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1. Introduction 

The Souris River Basin is of international interest, running through Saskatchewan, North Dakota, 
and Manitoba.  A 1989 joint agreement between the governments of Canada and the United 
States was used to define the parameters of reservoir operation in the Souris system, including 
international water delivery and flood control (IJC, 1989).  In 2017, in response the significant 
2011 flood, the Souris River Plan of Study (PoS) was initiated to perform a comprehensive 
evaluation of flood and drought risk, as well as other considerations such as climate change.  The 
objective of this Souris River PoS is to evaluate the operation of the reservoir system and make 
recommendations for improvement on the 1989 agreement in order to best meet the future needs 
of both countries (ISRB, 2018).   

The Souris River PoS task “HH8: Develop PRM Plan” called for the investigation of using 
reservoir operations optimization software, HEC-PRM, to support the PoS (ISRB, 2018B).  A 
model that optimizes operations for Rafferty Reservoir, Grant Devine Lake, Boundary Reservoir, 
and Lake Darling was developed based on system objectives, as defined by benefit/cost functions 
at key reaches in the basin. Those objectives were developed by HH8 team members, including 
The Saskatchewan Water Security Agency (SWSA), USACE St. Paul District, and Province of 
Manitoba with oversight from the Public Advisory Group (PAG) and Resource Advisory Group 
(RAG).  This PRM model was envisioned to accompany the ResSim simulation model of the 
system, in order to assist in developing improved operations.  The objective of the ResPRM 
model is to provide insights that the simulation model alone might not.   

The work described in this report includes what was done by the HH8 team to study the Souris 
River System and its operations, develop an HEC-ResPRM model of the system, evaluate results 
to determine how the model could be used to support the Souris Study, and investigate the data 
and time needed to create a current system model for use in the review.  The report is intended to 
accompany other documents, which describe the overall PoS, particularly the development and 
work done for simulating the reservoir operations using HEC-ResSim (USACE, 2019).   

1.1 PRM Software Description 

HEC-PRM (“Prescriptive Reservoir Model”) is a reservoir operations optimization tool 
developed by The U.S. Army Corps of Engineers Institute for Water Resources, Hydrologic 
Engineering Center (HEC).  The tool is a generalized computer program that performs 
deterministic network flow optimization of multi-reservoir systems.  PRM “prescribes” optimal 
values of flow and storage over time by minimizing user-defined penalty functions at specified 
locations in the water resource network.  Penalty functions associate a penalty or reward (benefit 
function) with designated levels of flow or storage.  A given location (flow reach, reservoir, or 
diversion) can have several competing objectives, and a separate penalty curve for each objective 
can be included in the model.  Penalty functions can vary seasonally, and any number of penalty 
functions with differing units (allowing for consideration of nonmonetary values) can be added 
at any network location. Optimization with a Network Flow Programming (with gains) algorithm 
enables relatively fast runs times for large systems but restricts constraints to capacity limits and 
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mass balance at nodes.  PRM has been applied to several large multi-reservoir river systems, 
such as the headwaters of the Mississippi, the Missouri River system, and the state-wide water 
resource network of California.   

HEC-ResPRM is software built to create and manage PRM models, facilitating the 
implementation and visualization of large multi-objective reservoir operation studies.  It is part 
of HEC’s NextGen software project which provides rigorous hydrologic engineering tools within 
modern and modular graphical user interfaces (GUIs).  ResPRM is built in the HEC-Res GUI 
which is in large part shared with HEC-ResSim – a multi-reservoir simulation modeling system.  
Their common architecture is designed to facilitate the joint development and use of simulation 
and optimization models in reservoir system planning and management.  Because the Souris 
River PoS used HEC-ResSim for reservoir simulation modeling, there was some advantage in 
using that ResSim model to build a complementary optimization model in HEC-ResPRM.  The 
pairing of these software packages is intended to allow a planning approach which uses the 
simulation model to refine the new operation policies suggested by use of the optimization 
model, both of which share some of the same assumptions and model set up. 

The Souris River PRM model was developed using the HEC-ResPRM 1.0 software with imperial 
units and runs on a monthly time step.  Model alternatives were run outside the Res environment 
using the HEC-PRM standalone program.  This was done to allow for the modeling of the two-
directional relationship of flow between Rafferty and Boundary; more information on this can be 
found in later in this report.  Results can be viewed in ResPRM or DSSVue.  Viewing in 
ResPRM allows for easier graphical comparison between different alternatives. 

1.2 PRM Contribution to Souris POS 

Reservoir system models are important tools for conducting planning studies.  While simulation 
modeling provides a way to test the outcome of different operating schemes, rules, and other 
“what-if” scenarios, optimization can add valuable insight from a different perspective.  
Optimization modeling finds the best case scenario based on user-defined value functions.  
Unlike a real-time optimization model, a planning optimization model such as PRM does not 
specifically instruct operators on what actions to take now.  Instead, it gives modelers 
information that improves system understanding and sets goals to aim for.  This sort of 
information can be used in the planning process, for example, to quickly identify the most 
efficient alternatives, or to select the desired level of cost/benefit trade-off between conflicting 
objectives.  Such an optimization model can also help users to evaluate changes through the 
economic consequences on individual objectives or the system as a whole.   

A Souris PRM model was developed for this study to take advantage of the unique perspective 
and abilities offered through optimization.  Because the model determines optimal operation 
based strictly on user-entered objective values, the possibilities for operations are not constrained 
by current operating guidelines.  Those guidelines were developed over many years, informed by 
a strong understanding of the system, but they can miss areas for improvement that an 
optimization model might identify.   
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During the Souris PRM work, a number of potential study contributions were identified, 
including demonstration of ideal operations for specific scenarios and alternative scoring.  The 
PRM effort was developed to help the Plan of Study relate competing priorities and interests 
relative to each other and narrow the focus of the operation plan alternative development. If 
carefully developed, the benefit/cost functions would help in the evaluation of the operation 
plans by providing an objective rating that could be applied to each scenario.  However, a fully 
validated model was needed before the results could be used to inform the study.  

1.3 PRM Modeling Approach 

A phased approach was used to complete the optimization modeling task. The performance of 
the model and applicability of results were reviewed after each phase to determine whether or 
not the PRM modeling should continue.  At each stage in the Souris PRM work, the team 
reviewed and discussed progress and obstacles and coordinated any necessary modifications to 
the scope.  This process was used to determine whether or not PRM would likely contribute 
sufficiently to the study to support continued PRM work, and if so, how much work would be 
needed before there is an adequate return on the investment.  This process resulted in several 
iterations on the work plan and approach, although the initial plan is described in the steps 
below.      

1. Proof of concept – Rough benefit/cost functions will be applied to the four major 
reservoirs and key downstream control locations such as Sherwood and Minot with 
reconstructed hydrology dataset (HH1). The benefit/cost functions will be generated by 
the USACE based on current knowledge of the basin and the 1989 Agreement. A 
conceptual optimization and tradeoff curve will be generated. 

2. Model development – The model would be further developed with the incorporation of 
benefit/cost functions developed with input from the RAG and PAG groups. The 
reconstructed hydrology (HH1) and the stochastic hydrology dataset (HH2) would be 
used as inputs. Updated capacity curves would be incorporated from the LiDAR data 
collect (DW2). Multi-parameter tradeoff curves would be developed and results would be 
provided. Feedback from the tradeoff curves and results would be incorporated into at 
least one additional iteration.  

3. Operational rule set development – Results of the model would be analyzed and 
processed to derive operational rules. Trends such as seasonal pool level fluctuation may 
suggest an alternative rule set to evaluate with HEC-ResSim (PF2). 

4. Model refinement – Refine benefit/cost functions and further operational rule set 
development 

The repetition involved in these steps is key, since using PRM tends to be an iterative process. 
The more time spent on the benefit/cost functions and developing trade-off curves describing 
their relationship to each other, the more descriptive the functions become, and results that are 
more relevant and insightful are generated. 
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2.   Physical Layout – PRM Model Network 

The Souris River reservoir system is fairly complex and requires coordinated operation between 
two national governments, one state government and two provincial governments and their 
respective agencies.  The international agreement prescribes water supply apportionment among 
the provinces and state.  The system includes various water supply diversions, hydropower at 
Boundary Reservoir, and a diversion and pump that can transfer water between Rafferty 
Reservoir and Boundary Reservoir.  Table 1 summarizes important reservoir elevations and 
storage levels that were consulted for developing the PRM model physical network.  Annexes A 
and B define the operation of Boundary Reservoir, Rafferty Reservoir, and Grant Devine Lake 
and include some guidelines for Lake Darling, as well (IJC, 1989).  In addition, there is a Lake 
Darling Water Control Manual (USACE, 2012) that guides its operation. 

As stated in the ResSim report, “operators at Rafferty Reservoir, Grant Devine Lake, Boundary 
Reservoir and Lake Darling Reservoir attempt to meet the following operating objectives 
prescribed by Annex A: 

• Provide flood protection at Minot, North Dakota up to 5,000 cfs 

• Provide flood protection to urban and rural areas downstream of Rafferty Dam, Grant 

Devine Dam, Boundary Dam, and Lake Darling Dam 

• Ensure to the extent possible that the existing benefits from the supply of water in the 

Souris River basin and the supply of water to the Souris Basin Project are not 

compromised.” 
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Table 1. Summary of important reservoir elevations and storage levels with modeled storage 
constraints and desired operational ranges highlighted. 

Rafferty Reservoir Boundary Reservoir Grant Devine Lake Lake Darling 

Top of Dam 
555 m 

(1820.87 ft)
563.9 m 

(1850.00 ft)
568.5 m 

(1865.16 ft)
1606.5 ft 
(489.7 m)

Storage 
697,041 dam³ 
(565,100 ac-ft) 

75,763 dam³ 
(61,422 ac-ft) 

224,102 dam³ 
(181,682 ac-ft) 

225,650 ac-ft 
(278,335 dam³) 

Maximum 
Allowable Flood 
Level 

554.000 m 
(1817.59 ft) 

NA 
567.000 m 

(1860.24 ft) 
1601.00 ft 

(487.985 m) 

Storage 
632,776 dam³ 
(513,000 ac-ft) 

NA 
189,600 dam³ 
(153,711 ac-ft) 

154,348 ac-ft 
(190,386 dam³) 

Max Storage 
Constraint 

513 kAF 46.9 kAF 153.7 kAF 154.3 kAF 

Full Supply Level 
550.500 m 

(1806.10 ft) 
560.832 m  
(1840.0 ft) 

562.000 m 
(1843.83 ft) 

1597.00 ft 
(486.766 m) 

Storage 
439,613 dam³ 
(356,400 ac-ft) 

57,884 dam³ 
(46,927 ac-ft) 

105,500 dam³ 
(85,530 ac-ft) 

109,713 ac-ft 
(135,329 dam³) 

Full Supply 439.6 kAF 46.9 kAF 85.5 kAF 109.7 kAF 

Normal 
Drawdown Level 

549.500 m 
(1802.82 ft) 

NA 
561.000 m 

(1840.55 ft) 
1596.00 ft 

(486.461 m) 

Storage 
392,371 dam³ 
(318,100 ac-ft) 

NA 
94,245 dam³ 
(76,406 ac-ft) 

99,633 ac-ft 
(122,896 dam³) 

Max Storage 
Constraint 

318.1 kAF 45 kAF* 76.4 kAF 99.6 kAF 

Maximum 
Required 
Drawdown Level 

547.500 m 
(1796.26 ft) 

557.784 m 
(1830.00 ft) 

555.850 m 
(1823.65 ft) 

1591.00 ft 
(484.937 m) 

Storage 
305,287 dam³ 
(247,500 ac-ft) 

41,904 dam³ 
(33,972 ac-ft) 

50,700 dam³ 
(41,103 ac-ft) 

54,530 ac-ft 
(67,262 dam³) 

Min Desirable 
Storage 

247.5 kAF 33.9 kAF 41.1 kAF 54.5 kAF 

Minimum Supply 
Level 

537.500 m 
(1763.45 ft) 

553.212 m 
(1815.00 ft) 

555.850 m 
(1823.65 ft) 

1577.00 ft 
(480.670 m) 

Storage 
13,000 dam³ 
(10,539 ac-ft) 

22,940 dam³ 
(18,598 ac-ft) 

50,700 dam³ 
(41,103 ac-ft) 

144 ac-ft 
(178 dam³) 

Min Storage 
Constraint 

10.5 kAF 18.6 kAF 41.1 kAF 0.144 kAF 

Total Flood 
Control Storage 

327,489 dam³ 
(265,500 ac-ft) 

15,980 dam³ 
(12,955 ac-ft) 

138,900 dam³ 
(112,608 ac-ft) 

99,818 ac-ft 
(123,124 dam³) 

Vertical Datum CGVD28 CGVD28 CGVD28 NGVD29 
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2.1 Physical Network Layout 

A diagram displaying the Network setup of the ResPRM model is displayed in Figure 1. The 
model extends from the Canadian reservoirs, Rafferty, Boundary, and Grant Devine at headwater 
locations, to the border crossing near Westhope, ND.  Lake Darling is also represented below 
Grant Devine.  The Salyer refuge impoundments are not modeled. The connection between 
Raffery and Boundary is represented by two diversion, one going in each direction.  Other 
diversions in the model are used to represent the sum of withdrawals along major stretches of the 
river.  A summary of each network element is shown in Table 2.  The table indicates which 
junctions include local inflows (Qin) and which locations include model objectives for flood risk 
management (FRM) or water supply (WS). No hydrologic routing is represented on the links 
between reservoirs, but since the time step is monthly, the impacts of routing tend to be lost 
anyway.   

Figure 1. ResSim reservoir network. 
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Table 2.  PRM model network locations

Model Location 
Name 

Description Qin Obj 

Saskatchewan

Rafferty includes Rafferty headwater inflows 

 R-div diversion for consumptive use from Rafferty  WS

 Raf2Bnd channel that allows water to be sent from Rafferty to Boundary 

blwRafferty short reach from Rafferty to Long Creek-Souris confluence 

Boundary  includes Boundary headwater inflows 

 B-div diversion from Boundary reservoir  WS

 Bnd2Raf channel that allows water to be pumped from Boundary to Rafferty 

blwBoundary short reach from Boundary to Souris-Long Creek confluence 

S+LC Long Creek and Souris Confluence 

blwRaff+Bnd short reach from Long Creek-Souris Confluence to Short Creek 

ShortCk 
Short Creek and Souris Confluence; includes all local inflows from Estevan to 
Short Creek and Roche Percee 



 SK1-div SK water use above Moose Mountain Creek  WS

blwShortCk reach from Short Creek to Moose Mountain Creek-Souris confluence  FRM

Grant Devine  includes Grant Devine headwater inflows 

G-div diversion for consumptive use from Grant Devine  WS

blwGrantDev Short reach from Grant Devine to Moose Mountain Creek 

S+MMC 
includes all local inflows below Roche Percee to the Moose Mountain Creek 
Confluence 



 SK2-div SK water use from MMC to SK-ND border   WS

blwSour+MMC Souris-Moose Mountain Creek confluence to SK-ND border  FRM

North Dakota

Sherwood includes all local inflows from Oxbow to Glen Ewen to Sherwood 

dummy very short reach for representing apportionment at SK-ND border 

SK-ND additional border junction for representing apportionment 

 ND-div ND water use above Lake Darling 

blwSherwood SK-ND border to Lake Darling  FRM

Lake Darling includes all local inflows from Sherwood to Lake Darling 

blwDarling Lake Darling to Des Lacs confluence  FRM

S+DL Des Lac and Souris confluence 

blwDesLacs Des Lacs and Souris Confluence to Minot  FRM

Minot includes all local inflows below the Des Lacs confluence to Minot 

blwMinot Minot to Verendrye  FRM

Verendrye includes all local inflows from Minot to Velva to Verendrye 

blwVerendrye Verendrye to Westhope  WS, FRM

Manitoba

Westhope includes all local inflows from Verendrye to Bantry to Westhope 

 MB-div consumptive use for Manitoba  WS

blwWesthope Reach below Westhope  WS, FRM

Manitoba end of model network 
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2.2 Physical Data 

Reservoir physical data that is used in the PRM model include elevation-storage-area 
relationships, minimum and maximum storage and release constraints, and evaporative and 
seepage losses.  A note on units:  The international positioning and importance of the Souris 
system necessitates that the system be described using several different units of measurement.  
However, for the purpose of this report, values will primarily be stated in terms of the units used 
by the PRM software.   

2.2.1 Elevation-Storage-Area Relationships 

The elevation-storage-area relationships entered in the ResPRM model are the same as those 
used in the ResSim model.  The units used in ResPRM are feet, kilo-acre-feet (kAF), and kilo-
acres (k-acres).  Rafferty Reservoir and Grant Devine Lake storage-elevation-area relationships 
are displayed in Table 3 and Table 4, respectively, with the values entered into ResPRM 
highlighted in gold.  Like the ResSim model, data for Rafferty Reservoir and Grant Devine Lake 
were adopted from Tables 3.2 and 3.4 within Annex A.  

Table 3. Rafferty Elevation-Area-Storage Data (CGVD28) 

Elevation,
Meters 

Elevation,
Feet

Storage, 
kAF 

Area, 
k-acres 

Storage,  
dam3

Area, 
ha 

535 1755.25 0.000 0.000 0 0

537 1761.81 3.840 1.992 4,737 807 

538 1765.09 13.100 3.614 16,159 1,464 

540 1771.65 45.700 6.159 56,370 2,495 

545 1788.06 169.500 8.822 209,075 3,574 

546 1791.34 199.300 9.367 245,833 3,795 

547 1794.62 230.900 9.928 284,811 4,022 

547.5 1796.26 247.500 10.205 305,287 4,134 

549 1801.18 299.700 11.060 369,674 4,480 

549.5 1802.82 318.100 11.353 392,371 4,599 

550 1804.46 337.700 11.649 416,547 4,719 

550.5 1806.1 356.400 12.048 439,613 4,881 

551 1807.74 376.500 12.454 464,406 5,045 

551.5 1809.38 397.300 12.866 490,062 5,212 

552 1811.02 418.800 13.347 516,582 5,407 

552.5 1812.66 441.000 13.836 543,965 5,605 

553 1814.3 464.100 14.334 572,459 5,807 

553.5 1815.94 488.100 14.841 602,062 6,012 

554 1817.59 513.000 15.360 632,776 6,222 

555 1820.87 565.100 16.418 697,041 6,651 
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Table 4.  Grant Devine Lake Elevation-Area-Storage Data (CGVD28) 

Elevation,
Meters 

Elevation,
Feet 

Storage, 
kAF 

Area, 
k-acres 

Storage,  
dam3

Area, 
ha 

528 1732.28 0.000 0.000 0 0 

530 1738.84 0.090 0.027 110 11 

532 1745.41 0.400 0.067 490 27 

534 1751.97 0.950 0.101 1,170 41 

536 1758.53 1.750 0.143 2,160 58 

538 1765.09 2.840 0.190 3,500 77 

540 1771.65 4.215 0.230 5,200 93 

542 1778.21 5.975 0.306 7,370 124 

544 1784.78 8.245 0.385 10,170 156 

546 1791.34 11.110 0.494 13,700 200 

548 1797.90 14.805 0.625 18,260 253 

550 1804.46 19.430 0.785 23,970 318 

552 1811.02 25.130 0.953 31,000 386 

554 1817.59 32.265 1.222 39,800 495 

555.85 1823.65 41.100 1.540 50,700 624 

556 1824.15 41.425 1.567 51,100 635 

558 1830.71 52.825 1.900 65,160 770 

560 1837.27 67.280 2.493 82,990 1,010 

561 1840.55 76.400 2.777 94,245 1,125 

562 1843.83 85.530 3.061 105,500 1,240 

564 1850.39 107.990 3.752 133,200 1,520 

566 1856.96 136.040 4.789 167,800 1,940 

567 1860.24 153.710 5.381 189,600 2,180 

568 1863.52 171.385 5.974 211,400 2,420 

569 1866.80 191.980 6.566 236,800 2,660 

Boundary Reservoir and Lake Darling elevation-area-storage relationships were recently updated 
with LiDAR. The adopted elevation-area-storage relationship for Boundary Reservoir is shown 
in Table 5.  The adopted Elevation-Storage-Area are displayed in Table 6. Data below elevation 
1595 ft NGVD 29 (486.2 m) are based on the 1998 relationship produced using bathymetric 
survey data, and above that elevation the 2013 LiDAR based relationships are used. 
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Table 5. Boundary Reservoir Elevation-Area-Storage Data (CGVD28) 

Elevation,
Meters 

Elevation,
Feet 

Storage, 
kAF 

Area, 
k-acres 

Storage,  
dam3

Area, 
ha 

539.5 1770.01 0.000 0.000 0 0 

540 1771.65 0.016 0.028 20 11 

542 1778.22 0.430 0.106 530 43 

544 1784.78 1.451 0.211 1,790 86 

546 1791.34 3.340 0.373 4,120 151 

548 1797.90 6.315 0.540 7,790 219 

550 1804.46 10.296 0.679 12,700 275 

552 1811.02 15.160 0.798 18,700 323 

554 1817.59 20.835 0.925 25,700 374 

556 1824.15 27.321 1.056 33,700 428 

558 1830.71 34.779 1.221 42,900 494 

560.8 1839.90 46.777 1.406 57,700 569 

561 1840.55 47.750 1.416 58,900 573 

561.5 1842.19 50.101 1.456 61,800 589 

562 1843.83 52.533 1.477 64,800 598 

562.5 1845.47 54.966 1.495 67,800 605 

563 1847.11 57.398 1.512 70,800 612 

563.5 1848.75 59.911 1.530 73,900 619 

563.9 1850.07 61.775 1.544 76,200 625 
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Table 6. Lake Darling Elevation-Capacity-Area Data (NGVD29) 

Elevation,
meters 

Elevation,
feet 

Storage, 
ac-ft 

Area, 
acres 

Storage,  
dam3

Area, 
ha 

480.060 1575 0.020 0.010 25 4 

480.365 1576 0.062 0.031 76 13 

480.670 1577 0.144 0.053 178 21 

480.974 1578 0.282 0.110 348 45 

481.279 1579 0.519 0.168 640 68 

481.584 1580 0.896 0.310 1,105 125 

481.889 1581 1.873 0.455 2,310 184 

482.194 1582 3.908 1.524 4,820 617 

482.498 1583 6.924 2.600 8,541 1,052 

482.803 1584 10.844 3.525 13,376 1,427 

483.108 1585 15.494 4.449 19,112 1,800 

483.413 1586 20.701 5.024 25,534 2,033 

483.718 1587 26.396 5.595 32,559 2,264 

484.022 1588 32.509 6.027 40,099 2,439 

484.327 1589 39.188 6.458 48,338 2,613 

484.632 1590 46.577 7.181 57,452 2,906 

484.937 1591 54.530 7.905 67,262 3,199 

485.242 1592 62.897 8.334 77,582 3,373 

485.546 1593 71.623 8.763 88,346 3,546 

485.851 1594 80.649 9.082 99,479 3,675 

486.156 1595 89.873 9.391 110,857 3,801 

486.461 1596 99.633 9.743 122,896 3,943 

486.766 1597 109.713 9.992 135,329 4,044 

487.070 1598 120.135 10.380 148,184 4,201 

487.375 1599 131.193 10.899 161,824 4,411 

487.680 1600 142.494 11.354 175,764 4,595 

487.985 1601 154.348 11.747 190,386 4,754 

488.290 1602 166.466 12.116 205,333 4,903 

488.594 1603 178.973 12.446 220,759 5,037 

488.899 1604 191.721 12.773 236,484 5,169 

489.204 1605 204.897 13.143 252,736 5,319 

489.509 1606 218.607 13.614 269,647 5,509 

489.814 1607 232.693 14.004 287,022 5,667 

490.118 1608 246.779 14.395 304,397 5,825 
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2.2.2 Reservoir Storage Constraints 

Initial model runs were unbounded, but upon reviewing the results, the team requested that 
realistic bounds be placed on the model results.  Minimum and maximum reservoir storages are 
represented as hard constraints in the PRM model.  The values used were derived from the 
minimum supply and the maximum flood (full pool at Boundary) pool levels.  This constrains 
the model from allowing reservoir levels below the lowest outlet or above the max flood pool.  
The values as modeled in PRM are shown in Table 7. 

Table 7. Minimum and maximum storage limits modeled as hard constraints in PRM

Rafferty Boundary Grant Devine Darling

Min Storage (kAF) 10.5 18.6 41.1 0.144
Max Storage (kAF) 513.0 46.9 153.7 154.3

2.2.3 Outlet Works Capacity Curves 

Individual reservoir outlets are not modeled in ResPRM.  The relationship between reservoir 
elevation and maximum discharge is not directly used in the ResPRM software.  A minimum and 
maximum average monthly release constraint can be placed on the reservoirs; however, this was 
not done.  Although the physical outlet capacities can be important when modeling flood control 
operations, the monthly timestep of the ResPRM model does not contain the detail necessary to 
show the impacts of outlet capacity.  Ensuring realistic reservoir releases is a step that should be 
done when testing proposed operational strategies in the ResSim model, which uses a shorter 
timestep.   

Rafferty has an auxiliary outlet that can pump up to 10 cfs to Boundary Reservoir when 
Boundary Reservoir levels get low.  This was modeled with a limit on capacity.  The Boundary 
Diversion has a controlled outlet structure. Operation of the diversion is typically limited by a 
maximum flow limit of 1,590 cfs (58.90 kAF/mon) to prevent damage to the diversion. 

2.3 PRM Timeseries Inputs 

Timeseries inputs are used to represent inflows at specified locations in the PRM model.  The 
timeseries are contained in HEC-DSS files.  This data originated from the HH1 flow dataset, as 
modified for use with the ResSim model.  Additional PRM model runs were made using sample 
input data from the HH2 synthetic dataset, but because those data were not in final form, that 
effort is not described here. 

2.3.1 Reservoir Inflows, Tributary Inflows, & Local Flows (HH1 Dataset) 

As stated in the Souris ResSim model report, “In 2013, the USACE completed the Souris River 
Regional and Reconstructed Hydrology Study. This effort consisted of generating continuous 
reservoir inflow, tributary flow and local flow records for the period of record spanning between 
1946 and 2011. The 2013 study extents spanned from the Canadian reservoirs to Wawanessa, 
Manitoba. The time series generated in 2013 were updated to include data collected between 
1930 and 1945 and between 2011 and 2017 for the area between the Canadian reservoirs and 
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Westhope, ND. The dataset compiled for 1930-2017 for the area between Canadian reservoirs 
and Westhope, ND are referred to as the HH1 dataset (ISRB, 2019).”  A subset of the HH1 
dataset, for years 1946-2017, was used to develop and refine the baseline ResSim model for the 
PoS.  Likewise, the ResPRM model used the same 1946-2017 subset of the HH1 data.  The 
inflow mapping used in ResSim served as a guideline for developing inflow mapping for the 
ResPRM model, but the ResPRM model is simplified in comparison.   

The ResPRM model network is simpler than the ResSim network.  There are fewer inflow 
locations explicitly represented, and the region downstream of Verendrye is significantly 
simplified.  In total, the 26 ResSim inflow locations are represented at 11 locations in the 
ResPRM model.  Inflow data from several ResSim network nodes were combined to develop 
flows for ResPRM.  A summary table is shown below (Table 8). 

Table 8.  Inflow locations for ResPRM, as compared with ResSim 

ResPRM Location ResSim Location Type 

Rafferty Inflow Rafferty Reservoir Inflow

Boundary Inflow Boundary Reservoir Inflow

Short Creek Confluence (locals fr 
Estevan to Roche Percee + trib) 

Short Creek Tributary Flow

Short Creek Confluence Local Flow

MMC Confluence (locals from 
Roche Percee to Moose Mtn 
Creek) 

Upstream Moose Mountain Creek Local Flow

Grant Devine Inflow Grant Devine Reservoir Inflow

Sherwood (locals from Moose Mtn 
to Sherwood) 

Sherwood Local Flow

Glen Ewen Local Flow

Darling Inflow (local) Lake Darling Local Flow

Des Lacs Confluence (locals from 
Darling to Des Lacs + Des Lacs 
tributary) 

Des Lacs River- Foxholm Tributary Flow

Burlington Tributary Local Flow

Des Lacs Confluence Local Flow

Minot (locals Des Lacs to Minot) Minot Local Flow

Verendrye  
(locals from Minot to Verendrye) 

Velva Local Flow

Verendrye Local Flow

Westhope  
(locals and tributaries from 
Verendrye to Westhope) 

Wintering River Tributary Flow

Bantry Local Flow (2011 only)

Willow Creek Tributary Flow

Salyer - Pool 320 Local Flow

Stone Creek Tributary Flow

Deep River Tributary Flow

Cut Bank Creek Tributary Flow

Salyer - Pool 332 Local Flow

Salyer - Pool 341 Local Flow

Boundary Creek Tributary Flow

Salyer - Pool 357 Local Flow
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2.3.2 Inflow Timeseries Units and Timestep Conversion 

Timeseries of flows used in the ResSim model are in units of cfs and have a daily timestep.  
PRM requires flow units of kilo-acre-feet/month (kAF/mon) on a monthly timestep. 

After accumulating the multiple ResSim flow timeseries for each ResPRM inflow location, the 
timestep and units were adjusted.  The daily flows were multiplied by a factor of 1.98347x10-3 in 
order to convert ft3/s to kAF/day.  Then the daily values were accumulated each month to create 
a monthly timeseries in units of kAF/mon. 

2.3.3 Management of Net Evaporation, Direct Water Usage, and Seepage 

For the purpose of the ResSim model, the HH1 products were modified to separate 
overland/upstream runoff contributions from inputs and loses being produced by other physical 
processes.  This allowed the ResSim model to more easily be adapted to other datasets, which 
would consider those losses separately.   

The original HH1 products were derived using observed streamflow and reservoir elevation data 
and thus implicitly included evaporative and seepage losses and precipitation inputs within the 
inflow records generated. Reservoir inflows from the HH1 dataset were adjusted to remove net 
evaporation, seepage, and direct water usage.  Table 9 summarizes the added inputs/losses 
explicitly modeled within ResSim.  

The PRM model used the adjusted HH1 reservoir inflow datasets developed for ResSim, with 
some additional adjustments.  The explicit modeling of evaporation, direct water usage, and 
seepage are described in the below subsections. 

Table 9. Net Evaporation, Direct Water Usage and Seepage as modeled in ResSim and PRM. 

Modeling Approach Rafferty 
Reservoir 

Boundary 
Reservoir 

Grant 
Devine Lake 

Lake 
Darling 

ResSim 

Net Evaporation  External Timeseries x x x x 

Direct Water Use  External Timeseries
Included in 

seepage 
x - - 

Seepage Loss  Constant Loss Function x - - - 

PRM 

Net Evaporation  External Timeseries x x x x 

Direct Water Use  Diversion   x* x   x* - 

Seepage Loss  Implicit in Inflows - - - - 

* diversions at Rafferty and Grant Devine were added to the PRM model, but not used since the HH1 inflow 
timeseries already accounted for them. 
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Net Evaporation 

In order to account for the impacts of direct precipitation and evaporation, the net evaporation 
rate for each reservoir was obtained from the ResSim model.  The daily net evaporation rate (in 
inches) was adjusted to a monthly net evaporation (in feet) for use in ResPRM. 

Within the PRM model, an evaporation volume is calculated for each timestep using the 
timeseries of monthly evaporation depths, and β, a coefficient that represents the ratio of 
reservoir surface area to storage volume.  The coefficients were calculated assuming a full pool 
and are shown in Table 10. 

Table 10.  Evaporation coefficient, β, for each reservoir.

Rafferty Boundary Grant Devine Darling

Area (k-acre) 12.048 1.407 3.061 9.992

Storage (kAF) 356.4 46.90 85.53 109.713

β (acre/ft) 0.034 0.030 0.036 0.091

Direct Water Use and Seepage Loss 

Direct water usages consist of water being withdrawn directly from the reservoir pool.  For the 
purpose of optimizing water management, it is desirable to allow the PRM model to determine 
the optimal amount of direct water use, based on the value associated with demand. Diversions 
from each reservoir are used in PRM to represent the extraction of water directly from the 
reservoirs.  However, because of the design of the HH1 inflow timeseries, only Boundary 
diversion is used to represent demands in the PRM model.  The considerations made at each 
reservoir with respect to managing direct water use and seepage in the PRM model.   

The ResSim report states that there is “relatively little direct water use” (on the order of 1-2 cfs) 
at Rafferty, and it was considered part of seepage.  The effect of seepage and direct water use 
was removed from the Rafferty HH1 inflow timeseries by adding a constant 18 cfs of 
seepage/water use.  Seepage was then explicitly modeled in ResSim.  It was not easily possible 
to separate the effect of direct water use from seepage in the HH1 dataset, nor is seepage easily 
modeled in PRM.  So, for the purposes of the PRM model, the 18 cfs was taken back out of the 
inflow timeseries, such that Rafferty’s seepage and direct water use are implicitly modeled in 
PRM.  A diversion is included at Rafferty (R-div) in the PRM model, but it is not used with the 
HH1 dataset.   

For Boundary, there were no changes made to the inflows used in the ResSim model.  It is 
assumed that the forced evaporation loss (different from the natural precipitation and 
evaporation) at Boundary Reservoir is included with direct water use, and both are modeled in 
PRM at the diversion from Boundary (B-div). 

Grant Devine has no significant seepage and a very small direct water use, which was presumed 
to be included in the HH1 net inflow used in ResSim (though it is not mentioned in the ResSim 
report).  For PRM, the same HH1 net inflow was used.  A diversion is included in the PRM 
model at Grant Devine (G-div), but it is not used with the HH1 dataset.   
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Lake Darling has no significant seepage and no direct water use, the ResSim model included the 
HH1 dataset without making modifications for either.  The PRM model uses the same HH1 
dataset for inflow at Lake Darling. 

2.3.4 Downstream Water Use 

Water use that occurs downstream of the reservoirs was considered in the development of the 
ResSim model.  Consumptive use is implicitly accounted for within the local flows computed as 
part of the HH1 dataset. Consumptive use is modeled as diversions in PRM and is an important 
model objective that could not be simply neglected.  The modelers did not attempt to modify the 
HH1 local inflows to add consumptive use back into the dataset, as there was very limited 
information available, and it is not a straightforward process.  Using the HH2 dataset could 
correct for this issue.  Thus, when using this dataset for PRM, the system water volume will be 
lower than actual by the amount that was historically used.   

2.3.5 Hydrologic Routing 

Hydrologic routing is not considered in PRM.  Because the model operates on a monthly 
timestep, it is assumed that routing impacts are not significant on the scale of the model.  As is 
true with other simplifications made in PRM, it is important to test any operations suggested by 
the optimization with simulation in ResSim, where more details of the system are represented.   

2.3.6 Verification of Model Inputs 

The ResSim model inputs (net evaporation, seepage, water usages, runoff contributions, and 
physical capacity curves) were verified with a water balance using the period of record between 
1998 and 2017.  PRM used these inputs, adjusted as well as possible to address the differences 
between the models.  However, there are known issues (as described above) with using the HH1 
dataset for PRM inflows.  The HH2 dataset would offer flexibility to create inflow timeseries 
more consistent with design of the PRM model. 
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3. Water Apportionment 

One of the most important objectives of the operation of the Souris River reservoir system is the 
delivery of water to North Dakota and Manitoba in accordance with the system apportionment 
guidance.  The apportionment guidance originates from Annex B of the 1989 Agreement and 
was modified in the December 2000 Amendment to the Agreement.  The guidance mandates 
maintaining the lesser of natural flow or 4 cfs at Sherwood, ND and a June through October 
minimum 20 cfs at Westhope.  An additional and key element of the guidance is the 
apportionment of flow to the US, calculated as either 40% or 50% of the annual natural basin 
inflow at Sherwood, ND, conditional on the total natural flow and the Lake Darling elevation. 

3.1 Souris River PRM apportionment problem 

Mandated apportionment of flow appears to be crucial in all flow years except high flow periods.  
Apportionment is viewed by the DW4 subcomittee as a primary performance indicator that 
drives how the reservoirs would operate, however incorporating the apportionment in the PRM 
model was a challenge for the following reasons: 

• PRM requires a monthly curve to represent a performance indicator. Apportionment 
requires a calculation based on annual volume to determine how to optimize, which isn’t 
possible given PRM’s current capabilities.  

• Penalty functions cannot be set as a percentage of a model variable (inflow). They must 
be set as a specific flow or stage at a specific time step.  

3.2 Consideration of Apportionment modeling approaches  

In light of the modeling challenges around apportionment, the team discussed whether or not 
PRM could be useful to the study given its limitations in modeling this primary system objective.  
It was determined that while optimization for flood control or water supply would ideally be 
done in conjunction with optimization for apportionment, there is still potential to use PRM 
results to suggest operating strategies.  The validity of those strategies could only be fully known 
after testing them with mandated apportionment in the simulation modeling.  Therefore the 
possibility of using PRM results to inform modeling strategies was not ruled out.  

A few different options were considered for handling apportionment with PRM, including 
simply checking results after a PRM run to see whether apportionment goals were met. It was 
quickly found that without any forcing mechanism, apportionment was typically not met in PRM 
runs.  The modelers considered dividing the inflow years into dry, wet, and average, then 
running those scenarios separately with different forcings, but that would disallow any cross-year 
continuity.  Another approach considered was to divide the basin at the CA-US border and run it 
as two separate (or three separate) models, though, again this would cause significant 
discontinuity in the modeled results.  It was also considered that apportionment could be entirely 
neglected in the PRM model, leaving ResSim to satisfy apportionment needs.  Ultimately it was 
recommended that the most useful approach for considering apportionment in PRM would be to 
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enforce a pre-calculated minimum monthly apportionment using a pseudo-diversion modeling 
technique, described in the following section. 

3.3 Pseudo-diversion Approach to Modeling Apportionment 

The pseudo-diversion modeling technique enforces a minimum cross-border flow each month.  
This is achieved by modeling a nonexistent diversion at the borderline that demands a certain 
volume of flow cross that line by diverting it out of the system.  The same volume of flow is then 
reintroduced immediately downstream, so that the overall effect is to ensure a minimum flow 
without altering the overall network continuity.  Since all inflows are known in advance of a 
PRM run, the annual apportionment ratio was pre-calculated and the Sherwood natural flow was 
used to determine a monthly apportionment demand.  Due to the model’s monthly timestep and 
for simplicity, the calculated annual ratio is assumed to be met on a monthly basis and applied 
uniformly across the year.  The demanded monthly volume was removed from the model at the 
border using a negative inflow (pseudo-diversion).  The same volume of water was then 
reintroduced at the next junction, immediately downstream.  This ensured that a minimum 
volume would pass the border, but it also allowed for more flow to cross the border when 
desirable. 

Drawbacks of Pseudo-diversion Approach 

As with other PRM model elements, there are many simplification that takes place in considering 
the apportionment.  The drawbacks of taking this approach to apportionment are: 

• The apportionment cannot be adjusted on a yearly basis if the US did not need the full 

apportionment of flows.  Canada is always forced to supply 40 or 50%. 

• The apportionment accounting occurs on a monthly basis instead of an annual basis.  This 

removes the flexibility to distribute the flows in a different pattern. 

• In contrast to the guidance, the modeled apportionment calculation is independent of 

Lake Darling’s reservoir level determined by PRM. The calculation of the ratio 

considered Lake Darling’s elevation in the ResSim simulation, which can vary from the 

elevation determined in a PRM run.   

• The apportionment ratio is determined in ResSim using some degree of simplification 

over the actual calculations. Bringing those calculations into PRM adds another level of 

simplification.   

Overall, the modeling of apportionment in PRM is a fairly rough approximation compared with 
actual operations, but it is closer to actual operations than if it were neglected in the model 
altogether.  Once again, the PRM results must be analyzed and tested with simulation before they 
are applied to a system. 

3.4 Implementation of Apportionment 

An approximation of the Sherwood natural basin flow was calculated in the Souris ResSim 
model.  The apportionment ratio for each year was also calculated in the ResSim model.  Details 
on those calculations can be found in the ResSim report.  A timeseries of monthly apportionment 
volume was calculated by multiplying the Sherwood natural flow by the apportionment ratio for 
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that year.  A second monthly timeseries was created to represent the (additive) inverse of those 
same values by multiplying by negative one.   

In order to ensure that the full apportionment volume passes the border, the model forces a 
minimum flow to cross the border by removing it upstream and adding it immediately back 
downstream.  Therefore, two junctions represent the Saskatchewan-North Dakota border: 
“Sherwood” and “SK-ND”.  Figure 2 shows the network layout at the border.  The monthly 
demanded apportionment volume is taken out of the “Sherwood” junction by entering the inverse 
apportionment timeseries (labeled “AppOUT”) as a local inflow.  This is essentially the same as 
diverting the demanded apportionment.  The apportionment value is added back using the 
positive apportionment timeseries (labeled “AppIN”) as a local inflow at the “SK-ND” junction.  
Because apportionment is modeled as a negative local inflow (or pseudo-diversion), that 
minimum flow cannot be violated.  However, additional flow can cross the border along the 
network reach between Sherwood and SK-ND.  This reach is labeled “dummy” in the model 
simply because it connects the two nodes that actually represent a single point.  Local flows 
between Moose Mountain Creek and Sherwood enter into the network at Sherwood, along with 
the diversion of the apportionment.  An actual diversion modeling element is drawn from the 
SK-ND junction to represent the water supply for North Dakota above Lake Darling.  This layout 
allows the SK local inflows to contribute to the apportionment as needed, but ensures that the 
apportionment has been reintroduced when accounting for the diversion for North Dakota.   

Figure 2. Apportionment to North Dakota as modeled in PRM 
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4. Representation of Model Objectives 

PRM identifies the optimal allocation of water by minimizing costs associated with poor 
performance to system objectives.  The objectives are represented in the model with user-defined 
penalty functions based on storage, flow, or both.  To determine the optimal water allocation, 
PRM represents the physical system as a network, and the operating problem is formulated as a 
minimum-cost network flow problem.  The objective function of this network problem is the 
sum of piecewise-linear approximations of the penalty functions.  An optimization solver then 
determines optimal reservoir releases, storage volumes, and channel flows throughout the basin 
for each timestep of the input timeseries period.  The pilot Souris PRM model focused on two 
system objectives: water supply and flood risk management.  Although there was interest in 
eventually representing all system objectives in the PRM model, the level of effort involved in 
developing and testing accurate penalty functions prevented additional penalties functions from 
being added to subsequent versions of the model.  Thus, only water supply and flood risk 
management objectives were optimized.   

4.1 Development of Penalty Functions  

The development of penalty functions was an effort taken on by the individual provinces and 
state representatives on the HH8 team.  It was determined that the performance indicators could 
easily be translated into penalty function input for the PRM model, so the work involved 
benefited both aspects of the study. 

4.2 Persuasion Penalties 

An objective function may have more than one optimal result.  In addition, if the objective 
function is nonconvex, there can be local optima, which are better than nearby solutions, but not 
as good as the global optimum.  Network flow programming is a form of linear programming 
that can only solve for convex functions.  However, maintaining only convex penalty functions, 
is extremely limiting to the expression of objectives.  The simplex method of solving a network 
flow problem offers a way to solve nonconvex objective functions, however, it can cause result 
in solutions that are local, rather than global, optima.  For example, if the storage penalty 
function at a reservoir penalizes high and low storages, but has a range of non-penalized, 
acceptable storages, there may be many different optimal solutions.  

Persuasion penalties are very small penalties used as gentle encouragement towards a desired 
goal, without being heavy-handed enough to overwhelm the value-derived penalty functions.  
For example, a persuasion penalty could be placed on reservoir storage to cause a very slight 
preference for keeping the pool full.  This penalty would be small enough to not compete against 
other objectives in the system.  When calculating the total score for an alternative, persuasion 
penalties are not included in the equation.  In the Souris PRM model, persuasion penalties were 
used on reservoir storage to encourage operations in the normal operating range for each 
reservoir.   
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4.3 Water Supply Penalty Functions 

The HH8 working group developed an approach for basing water supply penalty curves on the 
percentage of the total allocated volume that is met based on reservoir water levels and river 
flows.  The methodology was later updated so that the penalty functions that were applied to 
diversions directly corresponded to the volume (in kilo-acre-feet, or kAF) of water demand NOT 
met.  New penalties were developed assuming a linear relationship from zero demand met to full 
demand met.   

Thus, for diversions, the units of penalty incurred were kAF of volume shorted in each timestep.  
The intent of this change was to allow for a more meaningful interpretation of model results.  
Such water supply penalty functions result in penalties that can be summed to find the total 
volume of water shorted over the period.  Representing the value of water supply in relation to 
reservoir storage is not as straightforward.  

In order to represent the value of water allocation at the reservoirs, a few different approaches 
were attempted.  First, penalties were developed relating water use to levels of reservoir storage, 
but the meaning of those penalties was not easily interpreted.  Water actually used, however, is 
reasonably easily measurable, as compared with the value of stored water that may or may not be 
consumptively used.   

So, instead of focusing on storage at the reservoirs, penalties were placed on actual water USE.  
Diversions were added to the reservoirs to represent the water taken and used from the 
reservoirs.  This required estimating a volume of water demanded for use rather than a volume of 
water to hold in storage.  Later, when it was discovered that the ResSim modified HH1 inflow 
dataset already included water use from the reservoirs, it was decided to return to the reservoir 
storage approach for representing water use at the reservoirs.  Diversions are still present at each 
reservoir, but with the exception of the Boundary diversion, they are constrained, so that water 
cannot flow through them.   Boundary still includes a diversion to accounts for the value of using 
cooling water. 

In order to represent the inherent value in stored water (rather than its consumptive use), unitless 
penalties were applied when reservoir storage dropped below a desired level.  These penalties 
were based on the HH8 team’s initial water supply penalties. 
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Figure 3. Locations of water supply penalty functions 

4.3.1 Saskatchewan Water Supply Penalties 

Water supply interests are represented at each of the three reservoirs and at diversions from 
Boundary, Short Creek confluence, and the Moose Mountain Creek confluence. Additional direct 
diversions from Rafferty and Grant Devine are shown as model elements but not used for the 
model runs described in this report.   

Rafferty Reservoir 

The work done to develop Saskatchewan water supply curves indicates that there are five water 
licenses at Rafferty that account for an annual volume of 11,702 dam3, with over 90% of the 
licensed volume allocated to SaskPower and the rest to irrigation, oil recovery, and livestock. A 
monthly distribution of water use was assumed based on the license holders.   

Since volume of water stored is not a meaningful unit compared to volume of water consumed, a 
unitless value of 10 was used as the maximum penalty for low storage in Rafferty.  This value 
will be adjusted using a multiplier to make sure that the penalty is properly balanced with the 
other penalties in the system. 



26 

Rafferty Diversion (not used) 

It was assumed that both the 7300 dam3 and the 2800 dam3 licenses at Rafferty are strictly for 
holding water in storage to later release to Boundary for power generation purposes.  This left 
972 dam3 for consumptive uses, or a little more than 1 cfs.  Since this was already included in the 
inflows to Rafferty, it was decided not to use the Rafferty diversion to model consumptive or 
direct use.  The diversion can be used with other inflow datasets, such as the synthetic data.   

Boundary Reservoir 

The City of Estevan and SaskPower use water directly from Boundary Reservoir. 

Boundary Diversion (not used) 

A single water use license, for a total of 55 dam, exists at Grant Devine Reservoir.  The 
equivalent constant demand is 0.06 cfs.  Although this small withdrawal may be negligible on 
the scale of the PRM model, a diversion from the reservoir was included in the model.  However, 
the diversion is turned off for the alternatives described in this report, because they use the 
modified HH1 inflow dataset.  The HH1 inflow dataset, already accounts for direct water use in 
the inflows.  The diversion can be used with other datasets, such as the synthetic data.   

Boundary diversion penalties were calculated in the same manner that Rafferty’s were.  In 
addition to the diversion penalties, storage penalties were maintained at Boundary, because there 
is value associated with water storage for hydropower cooling.  Since volume of water is not a 
meaningful unit for hydropower cooling water, a unitless value of 10 was used at the maximum 
penalty for low storage in Boundary.  This value will be adjusted using a multiplier to make sure 
that the penalty is properly balanced with the other penalties in the system. 

Grant Devine Reservoir 

Grant Devine Diversion (not used) 

A single water use license, for a total of 55 dam, exists at Grant Devine Reservoir.  The 
equivalent constant demand is 0.06 cfs.  Although this small withdrawal may be negligible on 
the scale of the PRM model, a diversion from the reservoir was included in the model.  However, 
the diversion is turned off for the alternatives described in this report, because they use the 
modified HH1 inflow dataset.  The HH1 inflow dataset, already accounts for direct water use in 
the inflows.  The diversion can be used with other datasets, such as the synthetic data.   

Short Creek to Moose Mountain Creek 

A diversion at Short Creek (SK1-div) is used to represent water demands on the Souris between 
Roche Percee and Moose Mountain Creek.  Four seasonal penalty functions were developed 
based on the seasonality of basin water demands (Table 11).  Monthly demands range minimally, 
from 0.06 kAF to 0.085 kAF.  Demand is zero for November and March.  A monthly-varying 
hard constraint was placed on the diversion to ensure that it does not divert more than the 
demanded amount.   
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Table 11. Seasonal water supply penalties for demands between Roche Percee and Moose 
Mountain Creek 

Moose Mountain Creek to the North Dakota Border 

A diversion at the Souris-Moose Mountain Creek confluence (SK2-div) is used to represent water 
demands on the Souris between Moose Mountain Creek and the Saskatchewan-North Dakota 
border.  Four seasonal penalty functions were developed based on the seasonality of basin water 
demands (Table 12).  Monthly demands range minimally, from 0.06 kAF to 0.079 kAF.  Demand 
is zero from September to April.  A monthly-varying hard constraint was placed on the diversion 
to ensure that it does not divert more than the demanded amount.   

Table 12. Seasonal water supply penalties for demands between Moose Mountain Creek and the 
SK-ND border 

4.3.2 North Dakota Water Supply Penalties 

“Current surface water appropriations from the Souris River are for recreation, stock, fish and 
wildlife, sprinkler irrigation, flood irrigation, industrial, rural, and municipal uses. In this 
memorandum all recreation, stock, and fish & wildlife permits will be referred to as R, S, and 
F&W, respectively.  
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Each of the uses described in this memorandum have a different period of time associated with 
them. R, S, and F&W permits consist of a spring fill to replenish the storage amount and an 
annual use component to provide for evaporation losses. R, S, and F&W operations were 
adjusted to use 75 percent of their allocation from February 1st to June 1st and 25 percent of the 
allocation from June 1st to December 1st. These operation time frames were determined based on 
input from the United States Fish and Wildlife Service. Permits denoted as “Irrigation” are for 
sprinkler irrigation operations that begin on May 1st and end on October 31st. Flood irrigation 
permits capture the spring runoff and release water by mid-June.  The period of use is February 
1st to June 15th, but was adjusted to end on June 1st to be utilized in the prescriptive reservoir 
model. Industrial use, rural water, and municipal use permits have year-round use associated 
with them, with the exception of one industrial use.”  (ND) 

Figure 4.  Souris River current water use permits utilized in water supply curves development 
(source: ND, Chris Korkowski, 28Aug2019) 

Sherwood to Darling 

A diversion just below Sherwood is used to represent water demands on the reach between 
Sherwood and Darling.  Two seasonal penalty functions were developed based on the seasonality 
of basin water demands (Table 13).  The maximum volume demanded in Feb-May is 6.69 kAF.  
For Jun-Nov demand is 1.47 kAF.  Demand is zero for Jan and Dec.  A monthly-varying hard 
constraint was placed on the diversion to ensure that it does not divert more than the demanded 
amount.   



29 

Table 13. Seasonal water supply penalty functions for demands between Sherwood and Darling

Darling to Westhope 

Five seasonal penalty functions were developed based on the seasonality of water demands along 
this reach. The monthly demanded volume ranges from 12.12 kAF in May to 1.38 kAF for Jan 
and Dec.  A monthly-varying hard constraint was placed on the diversion to ensure that it does 
not divert more than the demanded amount.  A summary of the penalty functions is shown 
below, in Table 14. 

Table 14. Seasonal water supply penalty functions between Darling and Westhope

4.3.3 Manitoba Water Supply Penalties 

Two penalty locations were used to represent water supply needs in Manitoba (Figure 5.  
Manitoba water supply penalty functions and locationsFigure 5):  a diversion at Westhope (DV4) 
and the reach below Westhope (blwWesthope).  According to the work done to develop the 
Manitoba water supply curves, there are ten licenses for Souris River water use, and the max 
annual sum of allocation was found to be 1682 dam3, or 1363 acre-feet.  However, since these 
licenses are not fully used at this time, the penalties were instead based on the criteria that the US 
is required to deliver a minimum flow of 80%, or 20 cfs from June to October.  Of that 20 cfs, 
6.3 cfs is expected to remain in the river, so the total demanded volume is 0.827 kAF (13.7 cfs).  
Therefore, a penalty function was applied on a diversion from June to October with a maximum 
demand of 0.827 kAF.  The second penalty function was applied on the reach below Westhope to 
account for the 6.3cfs that should remain instream.   

Vol (kAF) Flow (cfs) Penalty Vol (kAF) Flow (cfs) Penalty

0 0.00 6.69 0 0.00 1.47

6.69 110.79 0 1.47 24.38 0

Feb-May Jun-Nov

Vol (kAF) Flow (cfs) Penalty Vol (kAF) Flow (cfs) Penalty Vol (kAF) Flow (cfs) Penalty

0 0 1.38 0 0.00 11.98 0 0.00 12.12

1.38 22.91 0 11.98 198.50 0 12.12 200.76 0

1.44 23.91 0 12.04 199.50 0 12.18 201.76 0

Vol (kAF) Flow (cfs) Penalty Vol (kAF) Flow (cfs) Penalty

0 0.00 3.22 0 0.00 3.08

3.22 53.29 0 3.08 51.03 0

3.28 54.29 0 3.14 52.03 0

Jan-Dec Feb-Apr May

Jun-Oct Nov
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Figure 5.  Manitoba water supply penalty functions and locations

4.4 Flood Risk Management Penalty Functions 

The Flood Risk Management (FRM) penalty functions were derived from the flooded structure 
performance indicators.  These performance indicators were developed based on the USACE 
structure damage analysis methodology and techniques, modified for the purpose of the Souris 
Study.  Hydraulic models were used to develop a flow-depth relationship in sections of the 
Souris floodplain.  Average structure values were used to develop the depth-damage 
relationships, and groundwater impacts were not considered.   

These performance indicators were adjusted for use with PRM.  Because the PRM timestep is 
monthly, it was necessary to draw a relationship between flood peaks and monthly flows.  This is 
a challenging task, but the only apparent approach was to find the correlation between peak 
flows and monthly flows.  The available data is daily, so a linear regression analysis was done on 
the monthly average flow versus the maximum daily average flow.  For the linear regression 
equation, y = ax + b, y represents the maximum daily average, x represents the monthly average, 
and the intercept, b, was assumed to be zero. The locations used to find these relationship were 
selected based on the way the inflows were lumped in the PRM model, and the locations of the 
applied penalty functions.  These location choices are shown in the table below ( 
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Table 15), along with the coefficient of determination, r2.  Ultimately, the FRM penalty functions 
were based on an approximate relationship between monthly flows and structural and 
agricultural damage in dollars.  While structural damage relationships are constant all year, the 
agricultural damages vary seasonally. 
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Table 15. Locations used to approximate a relationship between daily average flood flows and 
average monthly flows 

Model Reach 
Observed Flow Locations

a r2

Monthly Average (x) Max Daily Average (y)

blwShortCk Roche Percee Roche Percee 0.3899 87.3%

blwSour+MMC Oxbow Oxbow 0.2611 81.7%

blwSherwood Sherwood Sherwood 0.4005 92.9%

blwDarling Darling to Des Lacs Darling to DesLacs 0.1771 81.1%

blwDesLacs DesLacs to Minot Darling to DesLacs + Foxholm 0.2337 74.1%

blwMinot Minot Minot 0.4886 91.6%

blwVerendrye Verendrye Verendrye 0.4730 89.3%

blwWesthope Verendrye Westhope 0.3703 82.6%

Figure 6. Model locations with FRM Penalties

4.4.1 Saskatchewan FRM Penalties 

Structural and agricultural flood damages between Rafferty and the Souris-Moose Mountain 
Creek confluence were represented in the reach below Short Creek (Table 16).  Structural and 
agricultural flood damages between the Souris-Moose Mountain Creek confluence and the 
Saskatchewan-North Dakota border were represented in the reach below the confluence (Table 
17).   
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Table 16. FRM Penalties for blwShortCk reach

Table 17. FRM Penalties for blwSour+MMC reach 

4.4.2 North Dakota FRM Penalties 

Structural and agricultural flood damages for all of the North Dakota locations were similar to 
those in Saskatchewan.  Agricultural damages were possible in May, highest in June through 
September, and otherwise zero.  Structural penalties were applied all year.  Damages between the 
Saskatchewan-North Dakota border and Lake Darling were represented in the reach below 
Sherwood (Table 18).  Damages between Lake Darling and Burlington were represented in the 
reach below Darling (Table 19).  Damages between Burlington and Minot were represented in 
the reach below the Souris-Des Lacs confluence (Table 20).  Damages from Minot to Verendrye 
as well as Verendrye to Westhope were likewise represented at their respective reaches (Table 21 
and Table 22).  
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Table 18. FRM penalties on blwSherwood reach

Table 19. FRM penalties on blwDarling reach

Table 20. FRM penalties on blwDesLacs reach
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Table 21. FRM penalties from Minot to Verendrye on blwMinot reach

Table 22. FRM penalties from Verendrye to Westhope on blwVerendrye reach

4.4.3 Manitoba FRM Penalties 

Manitoba’s agricultural flood damages had a slightly different seasonality than those for 
Saskatchewan and North Dakota.  Because of the uncertainly involved in the operations of the 
Salyer reservoirs, the flows used for the Manitoba FRM penalty function were developed based 
on the relationship between Westhope maximum daily flows and the Verendrye monthly flows.    
Therefore, structural and agricultural flood damages for Manitoba were applied to the reach 
below Verendrye (Table 23).   
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Table 23. FRM penalties for Manitoba, as applied to blwVerendrye reach

5. Optimization 
ResPRM model alternatives are used to create optimization runs that use different combinations 
of penalty functions.  Alternatives for this study were primarily used to create single-objective or 
multi-objective runs.  The delivery copy of the Souris PRM model includes six alternatives, 
listed in Table 24. 

Table 24. List of Model Alternatives 

Alternative Name Description 
GConly only uses persuasion penalties to encourage guide curve operations 
WSonly optimizes for water supply objectives only 
FRMonly optimizes for flood risk management objectives only 
AllObj Includes penalties and persuasion penalties for all objectives 
GCpers uses persuasion penalties and guide curve persuasion penalties 
NoObj Includes no objectives (just used for testing computes) 

5.1 PRM Alternative Runs 

The alternatives maintained in the final copy of the Souris PRM model include GConly, WSonly, 
FRMonly, Allobj, NoObj, and GCpers.  The GConly alternative was used strictly to validate the 
model – it contained penalty functions designed to replicate guide curve operations.  The GCpers 
alternative included additional persuasion penalties on top of the guide curve penalties.  
Persuasion penalties use very small values that help create convexivity in the objective function 
where otherwise flat sections make optimization difficult.  The NoObj alternative was also used 
for testing purposes and included no penalty functions.  The WSonly and FRMonly include 
penalties for water supply and flood risk management, respectively, however they may also 
include persuasion penalties, where useful.  The AllObj alternative includes water supply, FRM, 
and persuasion penalties.   
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5.2 Model Execution 

The process for running the Souris PRM model is multistep.  The model was built with the 
assistance of the ResPRM software, which allows for easy visualization and entering inputs.  
However, in order to create a PRM network that allowed diversions between Rafferty and 
Boundary, the model had to be run in the older PRM software.  The Res environment does not 
allow for a network to have elements connect to upstream locations.  Additionally, Res doesn’t 
allow the placement of a diversion that re-connects into the network.  Using the ResPRM 
interface, the model was built and initial runs were tested with the ResPRM software.  The final 
version of the model requires editing of the *.pri file and then running the PRM software.  
Fortunately, after copying the results to the correct location, they are then viewable in ResPRM.  
Note that initial validation and results were developed using ResPRM, so the Raffery-Boundary 
connection was not used. 

Steps for Running ResPRM and PRM in Combination 

The workflow developed for the Souris PRM model involved building and editing the model 
through the ResPRM interface, running the model in the stand-alone PRM program, and then 
viewing results in the ResPRM interface.  This is not the standard workflow, and it takes some 
set up and knowledgeability about both programs.  The 2005 executable PRM program, 
“hecprm.exe”, was used for running the model.  It was placed in a base directory 
(C:/PRM/standalone/Souris/) to avoid long pathnames, which are not well-handled by the 
program.  The Souris ResPRM watershed was placed under a “base” directory, as required by the 
HEC-ResPRM software (C:/PRM/Souris/base/SourisRiver_PRM/). 

The steps to making SourisRiver_PRM model runs are as follows: 

1. Begin by using the HEC-ResPRM software.  Develop the ResPRM alternative with the 

desired penalties and settings in the ResPRM Network module. 

2. In the Optimization module, create an optimization for the desired period and add the 

alternative of interest.  This will create the files necessary for a PRM run.  It is a good 

idea to test the feasibility of the run in ResPRM first, by computing the optimization.   

3. Next, use the file explorer to copy the appropriate files from the ResPRM watershed 

directory into the PRM standalone directory.  The files are: 

a. {watershed directory}/resprm/{optimizaztion}/resprm/{alt--0}.pri 

b. {watershed directory}/resprm/{optimization}/simulation.dss 

c. {watershed directory}/resprm/{optimizaztion}/resprm/{alt--0}_{network}.dss 

The pri file (a) is the input text file that describes the network of reservoirs, reaches, and 
junctions. It also identifies the locations and files associated with inflows and penalty 
functions.  The pri file is named with a ten character identifier made up of the alternative 
name followed by dashes. A final number is added to differentiate between the original 
alternative (0) and any trials (1-9). The simulation.dss file (b) is the DSS file that holds 
the inflow timeseries records.  A second DSS file (c) holds the penalty functions as paired 
DSS data.  This DSS file is named after the alternative and the associated network.  
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4. Make changes to the *.pri file to fully connect the diversions between Rafferty and 

Boundary.  This step is the reason for running the model in the standalone program.  

ResPRM did not allow the diversions to reconnect, but PRM does allow it.  The lines to 

change make the diversions connect to their downstream reservoirs instead of flowing out 

of the network (into the sink).  Change these lines as follows: 

a. LINK      CHANNEL   J_BND2RAF SINK                                               
LD        Dummy reach connecting J_Bnd2Raf to SINK 

Change to:   
LINK      CHANNEL   J_BND2RAF RAFFERTY
LD        Dummy reach connecting J_Bnd2Raf to Rafferty

b. LINK      CHANNEL   J_RAF2BND SINK                                               
LD        Dummy reach connecting J_Raf2Bnd to SINK 

Change to:   
LINK      CHANNEL   J_RAF2BND BOUNDARY
LD        Dummy reach connecting J_Raf2Bnd to Boundary

5. Now the model alternative can be run with the PRM standalone program.  In Windows, 

use a command window to run the PRM executable.  Input files and output files are 

specified on the command line as follows: 

a. I = *.pri file 

b. T = timeseries DSS file 

c. P = penalty DSS file  

d. O = *.pro file  (output) 

e. R = results DSS file  (output) 

A sample command line model run looks like this: 

C:\PRM\standalone\souris\hecprm.exe I=AllObj----0.PRI O=AllObj----1.PRO 

T=simulation.dss P=AllObj----0_RDA.dss R=AllObj----1.DSS 

6. After a successful run, the results can be observed in the ResPRM interface by copying 

the DSS records in the results file (e) into the results file location for ResPRM.  This file 

is found in the Souris directory under {watershed 

directory}/resprm/{optimization}/results.dss 

5.3 Model Validation and Refinement 

PRM model validation does not involve attempting to replicate observed or simulated results.  
The optimized results will be different.  Rather, it involves reviewing model setup, input, and 
results to ensure they are consistent with physical limitations and desired objectives.  There were 
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several steps taken in the course of developing the PRM model that allowed for checking the 
validity of model setup and results, however the validation process should be continued 
throughout the modeling work, particularly as different objectives are added to the model.   

5.4 Modeling Timeline 

As stated earlier, a phased work plan was used in order to evaluate progress and contribution at 
each step before proceeding to the next step.  This allowed modifications to the scope to be 
coordinated at these decision points.  This process resulted in several iterations on the work plan 
and approach.  The level of effort depended largely on the level of analysis, rather than the 
number of objectives.  Major milestones in the HH8 team modeling work are described here for 
the purpose of demonstrating what went into such a study. 

5.4.1 Pilot Model 

The initial Souris ResPRM model was developed in June 2018 using the network, physical data, 
and draft inflow time-series from the Souris ResSim model.  Draft penalty functions were 
developed by HEC to represent typical penalties.  This pilot model was used to demonstrate how 
PRM works and what it can do in a study.   

On July 10 the Souris ResPRM pilot model was presented as a proof of concept.  After the 
presentation, it was determined that the modeling should proceed with water supply, flood 
control, and apportionment as the objectives.  More discussion was held between HEC and 
MVP, as well as leads from Saskatchewan, North Dakota, and Manitoba.  A second iteration of 
building the initial model was taken.  The inflow time-series were updated using the 
reconstructed hydrology dataset (HH1), and draft penalty functions were provided by MVP 
based on basin knowledge. 

5.4.2 Determining the Possibilities and Limitations for Representing Souris in PRM 

As the HEC modelers developed a better understanding of the Souris system requirements, the 
Souris project teams developed a better understanding of PRM’s capabilities.  A few concerns 
arose based on the approach to modeling certain system features, such as the connection between 
Rafferty and Boundary, the representation of flood control on a monthly timestep, and 
attenuation in the wildlife area.  Most importantly, it was determined that apportionment, a key 
study interest, could not easily be captured by the PRM model.  Discussions ensued to determine 
the options and how best to handle apportionment.  A solution was devised to approximate the 
apportionment need ahead of time and enforce it distribution.  However, by the time this solution 
was proposed, it had been decided to leave apportionment out of the initial runs.  There was the 
option to consider adding this apportionment approach to future runs. 

5.4.3 First Draft Penalty Functions 

The initial water supply and flood control penalties were delivered around 5 Sep, before they 
received approval by the DW4 team.  On Sep 19 official penalties were provided.  Some 
communication between the team and HEC helped to clarify the penalties, and the Souris PRM 
model was updated accordingly.   
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5.4.4 Single Objective Runs 

Single-objective runs were made with the official penalty functions.  On Oct 16, progress was 
presented and team feedback was received. The modeling techniques used to represent Souris in 
this iteration of the model as well as single objective results were presented. At this time, a 
tradeoff curve was not yet available; results were not yet developing into a reasonable tradeoff 
curve. Team feedback suggested some modifications to the model:  adjustments to the mapping 
of system inflows, distribution of penalties to different downstream reaches, inclusion of 
evaporation, better constraints of reservoir operations.  The model was updated accordingly (with 
the exception of evaporation). 

5.4.5 Dual Objective, Tradeoff curves 

On Nov 27 during the Souris study face to face meeting, the updated PRM network and results 
were presented.  These included new single-objective runs for water supply and flood control, as 
well as a tradeoff curve between the two objectives.  It was determined that the penalties 
required further adjustment to produce a meaningful tradeoff curve.  In particular, the water 
supply penalties should be adjusted to be a function of water volume, rather than a percentage of 
volume.  This would help give the units more meaning.   

The team expressed a strong interest in more clearly establishing the potential benefit of PRM to 
the Souris study in order to decide whether or not to invest further in the effort.  HEC got an 
additional team member involved at this point to advise benefits to the study and necessary next 
steps. 

5.4.6 Model Wrap up 

Ultimately the team entered December with remaining uncertainty about whether penalties yet 
accurately reflected the needs of the system.  About $10k of the initial $55k that was provided 
remained.  A decision was made to wrap up the modeling, adding final updates and documenting 
the work done.  The final work done on the model was updating water supply penalties with 
input from the experts, adding apportionment to the model, and adding evaporation to the model.  
It was intended that this final work would also include another round of validation of study 
results to ensure they properly represent goals and physical constraints of each objective.  
However, although the team weighed in on updated penalty functions, the level of effort needed 
to develop new runs was greater than expected.  This work could not be completed in the 
available timeframe.  
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6. Analysis and Discussion 
Souris PRM model results remain provisional.  While sample results are available, they are not 
shown here because the model validation was not considered final and complete.  It is crucial to 
accurately represent the system objectives with the penalty functions, so they require careful 
review and validation.  Much of the important work for PRM is in results analysis, but this 
cannot be completed without thorough review of the penalty functions input to the model.   

6.1 PRM Model Considerations and Limitations 

There are several limitations of the study circumstances and the software capabilities that 
impacted the capabilities of this model. 

6.1.1 Monthly Timestep 

The monthly timestep used by PRM is quite coarse, particularly compared with the scale of flood 
events.  In order to model the flood conditions, a relationship between daily maximum flows and 
monthly average flows was done.  Penalties were adjusted based on this relationship.  This gives 
a proxy for managing flood events.  Results are examined with the attention to trends and 
patterns, not specific operations for a flood event.  This is further reason that any operations 
suggested by these optimal results would need to be modeled in a simulation model. 

6.1.2 Perfect Foresight 

PRM has perfect foresight, meaning that it determines the optimal operations while having full 
access to the inflows for the whole period of record.  All of this information is considered at once 
in order to find the ideal operations, which means that PRM has much better predictive abilities 
than real world operators.  At best, operators in this system may have some knowledge two 
months in advance.  The optimal operation is a best case scenario that cannot be reproduced in 
real life, without this perfect foresight.  Again results must be analyzed for patterns, such as 
statistically ideal times and levels for drawdown.   

6.1.3 Apportionment 

The initial PRM runs were done without apportionment.  The results can be examined after the 
run to see how often apportionment goals were met, or to suggest an ideal apportionment ratio.  
Further runs can set annual apportionment levels and can be adjusted if the level of flow is too 
high or low.  A better approach would require optimization software that has the capability to 
represent more complex constraints than those available in ResPRM.   

6.1.4 Limiting objectives to only Water Supply and Flood Control 

One of the particularly helpful uses of PRM is to consider many different objectives as one time.  
There may be less information to gain when only considering two objectives.  It has been 
suggested that much of the balance between water supply and flood control is fairly intuitive and 
easy to see without a model.  Addition of other performance indicators in the form of penalty 
functions offers insight on multi-objective balances that may be less obvious.  However, each 
additional objective adds time and effort needed to carefully develop and validate new penalty 



42 

functions.  While examination of the water supply and flood control balance can still indicate 
ideal storage patterns in the reservoirs, it does not take full advantage of the benefits of using 
optimization analysis.   

6.1.5 Expert Analysis 

Representation of the system values can be a difficult task.  It can take significant effort on the 
part of local experts to gather the relevant data needed to form penalty functions (or benefit 
functions), and review and interpretation is necessary once they have been developed and used in 
conjunction with each other.  Additional time from experts would greatly benefit the 
optimization study. 

6.2 Additional Optimization Work 

Some potentially interesting analyses were not completed during this study, in part because of 
the draft quality of the model, and in part due to the available time.  These options were 
considered during the study process, with the expectation that they would be useful 
investigations, if time were available. 

6.2.1 Tradeoff Analysis   

Tradeoff curves can inform study managers about how much benefit may be lost to one objective 
in order to provide for a conflicting objective.  The tradeoff curve can be a communication tool 
for demonstrating the relationships between those objectives, and for allowing groups to discuss 
the preferred way to manage the system.  A tradeoff curve takes some time to digest, but it will 
show if it is especially costly to provide for an objective at a certain point.  A balance between 
the objectives would be chosen by the team (or multiple points on the curve could be used to 
look for patterns). This “balanced” optimal run would be used to seek operating patterns that 
maintain this tradeoff.  In order to develop and benefit from tradeoff curves, a fully validated 
model is required.  In order to do this work, the team would need to advise on the ideal balance 
between the objectives.  Special consideration of units is necessary.  For example, the penalty on 
insufficient reservoir storage for power plant cooling water does not have an obvious unit.  The 
team would also need to advise on the importance various interests, such as establishing equity 
across locations.  If all system water demands should be met 100% or all equally shorted under 
extreme drought conditions, objectives may need to be weighted in order to meet that goal.  

6.2.2 Operational Patterns 

One of the most interesting and yet challenging potential benefits from a PRM study lies in 
operational patterns that may be seen in the optimal results or questions that could be answered.  
The prospect of finding such patterns remains theoretical until validated results are available.   
An optimal operational pattern holds potential for suggesting adjustment to the system 
operational guidelines.  This could be a potential operational measure for creating alternatives, 
and would then be tested in ResSim.  It would be necessary first to develop some theories on 
what types of patterns may be seen in the Souris system.  This would help establish how to 
statistically process the results to test those theories.  A strong knowledge of the system is 
important during this step.   
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The current experience with the Souris PRM model and system has led to interest in seeking the 
following operational information: 

• patterns suggesting seasonal guide curves 

• relative value of flood space at the different reservoirs 

• cost/benefit of providing apportionment at different ratios 

• benefit of physical system changes such as adding more storage (run without top of dam 

constraints) 

6.3 Conclusions 

Through the HH8 task, the Souris study team invested in the possible advantages that 
optimization can offer to reservoir operations.  This was an important investigation for 
considering all tools available to analyze the system and develop best operations.  Ultimately, it 
was not possible to provide the investment necessary to benefit from optimization, given the 
capabilities of the ResPRM software, the short project timeline, and the level of effort required to 
develop penalty functions and review results, even for a relatively simple model.  The 
complexity of the system operations and degree of effort required were not known at the 
initiation of this work.  The optimization work was ended before a substantial contribution could 
be made to the overall study.  However, the work was not without benefit to the project.   

During this work, a reservoir operations optimization model was developed for the Souris River 
Plan of Study using HEC-ResPRM. This model is available for use in the event a future study 
wishes to dedicate the time and resources necessary to consider an optimization model with 
ResPRM.  It should be noted, too, that ResPRM software improvements would greatly benefit 
such an effort.  

The investigation yielded a better understanding of the level of effort needed to develop a 
ResPRM model, validate it, run alternatives, and analyze optimal results.  It reinforced that 
feedback from local experts is crucial to model success, and it was found that more opportunities 
for expert feedback would have benefitted the model.  It also highlighted the importance of 
establishing a series of well-defined questions to investigate, significant time with experts, and 
allowance for more intermediate model review.  The current capabilities of the PRM software 
limited the ability to model the system and conduct the desired analysis.  It is likely, however, 
that even if an alternate optimization approach were identified, a similar or greater level of effort 
would be needed.   

The recommendation of this report is to use reservoir operations optimization when possible in 
light of project timeline and resource allocation. Given the current schedule and budget 
restrictions of the Souris River Plan of Study, it is the Conclusion of the HH8 team that the study 
should use the available conclusions from the current effort, and provide this report and 
accompanying model for use in future studies. The Souris River Plan of Study does not currently 
have the timeline or resources available to support a fully validated optimization model, nor is 
the ResPRM software equipped to model the system with the level of precision needed to take 
advantage of some of the benefits of an optimization approach. 
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