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Abstract 

To solve reservoir operation problems it is necessary to take into account that natural processes 

such as inflows~ groundwater contribution, evaporatio~ rainfall, runoff: which are the inputs to 

the syste~ are uncertain events. The methods here proposed consider the stochasticity of the 

inputs. The uncertainty of events like evaporation, rainfall, groundwater contribution, runoff, is 

incorporated in either the net inflows or the net basin supplies. 

In order to recognize the intrinsic stochastic features of the natural inputs and take them 

into consideration explicitly, Stochastic Dynamic Programming is employed to generate long-term 

operation policies. Because of the well-known "curse of dimensionality", that can affect the 

optimization of large systems, the technique Multi-Level Approximate 

Aggregation/Decomposition - Stochastic Dynamic Programming (MAM-SOP) Methodology is 

employed. The performance of this technique can be enhanced by using the suggested alternate 

approximation to the conditional distribution of the releases from the reservoirs. So far, MAM­

SDP performs physical diagnosis to determine the aggregation scheme. A means of applying 

Principal Components Analysis is presented, therefore adding a different perspective to solving 

the problem, i.e., statistical decomposition. 

This work also aims at obtaining the relationship performance of the system versus its respective 

variance. To this effect, an extension of the Expected Retum-V ariance of Return Rule was 

developed, applied to a multistage decision type of problem. This technique was called Two-Pass 

Mean-Variance Approach. The algorithm for doing so is described. It was poSS1ole to show a 

significant range of performances and the variances associated with them for the operation of 

reservoir systems. 

This work ends with the application of the techniques above mentioned to a real case study. In it, 

an alternate closed-loop type operation policy is presented for the North American Great Lakes. 

These policies and those from the Two-Pass Mean-Variance Approach are then compared with the 

ones obtained from a simplified model of the actual operation, based on hemistics. Two sets of 

synthetic Net Basin Supplies for the five lakes are studied, generating two different sets of release 

policies. 

iv 



Acknowledgments 

I have a great deal of gratitude to so many people that enumerate all of them would be very 

difficult because I fear being unfair to quite a few. They supported me under diverse 

circwnstances and during different periods of time but I was always very fortunate to be able to 

count on them. They were professors, colleagues and friends an<L directly or indirectly, I own the 

completion of this Ph.D. Program to them. 

I thank my supervisor, Dr. K. Ponnambalam for his support, encouragement, and 

guidance. I never forget his first advice, "Get your hands dirty!", and I admit that I followed it 

throughout these years at the University of Waterloo. Many thanks to Dr. A. Bogobowicz, who 

was my co-supervisor during the early stages of my work. 

Also, I would like to thank Dr. P. Calamai, Dr. K. Hipe~ Dr. W. Lennox, and Dr. A. 

Singh, members of the Examining Committee, for their careful reading of the thesis and most 

valuable criticism. My especial gratitude belongs to Dr. C.-L. Chiu, the external examiner, for his 

comments, suggestions and the opportunity to share a little of his experience. 

The author acknowledges the scholarship provided by the agency of the Ministry of 

Education of Brazil, CNPq, "Conselho Nacional de Desenvolvimento Cientifico e Tecno16gico". I 

will always remember the early support provided by Dr. Ricardo M. Barcia, from the Industrial 

Engineering Department of the Federal University of Santa Catarina. Environment Canada, in the 

person of Senior Eng. David Fay, helped me obtain crucial information for my case study. 

My sincere appreciation to all the members of the Systems Design Department staff: 

especially Sue Gooding, Annette Dietrich, Carol Kendrick, and Heather Hergott, who assisted me 

during the Program. 

Last but not least, I would like to express my deepest gratitude to my family for their love 

and unconditional support. 

V 



Dedicated to 

Beatriz, 

Cloris, 

Jose, 

and Luiz.a 

vi 



Table of Contents 

1. I:N'TRODUCTION ................................................................................................................................. I 

1.1 INIRODUCTION .................................................................................................................................. 2 
1.2 SCOPE AND Otrn.lNE .......................................................................................................................... 4 
1.3 ORGANlZATIONOFTI-IECHAPTERS ...................................................................................................... 5 

2. LITE.RA TURE RE VIEW ..................................................................................................................... 8 

2.1 RESERVOIR OPERATION PROBLEM ..................................................................................................... 9 
2.1.l Introduction ............................................................................................................................... 9 
2. 1.2 Deterministic Approach ............................................................................................................ l 2 
2.1.3 Stochastic Approach ................................................................................................................. 14 
2.1.4 Types of Policy ......................................................................................................................... 16 
2. 1.5 Single Reservoir ....................................................................................................................... 20 
2. l. 6 Multiple Reservoir System ........................................................................................................ 2 l 
2. l. 7 Water Resource Systems Simulation ......................................................................................... 23 

2.2 STOCHASTIC DYNAMIC PROG~G ................................................................................ ············ 26 
2.2.1 Dynamic Programming ............................................................................................................ 26 
2.2.2 Properties of Dynamic Programming Applications .................................................................. 27 
2.2.3 Stochastic/Probabilistic Dynamic Programming ....................................................................... 32 
2.2.4 Stochastic Dynan,ic Programming ............................................................................................ 34 
2.2.5 Discretization Approaches ........................................................................................................ 39 
2.2.6 Steady-State Optimization ........................................................................................................ 45 
2.2. 7 Real - Time Optimization ......................................................................................................... 49 

2.3 AOOREGATION/DEC0MPOsmoN ME'IHODOLOGY ................................................................... ·········. 52 
2.3. 1 Review of the Previously Existing Methods ............................................................................... 52 
2.3.2 Decomposition in Time ............................................................................................................. 53 
2.3.3 Hierarchical Optimization ........................................................................................................ 53 
2.3.4 Decomposition in space ............................................................................................................ 58 
2.3.5 Decomposition Method/or Long-Term Scheduling of Reservoirs in Series ............................... 61 
2.3. 6 Multi-level Approximate Aggregation/Decomposition - Stochastic Dynamic Programming 
(MAM-sDP) Methodology ................................................................................................................ 66 
2.3. 7 Stochastic &tension of the Benders Decomposition ................................................................. 7 l 

2.4 SlllvO,IARY ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 77 

3. PROPOSED METHODOLOGY AND TESTS PERFORMED .................... - ................................. 79 

3 .1 INIR0DUCTION ................................................................................................................................ 80 
3 .2 TEsT PROBLEMS AND PRELIMINARY REsULTS ....................................................................... ············ 82 

3.2. 1 Single Reservoir System ............................................................................................................ 83 
3.2.2 Objective Function ................................................................................................................... 85 
3.2.3 Three Reservoir System ............................................................................................................ 86 
3.2.4 Four Reservoir System .............................................................................................................. 90 

3.3 MAM-SDP wrra APPROXIMATE CoNDm0NAL PROBABILITIES ........................................................ 99 
3.3.l Main Results with the Four Reservoir System Test Problem .................................................... 102 

3 .4 PRINCIPAL COll,fPQNENTS ANALYSIS ............................................................................................... 104 
3. 4. 1 Test Problem3 antl Results ...................................................................................................... 110 

3.5 ExPEcrEo RE'I'URN-V ARIANCE OF RETURN RULE ........................................................................... 123 
3.6 Two-PASS MEAN-VARIANCE APPROACH ....................................................................................... 128 

3.6.l Algorithm/or 'I'wo-Pass Mean-Variance Approach ................................................................ 130 

vii 



3. 6. 2 Test Results ............................................................................................................................ J 3 J 
3.6.3 Multiple Reservoir Systems ..................................................................................................... 136 

3.7 SUMMARY ..................................................................................................................................... 143 

4. NORTH AMERICAN GREAT LA.KES CASE STUDY ................................................................. 14! 

4.1 INTRODUCTION .............................................................................................................................. 146 
4.2 GREAT LAKES REGION ................................................................................................................... 150 

4. 2. J Geographic description and climate ....................................................................................... I 50 
4.2.2 Hydrologic Background ......................................................................................................... 153 

4.3 GREAT LAKES WATER LEVELS AND FLOWS VARIATION .................................................................. 154 
4.3.J Hydrologicdata ..................................................................................................................... 157 
./.3.2 Basis-of-Comparison .............................................................................................................. 162 
4.3.3 Regulation Plarzs .................................................................................................................... 163 

4. 4 DEFil'l1ITION OF TI-IE PROBLEM ......................................................................................................... 173 
4.5 AGGREGATION Sc~ ................................................................................................................. 176 
4 .6 VALIDATION OF TIIE S™lJLA TION MODEL ...................................................................................... 177 

4. 6. l Results for the Simulation of the Great lakes Operation as defined by the /JC ....................... 178 
4. 7 COMPARATIVE RESULTS ................................................................................................................. 18S 

4. 7. I /JC 's Operation vs. Steady-State Optimization using Aggregation .......................................... 185 
4.8 STEADY-STATE OPTIMIZATION USrNG AOOREGATION AND THE PROPOSED MEnlOOOLOOY, TWO-PASS 

MEAN-V AR.IANCE APPROACH .............................................................................................................. 198 
4.8.J Results with the ProposedMeth<Xiolog}' .................................................................................. 198 
4.8.2 Whole System Considered ....................................................................................................... 199 
4.8.3 !Ake Ontario Considered Independent ................................................................................... 203 

4.9S~Y ..................................................................................................................................... 206 

5. CONCLUSIONS AND roRmER RESEARCH ............................................................................ 207 

5.1 OBJECTIVES STATE?vfENT ................................................................................................................ 208 
5.2 ACCOWLISfIEORESEARCHWORK ................................................................................................. 209 
5 .3 ftJRn£ER RESEARCH ...................................................................................................................... 212 

REFERENCES .............................................................................................. " .....................•...•••....•.•••. 21S 

APPENDICES ....................................................................................................................................... 22S 

APPENDIX A • NORTII AMERlCAN OREA T LAKES CASE STUDY ................................................................. 226 
APPENDIX B - JUSTIFICATION FOR THE METHODOLOGY EMPLOYED ......................................................... 244 
APPENDIX C • INPUr DATA TO THE GREAT LAKES CASE STIJDY ................................................................ 247 
APPENDIX D - lRANSffiON PR0BABllJTIES FOR 1llE NBS ......................................................................... 264 
APPENDIX F - GREAT LAKES OUIFLOWS ................................................................................................. 299 

viii 



List of Tables 

TABLE 2.3 .1. HIERARCfilCAL MODEL STRUCTURE FOR A MULTIPLE RESERVOIR HYDROELECTRIC SYSTEM 
............................................................................................................................................................. 53 

TABLE 3 - 1 DISCRETIZA TJON OF PROBABILITIES FOR TIIE INFLOWS ......................................................... 83 
TABLE 3 - 2 AVERAGE MONTH!. Y INFLOW AND RETURN COEFFICIENTS .................................................. 84 
TABLE 3 - 3 MAxlMUM AND MINIMUM MONTHLY STORAGE CAPACITY AND MAxlMUM AND MINIMUM 
RELEASES FROM TIIE RESERVOIR ........................................................................................................... 84 

TABLE 3 -4 MEAN AND STANDARDDEV1ATIONOFNATIJRALINFLOWTORESERVOIR 1 .......................... 87 
TABLE 3 - 5 ACTIVE STORAGES FOR PROBLEMS 1 AND 2 ........................................................................ 87 
TABLE 3 - 6 AVERAGE V ALOES FOR THE INFLOWS PER MONTI-I lN UNITS OF VOLUME ............................... 91 
TABLE 3 - 7 MAxlMUM ADMissmLE STORAGE CAPACITIES OF TIIE RESERVOIRS PER MONIH IN UNITS OF 
VOLUME ................................................................................................................................................ 92 
TABLE 3 - 8 MAxlMUM ADMISSmLE RELEAsES FROM nm RESERVOIRS PER MONIH rN UNITS OF VOLUME 
............................................................................................................................................................. 92 
TABLE 3 - 9 RETURN DUE TO POWER GENERATION PER UNIT OF VOLUME RELEASED PER RESERVOIR AND 
PER MON1ll (COEFFICIENT C} ................................................................................................................. 93 
TABLE 3 - 10 CASE I - MAM-SOP {WITH ADJUSTMENT OF RELEASE POLICIES) .................................... 103 
TABLE 3 - 11 CASE 2 - TURGEON METHOD (NO ADJUSTMENT OF RELEASE POLICIES) ............................. 103 
TABLE 3 - 12 CASE 3 - MAM-SOP (WITH MARGINAL OISTRIBt..mON OF RELEASES) .............................. 104 
TABLE 3 - 13 CASE 4 - MAM-SOP (AS CASE 3 PLUS CONSIDERING PENALTIES FOR rnE SPil.LS) ........... 104 
TABLE 3 - 14 ANALYSIS OF VARIANCE USING PRINCIPAL COMPONENTS ANALYSIS APPLIED TO PROBLEM 1 
OF THR.EE RESERVO[R. SYSTEM {FIRST TEST) ......................................................................................... 110 
TABLE 3 - 15 ANALYSIS OF VARIANCE USING PRINCIPAL COMPONENTS ANALYSIS APPLIED TO PROBLEM 1 
OF THR.EE REsERVO[R. SYSTEM {SECOND TEST) ..................................................................................... 111 
TABLE 3 - 16 ANALYSIS OF VARIANCE USING PRINCIPAL COMPONENTS ANALYSIS APPLIED TO PROBLEM 2 
OF nIREE RESERVOIR SYSTEM(FIRSTTEST) ··························--······ ....................................................... 113 
TABLE 3 - 17 ANALYSIS OF VARIANCE USING PRINCIPAL COMPONENTS ANALYSIS APPLIED TO PROBLEM 2 
OF THR.EE RESER.VOIR. SYSTEM(SECONDTEST) ..................................................................................... 113 
TABLE 3 - 18 ANALYSIS OF VARIANCE USING PRINCIPAL COMPONENTS ANALYSIS APPLIED TO FOUR 

RESERVOIR SYS'I'Elvf (FIRST TEST) ......................................................................................................... 116 
TABLE 3 - 19 ANALYSIS OF VARIANCE USING PRINCIPAL COMPONENTS ANALYSIS APPLIED TO FOUR 

REsERVOIR. SYSTW (SECOND TEST) ..................................................................................................... 117 
TABLE 3 - 20 COEFFICIENT OF VARIATION FOR nm ANNUAL RETURN, PER RESERVOIR AND FOR nm 
SYSTE!d ............................................................................................................................................... 119 
TABLE 3 - 21 PRINCIPAL COMPONENTS ANALYSIS APPLIED TO FOUR REsERVOIR SYSTEM (FIRST TEST) 119 
TABLE 3 - 22 PRINCIPAL COMPONENTS ANALYSIS APPLIED TO FOUR RESERVOIR. SYSTEM (SEC. TEST). 120 
TABLE 3 - 23 COEFFICIENT OF VARIATION FOR THE ANNUAL RETURN, PER REsERVOIR. AND FOR TIIE 
SYSTEtd. ............................................................................................................................................... 122 
TABLE 4 - l GREAT LAKES PHYSICAL AND HYDROLOOIC DATA. ........................................................... 1S l 
TABLE 4 - 2 EFFECT OF TIIE MAJOR DIVERSIONS ON LAICES LEvELs (FT.) ............................................. 156 
TABLE 4 - 3 HISTORICAL MEAN VALUES FOR raE NET BASIN SUPPLIES TO THE LAKES {VALUES IN TCFS-

MONrn) ............................................................................................................................................... 161 
TABLE 4 - 4 HISTORICAL STANDARD DEVIATION V ALOES FOR nm NETBASIN SUPPLIES TO nIE LAKES 
(V ALtJES IN TCFS-MON1ll) .................................................................................................................... 161 
TABLE 4 - 5 MAxlMuM AND MIN1MuM SUGGESTED LEvELs AND RANGES ............................................ 163 
TABLE4- 6 MONTin.YVALUESFOR lllERO PARAMETER.. ..................................................................... 167 

iY 



List of Illustrations 

FIGURE 2. l. I . SCHEME OF TIIE CONTROL DECISION PROCESS............................................................... 17 
FIGURE 2.1. 2. SYSTEM OF A Sll'lGLE RESERVOIR. ................................................................................... 20 
FIGURE 2.1. 3. SYSTEM OF REsERVOIRS IN SERIES ................................................................................. 21 
FIGURE 2.1. 4. SYSTEM OF RESERVOIRS IN PARALLEL ............................................................................ 22 
FIGURE 2.1. 5. SYSTEM OF RESERVOIRS WITH MIXED CONFIGURATION .................................................. 23 
FIGURE 2.2. 1. OP11t.llAL PATIi EXA!l.iPLE ............................................................................................... 27 
FIGURE 2.2. 2. GENERAL SCHEME FOR OP IN RESERVOIR. OPERATION PROBLEMS .................................. 30 
FIGURE 2.2. 3. DISCRETIZATION Scl-lE?dE .............................................................................................. 31 
FIGURE 2.2. 4. STOCI-IASTIC DP .......................................................................................... ··················· 33 
FIGURE 2.2. 5. SAVARENSKIY'S DISCRETIZATION SCHEME ..................................................................... 42 
FIGURE 2.2. 6. MORAN'S DISCRETIZATION SCliE!'¥1E ............................................................................... 42 
FIGURE 2.2. 7. TYPE 1 DISCRETIZATION ScliE!l,ilE ................................................................................... 44 
FIGURE 2.2. 8. TYPE 2 DISCRETIZATION SCHEME ................................................................................... 44 
FIGURE 2.2. 9. OVERALL OPERATION OPTIMIZATION MODEL ................................................................. 50 
FIGURE 2.3. 1. HIERARCHICAL MODELFORMULTIRESERVOIR SYSTEM .................................................. SS 
FIGURE 2.3. 2. COORDil'lATION BETWEEN STEADY-STATE AND MID-TERM OPTIMIZATION ........................ 56 
FIGURE2.3. 3. REAL-Tll¥mOPTMZATIONMODEL ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ......... 57 
FIGURE 2.3. 4. MULTIPLE RESERVOIR SYSTEM ...................................................................................... 62 
FIGURE 2.3. 5. MULTIPLE RESERVOIR SYSTEMWllHN-1 RESERVOIRS AGGREGATED .............................. 64 
FIGURE 3 - 1 SCHEME OF TIIE Sll'lGLE RESERVOIR SYSTEM ..................................................................... 8S 
FIGURE 3 - 2 ScHEME OF THREE REsERVOIR SYSTEM IN SERIES ........................................................... 88 
FIGURE 3 - 3 SCHEME OF TIIE 4 REsERVOIR SYSTEM ............................................................................ 94 
FIGtJRE 3 - 4 FIRST STAGE Scf-lE!ll(E ...................................................................................................... 9S 
FIGtJRE 3 - s SECOND STAGE Sc~ .................................................................................................. 96 
FIGURE 3 - 6 TfURO STAGE ScflEME ..................................................................................................... 96 
FIGURE 3 - 7 CoNDmONAL PROBABll.lTIES FOR nm RELEAsES FROM REsERVOIR 1 ............................ 101 
FIGURE 3 - 8 MARGINAL PROBABILITIES FOR THE RELEAsES FROM REsER.VOIR l ................................ 102 
FIGURE 3 - 9 Fl.OWCHART OF DEFINITION OF MAM-SDP AGGREGATION SCHEME ............................... 109 
FIGURE 3 - l O PERFORMANCE VERSUS V ~CE OF rnE RETuRNS, THREE RESERVOIR SYSTEM, 
PROBLEM 1 .......................................................................................................................................... 112 
FIOURE 3 - 11 AVERAGE ANNuAL RETuRN AND REsPECTIVE STANDARD DEVIATION, TuREE REsER.VOIR 
SYSTEM, PROBLat 1 ........................................................................................................................... 112 
FIGURE 3 - 12 PERFORMANCE VERSUS VARIANCES OF THE RETURNS, THREE REsERVOIR SYSTEM, 
PR.OBI-™ 2 .......................................................................................................................................... 1 14 
FIGURE] - 13 AVERAGEANNuALRETuRNANDRESPECTIVESTANDARDDEVIATION, THREEREsER.VOIR 
SYSTEM, PROBl..at 2 ........................................................................................................................... l lS 
FIGURE3 - 14 PERFORMANCEINDEXVERSUS STANDARDDEVIATION, FOUR.REsERVOIRSYSTEM ....... 118 
FIGURE 3 - l S PERFORMANCE INDEX AND STANDARD DEVIATION, FOUR RESERVOIR SYS1'EM .......... .. 1 18 
FIGURE 3 - 16 PERFORMANCE INDEX VERSUS STANDARD DEVIATION, FOUR REsER.VOIR SYSTEM. ....... 121 
FIGURE 3 - 17 PERFORMANCE INDEX AND STANDARD DEvlATION, FOUR RESERVOIR. SYS1'EM ............ 122 
FIGURE 3 - 18 E-V COtvlBltllATIONS .................................................................................................... 12S 
FIGURE 3 - 19 MODEL OF GRAPH OF EXPECTATION VERSUS RISK. ....................................................... 127 
FIGURE 3 - 20 fI.oWCHART OF Two-PASS MEAN-VARIANCE APPROACH ............................................ 129 
FIGURE 3 - 21 PERFORMANCE INDEX VERSUS RE5PEcTIVE STANDARD DEvlATION, SINGLE REsERVOIR 
SYS'l'Etd, SE'VERAL COEFFICIEl'll'S OF VARIATION ................................................................................. 132 
FIGURE 3 - 22 STANDARD DEVIATION OF PERFORMANCE INDEX VERSUS PROBABILITY OF DEFICIT, 
SINGLE REsERVOIR SYSTEM, SEvER.AL CoEFFICIENTS OF VARIATION ................................................... 133 

y 



FIGURE 3 - 23 STANDARD DEVIATION OF PERFORMANCE INDEX VERSUS PROBABll.ITY OF SPilL, SINGLE 
RESER.VO!R SYSTEM, SEVERAL COEFFICIENTS OF VARIATION ............................................................... 134 
FIGURE 3 - 24 PERFORMANCE INDEX VERSUS RESPECTIVE STANDARD DEVIATION, SINGLE RESERVO!R 
SYSTEM, SEVERAL COEFFICIENTS OF VARIATION ................................................................................. 13 5 
FIGURE 3 - 25 STANDARD DEVIATION VERSUS PROBABil.ITY OF DEFICIT, SINGLE RESERVO!R SYSTEM135 
FIGURE 3 - 26 STANDARD DEVIATION VERSUS PROBABILITY OF SPILL, SINGLE RESERVO!R SYSTEM .... 136 
FIGURE 3 - 27 PERFORMANCE INDEX VERSUS STANDARD DEVIATION, THREE RESERVOIR SYSTEM, 
PROBLEM 1 .......................................................................................................................................... 138 
FIGURE 3 - 28 PERFORMANCE INDEX VERSUS STANDARD DEVIATION, THREE RESERVOIR SYSTEM, 
PROBLEM 1 .......................................................................................................................................... 139 
FIGURE 3 - 29 PERFORMANCE INDEX VERSUS STANDARD DEVIATION, THREE RESERVOIR SYSTEM, 
PROBLEM 2 .......................................................................................................................................... 140 
FIGURE 3 - 30 PERFORMANCE INDEX VERSUS STANDARD DEVIATION, THREE RESERVOIR SYSTEM, 
PROBLEM2 .......................................................................................................................................... 141 
FIGURE 3 - 3 1 PERFORMANCE INDEX VERSUS STANDARD DEVIATION, FOUR RESERVOIR SYSTEM ....... 143 

FIGURE 4 - 1 LOCATION MAP ···············""···--····················--······· .. ············••oo••··••"""""·········"············ 147 
FIGURE 4 - 2 GREAT LAKES PROFILE .................................................................................................. 149 
FIGURE 4 - 3 SCHEMATIC DIAGRAM OF nm GREAT LAKES SYSTEM SHOWING OUTFLOWS AND 
SIGNIFICANT DIVERSIONS .................................................................................................................... 157 
FIGURE 4 - 4 SCHEMA TIC REPRESENTATION OF nm HYDROLOGIC PHENOMENA AFFECTINO TIIE GREAT 
LAKEs ................................................................................................................................................. 160 
FIGURE 4 - 5 GREAT LAKES REGULATION AND HYDROLOGIC REsPoNSE MODEL ................................. 169 
FIGURE 4 - 6 ScHEMATIC REPRESENTATION OF nm GREAT LAKES AGGREGATION APPROACH ............. 177 
FIGURE 4 - 7 COMPARISON BETWEEN COSTS USING HISTORICAL AND COSTS USING SYNTHETIC NBS . 178 
FIGURE 4 - 8 COMPARISON BETWEEN MONTHLY COSTS USING HISTORICAL AND SYNTHETIC NBS FOR 
LAKE SUPERIOR ................................................................................................................................... 179 
FIGURE 4 - 9 COMPARISON BETWEEN MONTHLY COSTS USING HISTORICAL AND SYNTHETIC NBS FOR 
LAKES MICHIGAN-HURON ................................................................................................................... 179 
FIGURE 4 - 10 COMPARISON BETWEEN MONTHLY COSTS USING HISTORICAL AND SYNlllETIC NBS FOR 
LAKE ST. CLAIR .................................................................................................................................. 180 
FIGURE 4 - 11 COMPARISON BETWEEN MONTHLY COSTS USING HISTORICAL AND SYNTIIETIC NBS FOR 
LAKE ERIE ........................................................................................................................................... 180 
FIGURE 4 - 12 COMPARISON BETWEEN MONTHLY COSTS USING HISTORICAL AND SYNTIIETIC NBS FOR 
LAKEONrARIO .................................................................................................................................... 181 
FIGURE 4 - 13 LAKE SUPERIOR - MONTHLY AVERAGE LEVELS AND RESPECTIVE STD DEVIATION ........ 182 
FIGURE 4 - 14 LAICES MICHIGAN-HURON - MONTHLY AVERAGE LEVELS AND REsPECTIVE STANDARD 
DEVIATION .......................................................................................................................................... 182 
FIGURE 4 - 15 LAKE ST. CLAIR- MONTHLY A VERAOE LEVELS AND RESPECTIVE STD DEVIATION ....... 183 
FIGURE 4 - 16 LAKE ERIE - MONTHI. YA VERAGE LEVELS AND REsPEcTivE STANDARD DEVIATION .... 183 
FIGURE 4 - 17 LAKE ONTARIO - MONTHLY AVERAGE LEVELS AND RESPECTIVE STANDARD DEVIATION I 84 
FIGURE 4- 18 COMPARISON BETWEEN ANNUAL COSTS OF OPERATION FOR THE ENTIRE SYSTEM ........ 187 
FIOURE 4 - 19 COMPARISON BETWEEN ANNUAL COSTS OF OPERATION FOR LAKE SUPERIOR ............... 188 
FIGURE 4 - 20 COMPARISON BETWEEN ANNUAL COSTS OF OPERATION FOR LAKEs MICHIGAN-HURON 188 
FIGURE 4 - 21 COMPARISON BETWEEN ANNUAL COSTS OF OPERATION FOR LAKE ST. Cl.AIR ............... 189 
FIGURE 4 - 22 COMPARISON BETWEEN ANNUAL COSTS OF OPERATION FOR LAKE ERIE ....................... 189 
FIGURE 4 - 23 COMPARISON BETWEEN ANNUAL COSTS OF OPERATION FOR LAKE ONTARIO ................ 190 
FIGURE 4 - 24 LAKE SUPERIOR - MONTHLY AVERAGE LEVELS FOR DIFFERENT TYPES OF REl.EAsE 
PoUCIESANDREsPECTIVE STANDARD DEVIATION ............................................................................... 191 
FIGURE 4 - 25 LAKES MICHIGAN-HURON - MONTHLY AVERAGE LEVELS FOR DIFFERENT TYPES OF 

RELEAsEPoUCIES AND REsPEcTivE STANDARD DEVIATION··················································--············ 191 
FIGURE 4 - 26 LAKE ST. Cl.AIR-MONTHLY AVERAGE LEVELS FOR DIFFERENT TYPES OF RELEAsE 
PoUCIES AND REsPEC'IlVE STANDARD DEVIATION ............................................................................... 192 
FIGURE 4 - 27 MONniL Y AVERAGE LEVELS FOR DIFFERENT TYPEs OF RELEAsE POUCIES AND 

RESPECTIVE STANDARD DEVIATION····································································································· 192 

Yi 



FIGURE 4 - 28 LAKE ONTARIO - MONTID.. YA VERAGE LEVELS FOR DIFFERENT TYPES OF REI.EASE 
POLICIES AND RESPECTIVE STANDARD DEVIATION ............................................................................... 193 
FIGURE 4 - 29 PROBABD..lTIES OF ExCEEDANCE FOR LEVELS FOR 1lIE FIVE LAKES - ABoVE nm MAxlMUM 
SPECIFIED ........................................................................................................................................... 194 
FIGURE 4 - 30 PROBABIT.ITIES OF EXCEEDANCE FOR LEVELS FOR THE FIVE LAKES - ABOVE nm MAxlMUM 
SPECIFIED ............................................................................................................................................ 194 
FIGURE 4 - 31 RELEAsE POLICY FOR n1E MONTH OF MAY FOR LAKE SUPERIOR VS. REST OF rnE SYSTEM 
AGGREGATED ...................................................................................................................................... 195 
FIGURE 4 - 32 RELEASE POLICY FOR THE MONlH OF DECEMBER FOR LAKE SUPERIOR VS. REST OF rnE 
SYSTEM AGGREGATED ......................................................................................................................... 196 
FIGURE 4 - 33 RELEAsE POLICY FOR THE MONlH OF MAY FOR LAKE ONTARIO VS. REST OF raE SYSTEM 
AGGREGATED ................................................. ······ ............................................................................... 196 
FIGURE 4 - 34 RELEASE POLICY FOR rnE MONTii OF DECEMBER FOR LAKE ONTARIO VS. REST OF THE 
SYSTEM AGGREGATED ......................................................................................................................... 197 
FIGURE 4 - 3 5 RELEASE POLICIES FOR LAKE ONTARIO CONSIDERED INDEPENDENT FROM THE REsT OF 1llE 
SYSTEM ............................................................................................................................................... 197 
FIGURE 4 - 36 ANNUAL COST VS. RESPECTIVE STANDARD DEVIATION FOR OPERATING TIIE SYSTEM 

UNDER DIFFERENT m' s ....................................................................................................................... 199 
FIGURE 4 - 37 ANNUAL COST FOR OPERATING THE SYSTEM UNDER DIFFERENT m's FOR THE SYSTEM AND 
PER LAKE ............................................................................................................................................ 200 
FIGURE 4 - 38 STANDARD DEVIATION FOR THE ANNUAL COST FOR OPERATING THE SYSTEM UNDER 
DIFFERENT 0>' s FOR TIIE SYSTE?l,1 AND PER LAKE .................................................................................. 200 
FIGURE 4 - 39 PROBABllJTIES OF ExCEEDANCE FOR LEVELS FOR THE FIVE LAKES FOR DIFFERENT m 'S -
ABOVE 1liE ~SPECIFIED ........................................................................................................ 201 
FIGURE 4 - 40 PROBABIUTIES OF ExCEEDANCE FOR LEvELs FOR THE FIVE LAKES FOR DIFFERENT a> ·s -
BELOW THE~ SPECIFIED ..................... ······· ............................................................................. 20 I 
FIGURE 4 - 41 ANNUAL COST VS. REsPECTIVE STANDARD DEVIATION FOR OPERATING rnE SYSTEM 

UNDER DIFFERENT m' s ....................................................................................................................... 203 
FIGURE 4 - 42 ANNUAL COST FOR OPERATING THE SYSTEM UNDER DIFFERENT m's FOR rnE SYSTEM AND 
PER LAKE ............................................................................................................................................ 203 
FIGURE 4 - 43 STANDARD DEVIATION FOR nm ANNUAL COST FOR OPERATING THE SYSTEM UNDER 
DIFFERENT 0> 's FOR nm SYSTEJ\{ AND PER LAKE .................................................................................. 204 
FIGURE 4 - 44 PROBABILITIES OF EXCEEDANCE FOR LEVELS FOR nm FIVE LAKEs FOR DIFFERENT a> ~s -
ABoVE THE~ SPECIFIED ........................................................................................................ 204 
FIGURE 4 - 45 PROBABILITIES OF ExCEEDANCE FOR LEVELS FOR nIE FIVE LAKES FOR DIFFERENT a> 's-
BELOW THE~ SPECIFIED ......................................................................................................... 205 
FIGURE E - l LAKE SUPERIOR, SIMULATION WI1ll HlsTORICAL AND SYNTHETIC NET BASIN SUPPLIES. 300 
FIGURE E - 2 LAKES MICHIGAN -HURON, SIMULATION wmt HISTORICAL AND SYNIHETIC NET BASIN 
SUPPLIES ............................................................................................................................................. 300 
FIGURE E - 3 LAKE ST. Cl.AIR, SIMULATION WI1ll HISTORICAL AND SYNIHETIC NET BASIN SUPPLIES 301 
FIGURE E - 4 LAKE ERIE, SIMULATION wrrn HISTORICAL AND SYNTHETIC NET BASIN SUPPLIES .......... 301 
FIGURE E - S LAKE ONTARIO, SIMULATION WITH HISTORICAL AND SYNTHETIC NET BASIN SUPPLIES ... 302 
FIGURE E - 6 LAKE SUPERIOR, COMPARISON BETWEEN UC AND OPilMIZATION POUCIES .................. 302 
FIGURE E - 7 LAKES MICHIGAN-HURON, COMPARISON BETWEEN UC AND OPTIMIZATION PoUCIES .... 303 
FIGURE E - 8 LAKE ST. Cl.AIR, COMPARISON BETWEEN DC AND OPTIMIZATION PoUClES ................... 303 
FIGURE E - 9 LAKE ERIE, COMPARISON BETWEEN UC AND OPTIMIZATION POLICIES ........................... 304 
FIGURE E - 10 LAKE 0NTARI07 COMPARISON BETWEEN UC AND OPilMIZATION POLICIES .................. 304 



Chapter 1 

Introduction 



Chapter l Introduction 2 

1. INTRODUCTION 

1.1 Introduction 

As the world population grows and its water demand become more diversified, it is necessary to 

develop more efficient ways of planning, designing, and managing those resources. Therefore, 

those involved in the Water Resources management developed and adopted many different 

stances of coping with this increasing demand using systemic approaches and optimization 

techniques. 

Regarding the case of reservoir operations, those presented below are among the most 

used methods in the existing literature. The following list of Linear and Dynamic Programming 

Methods as presented in Yeh (1982, 198S), Yakowitz (1982) and Pereira and Pinto (198S) is next. 

1. LINEAR PROGRAMMING METHODS (LP Models) 

• Deterministic LP 

• Chance Constrained LP 

• Stochastic LP 

• for Markov Processes 

• with recourse 

• Benders Decomposition Algorithm 

l. DYNAMIC PROGRAMMING MODELS (DP Models) 

• Incremental DP (IDP) 

• Discrete Differential DP (DOOP) 

• Incremental DP and Successive Approximations (DIPS) 

• Reliability-Constrained DP 

• Differential DP {DDP) 

• Progressive Optimality Algorithm 

Each of these methods can be used on its own or in combination with others depending on 

the characteristics of the reservoir system being studied. 
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When dealing with water resources systems one must be aware of the amount of 

uncertainty related to the nanual processes such as evaporation, rainfall, and temperature. Possible 

alternatives that try to deal with the uncertainty are the use of expected valu~ medians or even 

critical values in a deterministic model. However, under certain conditions, these procedures may 

lead to a poor perf onnance of the mathematical model proposed, reducing drastically its ability to 

produce satisfactory results. 

Therefore, it is important to recognize the intrinsic stochastic features of the natural 

stream flows and attempt to set up a model in which these conditions are taken into consideration 

explicitly. Nonlinearity is another feature that must be regarded along with the stochastic 

characteristics of the inflows. These two features resulted in the success of the approach originally 

formulated by Richard Bellman (1957), namely, Dynamic Programming (DP). 

The DP approach was veiy successful because it decomposes highly complex problems, 

with a great number of variables, into a series of small subproblems that can be solved recursively. 

Usually, a problem may be solved by DP in a number of different ways. The criterion used to 

choose among the different ways is to try to identify the one that is more efficient from the 

computational viewpoint. 

Unlike Linear Programming (LP) methods, with many software packages available in the 

market, a DP problem frequently has to be solved starting from the formulation of a fundamental 

algorithm, w1til it is finally coded in a computer. Thus, additional effort and computational skills 

are required to use this flexible approach. A Stochastic DP method accounts for the probability 

distribution of the natural streamtlow. The cost of a more realistic model is its increased 

complexity and dimensionality. 

This document focuses mostly on one of the available tools that deal with the tradeoff 

between computational tractability and the accuracy in modeling. It is called Multi-Level 

Aggregation/Decomposition Methodology using Stochastic DP (MAM-SOP), Ponnambalam and 

Adams (1993). The major objective of the present work is to assess the existing relationships 

between the expected returns versus variance of the expected returns when operating multiple 

reservoir systems. The relationships between the expected costs and their respective variances are 

studied as well. Once this relationship has been established and validated by means of 

experimenting with a Single Reservoir System, it is extended to the Multireservoir Case. Also, an 
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analysis of how this rapport affects the reliability of the system is presented. After the literature 

review and the extensive testing of the methodology proposed, the method is then applied to the 

North American Great Lakes System, as a case study. 

1.2 Scope and Outline 

This work concerns the Optimization of the Operation of Multireservoir Systems. The 

methodology used was Stochastic DP (SOP) because it has been shown to be the most suitable for 

obtaining closed-loop type policies, Turgeo~ ( 1981 ). Also, the optimization policies obtained are 

tested under Stochastic Simulation of the Operation of the Multireservoir System in order to have 

an accurate evaluation of its performance and shortcomings. 

In SOP, our main objective was not only to get the optimal trajectory of controls, but to 

have these controls as a function of time and storage as well. In order to overcome problems 

inherent to the well-known "curse of dimensionality", the Aggregation/Decomposition 

Methodology, Turgeon (1980, 1981) and Ponnambalam (1987), was employed. All the models set 

up were developed in Matlab 31
, which is a high level language that allows very concise 

programming instructions. One of the major tradeoffs, however, is the long computing time, 

especially within the "for" loops. On the other hand, Matlab• comes with a large library of 

functions and routines that, along with the concise programming instructions, reduces the coding 

effort. This reduction in coding effort is an important issue when considering the extent of the 

present task. Examples were taken from the literature on the subject to test the models. The main 

purposes of employing these standard test problems are the evaluation of the model's performance 

and validation of the methodology. Only after subjecting the models to these analyses it was 

decided to submit them to the real case application. The test-examples were previously used by 

Chow and Cortez-Rivera (1974), Murray and Yakowitz (1979), Chara and Pant (1984) and 

Ponnambalam and Adams ( 1993). During the test part, the probability distribution and 

discretization scheme suggested in Turgeon (1981) was used. Dming the real case study, a more 

refined approach had to be employed. As a means of validating the results, comparison between 

present operation policies is used. 
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1.3 Organizafion of the Chapters 

Chapter 2 reviews the existing literature on the subject. The first section presents in a brief fashion 

the Reservoir Operation Probl~ which introduces the problems involving the operation of 

reservoir systems. After presenting a simple analogy between Inventory Storage Theory and 

Storage Reservoir Theory, the Deterministic and Stochastic solution approaches are discussed. 

The differences amongst open-loop and closed•loop type policies, under the light of Control 

Theory are briefly stated. The mathematical formulations for solving Single and Multiple 

Reservoir Systems problems using the DP approach are described, as well as the advantages of 

water resource system model simulation for more precise analysis of the proposed control 

policies. (See Ponnambalam and Adams ( 1988).) 

In the second section of Chapter 2, the type of policies that are obtained in an operation 

optimization framework and explain the reason why the work is mostly concerned with a specific 

kind of optimiution is reviewed. The type of policy that is the most suitable to long-term 

operation is the closed-loop. This is obtained from a Dynamic Programming optiroi:iation 

( deterministic or stochastic) but it is usually computationally expensive. Important factors to 

consider when employing SOP in the Optiroizatinn of Reservoir Systems are the discretization 

schemes and the choice of a suitable convergence test. The long-term optimiz.ation is part of an 

overall optimization scheme that includes real-time operation optirnimon, and generally a mid­

term operation optimization that functions as a bridge between the two distinct time horizons. 

Because the interest is to optimize large systems employing SOP, the third section reviews 

the various methodologies that use aggregation to reduce the size of a large problem so that it 

becomes computationally tractable. This review is not comprehensive and it focuses on the 

methodologies that provide the necessary theoretical background to the MAM-SDP, which is one 

of the objectives of our study. It starts with the Composite Representation developed by 

Arvanitidis and Rosing (1970a, 1970b) and the Decomposition Method for Long-Term 

Scheduling for Reservoir in Series by Turgeon (1981). As MAM-SOP, developed by 

Ponnambalam and Adams (1993) is the chosen methodology, the review ends with it. Chapter 2 

closes with a brief introduction to the Stochastic Extension of the Benders Algorithm. 'Ibis 

algorithm provides a feasi"ble implementation for the optirninttion of the operation of large 

reservoir systems. This is because it decomposes the global optirnjnrinn problem into smaller 
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successive one-stage subproblems. Again, the analogy with DP is evident. A common feature to 

MAM-SOP and the Stochastic Extension of the Benders Decomposition is the possibility to speed 

up the computations by means of simultaneous execution. As both techniques are used for the 

optimization of the operation of reservoir systems, the former providing state derived policies and 

the latter open-loop type policies, they would provide complementary and useful infonnation on 

the long-tenn operating policies. Because these calculations can be solved in a parallel processing 

environment that will allow a significant reduction in computing time. 

Chapter 3 presents the proposed method and samples results from the tests conducted 

using the presented research. It is our purpose to improve the suboptimal policies obtained by the 

original MAM-SOP and a better approximation to the Conditional Distribution of Releases. 

Principal Components Analysis bas been employed as an additional means to define the 

aggregation scheme for solving multireservoir operation problems within the MAM-SOP 

framework. Different possibilities of aggregation are studied and summaries of the results with 

standard test problems shown. Further, the Expected Retum-V ariance of Return Rule is employed 

for multistage decision type of problem and an algorithm for doing so is described. It was possible 

to present a significant range of performances and the variances associated with them for the 

operation of reservoir system. It is expected that the methodology shown in this work could be 

applied successfully to different types of optirnizati'>n problems involving Stochastic Dynamic 

Programming. 

Chapter 4 presents an alternate closed-loop operation policy for the North American Gt-eat 

Lakes employing the methodologies described in Chapters 2 and 3, the latter developed in this 

work. Two synthetic sets of Net Basin Supplies for the five lakes are studied and two different 

sets of policies are suggested. The results are then compared with a simplified version of the 

actual operation by means of Stochastic Simulation. Once the optirnimtion model is thus 

validated, and the superiority of state derived long-term operation policies acknowledged, the 

Two-Pass Mean-Variance Approach is then applied. This approach is used to generate a set of 

combinations of the optimization of the objective function, i.e., mjnjmjzati,in of the annual 

accumulated distance from the target levels, and their respective variances (in the present case, 

shown as standard deviation). The implicit tradeoff in reducing the variances of the expected cost 

is their increase. 
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Finally, the conclusions and suggestions for extending the present research are in Chapter 

5. Most of the extensive data and part of the results obtained for the Case Study are listed in 

Appendices. 
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2. LITERATURE REVIEW 

2. 1 Reservoir Operation Problem 

2.1.1 Introduction 

There are several reasons for building a dam and consequently creating reservoir storage. 

Reservoirs are regulatory devices that act like a "buffer" to an input which is ruled by randomness. 

Some major reasons for constructing a reservoir can be listed as: 

• creation of water head for hydroelectric power generation; 

• regularization of the releases for either hydroelectric power, irrigation purposes, water 

supply, navigation or improvement of water quality; 

• attenuate the effects of big peaks of rainfall that might lead to flooding of 

downstream areas; 

• creation of a place for water based recreation; 

• creation of lakes, pools for maintenance offish and/or wild life in specific areas; and 

• a combination of any of the items above in any order or number. 

In his classic work, Moran (1959) defines the reservoir problem as a "sui generis" type of 

Inventory Storage problem because the output (demand, in the Inventory problem) is not 

considered ss random, but rather the input, which is represented by the inflows. As noted by that 

author, another way of considering the problem is by means of the Theory of Queues. An analogy 

can be drawn with the reservoir problem regarding the members of the queue that are lining up for 

service as the inputs and its length as the storage. The release policy can be translated as the 

service rule . 

Both Inventory Storage Theory and Storage Reservoir Theory can be associated with one 

another by a dual relationship, the former having random output and the latter random input This 

dual relationship can be brietly stated as follows. Consider, for the Reservoir Storage case, the 

very simple annual model, with the variables as explained below. 
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Smar - capacity of dam (maximum storage admissible); 

/ 1 - random input to reservoir during time interval t; 

S'+1 
- storage at the end of time t (i. e, after the release); 

R' - release during time period t, 

where R = min(Q, 1' + S' ), Q being a definite quantity. 

10 

The variables above can be associated with the following for the Inventory Storage 

Problem: 

Sm,u - store capacity (finite); 

f - random demand in the time interval t; 

Ft - quantity being stored in the time interval t; 

Namely, the decision rules for Rare given by 

1. Release Q < Smu if there is at least the amount Q stored in the dam; 

2. Release I'+ S' if Q >I'+ S' 

Also, let us define deficit (here signifying storage space available in the dam) as 

Def' = Smax - S'; 2.1. I 

which is a random value and it can be reinterpreted as the stock in a store or warehouse for the 

Inventory Storage case. During each time interval t., there is a demand I associated with it. 

Therefore, 
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2.1. 2 

it is possible to satisfy the demand and the stock is given by Smax - /' - S'. From the 

reservoir operation point of view, this means that it is possible to store the coming inflow 

an~ in the Inventory problem, the space still available in the warehouse would be equal to 

that amount. 

2) if Sm•x -S' < I', 2.1. 3 

it is not possible to satisfy the demand and the stock is equal to zero. This event has 

correspondence with overflow or spill. At the end of each period, the amount of stock 

renewal can be given as min (Q, Smax - I' - S' ). See the release rule in the previous page. 

For the cases where it is not possible to satisfy the demand, it should remain under this 

condition. In the storage case, this is equivalent to spill. 

This simple example illustrates the dual relationship between the dam storage problem 

and the Inventory problem and was first presented by Moran ( 1959). 

Although intuitive and trivial nowadays, it has not always been obvious that if the design 

supply was of greater magnitude than the average long-term inflow to the reservoir, the problem 

had no feasible solution. This is because the initial question posed by researchers and engineers 

alike in the area of water resources management was "how big must a reservoir be if it is fed by a 

natural stream, in orde, to be able to provide a steady supply of water of a prescribe_d 

magnitude?" A relatively more recent preoccupation was that even for an average draught smaller 

than the average inflow, the reservoir was not always able to continuously provide the supply. The 

difference between botl;i questions is that while the first poses an unconstrained problem, the 

second one addresses the issue of reliability. 

Klemd ( 1987), in his excellent extended review of Applied Storage Reservoir Theory, 

points out that since the beginnings of the Theory of Storage Reservoir, two fashions of 

approaching the reservoir problems were clearly defmed: 
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• deterministic approach 

• stochastic approach 

2.1.2 Deterministic Approach 

According to Kleme~ (1987), the first rigorous attempt to systematize the Reservoir Storage 

Theory was established by Rippl in 1883. The major contribution in Rippl' s work was to 

recognize the cumulative effect of two or more consecutive dry years, instead of just taking into 

account the worst case, or the driest year in record. Besides that, he also set up a S-Olution method 

that computes the minimum storage requirements for a given specified target draught. Klemd 

(1979), describes it as a "backward moving, forward looking recursive sequential maximization". 

With the necessary adjusnnents, this method is still in use, and available in software packages as 

the "sequent peak algoritbm11
• 

Although Klemes (1987) reckons those achievements as Rippl's most important 

contributions, he is still better known in the present as the creator of the "mass-curve technique" 

and not as the person who figured out that the best way of representing "the series of reservoir 

inflows as residual mass curve computed with respect to the desired reservoir draft or target 

release." An important factor for the fast acceptance of the mass-curve technique by the technical 

world of that period was the ease of graphical implementation of the method. However, this is not 

crucial to the method today because computers allow us to perform the calculations in a numerical 

fashion very efficiently. 

Rippl's method has at least two disadvantages which can be summarized as follows: 

/. Historical records were used in the methodology but, of course, the future inflows are 

unknown. This means that just one realization of the stochastic process is ~ and 

important statistical information regarding the process not explicitly considered. As 

Butcher and Fordham (1970) put it, this is a problem inherent to all deterministic 

methodologies. 

2. The starting point for the reservoir working cycle to generally docs not coincide with 

the starting point of the recorded past inflows. The consequence of this is that the first 
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computed cycle is generally incomplete, adding more uncertainty on the storage 

capacity thus obtained. 

To attenuate the effects of item 2 mentioned above, two practices were adopted. 

• The European School used what was called "two-cycle" computatio~ making the 

ending storage equal to the initial one. In this situation there is a closed water balance. 

• On the other ban~ the American School used to start the computations with full 

reservoir, as appears in Hazen's paper (1914). 

Thomas and Burden ( 1963) introduced the "two--cycle" along with the well-known 

"sequent peak algorithm", which is essentially Rippl's method modified. Klemd (1987) notes 

very appropriately that even though they acknowledged the originality of the method to Rippl 

himself, the "sequent peak algorithm" is commonly widerstood as their original contribution. 

Finally, when studying the optimal storage capacity for the large Aswan Dam, aiming at 

the complete regulation of the Nile River, Hurst ( 19S 1) realized that his computations would not 

point to an asymptotic value for convergence. The availability of long series of recorded inflows 

showed that the convergence was not possible. The immediate implication is the acknowledgment 

that it is virtually impossible to construct a failure proof storage reservoir. Hipel and McLeod 

( 1994) present an appraisal of the research developed concerning the Hurst phenomenon and the 

Hurts statistics. Hurst (1951), when calculating the storage required to yield an average annual 

discharge employed what is known as the cumulated range. This "is obtained by computing the 

cumulative sums of the departure of the annual totals from the mean annual total discharge", Hurst 

( 195 l ). The required storage is the difference between the maximum and the minimum cumulative 

totals. This range can then be nonualized by the general standard deviation, i.e., rescaled and 

adjusted by means of a constant coefficient. From Hipel and McLeod (1994), the asymptotic 

formula for identically independently distributed random variables with finite variance is 

2.1. 4 

where 
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R.v • - cumulated rescaled adjusted range (maximum adjusnnent to a level of development), 

E - expectation operator. 
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The exponent of N, the size of the available time series, has a limiting value of % . 

However, Hurst, for an annual time series of size 690 obtained a much greater value of 0. 73. The 

difference between the limiting value and the one obtained by is called the Hurst phenomenon. 

2. 1 .3 Stochastic Approach 

Before briefly reviewing the development of the stochastic approach in the last hundred year5y it is 

advisable to justify the use of stochastic methods instead of the deterministic ones. This is because 

the uncertainty definitely makes the problems much more difficult to deal with. 

The preferred approach used by engineers when designing is to employ either the average 

values (m~ median) or the critical ones (the worst cases). This is recommended when the 

variations around these values are of small magnitudes and can be neglected. However, as 

explained in Loucks, Stedinger, and Haith (1981), and Wagner (1975) it is erroneous to assume 

that 

2.1. S 

That is to say, the expected value of a nonlinear function (even if the dynamics is linear 

the existence of storage bounds would make it nonlinear) does not coincide with the mapping of 

the expected values of the variates. For more details the reader is referred to Fletcher and 

Ponnambalam (1998). 

Contraty to the deterministic approach, which wu slowly and steadily developed since 

the introduction ofRippl's method, the stochastic approach appeared in a sudden fashion. Hazen's 

paper (1914) pioneered with the introduction of statistical concepts such as risk of failure year, 

storage-yield-reliability (S-Y-R) and the idea of stochastic simulation for the stream.flow series. 

For this purpose, he used standardized streamtlow values, in a sense that they represented the 

average values for an entire region. In this way, some general common statistical parameters were 
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preserv~ producing results comparatively acceptable. Besides, in order to assess different mean 

flows, he used the coefficient of variation, by nonnalizing the standard deviations by their 

respective means. 

Suddler ( 1927) pushed the envelope created by Hazen, improving the computation of the 

failure periods and the simulation of streamflows using probabilistic models. Barnes ( 1954) 

refined Suddler's work using different types of probability distributions to the streamflow data 

and improving the sampling methodology. Working directly with the probability distribution of 

inflows, Kritskiy and Menkel (1935) obtained the stationary value of reservoir reliability 

employing a model with random annual inflows. 

Only five years later, in 1940, Savarenskiy ( 199S) proposed a "numerical sequential 

scheme for obtaining stationary distribution of storage for the case of random inflows and a given 

draft" Kritskiy and Menke) immediately incorporated a graphical version of it into their own 

model. It is of interest to note that, Savarenskiy, an engineer, was the first to define empty 

reservoir as a state, when computing the transition probabiliti.~ something that became an issue 

only later, by mathematicians in the search for rigorous representation of empty and full reservoir 

states. 

Moran (19S4), an Australian statistician and probabilist, proposed the following matrix 

formulation for the discretized stationary distribution of storage. The now classical Moran annual 

model is given by 

p = Pp, where 

p - vector of stationary distribution of storage, 2.1. 6 

P - transition probability matrix, obtained from the distribution of inputs. 

One year later, Moran (19S5), extended his annual model to an arbitrary nmnber of 

seasons, where each season has its own matrix of transition probabilities. In contrast with the first 

model, where a two-step procedme was used (i.e., in the first step only the inputs were taken into 

account, whereas in the second, only the release), here the net storage changes were considered. 
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The model is now 

p = p(k)pfk-lJ .. _pf2Jp(1Jp 

and as the previous one, solved for 

~nP· = I· £-t I , 

with n standing for the number of states 

Making 
p = ptk)p(k-1). • _pf2)pflJ 

and we obtain equation 2.1.5. 
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2.1. 7 

2.1. 8 

2.1. 9 

One of the ways Moran ( 1954) proposed for computing equation 2.1.8, multiplying 

several times P by p until the fonner converges to the steady•state values, where all the rows are 

composed by vectors of equal values, is still practical in the present time with the help of 

computers. Interestingly enough, this formulation is the analytical analogue of the graphical 

method used by Kritskiy and Menke! (199S), also in 1940, when adapting Savarenkiy's 

formulation. These two seminal papers for the theory of stochastic reservoir were translated to 

English by Klemd (199S) and recently published. Moran (1959) also stressed out the differences 

between discrete models, employed to solve applied problems, object of this work, and the more 

mathematical approaches that use continuous models. 

Following Moran's work, Gould (1961) die.aggregated the annual flows into monthly ones 

and Lloyd (1963) and Kaczmarek (1963) solved the operation problem for serially correlated 

inflows, all situations referring to single reservoir case. 

2. 1.4 Types of Policy 

There are two ways of obtaining control release policies in a reservoir system, either Single 

Reservoir System or Multireservoir System. First, an introduction to the control theory model is 

described followed by an analogy with Markov Decision Processes, which is the main interest of 

this work. Then the types of policies that are possible to obtain ftom these systems are defined as 

well as their possible applications. 
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2.1.4. 1 Model Formulation 

To obtain control release policies according to the control theory model it is necessary to present 

the following definitions. Given state space S, control set U, and disturbance set .Q, which are 

subsets of fllk, film and flln respectively, the state of the system at time I+ J, s1
• 

1
, is related to the 

state of the system at time ,, s', to the control used at time I, u', and to the disturbance at time t, al, 

through the "law of motion" which is also known as the system equation. It is assumed that the 

distribution of n is given by a probability function q(-). This disturbancecd is the realization of 

the random variable t1. 

For a given state st, the decision maker or controller takes a decision u', :ftom the 

admissible set of decisions and, as a result, the system obtains a reward, g (s', u~. These decisions 

are taken according to the decision rules which are fimctions d: S ➔ A., defining the kind of action 

for given states at epoch ,. Also, for each s E S, d (s) E A.,. Depending on the definition of the 

probl~ it can incur in a cost The evolution of the process is determined by the disturbance, and 

consequent decisions and states. The illustration of this process follows. 

cJ 
.. 

~ 

s', 1i 
r 

s'+ 1 = J (s', u', «I) t+J s 

t+l➔ t 

CONTROL 
~ 

~ 

u,+1 = d+I (s'+J) 

Figare 2.1. 1. Schane or the Control .Decision Process 
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where/ is a vector-valued function mapping S x U x n into S. Putting the above in a Markov 

decision process formulation, we get: 

Decision epoch: 

T = {1,2,···, N}, N ~ a:> 

States: 

Now, let A = Vs,sA.1, In other words, the set of allowable actions when the system is in 

state s is given by As. Then, define an action a, a E A. Therefore, for possible actions when the 

system is in s: 

As =Us, Us being the possible decisions (control actions). 

Rewards: 

r' (s,a) = g' (s,a), t < N, 

r N (s) = gN, t = N when N < co 

Transition probabilities: 

p'(Jls,a) = P[O' e {a, eQ./ = /'(s,a,@)}] = Lq'(w) 2.1. 10 
{4H0:J•/'(s,a,a,)t 

The major difference when approaching a problem either as a control problem or as a 

Markov decision process are the transition probabilities. While they have to be computed in the 

former, they are decisive for the latter. 
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2.1.4.2 Open-Loop Policy 

Reservoir systems are subject to the periodic behavior of the weather along the year. This behavior 

results in a cyclic pattern of the in.flows. The most simple type of control policy is the one that 

accowits only for the time period and the given initial condition. This type of policy provides a 

decision rule in which d = a, for all s E S and a E A. It does not take into account the state of 

system at given time, therefore does not depend on observations to make a decision. Revisions of 

the policy are not possible once this one is defined. It is easier to implement than others but the 

policies are usually conservative, thus suboptimal. It is suitable for real-time or short-term 

decision processes, especially because it enables fast computations, being comparatively less 

expensive than those mentioned below. Linear and Nonlinear Programming are examples of 

optimization methods that provide the operator with Open-Loop type policies. 

To attenuate the lack of state information in an open-loop type of policy, in repetitive 

control strategies, some feedback is returned to the system operator who notes the effect of the 

applied policy and corrects it when needed. The feedback is usually composed of information on 

the state of the system and prediction of the disturbances. These predictions have to be accurate, 

what can be accomplished by establishing short time horizons. 

2.1.4.3 Adaptive Control 

Adaptive Conttol is also known as closed-loop policy. The optimal decision rules arc obtained 

considering the present state of the system at a given time t. To make a parallel between the open­

loop and closed-loop type policies, it suffices to expand the idea of computing the former type 

for all possible initial conditions. Also, taking into account the state, which is feedback, it adapts 

the decisions according to the state. If the reservoir is above the expected level, the policy would 

allow the dispatcher to release more and vice-versa. With the additional decision information, the 

stabilization of the system for different situations from those initially considered is faster and 

more efficient. 

The computations are much more complex and some kind of compromise is usually 

required. As a consequen~ sub-optimal policies are expected. Although feedback gives 

robustness to the formulation, a necessary assumption is the complete knowledge of the statistical 
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characteristics of future observations, provided by the probability distribution functions of the 

disturbances. 

2.1.5 Single Reservoir 

d 

Figure 2.1. 2. System ora Single Reservoir 

In a system consisting of a single reservoir, the transfer from one state to the other is 

represented by the following continuity equation 

2.1. 11 

subject to the constraints on states or storages: 

2.1. 12 

and the constraints on decisions or releases: 

2.1. 13 
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where 

S - storage (state), 

I - Inflow (disturbance), 

d- Release (decision), 

e - all losses, including evapotranspiratio~ seepage., and others, 

t- period 

The accumulated return for a given time interval is given by 

where 

~·' - stands for the state at the beginning of period t, 

21 

2.1. 14 

,' - return ( which can be given either as a reward function or a cost function with respect the 

decisions or the states or a combination of both), 

T - end of the total time period considered. 

2.1.6 Multiple Reservoir System 

The types of reservoirs that might appear in this work can have the following configurations. 

In series: S/ 

S/ 

Fipre 2.1. 3. Systenl of Retervoin in Series 
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The transfer equation becomes 

S t S t-1 [ t d t d t 1 
k = k + k + k-1 - k - e k 2.1. IS 

do' being a dummy variable with value zero. 

1n Parallel : 

S/ 

Figure 2.1. 4. System of Reservoirs in Parallel 

The transfer equation becomes 

S t S t-1 / t d t t 
le = k + k - k -ek 2.1. 16 

A more general type of transfer equation, can be written as follows 

J M 

S I s t-l ~I I ~d I d I I 
k = k + ~ ltJ + ~ k-lnr - k - ek 2.1. 17 

J•l mal 

where 

J - total number of contributing inflows to reservoir; 

M .. total number of contributing releases to reservoir coming from upstream ones. 

Or, of a mixed type (using a configuration that is very common in water resomces 

literature, with small adaptations). This is an arbitrary configuration, it is used here just as an 

example: 
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S/ 
d./ 

S/ 

d/ 

Figure 2.1. 5. System of.Raenroin with Mixed Configuration 

And, assuming the rewards are separable by reservoir, the total return for an arbitrary time 

interval is 

2.1. 18 

where 

(s 1-1 d t) , (S r d 1) 1+l (S 1+1 d t+l) T (S T d T) 
rk k • k = r k ' k + r k • k + .. . +r k ' k 2.1. 19 

2. 1. 7 Water Resource Systems Simulation 

To evaluate the performance of the reservoir system and its control policies, it is interesting to set 

up a mathematical model that replicates the desired operation. Using the historical data, is possible 

to observe how the model would have behaved in the past However, as the length of the 

recordings rarely exceeds two hundred years, the historical data is nothing but one of the possible 

realizations of the stochastic process that generated the disturbances. A more thorough analysis 

would cover at least some of the all possible proces.1e5. Thus, one must obtain the statistical 
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parameters of the process and set up a mathematical model that generates synthetic data with the 

same stochastic characteristics of the historical one. With long synthetic streamflow sequences one 

can analyze the response of the system to inputs that might contain longer and more extreme 

conditions than those recorded in the past, Askew, Yeh, and Hall. ( 1971 b ). 

There are two reasons for the use of simulation models in Water Resources, namely: 

A. To overcome mathematical difficulties in setting up the model, the simplifications 

assumed are such that the modeler believes it does not correspond to the actual 

problem. 

B. The inherent complexity of the analytical model is so great that makes it 

mathematically intractable. 

The purpose of this work is to analyze the performance of the control policies/decisions 

under a more demanding environment that tries to emulate, within the limitations imposed by the 

simplifying assumptions, the operation of the system. Nevertheless, these control 

policies/decisions were derived from an optimi:,ation model as will be described in the next 

chapters. 

The idea of using the Monte Carlo Method, which was termed by von Neumann, in the 

1940' s, originated from a very simple statistic concept. 

Let us suppose the following integral is to be evaluated 

I 

I= f g(x)dx 2.1. 20 
0 

Also, let us define the random variable s, with uniform distribution in the defined interval, 

i.e., (0,1). Now, forming the random variable y = g(s), the payoff function of the system design. 

l 1 

E{g(x)} = J g(x)f,Jx)dx = J g(x)d:c 2.1. 21 
0 0 
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It follows that T/y = /, T/y is the expected value (mean) of y. Where I = E{g(x)). E being 

the expectation operator. A valid manner of evaluating I is repeating the experiment several times, 

observing the values x; and computing the respective g(xJ. We can say that 

2.1. 22 

and n is the nUDlber of times the experiment is repeated (frequency interpretation) and the 

equation above referring to obtaining the estimate of expected value for the random variable y. 

(See Papoulis, ( 1991 ). ) 

Suppose now that it is possible to reproduce numerically an experiment a large number of 

times, and s represents a physical quantity. Also, define x, as the values that x assume during this 

experiment. Then 

1 
I= E{g(x)} = - Lg(x,) 

n 
2.1. 23 

Therefore, after generating synthetic streamflow sequences, it is possible to evaluate and 

assess the performance of the model without having to recourse to the actual operation. Because a 

detailed computer program is able to reproduce mathematically most of the complex interactions 

that occur within the system allowing the assessment of weaknesses and eventual pitfalls. 

However, as is always necessary to introduce at least some approximations, the modeler must 

always exercise critical analysis and carefully assess their effects in the numerical results .. 

The synthetic stream.flow generation techniques available allow the researcher to test his 

model for types of sequences that might not have occurred in the historical records of streamflows 

but are likely to happen in the foreseeable future. With this regard, it is noteworthy to mention that 

the recent publication by Hipel and McLeod {1994) covers a broad spectrum of the techniques 

used to simulate multiperiod and multisite time series. Other interesting contnbutions are the 

technical reports from the Water Resources Center, California, by Asfur and Yeh (1971) and the 

one by Askew and Yeh ( 1970a). The former, although dated, has a good synthesis of what has 

been done up to that year while the latter focuses mostly in the simulation of critical periods. 
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2.2 Stochastic Dynamic Programming 

2.2. 1 Dynamic Programming 

The Dynamic Programming (DP) method, initially formulated by Richard Selim~ is a multistage 

decision process optimization. According to his wife, Nina Bellman ( 1989), the author himself said 

that rather than Dynamic Programming, it is a Theory of Multistage Decision Processes. The 

reason for the now popular name was the need for funds. As programming has a more practical 

connotation than theory, it facilitated the access to scarce grants. DP has the advantage of 

decomposing highly complex problems into a solvable set of subproblems. It has been widely used 

in water resources systems optimization, especially because it is easy to consider in the DP 

formulation the intrinsic non-linear and stochastic characteristics of the natural streamflows. Since 

the method's first appearance in the literature, there were so many possible ways of implementing 

this fonnulation, that it has been said that fonnulating a problem in DP is an art rather than a 

science. Because of that, the choice of the most convenient formulation is not a trivial task and it 

usually affects the results obtained. 

The variables that appear in this work are of a continuous type, such as reservoir storage 

levels, inflows, time, and releases. For practical reasons the type of dynamic programming used is 

the discrete dynamic programming and, the finer the d.iscretiz.ation of the continuous variables, the 

more accurate the results. On the other hand, this procedure will increase the computational burden. 

Therefore, a compromise between the discretiz.ation and the desired accuracy is an important 

consideration. 

Consider the following network. It is required to find an optimal path from node 1 to node 

27. There is an associated cost Ct1 to go from node i to node j. Note that at each node there are five 

possible states ( or nodes) to go in the next stage. 
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Stage 1 Stage 2 Stage3 Stage, Stage5 Stage6 Stage1 

Figure 2.2. 1. Optimal Path Eumple 

If explicit enumeration is used, there are 55 {3125) possible paths in the above example 

and 5 conditions are required for calculating the cost of each path. This would require 56 additions 

(15625) and 55-1 comparisons (3124) to determine the optimal path. However, using the DP 

Methodology, the optimal path can be found using only 110 decision paths. But how? 

2.2.2 Properties of Dynamic Programming Applications [adapted from Hillier and 
Lieberman (1990)] 

1. The problem can be divided into ~ with a poligr decision required at each stage. 

• DP problems require making a sequence of interrelated decisions. and each decision is 

taken at a p;cific stage. 

• a natural stage in most dynamic programming problems is the discrete time t at which 

the decisions are taken.. 
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2. Each ~ has a number of states associated with it 

• a state simply represents the possible condition at which a system can be. It can be 

finite or infinite. 

3. The decision taken at any stage describes bow the system moves from the current state to the 

next one in the following stage. 

• a transition equation that relates current state, decision with the next state as well as any 

uncontrollable input (disturbance, as in previous Section) is used. For example, in the 

reservoir case, storage in the next period = present storage + inflow - decision or 

[state1• 11 ➔ [state'}. 

• sometimes it is possible to associate the transition from one ~ to the next, going 

from state I to state i., using probability distribution. 

4. The DP Method is designed to find an optimal policy for the overall problem, that is, an 

optimal decision for each state at each stage will be available at the end of the procedure. 

• decision in period t as a function of state in the ~nning of period t for all states and 

timet. 

• given cumnt state, an optimal policy for the remaining stages is independent of the 

policy adopted in previous stages. this is called the Principle of Optimality for DP as 

named by Bellman, in 1957, while working for the Rand Coq,oration, in California. It 

states that 

"The optimal set of decisions in a multistage process has the property that whatever 

the initial stage, state and decisions are, the remaining decisions, giVen the cun-ent 

stage, must form a set of optimal decisions for the remaining problem. " 

• or, the curregt state is the result of the past states and decisions. Therefore, the 

umnedjpte and future oj1timal decisions must depend only on the current SIU/ and 

should be optimal for the mnaioing problem starting from the cmrent stat;. 

• if the condition above is not tiJlfilled then the problem cannot be set as a dynamic 

programming problem, because a necessmy condition for a problem to be solved by 

DP is that it can be separable by stages. Another necessary condition to assure the 

decomposability of the N-stage problem is that the objective function be a 

monotonically DODdecreasing fimction. If these two conditions hold, then there are 

sufficient conditions for the decomposition (Nemb8Ps«, 1966). 
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5. The most common solution procedure is starting the computations from the last stage and then 

proceeding backwards. In some cases, the forward computation is possible. However, when 

dealing with Stochastic DP, the backward algorithm is mandatory. This because we need to use 

the conditional expectation from the decision epoch onward, proceeding forward would require 

enumeration of all possible outcomes and consequent derivation of the probabilities. 

6. A recursive equation that can be used to determine an optimal policy in stage n is available 

given an optimal policy in stage n+ 1. 

The general form for the recursive equation is: 

/•n(s) = max{ fn(sn,dnJJ; 

which can be understood as 2.2. 1 

f • n ( s) = immediate benefit + maximum future benefit ( or benefit - to - go) 

or 

f\(s) = min{ fn(sn,d,,)}; 

which can be understood as 2.2. 2 

f • n ( s) = immediate cost + future minimum cost ( or cost - to - go) 

or 

Where: 

n - index for current stage (n = 1, 2, 3, ... , N); 

N - total number of stages; 

s,, - current state for stage n; 

d,,- decision variable for stage n; 

d* - optimal value of d,, (given sn!); 

csx,. - immediate cost with decision x,, and current states,,; 

2.2. 3 

fn(s,,, d,,) • contribution of stages n, n+ l, ... , N to the objective function if the system starts in Sile 

s,, at mlS n, the immediate decision is d,,, and optimal decisions are taken subsequently. 
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Consider the scheme that follows as an illustration for the one reservoir case, at different 

stages (epochs) t: 

s' 

d 

Figure 2.2. 2. General Scheme for DP in Reservoir Operation Problems 

The stages are /, 2, 3, ... , t, ... , T and let us define, 

s° - initial state of the system; 

s'·1 
- state of the system at the beginning of period t; 

d - decision taken during stage t; 

i, - input to the system, net natural inflow during period t, 

I- immediate cost (return or benefit) ➔ g(s'·1
, d); 

T - final stage. 

Now looking at the multistage process: 

Given the process is at the current states'·', the accumulated optimal retum/'(s'·'; is 

Also, for the last stage: 

And the next one (proceeding backwards): 

,:r 

2.2. 4 
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2.2. 6 

Where: 

2.2. 7 

Generalizing: 

f • (s'-1) = opt{r' + 1•,-1 (s')}; 2.2. 8 
d' 

but 

1•t-1(s1
) = opt{r' +r1

•
1+•·+r1

}. 2.2. 9 
d'•' 

Therefore, d, ... , ti decisions are calculated one at a time in each stage. 

Continuous variables like reservoir storage, inflow, time, release are used for reservoir 

problems. Thus, for computational convenience, it is necessary to discretize them. The diagram 

below represents the discretization of reservoir storages in different levels. 

i+l 

2 

1 

FULL RESERVOIR 

---t~MINIMUM STORAGE 

EMPIT RESERVOIR 

Yapre 2.l. 3. Discretiation Scheme 

s , ,_, _ current state is represented 

by the index i. 
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For the next stage (period t), similarly, s1 represents the possible states. Thus, in Discrete Dynamic 

Programming (DDP), the objective function is: 

1·1 (s1-1,)=opt{r 1 +(s'-1,,d1k)+ 1·1
+
1(s'1)}; 

d'• 

Having as transition equation: 

Where: 

S ' s,-1 + 1, d' . J = I - k, 

s - storage., 

I - natural inflow, 

d - decision (release). 

2.2. 10 

2.2. 11 

The basis for the formulation above lies into the separation, or decomposition, of the T­

stage problem into T separated subproblems. The concept is applicable only for cases where the 

problem is separable into stages. The transition equation will establish the relation between the 

states. The foundation for the decomposition comes from the Principle of Optimality as enunciated 

by Bellman ( 1957). 

2.2.3 StochastidProbabilistic Dynamic Programming 

Probabilistic Dynamic Programming (PDP) differs from deterministic DP in that the state at the 

next stage is not completely determined by the state and policy decision at the current stage. 

Rather, there is a probability distribution for what the next state will be. However, this probability 

distribution is completely detennined by the state and policy decision at the current stage. 
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DlAGRAM: 
Stage n Probability Contribution Stage n+ 1 

from stage n 

fn ... /(1) 

O········~~~~~ ......... . 

f,,(s,,,x,J 

Figure 2.2. 4. Stochastic DP 

Where: 

s1 - number of possible states at stage n+ 1 ( j = 1,2, ... , S); 

p, 1 - probability that the system moves from stage n, state s, with decision d,, to state j in stage n +I; 

c11 - contribution of stage n to the objective function given that the system goes to state j departing 

from state i. 

For instance, suppose that the objective function is the minimization of the expected sum 

of the contributions from the individual stages. It follows that: 

s 
fn(sn,dnJ = LPu[Cy + f ••• r j)}, 2.2. 12 

j•l 

with 

2.2. 13 

Observation: This minimization is taken over the feasible values of x,,.1. 
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The difference between the probabilistic model and the stochastic one lies in ''py ", where 

PiJ is the probability that the system goes to state j. Given that the state is s, and the decision d for 

stage n and j = 1,2, ... ,S. 

2.2.4 Stochastic Dynamic Programming 

If the natural inflows (/) that discharge into a reservoir are Markovian then it is possible to assume 

them as states, as is the case of the reservoir storages. In the reservoir operation case, it is possible 

to assume the storage level at the beginning of the period together with the natmal inflows during 

the period as a state. A decision is taken as a function of the current state that will cause a transition 

to a new state in the next stage. This decision is the release from the reservoir (in a multireservoir 

case, from the reservoirs). The definition of a Markov Pro~ as appears in Bartlett (1955), pg. 

24, follows: 

"A Markov Process, ... is a stochastic process for which the values of the random 

variables. (reservoir storage level at time tc) at any set of times 10 (a= I, 2, ... ,n) depend 

on the values of s, at any previous set of times 16 (b = 0, -1, -2, ... ,-j) only through the 

last available value So. When the random variable S takes only discrete values, the 

process is refe"ed to as a Markov chain. " 

Note the similarity between the definitions of Markov Processes and the Principle of 

Optimality of DP, because the latter states that the "immediate and future optimal decisions must 

depend only on the current state and must remain optimal for the remaining of the problem starting 

from the current state". (See page 27.) 

Another possibility is to assume the natural inflows and storage as distinct states, but that 

will increase the complexity of the problem. However, with this approach it is possible to account 

for serial dependence between inflows. In Turgeon (1981) there is a brief review on how to deal 

with this situation. For the sake of simplicity, it is possible to consider monthly inflows, which 

have random and seasonal influences, as stochastic but assume them as independent in time. 

However, this must be acknowledged as an approximation. Transitions are associated with 

probabilities for a finite number of stages and states. An important assumption regarding the 

transitions is the independence of the current decisions from the previous ones, otherwise the 
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problem is not separable in stages, violating a necessary assumption for the use of the Principle of 

Optimality. 

In a deterministic approach, the DP algorithm may be solved recursively either in a 

forward fashion or moving backwards. However, in the stochastic case, it is necessary that the 

solution is obtained moving backwards along the stages (ti.me periods). The backward recursive 

equation is analogous to the deterministic one. It has the form of the optirni7.8tion problem 

subject to 

In the above problem the following notation is used 

i, j - states, 

fl(St1J - optimal expected return, 

d' - decision (release) over the current period t given it started in state i in period t, 

r' - expected immediate return, 
I 

p (iJ,d') - probability that the system state moves from state; to state/ given d, 

J;♦'(S/) -assumed known for allj's. 

And, in the transition equation ( constraints) 

S/ - storage at the end of period t, 

st1 - storage at the beginning of period ,, 

1 - net inflow to the reservoir in period I. 

2.2. 14 

2.2. 15 

Another way of rewriting the equation above is using the routing method. First, from 

equation 2.2.5, the following is true 



Chapter 2 Literature Review - Stochastic Dynamic Programming 36 

N 

r/ = Lp'(i,J,d').g'(S/ ,d') 2.2. 16 
/•I 

which is the expression for the expected present return. This implies that equation 2.2.8 has the 

form 

.v 
LP' (i,J,d' )[g' (S, t-1 ,d') + /(S/+l )] 2.2. 17 
J•I 

Also, p'(i,J,d) is the probability that /' = I,' = S/ -s,'-1 +d', I being the state of the 

discretized inflow. Now, it is possible to rewrite the equation above as 

l L p' (I' = I,' )[g' (S,' ,d') + /(S/+l )] 2.2. 18 
/•I 

where L is the number of discretized states of the inflow probability distribution. 

Extending the formulation above to the multireservoir case, the following optimjv,tion 

problem is solved Here, the variables of the transition equation have their subscript of 

discretization suppressed and instead present the subscript for the reservoir indexes as a matter of 

C()nvenience. 

Where: 

F, '<s ,-1 s ,-1 s ,-1> E{ , F'•lcs, s, s ')} 
I l ' 2 '' • ·' N = opt 'i + J l , 2 '' • •' N ' 

d.rJ 

subject to 

S t S t-1 [ t d t d t 
K = k + k + hCt - k , 

2.2. 19 

2.2. 20 
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Fl -optimal total expected return from the process for state i; 

E - expectation operator; 

37 

r/ - immediate return from state i in period t to state/ in period t+ 1 due to the overall decision 

D1 = {d/, d/ , ... , dN'}; 

F/ - total accumulated return for state J over T-(t+ 1) periods; 

Sk - storage in the ~ reservoir; 

dk- release from kfh reservoir; 

Ik- net inflow to k"'reservoir, 

C1c - the set of releases flowing into reservoir le. 

The release policies (decisions) obtained for each reservoir of the system is obtained now 

as a function g of all the storages s/-1. 

d t (S ,-1 S ,-1 S ,-1 ) 
l = g 1 , 2 , •.• , N , 

d I (S t-1 s 1-1 s ,_,) 
2 = g l , 2 , •.• , N , 

2.2. 21 

d , (S ,-1 S ,-1 S ,-1 ) 
N = g l , 2 , ... , N • 

It is easy to observe that the dimensionality of the problem has increased considerably 

compared to the one-reservoir system case. In the derivation of the recurrence equations above, it 

was always assumed the independence between the inflows. This assurnptio~ which yields an 

elegant mathematical formulation and simplifies the computations, is generally reasonable for time 

intervals ofa month. However, for a real case study, this would not be satisfactory. 

The alternate method for the recursive equation of the DP will have the form 

LP'(i,J,d')[g'(i,d') + ~ 1
•

11 
J 

2.2. 22 
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Note that for the sake of simplicity and coherence with the notation to be used further 

ahead in this war~ the S is dropped as a reference for state and replaced by the more general 

indices i and j. This is because state will be associated with storage and, in this specific case, it is 

referred to the state of the system as a whole. 

According to Ponnambalam ( 1987), extending the routing method to the multireservoir 

case will lead to the following: 

2.2. 23 

which is the expression for the total expected returns over T-t+ 1 stages given decision vector d', 

where 

L,, L2, ... , LN • maximum number of discrete states, 

1,(1,J, Ji(/7,), ... , IN(IN) - natural inflows to corresponding reservoir, 

p/(•1-), .. . , p,/(·1-) - conditional probabilities of the discrete inflow states, 

g(i, d~ - immediate r~ the system being in state i, at the beginning of time t. 

d' - decision vector. 

Ponnambalam ( 1987) compares and discusses the computational casts of using either the 

routing or the alternate method, for the single and multireservoir cases. ne use of interpolation to 

obtain the maximum (or minimum) future benefit increases the computational costs, especially 

because this happens in the innennost loop. [n the present work, this approach was used instead of 

rounding to closest state. To reduce the computational burden that will result in an increase of the 

computing time, as much preprocessing as possible was used, before entering the internal loops. 

The consequent ttadeoff is the need for more online memory. 
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2.2.5 Discretization Approaches 

The variables involved in Reservoir Operation problems are of continuous type. They are time, 

storage, inflow~ releases, and probabilities. Because the continuous variables present in the storage 

problem are discretized, the type of SOP used is discrete. A careful approach to discretize all these 

variables must be taken such that they would represent as closely as possible the natural conditions, 

although always bearing in mind that this procedure is always an approximation and not the exact 

reproduction of the real situation. Below, general comments are made about the how they can be 

discretized and the scheme chosen for the test problems presented further in Chapter 3. 

2.2.5.1 Time 

For a long-term oprimi7cation, the time periods chosen are normally months or seasons. Also, when 

several consecutive dry periods are likely to happen with no significant values for a single month, it 

is computationally convenient to aggregate two ( or even more) months in just one season. That 

would help reduce the complexity of the problem without compromising the expected accuracy. In 

the test problems, there are either 12 stages (months) or less seasons in a cycle (year). For medium.­

term or short-term oprimimtion, the time steps employed are equal to weeks and days, respectively. 

For long-term problems, the optimal value of the objective function will be accwnulated 

throughout the whole cycle. For medium-term, short-term and real-time optiroi:zations, the entire 

period of time is generally considered. 

2.2.5.2 Inflows 

For the test problems, presented in Chapter 3, the inflows were assumed to take only five discrete 

values dming the stochastic optimization part For the sake of simplicity, they were assumed to be 

normally independently distributed around the given mean values, as in Turgeon (1981). To obtain 

the disturbances that were assumed to be composed by Gaussian noise (0,al), the Matlab0 random 

number generator routines were employed. For the real case study, Chapter 4, finer discretization 

schemes had to be used, and will be discussed with more detail later. 
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2.2.5.3 Releases 

With respect to the releases. or decision variables, a very flexible approach was considered. Due to 

the variability of sizes of possible feasible releases, especially regarding the aggregate and the non­

aggregate parts, the discretization interval varied accordingly. This happened because the difference 

in scale from a non-aggregate reservoir to an aggregate one is sometimes very significant. In test 

cases where the problem involved an adaptation of hydropower or irrigation optimfaation, where 

the objective functi<1n was directly a function of releases, more attention was paid to finer 

discretization. For the real case study, it is a function of storages and, although obviously still 

related to the releases, more attention was paid to the storage discretization (for the discussion on 

aggregation, see the following two chapters, 3 and 4 ). 

2.2.5.4 Storages 

As Klem~ ( 1977) mentions, the discretization of the storages is a concern that has accompanied 

the evolution of Applied Storage Reservoir Theory. Because the expected accuracy of the results 

can be directly proportional to the number of discretized states, this concern is more than 

justifiable. The expected trade-off is naturally a more expensive computation. It is of interest to the 

author to determine which relationship computational cost/accuracy is the most appropriate without 

compromising too much to the dimensionality problem. 

In the case of a Single Reservoir System, considering the computational power nowadays, 

this choice does not pose too big a problem. But, when it comes to extending the solution method 

to the multireservoir problem. it is an issue of careful thought. The computations easily fall to the 

•curse of dimensionality'. 

As in Klemd (1977), beside the 'curse of dimensionality', other aspects are also relevant 

for the choice of the discretwltion scheme. They can be summari7.ed as below. 

• "Optimintion is based on comparison, and comparison is meaningful only if the results being 

compared have at least approximately equal accuracy." 
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• "The value of an optimality criterion, e.g., expected loss. or gain, does not depend on the risk of 

failure alone but also on the probability of spills and generally on probabilities of all storage 

states." 

• "To acquire better insight into a problem, it is often necessary to extend the range of a certain 

variable beyond the range of the usual practical interest" 

• "An inadequate number of storage states, besides causing a decrease in accuracy, may resuJt in 

a gradual collapse of the optimization scheme." 

That author also adds that that the probabilities of three types of events are important when 

working with the reservoir problem. They are: 

1. the probability of empty reservoir, i.e., risk of failure P(S=O); 

2. the probability of full reservoir, i.e., probability of spillage P(S=S,J; 

3. the probability that neither of the above occurs, i.e., that the reservoir is able to supply 

the target release, P(O<S<S,J. 

Toe most common used discretization schemes are listed below, with the help of the 

diagrams. Two epochs are presented, t and the following one, t+ I. Li is the size of the discretization 

interval and ~ represents the state (storage) of the system. According to each author, w is the 

minimum required change in the state of the system to make it move to an adjacent stage. 
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Savarenskiy's 
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Figure 2.2. 5. Savarenskiy's Discretization Scheme 

Moran's 

s, 

S2 ---·-------·-·-------·-·-·-· ·- S1 

··;,--W 
t+i" •• S1=0 N2 

Where LI = Sin-I. S1~1 

Figure 2.2. 6. Mona's Dilcretizadoa Scheme 
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From the diagrams above it is easy to note that the two discretization schemes differ in 

how they treat the boundaries for the reservoir. In Savarenskiy, when leaving either Sn = S or S 1 = 

0, any net storage change would cause a transition to a differen~ state, although this may not be true 

for any of the remaining states. On the contrary, in Moran's scheme, for any of the states, to cause 

a transition to another state in the next stage, it is necessary to have w ~ N2 which is more 

consistent than the former one. This causes the boundaries to be "sharp" in Savarenskiy while they 

may show an error ~ 0 S & S LV2, in the second. 

In his thesis, Ponnambalam ( 1987) presents an alternative to both schemes above, where 

the class interval for the boundary states is equal to JtJ/4 instead of N2. The adjacent states 

therefore have class equal to 3N4. In this case, while the boundaries are ••sharper" than in Moran's 

wor~ they still preserve a non-zero class for the bolllldary states. Also, the ~ interval is smaller 

than the one computed for Savarenskiy 's. Toe computation of the .d interval is done according to 

the following. 

Savarenskiy's Moran's Ponnambalam's 

s 
'1=-

s 
~=-

s 
L1=--

n-2 n-1 n-2 

The differences for the computations using the schemes above are not significant for 

discreti7.ation schemes that are not coarse, i.e., when n > 6. However, if reducing the number of 

states is an important issue, these questions must be addressed. For more details on this discussion, 

the reader is referred to the works of Klemei (1977a, 1977b), Doran (1975), and Ponnambalam 

(1987). 

In this work the author introduces extensions of Savarenkiy's, Moran's and 

Ponnambalam' s schemes, such that to the original number of states some more are added to the 

upper boundary, that is to say, the state equivalent to full reservoir. That will allow the inclusion of 

the transitions between two or more consecutive stages where spill occurs and would otherwise be 

considered as infeastble states. Using this approach will avoid the collapse of the solution, what 

happens when vectors representing the future accumulated costs/rewards are composed uniquely by 

what would be infeasible states according to the previous aggregation schemes. 
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Two schemes were derived from those presented before and they are used in this work. 

They are: 

Type I: SF ------------- SF= Sn+ (l+z)J 

Sn .. , 

Sn=S 

Sn.1 

Figure 2.2. 7. Type 1 Discretization Scheme 

Type 2: 

Sn 

t 

Where Li = Sl(n-1) and O Sz S 1. 

Sp=S,,+(l+z)A 

---- s,,~,.., 

w 

S1=0 

t+l 

Fipre 2.2. 8. Type 2 Discretization Scheme 
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The reasons for the introduction of the suggested discretization schemes are two. First, the 

estimation of non-exact transitions. Instead of approximating the states to the nearest one or 

interpolating between states that are reached through a non-exact transition, interpolation of the 

accumulated future cost/benefit was employed. Therefore, the effects of the discretization schemes 

would only be felt when deriving the conditional distribution of releases, what is necessary for the 

MAM-SOP methodology (see Section 2.3 and Chapter 4). Second, the use of the above would 

simplify the computations without compromising the results. 

The first proposed scheme, although consistent in sizing the discrete intervals, allows the 

inclusion of some releases that might occur simultaneously with reservoir overflow or spill. In the 

second one, the last range before full reservoir has size LY2 while the one immediately after has 

3LY2. This brings some inconsistency in terms of sizing but, on the other hand, permits setting the 

range S1 ➔ S,, in a fashion that comprises the whole storage , i.e., from empty to full reservoir, and 

their respective expected conditional releases. 

The minimum permissible storage level is the lower boundary for the states and the full 

reservoir level their upper boundary. The non-feasible points were discarded, or values equal to 

either -oo or + oo were assigned to them. Thus, the searchable range is an admissible set of states. 

2.2.6 Steady-State Optimization 

2.2.6.1 Bellman's Value Iteration Method and Howard's Policy Iteration 
Method 

Howard ( 1960) presented Value Iteration Method (VIM) and Policy Iteration Method 

(PIM) to solve the SDP problem. The first one is computationally equivalent to the SDP Method, 

and requires the same calculation effort When evaluating PIM, the author points out that the 

method is not well suited to processes that have a determined tennination horizon. Namely, short­

term horizon processes. 

The objective of the optirni?Jttion is to get the operation policy such that in the long-term, 

or steady-state case, the expected returns are maximized, or the losses minimized. As mentioned in 

the above paragraph, the two different solution methods for obtaming the optimal gain of the cycle 
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are the VIM - in the function space - and the PIM - in the policy space. For more details, see 

Howard (1960). Because the optimal policy can be used to find the optimal values and vice-versa, 

one method is called the dual of the other. In both methods, either the functional values or the 

operating policies are approximated iteratively, therefore they are named methods of successive 

approximations. As a brief introduction to the methods, the algorithms for both of them are 

succinctly presented below. For the unichain models, with completely ergodic Markov processes, 

the Value Iteration algorithm follows. 

Step 1 - Select an initial value for the objective function., let us assume r0 = 0. Define tolerance 

& > 0 and set l equal to T. 

Step 2 - For each S E p, this being the set of possible of states the system may assume, compute 

,/1 (SJ employing the recursive formula 

/ 1- 1(S) = opl{r'(S,d)+ LPUIS,d)* f'(J)} 
deD J-,, 

2.2. 24 

Step 3 -lfilf' -/11 < & go to Step 4. Otherwise. decrease t by 1 and return to Step 2. 

Step 4 - For each S E p, choose 

d 11 eopt{r'(S,d)+ Lp(JIS,d)* f'(J)} 
deD J-,;> 

2.l. 25 

and stop. 

Comments: 

• For sake of simplicity a simple convergence test was employed in the example above. 

More sophisticated ones can be employed improving the algorithmic efficiency. For 

more details, see Putterman (1994). 

• Another feature was the use of a non-periodic process. When it is necessary to 

compute the gain/cost during a cycle with period OJI, the convergence criterion then 

becomes 
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11/(a,-l)I - /OJI II< & 2.2. 26 

The asymptotic gain/cost within one cycle being defined as g and the right hand side of equation 

/'-1(S) = opt{r'(S,d)+ LP(JlS,d)* /'(j)} 
deD JEf' 

becoming g + /"1 (S). 

The Policy Iteration Method is easily illuminated by the algorithm shown below. 

Step 1 - Value Determination Operation 

For a given policy d, solve the equation 

g+ /'-1(S) = r'(S,d)+ LPUIS,d)• J'(j); 
J•8 

for all.(' (S) and initially setting ,.0 = 0. 

Step 2 - Policy Improvement Routine 

For each state S, find the alternative a that yields the optimum for the following equation 

r' (S,d•) + LPUIS,d•) • f' (j) 
18#> 

using the / 1 (S) obtained with the policy from the previous iteration. 

2.2. 27 

2.2. 28 

2.2. 29 

Step 3 - If I Id - d•I I > &rJ make d = a, l(S,d) = l(S,a), and return to Step 1. Otherwise, go to Step 

4. 

Step 4 - Terminate the iteration process. 
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The PIM presents the following properties. 

• The solution for the sequential decision process can be obtained by solving a set of 

linear equations as given by equation 2. 1.5. 

• The convergence towards the optimal value is monotonic. 

• The final policy obtained will provide the optimal solution for the problem, 

considering that an optimal solution exists, within a reduced number of iterations. 

The mathematical proofs for the above are in Howard ( I 960). 

2.2.6.2 White's Bounded Value Iteration Method, [White, (1963)) 

The Value Iteration Methods can be subdivided into Bellman's Value Iteration Method and White's 

Bounded Value Iteration Method. The Policy Iteration Methods have two further classifications 

which are the one developed by Carton (1963) and Riis (1965), and that of Loucks and Falkson 

(1970). The first method needs no decomposition either in time or space, guaranteeing an optimal 

global solution while the latter performs decomposition in time, thus not guaranteeing the global 

optimal solutions. Both methods mentioned are extensions of Howard's policy iteration method, 

Howard ( 1960). 

The method employed in this work, for obtaining steady-state policies, was White's 

Bounded Value Iteration Method, according to the approach proposed by Su and Deininger (1972). 

This because, in practice, presents quick convergence in gain more often than Bellman's VIM and 

demands less computational effort 

White• s Bounded VIM: is easy to understand and simple to implement. It consists of 

choosing an arbitraay state at the end of the cycle (because the backward recursion is used, the first 

period is at the end of cycle) and subtract the feasible corresponding gain (accumulated expected 

return after one cycle) from all the other considered gaiJJs at duferent states. A converaence 

criterion, 6; is employed to determine when to stop the iterations. When the absolute difference of 

gains between two cycles is less than the assumed E, the iterations terminate. 
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It can be used either in maximization or minimization and the optimal policy is the one at 

the last iteration. According to the work of Su and Deininger ( 1972)~ when convergence in gain is 

attaine~ the policies had already converged. It is important to make a proper choice of this 

arbitrary state. It cannot have zero gain and must be a feasible state. In the situation where these 

two conditions are not satisfied, the iterations terminate without the desired convergence. 

2.2. 7 Real ... Time Optimization 

One of the reasons for incorporating this item in this chapter is that there are marked distinctions 

between steady-state and real-time, also known as short-term, optimiution. They differ in the kind 

of information provided and the objectives to be attained. Furthermore, for water resources 

problems, when referring to real-time operations, it is necessary to separate problems with time­

steps with a length of l, 2 or 3 days from the hourly or minute-to-minute operation. While in the 

latter some uncertainty should be incorporated in the decision model, in the former the problem can 

be addressed as a deterministic one. (See Datta and Houck ( 1984) for a discussion on this topic.) 

If deterministic or stochastic DP is the chosen orrirnivttion tool, a termination horizon 

must be clearly defined. Starting and ending states are factors that might be included in the input to 

the problem as well. While a steady-state optimization generally needs more than two cycles to 

converge, in the real-time optimization, one is enough. In the deterministic case there is choice with 

regard to the epoch of the start of the optimization: it can be either the current or the ending one. 

On the other hand, stochastic DP demands that the optimization procedure begins at the termination 

point. 

The real-time optimization models :frequendy make use of forecasted inflow values. The 

8CC1U'8CY of forecasts decreases sensibly as the time lag from the present period increases. As a 

result, it is commonplace to employ a sliding window with updated forecasts at the beginning of 

each time step. 

The real-time model is usually inserted into an overall model which includes long-term and 

short-term models. The real-time optirnitation uses the targets provided by the long-term model 

and operates within these boundaries. A schematic presentation of the above follows. This 

schematic presentation was adapted from Yeh (1982). 
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Figure 2.2. 9. Overall Operation Optimization Model 

so 

An important ~ect of the real-time optirniz.ation is the need to consider the time the water 

talces to travel from one point to another. This feature is commonly disregarded in long-term 

optimization, where the time step is given either in months or seasons. 

The objective function and the operating constraints are normally associated with release 

( decision) by means of nonlinear relationships. The fastest methods for computation are generally 

linear optirnii.ation methods and, computation speed being an important issue to be addressed in 

real-time problems, it is necessary to have recourse to piecewise linearization techniques. These 

techniques are employed to sort out this additional complexity factor providing reliable and fast 

results, as required by the nature of this optirnfaation. As pointed out before in this work, open­

loop type policies, obtained using linear optimi7.8tion models, suit well this form of operation 

optimiution. 

Yeh (1982) applied the overall model as described above to the Central Valley Project 

(CVP) Case Study. First, a monthly model over a period of one year is set up; second, a daily 

model over a period ofa month; and finally, an hourly model over a period of24 homs. The CVP 

consists of 9 reservoirs, 9 power plants, 3 canals and 4 pumpmg plants. Considering the monthly 
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model as hierarchically placed on the highest position (see explanation in the next Section), its 

outputs, that are monthly ending storages and monthly releases serve as inputs to the model situated 

just below that position, i.e., the daily model. The same can be said with respect to the daily and 

hourly model. When it is the case, weekly models are employed as well. 
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2.3 Aggregation/Decomposition Methodology 

Stochastic Dynamic Programming (SDP) is a very desirable method for long-term optimization in 

water resources because it provides closed-loop type policies. However, when dealing with 

multi.reservoir systems, the problem may become unsolvable owing to size. The present computer 

technology allows the solution of large problems, unsolvable some years ago, in a reasonable 

time. Nevertheless, the scale of some problems in the real world still remains beyond the 

capability of the present machines or are computationally too expensive to be dealt with in its 

original size. 

This leads to the interest in using methods that, although they may not yield the global 

optimal policies, could improve the actual operating policies and be of feasible implementation. In 

a field where a fraction of a percentage in the annual expected gains sometimes represents 

millions of dollars, any possible improvement is not to be disregarded. And, for some of the test 

cases, it is possible to show that the sub-optimal policy obtained is close to the optimal one. For 

instance, in reservoir systems where the output has a direct relation with the inputs, the average 

annual inflow serves a benchmark. Another possible fashion is computing the deterministic linear 

programming optimal return employing mean values for the natural inflows, and use it as a 

reference for the results of the MAM-SDP optimization with uncertainty added, i.e.:, a stochastic 

problem. 

The crucial idea of Dynamic Programming, which is the decomposition of a highly 

complex problem into a series of small manageable subproblems was further extended to produce 

the Aggregation/Decomposition Methodology. Imagine it, when coupled with Dynamic 

Programming, as a nested decomposition. 

2.3.1 Review of the Previously Existing Methods 

The following items present the fashions adopted in the literature for solving large water resources 

optimization problems. The chosen domains to be decomposed are time and space. 
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2.3.2 Decomposition in Time 

One of the ways to reduce the size of a problem is to decompose it in the time domain. For 

example, it is possible to perform separately two types of optimization: the steady-state or long­

tenn optimization and the real-time optimization. In this case, the boundaries assumed for the 

latter are the policies obtained for the steady-state situation. It is performed in this way because the 

time interval employed in long-term optimiz.ation is usually coarse for the real-time objective. 

The previous section of this chapter, Stochastic Dynamic Programming, reviewed one of the 

methods employed to this purpose. 

2.3.3 Hierarchical Optimization 

Similar to the overall model presented by Yeh (1982) are those employed by Unny et al. (1981) 

and Ponnambalam ( 1987). Unny et al. ( 1981) used an ordered multiple level optimization model 

vertically arranged hierarchically. As was the case with Yeh's model, the output from a higher 

optimization level becomes the input for the hierarchically inferior one. The major difference 

comes from the fact that the interdependence between adjacent levels is executed by means of 

intervention and performance feedback. 

The table and the figure below might help clarify the model development and main ideas 

involved. 

Optimization Model Type Horizon Length Policy Period 

Long-term Optimization Multiple Several years Half month based on 

(LTO) period calendar dates 

Medium Term Multiple Several climatological One week based on a 

Optimization (MTO) period seasons { 1 - 2 years) working week 

Short-term Optimiution Multiple Several weeks One week based on a 

(LTO) period working week 

Real Time Optirni?ation Single period One day 

Table 2.3.1. Hienn:hical Model Structure for a Multiple Reservoir Hydroelectric System 



Chapter 2 Literature Review - Aggregation/Decomposition Methodologies 54 

The L TO mode~ placed on top of the hierarchical echelon, is run only once to yield the 

long-tenn optimization goals. Therefore, the authors defined it as static for given configuration, 

objective function, system constraints and so forth. Its output is the long-term rule curves that will 

be the reference for the system operation. Those curves are given as a function of the system state, 

here defined as the stored volume of water. The optimization approach employed was Implicit 

Stochastic Optimization. 

The MTO model sets the optimal operating policies for the next wee~ under uncertain 

inflow conditions. The data to the model is hydrologic data biased by recent past information. The 

opt:i.miz.ation approach chosen is once more Implicit Stochastic Optimization, using DP as a tool. 

Croley (1974) used a similar approach called rolling schedule. 

For the STO model, a dynamic and multi-period optimization is chosen. The length of the 

planning horizon is equal to the length of policy season for the upper and adjacent optimization 

level. 

The RTO uses one step ahead inflow forecasts to execute the operation of the system. Of 

all the optimization levels, this is the only one that is actually executed by the operator. The 

physical transformations in the state of the system are defined by this optimization level. It makes 

use of the policy information from the higher levels and operates within the boundaries defined by 

the constraints. 

The methodology above was applied to a large hydroelectric system in the Saguenay-Lac 

Saint Jean in Quebec Province, Canada. The system is composed by three major reservoirs, one 

minor reservoir, and six power plants having an installed capacity of 2687 MW. 

We find in the literature approaches that are similar to the one used by Unny et al. ( 1981 ). 

They are those from Bras, Buchanan and Curry (1983) and Wang and Adams (1983) and adapt 

the same rolling schedule idea. They both have the steady-state policies as terminal boundaries for 

the real-time oprirnintion. The major difference between the two methodologies mentioned above 

is the fact that while Bras et al. ( 1983) define his state vector as storage and inflow from previous 

periods, the second one defined the state vector solely as storages. The probability distn'bution for 

the inflows is repeatedly updated as new information is received ftom the system. 
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Ponnambalam ( 1987) suggested a coordination methodology for real-time optimization 

which attempts to combine the advantages of the previous methods. The reasons for combining 

the previous methods and the use of open-loop policy are replicated here as stressed by that 

author: 

l. An open-loop-feedback policy type facilitates the inclusion of the time lag of 

upstream releases. 

2. It permits latitude in defining the time-step, i.e., can be as short as needed. 

3. An~ it uses the bowidaries defined by the upper level model. 

According to Ponnambalam ( 1987), the open-loop-feedback type policy allows the 

inclusion of time lags in a multireservoir model, what would be computationally very expensive in 

a closed-loop type. 

Figure 2.3. 2. Coordination between steady-state and mid-term optimiz.ation and Figure 

2.3. 3. Real-time optimization mode4 are presented below with the coordination methodology. 
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As in Unny et al. ( 1981 ), a hierarchical optimization is utilized starting from the highest 

level, steady-state optimization, to the lowest one, real-time optimization The mid-term 

optimization is then placed adjacent to both, having time-step equal to one week The other time­

steps are month for the long-term (steady-state) optimivltion and daily for the real-time. It is 

suggested that the mid-term optimization be performed at the end of each week. Thus, for the real­

time one, the target releases are defined beforehand. Further in the present chapter follows the 

explanation of how the aggregation/decomposition methodology is adopted for the steady-state 

optimization of a multireservoir system. 

During real-time optimization, inflow forecasts are used to obtain the daily release 

policies. One reason to proceed in such a fashion is that daily forecasts normally present an 

acceptable accuracy for reservoir operation purposes. After each time-step with 24 hour length the 

information is updated and the time horizon shortened in equal duration. Ponnambalam (1987) 

employed this hierarchical framework in his case study, the Parambikulam-Aliyar Project, in 

India. 
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While Ponnambalam (1987), Unny et al. (1981) and Yeh (1982) did not choose explicit 

SOP for their real-time optimizatio~ it is this author opinion that a stochastic DP single reservoir 

operation optimization could be adopted to all three methodologies. The major advantage is 

certainly the possibility of obtaining a policy that is given with respect to the state of the single 

reservoir. The need for fast computations is not compromised because the optimizations are 

performed for a single reservoir at a time, what decreases significantly the calculation time and 

would allow the inclusion of time-lags between the reservoirs. It should be added that, as the 

targets are pre-determined in a multireservoir system optirnizatio~ the loss in accuracy due to the 

use of just one reservoir is acceptable when considered the uncertainties originated from the use of 

forecast inflows. 

2.3.4 Decomposition in space 

This type of decomposition can be done in two ways: using approximate models or using 

hierarchical analysis. In the first alternative the policies obtained are sub-optimal, but near 

optimal. In the second one, the system is solved as a whole but in a restricted manner for some 

problems, also generating sub-optimal policies. 

2.J.4.1 Composite Representation 

This method, developed by Arvanitidis and Rosing ( 1970a, 1970b) uses the composite 

representation to attain the optimal monthly total generation of hydropower. As of the work 

presented here, the tool utilized is stochastic dynamic programming 

The composite model captures the main features and capabilities of the system in 

question. It transforms, for each and every hydropower plant of the system, the inflows and 

releases into their potential energy equivalents. The same is done with respect to the stored water. 

The stored water is converted into its at-site and downstream generating capability. The composite 

model "aggregates" the potential energy and, according to the mass balance equation, stores, 

releases and receives it 
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To build a model which will represent the multireservoir system into a single reservoir 

system, it is necessary to have the generation function to convert the released potential energy into 

actual potential energy and the statistical description of the potential inflows. 

By means of this composite model, which is a simplified version of a complex 

multireservoir system, it is possible to perform stochastic dynamic programming optimization that 

otherwise may not be solvable due to the number of states considered. 

2.3.4 . .2 Getting the Potential Energy: 

A conversion factor is associated to each hydropower plant. This is because at different locations, 

water may have different hydropower potentials. Therefore, the conversion factor relates the 

potential to generate hydroelectric power with the amount of water available at a specific 

hydroplant. It is called the HIK of the hydroplant, and gives the megawatts that can be generated 

by an outflow of 1000 ft31s. Evidently, this is an approximation of the reality. The net head, which 

is one of the determining factors in the amount of hydropower generated, may present significant 

variations. Thus, some error is introduced. Therefore, from Arvanitidis and Rosing ( 1970a): 

Where: 

'The potential energy of water at a particular hydroproject is obtained by 

mulliplying the volume of water by the sum of the conversion factors of at-site and 

downstream plants. " 

2.3.1 

PE - total potential energy stored in the system at the ~ouiog l)fmonth t inMWd (l MWd is the 

potential energy accumulated during 1 day by an inflow of 1 MW'), 

~ 1 
- volume of water in storage at plant j at the beginning of month , in /csfd (1 kdsfd is the 

volume of water accumulated during / day by a continuous inflow of I k/i3 ls), 
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1.(HIK). - swn of all downstream conversion factors, including the one at plantj, in MW/kft3 Is, 
J 

n - number of plants in the system. 

For the MW inflow 
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2.3. 2 

Where: 

X - average MW into the system during month t, 

x1 '- base power flow1 above plant) during month tin kft3/s, 

( ¾) 1' - conversion factor at plant} in MW per kft3 Is during month t. 

The MW outflow from the system is 

2.3.3 

Where: 

(! - average MW outflow from the system during month t, 

q1' - average outflow from plantj during month i in lcfl3/s. 

Finally, the following energy balance equation must be satisfied 

PE' =PE' +(X' -Q')*d', 2.3.' 

where d is the number of days in month t. 

1 The base power flow is the observed stream flow adjusted for the effects on flow regulation by reservoir 
control, irrigation programs, and evaporation losses. 
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2.3.4.3 Obtaining the Composite Generation Function: 

Although this item is beyond the scope of the present work, the main idea is mentioned below. In 

a more detailed wor~ dealing with hydropower generatio~ the setting of the composite generation 

function needs careful attention. 

A more accurate composite generation function would relate the actual generation to the 

MW outflow. And, as noted previously, the net head may vary significantly through the operation. 

The Composite Generation Function can be obtained, for a real situation, simulating the reservoir 

for, let us say, 1000 years, and after that relating the storage levels to the conversion factor. For 

this simulation, a detailed mathematical model of the physical system must be set. If it is the 

multireservoir case, the whole system must be considered altogether. 

2.3.4. 4 Conclusions 

Arvanitidis and Rosing ( 1970a, 1970b) presented in their work the important idea of establishing 

a composite model of a complex multireservoir hydroelectric system. Fundamental to this is the 

concept of the potential energy which allows the aggregation of several single reservoir systems 

into one composite model. Their model was employed to determine the optimal operation of the 

hydroelectric power system in the Pacific Northwest (PNW). The dimensionality problem caused 

by the multireservoir system was alleviated by means of this technique. Further extensions to this 

work follow. 

2.3.S Decomposition Method for Long-Term Scheduling of Reservoin in Series 

This method, developed by Andre Turgeon ( 1981), determines the monthly operating policy of a 

power system of reservoirs in series. The randomness of the inflows are considered and it 

overcomes the dimensionality problem by transforming an oprimintion problem of N state 

variables into N-1 problems of two state variables. The optimjvttfon method is stochastic dynamic 

programming. The method requires that the objective function be a separable function of the 

energy generation from each plant because it decomposes the global problem in a series of two­

level ones The technique is applicable to either weekly or monthly operating policies. 
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1.3.5.l Problem Formulation 

The n-reservoir system is in series and the numbering of the installations is done from upstream to 

downstream. See scheme below. 

I,'"' 

Figure 2.3. 4. Multiple Reservoir System 

Where: 

I I I b 'I I J: / J = a J + J 1-1 +.., J , j = 2, ... n, 2.3. 5 

~ 1 
- random variable representing the natural inflow in hem (/ hem = UP cubic meters) to 

reservoir J in month t; 

a/ and bj- constants; 

~/ - statistically independent random variable; 

d/ - discharge from reservoir Jin month t in hem; 

s/ - content of reservoir J at the end of month t in hem. 

To detennine the long-term optimal discharg~ it is necessary to obtain the ds such that 

2.3.' 

subject to the inequality constraints 

0 :S s,' :S s,', wheres,' is the capacity of the i th reservoir; 2.3. 7 
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d,' 2: 0, 

and subject to the equality constraints ( continuity equation) 

t t-1 / t d t d t 
SJ = SJ + J + J-I - I , for/ = /, ... ,n and t = /, ... , T. 2.3. 8 

In the above formulae the following notation is used: 

Vjs/) .. expected value of the water remaining in reservoir/ at the end of the last month studied; 

fl_j(st1,"1') - generation of plant/ in month t inMWh, 

(Obs: The generation is a fimction of the discharge d/ and the water head. In this simplification is 

just a function of the storage level of the downstream reservoir and the J'h reservoir); 

,p'- value (in dollars) ofaMWh produced anywhere on the river in month t, assumed independent 

of the amount produced; 

E - stands for the expected value operator. 

2.3.5.2 Global Feedback Solution 

In the case of a multireservoir system, with n .s 4, then it is possible to obtain a global 

feedback solution by means of straight dynamic programming. 

The recursive equation, solved backwards is 

The equation above is solved until the minimum is reached 

Z '( t-1 t-l ,-1; • E(•'~H ( 1-l d ') z t+l( I l ')il o Si ,S2 ••• .,Sn = ,~ ,, 4J J SJ ' J + o S1 ,S2 , ••• ,s,, f 

J 

2.3. 9 

2.3.10 
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d I ( l-l t-1 t-l) c-. • 1 2 b • th l • f th • The set 1 st ,s2 , .•• ,sn , 1or1 = , , ... ,n; emg e sounon o e recursion 

above. Note that: d' = {d/ ,d/ , ... ,d/ }, with d' satisfying the constraints. The expectation 

is taken with respect to the inflow~ J/ , for the ranges already defined. 

2.3.5.3 Decomposition 

It was mentioned that, for a large n, the problem is excessively large, using a great amount of CPU 

time and memory. An approximate solution applied can be: 

I/ d/ .,..__ oi 

Figure 2.3. 5. Multiple Reservoir System with a-1 reservoin aggregated 

The second reservoir is a composite model of reservoirs 2 to n, according to physical 

aggregation methodology presented in Arvanitidis and Rosing ( 1970a). With this sort of solution, 

the release policy would be a function of only two variables, namely, s/1 and 8i·+l1 where S1+l1 

is a new variable, namely, the total energy content of the downstream reservoirs,J+J,j+2, ... , n. 

Therefore, the release policies are determined separately, by means of solving n-1 dynamic 

programming problems, each with only two state variables. 

To determine the release policy for reservoir 1 (one), a composite model of reservoirs 2 to 

n, based on the approach used by Arvanitidis and Rosing, is set. With these two reservoirs, using 

dynamic prognumning, a release policy, which is a function of s /-1 and Sl1, is obtained. After 

this, the expected releases obtained. from the first reservoir, along with their joint conditional 
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probabilities, are used as input in the next stage of the decomposition. These releases are 

conditional on the storages. 

In the next stage, the release policy for reservoir 2, which is a function of s i~1 and S/91
, is 

obtained. To this effect, first it is necessary to get the conditional probability distribution of 

releases from reservoir 1 (one), conditional on s t 1 and Sl1 and second to set another composite 

model for the remaining downstream reservo~ i.e., s 3, s .,, ... s,,. The procedure is repeated until the 

n-1 reservoir is reached. 

2.3.5.4 Composite Model 

Using the procedure presented by Arvanitidis and Rosing, firstly a fixed conversion factor is 

computed, 'MWH!hcm' and secondly the total amount of stored water converted in potential 

energy. 

The following inequality is used 

s = h s s h s = s l+I 'LnLn 'L"L" - -
l+l J•l+l ,,,_J m J j•l+l m-J m j 

Where: 

S1+ / • total potential energy stored in reservoirs i+ J to n in period t; 

hm • fixed conversion factor 'MWH/hcm' at site m. 

The inflow of potential energy (q) to reservoirs i+ l to n can be computed by 

1 _ ~n ~n h J' 
q,.i - ~1-1+1 £.,,,..1 "' 1 

and the potential outflow of energy by 

2.3. 11 

2.3.12 
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O 
1 = ~n h d.' 

l+l L..,j•l+I j J 
2.3. 13 

It is necessary to point out that the outflow of potential energy from the composite 

reservoir may differ from the actual energy generated. This because of the approximations 

introduced due to the fixed conversion factor. 

In order to have a generation function that would reflect more closely the behavior of the 

composite reservoir it is possible to do the following. Simulate the operation of the whole system 

with the known operating policy for, let us say, at least 500 y~ getting for ~h period, the 

relation between the actual generation, K;+/', and the stored potential energy, S1+t1, and the 

potential outflow of energy, O;+/. To do this, the formulae presented for the composite model can 

be used. 

Turgeon ( 1981 ), in his paper, also presents an algorithm for solving this type of problem 

and applies it to a numerical example, a case of a system of four reservoirs for hydropower 

generation, configured in series. The solution obtained for these problems is not the global 

feedback solution, but, in fact, a sub-optimal one. An important feature is the fact that the 

processing time increases only linearly with the number of reservoirs because it does not involve 

iterations. Due to the characteristics above, large systems in series that could not yet be solved by 

means of a global-feedback solution can at least be solved. 

2.3.6 Multi-Level Approximate Aggregation/Decomposition - Stochastic Dynamic 
Programming (MAM-SDP) Methodology 

This methodology combines the characteristics of the generalized aggregation/decomposition 

methodology technique with multi-level dynamic programming, Therefore, problems not solvable 

by straight dynamic programming can be solved. Although it does not assure the global optimal 

policy, it allows the optimization of very large systems, generating closed-loop type policies that 

could not be obtained in a straight manner. Great advantages of the methodology are its 

applicability to any type of configmation (i.e., reservoirs in series, parallel or any combination of 

both), does not require a separable objective fimction by reservoir and its ability to solve very 
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large multireservoir systems. As was the case with the previous technique, by Turgeon, the 

processing time increases only linearly with the number of reservoirs and is not iterative. 

2.3.6.1 Methodology 

The algorithm proposed by Ponnambalam and Adams (1993) is a heuristic one. No mathematical 

proof to justify its application is available yet. However, as shown in the mentioned paper and in 

the tests performed in the cWTent work, sub-optimal policies, close to the optimal ones, are 

attainable. 

2.3.6.2 Problem Forffllllation: 

The transition of an n-reservoir system is given by 

Where 

~-vector of reservoir storage level5y [s/, s/, ... , s/J at the beginning of period t+ 1, 

G - n-dimensional vector-valued continuity function, 

{!- release decision vector, {d,', d/, ... , d,/J, where n' can be in, 

!'-vector of natural inflows to then reservoirs, [x/, x/, ... , x/J, 

i' -vector of seepage and evaporation losses from then reservoirs, [e/, ei, ... , e/j. 

The backward dynamic programming equation is 

J'(s'-1) = max E {C' (s',d) + f+l(s')), t = T, ... ,J. 

Subject to: 

- the transition equation, 

.. the inequality constraints on the storage level: 

2.3. 14 

2.3.15 
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s/ min ..s s/ ..s s/ max, 

- the inequality constraints on releases: 

d/ min ..s d;' ..s d/ max, 

for all i, t. 

In the above problem the following notation is used: 

c' (d',s') - scalar-valued system benefits during the time-period t, 
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J'(s1•1) - total expected benefits from period t to the end of horizon T, given that the system state is 

represented by s1•1, 

E - expectation operator, taken with respect to the conditional probability distribution 

pl{(s11s'·');d]2. 

Now, applying the Aggregation/Decomposition-Dynamic Programming technique to overcome 

the dimensionality problem, common to multireservoir systems, for the ith reservoir in an n­

reservoir system, the following problem is obtained (see also Figure 2.3. 4 and Figure 2.3. 5) 

f '( ,-1 s ') E{H( 1-1 s ,-1 d I ') fl+'( I s ')1l ~ s, , /+l = rr;ax, s,+1 , l+l , ' ,o,♦, + s, ' l+I f, 10r 
d, ,o,., 

subject to 

s/ = st1 +I/+ d1_/(. lst1 + S;+t1 = St1) - d/, 

S 1 - S 1-1 + q 1 + c• d 1 o 1 
i+J - l+J i+J I - i+J, 

t = T, ... ,1; 

2.3.16 

2.3. 17 

for all t. 

Where: 

2 Observation: pl [(s'ls'-1):rl)] is derived from the joint clistnbution of all inflows Jt fora given release 
decision d and the system transition equation. 
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s/- reservoir storage level of the ith reservoir, 

S; + / - aggregated3 reservoir storage of reservoirs i + I to n, at the beginning of time period t+ 1, 

d;_/(. 1St1) - release from upstream reservoir i-1 conditioned on the aggregate storage St' 

determined at the i-J th stage of optimiV1tion, 

o; ... / - aggregated release decision corresponding to the aggregated reservoir i+ 1, 

c • - conversion factor for the releases from the upstream reservoir to reflect the potential benefits 

available from the aggregated system of reservoirs, 

H(s/-1
, S;+t1

, d/, O;+J'J - immediate benefit in time period t4, 

E - expectation operator taken with respect to the conditional distribution corresponding to the 

current decision vector derived using the system equation and the joint probability distribution of 

the inflow// to ith reservoir, the aggregated inflow q1+/ to the aggregated reservoir i+ I and any 

release from the upstream reservoir d;./5 . 

As is the case with Turgeon method, the oprimiution stages start at i = I and go up to n-1 

stages, n being the total number of reservoirs. This methodology is a combination of the 

generalized AID-DP with the multi-level incremental dynamic programming (MIDP) technique 

proposed by Nopmongcol and Askew (1976). The authors named it multi-level approximate 

model dynamic programming (MAM-DP, MAM-SOP for the stochastic case). The methodology 

provides sub-optimal policies because, as the oprimfaation stages are performed, the policies 

become more and more local. For instance, 

d/ = f(s1,S/•I), where Si= h(s/•l,s/•l, ... , snt•l), 

d/ = f(si,S/·1}, where Si = h(s/·1,s/•l, ... , sn'·1), 

d t = r.19 r-1 s 1-11 
n-J JI• ,,_J ' n /• 

d t = r.1s 1-1 s 1-11 n Jr• n-1 • n /• 

Observation: h in above is an aggregation function. 

3 The aggregation is performed using a linear operator as explained in Section 3. 
4 This is only an approximate function of the real benefit. 
5 d1_/ is obtained as a function of S/ in the previous optimization stage. 

2.3.11 



Chapter 2 Literature Review - Aggregation/Decomposition Methodologies 70 

In contrast, in the global optimal solution, all d/, for i= l to n, will be given as a function 

Of S l•J S f.J S l•I I • 2 , ••• , n • 

Another reason for the sub-optimality of the policies is the need to consider the 

independence between the releases obtained at the previous optimization stage and the inflows 

during the stochastic dynamic programming part. It is not difficult to realize that, as the releases 

are a function of storages, and these depend on the inflows, that this assumption does not replicate 

the reality. However, this assumption is necessaiy for implementation purposes. 

In this work and in the description of the methodology so far, only the 2-level ND-SDP 

was presented. Nevertheless, this is only the first step in applying the MAM-SOP. In case the 

results obtained with this level are not satisfactory, one of the possible alternatives is to increase 

the level of the algorithm. For example, in a 3-level algorithm, two reservoirs are not aggregated 

and k-2 are aggregated. For this situation, a three state (not considering the inflows as state) 

stochastic dynamic programming optimjzarioo has to be performed. The complexity of the 

optimization increases demanding more CPU time and memory. 

2.3.6.3 Validation 

It was mentioned so far that the results obtained with the methodology are sub-optimal. 

But how to evaluate the degree of sub-optimality? For test problems, like those presented in the 

next section, it is possible to make a comparison with results previously available in the literature, 

obtained with other methodologies. For some of them, it is not difficult to calculate the upper 

bounds of the objective function (or lower bounds, if minimintinn) and estimate how the 

methodology performs. For some other test cases, when the size of the reservoir system is not 

greater than 3 or 4 reservo~ it is possible to compute the global optimal results by means of 

straight stochastic DP and use them as a reference for comparison. This kind of validation is not 

carried out in the present work. 

However, for some real problems, when it is not feasible to compute the global optimal 

results by means of SOP, one way of evaluating the perfonnancc of the methodology is to 
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compare it with the operating policy currently in use. The study case, presented in Chapter 4 is an 

example of the aforementioned. To this effect, it is necessary to use stochastic simulation. 

2.3. 7 Stochastic Extension of the Benders Decomposition 

The brief review of this Decomposition Approach is based on the paper presented by Pereira and 

Pinto ( 1985). ln Stochastic Linear Programming Problems (SLP), dimensionality is one of the 

major difficulties in solving problems of large systems of reservoirs. The authors of this paper 

propose a way of obtaining an approximation to the optimum at a reduced computational cost. 

The description of the approach starts with its deterministic version and is further extended to the 

stochastic case in the final part. 

In their work, the authors implement an algorithm which determines the most economical 

generation decision for each plant of a hydrothermal system. An small example is explained in 

detail and the model tested with a Case Study with 37 reservoirs of the Brazilian system. 

2.3. 7.1 Benders Decomposition Principle 

Let us assume a two-stage optimization problem, 

Where: 

miner x+dr y 

subject to 

Ax~h 

E.x+Fy~ g 

x - vector of decision variables in the first stage, 

c - vector of objective function coefficients, 

A - matrix of constraint coefficients, 

b - vector of right•hand side constraints, 

T - transpose operator. 

2.3. 19 
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Where: 

Now, given a feasible solution x •. to the first-stage problem 

For the second stage, the optimization problem becomes 

mindr y 

subject to 

Fy~g-Ex• 

y - vector of decision variables in the second stage, 

d - vector of objective function coefficients, 

F and E - matrices of constraint coefficien~ 

g - vector of right-hand side constraints. 

At this moment, two observations are necessary: 

1. the decisions x •, taken in the first stage, affect the second-stage constraints, 
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2.3. 20 

2.3. 21 

2. for any given vector of decisions x •, it is assumed that the second-stage problem is 

always feasible. 

How the decomposition Is performed 

Assuming an optimal decision vector y • for the second-stage optimization problem, equation 

2.3 .21 will appear as follows 

a(x) = mindr y• 

subject to 

Fy~g-Ex• 

2.3.22 
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where a(x) is a function of the first-stage decision, x. Therefore, rewriting the set of equations 

2.3.19 as 

miner x+a(x) 

subject to 
Ax~b 

2.J. 23 

Moving back to Section 2.2 of this Chapter, and relating the expression above with the 

DP Approach to optimization: 

l. er x embodies the immediate cost of the objective functio~ 

2. a(x) provides the information about the future cost of the decision vector x. 

The Benders Decomposition Technique is essentially a methodology to construct a 

convex polyhedron which is represented by the function a(x). The process is iterative and starts 

with an approximation of a(x), called a(x), a lower bound for the function. 

2.3. 7.2 Derivation of the Benders Decomposition 

Using the Benders Decompositio~ the following function is to be approximated 

a(x) = mindr y 

subject to 
F(y) ~ g- E(x), 

in problem defined by 2.3.19. 

Its dual is 

maximize II(g - Ex) 

subject to 
ITFSd, 

2.3. 24 

2.3. 2S 
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where n is defined as the vector of the dual variables, namely, the Simplex multiplier. The set of 

constraints represented by equations (IIF ~ d) bears independence with respect to the decisions 

taken during the first stage. Furthermore, the region defined by these equations represents a 

convex polyhedron allowing the use of linear programming techniques to solve it. 

Thus, the two-stage optimiz.ation problem can be rewritten as below 

minimize er x + a 

subject to 

Ax~b' 

,r1 (g - & ) - a s 0 

,r2(g- Ex)-a s O 

2.3. 2, 

The original problem is now redefined in terms of the decision vector x and the scalar 

variable a. According to Geoffrion (1970), a natural approach to solve these equations is by 

means of relaxation. This is because it avoids the need of determining in advance all the vectors 

ti, i = /, ... , p. This set may be a very large one, but only those of the following type are of interest 

1r' (g- Ex)= a 2.3. 27 

2.3. 7.3 Stochastic Extension 

As the concern is in tackling stoclwtic optirnizasfon problems, especially because of the 

randomness associated to the natural inflows, the following extension of the Benders algorithm is 

to be used. 

Let us assume, as is the case in the test problem, that the vector g, in equations 2.3.24 can 

take on five values, associated with five probabilities. Equations 2.3 .19 are now of the form 
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miner x + Pidr Yi + P2dr Y2 + p3dr YJ + p4dr Y.i + Psdr Ys 

subject to 

Ex+FY1 ~gl 

Ex+ Fy2 ~ g2 

Ex+ Fy3 ~ g3 

Ex+Fy4 ~g4 

Ex+Fy5 ~g5 

j::, 

2.3. 28 

Thus, using the methodology just described, first select a feasible decision set x •, such that 

the constraint set for the first stage is satisfied. N~ in the second stage, search for y/, J = 1, ... ,5 

that optimize 

• dr dr dr dr dr mmA ~+A~+~~+~ ~+A~ 
subject to 

Fy. 2: gl - Ex. 

Fy2 2: g2 -Ex• 

Fy3 2: g3 - Ex• 

Fy
4 

2: g4 - Ex. 

Fy, 2: g5 - Ex• 

2.3. 29 

Now, let us split the optiroi:zation problem given by equations 2.3.29 into five 

optimi1.ation subproblems. An interesting feature to note is that they are independent one from 

another. So, the following set of equations can be stated 

W1 = mindT Yi 

subjedto 

Fy, 2: gl -Ex· 

W2 = mindT Y2 

subject to 

Fy2 2: g2 -Ex• 

2.3.30 

2.3.31 
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• dT 
w3 = mm YJ 

subject to 

Fy1 2:: g3 - Ex• 

W4 = mindT Y4 

subject to 

Fy.i 2:: g4 - Ex• 

• dT 
Ws = mm Ys 
subject to 

Fys 2:: gs - Ex• 
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2.3. 32 

2.3. 33 

2.3. 34 

The values wft, j = 1, ... ,5 are multiplied by their respective probabilities. Needless to say, 

~P1 = 1. 

The two-stage problem can now be rewritten as 

miner x+a(x) 

subject to 

Ax~b 

2.3. 35 

which is very similar to the one just obtained for the deterministic case, the only difference being 

a( x), the expected value of the optimal solution for each x. 

As in Pereira and Pinto (1985), the analogy with stochastic dynamic prognmrniug 

formulation should be stressed. In their algorithm, for this specific stochastic case, the Benders cut 

follows 

w' +fi'E(x' -x)-aSO 2.3. 36 
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where w' = L
1

p1w/ , or its expected value. The same applies to the Simplex multipliers, "it, 

2.3. 7.4 Conclusion 

The Benders Decomposition algorithm provides a feasible implementation for the optimization of 

the operation of large reservoir systems. This because it decomposes the global optimizatfon 

problem into smaller successive one-stage subproblems. Once more, the analogy with DP is 

evident. Another important feature worth mentioning is that as the set of constraints in the 

Stochastic Extension are independent one from another, the calculations can be sped up by means 

of simultaneous execution. Perfonning these calculations in parallel allows significant reduction in 

computational time. 

2.4 Summary 

Section l of Chapter 2 reviews the Reservoir Operation Problem. After presenting a simple 

analogy between Inventory Storage Theory and Storage Reservoir Theory, the Deterministic and 

Stochastic solution approaches were discussed. The differences amongst open-loop and closed­

loop type policies, under the light of Control Theory were briefly stated. The mathematical 

formulation for Single and Multiple Reservoir Systems problems were shown, as well as the 

advantages of water resource system model simulation for more precise analysis of the proposed 

control policies. 

In the second section the type of policies that can be obtained for reservoir operation 

optimization were reviewed. The type of policy that is the most suitable to long-term operation is 

the closed-loop. This is obtained from a Dynamic Programming optirnintinn ( deterministic or 

stochastic) but it is usually computationally expensive. Important factors to consider when 

employing SOP in the Optirni:iation of Reservoir Systems are the discretization schemes and the 

choice of a suitable convergence test The long-term optimization is part of an overall 

oprirniza•fon scheme that includes real-time operation optimiution, and generally a mid-term 

operation optimization that bridges the gap between them. 



Chapter 2 Literature Review - Aggregation/Decomposition Methodologies 78 

Section 2.3 reviews various methodologies that use aggregation to reduce the size of a 

large problem so that it becomes computationally tractable. This review focused mostly on those 

that were the backbone to the MAM-SOP, which is one of the tools of this study. It starts with the 

Composite Representation developed by Arvanitidis and Rosing ( 1970a, 1970b) and the 

Decomposition Method for Long-Tenn Scheduling for Reservoir in Series by Turgeon (1981). A 

brief introduction to Benders Decomposition Approach that was applied to a water resources 

problem, as presented by Pereira and Pinto ( 1985), brings this review to a closure. 
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3. PROPOSED METHODOLOGY AND TESTS PERFORMED 

3. 1 Introduction 

It is well k:nomt to any decision maker that a good decision is the one that not only provides an 

optimal return but is also robust. A robust decision in a multistage decision process is the one that 

copes better with inputs that present large variance and consequently high uncertainty. Those 

decisions must be less sensible to input values that are placed distant from their expected mean. It 

is not rare to find cases where he is willing to accept less performance in exchange for higher 

operation reliability. 

1n the present study, those events that are affected by meteorological conditions are 

considered as uncertain. For instance, for the tests perfonned, natural inflows, and in the case 

study, Net Basin Supplies, as defined further in Chapter 4. Wets (1996) presents an interesting 

review of the techniques available to help the decision maker within the context of decision 

making Wlder uncenainty. 

According to that author, the main components of a stochastic programming model are 

(adapted from Wets (1996)): 

• a decision vector that must satisfy certain constraints, d ED; 

• a random variable J whose value will only be observed after d bas been selected; 

• a cost or benefit as a result of the decision taken. 

The above can be translated into the following, according to what was described so far: 

1. cost or benefit function of the familiar form, 

l. 1 

and I, the immediate expected costs/benefits are associated with the decision d and the future 

costs/benefits, I 1 (s',d). 
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2. the probability distribution P of the random variable/; 

3. the decision criteria, roughly: 

• an appraisal function, v: !R-J.!11, of the following form 

minE{v[ f( l,d}]), 
d 

or 

max E{v[ f( l,d)]}, 
d 

withd eD; 

• probability constraints of the form 

prob[ f(l,d) s OJ s a, 
or 

prob[f(l,d)~O}sa, and 

• constraints on the variance of/(-) that appear in the appraisal function v, 

• multicriteria, amongst others. 

81 

l. 2 

3. 3 

So far, the major concern in the optimization parts were either maximfaation or 

minimiurion of the objective function. Nevertheless, it is of importance for the decision maker to 

establish a threshold or, in some other cases, a range of probability of failure of the operation and 

associate them to an expected return or vice-versa. The normal procedure in the literature is to 

include this probability of failure, a . in the set of constraints. The insertion of probabilistic 

constraints defines the model as a chance constrained one. 

This work aims at improving the suboptimal policies that are obtained with the proposed 

MAM-SOP methodology, compute the variances for the expected return for the test cases, i.e., 

Single Reservoir and Multiple Reservoir Systems (test cases with 3 and 4 reservoirs} and after 

that, suggest ways of reducing the mentioned variances. It is also shown empirically that the well 

used paradigm that the higher the variance, which is a measure of spread or diflbsion around the 

expected values, the higher the probability of failure for the system. The first experiment was the 

application of Principal Components Analysis (PCA) to MAM-SOP. As the MAM-SOP author 

mentions in Ponnambalam (1987) and Pomuanbalam and Adams (1989,1996), this method is 

based on heuristics and this analysis proposes to assess different fODDS of possibly rearrangjJlg the 
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aggregation scheme and how this scheme might influence the final results, namely, the computed 

expected returns or cost and their respective variances. Of course, this type of study was not 

performed for a Single Reservoir System. PCA is employed as a means of evaluating which 

component of the reservoir system is responsible for the greater portion of the total variance of 

returns/cost of the system. Once this is established, this specific reservoir is set to be optimized in 

the first stage of MAM-SOP optimization. Proceeding in this fashion, the inherent suboptimality 

due to local policies for this specific reservoir is avoided. Because it is then optimized against the 

rest of the entire system, the policies will no longer be l~ although they may still be 

suboptimal. Furthermore, a way of implementing the well•known Expected Return.Variance of 

Return plots for multistage decision processes using SOP is presented. This is the major asset of 

this thesis. Before applying the methodologies presented in this chapter in the Study Case. Chapter 

4, they were extensively tested with some standard reservoir systems that appeared previously in 

the literature. The next section describes them and, as the methodologies are explained, the main 

results, shown. These results had to be swnmarized for the sake of presentation but they were 

always evaluated by means of simulation models employing stochastic inputs. 

3.2 Test Problems and Preliminary Results 

To assess the performance of the models here developed and validate the results obtained, they 

were compared with those from already extensively studied standard test problems, using the 

described methodology or employing problems already solved by other researchers. This section 

will focus in presenting these problems and the first stage of the study, i.e., the comparison 

between our results and those obtained by others. Once the models were thus validated. they were 

then extended to apply the proposed methodology. Three types of problems with increasing order 

of complexity were used: 

• Single Reservoir System, 

• Three Reservoir System, and 

• Four Reservoir System. 

The Three Reservoir System differs from the Four Reservoir not only in size but in its 

configuration too. While the former is a system in series, the latter bas a configuration of the 
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mixed type. The major reason for the inclusion of the Single Reservoir is to present the reader 

with a system where it is possible to evaluate the Two-Pass Mean-Variance Approach without 

aggregation considerations and therefore allow a better understanding of the results obtained with 

the technique. 

3.2.1 Single Reservoir System 

The same problem appeared in Fletcher (1995). The values are all presented in units of volume. 

Because this is a test problem, all the variables were already transformed to volume, including 

discharges, that are given as volume per month. The relevant data follow. 

Discretization Probabilities Values for the ordinates 

1 0.0668 -1.83 

2 0.2417 -0.89 

3 0.3830 0.00 

4 0.2417 0.89 

5 0.0668 l.83 

Table 3 - 1 Discretization of probabilities for the inflows 

Note that for the stochastic inflows it was assumed a discretized Normal distribution with 

values that are the same as those that appear in Turgeon ( 1981 ). 

The next table presents the average monthly inflows and return coefficients. These 

coefficients were obtained as the average power generated per month per unit of volume of water 

released from the reservoir. 
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Month Average Inflow Return Coefficients 

January 3.4 1.4 

February 3.7 I.I 

March s.o 1.0 

April 5.0 1.0 

May 7.0 1.2 

June 6.5 1.8 

July 6.0 2.S 

August s.s 2.2 

September 4.3 2.0 

October 4.2 1.8 

November 4.0 2.2 

December 3.7 1.8 

Table 3- 2 Avenge Monthly Inflow and Return Coefficients 

The constraints on storage and releases are listed next. From the maximum and minimum 

storage it is possible to determine the active storage. 

Month Maximum Storage Minimum Storage Maximum Release Minimum Release 

January 8.0 1.0 4.0 0.0 

February 8.0 1.0 4.0 0.0 

March 8.0 1.0 6.0 0.0 

April 8.0 1.0 6.0 0.0 

May 8.0 1.0 1.S 0.0 

June 8.0 1.0 12.0 0.0 

July 8.0 1.0 8.5 0.0 

August 8.0 1.0 8.S 0.0 

September 8.0 1.0 6.0 0.0 

October 8.0 1.0 s.o 0.0 

November 8.0 1.0 4.0 0.0 

December 8.0 1.0 4.0 0.0 

Table 3 - 3 Muimum and Minimum Monthly Storqe Capacity and Mu.imam and Minimum 
Releases rrom the Reservoir 
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The figure below presents the scheme of the single reservoir system: 

Figure 3 - 1 Scheme or the Single Reservoir System 

3.2.2 Objective Function 

The aim of the optimization is to maximize a performance index, Pl, which gives the total return 

due to power generation of the single reservoir system. 

Where: 

Therefore, 

12 

Pl=maxLc'd' 
f•l 

cl - return from power generation per unit of discharge from reservoir in month t, 

di - discharge released from reservoir in month 1; 

subject to the continuity equation: 

s' = s'-1 + I' -d'; 

3.4 

3. ! 
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Two approaches were used to solve this problem. The first one, called Case ~ considers 

penalties for spills occurring during the optimization part. As spills are undesired waste of 

resources it is assumed that when it happens the system loses them to the exterior. This is quite 

useful when dealing with systems consisting of more than a single reservoir because what is lost 

by an upstream reservoir might be conveyed and used by a downstream one with the consideration 

of adjusting the storage levels above the reservoir capacity at the present period. Another 

interesting feature is the avoidance of a transition from one state to another that would be 

infeasible otherwise. The approach can be extended to include states below a specified minim~ 

provided that this is not equivalent to an empty reservoir. As it is necessary to consider more states 

than in the usual procedure, the computation becomes more expensive. The second one, called 

Case B, only takes into accoUJ1t states occurring within the boundaries of the reservoir capacity. 

3.2.3 Three Reservoir System 

The following test problem appeared in Ponnambalam ( 1987) and was used to validate the long­

t~ steady-state operation model then presented. It was based on an originally existing reservoir 

system with a few alterations in the input data. The main objective of the system was the 

maximization of the annual accumulated releases for irrigation purposes. Because of the 

characteristics of the system, only the releases from the most downstream reservoir are conveyed 

to irrigation. The one year cycle was split into five different seasons, and the two most upstream 

reservoirs are fed with natural inflows. These were assumed independently, identically and 

normally distributed. Another assumption was having a coefficient of correlation equal to one 

between them and natural inflow to reservoir 2 could be regressed from natural inflow to reservoir 

1 by the relation: Ii= 0.5036847 I/. No natural in.flow is present for reservoir 3. A second test 

model was derived from this one, with their capacities modified. The objective function employed 

is the same as the one used by the author, namely, the maximization of the discharges from 

reservoir 3. The other input data follow. 
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Season Average Inflow Standard Deviation 

I 10.25 3.15 

2 210.27 44.90 

3 133.51 43.16 

4 73.60 20.86 

5 76.39 12.88 

Table 3 - 4 Mean and Standard Deviation of Natural Inflow to Reservoir 1 

Problem 1 Problem2 

Reservoir 1 Reservoir 2 Reservoir 3 Reservoir 1 Reservoir 2 Reservoir 3 

150.00 400.00 45.00 200.00 200.00 200.00 

Table 3 - 5 Active Storages for Problems 1 and 2 

The capacities for the channels leaving the reservoirs are the same for all channels in both 

problems, i.e.7 200.00 units of volume per season. Another assumption regards the coefficients of 

return, the same for all reservoirs and seasons, and its weight is equal to one throughout the year 

cycle. 

3.2.3. l Objective Function 

3. 6 

where 

c J' -return from irrigation per unit of discharge from reservoir i in month t, 

d J' -discharge released from reservoir i in month t; 

subject to the continuity equations: 
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t t-1 I d t 
S1 = 5 1 + I - l ; 

t t-1 I t d t d t 
S2 = S2 + 2 + l - 2 ; 3. 7 

t t-1 d t d t 
S3 = S3 + 2 - 3 ; 

Figure 3 - 2 below shows a schematic representation of the Three Reservoir Syst~ 

Problem l and Problem 2. 

Figure 3 - 2 Scheme or nree Reservoir System in Series 
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Ponnambalam ( 1987) reports obtaining, for 10-state discretizati.o~ a global maximum 

return (using straight SOP) of 745 .56 units of volume (u. v.) of expected annual releases from the 

system for Problem 1. Using the aggregation technique he now obtained 745.54 u. v. which is 

practically the same value. For Problem 2, the same author reported 748.30 u. v. and 748.31 u. v. 

respectively. The results were computed after 1000 year stochastic simulation. The value 

presented in the "Average Annual Input" row serves as a benchmark for the upper boundary for 

the optimization, because it is the maximum possible annual return for the operation of the 

system. N~ the preliminary results are presented for these test problems. For a system that has 

irrigation as the main purpose, the event failure of the type deficit has precedence over overflow. 

The same observation applies to hydropower generation systems. 

Problem 1 Problem 2 

Average Annual Releases Average Annual Releases 

Reservoir I 498.74 Reservoir I 502.93 

Reservoir 2 751.87 Reservoir 2 744.07 

Reservoir 3 7S1.87 Reservoir 3 744.07 

Average Annual Input 756.61 Average Annual Input 756.61 

Average Annual Output 751.87 Average Annual Output 744.07 

Difference 4.74 Difference 12.54 

Probabilities of Failure Probabilities of Failure 

DEFICIT OVERFLOW DEFICIT OVERFLOW 

Reservoir 1 0.0088 0.0430 Reservoir 1 0.0074 0.0048 

Reservoir2 0.0006 0.0000 Reservoir 2 0.0000 0.1018 

Reservoir 3 0.0006 0.0000 Reservoir 3 0.0000 0.0000 

The results above aimed at validating the routines employed to solve these two test 

problems. All the values above were computed after 1000 year stochastic simulation with time­

step equal to one month. With respect to performance index the results were similar to those 
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reported by Ponnambalam ( 1987) but are not exactly the same. While that author had a better 

performance with the type 2 problem, in this work problem I has the advantage over problem 2. 

The explanation for this better performance of type I problem is due to the size of reservoir 2 in 

its configuration. As it is the double in size with respect to problem type 2, it was more able to 

accommodate the inflow disturbances. The reader is reminded that only reservoirs I and 2 are fed 

by natural inflows. For the results sho~ reservoir 3 has no actual participation in the regulation, 

its role is limited to reproduce the outflows from the previous one. In fact, the release policies 

obtained for reservoirs 2 and 3 are exactly the same. In terms of performance of the syst~ it 

could be removed from it with no effect in the regulation. Of course, this is probably not the case 

with the real system and is certainly a consequence of the approximations employed in setting up 

the case, mostly for the inflow discretization and its probability distribution. 

Another feature worth mentioning is that the oprimintion of the operation of these 

systems required the inclusion of states that are located out of the maximwn storage bounds. That 

is to say that, to have feasible states in the SDP optimiz.ation, it was necessary to consider states 

where spills were taken into account. Otherwise the optimization routine would not converge to a 

result. 

With respect to probabilities of failure the results merely reflect the importance of the size 

of the reservoirs. Because in type 1 problem reservoir l is smaller than in type 2 and the inflows 

are same, it is more prone to have deficit and overflow situations. The opposite happens in 

reservoir 2, i.e., ~ it is larger, it presents null probability of overflow for type I while for type 2 

it is around l 0 %. The probability of deficit, although very small, it is still present because of the 

bigher probability of the same kind of event in reservoir 1. 

3.2.4 Four Reservoir System 

One of the problems used for testing the MAM-SOP model incorporates a combined. 

configuration, that is, series and parallel Figure 3 - 3 shows a schematic representation of the 

system. Because of its characteristics, although small in size, it is a very complicated case to solve. 

It is a four reservoir system, with only two natural inflows. These inflows are spatially correlated, 
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namely, it was assumed that both are located in the same catchment area, and no serial correlation 

was considered. 

The problem, in the fashion that appears in this work, has also been solved by Chow and 

Cortez-Rivera (1974), Murray and Yakowitz (1979), Chara and Pant (1984), and Fletcher et al. 

(1994). The problem originally appeared in the literature in Chow and Cortez-Rivera (1974) and 

became a benchmark for water resources optimization of the operation of reservoir systems. As 

cited in Ponnambalam and Adams ( 1989), the main characteristics of this problem are having a 

linear objective function and the benefit coefficients cl for each reservoir i, being a function of 

time 1. A careful comparison between the data that appear in Chow and Cortez-Rivera (1974) and 

some of the other references will show that although there are some minor differences between the 

monthly inflows and the capacities of Reservoir 1, the comparisons of the maximum benefit are 

made with the one obtained by referred authors The same data that appeared in that technical 

report is reproduced below. Note that in Ponnambalam and Adams (1989) this four reservoir 

problem~ been solved only deterministically. For the first time, the results of applying MAM .. 

SDP to the four reservoir problem are presented here. 

J.2.4.1 Input to the Problem 

Month Inflow to Reservoir 1 - I1 Inflow to Reservoir 2 - 12 

January 0.75 1.00 

February 2.00 2.00 

March 2.00 3.00 

April 4.00 3.50 

May 3.SO 2.50 

June 3.00 2.00 

July 2.50 1.25 

August 1.30 1.25 

September 1.20 0.75 

October 1.00 1.75 

November 0.75 1.00 

December 0.40 0.50 

Table 3 - 6 Average Values for the Inflows per Month in uits or volume 
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Month Reservoir I Reservoir 2 Reservoir 3 Reservoir 4 

January 18.00 8.00 15.00 12.00 

February 17.00 8.00 15.00 12.00 

March 15.00 8.00 15.00 12.00 

April 15.00 8.00 15.00 10.00 

May 15.00 8.00 15.00 9.00 

June 12.00 8.00 15.00 8.00 

July 12.00 8.00 15.00 8.00 

August 15.00 8.00 15.00 9.00 

September 17.00 8.00 15.00 10.00 

October 18.00 8.00 15.00 10.00 

November 18.00 8.00 15.00 12.00 

December 18.00 8.00 15.00 12.00 

Table 3 - 7 Muimum Admissible Stonge Capacities of the Reservoin per Month in ua;,ts or volume 

The minimum permissible storage volwne per reservoir throughout the year is 1.0 unit of volume. 

Month Reservoir l Reservoir2 Reservoir 3 Reservoir4 

January 4.50 4.50 8.00 4.00 

February 4.50 4.50 8.00 4.00 

March 4.50 4.50 8.00 4.00 

April 4.50 4.50 8.00 4.00 

May 4.50 4.50 8.00 4.00 

June 4.50 4.50 8.00 4.00 

July 4.50 4~50 8.00 4.00 

August 4.50 4.50 8.00 4.00 

September 4.50 4.50 8.00 4.00 

October 4.50 4.50 8.00 4.00 

November 4.50 4.50 8.00 4.00 

December 4.50 4.50 8.00 4.00 

Table 3 - 8 Mui.mum Admissible Releases from the Raervoin per Month in units of volume 
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The minimum pennissible release per reservoir throughout the year is 0.005 unit of volume. 

Month Reservoir 1 Reservoir 2 Reservoir 3 Reservoir4 

January 1.4 1.0 2.6 1.1 

February 1.1 1.0 2.9 1.0 

March 1.0 1.2 3.6 1.0 

April 1.0 1.8 4.4 1.2 

May 1.2 2.5 4.2 1.8 

June 1.8 2.2 4.0 2.5 

July 2.5 2.0 3.8 2.2 

August 2.2 1.8 4.1 2.0 

September 2.0 2.2 3.6 1.8 

October 1.8 1.8 3.1 2.2 

November 2.2 1.4 2.7 1.8 

December 1.8 1.1 2.5 1.4 

Table 3 - 9 Return due to Power Genentioo per unit or volume Released per Reservoir and per 
Month (coefficient c) 

3.2.4.2 Objective F11nction 

The aim of the optimi:zanon is to maximize a performance index, Pl, which gives the total return 

due to power generation of the entire system of four reservoirs. Therefore, 

4 12 

Pl= maxLLc,'d,' 3. 8 
l•l t•l 

where 

cl - return from power generation per unit of discharge from reservoir ; in month t, 

dl - discharge released from reservoir ; in month t; 
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subject to the continuity equations: 

t t-1 f d t 
Si = S1 + l - l ; 

t t-1 d t d I 
S2 = S2 + l - 2 ; 

, t-l d t d I d t 
S3 = S3 + 2 + 4 - 3 ; 

3.9 

I 1-l I t d I 
S4 = S4 + 2 - 4 

3.2.4.3 Scheme of the Four Reservoir System 

l 
Fipre 3 - 3 Scheme of the 4 Reservoir System 



Chapter 3 Proposed Methodology and Tests Perfonned 95 

3.2.4.4 Results Obtained with MAM-SDP 

The following tables present sample results from applying MAM-SOP (2-level) to the four 

reservoir problem. 

3.2.4.4.1 General Information 

Next is presented the full optimization with the application of the standard Two-Level MAM-SOP 

scheme for definition of release targets. Standard scheme stands for aggregation performed from 

upstream to downstream. The figw-es presenting the three stages for this kind of configuration are 

shown next. 

First Stage of Aggregation/Decomposition: 

Fipre 3 - 4 Fint S1a1e Scheme 
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Second Stage of Aggregation/Decomposition: 

ci/ 

Figure 3 - S Second Stage Scheme 

Third Stage of Aggregation/Decomposition: 

Figure 3 - 6 Dini Staie Scheme 
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Coefficient of Variation= 0.30 Coefficient of Variation= 1.00 

Average Annual Return: Average Annual Return: 

Reservoir I 40.83 Reservoir I 38.97 

Reservoir 2 46.31 Reservoir 2 42.95 

Reservoir 3 172.67 Reservoir 3 143.19 

Reservoir4 38.29 Reservoir4 26.29 

System 298.11 System 251.40 

Total Input 42759.00 Total Input 46019.00 

Total Output 42719.00 Total Output 39301.00 

Difference 39.41 Difference 6717.50 

Probabilities of Failure: Probabilities of Failure: 

DEFICIT OVERFLOW DEFICIT OVERFLOW 

Reservoir 1 0.0001 0.0018 Reservoir 1 0.8009 0.0024 

Reservoir 2 0.0042 0.0000 Reservoir 2 0.6499 0.0001 

Reservoir 3 0.0001 0.0000 Reservoir 3 0.3386 0.0000 

Reservoir4 0.0033 0.0016 Reservoir4 0.0665 0.2519 

Where the coefficient of variation of the normally distributed inflows are given as a 

percentage of the mean value as presented in Chara and Pant ( 1984) and Murray and Y akowitz 

( 1979). It is necessary to note that during the stochastic simulation the normal distribution had to 

be truncated to avoid the presence of negative inflows. This occurred because the random number 

generator produced negative values. However, during the optimization part no negative values 

were registered allowing the use of the normal distribution with no truncation. The same 

\)bservations are valid for the previous test cases. 

The results were obtained after a stochastic simulation was performed maintaining the 

same standard deviations (disturbance) for the inflows as those employed for the stochastic 
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optimization. Note that generally it is not easy to predict the effect of d.iscretiz.ation. However, it is 

anticipated that the policies generally have worse variance in benefit than those obtained with finer 

discretization policies. 

Also, one should observe that reservoir 3 has four specific characteristics that make it 

different from the others. And, as reservoir 2, no natural inflow. It has: 

l. the highest return per unit of volume discharged; 

2. the largest active storage; 

3. the largest admissible releases; 

4. a location characteristic, it is the most downstream reservoir. 

From these items, it is easy to deduct that it is more efficient to discharge from it than 

from the others. Another circumstance to consider for the location characteristic is the fact that in 

the aggregation scheme set up it was chosen as one of the last reservoirs to be optimized. As a 

result, as the decomposition is carried out, and the decisions become more local, the two last 

reservoirs will be most affected by this limitation. To test this within the MAM·SDP formulation 

the possibilities are twofold. In the combined configuration, parallel and in series, rearrange the 

aggregation scheme. In any type of configuration scheme, increase the level of the algorithm. 

As a level greater than 3 or 4 is not very tractable computationally in sequential 

processing, it would be of interest to consider high performance computing, including parallel 

processing for this purpose. 

Remarks: 

l. The proble111 was also solved using the standard Linear Programming routines of Matlab8 

Optimi,;ation Toolbox in deterministic fashion as a means of defining an upper bound for the SOP 

optimjzatilln. The optimum values for the objective function obtained during the LP optimizaril)U 

were PI= 313.24 for the case where no starting and ending points were previously defined. For 

the same case as the one presented in Chara and Pant ( 1984) the PI was 309.40. 
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2. Although the policy was obtained for a Deterministic LP model, these results can be used as a 

starting point for a stochastic optimization. 

3.3 MAM-SDP with Approximate Conditional Probabilities 

The following suggestion of extending MAi~-SDP came from empirical results. Part of the 

suboptimality of the results obtained when applying the technique was originated from the fact 

that not all the states were tested during the stochastic DP with the joint conditional probabilities 

for the releases. These conditional probabilities are obtained once the optimization is completed 

and the system is simulated Because they are obtained from steady-state conditions, the 

transformations do not include many states. Add to this the approximate character of the aggregate 

reservoir. The first contradictory results appeared wh~ as the coefficient of variation increased, 

and consequently the uncertainty, the performance of the system improved. For instance, when 

computing the Four Reservoir System, in the so-called extended model, where spills were 

considered as states, for a coefficient of variation of 0.30 the Performance Index reached 264.34 

and for a coefficient equal of 1.00, with much more uncertainty added, 283.64. The second 

evidence was again improved performance, now when testing different aggregation schemes that 

used these type of probabilities in less stages. Although the coefficient of variation was the same, 

the improvement was considerable. The affirmations above are illustrated by presenting a sample 

of the probabilities obtained with different coefficient of variations for the same epoch, in the 

present case, the month of January. These samples were collected from the Four Reservoir System 

Test Case. These are the Conditional Probabilities for the releases coming from Reservoir 1 after 

the first stage of MAM-SOP. In this case a very small coefficient of variation for the inflows was 

used, namely, 0.0S. Therefore, releases from it are conditional on the state of Reservoir 1 versus 

the rest of the system. Toe first graph shows the conditional probability surface u is obtained just 

after the simulation, while the second one, the ttansformed one. 

The transformation was accomplished by means of a function that resets the matrix of 

Conditional Distribution Probability of Releases with respect to the storages. It assumes that the 

infeasible regions (represented by zeroes) can be replaced by the relations "greater than" or "less 

than", therefore diffusing the probability region up to the boundaries. In this work a linear 
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transformation was used for the sake of simplicity and speed of computation. As an example it 

follows the transformation for a simple and small matrix of probabilities. 

Where: 

0.9500 0.0200 0.0000 

A joint = 0. 0 I 00 0. 0 I 00 0. 0000 

0.0100 0. 0000 0. 0000 

➔ 

AJa1n1 - Joint Conditional Probability of Releases, 

Amarg1na1 - Approximate Marginal Probability of Releases. 

0.9794 0.6667 0.6667 

A,nargtna1 = 0.0103 0.1667 0.1667 

0.0103 0.1667 0.1667 

Please note that, for column vectors that present the Marginal Probability of Releases, the 

conditional probabilities are already preprocessed for the SOP optimization, i.e., while 4 A.fo'nl = 

1; now the following is true: I; AmargtnaJ.r 1-,, = L Affllll'gtnoLr 1-iJ = l; A,,.,,,1na1.u-JJ = 1. Not only for 

this specific case but for the most of the steps where this was possible, preprocessing was 

employed as a means of reducing the computation time. The previous example was just an 

illustration and was not used in the actual computations for the test problems. 

Figure 3 - 7 presents one of the joint conditional probabilities of the releases for reservoir 

l as computed by the standard MAM-SDP. The probabilities have the shape of spikes and this 

characteristic is reinforced when the inflows have little noise. Figure 3 • 8 presents the 

preprocessed Marginal Probabilities. A linear transformation was considered sufficient for an 

initial approximation, especially because of the other simplifications involved. The following 

tables show the original probabilities and those derived from them. Note that the knots in the mesh 

were connected using linear relationships. 

From: 

State 1 2 3 4 s 6 
1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
2 0.0000 0.0000 0.7410 0.0020 0.0000 0.0000 
3 0.0000 0.0000 0.2570 0.0000 0.0000 0.0000 
4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
s 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
6 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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To: 

State 
1 
2 
3 
4 
s 
6 

1 2 3 4 5 6 
0.0400 0.0400 0.0400 0.0244 0.0244 0.0244 
0.1920 0.1920 0.1920 0.1951 0.1951 0.1951 
0.1920 0.1920 0.1920 0.1951 0.1951 0.1951 
0.1920 0.1920 0.1920 0.1951 0.1951 0.1951 
0.1920 0.1920 0.1920 0.1951 0.1951 0.19S1 
0.1920 0.1920 0.1920 0.1951 0.1951 0.1951 

Therefore, graphically, from: 

Conditional Probabllltlea of Relea•• for the Month of January 
Re•rvolr1 

0.8000 

0.7000 
■ 0.7000-0.8000 

0.6000 ■ 0.6000-0. 7000 

0.5000 ■ 0.5000-0.8000 

0.4000 ■ 0.4000-0.5000 

0.3000 1 a o.3000-0 . .woo 
a 0.2000-0.3000 

0.2000 
■ 0.1000-0.2000 

0.1000 ■ 0.~.1000 

Figure 3 - 7 Conditional Probabilities for the Releases from Reservoir 1 
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To: 

Approximate Conditional Probablllties of Rele1es for the Month of 

02000 

0.1500 

0.1000 

January Re•rvolr 1 

5 8 

Figure 3 - 8 Marginal Probabilities for the Releases from Reservoir 1 

3.3.1 Main Results with the Four Reservoir System Test Problem 

3.3.1.1 Coef/lcient of Jlariation: 0.30 

CJ 0.1500-0.2000 

co.1000-0.1soo 

■ 0.0500-0.1000 

■ 0.0000-0.0500 

Table 3 - 10 shows the results obtained for the MAM-SOP according to what was described. The 

need for adjustment of policies stems from the fact that some of the states present release policy 

equal to zero. When this happens for the last states of the system it easily falls into what is known 

as a trapping state, once in it, the system does not leave to another state. Other corrections were 

also made, more specifically interpolation for intermediate release policies with values equal to 

zero between two other values with clear tendencies. For example, if state 1 had release policy 

equal to 20, state 2, 7.el'O and state 3, 40; state 2 would end up with release policy equal to 30, 

after linear interpolation. The decision to employ this technique was due to the rcalizati"n that it 

really improved the performance of the method in a substantial way. 
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System Reservoir 1 Reservoir 2 Reservoir 3 Reservoir4 

Perf. lndex. 264.34 42.17 38.19 153.62 30.36 

Std Dev. 30.21 4.53 6.14 15.46 5.07 

Std Dev.% 11.43 10.74 16.08 10.06 16.70 

Prob. Prob. Spill 0.00 0.21 0.06 1.29 

Prob. Def. 8.44 2.53 0.00 0.00 

Table 3 - 10 Case I - MAM-SDP (with adjustment or release policies) 

For the Turgeon' s method there was no need to use adjustment of policies and the models 

were set as described in his 1981 paper. With the exception of the modules dedicated to the 

computation of the conditional distribution of the releases the rest of the model is exactly the same 

as the one used above. Isolating these factors allowed us to a meaningful comparison between 

their perfonnance. The performance of the system was significantly better than with the method 

above, even with respect to the standard deviation of the returns, which are smaller. 

System Reservoir 1 Reservoir2 Reservoir 3 Reservoir4 

Perf. Index 293.67 41.67 44.71 167.71 39.58 

Std Dev. 21.56 3.56 3.89 11.95 3.18 

Std. Dev.% 7.34 8.54 8.70 7.13 8.03 

Prob. Spill 0.1S 0.00 0.00 0.89 

Prob. Def. 0.05 0.01 0.00 0.02 

Table 3 - 11 Case 2 - Turgeon Method (no adjustment or release policies) 

MAM-SOP using a different approximation to the conditional distribution of releases 

performed just slightly better than the one from Turgeon' s but at the cost of higher standard 

deviation. Also, when considering that the upper bounds for the Performance Index for this type 

of system ranges around 310 units for the deterministic problem, this one, with a coefficient of 

variation of30 % performs nicely, here considered all the approximations used in the aggregation 

part. 
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System Reservoir l Reservoir 2 Reservoir 3 Reservoir 4 

Perf. Index 29S.28 40.06 45.81 169.42 39.99 

Std. Dev. 24.31 4.60 4.82 12.50 3.98 

Std. Dev.% 8.23 11.48 10.52 7.38 9.9S 

Prob. Spill 0.01 4.17 0.43 0.38 

Prob. Def l.64 0.94 0.01 0.0S 

Table 3 - 12 Case 3 - MAM-SDP (with marginal distribution of releases) 

Table 3 - 13 presents a test with the use of penalties for spills, i.e., the inclusion of states 

that include spills to the storage levels. For this level of uncertainty, the model performance was 

very slightly inferior to the one shown in Table 3 - 12 not only with respect to PL but its standard 

deviation was higher too. 

System Reservoir l Reservoir 2 Reservoir 3 Reservoir4 

Perf. Index 294.84 40.04 45.76 169.16 39.88 

Std. Dev. 25.02 4.70 5.04 12.78 3.94 

Std. Dev.% 8.49 11.74 11.01 1.SS 9.88 

Prob. Spill 0.01 0.00 1.31 0.37 

Prob. Def. 1.63 1.00 0.00 0.06 

Table 3 - 13 Case 4 - MAM-SOP (u Case 3 plus considerin1 penalties for the spills) 

3.4 Principal Components Analysis 

In the previous chapter, Literature Review, the focus of the attention concentrated in presenting 

the aggregation methodologies developed by Ponnambalam and Adams (1989), MAM-SOP, and 

Turgeon ( 1981 ), decomposition method. It was pointed out that, as stressed by the author, 

Ponnambalam' s algorithm was based on heuristics and the solutions obtained, suboptimal. 

MAM-SOP allows the modeler to employ different levels of aggregation until a suitable 

one is found. However7 in terms of practical applications, the use of more than 3 or four states 
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would produce very expensive computations, time wise. A paper by Archibald, McKinnon, and 

Thomas ( 1997) presents an interesting suggestion of employing 3-level aggregation scheme 

where, with the obvious exception of the reservoir located at the most upstream position within 

the system in consideratio~ the drawback of having local policies is avened by always taking into 

account the entire system. It must be reminded that this possibility was already present in 

Ponnambalam' s paper just mentioned above. In both methods presented by Turgeon and 

Ponnambalam the aggregation scheme always starts by the most upstream reservoir and proceed 

downward in the system until the last two reservoirs are optimized in the last stage. But while this 

is one of the range of possible approaches, it does not necessarily have to be so. For instance, let 

us consider a system composed of five reservoirs in series. Also, that the capacity of the most 

upstream one is greater than the sum of the capacities of the rest of the system. Even intuitively, 

the importance of the most upstream reservoir within the system is evident. And having local 

policies might heavily affect the performance of the system. Thus, the definition of the importance 

of each component of the system must be clearly defined and taken into consideration when 

establishing the aggregation scheme. Saad and Turgeon ( 1988) applied Principal Components 

Analysis (PCA) to define the reduced model of the system. 

Their method will be briefly reviewed and then a similar version of it, to be applied to 

MAM•SDP, will be presented. Alternative aggregation schemes to the ·1op down" sequence are 

proposed having in mind their effect on the objective function, and the consequent spread around 

its mean values. 

Saad and Turgeon ( 1988) developed a method where the implicit approach is used "to 

reduce the number of state variables in the problem, and the explicit approach is used to find the 

optimal solution of the reduced problem". As cited in their paper, aggregation, and consequent 

reduction of the size of the problem, is possible if the state variables are interdependent It has the 

major advantage of considering explicitly the stochastic nature of the disturbances, e.g., natmal 

inflows, net basin supplies and, what may be viewed as an intrinsic weakness, the need for 

interdependency between the states, is generally present in reservoir systems, which are usually 

located in the same river, catchment area, or groundwater aquifer. 
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The solution method presented by them is succinctly described below. 

Step l: Generate m synthetic flow sequences with the same length using the statistical 

information existing in the historical flows. The minimum suggested number of sequences 

is 30 but a higher one is advisable, for the sake of accuracy. 

Step 2: The optimization problem is solved deterministically for each of the synthetic 

flow sequences, generating m deterministic solutions. (Here the possible optimization 

methods are not specified, the reader is referred to the original paper for further 

information.) 

Step 3: Perform Principal Components Analysis and determine whether the system can be 

modeled with fewer variables and the most appropriate scheme of doing so. 

The formal justification for employing PCA comes from the following reasoning. It is 

necessary to find a vector ~ such that its elements are uncorrelated and are linear functions of the 

vector of observations s. Therefore, 

3. 10 

For the elements of l; to be uncorrelated, following must be true 

p p 

E(~1: 1 ) = E{LI,.. LI1,,.x,.} = 0, i ~ J 3.11 
k•l m-1 

The equation above translates into 

p p 

Ltli/1,,.E(xtx,.) = Ll,.J Jntc., = 0 3. 12 
k.nr-1 .t.--1 

where c. is the covariance of Xt and x,,,. The index p refers to the number of variables. Also, we 

are interested in obtaining an orthogonal transformation, which will lead us to 



Chapter 3 Proposed Methodology and Tests Performed 107 

11· = I 3.13 

and I is the identity matrix. Rewriting equation 3. 7, we obtain 

E(~~·) = E{lx(lx)'} = E{lxx't'} = lcl' = A 3. 14 

Matrix A is a diagonal matrix where its nonzero elements are the variances of ~' s. From 

the previous equation, cf = a' A and therefore 

3. 15 

where A are the eigenvalues and the columns of I, the eigenvectors. 

The uncorrelated, orthogonal linear transform ~ are the Principal Components. When the 

x' s present normal distribution of the probabiliti~ they are not only wicorrelated but independent 

as well. The next and final step is to rearrange the principal components in decreasing order, the 

first component corresponds to the variable with the largest variance, the second component with 

the variable with the second largest variance, and so on. The expression Principal Components 

Analysis comes from the fact that the sum of the eigenvalues corresponds to the sum of the 

distances from their center of gravity. Thus, the ratio 1/1:l, gives the relative participation of the 

~ in the total variation. 

Based on what was exposed so far, a way of defining the aggregation scheme in which the 

policies from the reservoir that accounts for the most of the objective function variance are 

optimized was presented. It should be reinforced that variance is a measure of dispersion, an 

undesirable featme for the operation of the reservoir system. In doing so, the aim is to have a 

greater control on the component of the system that accounts for the greater portion of the 

variance. 
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The next page has the flowchart of the proposed way of applying PCA to MAM-SOP 

with the objective of reducing the variance of the system components that account for the major 

part of it. ft differs from the algorithm suggested by Saad and Turgeon ( 1988) in the following: 

1. The normal MAM-SOP optimization is performed even before a definition of the 

most appropriate way of aggregating the system. In the previous method, implicit 

optimization is employed. In this case, once the operation policies are set up by 

standard MAM-SOP, the stochastic simulation of the system is performed to evaluate 

them. The assessment of the operation features like stochastic input, adherence to 

stipulated constraints, performance, rate of failure, amongst others, is better executed 

in this fashion. Nonetheless, the computation cost is higher. 

2. Instead of analyzing the principal component per oprirnfaatfon epoch, the entire cycle 

is used. One of the reasons for this is having a long-term optimization involved, 

instead of short-term. The other is having to consider the aggregation scheme as a 

whole and not per epoch. 
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ITERATIVE DETERMINATION OF MAM-SDP AGGREGATION 

Determination of the New 
Aggregation Scheme 

according to PC A 

NO 

START 

Input of the data 

Determination of the initial 
Aggregation Scheme, 

including 
the aggregation level / 

(upstream to downstream) 

Aggregate (n- / + 1) 

reservoirs 

/- State(s) 
MAM -SOP 

Optimization 

Simulation of the Reservoir 
System Operation 

Evaluation of the 
Performance, 

Performance Variance,, and 
Principal Components 

Analysis (PCA) 

Assessment of the 
Performance vs. Variance 

Figure 3 - 9 Flowchart of Definition of MAM-SOP Aareption Scheme 

109 



Chapter 3 Proposed Methodology and Tests Performed 110 

3.4.l Test Problems and Results 

3.4.1.1 Three Reservoir System: 

3.4.1.1.1 Problem 1: 

Season Return Storages 

Reservoir 1 Reservoir2 Reservoir 3 Reservoir l Reservoir 2 Reservoir 3 

I 10.32 0.00 89.68 7.69 92.31 0.00 

2 11.42 0.00 88.58 71.40 28.60 0.00 

3 56.47 43.53 0.00 44.61 SS.39 0.00 

4 72.38 27.62 0.00 11.64 88.36 0.00 

s 13.84 0.00 86.16 14.62 85.38 0.00 

Cycle Average 32.89 14.23 52.88 29.99 70.01 0.00 

Table 3 -14 Analysis of Variance using Principal Components Analysis Applied to Problem 1 or 
Tbne Reservoir System (first test). 

From Table 3 - 14 above it is easily noticeable that when considering the observations, in 

the present case., storages, the Principal Component of the system is reservoir 2. Because reservoir 

2 is located in the middle of the system, 2-level MAM-SOP is not applicable to it, the 3-level 

being already global opriroilarfon for this specific case. When considering the returns, reservoir 3 

is the Principal Component with 52.88 %, although not significantly with respect to the rest of the 

system considered as a whole which adds up to 47.12 %. Table 3 - 15 presents MAM-SOP 

performing the aggregation from bottom to top. This expression means that in the tint stage, 

reservoirs 1 and 2 are aggregated while the release policy is obtained for reservoir 3 alone. In the 

second stage, reservoirs 1 and 2 are optirniz.ed and reservoir 3 is not considered. It should be 

observed by the reader the existing difference with the results ftom the previous table, i.e., 

reservoir 3 had previously no importance for the variance in the storages while in the second case 

it accounts for the most of it 
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Season Return Storages 

Reservoir l Reservoir 2 Reservoir 3 Reservoir l Reservoir 2 Reservoir 3 

3.60 8.22 88.17 45.85 33.95 20.20 

2 1.00 7.05 91.9S 3.00 1.82 95.18 

3 0.36 2.10 97.54 15.06 1.85 83.09 

4 5.44 0.68 93.88 17.41 2.61 79.97 

5 3.09 20.78 76.12 20.72 16.56 62.71 

Cycle Average 2.70 7.77 89.53 20.41 11.36 68.23 

Table 3 - 15 Analysis of Variance using Principal Components Analysis Applied to Problem 1 of 
Three Resenroir System (second test) 

Figure 3 - 10 below plots the accumulated expected returns for the cycle against their 

respective variances. Because the original problem concerned irrigation, the only objective was to 

maximize the output from the most downstream reservoir. Figure 3 - 11 presents a more general 

picture of the system as a whole as well as per reservoir. In the second case, the standard deviation 

was used as the measme of dispersion. In graph below, the blue diamonds represent the physically 

based aggregation scheme (standard) while the pink squares, the one derived from the statistical 

decomposition. The variances per reservoir are more or less equivalent but when the entire system 

is taken into account, the standard scheme presents a much better figure, i.e., much less. When 

considering solely the output from reservoir 3, which is the objective of the optimfa:alion, the top 

down is still superior, although. not as significant. 

Analyzing the results above the consequent weak conclusion is that the physical 

diagnosis, here typified by MAM-SOP, performs better than the statistical decomposition. And if 

so, under which conditions this occur? Unfortunately, for the three reservoir system a fixed value 

for the coefficient of variation for the inflows was employed, therefore is possible to state that for 

the present case the physical diagnosis provided better results. 
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Fipre 3 - 11 Aven1e Annual Return and Respe(tive Standard Deviation, Three Reservoir System, 
Problem 1 
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3.4.1.1.2 Problem 2: 

Return Storage 

Season Reservoir 1 Reservoir 2 Reservoir 3 Reservoir I Reservoir 2 Reservoir 3 

I 8.47 0.00 91.53 5.91 94.09 0.00 

2 29.75 0.00 70.25 74.51 25.49 0.00 

3 38.40 61.60 0.00 56.44 43.56 0.00 

4 43.13 56.87 0.00 17.70 82.30 0.00 

5 27.45 0.00 12.55 1S.65 84.35 0.00 

Cycle 29.44 23.69 46.87 34.04 6S.96 0.00 

Average 

Table 3 - 16 Analysis of Variance using Principal Components Analysis Applied to Problem 2 of 
Three Reservoir System (fint test) 

Repeating the comments made for Problem 1, and regarding Table 3 - 16 the Principal 

Component of the system is once more reservoir 2 with respect to the storages. When considering 

the returns, reservoir 3 is the Principal Component, but its influence is now smaller than half of 

the total variation of the syst~ meaning not significantly with respect to rest of the system 

together, considering that reservoirs l and 2 account for S3.13 %. Table 3 - 17 presents MAM­

SOP performing the aggregation from bottom to top. As before, the reader can note the 

differences with the results from the previous table, e.g., reservoir 3 had previously no importance 

for the variance in the storages whereas in the second case it accounts for the most of it 

Retum Storage 

Season Reservoir l Reservoir2 Reservoir3 Reservoir l Reservoir 2 Reservoir 3 

1 3.60 8.22 88.17 45.85 33.95 20.20 

2 1.00 7.05 91.95 3.00 1.82 95.18 

3 0.36 2.10 97.54 15.06 1.85 83.09 

4 S.44 0.68 93.88 17.41 2.61 79.97 

s 3.09 20.78 76.12 20.72 16.56 62.71 

Cycle 2.70 7.77 89.53 20.41 11.36 68.23 

Average 

Table 3 - 17 Analysis of Variance u1in1 Prindpal Components Analysis Applied to Problea 2 or 
Three Reservoir System (second test) 
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The graphs below present first the relationship between the accumulated sum of the mean 

releases for the cycle~ that is to say, the objective function for this optimization., with respective 

variances, while the second one the more general picture of the system as whole and per reservoir. 

The notation regarding the aggregation schemes is the same as in the previous situation. Also, the 

same conclusions noted from the previous case are valid here, i.e., variances per reservoir are 

more or less equivalent between both. However, when the entire system is taken into account the 

top down aggregation scheme presents bater results in terms of variance of the returns. The 

returns themselves are more or less equivalent, but the variance is significantly smaller. When 

considering just the output from reservoir 3, the top down is still superior, and not as significant. 

Benefits vs. Variance of the Benefits 
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Figure 3 - 12 Performance venus Variances or the Returns, Three Reservoir System, Problem 2 
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Figure 3 - 13 Average Annual Return and Resputive Standard Deviation, Three Reservoir System, 
Problem 2 

3.4.1.2 Four Reservoir System: 

For the following test problems, the results obtained with two different coefficients of variation 

for the natural inflows, 0.30 and 1.00 are analyzed. In the previous situation, the 3 reservoir 

system, the configuration of the system varied (basically storage capacity) and kept the equivalent 

inflow pattern. Now, the original configuration is maintained and the behavior of the system and 

how PCA is affected for different coefficients of variation for the inflows is under scrutiny. As 

happened to the previous example, PCA was applied after running the model using the physical 

diagnosis aggregation scheme. Then the system was once more re-aggregated, optimized the 

resulting Two-Level MAM-SDP model an~ both results finally compared. 
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3.4.1.2.1 Coefficient of Variation= 0.30 

3.4.1.2.2 Using the standard aggregation scheme: 

Return Storages 

Month Res 1 Res2 Res 3 Res4 Month Res 1 Res2 Res3 Res4 

January 0.00 0.00 0.22 99.78 January 70.53 21.54 6.15 1.18 

February 0.00 0.00 5.20 94.80 February 13.78 29.54 0.76 55.91 

March 0.00 0.04 1.3 l 98.65 March 3.71 8.68 33.51 S4.09 

April 2.93 10.85 22.59 63.64 April 12.62 35.42 1.30 S0.66 

May 2.92 3.39 53.90 39.78 May 12.49 31.7S 1.39 S4.36 

June 1.60 2.53 27.28 68.60 June 4.61 1.42 34.6S 59.32 

July 0.34 1.50 18.43 79.73 July 3.06 1.89 20.87 74.18 

August 0.81 1.71 2.93 94.55 August 6.24 4.53 20.99 68.24 

Septemb 15.16 2.03 0.10 82.71 Septemb 10.42 2.73 21.33 6S.52 

October 6.50 10.55 1.34 81.61 October 6.12 2.47 23.61 67.81 

Novemb 0.05 0.59 3.24 96.12 Novemb 17.96 7.84 1.15 73.05 

Decemb 0.00 0.00 0.00 100.00 Decemb 74.52 21.77 2.77 0.95 

Cycle 2.53 2.77 11.38 83.33 Cycle 19.67 14.13 14.09 S2.11 

Average Average 

Table 3 - 18 Analysis of Variance using Principal Components Analysis Applied to Four Reservoir 
System (farst test) 

Observing the table above and considering the storages, the Principal Component of the 

system is reservoir 4 albeit its dominance with respect to rest of the system cannot be assumed as 

total, because it accounts for a little more than 50 %. This type of analysis is a little subjective in a 

sttict sense. A component is considered as dominant when it accounts for at least around 80 to 90 

% of the total variance of the system. When considering the retmns, reservoir 4 also appears as the 

Principal Component, this time in a veiy significant fashion with respect to the rest of the system. 

Reservoir 2 and reservoir 3 receive only controlled outflows from upstream reservoirs, what 

explains their SDlaller participation. Table 3 - 19 presents MAM-SOP performing the aggregation 

now starting from reservoir 4. Although reservoirs I and 2 are located in parallel with reservoir 4, 

in the aggregate scheme they will appear downstream from it. In the second stage, reservoir l is 

optimized and reservoir 4 contribution is added as conditional discharge to the system. It should 



Chapter 3 Proposed Methodology and Tests Perfonned 117 

be observed by the reader the sharp difference existing when compared with the results from the 

previous table~ e.g.~ reservoir 3 has its importance increased significantly with respect to returns. 

3.4.1.2.3 Using an aggregation scheme that starts with reservoir 4: 

Return Storage 

Month Res 1 Res2 Res3 Res4 Month Res l Res2 ResJ Res4 

January 0.40 0.59 24.76 74.25 January 2.07 0.83 4.79 92.31 

February 0.01 0.58 6.73 92.68 February 0.01 0.44 11.14 88.41 

March 3.39 0.37 26.21 70.03 March 0.00 9.33 2.33 88.33 

April 0.00 0.00 14.70 85.30 April 3.10 0.57 43.64 52.69 

May 5.01 0.66 29.S2 64.82 May 2.17 0.91 2S.26 71.66 

June 0.38 5.77 39.24 54.61 June 1.04 3.37 24.38 71.20 

July 1.09 0.11 6.24 92.56 July 0.51 1.14 17.10 81.26 

August 5.34 1.19 23.44 70.03 August 0.96 0.29 11.32 87.43 

September 0.72 1.34 39.68 58.27 September 1.51 2.10 0.20 96.19 

October 0.09 0.69 1.26 97.96 October 0.25 1.71 8.41 89.63 

November 0.17 0.3S 19.20 80.28 November 1.45 0.63 5.42 92.SO 

December 0.00 0.09 28.61 71.30 December 0.37 1.53 5.18 92.92 

Cycle 1.38 0.98 21.63 76.01 Cycle 1.12 l.91 13.26 83.71 

Average Average 

Table 3- 19 Analysis of Variance using Principal Components Analysis Applied to Four Reservoir 
System (second test) 

Figure 3 - i 4 presents the relationship between the accumulated mean for the cycle and 

its respective variance. As the original problem concerned hydropower generation from all the 

reservoirs belonging to the system, the objective is the maximization of a separable function, 

differing from the 3 Reservoir System previously presented. Then Figure 3 • l 5 presents a more 

general picture of the system as whole as well as per reservoir. This feature was not very important 

in the previous problem but this is no longer the case, in view of the different type of objective 

function. In this Four Reservoir System Case, the standard deviation is the measure of dispersion. 

In graph below, the blue points represent the standard aggregation scheme, starting by reservoir 1, 

while the pink on~ starting by reservoir 4. The standard deviations per reservoir are more or less 

equivalent but when the entire system is taken into account the standard aggregation scheme 
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presents a much better figure with bigher returns for equivalent standard deviation. Table 3 - 20, 

presenting the coefficient of variation for the average annual return follows the graphs. 
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The ratio standard deviation/average performance index per reservoir and for the system 

as a whole, also referred to as coefficient of variatio~ is shown below. 

Standard MAM-SDP Starting by Reservoir 4 

Reservoir 1 0.10 0.14 

Reservoir 2 0.08 0.11 

ReservoirJ 0.08 0.07 

Reservoir 4 0.10 0.14 

System 0.08 0.09 

Table 3- 20 Coefficient of Variation for the Annual Return, per Reservoir and for the System 

3.4.1.2.4 Coefficient of Variation = 1 .00 

3.4.1.2.4.1 Using the standard aggregation scheme: 

Return Storage 

Month Res 1 Res2 Res 3 Res4 Month Res 1 Res2 Res3 Res4 

January 0.00 0.00 7.89 92.l l January 0.00 0.37 12.91 86.72 

February 0.10 0.00 0.00 99.90 February 0.00 1.60 5.52 92.87 

March 0.00 0.32 6.52 93.16 March 0.00 2.23 5.25 92.53 

April 0.00 0.97 lS.06 83.97 April 0.00 26.33 8.59 65.08 

May 0.07 0.31 8.35 91.27 May 25.07 0.80 4.81 69.32 

June O.S6 10.73 88.71 0.00 June 1.76 2.23 4.69 91.32 

July 1.56 18.22 80.22 0.00 July 3.70 1.86 11.13 83.30 

August 1.55 0.31 19.87 78.27 August 3.02 9.29 23.96 63.73 

September 2. 71 0.87 11.92 84.50 September 12.53 6.16 22.32 58.99 

October l.72 5.15 10.99 82.14 October 1.67 S.15 26.93 66.24 

November 6.46 1.74 23.38 68.43 November 0.15 3.31 18.65 77.89 

December 2.15 2.99 0.10 94.76 December 0.00 0.15 20.17 79.68 

Cycle 1.41 3.47 22.75 72.38 Cycle 3.99 4.96 13.74 77.31 

Average Average 

Table 3 - 21 Principal Components Analysis Applied to Four Reservoir System (fint tat) 
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From the previous table and considering the storages, the Principal Component of the 

system is reservoir 4. It is interesting to observe that when comparing with the previous case 

(coefficient of variation equal to 0.30), its dominance with respect to rest of the system now 

appears to be much more significant, accounting for roughly ¾ of the total variance, or 77 .31 %. 

When considering the returns, reservoir 4 is once more the Principal Component, with a relative 

participation slightly smaller than that of the observations. Once more, only reservoirs 2 and 3 

receive controlled outflows from upstream reservoirs, thus their smaller participation. Table 3 - 22 

presents MAM-SOP performing the aggregation now starting from reservoir 4. The considerations 

previously expressed for the coefficient of variation of 0 .30 regarding the manner the aggregation 

was executed are exactly the same for the present case. The mentioned sharp difference no longer 

exists. 

3.4.1.2.5 Using an aggregation scheme that starts with reservoir 4: 

Return Storage 

Month Res 1 Res2 Res3 Res4 Month Res 1 Res2 Res3 Res4 

January 0.00 0.00 6.62 93.38 January 0.00 0.00 97.11 2.89 

February 0.00 0.10 5.96 93.94 February 0.00 0.52 7.63 91.8S 

March 0.00 0.33 8.68 90.99 March 0.00 0.63 13.54 85.83 

April 0.00 0.25 10.93 88.82 April 0.00 17.78 2.98 79.24 

May 0.00 0.44 6.87 92.68 May 0.00 17.41 2.09 80.50 

June 0.00 l.00 6.51 92.49 June 0.00 15.60 1.97 82.44 

July 0.00 l.14 17.13 81.73 July 0.00 1.64 21.89 76.47 

August 0.00 0.81 10.90 88.29 August 0.00 34.80 63.56 1.63 

September 0.00 0.59 17.22 82.20 September 0.00 20.97 3.01 76.02 

October 0.00 56.93 33.13 9.94 October 0.00 30.37 4.87 64.76 

November 0.00 3.14 23.07 73.79 November 0.00 3S.49 60.93 3.59 

December 0.00 1.20 11.59 87.21 December 0.00 1.16 7.12 91.72 

Cycle 0.00 s.so 13.22 81.29 Cycle 0.00 14.70 23.89 61.41 

Average Average 

Table 3 - 22 Principal Components Analysis Applied to Four Reservoir System (second test) 

Figure 3 - 16 presents the relationship between the accumulated mean for the cycle and 

respective variance. a more general picture of the system as whole as well as per reservoir. In the 
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second case, the standard deviation is the measure of dispersion. In graph below, the blue points 

represent the standard aggregation scheme, starting by reservoir l, while the pink ones, starting by 

reservoir 4. However, there is no clear winner in the case of the standard aggregation scheme 

versus the one suggested by statistical decomposition, because a smaller return has led to smaller 

standard deviation. Table 3 - 23 which presents the coefficient of variation for the average annual 

return follows the graphs. 
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Figure 3 - 16 Performance Index venus Standard Deviation, Four Reservoir System 

300.00 

Another weak conclusion can be drawn from the comparison of the graph above with its 

similar for coefficient of variation of0.30. The aggregation scheme configuration as suggested by 

the statistical (PCA) decomposition is less sensitive to changes in the coefficient of variation, i.e., 

it responds better to increase in disturbance in the inflows than the standard aggregation schem~ 

originated from physical diagnosis. One of the reasons for this better behavior can be from having 

the policies from reservoir 4 less local than those from the standard aggregation scheme. 

Another possibility within the MAM-SOP framework is to operate reservoir 4 using the 

policies :from the statistical decomposition model, i.e., reservoir 4 versus the rest of the aggregated 
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system, and the other 3 reservoirs with the policies fr~m the physical diagnosis model. However, 

all the above conclusions must be further studied and other tests should be conducted. 
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Figure 3 - 17 Performance Index ud Standard Deviation, Four Reservoir System 

The ratio standard deviation/average performance index per reservoir and for the system 

as a whole is shown below. 

Standard MAM..SDP Startina by Resenroir 4 

Reservoir 1 0.30 0.30 

Reservoir 2 0.29 

Reservoir 3 0.22 

Reservoir 4 0.15 

System 0.23 

0.28 

0.27 

0.26 

0.27 

Table 3 .. 23 Coefficient or Variation for the Annual Return, per Reservoir and for the System 
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In this section the use of physical and statistical decomposition to search an improved 

aggregation scheme in the optimization of the operation of large reservoir systems was shown. 

The physical diagnosis, herein referred to as the standard MAM always performs the aggregation 

starting from the top of the system and proceeding towards its bottom. The use of statistical 

decomposition, by means of PCA, aims at adding more information to the aggregation procedure 

and might as well just confirm the correctness of the application of the standard MAM. The 

MAM-SDP is used as a starting point for the definition of the final aggregation scheme and 

consequent optimization of the system. A weak conclusion derived from the previous study 

indicates that the aggregation scheme suggested by the application of statistical decomposition 
• 

might lead to release policies that are more robust, i.e., less sensitive, to higher levels of 

uncertainty in the inputs to the system. This initial conclusion, however, should be substantiated 

by further tests and studies. The most important conclusion that can be drawn from the tests 

performed so far is the realization that the aggregation scheme as prescribed by the physical 

diagnosis is not the only possible way of aggregating a multireservoir system. Other fashions of 

aggregation can be used as well. In the following section there is another way of extending the 

idea of including variance/standard deviation, measures of dispersion of the expected returns or 

expected costs in the steady-state optimization of large multistage decision processes. 

3.5 Expected Return-Variance of Retum Rule 

According to Ziemba and Vickson (1975) the major concepts of the mean-variance analysis, or 

expected return-variance ofretum analysis, can be found in works dated as early as in the 1930's. 

Thanks to Hany Markowitz's approach (see Markowitz (1952, 1959)) these concepts could then 

be employed and their basic ideas mathematically implemented since the publication of the 

Markowitz 1952 seminal paper. The Portfolio Selection approach can summarized simply by 

quoting Ziemba and Vickson ( 1975), page 203: 

that the investor should limit consideration to those portfolios that are mean­

variance efficient, i.e., those portfolios for which there does not exist an alternative 

portfolio that has at least as high a mean and lower variance. " 
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Nore that this also means reducing risk for the same expected benefit The presentation 

that follows is based on Markowitz's approach to perform Portfolio Selection as presented in bis 

1952 paper and 1959 book. The main concepts will be briefly introduced and then proceed to 

proposing a new manner of tackling multistage decision problems. 

Let us define 

• X, - relative amowlt that an investor applies in a given security i, 0 S}(i SI, IX,= I, 

• R, - return on the I" security, 

• , - expected value of R,, 

• ,l -covariance between R, and RJ, with uu2 being the variance of R1• 

Then, the yield R on the whole portfolio is 

3. 16 

Where R1 and consequently R are random variables, whereas X,, as chosen by the investor, 

is not random. And, because X, is the percentage of the investor's assets which are allocated to the 

,-11, security, IX, = I. It should be noted that X, ~ 0, for all i (in economic terms, this means the 

exclusion of short term sales). As the equation above shows, the return R on the portfolio is a 

weighted sum of random variables. From that the expected return £ from the entire portfolio is 

N 

E = LX,µ, 3.17 
l•l 

with variance defined as 

3.11 

An important assumption in both equations above are the fixed probability beliefs for the 

X's, (µ,, u/). Thus, the investor has a choice of different combinations of E and Y depending on 

his choice of portfolio. The picture below depicts the set of all posnble combinations of E and V. 
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V ---.. Rangeof 
efficient E, V 
combinations 

E 

Figure 3- 18 E-V Combinations 

The efficient (E, V) combinations, for portfolio analysis, are those with. minimum V for a 

given E or maximwn E for a given V. However, calculating such an efficient frontier in the 

optimization of muJtireservoir system is an extremely complex problem. How to solve this 

problem is described next The reader is reminded that the analysis of Figure 3 - 18 considers 

only the maximization of the expected benefits. Where minimization of costs is considered, the 

efficient (E, V) combinations are those with minimum E for a given V or maximum V for a given 

E, in other words, they would be located in the North to East region of the graph. 

In the present work, the computation of efficient combinations of (E, V) for the steady­

state optimization of the operation of reservoir systems using dynamic programming unlike in 

most of the other works currently employed, is proposed. Once the decision maker is provided 

with the efficient possible combinations, he will then decide which one is the most suitable for his 

type of operation. It should be stressed that albeit the application throughout this document is 

oriented toward reservoir systems operations, the method can be used to other type of problems. 

For Markowitz ( 19S2), the possible uses of the expected return-variance of return rule are: 

t11 To explain the well established investment behavior of investment diversification 

(underlined by the famous maxim, "don't put all eggs in one basket"), 

• To suggest guidelines for investment options 
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The author, himsel( extends the application of the rule to differentiate between 

"investment" and "speculative behavior''. This is a kind of behavior that may be attractive to some 

investors acting like bettors willing to take chances. But it is certainly not what one would expect 

from a serious (i.e., cautious) investor, or returning to the original case, the decision maker within 

the framework of a multistage process. 

Therefore, the policy with the highest expected return or minimum expected cost may not 

be the one with least uncertainty of return/cost. On the other hand, the most reliable one might 

provide too small a return. A plot of the intermediate points, or possible linear combinations, 

having as parameters the expected returns and variances of returns could show the other options. 

Depending on the sort of objective (or objectives), safety or risk reduction may be more 

attractive than a higher likely return. Thus, a more conservative policy would be appropriate and 

vice-versa Below, Markowitz ( l 959), page 201, is quoted: 

"Usually Monte Carlo techniques and techniques of mathematical programming are 

thought of as competitive: the former is used when the problem is too complicated for the 

latter. In the present case, however, the two techniques of Monte Carlo and those of 

quadratic programming are required to provide portfolios with [variance] reasonably 

close to the minimum [variance J attainable for giVen E. " 

The fundamental idea of the method here proposed is to use SDP9 MAM-SDP, 

concurrently with Monte Carlo simulation of the operation of the reservoir systems, so that the 

resulting procedure combines implicit and explicit techniques. The Monte Carlo simulation has its 

importance in obtaining the expected return or expected cost after the first optirnivufon step. Once 

this is accomplished, a bi.objective optimivttion is performed, implicitly by adding the 

mioirninrfon of the standard deviation to the original single objective. Using varying weights for 

either of them in the same fashion as an investor partition its wealth in different portfolios, and 

keeping L X, = 1, it is then possible to plot the existing linear combinations of (Et V). Another 

feature that is employed in economic analysis, but needs further consideration for the present 

purposes is the use of semi-variance (or its square root) instead of variance when the original 

objective function is the maximization of the return. 
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The reason for choosing standard deviation as an additional element in the optirni?cation 

process is the need to employ a measure of dispersion of the probability distribution with the same 

unit as the original objective. Tobin (1965) considered the main advantages of its use the 

following: 

l. If the central tendency of the probability distribution can be expressed by means of 

the mathematical expectation, the standard deviation is a natural measurement of its 

spread. 

2. The standard deviation of return or cost of a compound objective function can be 

readily available from the standard deviations and correlations of the constituent 

factors of the return/cost function. 

However, there are two sides to risk, gain and loss. If the chances of loss are minimized, 

there is still a price to pay: it is a considerable sacrifice of the chance for gain. The plot the results 

will follow the common famion for Portfolio Selection, the £-a-diagram. 

Expectation - E 

Figure 3- 19 Model ofGnph ofEspectation venus Risk 

With the diagram above there is a desired simplification to decision maker, because the 

ranking of his options will now be limited to only two numbers, i.e., mathematical expectations 

and standard deviatio~ and not on the entirety of the probability distribution of returns or costs. 

So far the E-V ( or E-a) approach, was presented considering a static situation. If this 

approach is now transported to a multiperiod decision process, the decision taken in each period 

must follow the E-V criteria. For more details, the reader is referred to Tobin (1965), who 
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probably was the first one to attempt to extend the Mean-Variance Approach to a multiperiod 

process . When applying the E-V criteria, each decision at any period is independent from the 

previous ones, therefore allowing the application of the Principle of Optimality an~ consequently, 

use the SOP recursion to solve the problem. As the most suitable combination of return-risk (to 

the decision maker) is generally not known in advance, it is therefore convenient to compute it to a 

discrete set of linear combinations of E-o: Mossin ( 1968) presents a general method of solution 

for multiperiod processes that employs a backward-recursive procedure. This procedure did not 

account for serial correlation for returns in different periods and becomes difficult to manage for 

long periods. 

3.6 Two-Pass Mean-Variance Approach 

The flowchart that follows is quite simple and straight forward to understand but there is a 

major difficulty in its implementation. How to know the mean and consequently the standard 

deviation (the square root of the variance) to perform the necessary computations? These are 

measurements that are usually obtained after computing the release policies during the 

optimization part and employing them to evaluate the system actual performance by means of 

simulation. Thus, the use of stochastic simulation to compute the necessary measurements 

followed by their insertion in the ortimilJltinn is the suggested approach. The proposed 

methodology is then a mixture of the explicit and implicit approaches and has two passes. The 

algorithm for the method follows. 
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Figure 3 - 20 Flowcban of Two-Pus Mean-Variance Approacb 
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The use of (J) = 0.2 in the flowchart above is just a suggestion. The size of the step is 

dependent on the type of problem and behavior of the E-V plot. 
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3.6.l Algorithm for Two-Pass Mean-Variance Approach 

Step /: Set initially CtJ = 0. From that, obtain policies that optimize the objective function (either 

maximization or minimization). 

Step 2: Using the state-derived policies obtained from the optimization part, simulate the 

operation of the system until obtaining steady-state conditions. 

Step 3: Get the estimates of the expected values for the decisions for all optirnii.ation (here, SOP) 

stages. 

Step 4: Proceed to a new optimization with various levels of control for the dispersion around the 

estimates of the expected values (represented by either variance or standard deviation), the higher 

the OJ, the lower the level of dispersion. Now, the expected immediate return r' ', has the following 

fonn 

r'' (s,d) = E((l-m)r'(s,d))±m{Var[r1(s,d)]}½ 3.19 

Note that the variance in the expression above is computed using the previously obtained mean 

values. 

Step S: Perform as many simulations as the number of (I) discrete values, obtain the new estimates 

of the expected returns/costs and the variances (standard deviation) and plot the results in E-V 

(E, o) diagrams. 

It must be added that although it is not possible to use exactly the same algorithm to 

perform real-time optimi:iation, a similar procedure can be executed using the forecuted inflows 

for a short horizon. This idea was not further developed but its implementation will not be 

difficult. The quality of the results will be highly dependent on the accuracy of the forecasts. Next. 

the Two-Pass Mean-Variance Approach is applied to the test problems as discussed earlier. 
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3.6.2 Test Results 

The just described methodology was then tested using the test problems already presented. The 

first step of the validation was employing a single reservoir system, which allowed us to 

concentrate exclusively in the relationship performance/standard deviation without having to be 

concerned with contributions to the variance coming from the application of different aggregation 

schemes. 

3.6.2.1 Single Reservoir System 

3.6.2.1.1 RESULTS FOR CASE A 

The following test problem considers penalties for the present spills and therefore uses the 

adjustment of the storage levels above the reservoir capacity at each present period, as explained 

in the discretization of storag~ Chapter 2, Section 2. For better visualization of how the control 

of dispersion affects the Performance Indexes and respective Standard Deviations, several 

coefficients of variation for the inflows within the same graph were plotted. Although the control 

level (J) is used during the optimization part of the method, the same is not true for the simulation 

part. That is to say that the different policies that are obtained for different coefficient of 

variations are assessed under the same constraints during the simulation part. 
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The coefficients of variation studied for the present case are 0.10, 0.20, 0.30, 0.40, 0.60, 

0.80 and 1.00. Some patterns are easily noticeable from Figure 3 - 21. As uncertainty grows in a 

direct proportion to the coefficient of variatio~ the expected return (here represented by the 

Perfonnance Index) decreases. To mention the increase in range of the possible combinations of E 

and u as the uncertainty increases. With the exception of the coefficients of variations of0.30 and 

0.40, the extension of the ranges grow monotonically. 
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Figure 3 - 22 shows the influence of uncertainty in the probability of failure of the 

operation of the system, here represented by the probability of deficit It is also evident the direct 

relationship between the standard deviation of the return and the associated risk of failure. As is 

the case with all the simulations in this worlc, the operation is not allowed to go below the 

boundmy of the minimum storage. (For this specific problem, the minimum storage is equal to 

zero, but usually is not necessarily so.) However, if the optirni?ation policy has to be coaected to 

keep the storage trajectories within the specified boundaries, it is assigned as a failure of the 

operation policy. The method is very effective for higher uncertainty, for instance, the 

probabilities of deficit for the coefficient of variation equal to 1.00, the probabilities of deficit 

range from 15.07 to 22.28 %. 
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Figure 3 - 23 Standard Deviation of Performance Index venus Probability or Spill, Single Resenoir 
System, Several Coefficients of Variation 

In reservoir operation, due to the uncertainty in the inflows, there is always a trade-off 

between spill and deficit. To keep a higher head and maintain a secure flow the reservoir has be as 

full as possible. Figure 3 - 23 is just the confirmation of that as can be inferred from the negative 

inclination of the lines of the coefficient of variation. 

3.6.2.1.2 RESULTS FOR CASE 8 

With the exception of no consideration of penalties for present spills, the other preliminary 

observations regarding Case A are valid for Case 8. The coefficients of variation studied for the 

present case are exactly the same as before, i.e., 0.10, 0.20, 0.30, 0.40, 0.60, 0.80 and 1.00, for 

the sake of comparison. The same patterns are again easily noticeable from Figure 3 - 24. 

Because of the non-inclusion of the penalties for the spills, the operation is more susceptible to the 

uncertainty, therefore the E-a ranges slightly longer. The following on-, Figure 3 - 25 and 

Figme 3 - 26, repeat the behavior of Case A and was is mentioned for that regarding the 

methodology is valid for this one a well. 
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Standard Deviation of Pl vs. Probability of Spill 
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The major objective of the use of the single reservoir system as a test-problem in this 

chapter is the validation of the Two-Pass Mean-Variance Approach. When dealing with large 

systems, with more than one reservoir, other factors come into play in the assessment of the E-a 

relationship and sometimes interfere with the principal idea. Using several coefficient of 

variations was very useful not only to reinforce the knowledge that the increased uncertainty in 

the input is transferred to the expected return and confirm its association with the probability of 

failure, but to show that the proposed methodology is very effective for higher levels of this 

uncertainty. This because the decision maker should be offered a tool that would allow him to 

examine the trade-off existing between the performance and its associated risk. 

3.6.3 Multiple Reservoir Systems 

Once the methodology was validated for the single reservoir system, it was then applied to 

multiple reservoir systems and in conjunction with the PCA technique described earlier in this 

chapter. The tests problems were those presented in the beginning of this chapter, and comprise 

systems with 3 and 4 reservoir. The former in series and the second of mixed configuration. 
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3. 6.3.1 Three Reservoir System 

For a better vi.9•afization of the possibilities of combining Two-Pass Mean-Variance Approach 

and different aggregation schemes, the operation of the reservoirs was first optimized using two 

aggregation schemes, the standard one, using the physical diagnosi~ i.e., from upstream to 

downstream and the other one starting from bottom up. Once the release policies were obtained 

and the steady-state operation simulat~ the average release targets were computed. Then the 

Two-Pass Mean-Variance Approach was applied using the release targets previously calculated 

for each type of aggregation scheme. The points in the plots were connected in increasing order 

for the value of (J) and their general tendency to resemble the corresponding efficient frontier of 

the hypothetical Figure 3 - 18 is evident. 

3.6.3.1.1 Problem 1 

3. 6.3. 1. 1. 1 Case 1: Using the targets obtained from the standard aggregation scheme 

To assess how the methodology behaves under different set of policies the following experiment 

was conducted. First, the operation of the reservoir system was optimized using the standard 

aggregation scheme. With this set of policies, the Two-Pass Mean-Variance Approach was then 

employed for both aggregation schemes, the standard one and the other possibility. For this 3 

reservoir syst~ there are only two options, already analyzed during the PCA section, either start 

from the most upstream reservoir and proceed the aggregation to the bottom of the system or vice­

versa The Two-Pass Mean-Variance Approach with the policies obtained ftom the standard 

aggregation scheme follows. 

The standard aggregation scheme is shown in blue in Figure 3 - 27 which presents the 

relationship between the Performance Index (PI) and its standard deviation for different values of 

(i). The other aggregation scheme starts from the most downstream reservoir to the most upstream 

one. The color for this aggregation scheme is brown. 

The plot of Figure 3 - 27 shows that for this case, the application of targets initially 

obtained from the standard aggregation scheme has better performance when the Two-Pass Mean­

Variance Approach is aggregated in the same fashion. For m's varying from 0.00 to 0.60 the 
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Performance Index remains relatively constant while its respective Standard Deviation is reduced 

substantially. For instance, for (I) equal to 0.00 is 61.02, 8.12 % of the total Pl. For (JJ equal to 

0.60 it is 47.66, representing 6.34 % a reduction of roughly 22 % in the Standard Deviation 

without practically any reduction in the performance of the operation of the system. When looking 

at the other aggregation scheme the behavior of the standard deviation is equivalent but for higher 

levels. 
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Figure 3 - 27 Performance lnde:a: venus Standard Deviation, Three Reservoir System, Problem I 

3.6.3.1.1.2 Case 2: Using the targets obtained from the 'bottom-to-top' aggregatiOn 
scheme 

The continuation of the previous test now uses the other possible set of policies. Again, the first 

step is the optirni:ration of the operation of the reservoir system, but now using an aggregation 

scheme that isolates reservoir 3 at the first stage of the aggregation. With this set of policies, the 

Two-Pass Mean-Variance Approach was then applied for both aggregation schemes, the standard 

one and the other possibility. 
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The standard aggregation scheme is shown in blue in the following graph, presenting the 

relationship between the PI and its standard deviation. The other aggregation scheme starts from 

the most downstream reservoir to the most upstream one. The color for this aggregation scheme 

is pink. 
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Figure 3 - 28 Performance Index venus Standard Deviation, Three Reservoir System, Problem 1 

Figure 3 - 28 shows that for the application of targets obtained from the bottom up 

aggregation scheme also performs better when the Two-Pass Mean-Variance Approach is 

aggregated in the standard fashion. However, the performance of the operation is slightly inferior 

than for the previous example. But, once more, for (J)'s varying from 0.00 to 0.60 the Performance 

Index remains relatively constant while its respective Standard Deviation is reduced in a 

significant manner. For the sake of comparison with the other test, for o, equal to 0.00 is 63. 72, 

8.56 % of the total PI. For a, equal to 0.60 it is a mere 7.34, representing only 0.99 % a reduction 

of around 88 % in the Standard Deviation values with veiy small reduction in the performance of 

the operation of the system. These results were so surprising that more points were added to the 

plot to have a better appreciation of the reduction. When looking at the other aggregation scheme 

the behavior of the standard deviation reduction is somewhat erratic but the monotonic trend 

persists now at an inferior performance level 
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3.6.3.1.2 Problem 2 

3.6.3.1.2.1 Case 1: Using the targets obtained from the standard aggregation scheme 

The same experiment as for Problem 1 is repeated using the other similar problem. Once more, 

the operation of the reservoir system was optimized using the standard aggregation scheme. After 

obtaining this set of policies, the Two-Pass Mean-Variance Approach was conducted for both 

aggregation schemes, the standard one and the other possibility. The Two-Pass Mean-Variance 

Approach was optimized with the policies obtained from the standard aggregation scheme. 

The standard aggregation scheme is shown in blue in Figure 3 .. 29 presenting the 

relationship between the Performance Index (PI) and respective standard deviation under different 

values of {I)_ The other aggregation scheme starts from the most downstream reservoir to the most 

upstream one. The color for this aggregation scheme is pink. 
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Figure 3 • 29 Performance Index venus Standard Deviation, nree Reservoir System, Problem 2 
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The plot of Figure 3 - 29 shows that for this case there is a clear trade-off between PI and 

its respective Standard Deviation. For the bottom up policies better perfonnance is obtmned with 

the increase in the Standard Deviation values. When the PI ranges are equivalent the behavior of 

both graphs are similar. What is the most interesting to note is that for the set of policies obtained 

for the standard aggregation scheme, the performance achieved using the other aggregation 

scheme is better. This better performance, however, comes with the cost of higher u.ncenainty in 

returns. 

3. 6. 3. 1. 2.2 Case 2: Using the targets obtained from the 'bottom-to-top' aggregation 
scheme 

Now follows the other possible set of policies. The oprimi zation of the operation of the reservoir 

system uses the aggregation scheme that isolates reservoir 3 at the first stage of the aggregation. 

With this set of policies, the Two-Pass Mean-Variance Approach for both aggregation schemes 

was computed. 
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Figure 3 - 30 Performance lades venus Standard Deviatio■, Three Reservoir System, Pnblem 2 
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The standard aggregation scheme is shown in blue in the above grap~ presenting the 

relationship between the PI and its standard deviation. The other aggregation scheme is shown in 

pink. 

Figure 3 - 30 shows that the standard aggregation scheme performs better than the other 

one because for higher PI' s there are equivalent values for their respective Standard Deviation and 

the preference for better performance for the same risk is clear. For some PI ranges, the Standard 

Deviation is equivalent, with the plots overlapping and behaving in a similar fashion. However, 

the standard aggregation scheme still provides further reduction of the risk but at higher cost or 

diminishing returns. 

3. 6.3.2 Four Reservoir System 

3.6.3.2.1 Coefficient of Variation = 1.00 

3.6.3.2.1.1 Case using the targets obtained from the standard aggregation scheme 

In the test presented below the system was first optimized employing the aggregation scheme 

suggested by the physical diagnosis. Once the targets were obtained in this way, the Two-Pass 

Mean-Variance Approach was used. As additional test:in& these targets were employed not only 

for the physical diagnosis aggregation scheme but the one from the statistical decomposition as 

well. For clearer vimalimtion, both plots appear in the same graph. The standard aggregation 

scheme is shown in blue in following Figure 3 - 31 and, according to the format used so far, 

presenting the relationship between the PI and its standard deviation. The other aggregation 

scheme starts from reservoir 4, that is say, the one that is located on the left side of the 

configuration of the system. The color for this aggregation scheme is pink. The next test has high 

disturbance levels for the natural inflows, a coefficient of variation equal to 1.00 was the chosen 

one. 

The reader will notice that the aggregation scheme that maintains global release policies 

for reservoir 4, the one shown in pink, has a better performance than the other one. It achieves 

higher performances obviously with the onus of higher standard deviation and reaches ranges with 
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lower standard deviation with lower benefits. This reinforces the previous conclusions of having 

the aggregation scheme as suggested by the statistical decomposition as more effective than the 

other one from physical diagnosis. Moreover, the behavior of the E-u plot for this aggregation 

scheme is clo5'"..,- to the theoretical curve7 as seen in Figure 3 - 18. 
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Figure 3 - 31 Performance Index venus Standard Deviation, Four Reservoir System 

With the four reservoir system test above the methodology testing was completed with 

satisfactory results and now this work proceeds to its application to a real case study scenario. 

This case is in Chapter 4 and will submit the proposed methodology to a much more demanding 

and complex problem that those presented so far in order to further validate the present research. 

3.7 Summary 

This chapter presented the proposed methodologies and samples from the tests effectuated during 

the research period. The first part shows the improvements in the suboptimal policies obtained by 

the original MAM-SOP with the use of Approximate Conditional Distnbution of Releases. The 

next part describes the theoretical background of Principal Components Analysis and how to 

apply it to define the most convenient aggregation scheme for solving multireservoir problems 
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within the MAM-SDP framework. Two possibilities were studied and the main results obtained 

with standard test problems shown. The third and final part of this chapter is the presentation of 

the Expected Retum-V ariance of Return Rule. The original methodology was conceived for static 

models, and some extensions were already developed for dynamic models. An algorithm to solve 

multistage decision type problems is presented. As was the case of the two previous parts, the 

methodology was extensively tested and a summary of the results were presented. 



Chapter4 

North American Great Lakes Case Study 
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4. NORTH AMERICAN GREAT LAKES CASE STUDY 

4.1 Introduction 

The North American Great Lakes System is composed of five large lakes and a smaller one in 

between. totaling six. Figure 4 - 1 depicts the location map in North America. They will be 

treated here as only five. They arc listed below, in upstream to downstream. order: 

• Lake Superior 

• Lakes Michigan-Huron 

• Lake St. Clair 

• Lake Erie 

• Lake Ontario 

Lakes Michigan and Huron present practically the same water level due to the physical 

characteristics of their connection, the Sttaits of Mackinac. As a consequence, for the purpose of 

this study, they will be considered hydraulically and hydrologically as just one lake, the Michigan­

Huron. All the lakes, except Lake Erie and Lake St. Clair, are deep have very large smface areas 

and arc able to store enormous quantities of water. On the other hand, the channels and rivers that 

connect them have a very limited capacity of water transport, if compared to the sheer capacity of 

storage. Lake St. Clair might be minute in size, but its location between Lakes Michigan-Huron 

and Lake Erie makes it quite important hydraulically. Figure 4 - 2 shows the Great Lakes profiles 

and illustrates well what was just described. 

The water supplied to the Great Lakes is originated directly from rain, and snow and the 

drainage within the watershed. Because of the extensive area they cover, the portion of water lost 

due to evaporation from the surface is generally very significant Any calculation of the 

hydrologic balance must consider this very fact 
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Usually, the lakes are able to store the mean net supplies of water without an excessive 

cllange in water levels. However, long periods of drought or abundant precipitation, coupled with 

limited capacity of their connections may cause the levels to fluctuate beyond what would be 

considered the desired threshold to the water users and the inhabitants of the region. 

The lakes are situated in Canada and the United States, their regulation subject to the 

approval of both governments, and the bi-national committee, the International Joint Commission 

(UC) which coordinates the regulation of Great Lakes level variations. This was done in 

accordance to the Article lX of the Boundary Waters Treaty of 1909. 

Much of the region surrounding the lakes is densely populated and this population relies 

heavily on the stored water for hydroelectric energy generation, commercial navigation, water 

supply, recreation, etc. Besides, a factor of unnost importance to be taken into consideration for 

any lakes regulation policy is the fact that, many people live on the lakeshores. 

Because of the above, on October 7, 1964, the Governments of Canada and the United 

States submitted to the UC a Reference where they expressed their desire that the Commission 

study and determine possible actions in order to improve the range of water levels fluctuations 

with beneficial effects to the following 10 interest groups. 

1. Municipal infrastructure ( such as water intakes and sewage outfalls) 

2. Commercial navigation 

3. Hydropower generation 

4. Industtial and commercial facilities (that have docks and/or process lakes water) 

5. Agriculture 

6. Residential shore property (riparian) 

7. Fi~ wildlife and other environmental considerations 

8. Commercial fisheries 

9. Recreation and tourism (including recreational boating) 

10. Native North Americans 
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As one would expect, these uses of the lake water depend mostly on the magnitude of the 

outflows from the connecting rivers and canals along with the lakes levels. The studies so far have 

shown that it is not possible to completely solve the problem of high water levels in such a manner 

that all the prospective users will be completely satisfied at the same time. Nevertheless, it is 

feasible to adopt measures that would alleviate some of the users from the privation caused by 

them without causing further troubles to others. 

4.2 Great Lakes Region 

4.2. 1 Geographic description and climate 

The Great Lakes-St. Lawrence River system is located along the 45th parallel, bordering the 

Provinces of Ontario and Quebec in Canada; and the states of Minneso~ Wisconsin, Illinois, 

Michigan, Ohio, Pennsylvania, and New York in the United States. 

Table 4 - 1 that follows shows the physical and main hydrologic features for each of the 

Great Lakes, as is presented in "Regulation of Great Lakes Water Levels, Report to the 

International Joint Commission by the International Great Lakes Board (Under the Reference of 

October 7, J 964) ", dated December 7, 1973. 

The areas located north and west of Lake Superior and nonh of Lake Huron consist of 

low mountains, hills, many lakes and marshes and are known as the Laurentian Uplands. This area 

is not extensively cultivated, is sparsely populat~ composed mainly by forests. The Central 

Lowlands have a different type of topography, consisting of flatlands. 

An interesting feature to mention is that the lakes were formed by a process similar to the 

one that contributed to fonn the stores of groundwater. As the Wisconsin stage glacier retreated, 

the melting of the ice filled in the huge cavities left by the glaciers. A rough estimate of the 

volume of water stored would mount to 5,475 cubic miles in an area of 94,000 square miles. 

Important to stress as well, is the fact that only a small portion of the immense amount of stored 

water is affected by climatic variation which will induce the experienced range of volume 



n 
(Historical Record: 1860- J 972) 
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All Elevations are presented in feet IGLD (1955) ij 
~ 

Lake Lake Lake Lake St. Clai.-<1> Lake [rie Lake Ontario z 
0 

Superior Michigan Huron s-
Elevation of Low Water Datum Monthly Elevations 600.00 576.80 576.80 571.70 568.60 242.80 ~ 

R 

-Average 600.39 578.70 578.70 573.09 570.41 244.77 
::l. 
0 

§ 
-Masimum 602.06 581.94 581.94 575_70<2> 572.76<2

> 248.06 

i -Minimum I 598.23 575.35 575.35 569.86 567.49 241.45 
r 

- Range of Stage 3.80 6.60 6.60 5.80 5.30 6.60 ~ 
0 

Range, Winter Low to Summer High (Monthly) 
Cl) 

n 
-Average 1.10 I. JO 1.10 1.80 1.50 1.90 ~ 

0 
Cl') 

-MHimum 1.90 2.20 2.20 3.30 2.70 3.50 = ~ 
-Minimum 0.40 0.10 O.IO 0.90 0.50 0.70 

Recorded Monthly Outflows(l) (cfo) Outlet St. Marys Str. Mackinac St. Clair Detroit Niagara St. Lawrence 

-Average 75.400 s2,000<4> 187,900 )88,900 202.300 239.700 

-MHimum 127,000 - 242.000<2> (5) 256,000<2> 314,000<2> 

-Minimum I 40,900 - 99,000 100,000<5> I 16,000 154,000 

Average Outflow in lnthes on Total Drainage Basin <'> 12.40 11.10 11.10 11.10 10.20 10.50 

Drainage Areas (sq. mi.) 

- Land Arearo 49,300 45,600 51,800 6,)00 23,600 21,200<9> 

- Water Surface Afta<'l 31,700 22,300 23,000 400 9,900 7,600(9) 

Storage Capacity per ft. Depth (c/Nnonths) 337,000 481,000 5,000 I05,000 80.000 

Table 4 - 1 Great Lakes Physical and Hydrologic Data -VI -



I) Lake St. Clair elevations were available only for the period starting in 1898 and ending in the collection of present data, 1972. 

2) Maxima set in 1973: Lake St. Clair 576.23 (June), Lake Erie 573.51 (June). Outflows: St. Clair River 245,000; Niagara River 265,000; St. 

Lawrence River 350,000. 

3) Outflows include the effects of diversions. 

4) Approximate. 

5) Insufficient records available. 

6) Drainage basin includes land and water surface areas. 

7) Land areas include the total drainage area to the outlet of the upstream lake. 

8) Water areas do not include areas of connecting channels. 

9) Includes area down the St. Lawrence Power Project at Cornwall. 

-lA 
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and, as a consequence, levels change. According to IGBLC 1975•76, Appendix ll, pp. 7-81, 

only around 1.4% of the total volume is affected. 

The Great Lakes area is marked by four very distinct seasons with a great deal of 

temperature variations. Because of the extensive water area they cover, the lakes have great 

influence on the climate of the region. They act by regulating the exchange of heat, absorbing it 

during the day, and liberating it during the night, reducing the daily range of temperature variation. 

Although there is no significant difference in the amount of precipitation from one month to 

another, the types and sources of precipitation are very diversified. 

4.2.2 Hydrologic Background 

Lake Superior is located at the highest elevation and discharges into Lake Huron by St. Marys 

River. Lake Michigan, as mentioned in the introduction, connects with Lake Huron, through the 

Straits of Mackinac. Due to natw'e of this connection, it is possible to encounter reverse flow 

between both lakes, i.e., Michigan and Huron, that allows the level stabilization to occur very 

rapidly. This is the only situation where the reverse flow can physically happen in the region. 

Lake Huron empties to Lake Erie passing first by Lake St Clair. The connections are the 

St. Clair River and Detroit River, respectively. The Niagara River conveys Lake Erie outflows to 

Lake Ontario. This last one has a distinct situation from the rest of the five lakes, being situated an 

average of325 feet below the upper ones. The reader is reminded that the average level difference 

between Lake Superior and Lake Erie differ by a mere 30 to 35 feet Lake Ontario outflows are 

discharged through the St. Lawrence River. Figure 4 - 2 presents this situation. 

The excess water from Lake Superior goes to Lake Michigan-Huron, and similarly from 

Michigan-Huron to St. Clair~ from St. Clair to Erie and from Erie to Ontario. The time this excess 

water takes to travel from one lake to the other is different from the time it takes when it goes 

through the connecting channels. As is the case with long-term optimil.ation, this difference in 

traveling time is neglected in the present work. 

Since 1922 Lake Superior has its outflows regulated. It should be observed that the mean 

regulated monthly outflows from it are greater than the historical unregulated ones and registered 
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before that date. As a consequence, Lake Michigan-Huron had its water levels variations 

increased, the same happening to the average water levels. However, since the implementation of 

Regulation Plan 1977, discussed later, and the consequent inclusion of Lakes Michigan-Huron 

water levels in the decision process, Lake Superior elevation has been kept in the upper half of 

what is considered as its natural range of elevation. There is an economic reason for this: when 

Lakes Michigan-Huron and Erie have their levels reduced, the property values of the area along 

the shore line increased. Also, hydroelectric power generation and navigation on the St. Marys 

River benefit from higher levels in Lake Superior. And there is practically no influence in the 

power generation at Niagara Falls. 

There is a 20 foot head difference between Lake Michigan-Huron and Lake Superior. 

Because of that, any regulation of the former will not influence the levels in the latter. However, 

the same cannot be said with respect to Lakes Erie and St. Clair, that are highly dependent on the 

levels in Lake Michigan-Huron. 

4.3 Great Lakes Water Levels and Flows Variation 

The official level reference, accepted by both countries, Canada and the United States, is the 

International Great Lakes Datum - 1955 (IGLD - 1955). An important simplifying assumption in 

the present work, which eases the computations, is the non-inclusion of the earth's crust 

movement. This crustal movement affects the m~ed water levels with respect to time. 

Disregarding the occurrence of this physical phenomenon means assuming a constant reference 

for water level fluctuations throughout the study period. 

Another necessary assumption is the use of average levels. Level oscillation in lakes can 

vary very rapidly with the water waves movements having periods ranging from one to ten 

seconds. Another type of movement, also disregarded, is the rocking motion called sciching, 

provoked by wind set up. This type of frequency analysis is beyond the scope of the present study 

because they have little influence in the lake levels management in the long-term. 
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The natural factors that contribute to the variations in water levels are listed 

below. 

• Precipitation 

• Evaporation 

• Runoff 

• Groundwater 

• Ice Retardation for the connecting channel flows, causing flow retardation. 

• Aquatic Growth (Weed Retardation), causing the same retardation problem as above. 

• Meteorological Disturbances like winds, annospheric pressure ( disregarded). 

• Tides (disregarded) 

• Crustal Movement (disregarded) 

From the list above, only the first six factors influenced the data used in the present work. 

Moreover, as explained further in this chapter, when discussing the Net Basin Supply approach, 

the first four, that are difficult to measure because of the uncertainties involved, are combined into 

just one, the Net Basin Supply (NBS). 

As one might expect. the lake levels suffer variation when the net difference between the 

input and the output of water is different from zero. When greater than zero, there is an increase in 

the lake level. And when less than zero the lake level decreases. 

And the artificial factors that contribute to the variations in water levels are: 

• Dredging 

• Diversions 

• Consumptive use oflakes water 

• Regulation 

Dredging is not taken into account in this work, therefore it was assumed that the 

connecting channels have a static configuration along the study time. For the diversions, their 

locations and respective amount is summarized below. 
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Average monthly diversions, to and from the lakes, in tcft-momh. This notation, means an 

average flow of 1000 cubic feet per second during one month. It can be easily converted into 

volume. 

1. To Lake Superior 

• Long Lac and Ogoki diversions - 5.0 tcfs-month 

2. From Lake Michigan 

• Chicago Sanitary and Ship Canal - 3 .2 tcft-month 

3. From Lake Erie 

• Welland Canal diversion, from lake Erie and into lake Ontario - 7.0 tcft-month 

Diversion lake Superior Lakes Michigan-Huron Lake Erie Lake Ontario 

Long Lake and Ogaki 0.00 +0.37 +0.23 0.00 

Chicago -0.23 -0.14 0.00 

Welland Canal -0.10 -0.32 0.00 

Table 4 - 2 Effect of the Major Diversions on Lakes Levels (ft.) 

The present regulation plans were designed in such a Wfrf that the diversions and their 

effects on lakes levels were accommodated. Any suggested alternate plan must do the same and 

this Case Study makes no exception. The consumptive uses for lakes water were neglected 

because they present varying rates from one year to another and the projection of their increase for 

the future is not very well determined as of the publication of "Regulation of Great Lakes Water 

Levels", 1973. Although this might affect the results for the operation, that it is beyond the scope 

of this research. Besides, once these values are clearly specified, they can easily be inserted in any 

model. 

The following figure, Figure 4 - 3, illustrates the configuration of the system and served 

as a reference for this work, presenting the regulated and unregulated flows from the lakes as well 

as the existing diversions. 
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Figure 4 - 3 Schematic Diagram of the Great Lakes System Showing Outflows and Significant 
Divenion~ 

4.3.1 Hydrologic data 

4.3.1.1 Recorded data 

The data used in the present work was obtained from "Regulation of Great Lakes Water Levels", 

Appendix B, Vol 2, 1973. They are records of levels, flows and diversions dating from the period 

starting in January 1900 and ending in J1D1e 1973. That study, which reached its conclusions in 

December l 973~ although dated, considered the data "uniformly consistent" and has the 
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agreement of the Federal Agencies from both countries. It presented the necessary amount of 

information that enabled the author to develop and to test the optimization and simulation models. 

The results obtained from the simulation model using derived policies were compared with those 

from the simulation of the operation, described further in this Chapter in an attempt to emulate the 

operation as the UC prescribes it. 

4.3.1.2 Derived data 

The Net Basin Supply, a parameter that was derived from the data above, was also used. As the 

name implies, it provides the information on the total net supply to the basin and below the two 

existing approaches to establish a hydrologic database are explained. From it, the hydrologist may 

know the amount of water that the lake receives from precipitation from within the watershed, 

including its surface area subtracted from the loss caused by evaporation and condensation. The 

approaches are based in the following equation, differing in the choice of recorded parameters to 

be employed. The h.ydrologic budget can be written as: 

AS= (/-0)& +(P- E)A1 +RA/ +G,., -Dtu 

Also, .d5' is defined as equal to &IA1, a linear relationship, applicable in the present case. 

Where. defining the time step Lit equal to one month. we can define: 

.d5' - monthly variation of storage on lake from beginning to end of period in cfs-months; 

LJfl. monthly change oflake level in feet; 

A, - lake area in cfs-months per foot depth; 

I - average monthly inflow from inflow connecting channel in cfs; 

0 - average monthly outflow from outflow connecting channel in cfs; 

P- direct precipitation onto lake in feet (areal average); 

E - evaporation from lake in feet ( areal average); 

4. 1 

R - basin runoff in cfs, excludes the portion that enters the lakes through the mainstem connecting 

channel; 

G,., - net inflow in cft-months, contn'bution from groundwater sources; 

D - diversion out of lake in cfs. 
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Rearranging Equation 4.1. 

(P- E)A1 +RN+ GfU!, = AflA1 +(O- l)lll + D~ 4.2 

Each side of Equation 4. 2 can be used to compute the NBS. Depending on which side is 

employed, there is either the rainfall-runoff technique or the lake response technique. The former 

is defined as 

NBS=(P-E)A1 +R.M+G,,e, 4.3 

while the latter is defined as 

NBS= MIA1 +(O-l)At+D61 4. 4 

Both techniques above have a considerable margin of error, but for the Great Lakes case, 

the lake response method is easier and more reliable because of the kind of uncertainty embedded 

in the runoff-rainfall method. Precipitation, evaporation, runoff and groundwater contribution 

measurements are far more difficult to be effective for lakes with the size of those that compose 

the Great Lakes system than levels, areas, outflows, inflows and diversion measurements. Figure 4 

- 3 presents a schematic view of the hydro logic phenomena just described. 

The tables presenting the monthly historical values for the NBS for the five lakes are 

presented below. All values are given in tcfs-months. They were obtained for the period ranging 

from January 1900 to June 1973 
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Month Lake Superior Lakes Michigan- Lake St. Clair Lake Erie Lake Ontario 

Huron 

January -12.99 55.18 6.15 22.99 31.91 

February 8.99 86.78 6.76 29.77 35.55 

March 42.73 178.89 8.34 68.88 73.41 

April 148.59 283.74 7.81 65.42 92.31 

May 191.50 255.61 6.46 44.19 60.00 

June 158.72 208.31 4.50 26.81 41.26 

July 131.32 132.15 3.75 2.16 24.74 

August 100.23 30.26 2.14 -15.92 7.34 

September 75.32 29.19 1.68 -22.48 2.48 

October 36.97 49.97 1.60 -24.95 5.19 

November 14.92 -1.16 1.73 -9.47 16.36 

December -24.40 25.62 4.33 11.58 22.S5 

Table 4 .. 3 Historical Mean Values for the Net Basin Supplies to the lakes (nlues in tcfs-month) 

Month Lake Superior lakes Michigan- Lake St. Clair Lake Erie Lake Ontario 

Huron 

Januacy 25.13 52.44 7.15 37.91 22.67 

February 27.53 44.84 6.79 28.18 18.61 

March 41.88 74.10 7.16 30.76 27.23 

April 51.06 84.79 7.60 31.32 28.74 

May 59.12 82.08 6.36 25.91 25.SS 

June 52.24 64.38 4.58 20.62 18.12 

July 39.82 54.18 4.60 17.35 14.80 

August 42.01 59.91 3.87 14.28 12.58 

September 53.03 68.23 3.50 19.29 12.29 

October 44.93 71.21 3.29 19.68 16.85 

November 39.49 63.29 3.41 21.22 18.38 

December 29.22 63.65 5.79 27.67 20.73 

Table 4 ... 4 Historical Standard Deviation Values for tbe Net Basin Supplies to the lakes (values in 
tcfs-,nollll,) 
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4.3.2 Basis-of-Comparison 

During the period that the data were record~ the lakes regime and the hydraulic conditions of the 

connecting channels changed. Therefore, the registered data has the influence of these changes 

and cannot be considered as part of a stationary process. The UC Report and its data assumed 

some constant conditions, called the Basis-of-Compariso~ in such a way that it is possible to 

make the necessaiy evaluations within a controlled environment. With the conditions defined as 

stated below, the historical NBS were routed through the system and the monthly mean levels and 

flows were computed. To allow meaningful comparison with the operation as defined by the 

Commission, for the case of the present work, the synthetic NBS (see discussion further in this 

Chapter) were also routed through the conditions used to define the Basis-of-Comparison. That 

means that these conditions were valid either for the simulation of the present operation, and for 

the testing of the proposed release policies. They are: 

l. The values for the diversions to and from the lakes assume constant monthly values as 

previously presented in this Chapter. 

2. Lake Superior is operated in accordance with the 1977 Regulation Plan. This is the operation 

plan used by the International Lake Superior Board of Control (ILSBC). 

3. 1962 outlet conditions for Lake Huron. 

4. 1953 outlet conditions for Lake Erie. 

5. Lake Ontario is operated in accordance with the 1958A Plan. The UC Reports use the 19S80 

Plan, where the basic rule flow, computed as 1958A Plan, is further submitted to a series of 

adjustments, based on a index called Supply Indicator, that serves as an indication of future 

supplies. ff it points to a situation where there is a significant amount of positive supplies 

more outflow is released. And vice-versa. These adjusttn.ents are not considered in the present 

work. The main reason for that is that although Plan 19S8D is presently in operation, it must 

be noted that depending on the interests involved and physical conditions like leve~ 

outflows, etc., the authorities can exercise discretion to modify the rules of operation and this 

happens with a certain frequency. Plan 1958D can be seen rather like the guideline for 

operation than the exact rules of operation. 

The first part of Appendix A, entitled LakSim (acronym for Lakes Simulation), has the 

algorithms with the explanation of how the present operation simulation was set up. Appendix B 

reproduces the findings and conclusions from the 1973 UC report that served as a reference for 
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the approach used in this work. These findings and conclusions influenced not only the present 

operation simulation, but also the aggregation and optimization parts, here included with the 

performance evaluation simulation. Table 4 - 5 lists the levels and ranges used as the Basis-of­

Comparison for the five lakes. All values are presented infl. 

Le"Vel Lake Lakes Michigan- Lake St. Clair Lake Erie Lake 

Superior Huron Ontario 

Maximum 601.86 581.59 576.56 573.63 247.32 

Minimum 598.68 57S.13 570.84 568.02 241.66 

Range 3.18 6.46 5.72 5.61 5.66 

Table 4 - 5 Maximum and Minimum Suggested Levels and Ranges 

During all the simulations, whenever the tentative lake level at the end-of-period was 

situated outside this desired range, which is specified in Table 4 -5, it was considered as an 

occurrence of exceedance. Next, they were recorded to obtain the probabilities of exceedance. 

These probabilities refer to the inability of the release policy to maintain the lakes levels within the 

specified range, without further adjustments. However, because the real simulation conditions 

were reproduced, the outflow was corrected in order to maintain the lake level within the desired 

boundaries. These corrections did not violate the outflows constraints. 

4.3.3 Regulation Plans 

4.3.3.1 General Information 

According to the Levels Reference Study, Annex 3, 1993, there were two approaches used to 

determine the regulation plans for that analysis. The first one, as will be noted in the next two 

sections, employed a traditional hydrologic approach, by setting up rule curves that aim at 

satisfying an ensemble of hydrologic specifications. The process consists of simulating several 

conditions of levels and outflows for the upstream and downstream lakes and, by routing the 

monthly ( or weekly) NBS through them, doing the necessary adjustments until a satisfactory 

output is obtained. This process is basically trial-and-error. This is the methodology currently 
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under use. The second approac~ considers the Great Lakes System as a whole and proceeds the 

optimization of the operation in such a way that the benefits from the entire set of interests? a 

multiobjective function, are maximized. They employed value functions that assigned a value 

within the range 0-1 to outflows or levels. Zero being the most preferred situation and one being 

the least preferred situation. The major difficulty with this approach is the definition of the value 

functions, that are fuzzy values and thus generating fuzzy benefits. As written in the above 

mentioned report, they are a '4wish list", defined in "the context of not knowing the impacts or 

consequences of such water level and flow regimes? and not knowing if it is possible to achieve 

such regimes.'" (See referred Study, page 6-5). 

For the present work, the objective of the first type of operation plan was adopted In it, 

the most important issue is the maintenance of some desired levels of operation. This type of 

objective was employed for the simulation of the present operation and for the optimization part. 

The desired levels of operation are simply the average levels obtained by routing the historical 

NBS through the system subject to the Basis-of-Comparison conditions. The present release 

policies for Lake Superior consider the states of Lake Superior and Lakes Michigan-Huron, while 

for Lake Ontario only its levels are taken into account. In the current work, during the 

optirni:zarion phase, however, a fundamental difference from that approach was introduced. The 

operation policies are now computed considering the state of the system as a whole. As the system 

presents controls only for the lakes situated at the extreme locations of the system, the policies are 

defined solely for Lakes Superior and Ontario. 

Now will follow the description of how the present policies were obtained for the 

International Joint Commission. Policies devised using historical NBS are satisfactoiy for the past 

sequence of supplies. If critical periods of droughts or excess supply of water of greater amplitude 

than those registered so far occur, it is probable that the policies would not be satisfactoiy. 

Because of that, synthetic supplies with the same statistical properties as the historical ones were 

generated, but with much longer duration. Once more, it is important to have specified stationary 

conditions to generate the st<>cluwic process. Using the simulation approach as described in the 

first paragraph, it was necessary to test an empirical combination of policies for several hundred 

trial plans. To reduce the computational effort, first just the historical sequences were used. After 

selecting a set of the best policies, the synthetic series were used to obtain the final ones. By 

adopting a stochastic strategy to solve the problem, it is expected that this calculation effort is 

reduced and that the operation policies thus obtained, scientifically formulated. 
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There are three major reasons for adopting the strategy of assuming the stationarity of 

flows and trying to maintain the resultant historical mean levels as the most appropriate for 

operation objectives. 

l. Even though it is possible to make some inferences about the future expected water 

supplies, they still have embedded a great deal of uncertainty. The historical levels 

were already tested and, as of the present moment, considered as acceptable (although 

not preferable) by most of the interest groups. 

2. It is very difficult to put economical values to some desired features of operation such 

as recreation and aesthetics. 

3. It is practically impossible to promote equitable allocation of potential benefits 

amongst the different, and sometimes conflicting, groups of interest. 

The structure of the hydrologic response model along with the regulation plan can be 

summarized as is presented in Figure 4 - 5, according to Loucks et al. (1987). 

4.3.3.2 Lake Superior Regulation 

Lake Superior Regulation is called Regulation Plan 1977. In October 1979, it replaced the IGLLB 

plan SO-901 and is just an update of this previous plan. Before SO-901, where SO stands for 

Superior and Ontario regulation. there existed the Modified Rule of 1949, which was in operation 

during the l 950s and 1960s. The latter considered only Lake Superior levels for the determination 

of its outflows, while the other two take Lakes Michigan-Huron level into consideration. As a 

result, it was expected that the benefits of this inclusion would extend to the lakes located 

downstream of Lakes Michigan-Huron, Lakes St. Clair and Erie. However, as pointed by Loucks 

et al. ( 1987), it never became clear whether this really happened, with two conflicting opinions 

about it. Plan 1977 is established in such a way that the natural Lake Superior outflows are 

emulated, already considering the Long Lac-Ogoki diversion. With the inclusion of Lakes 

Michigan-Huron levels in the regulation plan, the excess water is stored in Lake Superior. The 

consequence is an increase in its average level that would be beneficial. for hydroelectric energy 

generation and navigation in the St. Marys River. The lowering of average levels in the Middle 

Lakes would improve the shoreline property values without compromising the energy generation 
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at Niagara Falls. The critics to this Plan state that, in the long-t~ this increase in shoreline 

property values will not take place because the levels downstream Lake Superior will gradually 

return to its previous situation. My opinion coincides with this point of view, because once the 

new average level is attained for Lake Superior, the long-term average outflows would remain the 

same, and consequently the increase in the expected benefits are transient and not stationmy. 

However, if only hydropower generation and navigation in Lake Superior are the objectives., the 

benefits would increase. 

The basic outflow for Lake Superior can be obtained from the equation below. 

4.5 

Where: 

Qbastc - basic rule flow. 

A - statistically derived constant - adopted the ubest" one, as defined in uRegulation of Great 

Lakes Water Levels", Appendix B, Lake Regulation, 7 December 1973, p.B-40, equal to 200 

tcfslft. For more details., follow explanation below on how this value was set. 

Q.4v.sup - historical average outflow., computed from me data collection period as recommended in 

the above mentioned report. 

2 Var[S1 ] 
RO =---1 Var[H1 ] 

Var{~ ]and Var(H.J] - estimated monthly historical variances for water levels at lakes Superior and 

Michigan-Huron respectively. 

Sft ~ - target levels for lakes Superior and Michigan-Huron, also defined as the estimated monthly 

historical averages. 

Sb H, - Beginning-of-Period (BOP) water levels. 

The adjustment to the historical average outflows comes from the simple linear 

relationship, where the present hydraulic head is normalized by the monthly standard deviation of 

the BOP water levels: 
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S,-S1 H, -H1 ---=--- 4.6 

The objective of the relationship above is to try to approximate the relative water levels 

from both lakes to the same situation as the one registered by the average historical ones and 

within the natural ranges. 

A is an empirically derived parameter expressing the rate of adjustment to the initially 

calculated flow from lake Superior. [t adjusts the speed of bringing the relative levels between 

lake Superior and lakes Michigan-Huron into balance. The value below was established based on 

computer simulations. 

Other tested values were 50,000; 100,000 and 300,000 cfs;fl. The chosen one presented 

the best economical impact on lakes Superior, Michigan-Huron and Erie considering the 

multiobjective function during the study period of 1900-1967. 

RO is the relationship between the standard deviations of lakes Superior and Michigan­

Huron. As the parameter A, it was employed in the computation of the rule flow. 

Month RO 

January 0.3706 

February 0.4254 

March 0.4546 

April 0.4480 

May 0.5166 

June 0.4625 

July 0.4878 

August 0.4445 

September 0.4196 

October 0.4106 

November 0.4059 

December 0.4274 

Table 4 - 6 Monthly values for the RO parameter 
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Once the rule outflow is computed, its value is compared with the maximum and 

minimwn allowable limitations and, if these constraints are not satisfied, these limiting values are 

assumed. There is an exception, however. The minimum outflow is 5 5 tcfs-months but if the rule 

outflow falls within the range 5 5 to 65 tcfs-months, it is automatically adjusted to 5 5 to allow 

Lake Superior levels to increase. Another kind of criteria is also specified, such as the change in 

flow rate from one month to another must not exceed 30 tcfs-months, in absolute value. This 

limitations aims at maintaining a regular flow rate, reducing the deviation from the average values. 

Plan 1977 also includes the computation of the gate settings based on the forecast of NBS 

for the next few months in order to reduce the number of gate movements during the year. For 

example, the gate setting defined at the beginning of December is valid until the month of April. 

In this work, the gate settings computations are not carried out, nor are the predicasts, the name 

given to "'predicate'' forecasts, that are predictions effectuated using just mean values for the net 

supplies. 

4.3.3.3 Middle Lakes Routing 

Lakes Michigan-Huron, St. Clair and Erie are directly connected and no regulation is exercised. 

Thus, the flow between them depends on their relative levels, i.e., difference between upstream 

and downstream lake levels and the physical characteristics of their connection. The connecting 

channels are St Clair and Detroit rivers. The outflow in the St Clair river is a function of both 

lakes Michigan-Huron and St Clair an~ in Detroit river, of lakes St. Clair and Erie. The outflow 

from this last one, through the Niagara river, affects its levels. This information must, therefore, 

be taken into account, as well. Because of the abrupt hydraulic jump between lakes Erie and 

Ontario, levels from the latter do not affect the upstream levels. If all this information is 

assembled, the resulting system of equations has six unlmowns and six equations to be solved. For 

sake of simplicity, the approach already derived for the Midclle Lakes Routing in the report by 

Loucks et al. ( 1987) was used. The derivation of the system of equations has the following 

reasoning. 

For the relationship that descnbed the steady nonuniform flow for St Clair and Detroit 

rivers the authors of that report employed the one from GLBC 1975-76, Appendix B, p. 56 and 

they remark its similarity to the theoretical fonnula for flow over a submerged, broad-crested 

weir. 
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~, l 
Q = C' AH' 2 = C' ByH/2 

Where: 

A - average area of the flow; 

B - average width of the flow; 

y - mean depth; 

H - effective upstream head; 

170 

4. 7 

C' and C • • - constants that depend on the channel geometry and its roughness, values that vary 

according to the system of units employed. 

Let us assume that 

4. 8 

h J and h2 being the elevations of the water surfaces for the upstream and downstream 

lakes respectively. 

Replacing they in formula 4-7 we obtain 

4. 9 

The formula above assumed that the width of the flow is a linear function of depth and it 

is called a two-stage discharge relation. It is named two-stage because it considers the stages in 

both upstream and downstream lakes. 

For the Niagara river, the one-stage relationship gives 

4.10 
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where the C •s are determined empirically by a fitting technique. It is of import to note that in this 

work the values for these constants are different from those employed in the just mentioned 

report. Those that were set up specifically for the data in hand, that consider exactly the same 

stations for the flow measurements, were the chosen ones. They were obtained from lGLLB, 

1973, App. B, V.2, p.B-9. 

The so-called constants kapa assumed the following values: 

• For St Clair river: 

kapa/ =- 73.5150 

• For Detroit river: 

kapa2 = 177 .2860 

• For Niagara river: 

kapa3 = 3665.0000 

For Lakes Michigan-Huron it is necessary to consider the regulated outflow from Lake 

Superior, the NBS for that month, the diversion of flow into the Chicago Sanitary and Ship canal. 

This value bas been fixed. in an agreement between the two countries, mnaining constant for the 

figure presented before. For Lake St. Clair, the smallest one of all five, receives the nomegulated 

outflow from Lakes Michigan•Huron, its NBS and produces nonregulated outflow. Lake Erie 

reproduces the previous situation, with the inclusion of the Welland Canal diversion. This 

diversion is assumed as a constant addition to the Lake Erie outflow. From the relationships 

presented above, six nonlinear equations are derived. To solve this system of nonlinear equations, 

linearization is adopted, and the standard time step considered for Lakes Superior and Ontario, a 

month, is decomposed in 40 sub-steps. After testing, it was observed that an iteration cycle of S 

repetitions was enough to guarantee convergence in each sub-step. 

Appendix A presents the algorithm for the Middle Lakes Routing problem. A5 they 

remain unregulated for the proposed operation policies, the same algorithm can be employed in 

the second part. 
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4.3.3.4 Lake Ontario Regulation 

As there is no lake downstream of Lake Ontario, the computation of the basic rule flow uses just 

its own levels and Lake Erie's. The relationship that appears below is shown in "Regulation of 

Great Lakes Water Levels'', December 1973. Originally, this formula refers to a time step equal to 

one week, but here it was employed to solve for a monthly time step. The adjustments performed 

with the help of the supply indicators as it is prescribed in Plan 1958 D, which is currently in use, 

were disregarded. 

where 

The following relationship was employed to compute the basic rule flow 

Qbcu1c = 200( ( EOP onr - Tgont )80 + ( EOP•rt• - Tgm•) 1 OS) + AvOut on1 

185 

Qbas1c - basic rule flow, 

EOP""' - monthly end-of-period Ontario water level, 

Tgon1 - target water level for lake Ontario, given by the estimate of historical mean leveL 

EOPene - monthly end-of-period Erie water level, 

Tgon, • target water level for lake Erie, given by the estimate of historical mean leveL and 

AvOuton1 • long-term mean pre-project1 lake Ontario outflow. 

,. 11 

Having the basic rule outflow, its value is compared with the maximwn and minimum 

allowable limitations an~ if these constraints are not satisfied, the necessary adjustments are 

made. Appendix C presents the information regarding these constraints. As was the case with 

Lake Superior regulation, the changes in flow rate from one week to another must not exceed 20 

tcfs-months, in absolute value. This figure was adopted for the maximum allowable monthly 

variation. The intendments of this measure are similar to those in Lake Superior. The reader is 

referred to Appendix A for more details on this regulation implementation. 

1 The outlet conditions are those existing before the regulation of lake Ontario, i.e., before the year of 1955. 
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4.4 Definition of the Problem 

In the introduction of this chapter it was mentioned that the intent of the Reference submitted to 

the governments of both countries was to improve the range of water levels fluctuations in such a 

manner that the interest groups would benefit from it. Or, at least, that the improvement of the 

conditions for one group would not result in the worsening of the present situation for the others. 

To be consistent with the approach already utilized in the UC studies, given that the major 

concern of this application is the validation of an experimental methodology, and facilitate the 

comparison between an existing rule of operation and a new proposed one, the conditions 

stipulated by the existing agreements, materialized as the Basis-of-Comparison, are those 

considered as valid in this Case Study. In other words, they were the same for the simulation of 

the routing of the synthetic NBS for the five lakes either in the case of the present regulation (as 

just described in the previous section) and the new proposed one. 

It was also pointed out that it is very difficult to measure the real benefits obtained from 

improvements regarding recreation, aesthetic and environmental considerations, along with other 

similar benefits that are important and generate returns to the society as whole but with fuzzy 

benefits, hard to evaluate with precision. As dealing with this type of fuzzy values will add more 

uncertainty to a stochastic problem and is not directly connected to the main purpose of this 

research, it was decided to opt for more well-defined designs, the maintenance of the UC's 

objectives as stated in the 1973 report, "Regulation of the Great Lakes Water Levels". As a result, 

they were defined as the attempt to reproduce the average estimated mean levels that would have 

occurred in the 1900-1973 period, had the static configuration of the Great Lakes System been as 

defined in the Basis40f .. Comparison. 

Some simplifying assumptions were introduced in setting the simulation of the operation. 

For instance, the use of monthly time steps for Lake Ontario and Lake Erie instead of quarter 

monthly time steps, and the Lake Ontario regulation as presented in "Regulation of Great Lakes 

Water Levels", App. B, 1973, p. B-40. To avoid the comparison of different types of operation, 

first the system operation is simulated by routing the historical NBS through the five lakes and 

connecting channels. These results are then compared with the same operation procedure for the 

synthetic data generated as explained further ahead. With this procedure, two models that emulate 
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more closely the stochastic process that generated the Net Basin Supplies were validated. A 

practical implementation aspect that was taken into consideration was the need to use pre-existent 

Matlab9 routines. especially those from the System Identification Toolboxes, because of the 

compatibility with the rest of the routines developed for this work and immediate availability. 

In .. Levels Reference Study", Annex 3, 1993, there is the information that the 

autoregressive moving average (ARMA) processes, ARMA (1, 1) and ARMA (2,0) had good 

performance in modeling the NBS. But once the processes were modeled as univariate, they bad 

to be linked together due to the spatial correlation existent between the lakes. Y evjevich (1975) 

and Buchberger (1992) used a multivariate ARMA (2,0) to model the processes with respect to 

time and spatial correlation. 

In 1991 the U.S. Army Corps of Engineers modeled the NBS for each lake (univariate) as 

an ARMA (1,1) process. Loucks (1989) used Contemporaneous ARMA (CARMA) processes for 

this purpose and the above mentioned study also experimented with the ARMA ( 1, 1) processes 

for the upper lakes and ARMA (2,0) for the lower ones. Because it only accounts for lags equal to 

zero, hence the contemporaneous in its name, it is much faster and easier to implement and 

generate the synthetic NBS than most multivariate processes. This work is consttained by the fact 

that the Matlab0 Identification Toolbox bas available only multivariate autoregressive models and 

univariate ARMA ones. Therefore, the following ones were tested: 

• ARMA (1,1). five univariate models. 

• ARMA (2,0), five univariate models. 

• Multivariate AR models 

0 Contemporaneous AR models of orders 1 and 2. 

0 Contemporaneous Periodical AR model of order 1. 

0 AR model with lower triangular input matrix of order 1. 

From the models above, the contemporaneous multivariate seasonal AR model of order 1 

and lhe contemporaneous multivariate periodical AR model of order l were those that more 

closely approximated to the historical NBS data. As additional testing, outputs like lakes levels 

and outflows that were obtained after the simulation of the operation were considered as well, and 

both models performed satisfactorily. Although some of the other models presented similar 
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performance, the suggestion presented in Hipel and McLeod ( 1994) was followed and Occam's 

razor was applied, i.e., those with less complexity involved were chosen. Appendix C presents a 

summary of the inputs for the simulation and the main parameters involved in the system 

operation. ln the following pages, are added tables with the operation results for the simulation of 

both the historical NBS and the synthetic ones. 

The objective function evaluated during the simulations was defined according to the 

following relationship: 

T L 

Cost = LL J ( S 1
1 - S 11) 2 

, for t = 1, ... , 12; and / = l, ... , L. 4. 12 
t•l l•l 

Where: 

S/ - average level of lake I in month t; 

S 11 
- estimated average monthly level of lake / in month t, after routing the historical NBS through 

the lakes employing the BOC. 

This infonnation can be obtained from '4Regulation of Great Lakes Water Levels", Lake 

Regulation, App. B, V. 1, Coordinated Basic Data, 1973. Also, the average level is defined as: 

S,' = BOP + EOP 
2 

4. 13 

As one might expect, the objective of the optirnizatit>n was the minimization of the 

relationship defined by equation 4. 12, but rewritten as follows: 

T L 

Expected Cost = LL E[ ✓cs,' - S/ )2] 4.14 
t•l /•l 

The use of the expectation operator above is due to the fact that for a specific releue 

policy, given a BOP level, and a stochastic NBS, the average level becomes a random variable. 
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4.5 Aggregation Scheme 

The Great Lakes system presents control structures in only two of its components, namely, Lake 

Superior and Lake Ontario. Therefore, to avoid local policies for the latter, the aggregation was 

perfonned considering in the first stage, Lake Superior versus an aggregated lake downstream that 

comprised Lakes Michigan-Huron, St. Clair, Erie and Ontario. In the second stage, Lakes 

Superior, Michigan-Huro~ St. Clair and Erie were aggregated in one upstream lake and then a 

two-level MAM-SDP oprimizati0n, with Lake Ontario located downstream of it, was performed. 

For both controls the policies are global, but still approximate. This approach was called "Whole 

System Optimization". 

On the other hand, another approach where Lake Ontario is opri.mized as an independent 

part of the system, was also set up. This is basically the approach utilized by the present 

regulatio~ however in a heuristic fashion. As this lake is situated roughly 330 ft. below the 

average level of the other upstream ones, its backwater does not affect the levels of none of them. 

The first stage of aggregatio~ however, remains as described in the above paragraph. This one 

was called "Lake Ontario Independent". There is a schematic representation of stages 1 and 2 for 

the "Whole System Optimization" shown below and for the second approac~ stage I is repeated 

and the average monthly outflow from Lake Erie obtained after simulation and fed it into the 

single reservoir optimization model. The most notable consequence is the sensible reduction of the 

computation time. 

Another feature worth mentioning is the aggregation of the releases. As already said, only 

Lakes Superior and Ontario are regulated. The standard fashion of aggregating does not consider 

unregulated outflows. Therefore, the aggregated outflows were computed as a function of the 

states of Lake Superior versus the rest of the system and Lake Ontario versus the rest of the 

system after 1000 year simulation using the current operation.. These preprocessed data were then 

fed into the SDP optimization. As one might conclude, these relations are not the same as those 

that will be computed using MAM-SOP, or state-derived policies. A natural continuation of the 

present work would now obtain the relations for the optimiudon after the first optimization is 

performed and the simulation executed, and fed them once more to the optimization, i.e., repeat at 

least one more iteration. The present computations did not take this into consideration. 
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Appendix A has a succinct description of the algorithms employed to perform the 

optimization of the Case Study. The reader is referred to it for more details on the 

implementation. 

STAGE 2 

NBS l 

Superior 
STAGE 1 

NBS 2 

Michigan-Huron 

NBS 3 

Saint Clair 

NBS 4 

Eric 

NBS S 

Ontario 

Figure 4 - 6 Schematic Representation or the Great Lakes Aaregation Approach 

4 .. 6 Validation of the Simulation Model 

The validation of the 1000 year synthetic data was performed not only by analyzing the time 

series but comparing parameters like cost, storage levels, outflows and spills obtained either 
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routing the historical NBS and the synthetic ones. The suggestion presented in one of the UC's 

reports and respective methodology were followed. 

4.6.1 Results for the Simulation of the Great Lakes Operation as defined by the 
IJC 

The following graphs present the: 

• Results for the Simulation of the Operation Using the Historical NBS 

• Results for the Simulation of the Operation Using 1000 Year Synthetic Data 

Generated by a Contemporaneous Multivariate Seasonal Autoregressive Model of 

Order 1 (ARX l Model) 

• Results for the Simulation of the Operation Using 1000 Year Synthetic Data 

Generated by a Contemporaneous Multivariate Periodical Autoregressive Model of 

Order l (PARX l Model) 
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Figure 4 - 7 Comparison between Costs Using Historical and Costs Using Synthetic NBS 
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Monthly Average Cost (Objedive Function) with respective Standard Deviations: 
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Lake Saint Clalr • Monthly Cost and Respective Standard Deviation 
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Lake Ontarto - Montt11y Cost and Respective Standard Oevlatfon 
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Figure 4 - 12 Comparison between Monthly Costs Using Historical and Synthetic NBS for Lake 
Ontario 

The reader is reminded to note that with the exception of Lake Superior and, in a smaller 

scale, Lakes Michigan-Huron, the operational costs are higher for the synthetic NBS than for the 

historical ones. Although it is not expected that the costs be exactly the same, one would expect to 

have them closer to the historical ones than what the graphs have suggested. The justification for 

these results is that the present regulation attempts the lowering of the levels of the foUT most 

downstream lakes by the increase of Lake Superior levels. The former ones, located in areas more 

densely populated than Lake Superior and consequently with higher average cost of the shoreline 

area, would benefit from this kind of policy. However, this is a transient solution_ Once Lake 

Superior establishes itself in a new and higher level, the levels of the other four lakes would tend 

to return to their original situation, especially those of the unregulated ones. £n the long run, the 

total output from the system, represented by total outflows, must be more or less equivalent to the 

total input to the system, represented by total NBS. 

In the next pages the average levels obtained during the 1000 year simulation of the 

operation are presented. The reader is referred to Appendix E, Great Lakes Outflows for 

additional infonnation regarding the referred parameter and further details on the historical and 

long-term operation for the Great Lakes. 
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Average Monthly Storage Levels: 
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Figure 4 - 13 Lake Superior - Monthly Average Levels and Respective Standard Deviation 
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Figure 4 - 17 Lake Ontario - Monthly Average Levels and Respective Standard Deviation 

From Figure 4 - 13, the registered average levels for Lake Superior obtained by routing 

the historical and synthetic NBS are equivalent, with no significant discrepancies. The standard 

deviations for them present the characteristic that those for the synthetic NBS are smaller than the 

ones for the historical values. This is a consequence of the use of longer series for the synthetic 

one5y the operation of the system for the long-term has steady-state behavior. This feature is 

clearly visible in the other graphs as well. 

As Lakes Michigan-Huron, St. Clair and Erie are not controlled and therefore have similar 

behavior, the comments about all the three lakes will take place at the same time. It is possible to 

observe that the trajectories for the average levels obtained with the synthetic NBS are 

systematically above those obtained with the historical ones. The previous observation about the 

transient nature of the present policy is now recalled. Figure 4 • 14,, Figure 4 - 15 and Figure 4 -

16 illustrate well this fact, and the reader is reminded to note that the levels obtained with the 

historical NBS have the same pattern of behavior (or trajectory) than the long term ones but are 

located in a lower level. 

Figure 4 - 17 presents the average levels for Lake Ontario and how the transient lowering 

of the levels in the previous three upstream lakes affects its levels. As expected,, the average levels 
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for the historical inputs are above the long-tenn ones. The aimed reduction in levels for Lakes 

Michigan-Huron, St. Clair and Erie generates a transient increase in the levels in Lake Ontario, 

what will probably benefit the navigation conditions in the connecting channels. However, this 

situation is not stationary and will not subsist in the long-term. It should be added~ because 

this lake receives the contributions fonn all the others that are located upstream and, differently 

from the three immediately above, is controlled, the existing gap between the registered standard 

deviation for the levels obtained with historical and synthetic NBS is widened if compared with 

the previous cases. 

Finally, the major intent for simulating with three different types of NBS, one bistorical 

and two synthetic, is the validation of the synthetic ones. With the acknowledgment of the features 

specified above, the use of the synthetic series is validated for the goals of this researc~ i.e., 

firstly optimize the operation for the Great Lakes System and obtain state-derived operating 

policies and secondly apply the Two-Pass Mean-Variance Approach evaluating both studies by 

means of long-tenn simulation. 

4. 7 Comparative Results 

4. 7 .1 IJC's Operation vs. Steady-State Optimization using Aggregation 

Proposed Steady-State Optimizations using Aggregation Techniques in Two Stages 

As an initial step for the application of the Two-Pass Mean-Variance Approach to the case study, 

the general stochastic long-term optimization of the operation for the Great Lakes using DP was 

performed. This problem was approached in two different fashions as described in the following 

paragraphs. The second approach is used not only to provide another perspective to a complex 

problem, but to serve as validation of the first one, considered as theoretically better. 

First Approach: 

This first approach is the most appropriate for the aggregation methodology, i.e., the application 

of the aggregation methodologies to the entire system and obtain, with that, policies that are as 

global as possible. To overcome the inherent difficulty of having local policies for Lake Ontario, 
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where one of the only two controls of the system is located, a combination of the aggregation 

schemes that were used in statistical decomposition was employed. In the fashion that is presented 

below the release policies are global for Lake Ontario and for Lake Superior, each being 

optimized with respect to the rest of the system. We then have: 

• Stage I: Lake Superior vs. Rest of the System 

• Stage 2: Rest of the System vs. Lake Ontario 

Second Approach: 

The second approach tried to use as much as possible of the optimization scheme presently used 

for the operation of the lakes. For Lake Ontario, the present operation uses the levels for Lake 

Ontario and Lakes Michigan-Huron to obtain the long-term release policy. The present approach, 

however, is equivalent to the one just described, aiming at obtaining release policies based on the 

aggregate state of the four most downstream lakes. However, for Lake Ontario the release policies 

are computed using only its state . These release policies are, therefore, independent from the rest 

of the system. According to the UC's reports , the justification for this approach is the abrupt 

level difference between the rest of the system and Lake Ontario. While for the present operation 

either for Lake Superior and Lake Ontario the release policies are based on heuristics, in the 

present approach they are optimized and the policies are state-derived by means of SOP. The 

approach has also two stages, namely: 

• Stage l: Lake Superior vs. Rest of the System 

• Stage 2: Lake Ontario Considered Independent 

For the sake of simplicity and not divert the reader from the main topic of the thesis, that 

is to say, the use of aggregation methods to solve steady-state oprimizati1Jn of large systems 

employmg variance control of objectives in multistage decision processes. the results presented 

here below are only the ones obtained from the Multivariate Contemporaneous Autoregressive 

Model of Order 1 (MCAR 1) time series (refemd to in the previous section as the ARX 1 model) 

for the Net Basin Supplies for the five considered lakes with length equal to 1000 years. 
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During the experimental part, the same was done with the other model~ i.e.~ Periodical 

Multivariate Contemporaneous Autoregressive Model of Order l. The results are equivalent to 

those presented below, with the exception that during the simulation part the policies are not as 

efficient as in the model referred to above, with performance slightly inferior to it. Nevertheless, 

in both cases, the results are superior to those obtained from the simplified version of the UC 

model. 

It is necessary to mention that the variables were converted to volumes in order to proceed 

to the optimization part. Once this was done, the impact on lakes levels due to the same storage 

volume was dependent on each lake volume/lake swface relationship as specified in the UC 

Reports. 

Syam • Average Annual Colt vs. Standard Deviation 
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Figure 4 - 18 Comparison Between Annual Costs of Operation for the Entire System 

The reader already noticed the evident superiority of state-derived policies not only in 

terms of operational cost reduction, but in better standard deviation for these costs too. While the 

UC's policies are less efficient in terms of overall perfonnance, the standard deviation for their 

costs are slightly inferior than the ones having Lake Ontario considered as an independent part of 

the system. Next figures will compare the cost function for each lake belonging to the system in a 

separate famion. 
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25.00 

For Lake Superior, as the state-derived policies are identical, the operational costs are 

equivalent and, as expected, fare well in comparison to those based on heuristics with a reduction 

in the expected costs of around 23 %. The reduction in their standard deviations were significant 

as well. 

Lakes Michigan-Huron • Average Annual Cost vs. Standard Deviation 
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Figure 4 - 20 Comparison Between Annual Costs of Opention for Lakes Micbipn-Buroa 
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Figure 4 - 21 Comparison Between Annual Costs of Operation for Lake St. Clair 
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For Lakes Michigan-Huron, St. Clair and Erie, the UC's policies perform better than the 

other two. Although the differences are not very large for any of them, the state-derived policies 

perform worst for Lake Erie. These results can be credited to one of the heuristics employed in the 

operation according to the UC, i.e., the limitation of monthly releases differences from Lake 

Superior. When these monthly differences present values higher than a threshold, the rule outflow 

is reduced the maximum allowed difference, thus keeping the outflows very steady from one 

montq to another. And as all three lakes have no control, reducing the monthly flow difference has 

a direct impact on the levels variation for Lakes Michigan-Huron, St. Clair and Erie. 
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Figure 4 - 23 shows the effect on the cost of state-derived policies for Lake Ontario and 

the substantial improvement that can be obtained with them. However, it is necessary to remember 

that while the UC simulation model constructed for the present work has a time-step equal to one 

month, the original model has a time-step of a week. This model is a simplified one, without all 

the fine adjustments of the original one. In a more refined comparison, it would be necessary to 

build a link between the state-derived long-tenn policies and medium-term policies by the use of a 

hierarchical model and only then, have a better evaluation of the real improvement. Nevertheless, 

the Lake Ontario Independent state-derived policies, employed as another comparison reference, 

performed better than the IJC rules, but much worse than the ones consi<Jering Lake Ontario 

against the rest of the entire system. 

The following graphs will present the average monthly levels obtained after the stochastic 

simulation and their trajectories location with respect to the UC targets. Concerning the levels 

graphs, the reader's attention should be called for the targets trajectories and their relative position 

with respect to the average trajectories for the levels. For the four most upstream lakes they are 

systematically located below them. For Lake Ontario, the opposite is true for the UC's policies 

and those state-derived considering the entire system. This evidence seems to concur with the 

aforementioned observations that mostly the targets for Lakes Michigan-Hw-on, St Clair and Erie 

are not placed in a realistic position for the present structure of controls. 
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Figure 4 - 28 Lake Ontario - Monthly Average Levels for Diff'erent Types of Release Policies and 
Respective Standard Deviation 

From Figure 4 - 28 it is interesting to note that the average levels resulting from the use 

of the policies considering Lake Ontario Independent are always above the other two types of 

policie~ what may affect negatively the hydropower generation at the Niagara plants. These 

values are relatively small but their influence is not positive. After these comparative results, 

additional details referring to the operation of the system are shown below. As has been the case 

so far, all results were obtained after I 000 year simulation of the long-term operation for the 

lakes system. 

Probabilities of Esceedin1 the Minimum and Muimum Speeified Levels: 

While the UC's operating rules are better for Lake Erie and far superior when compared 

with "Ontario Independent" for Lake Ontario> in general, the "Whole System " optimiqtion is 

better than the other two types of policies when considering the Probability of Exceeding the 

Minimum Specified Level Now, considering exceeding the maximum level specified, IJC's 
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policies are far worse than the other two, y,ith "Ontario Independent" presenting a better 

performance. In this specific case, the tradeoff is clear. 
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Appendix E presents the average monthly outflows for the cases presented so far. There is 

a tradeoff between the maintenance of the levels as close as possible to the established levels 

targets and the outflows. Namely, as the original objective function incorporates outflow targets 

(what is not true in the present optimization, only storage levels were taken into account) there is 

much more latitude in the current study than in those that had them included. It is possible to 

mention the works of Seifi and Hipel (1998), Sadjad (1997) and Fletcher and Ponnambalam 

( 1998) as having this bi-objective optimization, i.e., a much more constrained problem. 

Now, a sample of the Release Policies Graphs is presented. For the .. Whole System 

Optimization" are shown two characteristic months of the year, one representing the dry season 

and the other the wet season. As it is possible to represent the entire year in a single grap~ for 

"Ontan·o Independent" all the surfaces are presented. 

Lake Superior: 
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Figure 4 .. 31 Release Policy ror the Mo.nth or May for Lake Superior vs. Rert of the System 
Aggregated 
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Figure 4 - 32 Release Policy for the Month of December for Lake Superior vs. Rest of the System 
Aggregated 
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Rele■• Policies - December 
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Figure 4 - 34 Release Policy r or the Month of December for Lake Ontario vs. Rest of the System 
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2. Lake Ontario considered independent 
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4.8 Steady-State Optimization Using Aggregation and the Proposed 
Methodology, Two-Pass Mean-Variance Approach 

198 

Because most of the discussion on the application of the proposed methodology was already 

made, the only thing that should be remarked is the difference between the objective function 

analyzed so far, maximization of benefits and the one for the Great Lakes Case, which has the 

minimization of costs. The presentation of the formulation for the proposed methodology follows: 

First, let us define 

Dist/ = ✓(S 1 1 -St'/, fort= 1, ... , Tand I= 1, ... , L. 4.15 

Therefore, the objective function for the optimization becomes the minimization of the 

absolute cost of operating the lakes beyond, above or below, the target levels as specified by the 

IJC regulations. Thus, 

min E[Dist,'] 
4. 16 

subject to the constraints as specified previously. 

However, in the Two-Pass Mean-Variance Approach the objective function becomes 

T L 

ExpectedCost = Ll)(l-m)*E(Dist,')+m*a(Dist,')J; 4.17 
t•l /•l 

Where: 

O~@SL 

4. 8.1 Results with the Proposed Methodology 

Below the results obtained by applying the proposed Two-Pass Mean-Variance Approach are 

presented. The original objective function for the Great Lakes Case is a bi-objective one. Not only 

storages are included in it, but outflows as well. For the case presented further, which experiments 

with storage control, only the storage variations were taken into account as objectives. The 
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minimization of the distance from the specified storage targets is the principal and single 

objective. ln setting up these storage targets {levels) the UC recommendation was followed, 

namely, attempt to maintain the levels at the average level that would have occurred historically if 

the historical Net Basin Supplies were routed through the specified static configuration of the 

lakes and their connecting channels. With this infonnatio~ a Two-Level MAM-SDP Optimization 

was conducted. From that, the proposed methodology was applied. However, bearing in mind that 

the next step for the work would be the bi-objective optimizatio~ the routines for this kind of 

optim.iz.ation are already available. After running this model and defining the relative importance 

that should be given to each of the objectives, it will be possible to extend the suggested 

methodology for this type of multiobjective optimization. As the objective function has now a 

sum of random variables, the correlation between storages and outflows must be computed and 

included in it. The values shown in the following tables and graphs were already converted to feet 

(levels) and thousand of cubic feet per second, tcfs (outflows). 

4.8.2 Whole System Considered 

Graphs presenting the relationship Averace Costs vs. Standard Deviation for the Costs 

Annual Cost for Operating the Syaam vs. Raapectlw Standard Deviation 
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Figure 4 - 36 Annual Cost vs. Respective Standard Deviation for Operating the System Under 
Different or I 
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Observation: The annual cost ( deviation from the storage targets) is represented as the absolute 

sum of the monthly distance from the desired level during the period of a year. 

Annual Cost for the Syam and Each Lake 
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Figure 4 - 37 Annual Cost for Openting the System Under Different als for the System and Per 
Lake 
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Figure 4 - 3 6 presents the main results for the application of the Two-Pass Mean­

y ariance Approach to the Great Lakes Operation Problem as described so far. The main purpose 

of the methodology is to reduce the risks involved in the systems operation. This is effectuated by 

reducing the standard deviation of the costs involved, which usually has a tradeoff in increasing 

the costs themselves. For this case study, the similarity between the upper part (region between the 

North and East or rv Quadrant) of the theoretical curve as suggested by Markowitz ( 1952) is 

remarkable. As their standard deviations increase, the costs themselves decrease. The lower 

observed cost is 68.47 feet with respective standard deviation of22.98feet for co equal to zero. To 

reduce the standard deviation to 13 .12 feet it is necessary to accept an increase in the costs to 

90.94 feet for ro equal to 1.00. In other words a reduction of 42.91 % in the standard deviation 

values will incur in an increase of 24.71 % in the costs. How acceptable this is in tenns of 

operation is a task that belongs to the decision maker. Nevertheless, there are several intermediate 

situations that might be interesting as well. The main pwpose is not to specify which relationship 

performance/risk is the most acceptable for the decision maker, but to offer a range of 

possibilities. 

Figure 4 - 37 and Figure 4 - 38 show the same parameters, Annual Cost and Respective 

Standard Deviation, but in separate bar graphs to facilitate the reader the visualimion of the 

individual contribution each lake makes to the costs and standard deviation, total contribution and 

be able to compare them. It is interesting to note that in Figure 4 - 38, the individual standard 

deviation for the operational costs for Lake Ontario, for co equal to 1.00, has a greater figure than 

the standard deviation for the costs for the system as a whole. Figure 4 - 39 and Figure 4 - 40 

present the probabilities of ocCUITence of levels above and below the specified thresholds 

respectively. For the first one, levels above the maximum specified, the general trend is to have a 

reduction in these probabilities for Lakes Superior, Michigan-Huron, St. Clan- and Erie while these 

probabilities are not significant for Lake Ontario. On the other hand, there is an increase for the 

probabilities of this lake having levels below the minimum specified, which can be qualified as 

veiy high for m's equal to 0.80 and 1.00. The other four lakes do not present a significmt value 

for these probabilities. 
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4.8.3 Lake Ontario Considered Independent 

Graphs presenting the relationship Average Costs vs. Standard Deviation for the Costs 

Annual Colt for Operating the Syam vs. Respective Standard Deviation 
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Figure 4- 41 Annual Cost vs. Respective Standard Deviation ror Openting the System Under 
Different aJ s 
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Standard Deviation of the Annual Cost lbr lhe Systllm and Each Lake 
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Figure 4 - 43 Standard Deviation for the Annual Cost for Operating the System Under Different o/s 
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Probability of Occurrence of Levels Below the Minimum Specified 
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Figure 4 - 45 Probabilities or E1ceedance ror Levels ror the Five Lakes ror Different o, 's - Below the 
Minimum Spec:irled 

The application of the proposed methodology to the second approach of solving the Great 

Lakes Operation Problem did not present any significant improvement to the policies obtained 

with the optimization. The relationship cost/standard deviation did not show a noticeable range of 

possibilities of operation and the same can be said for the costs, their standard deviations and 

probabilities of exceedan.ce. As the Two-Pass Mean-Variance Approach is set up in an aggregated 

fashion for the system as whole, its implementation has certainly suffered from the independence 

assumption used for Lake Ontario. 

The results have shown that the "Whole System Optimization", used in conjunction with 

the Two-Pass Mean-Variance Approach, performed quite well. The optirnintion considered on. its 

own already improving the present hemistic operation with regard to the same single objective and 

the Two-Pass Mean-Variance Approach presenting an interesting range ofpoSSl"ble annual costs 

versus respective standard deviations that can be used in the definition of the most appropriate 

release policies. 
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4.9 Summary 

This Chapter presented an application of the proposed Two-Pass Mean-Variance Methodology as 

described in Chapter 3 to the Great Lakes System. The five lakes considered in this study were 

Lake Ontario, Lakes Michigan-Huron (hydrologically considered as one single lake), Lake St. 

Clair, small in size but important operation wise, Lake Erie and Lake Ontario. The major 

characteristic of the system is having only two controls, located in the extreme components of it, 

in Lake Superior, the most upstream and in Lake Ontario, the most downstream. First, the present 

operation as defined in the UC's reports is used to validate two of the studied synthetic data. Once 

this is done, the aggregation of the components and the optiroimtion of the system is performed. 

As the original methodology was developed for maximization of the expected returns, some 

alternatives were proposed. Also, because the system consists of lakes instead of artificial 

reservoirs with full contra~ other techniques, different from those presented in the previous 

chapters were introduced and can be seen in more detail in Appendix A, Great Lakes Case Study 

Algorithms, mostly in the aggregation of the outflows for the connecting channels. Finally, after 

defining the expected deviation from the storage targets, which are the same as those specified for 

the UC operation, the methodology was successfully employed for the oprimi:r.ation of the system 

as a whole. 
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5. CONCLUSIONS AND FURTHER RESEARCH 

5. 1 Objectives Statement 

The main objectives of this work are: 

• assess the performance of the Multi-Level Approximate Aggregation Decomposition -

Stochastic Dynamic Programming (MAM-SOP) fonnulation, and propose enhancements to it, 

• search for new methodologies that could improve the perfonnance of the MAM-SOP, 

• based on the previous srudy, propose a framework of research that will aim at obtaining better 

results for the Stochastic Optimization of Large Reservoir Systems that will include 

information on the variance of the expected returns/costs. Also, these results must include 

information not only on the maximization of retum/minimfaation of costs but offer a range of 

choice7 as in portfolio selection procedures. 

• provide the decision maker with a tool that would enable him to choose amongst different 

combinations of expected return-variance of retwn or expected cost-variance of cost. 

• provide the decision maker with infonnation on the expected rate of failure of the operation of 

the stochastic system and possible alternative options of operation. 

The MAM-SOP Methodology is applicable to any sort of configuration, namely, 

reservoirs in series, in parallel or any form of combination of both. It generates a closed-loop type 

policy, a desired feature when optimizing the operation of reservoir systems. It performs explicit 

optimizatio~ and allows the computation of release policies for large reservoir systems. 

Furthermore, there is no need for assumptions regarding the convexity or smoothness of the 

objective functions. Very large systems can be optimized within the limits of computing 

tractability. 
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On the other hand, the results are hardly optimal, especially because the policies become 

gradually local as the calculations move toward the most downstream reservoir. The independence 

assumption of the conditional distribution of the releases with respect to the storages and the 

inflows is another source of error. This source of error was not analyzed in detail in this research 

and should be subject to further studies. 

Therefore, the author analyzed the next steps of the researc~ bearing in mind the main 

objectives stated at the beginning. 

5.2 Accomplished Research Work 

I) Improved the performance for the MAM-SDP model 

◊ The use of the approximate conditional distribution of probabilities for the releases 

has shown that it improves the performance of the MAM-SOP model by considering 

states otherwise not included in the SOP search. The tradeoff is a much. longer 

computing time because the vectors of the probabilities, initially very sparse ones, 

become dense. 

2) Obtained the variances in the MAM-SOP model 

◊ In the Steady-State Case, Stochastic Dynamic Programming yields the mean values 

for the benefits. It was of interest to produce a measure of spread from these expected 

benefits. The variances for three types of multiple reservoir systems were comput~ 

i.e., 3 and 4 reservoir systems, and evaluated the expected return and its variance. To 

this purpose, several combinations of coefficients of variation for the inflows, with 

varying levels of uncertainty, were utilized for the 4 reservoir system. For the 3 

reservoir system two different combinations of storage capacities were employed 

under the same inflow pattern. 

◊ The computation of the variances was done for a single reservoir system as well. 

Several coefficients of variation were employed· to produced different levels of 

uncertainty of the natural inflows. With the use of a single reservoirs has the 
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advantage of obtaining this type of relationship isolated from other influences such as 

configuration of the syst~ different capacities between reservoirs, relative 

importance of retwns within the system, and location of reservoirs. 

3) Application of Principal Components Analysis 

◊ PCA was applied to multiple reservoir systems in order to classify the reservoirs in a 

system according to their relative contribution to the variance of the storage and 

returns for the entire system. To check the consistency of the approach, several tests 

were conducted and the results, analyzed using the test problems already mentioned. 

PCA was here considered as a tool for statistical decomposition of the reservoir 

system. With this supplemental information, the aggregation can be carried out under 

a different scheme than the one offered by physically based schemes. From the tests 

performed, it was shown that PCA can be employed as an additional tool in the 

decomposition step of the MAM-SDP since it provides a means of obtaining reduced 

variance for the costs or r~tums. The technique seems to be more effective for 

systems with high levels of disturbance in the inputs while the physical diagnosis 

seems to offer a better performance for low levels. 

4) Proposition of Different Aggregation Schemes in MAM-SDP 

0 Using the results from item 3), new aggregation schemes were proposed and tested. 

From the results obtained in the tests in Chapter 3, it is possible to evaluate the 

reduction in the variance of the expected return and levels of reliability. One feature 

to mention is the tradeoff between the reduction of variance and performance of the 

operation of the system. The conventional aggregation scheme, or aggregating the 

reservoirs from upstream to downstream usually yields the higher returns for the 

objective function when the disturbance levels for the inputs are low. However, this 

higher benefit is, for greater values of uncertainty for the inflows, associated with 

higher variance of the retmns. As it is not possible to quantify these levels a priori it 

was necessary to define the operating policies for the system for different aggregation 

schemes and then assess their performance. A good indicator for the performance of 

the system is its performance after the first stage ofMAM-SDP optimization. 
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5) Application of the Expected Return-Variance of Retum Rule 

0 It has been of interest to those involved in the optimizatiQn of the operation of 

reservoir systems to include the control of the variance of returns (or costs) in their 

objective function. Up to the present time, the results were not very encouraging 

because of the difficulty of dealing with two objectives, i.e., optimization of returns 

and minimi:zation of variance, simultaneously. In this work, the fundamental ideas 

presented in Markowitz 1952 paper, were applied to the SDP probl~ and 

specifically to Multiple Reservoir Systems. The solution encountered was to split the 

optimization into two steps, therefore proceeding a Two-Pass Optimization. The first 

step is concerned solely with the optimization of returns (or costs) while the second 

one consists of several optimizations obtaining combinations of control of variance 

( or standard deviation) and maximization of returns. These different combinations 

also provide different levels of reliability. 

◊ The suggested method can be used in real-time oprimiuti.on as well, with the 

substitution of the Expected Return by the forecasted one. Its accuracy, however, will 

depend on the accuracy of the forecast. 

6) Applied the above-mendoned to the North American Great Lakes Case Study. 

◊ The methodologies described in items 4 and 5, and reviewed in detail in Chapter 3, 

were then applied to the Great Lakes System. This system is composed by six lakes, 

Lake Superior, Lake Michigan, Lake Huron, Lake St. Clair, Lake Erie and Ontario. 

Although the PCA was not employed, the use of different aggregation schemes than 

the conventional one is a direct consequence of this study. This system has two 

peculiarities: 

• only the most upstream. and the most downstream lakes are controlled. 

• Lake St. Clair dimensions are much smaller than the other five lakes, 

reducing drastically its capacity of absorbing the levels variations and 

affecting the optimi:zation and simulation parts. 
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First, the system was optimized using aggregation schemes and state-derived release 

policies were obtained. The simulation of these policies, when compared to the 

simulation of a simplified version of the UC heuristic operation policies, has shown 

better performance for the use of long-term (steady-state) state-derived policies. It 

should be added that the objective function for this optimization is the minimization 

of the accumulated annual distance from the target storage levels, differing from the 

test cases, which were all referring to maximization of the expected return. Therefore, 

the Two-Pass Mean-Variance Approach was then extended to minimization of costs 

and corresponding variances. The methodology was successfully implemented for the 

long-term optimization with monthly time-steps and the results were very 

encouraging. Besides, two types of optimization approaches were suggested and two 

kinds of synthetic data analyzed. Regarding the two types of optimiz.ation approaches, 

the one that considers the system as whole performed better than the one that views 

Lake Ontario as an independent part of the system. 

5.3 Further Research 

O Improve the computin1 times 

◊ The major hindrance with the present work was the long time the computations took 

to process. One of the reasons for that was the use of the Matlab8 environment. Two 

extensions are proposed. The use of other environments like Fortran, C and C++ and 

experiment with parallel computations. 

◊ Improve tbe quality of the synthetic data for the Great Lakes System Study Case 

◊ Due to software limitations only two multivariate models were used to generate the 

synthetic Net Basin Supplies for the Great Lakes Case. These models were able to 

yield only autoregressive models. A more detailed analysis using multivariate mixed 

moving-average and autoregressive (ARMA) models would probably provide 

synthetic data of better quality. 
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◊ Parallelization of the Second Pass of Two-Pass Mean-Variance Approach 

◊ It is possible and feasible to perform simultaneously the selection of the optimal 

returns in the two-level SOP for all the weights used for the Two-Pass Mean Variance 

Approach. This is the only optimization part where it is necessary to include this 

information, and for the rest of the nested loops in SOP the computations are exactly 

the same. Thus, parallelizing the selection of the optimal returns with the respective 

policies would speed up considerably the computation time for the methodology here 

suggested. The evaluation of the performance of the policies, done by means of 

simulation can be parallelized. 

◊ Further implementation for the North American Great Lakes Case Study 

◊ As it is needed to validate the proposed methodology by comparing the operation 

policies with those from an already tested one, the same configuration for the Great 

Lakes as the one currently in use was adopted. However, it is possible to extend the 

research applying either the methods described in this work, to the Great Lakes now 

considering full control for the system, that is to say, having all the lakes controlled. 

0 For the present computations, the expected outflows for the aggregate upstream and 

downstream lakes as obtained from the simulation as described by the heuristic 

operation from UC's reports were employed. The continuation for the present work 

would be to employ the aggregated outflows derived from the "Whole System 

Optimization" Approach. Then, not only proceed to the optimization part once more, 

but to use these results for the implementation of the Two-Pass Mean-Variance 

Approach. 

0 It is important to add the minimization oftbe distance from the target discharges in a 

multiobjective optimization framework. The weights, or relative importance given to 

each of both objectivest must be defined carefully. This can be easily implemented by 

assuming different linear combination for the weights and presenting the results. 

Then, having the results of weighing levels against discharges, the choice of the most 
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appropriate ones must be made by means of an agreement between all the parts with 

interests involved. The code to perform these computations is already written and the 

results should be published shortly. 

◊ The multiobjective optimization that would add the discharge targets to the already 

computed storage level targets must also include the correlation between the storages 

and discharges. In a multiobjective optimization the impact of the variables in the 

objective function that present covariance between themselves should be studied 

carefully. For the lakes case, this is veiy inruitive because levels and discharges from 

the lakes are intimately coITelated. The reduction of levels variance in Lake Superior 

is associated with an increase of the variance for the discharges from the same lake. 

Moreover, as the three intermediate lakes are not controll~ this affects directly the 

levels variance for the three downstream ones. It would be of interest to investigate 

further the existing correlation patterns between the levels and discharges for the 

entirety of the system, i.e., the five lakes. For a more thorough assessment on how the 

policies would benefit the interest groups, it would be necessary to evaluate the 

policies for a full controlled system, that is to say, by adding controls to lakes 

Michigan-Huron, St. Clair and Erie. 
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Third hierarchical level: 
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Observation: The computation of the Principal Components Analysis in the Study Case was 

performed for checking purposes only. As there are only two regulated controls the use of it for 

determining the most appropriate combination for the aggregation becomes unnecessary. 

Great Lakes Algorithm: 

Main Driver ➔ consolidated 

calls two subroutines ➔ LakSim 

➔ Aggr_Dec 

Subroutine lnpLak 

⇒ Provides the input of the general data, according to what follows. 

⇒ Monthly recorded and derived data 

* Beginning-of-Period (BOP) levels (ft.) 

* Mean monthly outflows (tcfs-month) 

• Mean monthly NBS (tcfs.month) 

The data above refer to lakes Superior, Michigan-Huron, St. Clair, Erie and Ontario. The 

collection period is from 1900 to 1973 (IGLD 1955). All information comes from the IJC report, 

"Regulation of Great Lakes Water Levels", December 1973, available at the UW Libnuy, Davis 

Centre. Most of the data is in Appendices to the main volume. 

=> From this information, the 1000 year synthetic NBS is obtained for the deseasonalized data as 

described in Hipel and McLeod (1994), p. 465. The time series are computed in two 

formulations: 
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1. Multivariate autoregressive model with lag l (ARI). 

2. Periodical multivariate autoregressive model with period equal to one year (PARl). 

* Matlab routines employed are from the System Identification Toolbox. Main functions are: 

arx, ran~ and idsim. 

* Means and standard deviations for the NBS' s, including two aggregate lakes (preprocessing -

4 most downstream lakes and 4 most upstream lakes) are calculated as well. 

* The subroutine that computes the synthetic data is called HistAR. 

=> Reading the relationship between an increase ( or decrease) of one foot in lake elevation and 

the corresponding average monthly discharge. The relationship is linear because of the large 

area of lakes and relative small variations in lake levels. 

=> Constants derived from the Manning coefficients employed in the Middle Lakes Routing 

Model. 

◊ kapal - 73.515 

◊ kapa2 - 177.286 

◊ kapa3 - 3665 

The values above were obtained from .. Regulation of Great Lakes Water Levels", Appendix B, 

Vol. 2, 7 December 1973, p. B-9. 

⇒ Definition of maximwn and minimwn flow limitations. 

◊ Obtained from "Regulation of Great Lakes Water Levels", Appendix G, 7 December 

1973, pp. G-42, G-114. 

~ Definition of maximum and minimum level limitations. 

◊ Values obtained from "Levels Reference Study, Great Lakes - St Lawrence River 

Basin", Levels Reference Study Board, March 31, 1993. These are values used as 

Basis-of-Comparison, and were used to compute the probabilities of exceedance, 

defined as the occurrence of levels below or above these references. 

=> Definition of range of operation as the difference between the maximum and minimum levels. 
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⇒ Definition of connecting channel ice and weed retardation. Given in mean historical values, in 

tcfs-month. Assumed the deterministic values, given the approximation character of those 

measw-ements. 

◊ for lake St. Clair 

◊ for Detroit River 

◊ for Niagara River ( only one that includes weed retardation) 

◊ for Ontario outlet 

Subroutine LakSim 

⇒ Performs simulation of the monthly operation for the 5 Lakes as defined by the UC in its 

reports. The historical data for the Net Basin Supplies (NBS), registered levels, registered 

outflows are also taken from theses reports. 

⇒ Data input for the 1000 year monthly simulation and the general input comes from the 

following subroutine. 

⇒ calls InpLak, which has the historical infonnation. 

⇒ Definition of starting levels for the simulation. Adopted those from "Basis-of-Comparison, 

Great Lakes - St. Lawrence River System, NOAA Technical Memorandum, ERL GLREL-

79", by D.H. Lee (ed.), April 93. 

0 Lake Superior - 600.39 ft. 

◊ Lakes Michigan-Huron- 577.92 ft. 

◊ Lake St Clair- 572.84 ft. 

◊ Lake Erie- 569.99 ft. 

◊ Lake Ontario - 244.07 ft. 

• These levels refer to the month of January. 

=> Assumed diversions, to and from the lakes, used fixed monthly values, in tcfs-month. 
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l. To lake Superior 

• Long Lac and Ogoki diversions- 5.0 tcfs•month 

2. From lake Michigan 

• Chicago Sanitary and Ship Canal - 3 .2 tcfs-month 

3. From lake Erie 

• Welland Canal diversion- 7.0 tcfs-month 

= call three subroutines with the simulation of 

• Lake Superior ( controlled) 

• Middle Lakes; Michigan-Huro~ St. Clair, and Erie (uncontrolled) 

• Lake Ontario ( controlled) 

231 

= Computation of the statistics like mean, maximum and minimum values for levels and 

outflows, existence or not of spills, probabilities of exceedance 

::;. Computing Principal Component Analysis (PCA), based on the objective functio~ namely, 

annual cumulative sum of monthly deviations from the storage targets, given in levels (ft.). 

Subroutine LakSup 

= Simulates the present operation of Lake Superior. 

::;. Computation of Lake Superior role flow for the compensating works according to Regulation 

Plan 1977. Based on the algorithm presented by E. Loucks et al., in "Diversion of Great Lakes 

Water, Pan 1: Hydrologic Impacts", February 1987. Appendix 4, p. 59. 

::;. IPirialization 

0 Computation of the maximum possible outflow from the compensating works. 

Outflow-.= (260l0*(0.944x-560292)"1.S) *0.001 
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The result given in tcfs-mon~ where xis the average level (for sake of simplicity, it was 

assumed the level at BOP). From "Great Lakes Diversions and Conswnptive Uses'\ 

Appendix B - Computer Models. Report to the UC, September 1981. 

=> First Step - Computing the basic rule flow with the balance equation: 

Qbo.,tc = QA\4Sup + A[(S, - Si )-(H, - HJ )R1 ] 

where: 

Qbanc - basic rule flow, 

A - statistically derived constant - adopted the "best" one, as defined in ·~Regulation of Great 

Lakes Water Levels'\ Appendix B, Lake Regulation, 7 December 1973, p.B-40, equal to 200 

tcfs/ft. 

Q.-tvSup - historical average outflow, computed from the data collection period, 

2 Var[S.] 
R 1 = 1 

- ~ and H1 are the estimated monthly historical variances for water levels at lakes 
Var[H1 ] 

Superior and Michigan-Huron respectively, 

Sft ~ - target levels for lakes Superior and Michigan-Huron, also defined as the estimated monthly 

historical averages. 

S,, H, - BOP water levels. 

The adjustment to the historical average outflows comes from the simple linear relationship: 

S, - S1 = H, - H1 

as Un 

The relationship above tries to bring the relative water levels from both lakes to the same situation 

with regard to the average historical ones and within the natural ranges. 

The constant A is obtained from computer simulation, aiming at obtaining the best perfonnance 

considering the total benefit from the multiple objectives that are power generation, navigation, 

both lakes and Erie shores. The other tested values were 50, 100 and 300 tcfslfl. 

=> Second Step - Checking the flow limitations 

◊ The difference from previous month outflow must not exceed 30 refs-month. 



Appendix A Great Lakes Case Study Algorithms 233 

0 The absolute maximum and minimum summer outflow is computed adding 65 tcfs­

month to the computed maximum allowable outflow. 

◊ The contingency plan states that if the outflow is less than 65 refs-month, only 55 

must be released in order to speed up the reservoir replenishment process. 

⇒ Third Step - Use of the balance equation to compute the End-of-Period (EOP) level. For sake 

of simplicity, no average water levels were employed. If the maximum or minimum level 

constraints were violated, no restriction was imposed, but the occurrence was registered for 

later computation of the probabilities of exceedance. 

Subroutine MidLak 

⇒ Performs the Middle Lakes, i.e., Michigan-Huron, St. Clair, and Erie, Routing Model. As all 

three have uncontrolled outflows, these and the levels are obtained from a non-linear 

relationship composed by a system of six equations and six unknowns. 

I. Inputs to the problem 

A. BOP lake elevations 

1. Li m1r - Lake Michigan-Huron water level, 

2. LI sc - Lake St. Clair water level, 

3. l1 « - Lake Erie water level. 

B. Water supplies to the lakes 

I. Totm1, - Lake Michigan-Huron total water supply, 

2. NBS:sc - Lake St. Clair NBS, 

3. NBS.r- Lake Erie NBS. 

C. Monthly ice and weed retardation 

1. Ret,n1, - St. Clair River ice retardatio~ 

2. Retsc - Detroit River ice retardation, 

3. Ret,r - Niagara River ice and weed retardation. 

II. Output 

A. L2m1,, L2» L2w - EOP lake elevations, 

B. Out,,. Outso Outa- - monthly mean outflows 
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C. Diffrn1,, Dif.[sc, Difhr -difference between BOP and EOP lake elevations for the 

current month. 

Ill. Constants used 

A. wASup - volume of water equivalent to one foot of water over the lake Superior 

area (given in tcfs-month ), 

B. wAMH - volume of water equivalent to one foot of water over lake Michigan­

Huron area (tcfs-month), 

C. wAStC • volume of water equivalent to one foot of water over the lake St. Clair 

area (tcft-month), 

D. wAErie - volume of water equivalent to one foot of water over the lake Erie area 

(left-month), 

E. wAOnt - volume of water equivalent to one foot of water over the lake Ontario 

area (tcft-month). 

F. kapal - constants derived using connecting channel geometry, Manning 

coefficients, roughness, and configuration for St. Clair River, 

G. kapa2 - same as above for Detroit River, 

H. kapa3 - same as above for Niagara River. 

I. N - number of time steps in a month, which is the simulation time step. Used 40. 

J. It - fixed nwnber of allowed iterations to converge. Used 5, although other 

researchers used only 3. But differently from ours, their simulation time step for 

lakes Erie and Ontario was equivalent to a week, or a quarter ofa month. 

IV. Set of non-linear equations employed: 

L2 = Lt + Totm1, 
,,,,, ""' N*wA}.;ff[ 

A. L2 = LI + NBSSC 
$C sc N* wAStC 

L2a- = Lla- + NBSa-
N * wAErie 

B. Iterat.efor j = /:It 
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Out,,,1r = kapal *(~ (llm1, + l2nrlt -Lise - L2.fC)) 1,'2 *(!(LI,,.,,+ L2mJ, + LISC + L23C)-542.0 

1 I 1 
Out K = kapa2 * (-(Llsr + L2sc - LI"" - L2"" ))' 2 * (-(Llsc + L2sc} - 548.49) 2 - Ret sc 

2 2 
1 l' 

Outt!r =kapa3*(2(Llu +L2~,.)-556.25)' 2 +7000-Reter 

L2 = ll + TotmJ, -Outm1, 
m1, m1, N * wAlvfH 

l 2 = ll + Outm1i + NBSsc -Outsc 
sc sc N • wAStC 

l 2 = LI + Outsc + NBS,,,. -Outu 
er er N * wAErie 

end of iteration 

C. The EOP water levels are reached after N steps of the above iteration and the 

mean outflows were computed from the average of the N values obtained in 

iteration It. 

V. The outflows are checked against the maximum and minimum historically registered 

extreme values, that are assumed to be the references for the 1000 year simulation. 

VI. The EOP water levels are checked against the maximum and minimum historically 

registered extreme values, that are assumed to be the references for the 1000 thousand 

year simulation and for the computation of probabilities of exceedance. 

• The 7000 cfs-month figure that appears in one of the equations refers to the diversion from 

Lake Erie. 

• All the values are given in cfs-month, instead of tcfs-month, that were the rule for the rest of 

the computations. 

Subroutine LakOnt 

Performs the computation of Lake Ontario rule flow according to Plan 1958A, i.e., it does not 

take into consideration the nonnaliution as prescnbed by Plsn 1958D, which is currently in 

operation. 
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⇒ First Step - Computing the basic rule flow using the relationship present in ·~Regulation of 

Great Lakes Water Levels'\ Appendix B, Lake Regulation, report to the UC, Vol. l (of 3), p. 

B-40, 7 December 1973. 

The following relationship was employed to compute the basic rule flow 

where 

Q1xu,c - basic rule flow, 

EOP 011, - monthly end-of-period Ontario water level, 

Tgor,, - target water level for lake Ontario, given by the estimate of historical mean level, 

EOPerle - monthly end-of-period Erie water level, 

Tga,,, - target water level for lake Erie, given by the estimate of historical mean level, 

AvOuton, - long term mean pre-project1 lake Ontario outflow. 

⇒ Second Step - Check for flow limitations 

1. The difference in discharge from previous month must not exceed 20 tcfs-month. 

2. Check against allowed maximum and minimum outflows. 

3. If necessary, proceed to the necessary adjustments 

⇒ Third Step - Use of balance equation to compute the EOP level. . For sake of simplicity, no 

average water levels were employed. If the maximum or minimum level constraints were 

violated, no restriction was imposed, but the occurrence was registered for later computation 

of the probabilities of ex:ceedance. 

Subroutine Aggr_Dec 

=> This subroutine defines the main inputs to the optimization part of the Great Lakes Cae Study 

and then calls the subroutines with the Two-Stage SOP. Finally, the performance of the 

derived release policies are assessed by long-term simulation, with l 000 year length on a 

monthly time step. 

1 The outlet conditions are those existing before the regulation of lake Ontario, i.e., before the year of 19S5. 
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=> Inputs 

1. Number of seconds in each mon~ 

2. Number of discrete intervals for the NBS's, 

3. Number of discrete intervals for the state vector (storage), 

4. Number of discrete intervals for the accessory outside state vector, defined for states located 

beyond the normal range of operation, as recommended by the UC, 

5. Number of discrete intervals for the decision vector (release). 

=> First Step • call the subroutine that performs the first stage two-level optimization, Stage 1. 

=> Second Step~ call the subroutine that performs the second stage two-level optimization, Stage 

2. 

=> Third Step - call the subroutine that performs the 1000 year simulation of the system on a 

monthly basis, using the derived operation policy. 

=> Fourth Step- Computation of the performance statistics. 

Subroutine Stage 1 

=> Performs the aggregation oflakes Michigan•Huron, St. Clair, Erie and Ontario. Transforms all 

units in volume, the discharges being volume-month. Lake Superior whose rule curve will be 

based on its state and the state of the aggregate downstream reservoir. 

=> Calls subroutines which provide the input to the opriroiz.atinn and are described in the 

following pages. They are: 

l. PDAgl 

2. NetBasSupl 

3. LRegrAnl 

4. GetDischl 

=> Definition of the aggregation coefficients, that will be used in the objective function. This 

fimction minjmins the square root of the squared distances from the target levels, measured 

in feet. Because, as mentioned above, the working unit is volume, transformation is needed 

and influences the choice the aggregation coefficients. 
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⇒ The maJor assumption adopted in this case is that all the aggregated reservoirs are 

proportionally equally filled ( or emptied), in level terms. In other words, the rate of increase 

or decrease in water levels is the same for all the aggregated reservoirs. 

=> In this case, we transfonned the concept of potential energy to potential storage. While in 

Turgeon, Arvanitidis and Rosing and Ponnambal~ the coefficients were function of the 

hydroelectric plant or irrigation capability, directly related to the discharges from the 

reservoirs, here they are function of their capacity of storing water. The coefficients, as was 

the case with the previous authors, are functions of the physical features of the system. 

⇒ Following the idea above, the release from lake Superior, the most upstream and non­

aggregated reservoir, has to be aggregated when entering the aggregated part of the system. 

However, as the water will travel through the connecting channels, now aggregated in just a 

large one, it is necessary to account for the physical characteristics of all four downstream 

channels. Therefore, a linear relationship between the monthly maxi.mum allowable outflows, 

normalized by the same feature from lake Superior outlet is employed. 

=> Call the Two-Level SOP optimization. 

Subroutine PDAg1 

=> Computes the joint conditional distribution of probabilities of the Great Lakes synthetic 

NBS's in a specific month. There are two types of routines, one the ARXl, i.e., multi-variate 

autoregressive model with monthly ti.me lag equal to 1, and another for the PARXl, with a 

time lag equal to the year cycle. 

~ First Step - Aggregate the NBS for the four most downstream lakes. 

=> Second Step - Obtain the maximum and the minimum values from the synthetic NBS 's for 

lake Superior and the aggregated one. Done on a monthly basis. 

=> Third Step - Get the ranges of variation and subdivide them into classes. 
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⇒ Fourth Step - Define the search bounds for the classes. 

⇒ Fifth Step - Obtain the conditional frequencies and median values for the NBS' s for each of 

the class as defined above and for each and every month. 

⇒ Sixth Step - With the infonnation obtained in the previous step, compute the conditional 

probabilities. These can be defined as follows. Given that in a given month the NBS for lake 

Superior is in a specified class, get the probabilities of the occurrence of all classes in the next 

epoch according to what was established in the time series model. For instance, in an 

autoregressive model of lag I, in the next month. In a periodical ARXI, for the same month in 

the next year. 

Subroutine NetBasSup1 

⇒ This subroutine simplifies the information on conditional distribution of probabilities 

computed in the previous step of the calculations. 

⇒ It gets the probabilities of the expected NBS' s, reducing the size of the conditional 

probabilities and expected means matrices to a more manageable size. Basically, it is another 

pre-processing step focusing at diminishing the computing time for the two-level SOP routine. 

From the just mentioned matrices it gets the expected values from the medians and their 

conditional probabilities. Transforms matrices of conditional probabilities into vectors. 

Subroutine LRegrAn1 

⇒ Performs the regression analysis for the NBS for the aggregated lake. Lake Superior is the 

chosen independent variable because of its upstream situation and import in the opriroizmfon 

part. The release policies computed in the first stage of the optimization will eventually be 

used in its operation while the policies for the aggregated lake are not used. Only its 

aggregated state has practical utility. 
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⇒ The linear regression coefficients are obtained for each and every month of the year after 

deseasonalizing the synthetic time series data 

⇒ The assumption valid here is the same for the rest of the work. Because all five lakes are in the 

same catchment area and therefore subject to similar climatic influences, we consider high 

spatial correlation between them. This assumption reduces the complexity of the problem 

affecting positively the computation time without jeopardizing the precision of the 

optimization. 

Subroutine GetDisch1 

:::) This subroutine computes the aggregated discharge from the aggregated downstream lake. 

This approximation has to be done because of the four lakes that compose the aggregated one, 

only one, lake Ontario is regulated. The three others are unregulated. Thus, they are directly 

dependent on the discharges from Superior and their difference in water levels. An important 

simplifying assumption here, already employed in this work, is the consideration of all 

downstream lakes proportionally equally filled 

=> For the given discrete set of levels and discharges from lake Superior and from each of the 

lakes that compose the aggregated downstream one, the nonlinear system of equations for the 

middle lakes is solved and the basic rule flow from lake Ontario is computed using the 

algorithms explained in subroutines MidLak and LakOnt. These discharges and levels are then 

aggregated and from this information we obtain the aggregate levels and discharges from the 

aggregated lake conditional on the levels and discharges from lake Superior. Here is where the 

importance of the assumption mentioned in the paragraph above appears. If that consideration 

is not observed the aggregated states and discharges do not match with those used in the two­

level SOP optirnimtion. 

=> In the test program, only this type of rule flow was used. For a more sophisticated model, 

once the release policies are obtained and lake Superior and Ontario have their operation 

policies defined by the state of the entire system, it would be advisable to repeat the 

optimfaation part, using the just obtained policy of operation. The optirnfar.ation part becomes 

an iterative process too. 
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Subroutine StDynProg 

=> Computes the steady-state long-term operation policies for two reservoirs, i.e., the two-level 

optimization. For the Great Lakes Case, one of the reservoirs, either the most downstream or 

the most upstream is always aggregated. One of the reasons for that is the fact that only lake 

Superior and lake Ontario are presently regulated and are placed in the extremities of the 

system. Lakes Michigan-Huron, St. Clair and Erie are unregulated. Another reason is that with 

this approach we avoid having local policies for lake Ontario, what would be the case in the 

previous methodology. This is possible because of the specific configuration of the Great 

Lakes System .. 

=> The convergence to the optimal values is facilitated in this algorithm with the use of White's 

Iteration Method. Another feature of the algorithm is having the reservoirs disposed in series. 

=> Two subroutines make use of this one. They are Stagel and Stage2. The SDP routine is 

adapted to suit the specific computational demands of both of them and most of its 

functionality shares common parts. 

=> Initialization 

Assignment of the states and decision vectors. One characteristic of this subroutine is that only 

one reservoir has discharge policy to be analyzed. The other reservoir, always the aggregated one, 

has its release dependent on the state and discharge of the other one and its ovm state. The 

simplifying assumption here is having this conditional discharge deterministic instead of 

stochastic. This reduces drastically the computation time and as this discharge comes from the 

aggregated reservoir, it has already been approximated in other computational instances. 

=> For the optimization of lake Superior, when its range of the states goes beyond its full 

capacity, the system is allowed to spill and this amount of water is conveyed by the 

connecting channel to the downstream reservoir. However, we assumed that the aggregated 

reservoir, composed by the non-regulated ones in its majority, this event is not poSstl>le. 
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⇒ The SOP optimization proceeds similarly for Stage2, the major difference being the 

aggregated reservoir placed upstream and the non-aggregated one, lake Ontario being the most 

downstream one. 

Subroutine Stage 2 

⇒ Performs the aggregation of lakes Superior, Michigan-Huron, St. Clair, and Erie. Transforms 

all units in volume, the discharges being volume-month. Lake Ontario rule curve will be based 

on its state and the state of the aggregated upstream reservoir. 

⇒ Calls subroutines which provide the input to the optimization and are described in the 

following pages. They are: 

I. PDAg2 

2. NetBasSup2 

3. LRegrAn2 

4. GetDisch2 

Obs: Because the procedure for the subroutines above is quite equivalent to that described in the 

set for Stage 1 we will omit their explanation. The difference is that here the four most upstream 

lakes are aggregated and Lake Ontario is the one to have its release policy defined with respect to 

the state of the system. 

⇒ Definition of the aggregation coefficients, that will be used in the objective function. This 

function minimizes the square root of the squared distances from the target levels, measured 

in feet. Because, as mentioned above, the working unit is volume, transformation is needed 

and influences the choice the aggregation coefficients. 

⇒ The major assumption adopted in this case is that all the aggregated reservoirs are 

proportionally equally filled ( or emptied), in level terms. In other words, the rate of increase 

or decrease in water levels is the same for all the aggregated reservoirs. 
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⇒ Contrary to what happened in Stage 1, the release from the aggregated lake, the most 

upstream reservoir, has to be disaggregated when entering the non-aggregated part of the 

system. However, as the water has travelled through the aggregated connecting channels, now 

in just a large one, it is necessary to account for the physical characteristics of the single 

downstream channel. Therefore, a linear relationship between the monthly maximum 

allowable outflows, normalized by the aggregated capacity of the connecting channels for the 

four upstream ones, is employed. 

=> Call the Two-Level SDP optimization. 

Simulation: 

Once the obtained the state-derived release policies the operation of the Great Lakes is simulated 

for long-term operario~ using time-step equal to one month during 1000 years. The results 

presented in Chapter 4 are all computed from this simulation results. 
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Appendix B - Justification for the methodology employed: 

From "Regulation of Great Lakes Water Levels'\ main report, December 1973, in Section 14, we 

adopted the findings and conclusions from that work group to fundament our approach to solving 

the Great Lakes Case Study. The main items are reproduced below. 

Findings 

1. 

2. 

3. 

4. 

There are three categories of water level fluctuations on the Great Lakes: short period, 

seasonal and long term. 

The large storage capacities and restricted outflow characteristics of the Great Lakes are 

highly effective in providing a naturally regulated system. 

The mean levels and outflows of the lakes will change progressively with ti.me as a result 

of: 

3.1. 

3.2. 

The steadily increasing consumptive use of water in the basin, and 

The nearly imperceptible movement of the earth's crust in the region of the Great 

Lakes basin. 

To the extent that the lakes already possess a high degree of natural regulation and 

artificially regulated by means of the works at the outlets of Lake Superior and Lake 

Ontario, only small improvements are practicable without costly regulatory works and 

remedial measures. 

S. A new regulation plan for Lake Superior, S0-901 (a plan that maintains regulation only 

for the most upstream and downstream lakes, Superior and Ontario), can be expected to 

yield small long-term average annual net benefits to the system at minimal cost. 

6. Two preliminary plans for the combined regulation of Lakes Superior, Erie and Ontario 

exhibit favorable benefit-cost ratios. 

7. Regulation of Lakes Michigan-Huron by construction of control works and dredging of 

channels at their outlet. Combined with the regulation of Lakes Superior and Ontario, 

would not provide benefits commensurate with costs. 

8. Regulation of all five lakes, employing existing control works for Lakes Superior and 

Ontario and newly constructed works for Lakes Michigan-Huron and Lake Erie, would 

not provide benefits commensurate with costs. 
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9. The physical dimensions of the St. Lawrence River are not adequate to accommodate the 

record supplies to Lake Ontario received in 1972-1973 and at the same time satisfy all the 

criteria and other requirements of the UC orders of approval for the regulation of Lake 

Ontario. 

l O. Construction of works in the St. Clair and Detroit Rivers to compensate hydraulically for 

the remaining effect of the 2S and 27 foot navigation project would result in increased 

shoreline damage from higher lake levels. 

11. Better and faster detennination of basin hydrologic response will allow improvement in 

regulation. 

12. The most promising measures for minimizing future damages to shore property interests 

are strict land use zoning and structural setback requirements. 

Conclusions: 

1. Small net benefits to the Great Lakes system would be achieved by a new regulation plan for 

Lake Superior which takes into consideration the levels of both Lake Superior and Lakes 

Michigan-Huron. 

2. Regulation of Lakes Michigan-Huron by the construction of works in the St. Clair and Detroit 

Rivers does not warrant any further consideration. 

3. Further study is needed of the alternatives for regulating Lake Erie and improving regulation 

of Lake Ontario, taking into account the full range of supplies received to date. 

4. The hydro logic monitoring network of the Great Lakes basin should be progressively 

improved. 

S. Appropriate authorities should act to institute land use zoning and structural setback 

requirements to reduce future shoreline damage. 
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Appendix C - Input Data to the Great Lakes Case Study: 

For the Simulation as reported by the IJC and Optimization and Simulation as defined in 

this work: 

Total Nwnber of Years for the historical time series: 74 (1900-1973 up to the month of Jwie) 

Total Nwnber of Years for the synthetic time series: 1000 

Number of Epochs (months) considered in a year cycle: 12 

Average monthly flow assumed for the diversions (tcfs): 

• Diversion to Lake Superior: 5 .000 

• Diversion from Lake Michigan: 3 .200 

• Diversion from Lake Erie: 7.000 

Historical Mean Values for the Net Basin Supplies to the lakes: 

Month Lake Superior Lakes Michigan-Huron Lake Saini Lake Erie Lake Ontario 

Clair 

January -12.99 55.18 6.15 22.99 31.91 

February 8.99 86.78 6.76 29.77 35.SS 

March 42.73 178.89 8.34 68.88 73.41 

April 148.59 283.74 7.81 65.42 92.31 

May 191.50 255.61 6.46 44.19 60.00 

June 158.72 208.31 4.50 26.81 41.26 

July 131.32 132.15 3.75 2.16 24.73 

August 100.22 49.97 2.14 -15.92 7.34 

September 75.32 29.19 1.68 -22.48 2.48 

October 36.97 -1.16 1.60 -24.95 5.19 

November 14.92 30.26 1.73 -9.47 16.36 

December -24.40 25.62 4.33 11.58 22.55 
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Historical Standard Deviation Values for the Net Basin Supplies to the lakes: 

Month Lake Superior lakes Michigan-Huron lake Saint Lake Erie lake Ontario 

Clair 

Janwuy 25.13 52.44 7.15 37.91 22.67 

Februacy 27.53 44.84 6.79 28.18 18.61 

March 41.88 74.10 7.16 30.76 27.23 

April 51.06 84.79 7.60 31.32 28.74 

May 59.12 82.09 6.36 25.91 25.55 

June 52.24 64.38 4.58 20.62 18.12 

July 39.82 54.18 4.60 17.35 14.80 

August 42.02 59.91 3.87 14.28 12.58 

September 53.03 68.23 3.50 19.29 12.29 

October 44.93 71.21 3.29 19.68 16.85 

November 39.49 63.29 3.41 21.22 18.38 

December 29.22 63.65 S.19 27.67 20.73 

The two types of Synthetic Time Series employed in this case: 

1. Multivariate Contemporaneous Autoregressive (MCAR) Model of Order 1. The 

corresponding matrix of the delay order follows. : 

lake Lakes Michigan- Lake St. Lake Lake 

Superior Huron Clair Erie Ontario 

lake Superior 1 0 0 0 0 

lake Michigan-Huron 0 1 0 0 0 

Lake St. Clair 0 0 l 0 0 

Lake Erie 0 0 0 1 0 

Lake Ontario 0 0 0 0 1 



Appendix C Input Data to the Great Lakes Case Study 250 

The corresponding coefficients for the polynomial in the delay operator of the order as defined by 

the table above were computed considering the normalization by the standard deviation as 

described in Hipel and McLeod ( 1994 ), pg. 465. These coefficients were calculated using least­

squares estimates and for the disturbance it was assumed Gaussian noise with µ = 0. 00. The AR 

parameter ma~ <1>1, will be a diagonal one having the elements below as the non-zero elements: 

Lake Superior Lakes Michigan-Huron lakes St. Clair lake Erie !Ake Ontario 

0.1477 0.2344 0.5382 0.1929 0.2808 

From the coefficients above the Synthetic Mean Values for the Net Basin Supplies to the lakes 

were: 

Month lake Superior Lakes Michigan- Lake St. Clair Lake Erie Lake Ontario 

Huron 

January -13.17 56.79 6.21 25.20 32.81 

Februmy 9.34 87.51 6.83 29.74 35.57 

March 40.32 177.43 8.26 68.54 73.12 

April 147.89 287.12 8.01 66.03 93.36 

May 190.33 253.88 6.70 43.79 S9.93 

June 161.09 208.S4 4.42 25.82 40.64 

July 129.90 133.15 3.83 2.29 24.78 

August 100.08 48.19 2.32 -15.S6 5.08 

September 74.64 28.76 1.59 -21.94 2.92 

October 35.36 -2.47 l.62 -25.34 7.02 

November 14.45 30.63 1.77 -9.91 16.25 

December -23.47 28.31 4.37 12.28 22.73 
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Synthetic Standard Deviation Values for the Net Basin Supplies to the lakes: 

Month Lake Superior lakes Michigan- lake St. Clair Lake Erie Lake Ontario 

Huron 

January 25.06 51.19 7.12 37.31 22.66 

February 27.84 44.74 6.61 28.l l 19.00 

March 40.41 73.54 6.79 30.26 27.30 

April 50.54 84.81 7.47 30.72 28.52 

May 57.65 81.97 6.36 26.25 24.37 

June 52.19 64.44 4.40 20.41 17.86 

July 40.55 55.49 4.72 16.91 14.95 

August 43.33 59.16 3.90 14.17 12.07 

September 51.23 66.08 3.38 18.30 12.29 

October 45.26 72.53 3.32 19.75 17.23 

November 38.85 62.20 3.40 21.17 18.16 

December 29.58 63.46 5.81 28.35 20.97 
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Mean Monthly NBS and respective Standard Deviations for the Aggregate Lakes used in the 

Aggregation Method. Aggregated Lake 1 is composed by Lakes Michigan-Huro~ St. Clair, Erie, 

and Ontario. Aggregated Lake 2 by Lakes Superior, Michigan-Huro~ St. Clair7 and Erie: 

Aggregated lake l Aggregated lake 2 

Month Mean Standard Deviation Mean Standard Deviation 

January 121.00 94.23 75.02 90.67 

February 159.64 79.61 133.42 80.49 

March 327.35 113.47 294.56 115.42 

April 454.53 125.42 509.06 134.99 

May 364.30 115.99 494.70 133.03 

June 279.41 89.46 399.86 110.20 

July 164.05 77.77 269.17 92.74 

August 41.97 76.00 135.03 96.02 

September 11.33 85.47 83.0S 109.27 

October -21.12 97.41 9.17 111.82 

November 38.73 88.76 36.94 99.71 

December 67.70 99.16 21.50 99.52 

In the optimi1cBrinn p~ first stage, the aggregated NBS for the downstream lake was given by 

means of multivariate linear regression that associated them with lake Superior values. The values 

employed are shown below. 
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S1age I : Monthly regression coefficients Stage 2 : Monthly regression coefficients 

Month Al AO Month Al AO 

January 0.9336 0.3861 Janwuy 1.5207 0.0790 

Februmy 0.8650 0.0373 February 1.5735 0.0919 

March 0.8772 -0.0043 March l.6299 -0.2185 

April 0.9769 0.3533 April 1.6744 0.0291 

May 0.9124 0.0436 May 1.6756 -0.0380 

June 0.9440 -0.3631 Jwie 1.6804 0.1034 

July 1.0652 0.2249 July 1.7704 0.0003 

August 0.9461 0.0531 August 1.7508 0.2240 

September 0.9447 0.1092 September 1.5857 -0.1968 

October 0.9943 -0.0127 October 1.7895 -0.1535 

November 1.0806 0.0128 November 1.7990 -0.0077 

December 0.9571 0.1424 December 1.7344 0.2441 

2. Periodical Multivariate Contemporaneous Autoregressive Model of Order 1. The difference 

from the model above stems from the fact that instead of having just one MCAR model for 

the entire cycle, 12 MCAR's, each one relating to one month of the year, are generated. The 

corresponding input matrices follow, but as they are the same for all the months, we will show 

just one, that is exactly the same as the previous one: 

Lake !Akes Michigan- lake s,. lake Lake 

Superior Huron Clair Erie Ontario 

Lake Superior I 0 0 0 0 

Lake Michigan-Huron 0 1 0 0 0 

Lake St. Clair 0 0 1 0 0 

Lake Erie 0 0 0 I 0 

lake Ontario 0 0 0 0 1 
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For more information on these types of time series models the reader is referred to Hipel and 

McLeod ( 1994 ). 

The conesponding coefficients for the polynomial in the delay operator of the order as defined by 

the table above were also computed considering the normalization by the standard deviation as 

mentioned in the previous item, but the computations were repeated for each month of the year. 

The criteria for the calculation of the coefficients and the disturbances is the same as in item l. 

The table of the coefficients follows. 

lake Superior Lakes Michigan-Huron Lake St. Clair Lake Erie lake Ontario 

January 0.0786 0.0072 0.1814 0.1S36 0.0653 

February -0.0035 -0.1799 0.2047 0.2143 -0.0628 

March 0.0216 0.1086 0.4163 -0.0262 -0.0408 

April 0.0808 0.1011 0.2258 -0.1911 -0.1298 

May 0.0989 0.0187 0.3009 0.0585 -0.0547 

June 0.0989 0.1716 0.6235 0.0741 0.1779 

July -0.1152 0.2498 0.4849 0.0346 0.1649 

August 0.0138 -0.0319 0.5592 -0.0186 0.0791 

September -0.0425 -0.1688 0.5242 0.1383 0.0028 

October 0.0722 -0.0S64 0.3614 0.0749 0.2130 

November -0.0630 -0.0217 0.2645 0.0708 0.2314 

December -0.1294 0.1170 0.1458 0.024S 0.0769 
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The use of the coefficients above led to the following Synthetic Mean Values for the Net Basin 

Supplies to the lakes: 

Month lake Superior Lakes Michigan- Lake St. Clair Lake Erie Lake Ontario 

Huron 

Janwuy -13.45 54.1182 5.9859 22.10 30.92 

February 7.66 86.30 7.24 28.67 34.67 

March 42.94 177.84 8.37 68.64 72.78 

April 149.51 287.04 7.87 66.50 92.58 

May 191.80 257.53 6.61 44.90 61.15 

June 157.36 208.12 4.08 27.22 41.78 

July 131.11 132.26 3.67 2.47 25.14 

August 101.06 49.92 1.91 -16.29 7.20 

September 77.97 29.81 1.79 -22.71 2.96 

October 38.06 0.13 1.43 -25.07 4.99 

November 16.16 30.88 1.71 -9.20 16.11 

December -24.72 24.30 4.50 11.11 22.59 

Synthetic Standard Deviation Values for the Net Basin Supplies to the lakes: 

Month Lake Superior Lakes Michigan- Lake St. Clair Lake Erie Lake Ontario 

Huron 

January 25.77 52.78 7.19 36.5613 22.0903 

February 27.86 46.04 6.70 28.40 19.29 

March 42.64 76.76 7.66 31.47 27.90 

April 50.76 82.98 7.65 31.32 28.59 

May S8.47 85.18 6.43 24.88 2S.21 

JW1e 51.87 66.28 4.57 20.57 18.93 

July 39.82 53.03 4.27 17.41 14.6 

August 40.90 60.71 3.68 14.34 12.66 

September 53.39 67.77 3.29 19.14 12.23 

October 46.43 69.81 3.29 19.66 16.48 

November 38.22 63.68 3.40 20.31 18.23 

December 29.33 63.79 6.00 27.97 20.63 
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Mean Monthly NBS and respective Standard Deviations for the Aggregate Lakes used in the 

Aggregation Method. Aggregated Lake l is composed by Lakes Michigan-Huron, St. Clair, Erie, 

and Ontario. Aggregated Lake 2 by Lakes Superior, Michigan-Huron, St. Clair, and Erie: 

Aggregated lake I Aggregated Lake 2 

Month Mean Standard Deviation Mean Standard Deviation 

January 113.13 98.9059 68.7547 90.38 

February 156.89 81.63 129.88 81.32 

March 327.63 124.96 297.79 134.27 

April 453.99 122.21 510.92 132.35 

May 370.18 122.61 500.83 135.19 

June 281.20 93.02 396.78 113.19 

July 163.55 76.67 269.52 84.01 

August 42.74 76.87 136.60 98.33 

September 11.86 85.28 86.87 116.10 

October -18.52 92.55 14.54 111.15 

November 39.50 87.81 39.55 97.23 

December 62.51 100.58 15.20 103.06 

In the optimiVJtion part, second stage, the aggregated NBS for the upstream lake was given by 

means of multivariate linear regression that associated them with the lake Ontario values. Below 

we show the values employed. 

Other information: 

To change the level of each of the following lakes by one foot in a one month period, the 

necessary amount of water to be stored or withdrawn is: 

Lake Superior 

Lakes Micbigan-Hw-on 

Lake St Clair 

Lake Erie 

Lake Ontario 

337,800 cfs-months 

480,800 cfs-months 

4,600 cfs-momhs 

105,200 cfs-months 

80,000 ifs-months 
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Flow retardation due to ice formation and aquatic growth: 

Below are presented the asswned values of flow retardation due to ice formation, ice jamming and 

aquatic growth (weed retardation). The last item applies only to Niagara river. Values in tcft­

months. 

Month St.Clair River Detroit Niagara River St. Louis River Lake Ontario 

River Outlet 

January 30.25 12.10 40.00 32.l l 6.77 

February 37.68 10.27 47.00 25.19 9.87 

March 16.29 4.32 34.00 7.61 5.49 

April 3.15 1.16 49.00 4.47 0.00 

May 0.19 0.00 0.00 0.00 0.00 

June 0.00 0.00 15.00 0.00 0.00 

July 0.00 0.00 51.00 0.00 0.00 

August 0.00 000 39.00 0.00 0.00 

September 0.00 0.00 26.00 0.00 0.00 

October 0.00 0.00 16.00 0.00 0.00 

November 0.00 0.00 4.00 0.00 0.00 

December 3.75 5.33 0.00 10.35 0.42 

Data for the lakes regulation: 

Maximum and minimum Dow limitations for the four most upstream lakes 

Observation: Used maximum and minimum observed values as described in "Regulation of Great 

Lakes Water Levels", report to the UC, Appendix G, 1973. 

Maximum flow limitations. Values in tcfs-months. 

0 From lake Superior. Those values were used only during the optimization part. As 

demonstrated later on, dwing the simulation of the present operation, the maximum output is 

given as a function of the level To obtain the values that follow, we computed the maximum 
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possible outflow from the given formula assuming the highest admissible level, i.e., before the 

compensating works start to spill. 

◊ From Michigan-Huron. See reference above, page G-42. Situation in Saint Clair River 

according to 1970 hydraulic conditions. 

◊ From lake Saint Clair. Situation in Detroit River according to 1970 hydraulic conditions. 

0 From lake Erie. See referred appendix, page G-114. Situation in Niagara River. Assumed 

maximum during period 1900-1967, as specified in the regulations. 

Momh St. Marys River St. Clair Detroit River Niagara River Lake Ontario 

River Outlet 

January 85.00 210.00 210.00 251.00 220.00 

February 85.00 210.00 210.00 251.00 260.00 

March 85.00 210.00 210.00 251.00 280.00 

April 85.00 210.00 210.00 251.00 310.00 

May 142.38 210.00 210.00 251.00 310.00 

June 142.38 210.00 210.00 251.00 310.00 

July 142.38 210.00 210.00 251.00 310.00 

August 142.38 210.00 210.00 251.00 310.00 

September 142.38 210.00 210.00 251.00 310.00 

October 142.38 210.00 210.00 251.00 310.00 

November 142.38 210.00 210.00 251.00 310.00 

December 8S.00 210.00 210.00 251.00 310.00 

Minimum flow limitations. Values in tcfs-months. 

0 From lake Superior. Those values were used only during the optimiz.ation part. 

0 From Michigan-Huron. See reference above, page G-42. Situation in Saint Clair River 

according to 1970 hydraulic conditions. 

0 From lake Saint Clair. Situation in Detroit River according to 1970 hydraulic conditions. 

◊ From lake Erie. See referred appendix, page G-114. Situation in Niagara River. Assumed 

minimum during period 1900-1967, as specified in the regulations. 
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Month St. Marys River St. Clair Detroit River Niagara River Lake Ontario 

River Outlet 

January 55.00 152.00 152.00 116.00 210.00 

Febrwuy 5S.00 152.00 152.00 116.00 207.00 

March 55.00 152.00 152.00 116.00 204.00 

April 5S.00 152.00 152.00 116.00 188.00 

May 55.00 152.00 152.00 116.00 188.00 

June 5S.00 152.00 152.00 116.00 190.00 

July 55.00 152.00 152.00 116.00 193.00 

August 55.00 152.00 152.00 116.00 193.00 

September 55.00 152.00 152.00 116.00 193.00 

October 55.00 152.00 152.00 116.00 193.00 

November 55.00 152.00 152.00 116.00 198.00 

December 55.00 152.00 152.00 116.00 210.00 

Assumed ta-,:et levels for the lakes: 

V aloes computed according to what is presented in "Great Lakes Diversions and Consumptive 

Uses", Appendix B, Computer Models, 1981. This document specifies that the "desired" targets 

for the lakes levels are the estimates of the mean historical ones. Therefore, we computed the 

average ones for the basic data, presented in "Regulation of Great Lakes Water Levels", Appendix 

B, Coordinated Basic Data, Vol. 2, 1973. 

The perio~ already mentioned, is from 1900 to 1973. As the information for the year of 

1973 was incomplete, going until the month of June, the averages are for 1900-73 from January to 

June and 1900-72 to the remaining months. 
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Month Lake Lakes Michigan- Lake St. Clair Lake Erie Lake Ontario 

Superior Huron 

January 600.40 577.61 572.60 569.69 243.90 

February 600.16 577.64 572.00 569.64 244.02 

March 600.00 577.63 572.10 569.66 244.12 

April 599.94 577.75 572.83 570.11 244.54 

May 600.15 578.10 573.21 570.60 245.19 

June 600.54 578.33 573.45 570.85 245.46 

July 600.79 578.57 573.55 570.87 245.51 

August 600.95 578.61 513.55 570.76 24S.29 

September 601.01 578.53 573.44 570.S1 244.90 

October 600.99 S78.31 573.30 570.24 244.49 

November 600.86 578.09 572.81 569.91 244.21 

December 600.69 577.92 572.56 569.74 244.07 

Maximum and Minimum sugcested levels 

Either in the simulation of the Present Operation and in the Proposed one, it was expected that the 

levels of the lakes remain within the reference values shown below. Whenever it was not possible 

to maintain the desired range of operation, due to drought or high net basin supplies, that moment 

was considered as an exceedance. Therefore, we have two types of exceedauces: above the desired 

level and below it. Because of the peculiar characteristics of the lakes operation, levels above the 

desired ones do not necessarily imply in spill exception made to Lake Superior. 

Level Lake Superior Lakes Michigan- Lake St Clair Lake Erie Lake 

Huron Ontario 

Maximum 601.86 581.59 516.56 573.63 247.32 

Minimum 598.68 575.13 570.84 568.02 241.66 

Range 3.18 6.46 5.12 5.61 5.66 
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State Discretization: 

For optimization purposes, a minimum level was tentatively found to serve as a reference. The 

levels shown below represent the empty reservoir state for the five lakes. The justification for that 

is the minimal quantity of volume that affects level and flow variations when relative to the 

absolute total volume considered. The stochastic dynamic programming procedure requires that 

all the variables assume the same unit. Therefore, it was established that volume, given in tcf, 

became the working unit For the sake of consistency, the decision is the volume discharged in the 

time-step, a month. 

lake Superior lake Michigan Lake St. Clair lake Erie Lake Ontario 
596.136 569.962 566.264 563.532 237.132 

Note: Values given in.ft. 

Also, it was admitted that the volumes assumed values beyond those corresponding to the 

maximum allowable level. If only the desirable ranges were employed, the optimization would not 

converge because of occurrence of infeasible states. This is necessary to consider when all the 

optimal paths pass through a state that is technically considered as infeasible. In the first 

optimization stage, for lake Superior, the amount of volume that spilled was considered as 

e"-1ernalized from the system and, as a result, lost. For the other lakes, oscillation beyond the 

maximum leve~ was not considered. In the second stage, the upstream aggregated lake, that 

includes Lake Superior, did not externalize the spill, due to the relative contribution of Lake 

Superior to the total aggregated volume. It can be inferred from the table below that when all the 

levels are at the minimum desirable level, shown above, the lake already has accumulated some 

minimum volume. There is some margin of operation beyond the maximum desirable, too. Had 

not these measures taken, the iterations would not converge. 
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First Stage: 

◊ lake Superior 

Month Volume at Minimum Volume at Maximum Total Capacity Considered 

Desirable Level Desirable Level in the Optimization 

January 2301.70 5178.90 6329.70 

February 2097.50 4719.50 5768.20 

March 2301.70 5178.90 6329.70 

April 2227.50 5011.80 6125.50 

May 230 l.70 5178.90 6329.70 

June 2227.50 5011.80 6125.50 

July 2301.70 5178.90 6329.70 

August 2301.70 5178.90 6329.70 

September 2227.50 5011.80 6125.50 

October 2301.70 S 178.90 6329.70 

November 2227.50 5011.80 6125.50 

December 2301.70 5178.90 6329.70 

◊ Aggregated Lake: 

Month Volume at Minimum Volume at Maximum Total Capacity Considered 

Desirable Level Desirable Level in the Optimization 

January 8946.40 20129.00 24603.00 

February 8152.80 18344.00 22420.00 

March 8946.40 20129.00 24603.00 

April 8657.80 19480.00 23809.00 

May 8946.40 20129.00 24603.00 

June 8657.80 19480.00 23809.00 

July 8946.40 20129.00 24603.00 

August 8946.40 20129.00 24603.00 

September 8657.80 19480.00 23809.00 

October 8946.40 20129.00 24603.00 

November 8657.80 19480.00 23809.00 

December 8946.40 20129.00 24603.00 
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Second Stage: 

0 Aggregated Lake: 

Month Volume at Minimum Volume at Maximum Total Capacity Considered 

Desirable Level Desirable Level in the Optimization 

January 10278.00 2312S.00 28264.00 

Februaiy 9366.00 21074.00 25757.00 

March 10278.00 23125.00 28264.00 

April 9946.00 22379.00 27352.00 

May 10278.00 23125.00 28264.00 

June 9946.00 22379.00 27352.00 

July 10278.00 23125.00 28264.00 

August 10278.00 2312S.00 28264.00 

September 9946.00 22379.00 27352.00 

October 10278.00 23125.00 28264.00 

November 9946.00 22379.00 27352.00 

December 10278.00 23125.00 28264.00 

◊ Lake Ontario: 

Month Volume al Minimum Volume at Maximum Total Capacity Considered 

Desirable Level Desirable Level in the Optimization 

January 970.22 2183.00 2668.10 

February 884.16 1989.30 2431.40 

March 970.22 2183.00 2668.10 

April 938.93. 2112.60 2582.00 

May 970.22 2183.00 2668.10 

June 938.93 2112.60 2582.00 

July 970.22 2183.00 2668.10 

August 970.22 2183.00 2668.10 

September 938.93 2112.60 2582.00 

October 970.22 2183.00 2668.10 

November 938.93 2112.60 2582.00 

December 970.22 2183.00 2668.10 
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Appendix D - Transition Probabilities for the Net Basin Supplies: 

These transition Probabilities were computed only for the 2-Ievel optimization part, i.e., always 

considering one lake aggregated and one not. Below are presented the two studied cases: the 

MCAR I and the Periodical MCAR I. They are subdivided into two other subparts, Stage l and 

Stage 2. For instance, in Stage 1, the maximum and minimum values registered for the synthetic 

NBS for Lake Superior are subdivided into 9 classes and their median values is then employed 

with its respective probability of occurrence. The same is done for the aggregated NBS for the 

downstream lake that includes Lakes Michigan-Huron, St. Clair, Erie and Ontario. In Stage 2, the 

order is reversed, i.e., the aggregated lake now is composed by Lakes Superior, Michigan-Huro~ 

St. Clair and Erie and the downstream lake is Lake Ontario. 

MCAR /: 

Lake Superior 

January 

Probabilities 0.0000 0.0010 0.0040 0.0040 0.0020 0.0010 0.0000 0.0000 0.0000 

0.0020 0.0050 0.0170 0.0180 0.0100 0.0040 0.0000 0.0000 0.0000 

0.0000 0.0060 0.0370 0.0560 0.0500 0.0170 0.0000 0.0000 0.0000 

0.0020 0.0090 0.0540 0.1030 0.0680 0.0330 0.0060 0.0000 0.0000 

0.0020 0.0080 0.0440 0.0900 0.0930 0.0380 0.0100 0.0010 0.0000 

0.0010 0.0050 0.0220 0.0480 0.0420 0.0210 0.0030 0.0000 0.0000 

0.0000 0.0000 0.0070 0.0190 0.0160 0.0120 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0050 0.0020 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 -48.60 .. 33_11 -4.12 26.06 51.85 0.00 0.00 0.00 

-64.41 -50.38 -25.65 2.51 20.63 44.37 0.00 0.00 0.00 

0.00 -47.08 •21.51 3.19 26.41 45.86 0.00 0.00 0.00 

-64.52 -43.93 -20.23 0.37 24.38 47.07 71.01 0.00 0.00 

-73.39 -42.64 .. 20.61 0.84 25.75 46.37 7S.15 116.80 0.00 

-88.55 -51.87 -21.27 4.63 25.61 48.00 73.79 0.00 0.00 



Appendix D Transition Probabilities for the NBS 266 

0.00 0.00 -26.75 -2.94 23.93 54.49 0.00 0.00 0.00 

0.00 0.00 0.00 9.62 25.59 50.02 0.00 0.00 0.00 

0.00 0.00 0.00 3.78 0.00 0.00 0.00 0.00 0.00 

February 

Probabilities 0.0010 0.0010 0.0020 0.0010 0.0020 0.0000 0.0000 0.0000 0.0000 

0.0020 0.0040 0.0070 0.0080 0.0060 0.0070 0.0000 0.0000 0.0000 

0.0050 0.0190 0.0250 0.0670 0.0410 0.0180 0.0070 0.0020 0.0010 

0.0050 0.0280 0.0580 0.1070 0.0830 0.0430 0.0150 0.0010 0.0000 

0.0010 0.0100 0.0520 0.0890 0.0800 0.0330 0.0190 0.0020 0.0000 

0.0000 0.0090 0.0130 0.0410 0.0310 0.0240 0.0100 0.0000 0.0000 

0.0000 0.0000 0.0030 0.0060 0.0080 0.0020 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values -60.21 -27.00 8.32 37.76 56.20 0.00 0.00 0.00 0.00 

-76.68 -26.58 2.02 31.13 62.91 87.26 0.00 0.00 0.00 

-48.98 -29.72 4.15 27.06 59.11 87.50 120.24 139.25 168.33 

-5S.09 -24.09 6.49 30.34 61.13 88.02 118.46 145.27 0.00 

-61.19 -22.69 0.54 28.52 58.99 89.67 117.99 154.92 0.00 

0.00 -31.04 2.22 32.97 60.78 88.75 121.01 0.00 0.00 

0.00 0.00 9.71 39.19 69.02 86.56 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 113.12 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

March 

Probabilities 0.0000 0.0020 0.0010 0.0020 0.0060 0.0020 0.0010 0.0000 0.0000 

0.0000 0.0040 0.0140 0.0190 0.0190 0.0090 0.0050 0.0010 0.0000 

0.0030 0.0050 0.0240 0.0430 0.0510 0.0220 0.0080 0.0040 0.0000 

0.0020 0.0140 0.0380 0.0780 0.0930 0.0590 0.0310 0.0040 0.0000 

0.0020 0.0040 0.0320 0.0610 0.0720 0.0520 0.0260 0.0020 0.0000 

0.0020 0.0050 0.0120 0.0240 0.0350 0.0310 0.0130 0.0050 0.0000 

0.0000 0.0020 0.0030 0.0070 0.0240 0.0120 0.0040 0.0000 0.0000 
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0.0000 0.0010 0.0000 0.0020 0.0010 0.0000 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 

Median Values 0.00 49.49 83.80 121.81 157.40 187.12 212.90 0.00 0.00 

0.00 27.08 87.0l 128.38 152.23 193.63 223.67 255.98 0.00 

14.03 39.98 83.00 123.01 157.39 188.54 215.49 273.47 0.00 

0.86 47.13 85.01 123.66 154.29 190.81 228.85 263.74 0.00 

0.34 49.26 89.14 120.38 159.19 192.58 231.41 261.07 0.00 

5.10 31.65 84.21 117.65 152.79 188.31 223.30 260.16 0.00 

0.00 34.0S 97.06 114.89 156.93 196.12 224.35 0.00 0.00 

0.00 51.92 0.00 115.28 162.18 0.00 222.77 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 187.04 0.00 0.00 0.00 

April 

Probabilities 0.0000 0.0040 0.0030 0.0020 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0040 0.0120 0.0160 0.0040 0.0010 0.0000 0.0000 0.0000 

0.0070 0.0180 0.0280 0.0440 0.0200 0.0070 0.0000 0.0000 0.0000 

0.0070 0.0260 0.0610 0.0600 0.0570 0.0220 0.0030 0.0000 0.0000 

0.0070 0.0200 0.01S0 0.1030 0.0590 0.0310 0.0030 0.0020 0.0010 

0.0040 0.0210 0.0410 0.0620 0.0440 0.0110 0.00S0 0.0000 0.0000 

0.0030 0.0060 0.0200 0.0250 0.02S0 0.0080 0.0010 0.0010 0.0000 

0.0000 0.0010 0.0020 0.0060 0.0030 0.0030 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 107.21 134.0S 192.51 0.00 0.00 0.00 0.00 0.00 

0.00 102.07 144.26 186.43 226.61 287.22 0.00 0.00 0.00 

62.56 105.67 151.96 194.60 231.28 281.34 0.00 0.00 0.00 

56.78 104.92 147.67 197.24 230.69 283.73 320.20 0.00 0.00 

66.21 102.59 150.48 196.69 237.70 279.82 322.23 370.60 405.33 

60.78 108.69 150.90 200.11 230.25 280.SS 320.15 0.00 0.00 

75.73 119.26 145.81 197.77 241.88 288.79 316.17 386.79 0.00 

0.00 108.91 144.63 197.39 238.21 279.22 314.34 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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May 

Probabilities 0.0010 0.0000 0.0050 0.0130 0.0060 0.0030 0.0000 0.0000 0.0000 

0.0000 0.0090 0.0160 0.0230 0.0310 0.0170 0.0020 0.0020 0.0000 

0.0010 0.0130 0.0350 0.0540 0.0790 0.0460 0.0110 0.0030 0.0000 

0.0030 0.0080 0.0500 0.0830 0.0940 0.04S0 0.0310 0.0040 0.0000 

0.0000 0.0100 0.0290 0.0540 0.0480 0.0470 0.0190 0.0040 0.0010 

0.0000 0.0010 0.0040 0.0180 0.0210 0.0300 0.0080 0.0010 0.0000 

0.0000 0.0000 0.0030 0.00S0 0.0030 0.0010 0.0000 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0000 0.0010 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 25.60 0.00 95.99 141.47 170.06 211.21 0.00 0.00 0.00 

0.00 60.06 99.4S 134.67 165.92 212.17 240.90 285.0S 0.00 

-8.09 60.45 100.95 134.63 172.14 201.72 249.70 295.0S 0.00 

25.24 44.35 101.64 133.44 171.95 210.19 246.21 278.87 0.00 

0.00 61.86 101.81 133.43 174.97 206.80 240.19 288.31 313.99 

0.00 35.57 99.52 132.51 173.81 212.53 257.54 287.26 0.00 

0.00 0.00 109.19 142.27 160.59 216.14 0.00 287.43 0.00 

0.00 0.00 0.00 145.92 0.00 224.96 271.71 0.00 0.00 

0.00 0.00 73.77 0.00 0.00 0.00 0.00 0.00 0.00 

June 

Probabilities 0.0000 0.0000 0.0030 0.0010 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0020 o.ooso 0.0120 0.0130 0.0060 0.0020 0.0010 0.0000 0.0000 

0.0010 0.0160 0.0360 0.0420 0.0340 0.0090 0.0050 0.0000 0.0000 

0.0050 0.0260 0.0560 0.0870 0.0530 0.0190 0.0040 0.0010 0.0000 

0.0040 0.0180 0.0570 0.0910 0.0810 0.0230 0.0060 0.0010 0.0010 

0.0000 0.0130 0.0310 0.0650 0.0560 0.0170 0.0070 0.0010 0.0000 

0.0000 0.0030 0.0150 0.0250 0.0220 0.0070 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0030 0.0030 0.0060 0.0030 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 
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Median Values 0.00 0.00 106.23 131.88 175.38 0.00 0.00 0.00 0.00 

31.77 69.20 88.28 126.87 154.79 183.90 232.34 0.00 0.00 

29.96 67.12 94.65 129.04 1S9.90 181.52 219.28 0.00 0.00 

25.95 62.59 97.96 127.62 155.58 194.33 219.13 263.9S 0.00 

16.25 63.26 95.83 126.30 155.58 187.32 225.13 255.73 279.01 

0.00 64.75 96.03 127.04 158.27 190.24 220.88 254.88 0.00 

0.00 65.75 94.20 125.12 160.91 196.41 0.00 0.00 0.00 

0.00 0.00 94.42 124.09 155.51 199.78 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 168.91 0.00 0.00 0.00 0.00 

July 

Probabilities 0.0000 0.0020 0.0040 0.0030 0.0020 0.0010 0.0000 0.0000 0.0000 

0.0020 0.0070 0.0100 0.0260 0.0200 0.0150 0.0000 0.0010 0.0000 

0.0020 0.0050 0.0380 0.0630 0.0540 0.0420 0.0060 0.0020 0.0010 

0.0010 0.0190 0.0430 0.0770 0.0940 0.0650 0.0240 0.0040 0.0000 

0.0010 0.0110 0.0390 0.0570 0.0720 0.0590 0.0180 0.0030 0.0000 

0.0000 0.0000 0.0060 0.0210 0.0320 0.01S0 0.0050 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0070 0.0070 0.0080 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 

,Wedian Values 0.00 13.21 49.69 79.93 105.76 131.60 0.00 0.00 0.00 

-14.96 22.58 49.24 78.89 110.24 147.99 0.00 198.84 0.00 

-6.24 16.65 50.64 78.46 111.46 139.28 180.08 215.69 229.47 

-27.41 17.63 47.89 77.12 110.61 142.34 171.99 210.S2 0.00 

-39.64 17.45 49.14 79.23 108.11 139.21 171.47 218.64 0.00 

0.00 0.00 53.34 80.73 111.40 148.64 179.28 21S.32 0.00 

0.00 0.00 0.00 82.94 108.66 141.S2 170.38 0.00 0.00 

0.00 0.00 0.00 81.70 111.86 0.00 19S.75 0.00 0.00 

0.00 0.00 0.00 69.69 0.00 0.00 0.00 0.00 0.00 

August 

Probabilities 0.0000 0.0010 0.0000 0.0000 0.0040 0.0010 0.0000 0.0000 0.0000 
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0.0010 0.0030 0.0090 0.0120 0.0130 0.0060 0.0000 0.0000 0.0000 

0.0010 0.0050 0.0230 0.0490 0.0380 0.0180 0.0050 0.0010 0.0000 

0.0020 0.0190 0.0410 0.0630 0.0780 0.0390 0.0100 0.0040 0.0000 

0.0030 0.0050 0.0530 0.0690 0.0810 0.0530 0.0130 0.0040 0.0010 

0.0010 0.0050 0.0290 0.0560 0.0610 0.0370 0.0120 0.0040 0.0000 

0.0000 0.0010 0.0060 0.0160 0.0150 0.0120 0.0050 0.0000 0.0000 

0.0000 0.0000 0.0020 0.0030 0.0030 0.0030 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 

Median Values 0.00 -12.44 0.00 0.00 88.58 113.60 0.00 0.00 0.00 

.69.19 -27.25 17.51 46.51 101.19 134.73 0.00 0.00 0.00 

-53.27 -22.24 16.45 49.40 94.61 130.58 171.04 218.03 0.00 

-86.17 -17.93 16.55 53.46 89.16 125.64 168.21 207.92 0.00 

-56.48 -20.44 18.29 52.73 90.00 129.75 172.37 214.S9 233.57 

-72.78 -35.90 17.88 54.44 90.06 129.15 164.91 207.18 0.00 

0.00 -7.90 12.85 53.30 91.28 125.30 159.07 0.00 0.00 

0.00 0.00 9.98 S5.1S 86.92 130.75 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 158.59 0.00 0.00 

September 

Probabilities 0.0000 0.0020 0.0010 0.0030 0.0020 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0050 0.0110 0.0130 0.0100 0.0000 0.0000 0.0000 0.0000 

0.0020 0.0050 0.0280 0.0S10 0.0410 • 0.0240 0.00S0 0.0010 0.0000 

0.0020 0.0230 0.0500 0.0780 0.0690 0.0350 0.0100 0.0010 0.0000 

0.0030 0.0160 0.0470 0.0830 0.0760 0.0490 0.0160 0.0030 0.0000 

0.0040 0.0060 0.0300 0.0450 0.0490 0.0260 0.0080 0.0010 0.0000 

0.0000 0.0010 0.0050 0.0130 0.0100 0.0130 0.0010 0.0020 0.0010 

0.0000 0.0000 0.0020 0.0020 0.0030 0.0040 0.0010 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 -38.97 -7.00 18.82 58.08 0.00 0.00 0.00 0.00 

0.00 -54.37 -7.79 20.12 54.19 0.00 0.00 0.00 0.00 

-73.97 -50.73 -15.50 21.04 58.3S 88.14 133.83 146.70 0.00 
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-92.83 -42.23 -11.37 21.02 56.91 88.87 117.63 145.48 0.00 

-92.35 -37.49 -6.78 22.57 53.16 87.81 I 18.27 167.11 0.00 

-80.42 -39.41 -10.22 23.76 55.72 86.29 125.28 163.86 0.00 

0.00 -42.96 --6.10 23.00 57.42 86.77 111.08 171.41 180.54 

0.00 0.00 -14.02 11.97 57.59 81.56 119.48 149.29 0.00 

0.00 0.00 0.00 32.87 0.00 0.00 0.00 0.00 0.00 

October 

Probabilities 0.0000 0.0000 0.0040 0.0060 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0030 0.0070 0.0110 0.0200 0.0110 0.0060 0.0000 0.0000 0.0000 

0.0020 0.0150 0.0370 0.0510 0.0440 0.0210 0.0030 0.0010 0.0000 

0.0050 0.0240 0.0520 0.07S0 0.0830 0.0430 0.0100 0.0030 0.0000 

0.0030 0.0110 0.0420 0.0760 0.0750 0.0380 0.0130 0.0010 0.0010 

0.0010 0.0050 0.0220 0.0470 0.0430 0.0270 0.0060 0.0000 0.0000 

0.0000 0.0030 0.0050 0.0090 0.0150 0.0090 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0040 0.0030 0.0020 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 -29.23 4.53 49.11 0.00 0.00 0.00 0.00 

-81.47 -52.76 -19.92 2.88 37.80 64.03 0.00 0.00 0.00 

-76.81 -54.99 -26.54 4.18 32.95 62.1S 87.20 116.20 0.00 

-83.46 -50.39 -23.54 5.04 33.46 61.47 97.14 127.69 0.00 

-78.52 -50.06 -21.53 5.03 33.52 63.36 92.45 118.43 142.86 

-82.63 -59.62 -22.52 6.61 34.00 62.43 88.03 0.00 0.00 

0.00 -49.93 -20.96 3.97 21.50 60.41 0.00 0.00 0.00 

0.00 0.00 0.00 -0.90 33.61 61.55 0.00 0.00 0.00 

0.00 0.00 0.00 4.16 0.00 0.00 0.00 0.00 0.00 

November 

Probabilities 0.0000 0.0020 0.0030 0.0030 0.0030 0.0020 0.0010 0.0000 0.0000 

0.0010 0.0070 0.0080 0.0190 0.0180 0.0080 0.0040 0.0000 0.0000 

0.0040 0.0110 0.0250 0.0410 0.0540 0.0320 0.0050 0.0010 0.0000 

0.0010 0.0150 0.0410 0.0800 0.0890 0.0390 0.0180 0.0060 0.0000 
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0.0030 0.0100 0.0370 0.0730 0.0810 0.0490 0.0180 0.0040 0.0000 

0.0010 0.0050 0.0150 0.0360 0.0420 0.0360 0.0100 0.0000 0.0010 

0.0000 0.0020 0.0050 0.0030 0.0110 0.0080 0.0020 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0020 0.0030 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 

Median Values 0.00 -76.21 -61.69 -39.55 -17.24 13.76 26.60 0.00 0.00 

-98.35 -75.12 -57.59 -36.06 -12.93 3.79 25.11 0.00 0.00 

-102.19 -81.65 -58.01 -37.61 -17.94 8.26 26.65 44.23 0.00 

-93.78 -79.49 -60.22 -35.82 -17.16 3.55 23.21 52.21 0.00 

-96.00 -81.96 -56.44 -34.91 -15.07 6.68 31.13 54.31 0.00 

-94.53 -79.11 -59.96 -36.23 -17.06 3.44 31.15 0.00 64.61 

0.00 -81.71 -52.96 -36.87 -17.05 2.23 34.24 47.27 0.00 

0.00 0.00 0.00 0.00 -18.13 5.36 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 2.08 0.00 0.00 0.00 

December • 

Probabilities 0.0000 0.0010 0.0010 0.0030 0.0030 0.0020 0.0000 0.0000 0.0000 

0.0000 0.0020 0.0040 0.0180 0.0160 0.0100 0.0020 0.0000 0.0000 

0.0000 0.0070 0.0310 0.0330 0.0360 0.0220 0.0040 0.0010 0.0000 

0.0070 0.0100 0.0460 0.0620 0.0790 0.0370 O.OllO 0.0030 0.0000 

0.0020 0.0210 0.0470 0.0840 0.0840 0.0380 0.0210 0.0030 0.0000 

0.0020 0.0090 0.0270 0.05S0 0.0450 0.0280 0.0100 0.0010 0.0010 

0.0010 0.0050 0.0080 0.0150 0.0200 0.0040 0.00S0 0.0000 0.0000 

0.0000 0.0010 0.0020 0.0050 0.0030 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 

Median Values 0.00 -58.98 -36.14 -21.71 -2.47 16.32 0.00 0.00 0.00 

0.00 -58.07 -34.29 -22.96 -4.79 16.99 39.99 0.00 0.00 

0.00 -54.09 -38.49 -20.82 -4.44 18.98 31.33 56.20 0.00 

-80.05 -59.13 -40.02 -22.59 -3.0S 14.58 31.31 45.14 0.00 

-14.SS -55.Sl -38.83 -21.27 -3.81 13.63 34.84 53.07 0.00 

-71.90 -S6.90 -40.83 -22.44 -4.0S 14.30 30.72 46.92 63.64 
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-75.35 -64.77 -38.3 l -24.71 -2.07 22.52 37.51 0.00 0.00 

0.00 -52.76 -37.53 -25.28 -7.84 9.63 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 26.73 0.00 0.00 

Aggregated Lake 

January 

Probabilities 0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0010 0.0020 0.0080 0.0100 0.0050 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0010 0.0180 0.0390 0.0400 0.0160 0.0020 0.0000 0.0000 

0.0000 0.0060 0.0430 0.1530 0.1460 0.0430 0.0090 0.0000 0.0000 

0.0000 0.0010 0.0280 0.1000 0.1200 0.0750 0.0160 0.0010 0.0000 

0.0000 0.0010 0.0040 0.0170 0.0420 0.0340 0.0020 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0020 0.0060 0.0030 0.0020 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 71.76 178.23 0.00 0.00 0.00 0.00 

-119.5S -56.79 32.33 107.70 173.45 227.99 0.00 0.00 0.00 

0.00 -18.21 26.70 111.34 187.84 261.40 339.89 0.00 0.00 

0.00 -48.77 29.S6 115.1S 179.64 254.40 332.80 0.00 0.00 

0.00 -58.63 39.54 112.38 182.77 256.33 317.64 395.89 0.00 

0.00 -18.97 48.23 121.42 192.86 264.12 367.77 0.00 0.00 

0.00 0.00 0.00 111.91 204.80 250.71 327.01 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 291.14 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

February 

Probabilities 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0030 0.0030 0.0040 0.0000 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0060 0.0250 0.0370 0.0270 0.0050 0.0010 0.0000 0.0000 

0.0010 0.0090 0.0770 0.1210 0.0850 0.0230 0.0060 0.0000 0.0000 

0.0000 0.0080 0.0590 0.1450 0.1020 0.0410 0.0050 0.0000 0.0000 
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0.0000 0.0050 0.0140 0.0410 0.0720 0.0350 0.0060 0.0000 0.0000 

0.0000 0.0000 0.0030 0.0080 0.0100 0.0090 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 253.66 0.00 0.00 0.00 0.00 0.00 

0.00 115.69 142.14 292.94 0.00 530.79 0.00 0.00 0.00 

0.00 86.63 185.32 268.99 387.74 533.39 613.06 0.00 0.00 

9.49 110.90 205.01 291.65 384.43 483.99 S90.88 0.00 0.00 

0.00 109.24 192.06 292.63 404.S7 487.70 621.09 0.00 0.00 

0.00 109.01 183.48 295.57 395.76 505.11 619.50 0.00 0.00 

0.00 0.00 164.62 309.93 394.18 472.69 590.87 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 511.65 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

March 

Probabililies 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0010 0.0050 0.0190 0.0030 0.0030 0.0000 0.0000 0.0000 

0.0000 0.0080 0.0400 0.0670 0.0470 0.0180 0.0010 0.0000 0.0000 

0.0010 0.0110 0.0470 0.1350 0.1200 0.0390 0.0030 0.0010 0.0000 

0.0000 0.0020 0.03S0 0.0920 0.1100 0.0440 0.0130 0.0000 0.0000 

0.0000 0.0010 0.0090 0.0300 0.0430 0.0290 0.0030 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0030 0.0090 0.0060 0.0000 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 0.00 516.41 0.00 0.00 0.00 0.00 

0.00 186.30 317.94 404.10 461.03 618.22 0.00 0.00 0.00 

0.00 149.41 307.32 387.99 505.59 629.S9 712.39 0.00 0.00 

34.63 164.62 28S.40 402.62 S09.51 629.70 743.29 8S2.21 0.00 

0.00 161.73 290.28 402.83 505.24 628.82 727.72 0.00 0.00 

0.00 205.43 305.66 407.12 500.15 636.01 767.19 0.00 0.00 

0.00 0.00 0.00 420.86 522.60 626.26 0.00 865.03 0.00 
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0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

April 

Probabilities 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0010 0.0030 0.0060 0.0050 0.0070 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0080 0.0340 0.0490 0.0380 0.0060 0.0010 0.0000 0.0000 

0.0010 0.0070 0.0610 0.1310 0.1070 0.0320 0.0070 0.0000 0.0000 

0.0000 0.0070 0.0330 0.1140 0.1100 0.0590 0.0080 0.0020 0.0000 

0.0000 0.0000 0.0110 0.0410 0.0480 0.0350 0.0040 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0050 0.0070 0.0040 0.0040 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 200.16 0.00 0.00 0.00 0.00 0.00 0.00 

-9.51 74.28 247.75 339.40 393.67 551.02 0.00 0.00 0.00 

0.00 104.49 222.81 309.7S 411.28 523.82 646.45 0.00 0.00 

17.36 94.15 209.31 311.50 412.92 506.11 633.94 0.00 0.00 

0.00 100.15 226.23 321.91 418.96 523.86 621.91 728.51 0.00 

0.00 0.00 234.03 334.71 418.51 519.43 633.81 0.00 0.00 

0.00 0.00 0.00 3S9.S3 421.34 523.47 608.45 0.00 0.00 

0.00 0.00 0.00 267.44 388.01 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

May 

Probabilities 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0010 0.0090 0.0090 0.0060 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0080 0.0270 0.0470 0.0460 0.0180 0.0000 0.0000 0.0000 

0.0000 0.0060 0.0480 0.1310 0.1010 0.0510 0.0080 0.0010 0.0000 

0.0000 0.0030 0.0350 0.1050 0.1180 0.0480 0.0090 0.0000 0.0000 

0.0000 0.0010 0.0070 0.0380 0.0540 0.0280 0.0080 0.0010 0.0000 

0.0000 0.0010 0.0010 0.0040 0.0070 0.0050 0.0060 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0020 0.0000 0.0000 0.0000 0.0000 
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0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 172.49 224.56 0.00 0.00 0.00 0.00 0.00 

0.00 70.11 144.32 237.93 318.14 0.00 0.00 0.00 0.00 

0.00 82.01 164.74 227.44 314.43 384.98 0.00 0.00 0.00 

0.00 59.28 152.01 230.62 306.06 392.51 473.41 582.00 0.00 

0.00 91.92 154.43 233.45 314.S6 391.03 459.26 0.00 0.00 

0.00 74.34 160.29 254.37 311.12 388.12 468.64 545.3S 0.00 

0.00 55.06 113.62 254.96 332.63 401.19 466.54 0.00 0.00 

0.00 0.00 0.00 0.00 303.01 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

June 

Probabilities 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0020 0.0030 0.0080 0.0060 0.0010 0.0000 0.0000 0.0000 

0.0010 0.0060 0.0230 0.0400 0.0490 0.0090 0.0000 0.0000 0.0000 

0.0010 0.0080 0.0420 0.1010 0.1320 0.0420 0.0090 0.0000 0.0000 

0.0000 0.0050 0.0220 0.0920 0.1300 0.0710 0.0140 0.0000 0.0000 

0.0000 0.0000 0.0090 0.0360 0.0540 0.0400 0.0090 0.0020 0.0000 

0.0000 0.0000 0.0000 0.0060 0.0130 0.0080 0.0040 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0020 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.00 -14.33 45.01 111.08 167.35 248.S8 0.00 0.00 0.00 

-101.34 -16.02 53.84 118.79 175.S7 24S.16 0.00 0.00 0.00 

-96.34 -10.28 48.12 118.84 177.45 2S2.94 316.27 0.00 0.00 

0.00 -37.76 48.40 116.77 184.31 254.41 329.35 0.00 0.00 

0.00 0.00 ss.os 118.SS 191.85 258.43 323.65 410.98 0.00 

0.00 0.00 0.00 129.27 204.67 212.S9 316.47 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 250.20 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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July 

Probabililies 0.0000 0.0000 0.0000 0.0020 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0010 0.0010 0.0050 0.0110 0.0030 0.0000 0.0000 0.0000 

0.0000 0.0010 0.0110 0.0330 0.0370 0.0160 0.0000 0.0010 0.0000 

0.0010 0.0020 0.0200 0.0790 0.1200 0.0530 0.0070 0.0010 0.0000 

0.0000 0.0000 0.0210 0.0980 0.1460 0.0940 0.0230 0.0020 0.0000 

0.0000 0.0010 0.0080 0.0340 0.0600 0.0510 0.0180 0.0010 0.0000 

0.0000 0.0000 0.0010 0.0050 0.0180 0.0090 0.0030 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 -52.89 0.00 0.00 0.00 0.00 0.00 

0.00 -170.57 -79.26 -3.63 38.87 104.26 0.00 0.00 0.00 

0.00 -192.12 -96.97 -37.68 41.04 114.04 0.00 239.59 0.00 

-260.94 -161.60 -88.76 -21.61 44.S6 107.23 181.22 257.91 0.00 

0.00 0.00 -85.74 -18.98 46.22 114.94 178.04 265.S5 0.00 

0.00 -149.21 -90.63 -22.04 46.59 121.73 189.94 261.75 0.00 

0.00 0.00 -74.93 -12.13 39.76 139.81 223.17 0.00 0.00 

0.00 0.00 0.00 0.00 62.55 130.92 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

August 

Probabilities 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0050 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0010 0.0080 0.0110 0.0200 0.0170 0.0050 0.0000 0.0000 0.0000 

0.0000 0.0120 0.0470 0.0800 0.0780 0.0350 0.0030 0.0010 0.0000 

0.0030 0.0080 0.0520 0.1320 0.1220 0.0640 0.0120 0.0000 0.0000 

0.0000 0.0030 0.0220 0.0610 0.0720 0.0460 0.0210 0.0020 0.0000 

0.0000 0.0000 0.0030 0.0130 0.0160 0.0130 0.0060 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0020 0.0020 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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Median Values 0.00 0.00 -74.73 0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 -50.78 0.00 0.00 0.00 0.00 0.00 

-238.95 -171.10 -8S.07 -36.35 46.16 109.49 0.00 0.00 0.00 

0.00 -178.43 -102.09 -29.93 43.10 110.68 193.21 238.76 0.00 

-225.55 -181.85 -93.50 -27.54 37.76 115.92 180.S2 0.00 0.00 

0.00 -148.86 -90.98 -20.72 43.52 109.31 180.25 248.81 0.00 

0.00 0.00 -91.26 -18.S l 47.59 113.36 166.68 0.00 0.00 

0.00 0.00 0.00 -34.43 70.78 112.53 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

September 

Probabilities 0.0000 0.0000 0.0010 0.0020 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0100 0.0100 0.0090 0.0020 0.0000 0.0000 0.0000 

0.0000 0.0030 0.0240 0.0440 0.0510 0.0080 0.0060 0.0000 0.0000 

0.0030 0.0120 0.0500 0.1040 0.1010 0.0340 0.0070 0.0010 0.0000 

0.0010 0.0070 0.0290 0.1030 0.1030 0.0510 0.0130 0.0000 0.0000 

0.0000 0.0050 0.01S0 0.0410 0.0680 0.0280 0.0080 0.0000 0.0000 

0.0000 0.0000 0.0010 0.0130 0.0150 0.0120 0.0000 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0030 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 -203.75 -78.82 -1.68 0.00 0.00 0.00 0.00 

0.00 0.00 -160.27 -76.47 47.21 129.69 0.00 0.00 0.00 

0.00 -218.29 -142.77 -73.11 8.10 102.05 178.92 0.00 0.00 

-323.52 -230.19 -147.28 -62.63 17.65 94.50 173.49 258.72 0.00 

-302.24 -240.3S -145.71 -63.9S 21.57 108.00 194.99 0.00 0.00 

0.00 -231.20 -151.18 -54.98 15.14 102.38 172.51 0.00 0.00 

0.00 0.00 -158.38 -62.45 15.25 95.67 0.00 251.12 0.00 

0.00 0.00 0.00 -37.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

October 

Probabilities 0.0000 0.0010 0.0000 0.0010 0.0020 0.0000 0.0000 0.0000 0.0000 
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0.0000 0.0010 0.0050 0.0160 0.0040 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0060 0.0180 0.0620 0.0370 0.00S0 0.0020 0.0000 0.0000 

0.0030 0.0090 0.0S20 0.1170 0.1060 0.0270 0.0050 0.0010 0.0000 

0.0010 0.0060 0.0370 0.1310 0.1200 0.0460 0.0060 0.0010 0.0000 

0.0000 0.0010 0.0090 0.0480 0.0510 0.0190 0.0060 0.0010 0.0000 

0.0000 0.0000 0.0020 0.0080 0.0130 0.0100 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0020 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 -183.07 0.00 35.93 49.30 0.00 0.00 0.00 0.00 

0.00 -160.07 -99.89 -2.S8 68.17 137.34 0.00 0.00 0.00 

0.00 -163.76 -66.40 -6.97 83.91 148.94 249.67 0.00 0.00 

-250.89 -159.41 -75.83 4.58 78.82 161.57 265.48 345.14 0.00 

-229.98 -156.53 -70.66 8.56 79.67 162.67 238.55 338.37 0.00 

0.00 -147.73 -82.41 0.77 79.81 174.46 243.79 364.71 0.00 

0.00 0.00 -67.56 11.30 89.69 178.80 251.77 0.00 0.00 

0.00 0.00 0.00 0.00 103.50 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

November 

Probabilities 0.0000 0.0000 0.0010 0.0020 0.0000 0.0010 0.0000 0.0000 0.0000 

0.0010 0.0040 0.0070 0.0080 0.0020 0.0020 0.0000 0.0000 0.0000 

0.0000 0.0040 0.0340 0.0490 0.0300 0.0060 0.0000 0.0000 0.0000 

0.0020 0.0120 0.0760 0.1380 0.1210 0.0290 0.0040 0.0010 0.0000 

0.0000 0.0100 0.0390 0.1310 0.1000 0.0480 0.0070 0.0000 0.0000 

0.0000 0.0020 0.0140 0.0340 0.0330 0.0210 0.0040 0.0000 0.0000 

0.0000 0.0000 0.0020 0.0100 0.0040 0.0040 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0020 0.0000 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 •96.40 34.72 0.00 227.46 0.00 0.00 0 

-222.22 -125.25 -84.76 16.31 142.52 218.77 0.00 0.00 0 

0.00 ·125.16 48.06 31.48 113.33 208.92 0.00 0.00 0 



Appendix D Transition Probabilities for the NBS 280 

-221.13 -l24.54 -48.07 39.57 120.68 214.21 322.93 386.99 0 

0.00 -142.19 -38.56 40.03 125.41 214.80 326.54 0.00 0 

0.00 -124.69 -33.07 49.77 124.89 207.98 304.90 0.00 0 

0.00 0.00 -30.68 56.40 130.63 199.25 0.00 0.00 0 

0.00 0.00 0.00 43.87 0.00 218.85 0.00 0.00 0 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 

December 

Probabilities 0.0000 0.0000 0.0000 0.0020 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0050 0.0120 0.0120 0.0020 0.0000 0.0010 0.0000 

0.0000 0.0050 0.0220 0.0740 0.0580 0.0130 0.0010 0.0000 0.0000 

0.0010 0.0100 0.0480 0.1380 0.1360 0.0360 0.0050 0.0000 0.0000 

0.0010 0.0080 0.0290 0.1190 0.0980 0.0280 0.0070 0.0000 0.0000 

0.0000 0.0020 0.0110 0.0460 0.0330 0.0200 0.0000 0.0000 0.0000 

0.0000 0.0020 0.0010 0.0080 0.0030 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 119.92 146.66 0.00 0.00 0.00 0.00 

0.00 0.00 -13.53 72.08 166.86 239.39 0.00 451.11 0.00 

0.00 -9S.50 3.99 86.88 179.20 246.31 406.09 0.00 0.00 

-199.38 -79.70 -4.56 83.55 173.41 261.79 342.17 0.00 0.00 

-194.63 -90.39 5.16 83.44 176.83 266.50 361.02 0.00 0.00 

0.00 -129.89 -9.82 77.52 172.71 279.71 0.00 0.00 0.00 

0.00 -134.80 13.69 77.84 155.04 299.52 0.00 0.00 0.00 

0.00 0.00 0.00 78.75 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

To improve the speed of computations, each of the monthly probability matrix above was 

consolidated in just one vector of conditional probabilities as presented below: 

NBS! -20.88 -18.5S 19.37 20.05 34.68 32.28 39.37 71.84 

27.74 71.20 84.37 96.58 106.75 120.62 127.12 0.00 
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374.58 368,75 376.92 397.08 409.85 408.97 421.36 357.53 

350.22 442.46 454.69 486.77 506.97 495.48 520.25 558.76 

382.50 402.60 421.58 429.20 441.25 490.25 417.06 573.71 

324.50 293.78 328.04 324.51 339.67 354.35 347.51 378.08 

180.36 241.23 258.62 269.68 27 I. l 9 298.69 307.87 347.58 

203.32 163.66 184.68 187.30 207.39 214.20 223.53 222.93 

28.41 29.65 90.44 80.01 100.97 97.31 144.37 152.27 

-9.90 1.14 21.33 39.07 52.30 55.17 48.17 65.56 

-84.01 -74.65 -72.31 -65.28 -55.24 -51.66 -48.02 -10.47 

-36.17 -25.40 -36.37 -37.97 -34.26 -35.46 -38.80 -59.84 

PrNBSl 0.0120 0.0560 0.1660 0.2750 0.2860 0.1420 0.0540 0.0090 

0.0070 0.0340 0.1850 0.3400 0.2860 0.1280 0.0190 0.0000 

0.0140 0.0710 0.1600 0.3190 0.2510 0.1270 0.0520 0.00S0 

0.0090 0.0370 0.1240 0.2360 0.3010 0.1880 0.0890 0.0160 

0.0280 0.1000 0.2420 0.3180 0.2120 0.0830 0.0130 0.0030 

0.0050 0.0410 0.1430 0.2510 0.2820 0.1900 0.0720 0.01S0 

0.0120 0.0810 0.2130 0.3270 0.2600 0.0800 0.0230 0.0030 

0.0060 0.0440 0.1400 0.2560 0.2820 0.2050 0.0550 0.0120 

0.0080 0.0390 0.1630 0.2680 0.2930 0.1690 0.0460 0.0130 

0.0110 0.0580 0.1740 0.2950 0.2600 0.1510 0.0410 0.0090 

0.0140 0.0650 0.1730 0.2890 0.21S0 0.1460 0.0320 0.0050 

0.0100 0.0520 0.1340 0.2550 0.3000 0.1780 0.0580 0.0120 

Now, employing the information abovet and consistent with the aggregation methodology as 

described by Turgeon (19 ) and briefly reviewed in Chapter 4t the aggregated NBS is therefore 

utilized in linear regression fashion with respect to Lake Superior. The monthly linear regression 

coefficients are: 

Al AO 

January 0.9336 0.3861 

February 0.8650 0.0373 

March 0.8772 -0.0043 
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April 0.9769 0.3533 

May 0.9124 0.0436 

June 0.9440 -0.363 l 

July 1.0652 0.2249 

August 0.9461 0.0531 

September 0.9447 0. 1092 

October 0.9943 -0.0127 

November l.0806 0.0128 

December 0.9571 0.1424 

The corresponding NBS for the aggregated lakes becomes: 

472.10 480.30 613.40 615.80 667.20 658.80 683.60 797.60 545.40 

409.10 516.60 549.20 579.40 604.50 638.90 654.90 340.50 1023.40 

1532.20 1517.80 1537.90 1587.60 1619.00 1616.90 1647.40 1490.10 1843.50 

1212.70 1436.30 1466.00 1543.80 1592.70 1564.90 1624.90 1718.30 363.70 

755.60 792.50 827.40 841.40 863.50 953.50 819.10 1106.70 416.20 

489.50 439.80 495.20 489.50 514.00 537.80 526.70 576.20 672.80 

143.90 268.20 303.80 326.40 329.40 385.60 404.40 48S.50 156.70 

15.80 -50.00 -15.10 -10.80 22.50 33.80 49.30 48.30 -321.60 

-206.60 -204.70 -108.90 -125.30 -92.30 -98.00 -23.90 -11.40 -117.10 

-283.80 -260.10 -216.90 -179.00 -150.70 -144.S0 -159.50 -122.30 -238.70 

-196.60 -173.50 -167.70 -150.30 -125.50 -116.70 -107.70 -15.00 24.20 

304.80 339.30 304.10 299.00 310.90 307.00 296.30 228.80 650.S0 

Periodical MCAR 1: 

Lake Superior 

January 

Probabilities 0.0000 0.0000 0.0020 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0050 0.0080 0.0090 0.0010 0.0030 0.0000 0.0000 
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0.0010 0.0030 0.0140 0.0220 0.0400 0.0310 0.0100 0.0020 0.0000 

0.0000 0.0040 0.0270 0.0521 0.0741 0.0410 0.0240 0.0070 0.0000 

0.0010 0.0060 0.0410 0.0681 0.0711 0.0591 0.0280 0.0060 0.0010 

O.OOLO 0.0100 0.0220 0.0531 0.0490 0.0571 0.0210 0.0040 0.0000 

0.0000 0.0030 0.0110 0.0240 0.0250 0.0200 0.0070 0.0040 0.0000 

0.0000 0.0000 0.0020 0.0020 0.0120 0.0060 0.0010 0.0020 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 -2.66 0.00 -14. 19 0.00 0.00 0.00 0.00 

0.00 0.00 -14.19 -8.23 -13.42 -5.18 -45.46 0.00 0.00 

-27.84 13.25 -14.86 -17.76 -6.29 -8.84 -16.25 -27.92 0.00 

0.00 -2.34 -7.42 -18.08 -12.75 -7.48 -15.85 -19.72 0.00 

-19.73 -10.05 -9.66 -13.81 -12.94 -1.56 -11.24 -17.31 -S9.24 

-45.95 -23.90 -17.86 -12.53 -5.26 -16.21 -5.51 -17.60 0.00 

0.00 6.07 -15.90 -10.70 -5.28 -15.44 -15.53 -3.21 0.00 

0.00 0.00 -21.97 16.26 -16.11 -6.78 -27.84 -8.08 0.00 

0.00 0.00 0.00 0.00 0.00 -0.13 0.00 0.00 0.00 

February 

Probabilities 0.0000 0.0000 0.0000 0.0010 0.0040 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0010 0.0040 0.0070 0.0070 0.0060 0.0020 0.0000 0.0010 

0.0000 0.0040 0.0080 0.0260 0.0290 0.0250 0.0080 0.0030 0.0000 

0.0000 0.0090 0.0260 0.0591 0.0591 0.0470 0.0210 0.0070 0.0040 

0.0020 0.0050 0.0270 0.0621 0.0801 0.0601 0.0310 0.0090 0.0000 

0.0030 0.0040 0.02S0 0.0531 0.0611 0.0400 0.0250 0.0030 0.0030 

0.0010 0.0040 0.0060 0.0190 0.0270 0.0270 0.0120 0.0030 0.0020 

0.0000 0.0010 0.0060 0.0030 0.0080 0.0060 0.0020 0.0000 0.0000 

0.0000 0.0000 0.0010 0.0020 0.0020 0.0040 0.0000 0.0010 0.0000 

Median Values 0.00 0.00 0.00 7.60 -9.00 39.52 0.00 0.00 0.00 

0.00 -35.95 0.28 -4.87 -3.67 5.53 -13.47 0.00 39.52 
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0.00 24.25 3.48 7.95 -2.55 14.29 15.59 19.02 0.00 

0.00 16.65 -0.14 8.76 14.53 5.90 -1.06 -0.78 18.43 

12.32 8.96 5.90 13.08 9.42 8.74 2.30 16.65 0.00 

16.82 31.62 15.25 15.47 2.54 3.78 -2.26 -3.17 16.13 

16.65 0.90 2.40 17.02 8.76 -3.67 16.04 57.79 5.33 

0.00 -18.97 29.72 -3.67 -11.36 17.16 29.59 0.00 0.00 

0.00 0.00 39.52 30.91 -9.00 -1.75 0.00 52.76 0.00 

March 

Probabilities 0.0000 0.0000 0.0000 0.0020 0.0000 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0020 0.0090 0.0080 0.0040 0.0040 0.0000 0.0000 

0.0000 0.0000 0.0080 0.0150 0.0160 0.0200 0.0100 0.0020 0.0000 

0.0010 0.0080 0.0100 0.0571 0.0811 0.0551 0.0160 0.0020 0.0010 

0.0010 0.0100 0.0210 0.0671 0.1001 0.0831 0.0260 0.0070 0.0000 

0.0010 0.0070 0.0210 0.0S51 0.0811 0.0631 0.0190 0.0040 0.0000 

0.0000 0.0020 0.00S0 0.0240 0.0220 0.0200 0.0050 0.0020 0.0010 

0.0000 0.0000 0.0040 0.0020 0.0070 0.0040 0.0000 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0010 0.0000 0.0000 

Median Values 0.00 0.00 0.00 16.94 0.00 45.84 0.00 0.00 0.00 

0.00 0.00 41.76 5S.56 36.60 44.13 33.18 0.00 0.00 

0.00 0.00 61.65 28.56 38.6S 48.01 11.59 86.57 0.00 

30.30 29.24 20.94 37.77 41.49 49.34 71.99 90.86 111.90 

3.70 49.30 28.11 30.36 44.39 43.04 62.76 47.36 0.00 

58.48 70.79 51.98 47.28 31.55 44.SS 37.61 21.11 0.00 

0.00 36.89 28.43 46.21 39.72 43.49 7.97 12.27 -26.96 

0.00 0.00 50.70 50.83 12.22 14.59 0.00 28.43 0.00 

0.00 0.00 0.00 0.00 36.13 0.00 45.84 0.00 0.00 

April 

Probabilitid>. 0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0010 0.0010 O.OOS00.0060 0.0100 0.0030 0.0010 0.0010 0.0000 



Appendix D Transition Probabilities for the NBS 285 

0.0010 0.0060 0.0130 0.0280 0.0290 0.0140 0.0040 0.0000 0.0010 

0.0000 0.0080 0.0280 0.0661 0.0841 0.0460 0.0120 0.0060 0.0010 

0.0000 0.0070 0.0230 0.0731 0.0931 0.0761 0.0270 0.0080 0.0010 

0.0000 0.0060 0.0170 0.0571 0.0631 0.0480 0.0200 0.0050 0.0010 

0.0000 0.0000 0.0070 0.0140 0.0180 0.0220 0.0040 0.0040 0.0000 

0.0000 0.0000 0.0020 0.0050 0.0100 0.0060 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0000 0.0030 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 145.81 3.43 0.00 0.00 0.00 0.00 

166.43 169.12 131.21 150.89 116.58 130.63 182.57 139.30 0.00 

3.43 113.24 145.81 136.96 153.92 145.23 117.75 0.00 94.81 

0.00 170.33 137.89 144.88 155.56 162.06 147.59 139.64 97.44 

0.00 171.25 133.47 147.90 156.63 144.58 153.95 129.70 121.12 

0.00 185.25 137.11 161.24 153.50 145.62 156.18 142.32 137.91 

0.00 0.00 182.57 130.10 176.56 132.51 64.78 113.19 0.00 

0.00 0.00 167.25 137.11 135.40 135.01 98.22 0.00 0.00 

0.00 0.00 0.00 145.81 0.00 130.63 0.00 0.00 0.00 

May 

Probabilities 0.0000 0.0000 0.0010 0.0030 0.0010 0.0010 0.0010 0.0000 0.0000 

0.0000 0.0020 0.0060 0.0060 0.0060 0.0090 0.0010 0.0000 0.0000 

0.0020 0.0030 0.0200 0.0260 0.0420 0.0150 0.0090 0.0000 0.0000 

0.0020 0.0060 0.0300 0.0691 0.0911 0.0480 0.0210 0.0020 0.0000 

0.0020 0.0130 0.0370 0.0841 0.0821 0.0651 0.0220 0.0030 0.0010 

0.0010 0.0040 0.0200 0.0581 0.0601 0.0290 0.0140 0.0010 0.0000 

0.0000 0.0010 0.0030 0.0220 0.0240 0.0160 0.0030 0.0010 0.0010 

0.0000 0.0010 0.0000 0.0010 0.0030 0.0020 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 

Median Values 0.00 0.00 250.57 169.80 183.22 128.34 113.SS 0.00 0.00 

0.00 207.17 198.60 197.95 200.39 169.80 129.69 0.00 0.00 

208.32 198.59 181.19 188.39 198.25 195.79 208.69 0.00 0.00 



Appendix D Transition Probabilities for the NBS 286 

228.63 240.12 181.92 184.81 183.45 186.67 195.06 170.13 0.00 

175.95 181.01 188.98 191.15 192.89 18S.77 180.30 206.63 262.24 

258.97 207.23 198.54 183.33 186.43 187.08 184.94 213.74 0.00 

0.00 143.15 240.61 187.5 l 193.25 181.93 179.44 136.04 188.98 

0.00 165.42 0.00 113.55 188.98 155.78 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 188.98 169.80 0.00 0.00 

June 

Probabilities 0.0000 0.0000 0.0000 0.0010 0.0020 0.0000 0.0000· 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0040 0.0060 0.0040 0.0000 0.0000 0.0000 

0.0010 0.0040 0.0100 0.0170 0.0240 0.0290 0.0030 0.0000 0.0000 

0.0010 0.0010 0.0270 0.0711 0.0771 0.0571 0.0080 0.0010 0.0010 

0.0000 0.0070 0.0320 0.0821 0.13S l 0.0761 0.0190 0.0040 0.0000 

0.0000 0.0020 0.0160 0.0541 0.0841 0.0470 0.0190 0.0060 0.0000 

0.0010 0.0000 0.0030 0.0110 0.0220 0.0120 0.0040 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0040 0.0040 0.0030 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 254.68 249.18 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 163.79 180.00 21S.28 0.00 0.00 0.00 

141.71 133.09 164.67 137.12 160.63 154.S8 178.07 0.00 0.00 

184.05 61.75 174.11 142.S2 161.42 163.60 154.21 156.39 222.84 

0.00 186.29 172.22 152.35 168.13 156.13 161.83 139.24 0.00 

0.00 187.48 141.35 146.50 1S0.46 168.87 17S.68 202.00 0.00 

97.13 0.00 140.26 152.50 171.63 190.02 165.49 120.26 0.00 

0.00 0.00 0.00 148.35 255.78 186.23 217.18 0.00 0.00 

0.00 0.00 0.00 0.00 217.18 0.00 0.00 0.00 0.00 

July 

Probabilities 0.0000 0.0000 0.0000 0.0040 0.0040 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0050 0.0130 0.0090 0.0100 0.0040 0.0010 0.0010 



Appendix D Transition Probabilities for the NBS 287 

0.0000 0.0040 0.0150 0.0410 0.0490 0.0270 0.0090 0.0010 0.0010 

0.0040 0.0120 0.0380 0.0861 0.0791 0.0571 0.0150 0.0110 0.0000 

0.0040 0.0150 0.0320 0.0861 0.0S5 l 0.0370 0.0190 0.0020 0.0000 

0.0010 0.0070 0.0410 0.0521 0.0330 0.0270 0.0080 0.0010 0.0000 

0.0000 0.0040 0.0120 0.0140 0.0170 0.0080 0.0040 0.0000 0.0000 

0.0000 0.0010 0.0040 0.0060 0.0030 0.0020 0.0000 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0000 0.0010 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 115.88 114.61 112.51 0.00 0.00 0.00 

0.00 0.00 153.30 123.06 126.12 107.14 117.29 136.85 82.90 

0.00 145.23 150.46 129.78 130.85 116.35 133.76 78.40 173.87 

139.31 110.86 142.S3 132.06 122.60 134.87 141.37 130.86 0.00 

124.95 141.76 136.70 128.72 134.76 123.79 141.66 105.17 0.00 

30.52 136.93 130.85 132.16 129.78 130.86 130.53 89.10 0.00 

0.00 89.72 159.43 107.27 116.28 116.42 134.82 0.00 0.00 

0.00 147.11 111.72 150.0S 126.12 145.61 0.00 118.30 0.00 

0.00 0.00 0.00 112.51 0.00 110.92 0.00 0.00 0.00 

August 

Probabilities 0.0000 0.0000 0.0000 0.0000 0.0020 0.0010 0.0020 0.0000 0.0000 

0.0000 0.0000 0.0020 0.0030 0.0100 0.0130 0.0050 0.0020 0.0000 

0.0010 0.0020 0.0140 0.0350 0.0350 0.0250 0.0100 0.0010 0.0000 

0.0000 0.0060 0.0250 0.0390 0.0761 0.0390 0.0160 0.0070 0.0000 

0.0030 0.0150 0.0410 0.0521 0.0891 0.0711 0.0270 0.0070 0.0010 

0.0010 0.0070 0.0250 0.0581 0.0591 0.04S0 0.0130 0.0040 0.0000 

0.0000 0.00S0 0.0120 0.0190 0.0260 0.0120 0.0080 0.0020 0.0010 

0.0000 0.0000 0.0030 0.0020 0.0080 0.0050 0.0050 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 0.00 80.01 141.60 127.67 0.00 0.00 

0.00 0.00 54.31 67.26 94.73 96.77 94.31 53.08 0.00 

112.73 134.23 98.80 102.96 100.60 87.04 100.03 103.08 0.00 



Appendix D Transition Probabilities for the NBS 288 

0.00 125.82 90.67 99.50 91.61 102.96 124.43 76.49 0.00 

37.84 77.48 105.03 105.72 101.00 100.60 98.15 73.72 41.19 

99.50 103.08 92.52 91.80 104.80 104.18 82.53 91.66 0.00 

0.00 99.50 95.79 90.86 103.19 101.06 111.61 99.67 152.41 

0.00 0.00 122.00 58.31 88.13 99.50 154.00 0.00 0.00 

0.00 0.00 0.00 0.00 141.60 94.31 0.00 0.00 0.00 

September 

Probabilities 0.0000 0.0000 0.0000 0.0000 0.0010 0.0010 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0030 0.0020 0.0020 0.0000 0.0010 0.0000 

0.0000 0.0000 0.0010 0.0100 0.0200 0.0150 0.0060 0.0020 0.0010 

0.0000 0.0020 0.0060 0.0290 0.0571 0.0571 0.0200 0.0050 0.0010 

0.0010 0.0020 0.0210 0.0460 0.1171 0.1071 0.0370 0.00S0 0.0010 

0.0010 0.0020 0.0190 0.0581 0.0921 0.0651 0.0390 0.0010 0.0010 

0.0000 0.0010 0.0060 0.0250 0.0390 0.0270 0.0120 0.0040 0.0010 

0.0000 0.0010 0.0020 0.0060 0.0060 0.0030 0.0010 0.0020 0.0000 

0.0010 0.0000 0.0000 0.0000 0.0020 0.0010 0.0000 0.0010 0.0000 

Median Values 0.00 0.00 0.00 0.00 13.43 84.23 75.74 0,00 0.00 

0.00 0.00 0.00 123.20 20.1S 91.48 0.00 109.35 0.00 

0.00 0.00 51.82 43.10 77.19 59.79 55.76 74.91 113.33 

0.00 61.64 82.32 75.61 77.64 75.23 81.60 107.56 109.82 

76.73 74.38 91.82 93.84 75.61 76.71 71.62 94.32 59.12 

103.90 69.56 87.60 73.56 77.19 76.63 76.44 89.49 86.99 

0.00 145.00 79.76 89.49 84.04 58.94 92.04 41.33 4.73 

0.00 53.20 61.97 S8.93 97.00 63.50 77.64 79.99 0.00 

28.07 0.00 0.00 0.00 103.71 13.43 0.00 75.74 0.00 

October 

Probabilities 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0010 0.0010 0.0000 0.0000 0.0000 



Appendix D Transition Probabilities for the NBS 289 

0.0000 0.0000 0.0000 0.0040 0.0090 0.0090 0.0030 0.0010 0.0000 

0.0000 0.0000 0.0050 0.0210 0.0450 0.0521 0.0160 0.0050 0.0010 

0.0010 0.0010 0.0060 0.0450 0.0931 0.0981 0.0480 0.0060 0.0020 

0.0000 0.0020 0.0050 0.0490 0.1051 0.1021 0.0551 0.0160 0.0010 

0.0000 0.0000 0.0080 0.0230 0.0340 0.0571 0.0190 0.0050 0.0010 

0.0000 0.0000 0.0010 0.0020 0.0090 0.0150 0.0050 0.0030 0.0010 

0.0000 0.0000 0.0000 0.0000 0.0030 0.0020 0.0010 0.0000 0.0000 

Median Values 0.00 0.00 103.14 0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 I 03.14 3.58 42.08 0.00 0.00 0.00 

0.00 0.00 0.00 86.48 16.23 14.22 2.07 79.65 0.00 

0.00 0.00 48.89 5S.56 43.03 33.64 41.34 -12.43 121.22 

90.77 -21.82 68.26 33.17 33.36 35.79 40.12 54.17 -9.78 

0.00 64.85 33.07 40.28 37.55 34.20 42.08 10.96 -63.63 

0.00 0.00 55.92 17.11 43.14 33.17 47.34 -1.31 112.14 

0.00 0.00 3.58 40.02 67.84 14.41 48.89 42.08 -89.88 

0.00 0.00 0.00 0.00 3.58 70.94 126.12 0.00 0.00 

November 

Probabilities 0.0000 0.0000 0.0000 0.0020 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0010 0.0020 0.0060 0.0020 0.0010 0.0000 0.0010 

0.0010 0.0010 0.0020 0.0100 0.0120 0.0150 0.0100 0.0020 0.0000 

0.0000 0.0020 0.0120 0.0400 0.0631 0.0651 0.0280 0.0050 0.0000 

0.0000 0.0030 0.0100 0.0631 0.1061 0.0861 0.0450 0.0050 0.0000 

0.0010 0.0040 0.0210 0.0691 0.0811 0.0571 0.0190 0.0050 0.0010 

0.0000 0.0030 0.0050 0.0240 0.0410 0.0300 0.0140 0.0000 0.0010 

0.0010 0.0000 0.0010 0.0040 0.0070 0.0030 0.0010 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0020 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 61.79 -50.23 0.00 0.00 0.00 0.00 

0.00 0.00 36.00 10.SS 52.57 65.10 77.75 0.00 5.92 

78.65 58.56 31.67 4.25 S.58 4.93 25.47 -22.73 0.00 



Appendix D Transition Probabilities for the NBS 290 

0.00 58.02 5.25 18.30 12.22 10.79 21.82 49.19 0.00 

0.00 15.78 -0.85 8.57 19.92 9.71 16.83 43.61 0.00 

-2.87 30.51 -0.08 15.87 9.37 16.25 20.24 64.66 4.62 

0.00 15.11 20.74 15.60 5.38 28.78 11.65 0.00 19.73 

99.22 0.00 S.92 39.06 40.47 -21.48 94.81 20.74 0.00 

0.00 0.00 0.00 58.92 7.22 0.00 0.00 0.00 0.00 

December 

Probabilities 0.0000 0.0000 0.0020 0.0010 0.0040 0.0040 0.0000 0.0000 0.0000 

0.0010 0.0030 0.0030 0.0070 0.0150 0.0120 0.0030 0.0040 0.0000 

0.0000 0.0030 0.0110 0.0350 0.0470 0.0260 0.0070 0.0040 0.0000 

0.0020 0.0130 0.0300 0.0631 0.0801 0.0S71 0.0110 0.0030 0.0020 

0.0070 0.0150 0.0440 0.0791 0.0861 0.0480 0.0170 0.00S0 0.0000 

0.0010 0.0050 0.0310 0.0501 0.0561 0.0200 0.0080 0.0030 0.0000 

0.0000 0.0070 0.0070 0.0200 0.0080 0.00S0 0.0030 0.0000 0.0000 

0.0000 0.0020 0.0050 0.0060 0.0030 0.0020 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 30.53 -49.59 -14.66 -44.01 0.00 0.00 0.00 

-76.64 -13.94 0.37 -11.36 -24.08 -17.62 -16.Sl -14.68 0.00 

0.00 -11.36 -32.81 -18.S6 -15.14 -22.47 -40.24 -18.56 0.00 

25.82 -17.79 -26.17 -24.08 -25.10 -19.31 -24.78 -8.77 -23.S1 

-14.17 •l 7.01 -24.67 -33.42 -19.52 -22.39 -7.99 -76.64 0.00 

-26.9S -14.00 -21.32 -16.19 -20.23 -29.10 -28.31 -39.21 0.00 

0.00 -34.49 -39.21 -13.97 -32.20 -11.36 -4.69 0.00 0.00 

0.00 -23.SS -34.49 -36.69 3.38 -4.70 -26.9S 0.00 0.00 

0.00 0.00 0.00 -S3.S3 47.63 0.00 0.00 0.00 0.00 

A11recated Lake 

January 



Appendix D Transition Probabilities for the NBS 291 

Probabilities 0.0000 0.0000 0.0000 0.0000 0.0020 0.0000 0.0020 0.0000 0.0000 

0.0000 0.0010 0.0030 0.0100 0.0090 0.0030 0.0040 0.0010 0.0000 

0.0010 0.0020 0.0130 0.0270 0.0230 0.0180 0.0090 0.0010 0.0000 

0.0010 0.0100 0.0230 0.0611 0.0761 0.0460 0.0190 0.0070 0.0010 

0.0000 0.0070 0.0200 0.0721 0.0861 0.0751 0.0320 0.0080 0.0030 

0.0020 0.0050 0.0210 0.0440 0.0711 0.0551 0.0200 0.0050 0.0020 

0.0000 0.0010 0.0070 0.0170 0.0320 0.0190 0.0080 0.0040 0.0010 

0.0000 0.0010 0.0020 0.0090 0.0090 0.0040 0.0050 0.0000 0.0000 

0.0000 0.0000 0.0010 0.0000 0.0070 0.0010 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 0.00 -14.00 0.00 122.43 0.00 0.00 

0.00 180.61 130.10 111.28 129.13 116.76 157.22 209.49 0.00 

48.51 113.15 119.94 130.10 120.77 128.17 173.20 168.09 0.00 

129.13 94.60 124.82 90.66 126.50 128.08 155.98 118.15 139.51 

0.00 184.76 105.09 148.51 98.39 107.99 87.38 143.91 0.48 

135.47 45.72 151.53 131.31 98.47 107.99 125.70 27.85 110.50 

0.00 50.87 139.51 122.91 139.19 117.92 93.16 127.23 -70.84 

0.00 79.10 87.81 129.13 171.11 143.56 122.08 0.00 0.00 

0.00 0.00 48.69 0.00 117.92 0.48 0.00 0.00 0.00 

February 

Probabilities 0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0010 0.0000 0.0000 

0.0000 0.0010 0.0040 0.0110 0.0120 0.0040 0.0020 0.0000 0.0000 

0.0010 0.0020 0.0080 0.0380 0.0360 0.0260 0.0070 0.0000 0.0010 

0.0000 0.0070 0.0270 0.0691 0.0891 0.0561 0.0200 0.0080 0.0000 

0.0010 0.0090 0.0360 0.0821 0.0891 0.0641 0.0200 0.0020 0.0000 

0.0010 0.0090 0.0300 0.0S41 0.0601 0.0370 0.0130 0.0020 0.0000 

0.0000 0.0030 0.0090 0.0220 0.0140 0.0110 0.0020 0.0010 0.0000 

0.0000 0.0000 0.0020 0.0030 0.0050 0.0050 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0020 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 148.60 211.88 0.00 147.78 0.00 0.00 

0.00 144.41 138.61 13S.53 148.97 209.10 232.78 0.00 0.00 



Appendix. D Transition Probabilities for the NBS 292 

190.27 241.70 128.16 144.95 148.97 149.61 165.97 0.00 232.78 

0.00 153.61 171.59 155.54 143.51 152.80 166.81 120.87 0.00 

228.25 184.70 148.38 160.70 168.65 146.96 142.28 129.77 0.00 

81.16 122.34 156.04 150.20 144.41 158.56 162.44 152.12 0.00 

0.00 147.09 168.73 147.78 134.78 142.04 140.23 210.10 0.00 

0.00 0.00 142.36 178.54 176.06 147.78 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 148.60 0.00 0.00 0.00 0.00 

March 

Probabilities 0.0000 0.0000 0.0000 0.0010 0.0010 0.0010 0.0000 0.0000 0.0000 

0.0000 0.0010 0.0000 0.0080 0.0030 0.0050 0.0010 0.0000 0.0000 

0.0000 0.0020 0.0040 0.0130 0.0160 0.0220 0.0080 0.0020 0.0000 

0.0000 0.0020 0.0130 0.0290 0.051 l 0.0551 0.0220 0.0060 0.0010 

0.0010 0.0040 0.0170 0.0541 0.0891 0.0681 0.0370 0.0140 0.0000 

0.0020 0.0060 0.0140 0.0430 0.0781 0.0851 0.0410 0.0130 0.0000 

0.0000 0.0000 0.0150 0.0290 0.0400 0.0340 0.0230 0.0020 0.0000 

0.0000 0.0000 0.0010 0.0060 0.0100 0.0150 0.0080 0.0030 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0020 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 50.52 435.Sl 153.21 0.00 0.00 0.00 

0.00 350.49 0.00 217.52 330.04 260.S9 265.26 0.00 0.00 

0.00 380.30 327.64 255.2S 3S4.83 327.40 342.73 190.71 0.00 

0.00 490.93 279.94 358.23 325.91 310.07 281.77 324.53 3S6.26 

400.30 324.14 329.05 321.32 312.99 342.84 335.72 333.1S 0.00 

373.62 400.56 339.81 311.52 346.42 322.66 285.17 360.61 0.00 

0.00 0.00 336.27 340.69 320.81 326.33 286.08 379.47 0.00 

0.00 0.00 413.78 287.22 323.54 339.73 312.31 400.36 0.00 

0.00 0.00 0.00 0.00 153.21 0.00 0.00 0.00 0.00 

April 

Probabilities 0.0000 0.0010 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0020 0.0070 0.0100 0.0050 0.0010 0.0010 0.0000 



Appendix D Transition Probabilities for the NBS 293 

0.0000 0.0040 0.0040 0.0130 0.0350 0.0210 0.0120 0.0020 0.0000 

0.0000 0.0070 0.0210 0.0480 0.0601 0.0440 0.0200 0.0060 0.0020 

0.0010 0.0110 0.0280 0.0641 0.0771 0.0691 0.0350 0.0110 0.0010 

0.0010 0.0030 0.0190 0.0360 0.0691 0.0521 0.0430 0.0070 0.0000 

0.0000 0.0040 0.0120 0.0350 0.0290 0.0330 0.0060 0.0020 0.0000 

0.0000 0.0000 0.0020 0.0090 0.0120 0.0040 0.0020 0.0020 0.0010 

0.0000 0.0000 0.0010 0.0000 0.0030 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 572.95 0.00 242.86 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 350.63 516.09 416.50 387.11 327.18 617.71 0.00 

0.00 365.58 490.65 434.55 448.24 434.84 438.84 477.42 0.00 

0.00 410.14 481.95 449.64 447.84 454.55 448.05 470.07 601.05 

555.70 543.87 428.69 442.98 458.90 456.89 471.04 423.25 368.97 

462.10 396.51 481.95 454.54 432.93 435.10 470.9S 357.47 0.00 

0.00 416.41 432.89 429.05 429.35 493.51 486.75 565.18 0.00 

0.00 0.00 469.62 442.99 401.76 444.96 582.61 602.8S 356.32 

0.00 0.00 572.95 0.00 372.23 0.00 0.00 0.00 0.00 

May 

Probabilities 0.0000 0.0000 0.0000 0.0020 0.0050 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0010 0.0030 0.0060 0.0150 0.0070 0.0020 0.0010 0.0000 

0.0010 0.0040 0.0090 0.0240 0.0430 0.0190 0.0120 0.0050 0.0020 

0.0010 0.0060 0.0250 0.0470 0.0661 0.0420 0.0270 0.0080 0.0000 

0.0020 0.0060 0.0260 0.0601 0.0651 0.0761 0.0300 O.OllO 0.0000 

0.0030 0.0050 0.0310 0.0541 0.0651 0.0511 0.0180 0.0070 0.0020 

0.0000 0.0040 0.0150 0.0240 0.0300 0.0230 0.0070 0.0030 0.0000 

0.0000 0.0020 0.0020 0.0120 0.0150 0.0080 0.0030 0.0010 0.0000 

0.0000 0.0000 0.0010 0.0000 0.0000 0.0030 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 438.91 436.87 0.00 0.00 0.00 0.00 

0.00 54S.44 352.04 368.0S 420.78 436.87 430.88 349.79 0.00 

453.96 365.91 312.18 418.49 372.16 442.59 382.84 330.20 405.36 
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277.50 384.71 340.35 354.36 362.58 381.83 407.10 349.72 0.00 

483.49 328. l l 420.0l 396.95 330.85 372.39 345.49 337.68 0.00 

337.63 181.42 361.13 378.04 381.59 389.30 415.10 412.80 504.05 

0.00 329.65 301.86 382.40 374.08 406.96 442.22 494.84 0.00 

0.00 310.91 458.41 398.54 436.89 338.72 372.21 545.44 0.00 

0.00 0.00 418.25 0.00 0.00 489.51 0.00 0.00 0.00 

June 

Probabilities 0.0000 0.0000 0.0000 0.0000 0.0030 0.0000 0.0000 0.0000 0.0000 

0.0010 0.0010 0.0020 0.0060 0.0050 0.0040 0.0000 0.0000 0.0000 

0.0000 0.0050 0.0220 0.0150 0.0280 0.0170 0.0060 0.0000 0.0000 

0.0000 0.0050 0.0190 0.0701 0.0791 0.0561 0.0080 0.0020 0.0010 

0.0020 0.0040 0.0280 0.0791 0.0961 0.0721 0.0280 0.0070 0.0000 

0.0000 0.0010 0.0130 0.0440 0.0841 0.0711 0.0220 0.0060 0.0000 

0.0000 0.0010 0.0050 0.0190 0.0280 0.0130 0.0140 0.0040 0.0000 

0.0000 0.0000 0.0010 0.0040 0.0090 0.0050 0.0030 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0040 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 0.00 346.07 0.00 0.00 0.00 0.00 

173.52 326.16 360.54 319.05 339.10 315.84 0.00 0.00 0.00 

0.00 253.58 297.52 290.48 238.08 306.24 330.83 0.00 0.00 

0.00 169.90 266.35 293.09 251.51 285.36 201.76 266.38 256.66 

177.69 317.91 268.95 280.91 256.94 292.73 298.64 335.71 0.00 

0.00 200.28 295.60 261.80 266.3S 256.66 316.67 285.81 0.00 

0.00 266.83 193.23 308.23 280.03 294.S6 227.98 342.09 0.00 

0.00 0.00 173.52 305.36 304.14 353.56 267.62 370.99 0.00 

0.00 0.00 0.00 0.00 353.56 0.00 0.00 0.00 0.00 

July 

Probabilities 0.0000 0.0010 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000 

0.0010 0.0020 0.0070 0.0050 0.0100 0.0040 0.0020 0.0000 0.0000 
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0.0010 0.0050 0.0090 0.0160 0.0330 0.0170 0.0090 0.0020 0.0010 

0.0000 0.0080 0.0230 0.0330 0.0541 0.0390 0.0100 0.0020 0.0010 

0.0010 0.0070 0.0220 0.0501 0. 1011 0.0831 0.0400 0.0120 0.0000 

0.0000 0.0060 0.0190 0.0400 0.0771 0.0651 0.0330 0.0090 0.0020 

0.0000 0.0050 0.0080 0.0170 0.0320 0.0370 0.0170 0.0020 0.0010 

0.0000 0.0000 0.0020 0.0060 0.0080 0.0080 0.0060 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0050 0.0000 0.0000 0.0010 0.0000 

Median Values 0.00 159.13 0.00 0.00 161. I 9 187.36 0.00 0.00 0.00 

46.17 161.19 169.96 114.84 198.38 198.70 225.1 l 0.00 0.00 

28l.14 194.S4 159.69 164.43 200.30 165.71 165.22 197.56 225.12 

0.00 160.03 198.79 164.92 165.22 176.74 167.86 174.40 114.84 

36.81 160.70 162.51 170.06 180.53 164.35 178.03 196.11 0.00 

0.00 201.62 177.76 191.00 168.67 168.17 168.11 158.64 179.67 

0.00 183.03 203.88 198.99 162.47 160.28 184.95 249.59 160.03 

0.00 0.00 192.57 143.89 148.11 198.38 237.24 170.23 0.00 

0.00 0.00 0.00 0.00 153.62 0.00 0.00 161.19 0.00 

August 

Probabilities 0.0000 0.0000 0.0010 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0020 0.0020 0.0000 0.0050 0.0020 0.0020 0.0000 

0.0000 0.0000 0.0070 0.0170 0.0310 0.0270 0.0120 0.00S0 0.0010 

0.0010 0.0010 0.0290 0.0490 0.0761 0.0360 0.0270 0.0080 0.0000 

0.0000 0.0030 0.0230 0.0691 0.0901 0.081 I 0.0330 0.0080 0.0030 

0.0010 0.0010 0.0220 0.0531 0.0641 0.0430 0.0280 0.0030 0.0000 

0.0000 0.0010 0.0170 0.0260 0.0360 0.0230 0.0140 0.0010 0.0000 

0.0010 0.0040 0.0020 0.0070 0.0090 0.0030 0.0040 0.0000 0.0000 

0.0000 0.0000 0.0020 0.0010 0.0010 0.0000 0.0020 0.0000 0.0000 

Median Values 0.00 0.00 l02.S6 0.00 0.00 -3.09 -22.98 0.00 0.00 

0.00 0.00 184.43 76.76 0.00 74.26 -22.98 -29.02 0.00 

0.00 0.00 -27.21 61.61 30.63 72.84 25.42 17.52 S1.10 
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-58.64 17.52 84.03 46.53 55.17 24.97 24.11 98.40 0.00 

0.00 53.57 25.20 SS.36 40.18 29.60 51.24 79.50 110.08 

-77.20 17.63 40.96 36.89 42.37 63.11 52.98 -3.09 0.00 

0.00 -0.28 42.64 13.47 61.17 42.68 55.36 -66.22 0.00 

-0.21 48.38 -77.20 0.63 -0.28 45.02 17.52 0.00 0.00 

0.00 0.00 -22.98 -3.09 102.56 0.00 197.39 0.00 0.00 

September 

Probabilities 0.0000 0.0000 0.0010 0.0010 0.0030 0.0010 0.0000 0.0010 0.0000 

0.0010 0.0000 0.0020 0.0040 0.0140 0.0110 0.0020 0.0020 0.0000 

0.0000 0.0050 0.0080 0.0220 0.0260 0.0250 0.0120 0.0120 0.0000 

0.0010 0.0050 0.0190 0.0501 0.0611 0.0490 0.0280 0.0120 0.0020 

0.0010 0.0060 0.0250 0.0581 0.0841 0.0521 0.0280 0.0110 0.0030 

0.0020 0.0070 0.0270 0.0Sil 0.0501 0.0440 0.0290 0.0080 0.0000 

0.0020 0.0030 0.0170 0.0300 0.0290 0.0240 0.0160 0.0030 0.0010 

0.0000 0.0030 0.0100 0.0100 0.0150 0.0090 0.0030 0.0000 0.0000 

0.0000 0.0000 0.0020 0.0000 0.0040 0.0040 0.0000 0.0020 0.0000 

Median Values 0.00 0.00 32.50 -15.87 -4.65 101.93 0.00 -42.84 0.00 

29.62 0.00 14.38 6.06 29.93 -27.04 3.06 81.49 0.00 

0.00 -72.56 29.93 -20.40 32.S0 -4.06 -18.10 -1S.44 0.00 

.46.94 10.37 S6.18 0.22 -3.03 S.10 -1.46 49.86 -110.82 

68.97 -26.25 16.27 6.19 -1.41 15.24 8.97 9.50 -14.07 

4.15 -18.86 0.70 2.33 2.39 -5.74 29.62 5.86 0.00 

-36.34 -16.33 -22.66 -18.63 1.30 28.06 8.11 45.46 -6.62 

0.00 28.93 -12.02 -3.47 22.00 18.00 -56.45 0.00 0.00 

0.00 0.00 42.84 0.00 32.50 -4.6S 0.00 101.93 0.00 

October 

Probabilities 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0020 0.0000 0.0000 

0.0000 0.0010 0.0000 0.0090 0.0090 0.0030 0.0030 0.0010 0.0000 
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0.0000 0.0030 0.0050 0.0250 0.0340 0.0130 0.0110 0.0010 0.0000 

0.0010 0.00S0 0.0210 0.0440 0.0631 0.0571 0.0220 0.0040 0.0000 

0.0020 0.0060 0.0290 0.0551 0.0891 0.0731 0.0440 0.0060 0.0000 

0.0000 0.0050 0.0200 0.0480 0.0721 0.0591 0.0250 0.0050 0.0010 

0.0000 0.0030 0.0110 0.0270 0.0300 0.0230 0.0160 0.0050 0.0010 

0.0000 0.0000 0.0020 0.0120 0.0030 0.0040 0.0040 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 0.0010 0.0010 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 -68.05 0.00 0.00 -36.43 0.00 0.00 

0.00 74.99 0.00 -26.21 -68.05 -71.72 31.76 167.06 0.00 

0.00 -17.95 -5 l.78 -62.42 -24.55 -4.08 78.51 -44.13 0.00 

74.99 -71.85 -4.54 -22.61 -36.18 -12.73 -53.69 -23.14 0.00 

98.80 -44.10 -ll.19 -39.63 -17.95 -20.54 -34.45 -25.61 0.00 

0.00 -3.72 25.09 -24.32 -36.66 -21.38 -28.19 -20.54 -143.14 

0.00 2.86 -46.27 -35.22 -63.49 -7.85 5.43 12.01 3.66 

0.00 0.00 -37.95 -48.84 26.88 -82.77 -18.42 0.00 0.00 

0.00 0.00 0.00 0.00 -60.14 -68.05 0.00 0.00 0.00 

November 

Probabilities 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 

0.0000 0.0010 0.0010 0.0070 0.0120 0.0020 0.0000 0.0000 0.0000 

0.0010 0.0040 0.0140 0.0280 0.0320 0.02S0 o.ooso 0.0010 0.0000 

0.0000 0.0040 0.0340 0.0751 0.0821 0.0420 0.0260 0.0010 0.0000 

0.0000 0.0050 0.0290 0.0871 0.1181 0.0661 0.0300 0.0010 0.0000 

0.0000 0.0060 0.0260 0.0440 0.0721 0.0290 0.0100 0.0010 0.0010 

0.0000 0.0020 0.0050 0.0190 0.0230 0.0230 0.0030 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0020 0.0020 0.0010 0.0010 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 0.00 61.26 0.00 0.00 0.00 0.00 

0.00 3.90 -31.06 77.41 61.26 79.62 0.00 0.00 0.00 

80.88 68.88 0.13 3.13 S7.43 18.39 51.34 72.22 0.00 
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0.00 52.12 55.92 24.21 30.31 65.73 26.93 55.83 0.00 

0.00 16.76 5S.47 S8.91 32.70 41.94 6.94 -99.33 0.00 

0.00 27.46 10.85 36.88 30.31 48.77 17.07 35S.23 52.72 

0.00 -49.63 3.90 3.10 29.02 52.72 19.8S 101.17 0.00 

0.00 0.00 0.00 117.38 130.66 77.41 61.26 0.00 0.00 

0.00 0.00 0.00 61.26 0.00 0.00 0.00 0.00 0.00 

December 

Probabilities 0.0000 0.0000 0.0000 0.0000 0.0030 0.0020 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0010 0.0010 0.0060 0.0070 0.0000 0.0010 0.0000 

0.0000 0.0000 0.0080 0.0130 0.0150 0.0170 0.0090 0.0010 0.0000 

0.0020 0.0020 0.0080 0.0330 0.0581 0.0531 0.0150 0.0070 0.0010 

0.0020 0.0030 0.0170 0.0511 0.1021 0.0801 0.0310 0.0150 0.0020 

0.0000 0.0050 0.0170 0.0410 0.0771 0.081 l 0.04SO 0.0100 0.0020 

0.0010 0.0010 0.0060 0.0300 0.0360 0.0350 0.0240 0.0060 0.0000 

0.0000 0.0000 0.0020 0.0030 0.0190 0.0110 0.0100 0.0010 0.0000 

0.0000 0.0000 0.0000 0.0010 0.0060 0.0030 0.0000 0.0000 0.0000 

Median Values 0.00 0.00 0.00 0.00 98.48 44.89 0.00 0.00 0.00 

0.00 0.00 168.31 98.48 120.86 73.48 0.00 124.2S 0.00 

0.00 0.00 97.40 92.36 -2.30 124.25 59.31 81.46 0.00 

98.30 -39.29 65.31 69.23 76.74 68.39 98.48 79.43 -49.50 

126.31 123.13 49.22 78.72 72.16 62.22 69.23 42.43 -26.91 

0.00 18.38 60.39 52.0S 50.08 85.10 79.43 1S.84 -4S.24 

92.36 23.41 52.27 79.79 90.50 68.39 78.56 105.26 0.00 

0.00 0.00 -1S4.36 -28.6S 90.04 73.48 86.91 123.78 0.00 

0.00 0.00 0.00 124.25 13.72 98.48 0.00 0.00 0.00 
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Appendix E - Great Lakes Outflows 

Average Outflows in the Lakes Connecting Channels 

1. Results for the Simulation of the Great Lakes Operation as defined by the IJC, 
Comparison Between Historical and Synthetic NBS: 
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Figure E - 1 Lake Superior. Simulation with Historical and Synthetic Net Basin Supplies 
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Figure E - 2 Lakes Michiean -Huron, Simulation with Historical and Synthetic Net Basin 
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Figure E - 4 Lake Erie, Simulation with Historical and Synthetic Net Basin Supplies 
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Figure E - 5 Lake Ontario, Simulation with Historical and Synthetic Net Basin Supplies 

2. Comparison between IJC's Operation and Steady-State Optimization using 
aggregation: 

Results obtained for Synthetic NBS 

Lake Superior• Monthly Average Ou1flow and Standard DeVfatfon 
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Figure E - 6 Lake Superior, Comparison Between UC and Optimization Policies 
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Lakes Michigan-Huron. Monthly Average Outflow and Standard Deviation 
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Figure E - 7 Lakes Michiaan-Huroo, Comparison Between IJC and Optimization Policies 

Lake St. Clalr • Monltlly Average Oulftow and Standard Deviation 
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Lake Erie• Monthly A-.-.rage Outflow and Standard Deviation 
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Lake Ontario - Monthly Awrage Outflow and Standard Deviation 
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