflows that occur in spring, and summer season maxi-
mum monthly mean streamflows that occur in summer. When
annual maximum monthly mean streamflows in summer are
compared to annual maximum monthly mean streamflows in
spring, they are consistently higher in streamflow but rare.

The number of times an annual maximum monthly mean
streamflow event occurred in spring or summer is provided in
table 2. Annual maximum monthly mean streamflows from
the 10,000 trace years of stochastically generated streamflows
that occur in the summer months only constitute 2.7 percent of
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Exceedance probability, in percent
events at the Souris River below Rafferty Reservoir, 0.6 per- more frequently in spring. However, when annual maximum
cent of events at Moose Mountain Creek near Oxbow, and monthly mean streamflows do occur in the summer, they tend
4.2 percent of events at the Des Lacs River at Foxholm. to be larger in magnitude than those that occur in the spring.
The analyses in figure 11 and table 2 show that, in gen- Although determining the cause of peak streamflow
eral, spring season maximum monthly mean streamflows are events is beyond the scope of this study, several studies
greater than summer season maximum monthly mean stream-  have investigated trends and change points in peak stream-

flows and annual maximum monthly mean streamflows occur ~ flow events using flood-frequency analysis and peaks over
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Table 2. Annual maximum monthly mean streamflows separated for spring and summer for stochastically generated
streamflow at the Souris River below Rafferty Reservoir, Long Creek near Noonan (above Boundary Reservoir), Moose
Mountain Creek near Oxbow, the Souris River near Sherwood, the Des Lacs River at Foxholm, and the Souris River above

Minot.

[%, percent; Sask., Saskatchewan; spring, March—-May; summer, June—August; ND, North Dakota; USGS, U.S. Geological Survey]

Seasonal maximum monthly mean streamflow, in cubic meters per

Occurrences, in 10,000

Season second, for exceedance probability percentages
trace years
50% 25% 10% 5% 1%
Souris River below Rafferty Reservoir, Sask. (Canadian streamgage 05NB036; Rafferty Reservoir inflow)
Spring 9,574 4.4 10.3 29.6 51.6 101.0
Summer 272 20.7 41.5 76.3 101.6 126.5
Long Creek near Noonan, ND (above Boundary Reservoir) (USGS streamgage 05113600; Boundary Reservoir inflow)

Spring 9,156 3.8 5.8 16.6 26.8 51.4
Summer 142 15.3 27.6 44.5 54.0 67.3

Moose Mountain Creek near Oxbow, Sask. (Canadian streamgage 06ND004; Grant Devine Reservoir inflow)
Spring 9,780 4.0 5.9 14.2 26.1 55.6
Summer 63 10.9 25.25 42.9 46.2 67.1

Souris River near Sherwood, ND (USGS streamgage 05114000; routed streamflow, Lake Darling Reservoir inflow)

Spring 9,565 15.8 27.7 71.9 120.1 240.8
Summer 208 49.7 93.7 174.3 2552 320.8
Des Lacs River at Foxholm, ND (USGS streamgage 05116500)
Spring 9,004 2.4 3.92 8.6 14.4 30.7
Summer 420 8.5 15.6 29.2 36.2 59.1
Souris River above Minot, ND (USGS streamgage 05117500; routed streamflow)
Spring 9,467 18.8 33.5 82.6 135.5 268.0
Summer 265 52.5 106.4 193.9 284.9 405.4

threshold. Neri and others (2019) did not find statistically
significant proof of increased summer or fall flooding in the
Dakotas attributed to precipitation, temperature, or anteced-
ent moisture indices. Research by Ryberg and others (2014),
however, indicates that the prevalence of annual peak stream-
flows in summer and fall are on the rise. Different mechanisms
and periods of record were used to investigate the increases
in summer streamflow and may be the cause of the differ-
ent results.

Annual peak floods that occur in summer, like that of
the summer of 2011, are likely driven by multiple factors
including climate variability, antecedent moisture conditions,
precipitation, and temperature (Hoerling and others, 2013;
Vining and others, 2013; Ryberg and others, 2014; Mallakpour
and Villarini, 2015; Neri and others, 2019). An investigation of
the relation between annual peak streamflow and climate driv-
ers by season in Mallakpour and Villarini (2015) determined
that the Atlantic Multidecadal Oscillation and, to a lesser
extent, the Southern Oscillation Index are positively correlated
with increased summer precipitation and flooding at USGS
streamgages in North Dakota. In spring, however, the Pacific
Decadal Oscillation and Southern Oscillation Index are more
prevalent in the establishment of spring floods. The summer

floods of 2011 along the Souris River and Red River were
attributed to a combination of La Nifia conditions between
December 2010 and June 2011 along with the cumulation of
frozen and saturated ground conditions that exacerbated flood-
ing (Vining and others, 2013). It is not clear whether annual
peak floods that occur in summer are a product of the wetter
climate that has persisted since the 1970s or something else.
Hoerling and others (2013) completed a study of climate con-
ditions in the Missouri River Basin that resulted in the 2011
summer floods and determined that, similar to the Souris River
Basin, the runoff efficiency was increased because of greater
than mean antecedent soil moisture conditions. Furthermore,
the 2011 floods could not be attributed to oceanic moisture

or climate patterns that were simulated in a physically based
predictive model for the Missouri River Basin (Hoerling and
others, 2013).

Neri and others (2019) completed a statistical analysis of
the frequency of floods by season associated with peak-over
threshold and the covariates precipitation, antecedent mois-
ture, temperature, population density, and agricultural cover
at 284 streamgages in the midwestern United States. Peak-
over threshold is a method used to identify floods that exceed
a predefined streamflow threshold (Neri and others, 2019).
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The results of Neri and others (2019) indicated that for spring
floods identified using peak-over threshold in North Dakota,
there is not a primary mechanism for increased flooding;
rather, floods that exceeded the set threshold resulted from
the effects of several covariates. In summer, however, floods
that exceeded the threshold were more likely to be attributed
to a single independent variable. In North Dakota, anteced-
ent moisture conditions were the most prevalent variable
associated with increased flooding during summer (Neri and
others, 2019).

The spatial extent of annual maximum monthly mean
streamflow events can play a role in how reservoir opera-
tions are approached. For example, if the headwaters of the
Souris River below Rafferty Reservoir experience a 10-year
or greater event but Moose Mountain Creek near Oxbow does
not experience a 10-year or greater spring runoff event around
the same time, the likelihood of negative outcomes result-
ing from flooding or structural damage is less likely than if
a 10-year event occurs on both rivers at the same time. The
larger the area affected by an infrequent rain event or large
snowmelt runoff event, the greater the risk of more severe
flooding and structural damage. To evaluate how spatial extent
plays a role in flood frequency, the probability distribution of
annual maximum monthly mean streamflow was compared
to the joint probability distribution of flood frequency of two
streamflow sites. The role of spatial extent on flood frequency
was also evaluated by comparing the probability distribution
of annual maximum monthly mean streamflow to the joint
probability distributions of flood frequency of three sites.

The number of times that a quantile of maximum monthly
mean streamflow was exceeded at the Souris River below
Rafferty Reservoir and Moose Mountain Creek near Oxbow
was determined and then compared to determine which years

experienced maximum monthly mean streamflow events equal
to or exceeding a given percentile of streamflow together
(table 3). For example, the 10-percent exceedance probability
of annual maximum monthly mean streamflow event for the
Souris River below Rafferty Reservoir was 31.5 m3/s, and the
10-percent exceedance probability of streamflow at Moose
Mountain Creek near Oxbow was 14.3 m3/s (table 1). If the
annual maximum monthly mean streamflow event at each
streamgage equaled or exceeded the 10-percent exceedance
probability of annual maximum monthly mean streamflow
from their individual probability distributions, the occur-
rence was counted as co-occurring. One limitation is that this
analysis does not include events that result from the same
meteorological event but occur in different months because
of lag in the travel of the flood wave to a streamgage evalu-
ated in this study. In general, these events happen fewer times
than if they were to happen independently. When evaluating
the co-occurrence of 10-year events at Souris River below
Rafferty Reservoir and Moose Mountain Creek near Oxbow,
the expected co-occurrence of a 10-year event was reduced to
an event that happens between seven and eight times during
a 100-year period and the co-occurrence of a 50-year event is
expected to happen one time per 100 years.

The analysis was extended further to include the Des
Lacs River at Foxholm streamflow. With the inclusion of the
Des Lacs River at Foxholm, the co-occurrence of a 10-year
event is further reduced to four to five times in a 100-year
period. The larger the area affected by such events, the less
likely they are to occur. Because this dataset is a stochastic
time series, it is uncertain whether these events are outliers
or if they have the potential to occur a handful of times in a
10,000 trace year period.

Table 3. Co-occurrence of annual maximum monthly mean streamflow for annual, spring, and summer periods.

[Annual refers to the Canadian water year, November 1 to October 31; Souris River below Rafferty Reservoir refers to Canadian
streamgage 0SNB036; Moose Mountain Creek near Oxbow refers to Canadian streamgage 0SND004; Des Lacs River at Foxholm

refers to U.S. Geological Survey streamgage 05116500]

Exceedance probability, in percent, used to identify streamflow threshold

Description for each location
50 10 5 1
Souris River below Rafferty Reservoir and Moose Mountain Creek near Oxbow
Regardless of season 4,013 1,977 758 353 60
Spring 3,965 1,935 739 342 59
Summer 44 38 17 11 1

Souris River below Rafferty Reservoir, Moose Mountain Creek near Oxbow, and the Des Lacs River at Foxholm

Regardless of season 2,929 1,393 460 196 24
Spring 2,899 1,369 446 189 23
Summer 29 24 14 9 1
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Drought Characterization in the Souris River
Basin

A 1-year, 5-year, 10-year, and 20-year mean of monthly
streamflow volume was calculated for each of the 100 traces
at the Souris River below Rafferty Reservoir, Long Creek
near Noonan (above Boundary Reservoir), Moose Mountain
Creek near Oxbow, the Souris River near Sherwood, the Des
Lacs River at Foxholm, and the Souris River above Minot.
Streamflow quantiles were computed for each of the averag-
ing periods. The long-term mean streamflow volumes were
used to characterize long-term streamflow in the Souris River
Basin (fig. 12). Shorter periods of mean streamflow volume
are characterized by greater variability than longer periods of
mean streamflow and hence include lower mean streamflow in
the lowest percentiles and higher mean streamflow in the high-
est percentiles. As the averaging period is extended to a longer
period, the variability of mean streamflow decreases, and the
more extreme variability of mean streamflow volume seen in
shorter averaging periods cannot be sustained.

A. Souris River below Rafferty Reservoir, 05NB036

Characterization of Historical and Stochastically Generated Climate and Streamflow Conditions in the Souris River Basin

One feature seen in figure 12 is the crossover of long-
term mean streamflow volume lines as a function of quantile.
As the percentage chance of nonexceedance increases, the
mean streamflow volume curves switch order, and this occurs
between 75- and 90-percent nonexceedance probability. As the
nonexceedance probability decreases below 75 percent, longer
period means have the highest mean streamflow volumes and
shorter periods have the lowest mean streamflow volumes. A
summary of long-term mean streamflow is provided in table 4.
The sample sizes for each of the averaging periods decreased
as the averaging period increased. The number of samples per
averaging period are noted in the left-hand column of table 4.
The averaging period is also presented in the left-hand col-
umn. The 50-percent nonexceedance probability of stochasti-
cally generated streamflow for the 1-year mean streamflow for
the Souris River near Sherwood was 2.42 m3/s and increased
to 4.73 m3/s for the 20-year mean (table 4). The occurrence of
a 20-year mean streamflow less than or equal to 2.42 m3/s is
expected to occur between 5 and 1 percent of 20-year periods
for the Souris River near Sherwood (table 4). Long Creek near
Noonan (above Boundary Reservoir) has lower mean stream-
flow than either the Souris River below Rafferty Reservoir or
Moose Mountain Creek near Oxbow.

B. Long Creek near Noonan, 05113600

E. Souris River near Sherwood, 05114000

F. Souris River above Minot, 05117500
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Figure 12. Nonexceedance probability for long-term streamflow means at sites in Saskatchewan and North Dakota. A, Souris River

below Rafferty Reservoir; B, Long Creek near Noonan (above Boundary Reservoir); C, Moose Mountain Creek near Oxbow; D, Souris
River near Sherwood; E, Des Lacs River at Foxholm; F, Souris River above Minot.
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Table 4. Streamflows at the Souris River below Rafferty Reservoir, Long Creek near Noonan (above Boundary Reservoir), Moose
Mountain Creek near Oxbow; the Souris River near Sherwood, the Des Lacs River at Foxholm, and the Souris River above Minot for the
1-,5-, 10-, and 20-year averaging periods.

[Annual refers to the Canadian water year, November 1 to October 31; Sask., Saskatchewan; yr, year; ND, North Dakota; USGS, U.S. Geological Survey]

Nonexceedance probability, in percent, used to identify streamflow threshold

Mean annual and multiyear streamflow

50 25 10 5 1
Souris River below Rafferty Reservoir, Sask. (Canadian streamgage 056NB036; Rafferty Reservoir inflow)
1-yr mean flow, (10,000 samples) 0.68 0.45 0.31 0.24 0.14
5-yr mean flow, (2,000 samples) 1.24 0.73 0.54 0.48 0.40
10-yr mean flow, (1,000 samples) 1.54 0.97 0.69 0.60 0.51
20-yr mean flow (500 samples) 1.70 1.23 0.87 0.75 0.59
Long Creek near Noonan, ND (above Boundary Reservoir) (USGS streamgage 05113600; Boundary Reservoir inflow)
1-yr mean flow, (10,000 samples) 0.49 0.34 0.23 0.18 0.11
5-yr mean flow, (2,000 samples) 0.71 0.49 0.39 0.35 0.29
10-yr mean flow, (1,000 samples) 0.80 0.58 0.48 0.43 0.36
20-yr mean flow (500 samples) 0.88 0.69 0.56 0.49 0.42
Moose Mountain Creek near Oxbhow, Sask. (Canadian streamgage 05ND004; Grant Devine Reservoir inflow)
1-yr mean flow, (10,000 samples) 0.56 0.42 0.31 0.24 0.15
5-yr mean flow, (2,000 samples) 0.75 0.55 0.46 0.42 0.37
10-yr mean flow, (1,000 samples) 0.90 0.64 0.52 0.50 0.44
20-yr mean flow (500 samples) 0.99 0.75 0.99 0.55 0.50
Souris River near Sherwood, ND (USGS streamgage 05114000; routed streamflow, Lake Darling Reservoir inflow)
1-yr mean flow, (10,000 samples) 2.42 1.68 1.16 0.91 0.56
5-yr mean flow, (2,000 samples) 3.67 245 1.94 1.76 1.48
10-yr mean flow, (1,000 samples) 4.26 3.06 2.35 2.15 1.84
20-yr mean flow (500 samples) 4.73 3.54 2.79 2.47 2.12
Des Lacs River at Foxholm, ND (USGS streamgage 05116500)
1-yr mean flow, (10,000 samples) 0.35 0.23 0.15 0.12 0.07
5-yr mean flow, (2,000 samples) 0.51 0.35 0.27 0.24 0.20
10-yr mean flow, (1,000 samples) 0.58 0.41 0.32 0.30 0.25
20-yr mean flow (500 samples) 0.63 0.48 0.38 0.34 0.29
Souris River above Minot, ND (USGS streamgage 05117500; routed streamflow)
1-yr mean flow, (10,000 samples) 3.0 2.1 1.4 1.1 0.7
5-yr mean flow, (2,000 samples) 4.4 3.0 2.4 2.2 1.8
10-yr mean flow, (1,000 samples) 5.2 3.7 2.9 2.6 2.2
20-yr mean flow (500 samples) 5.7 4.3 34 3.0 2.5
Streamflow quantiles from different averaging periods streams. The purpose of taking the ratio of the differing aver-
were compared by taking the ratio of the 5-, 10-, and 20-year aging periods to the 1-year averaging period was to understand
averaging period streamflow and dividing by the 1-year the potential effect of drought on streamflow and the effect of
averaging period streamflow (fig. 13). For example, a 5-year streamflow variability over long periods of time. Two streams
averaging period streamflow with a 10-percent nonexceedance  with similar mean streamflow volumes can differ in variabil-
probability would be divided by a 1-year averaging period ity with one stream being a less reliable source of water. For
streamflow with a 10-percent nonexceedance probability, example, the 20-year, 50-percent nonexceedance probability
resulting in a ratio with a 10-percent nonexceedance probabil-  of streamflow for all streamflow sites was between 1.5 and
ity. Comparing percentiles with a ratio is a way of measuring 3 times the 1-year, 50-percent nonexceedance probability
the variability of streamflow at individual sites and enables event, with the minimum value occurring at the Souris River

comparison of the variability of streamflow quantiles across above Minot and the highest values occurring at the Souris
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A. Souris River below Rafferty Reservoir, 05NB036
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B. Long Creek near Noonan, 05113600

T
4_ — - —
il 11 ¥ |
2F n B \ -
' ] i \ |
= (0] =1 I I I 1 E 1 I I I 1
©
29
E o €. Moose Mountain Creek near Oxbow, 05ND004 D. Souris River near Sherwood, 05114000
© = T T T T T T T T T T
°I>’. S 4L _ L _
- o
S E 3F ¥ 1 L & 4
J——
52 o \S— 1 r \ 1
Eg L x | B \ a
2 =
g % 0 | | | L E 1 | | | L
o s
—
©
o

4_ - - -
NG PN |
1+ \ 1 F \ -
(0] =1 I I I 1 E 1 I I I 1

0 25 50 75 100 0 25 50 75 100

Nonexceedance probability, in percent

EXPLANATION

~———— B-year mean flow
—— 10-year mean flow
———— 20-year mean flow

Figure 13. Ratio of 5-, 10-, and 20-year mean streamflow to 1-year mean streamflow by percentile at sites in Saskatchewan and North
Dakota. A, Souris River below Rafferty Reservoir; B, Long Creek above Boundary Reservoir; C, Moose Mountain Creek near Oxbow;
D, Souris River near Sherwood; E, Des Lacs River at Foxholm; F, Souris River above Minot.

River below Rafferty Reservoir (table 4). For the driest years,
streamflows are low and the ratios are large. As the nonex-
ceedance probability increases, the ratio of multiyear stream-
flow to 1-year streamflow decreases. Over a multiyear period,
low nonexceedance probability is tied to greater mean stream-
flow than the 1-year mean streamflow. When the nonexceed-
ance probability is high, the 1-year mean streamflow is greater
than the multiyear mean streamflow and produces a ratio less
than 1. The spacing between different multiyear ratio curves is
valuable because it serves as a way of determining variability
over multiyear mean streamflow periods. The Souris River
below Rafferty Reservoir is more variable at low nonexceed-
ance probabilities than the other sites presented in fig. 13. In
addition, the shape of the nonexceedance probability to ratio
curve can be used as a mechanism to understand, on aver-

age, how streamflow might begin to recover and how much
streamflow could recover relative to an existing condition.

For example, the streamflow at the Souris River above Minot
is fairly stable compared to the Souris River below Rafferty
Reservoir. At higher streamflows, Moose Mountain Creek near

Oxbow has lower mean streamflow relative to the Souris River
below Rafferty Reservoir regardless of the averaging period
(1-year, 5-year, 10-year, or 20-year); however, when nonex-
ceedance probability decreases, the gap between streamflow
ratios at Moose Mountain Creek near Oxbow maintains less
variability in its multiyear mean streamflow ratios and could
be considered more consistent.

Disaggregated Daily Stochastic
Streamflow

The 10-day stochastic streamflows generated for natural
(unregulated) conditions by Kolars and others (2016) were
disaggregated to a daily time step for use as input to USACE
HEC-ResSim models developed to evaluate operation plans
for reservoirs in the Souris River Basin (International Souris
River Study Board, 2018). The HEC—ResSim models were



developed to evaluate alternatives to the current operational
plan (United Nations, 1989) using a large range of possible
conditions generated by the stochastic modeling and using
reconstructed hydrology to simulate historical conditions
(U.S. Army Corps of Engineers, 2020) as input. The disag-
gregation process included the spatial disaggregation of local
streamflow from the stochastic WBM to the local streamflow
defined in the HEC—ResSim model, the calculation of annual
streamflow for the basin in the stochastic and reconstructed
hydrology dataset, the identification of the historical year
that most closely matches the volume of streamflow in each
year of the stochastic streamflow dataset, and the calculation
and smoothing of daily streamflow for input to HEC—ResSim
model. This section describes the process used to disaggregate
the stochastic streamflow data to a daily time step for use in
the HEC—ResSim model and the discussion of results includ-
ing the selection of traces from the 100 100-year stochastic
traces (Kolars and others, 2016) for evaluation in an alterna-
tive focused HEC—ResSim model.

Methods and Data for Generation of
Disaggregated Daily Streamflow

Two datasets were used to develop the daily stochas-
tic streamflow. The first was stochastically generated local
streamflow data produced by each of the 15 subbasins for the
Souris River Basin (Kolars and others, 2016). The stochasti-
cally generated streamflow data for each subbasin have a time
step of 10 days, and each year contains 36 time steps. Each
trace is 100 years long, and 100 spatially and temporally cor-
related stochastic traces were generated for each of the 15 sub-
basins using the methods detailed in Kolars and others (2016).

The second dataset is the local streamflows from the
reconstructed hydrology of the Souris River Basin for the
period of 1930-2018 (U.S. Army Corps of Engineers, 2020).
The reconstructed hydrology used in the disaggregation pro-
cess was distinct from the reconstructed hydrology model used
in Kolars and others (2016, 2019) because it was extended
from the period of 19462013 to 1930-2018. This dataset
was used because the 1930s are the longest period of severe
drought in the historical record. The reconstructed hydrology
dataset was used to define required inputs to the Souris River
HEC—ResSim model and to develop daily stochastic stream-
flow time series for input to the HEC—ResSim model in the
evaluation of alternatives.

In the Souris River Basin reconstructed hydrology model,
26 stream sites along the Souris River require daily time series
of streamflow that are either defined as inflow or local stream-
flow (table 5 and fig. 2). The input of the 26 daily time series
into the Souris River Basin HEC—ResSim model was used in
combination with a calibrated streamflow model to calculate
streamflow at points in which input data are not required.
Local streamflow can be defined as the streamflow resulting
from runoff from one subbasin without the addition of water
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from upstream subbasin runoff or base flow contributing to
streamflow. Because of the difference in streamflow sites in
the stochastic WBM model and the needed inputs to the Souris
River HEC—ResSim model, a method needed to be adapted

to spatially disaggregate stochastic streamflow time series.
The streamflow and local streamflow inputs for the recon-
structed hydrology HEC—ResSim model (U.S. Army Corps of
Engineers, 2013a) are the same as those for input to a HEC—
ResSim model for assessment of alternatives and existing
operations for the Souris River Basin. In addition, the 10-day
time series of the stochastic streamflow dataset required tem-
poral disaggregation to a daily time step.

Spatial Disaggregation

The boundary of the Souris River Basin was delineated
to determine contributing areas for selected streamgages as
outlet points in Canada and the United States for the sto-
chastic WBM described in Kolars and others (2016) (fig. 2).
The HEC—ResSim model for the Souris River Basin requires
streamflow input at a more refined spatial scale than was avail-
able from the stochastic streamflow WBM. In addition, the
HEC—-ResSim model does not require any information about
the basin’s boundaries, physical characteristics, or meteorolog-
ical time series to simulate streamflow; instead, it relies solely
on time series at streamgages and estimated local streamflow
points to calculate streamflow at other points along a river.

To address the issue of misalignment between the sto-
chastic streamflow sites and the HEC—ResSim model input
sites, subbasins were defined for each streamflow point in the
HEC—ResSim reconstructed hydrology model for the Souris
River Basin. The stochastic streamflow from each of the
15 subbasins was broken up according to the percentage of
area within the subbasins identified for the streamflow points
in the HEC—ResSim model. The HEC—ResSim model requires
input at 26 stream sites whereas the WBM requires input at
15 sites. Local stochastic streamflow time series were redis-
tributed for use in HEC—ResSim model. The redistribution of
the local stochastic streamflow was completed by estimating
the percentage of the stochastic WBM basin boundaries that
overlapped the harmonized USGS hydrologic unit code 12 and
hydrologic unit code 10 maps (U.S. Geological Survey, 2017)
for each of the USACE HEC-ResSim models (U.S. Army
Corps of Engineers, 2020) local streamflow input locations.

Each subbasin stochastic streamflow trace was multiplied
by the percentage of area associated with an overlapping sub-
basin for the HEC—ResSim model (table 5). When a subbasin
from the HEC—ResSim model was composed of more than
one of the stochastic WBM model subbasins, the total of the
monthly percentage of local streamflow from each trace was
summed to create a new time series to represent monthly sto-
chastic streamflow for the HEC—ResSim model subbasin.
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Table 5. Multiplication factors for distribution of stochastic streamflow by basin to local streamflow locations.

[Sask., Saskatchewan; ND, North Dakota; NWR, National Wildlife Refuge]

Characterization of Historical and Stochastically Generated Climate and Streamflow Conditions in the Souris River Basin

Map idemif!cation Local flow point description Stochasti_c watershed Are_a, insquare  Multiplication
number (fig. 2) (fig. 2) kilometers factor
1 Inflow to Rafferty Reservoir, Sask. Rafferty 6,267 1.00
2 Inflow to Boundary Reservoir, Sask. Noonan 4,374 1.00
3 Inflow to Grant Devine Reservoir, Sask. Grant Devine 6,094 1.00
4 Short Creek at Roche Percee, Sask. Sherwood 836 0.15
5 Local flow at Roche Percee, Sask. Sherwood 1,171 0.21
6 Local flow at Glen Ewen, Sask. (Oxbow to Glen Sherwood 112 0.02
Ewen)
7 Local flow at Oxbow, Sask. (Roche Percee to Sherwood 3,067 0.55
Oxbow)
8 Local flow to Souris River near Sherwood, ND (Glen Sherwood 390 0.07
Ewen to Sherwood)
9 Local flow at Des Lacs River Confluence, ND Minot 283 0.73
10 Des Lacs River at Foxholm, ND Foxholm, Minot 64 0.05
11 Des Lacs River at Baden, ND Des Lacs 2,456 1.00
12 Local flow to Souris River above Minot, ND Minot 37 0.03
13 Local flow to Souris River above Lake Darling, ND  Foxholm 1,282 0.95
14 Boundary Creek near Landa, ND Westhope 771 0.11
15 Cut Bank Creek at Upham, ND Westhope 1,797 0.25
16 Stone Creek near Kramer, ND Westhope 408 0.06
17 Local flow to Souris River upstream from pool 357 Westhope 1,760 0.25
near Westhope (J. Clark Salyer NWR), ND
18 Local flow to Souris River upstream from dam 341 Westhope 94 0.01
(J. Clark Salyer NWR), ND
19 Local flow to Souris River upstream from dam 320 Westhope 2,101 0.30
(J. Clark Salyer NWR), ND
20 Local flow to Souris River at Velva, ND Verendrye 1,364 0.71
21 Deep River near Upham, ND Deep River 2,491 1.00
22 Willow Creek near Willow City, ND Willow 2,934 1.00
23 Wintering River at Karlsruhe, ND Wintering Creek 1,402 1.00
24 Local flow to Souris River at Bantry, ND Bantry 1,091 1.00
25 Local flow to Souris River at Verendrye, ND Verendrye 557 0.29
26 Local flow to Souris River upstream from dam 332 Westhope 129 0.02

(J. Clark Salyer NWR), ND

Time-Series Disaggregation of Monthly
Streamflow to Daily Streamflow

The temporal disaggregation of the spatially disaggre-
gated stochastic streamflow traces was a process that involved
(1) assignment of a daily time series to all traces, (2) determi-
nation of the historical calendar year with the closest volume
of streamflow basinwide to each of the 10,000 trace years of
stochastic hydrology and assignment of the historical year to

the stochastic trace year, (3) bias correction for historical years
that were favored in step 2, (4) calculation of daily to monthly

ratios of streamflow volume in the historical record, (5) align-
ment of daily time series to stochastic time series, (6) calcula-
tion of streamflow volume for each month of the stochastic
streamflow traces, (7) alignment of the assigned daily time
series from historical years matched by volume to year of
stochastic streamflow in trace after bias correction, (8) genera-
tion of daily time series for monthly stochastic streamflow
volumes, and (9) application of decision rules and smoothing
to address method limitations.



The HEC—ResSim model requires that local streamflow
inputs are a time series with an assigned date. The stochas-
tic streamflow time series were reassigned to dates between
January 1, 3000, and December 31, 3099. The range of dates
does not have any implied meaning for climate or hydrology
in the Souris River Basin and was used solely to distinguish
the traces from historical predicted daily streamflow under dif-
ferent alternative scenarios. Because each year in the stochas-
tic streamflow maintains temporal correlation, the years are
numbered 1 through 100.

The streamflow traces were aggregated from 10-day
stochastic streamflow time series to a monthly and annual time
series of streamflow volume. The daily historical reconstructed
hydrology dataset was also aggregated to monthly and annual
time series. The purpose of the aggregation was to prepare
the stochastic streamflow time series for conversion to daily
time series. Each annually aggregated stochastic streamflow
time series was matched with the year from the historical
reconstructed hydrology annual time series that had the closest
annual streamflow volume using the root mean squared dif-
ference equation in equations 1-2. For each trace, the list of
historical years that most closely matched was ordered by year
relevant to the stochastic streamflow annual time series (eq. 3).

n=26

Vie Veui = /;zl Vs,_jn (D
S = Vtz,i_ VR2H,j’ 2
Y, € min(S)), 3)

where
n refers to the number of samples to
be summed;

Vi is the annual volume of streamflow basinwide,
t, for a given year, i, in a stochastic
streamflow trace;

Vi, 1s the annual volume of streamflow basinwide

for a given year in the reconstructed
hydrology dataset, where RH refers to
“reconstructed hydrology”;
V,;  is the annual volume of streamflow at a given
site for a given year, where s references an
individual site’s annual streamflow volume
and j is a specific year;
S; is the root mean squared difference between
Viand Ve ;3
Y, is the historical year associated with the
minimum S, for a given trace year; and
i,j  referto atime step.

The purpose of the historical years list was to take the
shape of the daily time series of streamflow for each site and
apply the shape to the stochastic monthly streamflow to create
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a stochastic daily streamflow time series for each site. The fre-
quency of historical years in the historical years list was evalu-
ated (fig. 144). The annual historical streamflow volumes are
skewed towards lower streamflow volumes that are less than
1,000 cubic decameters (fig. 15). Many of the 10,000 trace
years in the stochastic streamflow volume dataset also have
annual streamflow volumes that are less than 1,000 cubic
decameters (fig. 16). The calculations for closest historical
year streamflows were repeated, and the historical years of
1930, 1934, and 1936 accounted for more than 50 percent of
the years with the closest volume to stochastic streamflow
trace years in the 10,000 trace years of stochastic streamflow.
Any of the years in the period of 1930—40 and 1988-94 are
likely to have some of the lowest streamflow volumes (fig. 15)
and lack streamflow variability of more moderate streamflow
years. Although the streamflow volumes of the dry historical
annual years are the most similar to the stochastic streamflow
years (figs. 14 and 16), variability in streamflow patterns is
desirable and the driest of historical years tend to lack variabil-
ity. Because of the bias towards matching stochastic stream-
flow volume to a few dry historical years, greater variability
of the streamflow time-series shape was introduced (fig. 145).
For the historical years that most closely matched more than
400 of the 10,000 trace years of streamflow, the stochastic
traces were replaced with 1 of the 20 closest years (fig. 14B).
Selection from 1 of the 20 years was done randomly and used
in place of the original historical year.

Each day in the stochastic streamflow time series must be
assigned a date between January 1, 3000, and December 31,
3099, and a daily to monthly streamflow ratio. For each year
in the time series of the stochastic streamflow traces, the
chosen historical year daily to monthly streamflow ratios
were assumed to characterize the stochastic streamflow year
daily to monthly streamflow ratios. For example, if year 1
in trace 1 was matched with 1945, then the daily to monthly
streamflow ratio from January 1, 1945, would be the same but
for January 1, 3000. If 1945 was selected for a second year,
then 3001 would also take on the daily to monthly streamflow
ratios from 1945. Historical years and each hypothetical year
from 3000 through 3099 contain 365 or 366 days, depending
on the occurrence of leap year, making it possible for there
to be either one too many or one missing daily to monthly
streamflow ratio in the month of February. When a historical
year had more days in February than the hypothetical year, the
decision was made to remove February 29 and the associated
daily to monthly streamflow ratio. If, however, the hypo-
thetical year contained a leap year day, the daily to monthly
streamflow ratio from February 28 of the historical year was
also applied to the hypothetical leap year day. To shape the
stochastic streamflow with the historical ratio of daily to
monthly streamflow, the daily to monthly ratio of streamflow
volume from the reconstructed hydrology was placed in a vec-
tor by the order or the stochastic year for each trace. The daily
to monthly ratios of streamflow were assigned a date from
January 1, 3000, to December 31, 3099, based on their loca-
tion associated with the stochastic time series.
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Decision rules were developed to correct several issues
that arose during the disaggregation process. Issues include
misalignment in days of year from historical to future, main-
tenance of streamflow volume from stochastic time series,
and the presence of negative daily ratios in the reconstructed
hydrology. If a year from the reconstructed hydrology had
366 days and the new time sequence did not, the leap year day
ratio would be removed. If there were only 365 days in the
daily ratios of streamflow but there needed to be 366 days, the
ratio of streamflow on February 28 would also be applied to
February 29. In some cases, streamflows in the reconstructed
hydrology were negative (U.S. Army Corps of Engineers,

2000

2020), and they were changed to zero. In some cases, the
monthly total volume of streamflow from the reconstructed
hydrology was 0 m3, and this could result in loss of daily
streamflow volume in the stochastic dataset. In months where
streamflow volume was greater than 0 m? in the stochastic
hydrology but the multiplier from the reconstructed hydrology
was 0, resulting in a continuous month of 0 m? daily stream-
flow volume, the 0 m? daily streamflow volume for that month
would be replaced with the monthly streamflow volume from
the stochastic hydrology divided evenly by the number of days
in the month. These modified periods in the stochastic daily
streamflow traces with constant streamflow volume do not
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accurately reflect the variability of low streamflow periods but
were intended to maintain the full volume of streamflow in the
original stochastic streamflow traces.

Daily stochastic streamflows for the Souris River Basin
were calculated by multiplying the daily to monthly historical
streamflow volume ratio by the monthly volume of stochastic
streamflow at each of the 26 stream sites. The daily stochas-
tic streamflow volume was then converted to streamflow by
dividing by 86,400 seconds per day. Although annual stochas-
tic streamflow for the basin was intentionally matched to simi-
lar historical years for disaggregation, some stochastic traces
included streamflow events that are not physically reasonable;
for example, some floods were large in magnitude but only
spanned 1 day and lacked a rising and receding limb. To dis-
perse stochastic streamflow traces in a more reasonable man-
ner, a Gaussian kernel smoothing function (Rosenblatt, 1956;
Parzen, 1962) was applied to all traces. The kernel smoothing
function is expressed in equations 4 through 6. A bandwidth of
b=2 was used in the kernel smoothing function.

]A? = ;xiw,(t), @)
W) = K(u> /]z1 K(%) , )
K@) = Fexp(%) R (6)

where
f’t is the resulting smoothed value;
i,j  refer to atime step;
n refers to the number of samples to
be summed;
w{?) is the weighting parameter at time, f;
X; is the unsmoothed streamflow at point, ;
t  isthe time step at which the calculation is
taking place;
b is the bandwidth or degree of weighting;
K(z)  is the selected distribution model (for

example, a Gaussian model); and
z  is the bandwidth of values to be smoothed.

Localized Daily Streamflow and Stochastic
Trace Selection

As discussed, the ISRSB focused on (1) summer stream-
flow, (2) water supply, and (3) apportionment. Many of the
trace selections were made using the monthly unregulated
streamflow data because mean monthly streamflow is closely
related to daily streamflow. The exception to this was the use
of daily streamflow in the selection of traces for apportion-
ment. Traces of stochastic streamflow may be characterized
for use in evaluating alternatives in the HEC—ResSim model
by focusing on percentiles of streamflow that are representa-
tive of the driest and wettest conditions, or a combination of
the two. Traces holding the closest seasonal or annual values
to specific thresholds were selected; that is, a trace could be
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selected because of a trait in one Canadian water year at one
or more sites. Although the full length of a trace will have the
statistical characteristics inherent to the Souris River Basin,
some periods may have events that are outside the realm of
possibility under natural conditions; for example, periods
where streamflow is constant over a month or several months
exist, and such periods would not happen under unregulated
conditions.

In general, traces were selected using a percentile of
streamflow as a threshold; for example, traces with summer
floods were selected if Grant Devine and Rafferty Reservoirs
experienced inflows that exceeded the 10-percent exceed-
ance probability of streamflow in the same month of summer.
Because this method produces all events that measure greater
than the threshold, the difference between the streamflow
event and threshold is also calculated. The year with the small-
est difference in streamflow, from an individual trace, was
then chosen to represent a summer flood. This process could
be repeated to find a trace that most closely matches another
percentile or to determine the next closest trace(s). The details
of the trace selection for (1) summer streamflow, (2) water
supply, and (3) apportionment are provided in this section.

Summer streamflow traces were selected by the occur-
rence of flood events on Moose Mountain Creek near
Oxbow and the Souris River below Rafferty Reservoir. All
10,000 trace years of streamflow were evaluated. For each
summer, the month with the largest inflow to Grant Devine
and Rafferty Reservoirs was identified independently. Traces
in which the 10-percent exceedance probability of annual
maximum monthly mean streamflow event co-occurred at both
sites were selected for testing alternatives in the HEC—ResSim
model. The 10-percent exceedance probability of annual
maximum monthly mean streamflow at the Souris River
below Rafferty Reservoir and Moose Mountain Creek near
Oxbow is 31.5 and 14.3 m¥/s (table 1), respectively. These
criteria resulted in 758 co-occurring 10-percent (or greater)
exceedance probability of flood events at both reservoirs dur-
ing the same month (table 3). After the identification of the
co-occurring flood events, the difference between the threshold
and flood event at each reservoir was taken and squared. The
sums of the squares were then added together and finally the
square root was taken. The smallest root mean squared differ-
ence was indicative of the year in the traces with the closest
result to the thresholds. Traces were selected if they had not
been selected for another purpose and they contained an event
with one of the five smallest root mean squared differences.

Trace selection for water supply was investigated from
the perspective of extended periods of hydrologic drought
reflected in annual and multiannual year mean streamflow.
Traces were selected when mean 5-year streamflow was less
than the 10-percent nonexceedance probability for inflows to
Rafferty and Grant Devine Reservoir (table 4). The root mean
squared difference was used to identify traces closest to the
thresholds at both reservoirs. Selection of traces with extended
periods of drought allow modelers to determine when water
supply becomes challenged by a lack of water. In terms of

drought, modelers can explore what conditions might pose risk
to the communities in Saskatchewan. Use of multiple sce-
narios also could serve as a sensitivity analysis to see if shorter
events differ in terms of water supply compared to longer
events with similar streamflows.

The apportionment of streamflow to the United States
is determined at the beginning of each calendar year, but fall
apportionment is being evaluated, given the concern regarding
flooding in spring and summer after a wet fall with saturated
ground. However, it might be helpful to know the potential for
having a dry spring and a wet fall and the general characteris-
tics of these events. This is particularly relevant to moving the
date in which apportionment is calculated because lowering
water levels in the Canadian reservoirs to mitigate potential
flooding may increase risk to water supply. Characterization of
streamflow associated with a dry or wet condition was evalu-
ated at Rafferty, Boundary, Grant Devine, and Lake Darling
Reservoirs using historical (table 6) and stochastic (table 7)
datasets. The relation between streamflow volume in spring
and fall meteorological conditions was evaluated using stream-
flow and the SPEI (Vicente-Serrano and others, 2010). Daily
stochastic streamflow for all streamflow sites was character-
ized by ranking daily spring streamflow from highest to lowest
for each year and then selecting the top 30 days. The mean
of the top 30 days of spring streamflow was then calculated.
The mean of the 30-day maximum streamflows from spring
were evaluated in terms of their quantiles. For traces that were
selected, all sites were required to have streamflow with less
than a 4-percent nonexceedance probability of spring stream-
flow (table 6). Specific interest was placed on how the mean of
the 3-month lagged SPEI and 12-month lagged SPEI calcu-
lated from November 1 to the appropriate lag month relate to
the streamflow retrieved from the 4-percent nonexceedance
probability of spring streamflow for trace selection. A wet
fall is defined using the mean of the 3- and 12-month SPEI
values, with “wet” corresponding to an SPEI value greater
than 0.5. SPEI is calculated independently at Rafferty, Grant
Devine, and Lake Darling (local streamflow only) Reservoirs.
A dry spring is defined using the mean streamflow from the
highest 30 days of inflow into the reservoir during March
through May. This computation was completed independently
for each reservoir. A wet fall/dry spring year in the stochastic
streamflow dataset is classified as a year in which Rafferty,
Grant Devine, and Lake Darling Reservoirs experience a
“wet fall” followed by a “dry spring.” Of the 10,000 trace
years in the stochastic record, 34 years meet this wet fall/dry
spring criterion. The characterization of the 30-day maximum
spring streamflow at each site against its mean 3-month and
12-month lagged SPEI is presented in table 7.

For the historical period of 19462013, the wet fall
and dry spring condition was identified at Rafferty (no
years), Grant Devine (no years), Boundary (1959, 1991),
and Lake Darling (1993) Reservoirs (table 6). The drainage
basin upstream from Boundary Reservoir experienced a dry
spring in 1959 and 1991 that was preceded by a wet fall. The
meteorological conditions at Lake Darling Reservoir were
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Table 6. Historical prevalence of wet fall and dry spring on the Souris River below Rafferty Reservoir (natural streamflow), Long Creek
near Noonan, Moose Mountain Creek near Oxbow (natural streamflow), and local flow to Souris River above Lake Darling.

[Streamflow was retrieved from the U.S. Army Corps of Engineers reconstructed hydrology model for historical period of 1946 to 2013 (U.S. Army Corps of
Engineers, 2013b). 4-percent (%) nonexceedance probability, when standardized precipitation evapotranspiration index (SPEI) is greater than or equal to (>)
0.5; Q,59, mean streamflow of the 30 highest days of streamflow, in cubic meters per second; wet fall is defined as the mean 3-month and 12-month SPEI with a
value of 0.5 or greater associated with estimated meteorological data closest to reservoir (August through October are identified as having a wet condition); dry
spring is defined as the mean streamflow of the 30 highest days of streamflow from March through May]

o > -
4% annual nonexceedance Historical years that meet wet fall (SPEI = 0.5) and dry spring

Reservoir inflow used in evaluation - criteria (streamflow is less than the 4% nonexceedance prob-
probability for 0,4, ability) by site

Souris River below Rafferty Reservoir 0.06 None
(Rafferty Reservoir inflow)

Long Creek near Noonan (Boundary 0.00 1959, 1991
Reservoir inflow)

Moose Mountain Creek near Oxbow 0.15 None
(Grant Devine Reservoir inflow)

Local flow to Souris River above Lake 3.51 1993
Darling

Table 7. Percentile of mean of 30 highest days of spring (March—May) streamflow as a function of previous November 1 mean
standardized precipitation evapotranspiration index for a lag of 3 months and 12 months.

[SPEI, standardized precipitation evapotranspiration index; Q,,,5, mean streamflow of the 30 highest days of streamflow, in cubic meters per second; >, greater
than or equal to; >, greater than; <, less than]

Mean of 3-month and 12-month lagged Nonexceedance probability of 0,

SPEI on November 1 at reservoirs 50 75 90 95 96 99

Souris River below Rafferty Reservoir (Rafferty Reservoir inflow)
SPEI>0.5 8 21.1 58 86.4 96 158.8
0.5>SPEI>0 5.7 11.8 31.3 59.2 68.3 116.5
0>SPEI>—0.5 5.3 9.7 28.3 51.5 60.6 115.9
SPEI<-0.5 4.7 7.3 18.9 333 39.5 89.1
Long Creek near Noonan (Boundary Reservoir inflow)
SPEI>0.5 2.7 4.9 11.3 19 223 37
0.5>SPEI>0 2.6 4.7 11.1 19.2 21 37.6
0>SPEI>-0.5 2.6 4.5 10.3 17.6 20.5 393
SPEI<-0.5 2.6 4.6 10.3 18 20.1 36.8
Moose Mountain Creek near Oxbow (Grant Devine Reservoir inflow)
SPEI>0.5 5.7 10.6 26.2 46.5 54.4 85
0.5>SPEI>0 5 7.6 16.5 30.9 37.3 74.6
0>SPEI>-0.5 4.7 6.8 13.8 24.8 28.7 63.5
SPEI<—0.5 4.3 5.9 10.9 19 24 .4 60.9
Local flow to Souris River above Lake Darling

SPEI>0.5 0.1 0.2 0.5 1 1.2 2.4
0.5>SPEI>0 0.1 0.2 0.3 0.5 0.6 1.3
0>SPEI>—0.5 0.1 0.2 0.3 0.4 0.5 1.2

SPEI<—0.5 0.1 0.1 0.2 0.3 0.3 0.8
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also indicative of a wet fall in calendar year 1992 with a wet
spring defined as the accumulation of streamflow from all
upstream watersheds in 1993. The headwaters of the Souris
River below Rafferty Reservoir and Moose Mountain Creek
near Oxbow did not contain any years in the historical period
that met the criteria. No instances were in the historical record
in which the spatial extent of the wet fall and dry spring at
multiple sites coincided with each other. Despite the lack of
spatial consistency in what is considered a wet fall and dry
spring, it is informative to investigate years in the histori-
cal and stochastic dataset to illustrate the effect of shifting
the apportionment year because, as a result of a wet fall, the
reservoirs will be drawn down. Shifting the apportionment
year enables Saskatchewan to count drawdown releases made
in November and December towards its water supply obliga-
tion to North Dakota the following spring/summer. Thus, if the
basin experiences dry conditions after a wet fall, the amount
of water Saskatchewan would be required to provide to North
Dakota based on apportionment in the spring/summer, when
water supply is more critical, would be less.

Because the wet fall/dry spring scenario needed to
evaluate the effectiveness of the apportionment shift is rare
in the historical period of record, trace/year combinations
within the stochastically produced dataset where a wet fall
precedes a dry spring were identified. In table 7, greater detail
is provided on the distribution of streamflow as a function of
SPEI, with categories of SPEI<—0.5 (meteorological drought),
0>SPEI>—0.5, 0.5>SPEI>0, and SPEI>0.5 (meteorologically
greater than normal wet condition). No statistical testing was
done to find statistically significant differences among the four
sample populations because such testing was beyond the scope
of this study.

Stochastically Generated Regulated
Streamflow and Reservoir Volume
Characteristics

Characteristics of streamflow and reservoir volume rel-
evant to reservoir operations for four reservoirs in the Souris
River Basin were estimated from stochastic modeling output
from Kolars and others (2019) from all 100 traces. At each of
the four reservoirs, results were provided for monthly inflow
volumes, monthly reservoir volumes, the frequency of opera-
tional reservoir pool level exceedance, and the occurrence
of simultaneous annual maximum monthly mean streamflow
events from inflow volume at Rafferty Reservoir and Grant
Devine Reservoir.

The first step of evaluating regulated streamflows was
to calculate quantiles of monthly inflow to Lake Darling
Reservoir and reservoir volume for each of the reservoirs
without consideration of any threshold. The quantiles of
monthly inflow volume to Lake Darling Reservoir (table 8)
and monthly reservoir storage volume for all reservoirs are
presented for the 1-, 5-, 10-, 25-, 50-, 75-, 90-, 95-, and
99-percent exceedance probability (table 9). Of the four
reservoirs that control streamflow along or to the Souris River,
Lake Darling Reservoir is the only reservoir that takes in
water that has already been passed through a control structure.
Boundary Reservoir, Rafferty Reservoir, and Grant Devine
Reservoir receive their inflows through natural processes, and
monthly inflows to these locations were previously discussed
in the section “Stochastically Generated Natural (Unregulated)
Streamflow Characteristics” for annual maximum monthly
mean streamflows, seasonal maximum monthly mean

Table 8. Monthly reservoir inflow volume by exceedance probability to Lake Darling Reservoir.

[Values are in cubic decameters; ND, North Dakota; %, percent]

Exceedance probability of inflow to Lake Darling Reservoir, ND

Month
99% 95% 90% 15% 50% 25% 10% 5% 1%
January 0 0 0 0 0 0 50 230 530
February 0 0 0 0 0 20 340 540 880
March 0 0 180 720 1,350 2,030 2,930 4,180 14,680
April 100 250 400 1,180 2,880 4,670 10,260 20,040 135,240
May 70 130 190 360 770 2,030 6,110 12,130 62,810
June 20 40 60 110 230 490 1,040 1,940 21,460
July 0 0 10 20 60 180 510 880 5,130
August 0 0 0 0 20 120 270 890
September 0 0 0 0 0 20 60 350
October 0 0 0 0 20 50 100 350
November 0 0 0 0 10 20 50 90 330
December 0 0 0 0 0 0 10 20 160
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Table 9. Monthly reservoir storage volume by exceedance probability for Boundary Reservoir, Rafferty Reservoir, Grant Devine

Reservoir, and Lake Darling Reservoir.

[%, percent]

Month Exceedance probability for monthly reservoir volume, in cubic decameters
99% 95% 90% 5% 50% 25% 10% 5% 1%
Boundary Reservoir
January 4,100 9,600 13,300 20,900 30,300 40,100 48,400 52,900 59,800
February 4,100 9,700 13,400 20,900 30,200 40,000 48,200 52,800 60,500
March 4,700 10,400 14,000 21,500 30,800 40,600 48,900 53,200 60,300
April 6,600 12,600 16,300 23,900 33,400 43,300 51,600 55,200 61,000
May 7,300 13,000 16,800 24,600 34,200 44,700 53,300 57,100 61,000
June 6,800 12,500 16,400 24,100 33,900 44,400 53,100 57,200 60,900
July 6,200 11,800 15,700 23,500 33,200 43,500 52,200 56,600 60,100
August 5,400 11,000 14,900 22,600 32,300 42,400 51,000 55,300 58,800
September 4,700 10,300 14,100 21,800 31,400 41,300 49,800 54,100 57,400
October 4,200 9,800 13,600 21,200 30,800 40,600 48,900 53,200 56,400
November 4,100 9,600 13,400 20,900 30,400 40,100 48,400 52,600 55,800
December 4,100 9,600 13,300 20,900 30,300 39,900 48,100 52,300 55,400
Rafferty Reservoir
January 19,900 37,600 57,800 110,900 187,400 270,800 326,800 343,900 391,700
February 20,000 37,500 57,500 110,400 186,600 269,500 325,400 342,400 389,600
March 21,800 39,500 59,600 112,000 188,400 270,900 326,100 343,000 382,500
April 29,800 50,400 71,900 125,400 204,800 287,100 338,400 359,700 387,300
May 32,700 54,100 76,100 133,000 214,400 299,500 355,800 373,400 490,100
June 31,000 52,000 74,100 130,800 212,700 298,100 356,600 372,000 486,300
July 28,400 48,600 70,700 126,500 207,500 293,500 352,900 368,000 481,800
August 25,100 44,400 66,200 121,000 200,700 285,800 345,200 360,300 436,500
September 22,300 40,800 61,900 115,800 194,300 278,200 336,800 352,500 396,100
October 20,600 38,500 59,000 112,200 189,900 272,900 330,900 346,500 384,400
November 19,800 37,500 57,800 110,500 187,600 270,000 327,600 343,200 382,200
December 20,000 37,500 57,800 110,400 186,800 268,900 325,900 341,500 380,200
Grant Devine Reservoir

January 80,100 83,400 85,100 86,000 86,800 87,800 89,400 91,200 94,200
February 80,000 83,300 84,900 85,800 86,700 87,800 89,500 91,200 93,900
March 81,700 84,900 85,800 87,100 88,700 90,300 92,100 93,400 94,200
April 87,600 90,000 91,500 93,100 94,200 94,200 94,200 94,200 111,800
May 87,800 91,000 92,800 93,900 94,200 94,200 94,200 94,200 121,000
June 86,600 89,900 91,800 92,800 93,500 93,900 94,200 94,200 102,200
July 84,900 88,300 90,100 91,100 91,900 92,700 93,500 94,000 94,200
August 83,100 86,400 88,200 89,200 90,000 90,900 92,000 93,000 94,200
September 81,600 84,900 86,700 87,700 88,400 89,400 90,700 91,800 93,900
October 80,800 84,000 85,800 86,800 87,500 88,400 89,800 91,100 94,000
November 80,400 83,700 85,400 86,300 87,100 88,000 89,500 90,900 94,000
December 80,200 83,500 85,200 86,100 86,900 87,800 89,300 90,800 94,000
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Table 9. Monthly reservoir storage volume by exceedance probability for Boundary Reservoir, Rafferty Reservoir, Grant Devine
Reservoir, and Lake Darling Reservoir—Continued

[%, percent]

Exceedance probability for monthly reservoir volume, in cubic decameters

Month
99% 95% 90% 75% 50% 25% 10% 5% 1%
Lake Darling Reservoir
January 33,300 46,400 53,400 66,200 84,300 98,000 102,800 107,100 121,700
February 46,400 46,500 53,400 66,300 84,300 98,100 103,000 107,400 121,600
March 53,300 48,900 55,800 69,400 87,300 100,800 106,900 112,700 125,800
April 66,900 59,500 67,300 82,600 102,300 116,700 130,200 136,000 161,500
May 84,700 61,900 70,300 86,400 107,100 121,900 136,000 136,000 182,100
June 98,200 59,700 67,700 83,700 104,300 119,300 126,400 131,800 136,000
July 103,000 56,700 64,400 80,000 100,000 114,700 119,300 122,000 136,000
August 107,400 53,100 60,500 75,500 94,800 109,100 114,100 117,800 136,000
September 122,000 49,900 57,100 71,500 90,100 104,100 109,000 113,100 136,000
October 34,500 47,600 54,700 68,600 86,800 100,500 105,300 109,500 131,600
November 33,400 46,300 53,300 67,000 84,900 98,400 103,200 107,500 122,100
December 33,300 46,400 53,300 66,900 84,700 98,200 103,000 107,400 122,000
streamflows, and extended periods. Lake Darling Reservoir is The two main reservoir purposes in the Souris River
upstream from Minot (fig. 1) and provides flood protection to Basin are for water supply and flood protection. The reservoir
the city of Minot. pool elevations and the frequency in which the reservoirs are
The quantile of monthly reservoir volume was estimated filled to those volumes tell a story about the statistical occur-
for the 1-, 5-, 10-, 25-, 50-, 75-, 90-, 95-, and 99-percent rence of meeting pool levels, which are associated with pool
exceedance probability for each month at all four reservoirs volumes. The number of occurrences in which Boundary,
(table 9). Monthly reservoir volume was largest during the Rafferty, Grant Devine, and Lake Darling Reservoirs meet the
month of May. The smallest reservoir volumes occurred MAFL and FSL are presented in table 10.

in December for Grant Devine, Rafferty, and Boundary
Reservoirs but occurred in January for Lake Darling Reservoir.

Table 10. Number of occurrences of maximum allowable flood level and full supply level at Rafferty Reservoir, Boundary Reservaoir,
Grant Devine Reservoir, and Lake Darling Reservoir.

[MAFL, maximum allowable flood level; FSL, full supply level]

Condition Rafferty! Boundary' Grant Devine! Lake Darling?
MAFL elevation, in meters 554 560.83 567 488
Number of occurrences in 10,000 years 0 0 26 4
FSL elevation, in meters 550.5 560.83 562 486.8
Number of occurrences in 10,000 years 1,142 0 814 641

IElevations are referenced to the Canadian Geodetic Survey of 1928.

2Elevations are referenced to the North American Vertical Datum of 1988.



The water from Boundary Reservoir is used to cool water
from the Boundary Power Plant. Boundary Reservoir is not
managed to address flooding issues and only has an MAFL to
withstand failure. During the 10,000 trace years of simulation,
no occurrences of MAFL were met or exceeded in Boundary
Reservoir. MAFL was exceeded at Grant Devine Reservoir
26 times and at Lake Darling Reservoir 4 times. Given the
few number of times Lake Darling Reservoir experienced
this condition, it is possible that the occurrences are outliers.
At Grant Devine Reservoir, the estimated risk of the MAFL
being exceeded was once every 384 years. Based on the
results of the analysis (table 10), it would be expected that the
FSL would be surpassed 8 times in a 100-year period at Grant
Devine Reservoir and 11 times in a 100-year period at Rafferty
Reservoir.

Summary

The Souris River Basin is a 61,000-square-kilometer
basin in the Provinces of Saskatchewan and Manitoba in
Canada and the State of North Dakota in the United States.
Greater than average snowpack during the winter of 201011,
preceded by wetter than normal conditions that started in 2008
with an unusually wet fall season in 2010, along with record-
setting rains in May and June 2011, resulted in historically
unprecedented flooding in the Souris River Basin. The severity
of the 2011 flood led the United States and Canada to request a
review of the operating plan described in annex A of the 1989
international agreement for any improvements of reservoir
operations and flood control measures in the basin, and the
Souris River Basin Task Force was formed. The International
Souris River Study Board was then formed in 2017 to carry
out the recommendations of the Souris River Basin Task Force
laid out in a plan of study. The International Souris River
Study Board was tasked with evaluating potential changes
to reservoir operations in comparison to existing opera-
tions under the 1989 international agreement. To support the
International Souris River Study Board, the U.S. Geological
Survey (USGS), in cooperation with the North Dakota State
Water Commission and the International Joint Commission,
used the previously developed unregulated and regulated
models and data for stochastic streamflow in the Souris River
Basin to characterize climate and streamflow and support
selection of streamflow traces based on the characterization.
Components of the original stochastic hydrology models and
their outputs were used in this phase of the study to (1) char-
acterize historical and stochastic climate and streamflow for
the Souris River Basin, (2) disaggregate monthly stochastic
streamflow spatially and temporally to meet the needs of
the U.S. Army Corps of Engineers, Hydrologic Engineering
Center, Reservoir System Simulation model for the Souris
River Basin, and (3) discuss selection of disaggregated stream-
flow traces (simulations) using the characteristics of climate
and streamflow.
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To characterize climate conditions, precipitation, poten-
tial evapotranspiration (PET), and moisture deficit for the
Souris River Basin and individual points at Rafferty, Grant
Devine, and Lake Darling Reservoirs were determined annu-
ally and seasonally. Boundary Reservoir was assumed to have
the same climate characteristics of Rafferty Reservoir because
of its proximity. The annual basin (November 1-October 31)
precipitation for the 50-percent nonexceedance probability
is 452 millimeters (mm). Spring (March—May) is the wettest
season, followed by summer (June—August), fall (September—
November), and winter (December—February). The 50-percent
nonexceedance probability of the stochastic precipitation was
greatest in summer (201 mm), followed by spring (106 mm),
fall (82 mm), and winter (52 mm). Monthly historical precipi-
tation fit within the range of variability of the stochastic pre-
cipitation at the basin scale. Maximum historical monthly PET
ranged from 148 mm in July to 12 mm in January. Minimum
historical values of PET in July and January were 87 mm and
2 mm, respectively. Historical maximum PET was consistently
lower than the maximum stochastic PET values. Minimum
historical monthly PET was generally similar to and greater
than the minimum stochastic PET values, except for the month
of February in which one historical minimum PET value was
less than the stochastic minimum PET value.

Annual moisture deficit was largest at Lake Darling
Reservoir, followed by Rafferty Reservoir, and then Grant
Devine Reservoir. The 50-percent nonexceedance probabil-
ity of annual moisture deficit was —150 mm at Lake Darling
Reservoir, —116 mm at Rafferty Reservoir, and =75 mm at
Grant Devine Reservoir. Summer had the highest moisture
deficit, followed by fall, spring, and winter. Winter was the
only season where nearly all quantile moisture deficit values
were positive at the three reservoirs, except for the 5- and
10-percent quantiles at Lake Darling Reservoir. Moisture
deficit is one indicator of the state of the climate in the basin.
Moisture deficit is not solely responsible for the magnitude of
runoff events, but it can be used as an indicator of wetter or
drier periods relative to streamflow. Over long periods of time,
conditions drier than the median moisture deficit may lead to a
reduction in spring runoff and base streamflow.

Annual maximum monthly mean streamflow was
determined for the Souris River below Rafferty Reservoir,
Saskatchewan (Canadian streamgage 05NB036); Long Creek
near Noonan (above Boundary Reservoir), North Dakota
(USGS streamgage 05113600); Moose Mountain Creek near
Oxbow, Saskatchewan (Canadian streamgage 05ND004);
the Souris River near Sherwood, N. Dak. (USGS
streamgage 05114000); the Des Lacs River at Foxholm,

N. Dak. (USGS streamgage 05116500); and the Souris River
above Minot, N. Dak. (USGS streamgage 05117500). From
the annual maximum monthly mean streamflow data, the

50-, 25-, 10-, 5-, and 1-percent exceedance probabilities were
calculated. Annual maximum monthly mean streamflows were
highest for the Souris River below Rafferty Reservoir when



34 Characterization of Historical and Stochastically Generated Climate and Streamflow Conditions in the Souris River Basin

comparing inflows to Rafferty, Boundary, and Grant Devine
Reservoirs. Routed streamflow was highest for the Souris
River above Minot.

Seasonal maximum monthly mean streamflows from
summer and spring were plotted against their exceedance
probability. The seasonal maximum monthly mean stream-
flows were calculated by retrieving the maximum monthly
mean streamflow from a month within the spring and summer
for each of the 10,000 trace years and assumed to be indepen-
dent of one another. Summer maximum monthly mean stream-
flows were consistently lower than spring maximum monthly
mean streamflows. However, when the seasonal maximum
monthly mean streamflows are evaluated in contrast to annual
maximum monthly mean streamflows separated by their
seasonal occurrence, summer months of annual maximum
monthly mean streamflows have a higher 50-percent exceed-
ance probability of streamflow compared to annual maximum
monthly mean streamflows that occur in spring, seasonal
maximum monthly mean streamflows that occur in spring, and
seasonal maximum monthly mean streamflows that occur in
summer. When annual maximum monthly mean streamflows
in summer are compared to annual maximum monthly mean
streamflows in spring, they are consistently higher in stream-
flow but occur in less than 4.2-percent of years. Evaluation of
whether the annual maximum monthly mean streamflows that
occur in summer can be described as a separate population
from annual maximum monthly mean streamflows that occur
in spring was outside the scope of this study, and the sum-
mer and spring annual maximum monthly mean streamflows
were not tested for statistical differences in mean or variance.
Further investigation of seasonal weather patterns that induce
flooding could lead to a better understanding of the seasonal
differences in flooding.

Long-term hydrologic drought was characterized by
evaluating multiyear mean streamflow. A 1-year, 5-year,
10-year, and 20-year mean of monthly streamflow volume was
calculated for each of the 100 traces at the Souris River below
Rafferty Reservoir, Long Creek near Noonan (above Boundary
Reservoir), Moose Mountain Creek below Oxbow, the Souris
River near Sherwood, the Des Lacs River at Foxholm, and
the Souris River above Minot. The 50-percent nonexceed-
ance probability of stochastically generated streamflow for the
1-year mean streamflow at the Souris River near Sherwood
was 2.42 cubic meters per second and increased to 4.73 cubic
meters per second for the 20-year mean. Shorter averaging
periods have greater streamflow variability than longer periods
and hence have a wider range of values. As the averaging
period is extended to a longer period, the variability of mean
streamflow decreases, and the more extreme streamflow vol-
umes seen in shorter averaging periods cannot be sustained.

Stochastic streamflow time series were disaggregated
spatially and temporally for use in a HEC—ResSim model. The
disaggregation included spatial disaggregation from 15 sub-
basins identified in the stochastic unregulated water balance
model to 26 subbasins that were developed based on points
requiring streamflow input in the HEC—ResSim model. The

spatially disaggregated stochastic streamflow traces were then
disaggregated from 10-day streamflow traces with a length

of 100 years to daily streamflow traces with dates between
January 1, 3000, and December 31, 3099. The combina-

tion of monthly and daily stochastic streamflow data was
used to select traces with qualities that could be used to test
alternatives focused on water supply, summer flooding, and
apportionment.
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