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ABSTRACT OF THE DISSERTATION

Optimal Reservoir Operation Under Inflow Uncertainty

by

Jinshu Li

Doctor of Philosophy in Civil Engineering

University of California, Los Angeles, 2021

Professor William W. Yeh, Chair

Stochastic programming is a mathematical model used to resolve the uncertainty of random
variables in optimization problems. In reservoir management and operation, the reservoir inflow
is typically regarded as a random variable as it brings most of the operation uncertainty.
Although stochastic programming has been successfully applied to many reservoir managements
cases, the pursuit of the improvement on its accuracy, efficiency, and applicability never ceases.
This dissertation consists of five chapters. The first introductory presents the classical stochastic
model and describes the challenges. Then, the second chapter develops a statistical model that
focuses on improving the distribution fitting accuracy for the monthly average inflow as the
random variable. The third chapter discusses a method aiming at streamflow scenario tree
reduction, which is essential for alleviating the computational burden of a two-stage stochastic
programming with recourse model. The fourth chapter expands the applicability of stochastic

programming model, by introducing a multi-objective, multi-stage stochastic programming with
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recourse model. The final chapter offers conclusions, discussions, and potential future

research opportunities.

il



The dissertation of Jinshu Li is approved.

Mekonnen Gebremichael

Steven Adam Margulis

Ying Nian Wu

William W. Yeh, Committee Chair

University of California, Los Angeles

2021

v



TABLE OF CONTENTS

LIST OF FIGURES ..ottt e e e e e e et e e e s e e e e e eaaaeaeeeeeeeeaaaaeaaeaeeaaes X
LIST OF TABLES ...ttt e e e e e e e e e et eee e e e e e e e taaaeaeeeeeeeeeeananaaeeeeseseanes xi1i
ACKNOW LED GMEN T S et e e e e e e e e e r e e e e e e e e e eeaeeaeeeeeaeenaans XV
NV A e e e e e e e e aa—————aa—————————— XVil
LT INTRODUCGCTION ..ottt ettt e e e e e e e et et it eeaeeseseeetaaasaeeseeeeesasansaaesseeeerenes 1

2. A BAYESIAN HIERARCHICAL MODEL FOR ESTIMATING THE STATISTICAL

PARAMETERS IN A THREE-PARAMETER LOG-NORMAL DISTRIBUTION FOR

MONTHLY AVERAGE STREAMFLOWS .....ooiiiiiiiitienteeetee et 8
2.1 INEEOAUCTION ...ttt ettt st b et st b e ettt e bt et eaeeaes 8
2.2, MEthOAOIOZY ..ottt ettt ettt et s e e eeeaeebeeeaaeenseennnas 10

2.2.1. Data Preparation........ccc.eerueeerueeriieeieesieeieesieeeteesiteeteesseeebeesabeeseesseeenseasseeenseesaseenne 10
2.2.2. Zero-skewness method for estimating the shift parameter  .........cccccceviieieninn 11
2.2.3. Bayesian hierarchical model for estimating o (variance BHM).............cccceo....... 11
2.2.4. Bayesian hierarchical model for estimating @ (mean BHM)..............cccocvevenennnnn. 13
2.2.5. Estimated three-parameter log-normal distribution.............cccceeveevieneniieneeniennenne. 14
2.2.6. Log-likelihoods and K-folds Cross Validation.............cccccceevviiiieniieniienieeiieeee, 14
2.3 CASE STUAY -veevrieniieeiiieiie ettt ie ettt e et et e et e eette e bt e e aee et e eeate e bt eetaeebeeetteenbeeenaeebeeenteenbeennnas 15



2.3.1. Data information SUIMIMATY ........c..ceceueeerueeerreeerreeesireeetreesseeesseeessseeesseessseessseenns 15

2.3.2. Shapiro-Wilk normality test on the transformed data............c..ccceevevieriienieenieennnnnne. 15
2.3.3. Example of CV results of Schoharie watershed .............cccceeeviiiieiiiienieniiciee, 15
2.3.4. CV results of tests with different dataset SIZeS ........c.cevveevreeriieiiieniieeiieeieeee e, 17
2.3.5. CV results of the test with the proposed informative hyperprior.............c.cceeun...... 18
2.3.6. CV results of the test with an extremely small dataset Size............ccoeevevveeniiennnnnne. 19
2.4 DISCUSSION ...ttt ettt ettt ettt et e bt et e bt e et e e s bt e eab e e sbeesabeesbteeabeeeseesabeesaeeenneenaees 20
2.4.1. Comparison of BHM with an autoregressive model...........ccccoevieriieniienieenieennnenne 20
2.4.2. Potential uncertainty loss due to sequential eStimation .............cceeeveerueenreereeennnenne. 20
2.5, CONCIUSION ...ttt ettt et ettt e sbt e et e bt st e sbteeabeenseesanean 21
2.6. ACKNOWICAZMENLS .....veieiiiiiiieiieiie ettt ettt ettt et eeteesaaeesbeeesaeensaessaeenseennnas 21
2.7 APPENAIX Aottt ettt ettt ettt e bt et e bt e te e bt e snbeebeeenaeebeennaeenneas 21
2.8, APPENAIX B..ooiiiiiiiiiieceee ettt be e etaeenbeeneas 22
2.9, RETEIEICES. ....eiiiiiieeiie ettt e ettt e et e st e e et e e s aee e abaeesaaeesseesnsseesnseeessseeensseens 22

3. STREAMFLOW SCENARIO TREE REDUCTION BASED ON CONDITIONAL MONTE

CARLO SAMPLING AND REGULARIZED OPTIMIZATION ....cccocctviriiieieieienieeieeieeeeenen. 24
3.1 INErOAUCTION ...ttt ettt ettt sb b 24
3.2, MEthOOLIOZY ...ttt ettt ettt e et e st eeteesabeenbeesnneensaens 26

3.2.1. Neural gas method for scenario tree Zeneration .............ceceeveevereeriereeneeneeneenneenns 26

Vi



3.2.2. Search for scenario subsets based on conditional Monte Carlo sampling............... 28

3.2.3. The “historical probability” of the sampled scenario for each combination ........... 29
3.2.4. Five criteria to evaluate the statistical moment deviation..............cccecveerverveeneennen. 29
3.2.5. Regularized optimization for determining posterior scenario probability............... 30
3.2.6. Selection of the final reduced tree ..........cocvevuieiiirieniiieeeeee e 31
I B O TS 111 | USSP 31
3.3.1. Generation of the full streamflow scenario tree..........ccceeeveevieeiienienieeneeeie e, 32
3.3.2. TeSt 1ide PATAMELET A ....ocviivieiieieiieeeeeeceee ettt ettt eae e aeeaas 32
3.3.3. The mean-variance preservation of the reduced trees...........ccoeevveviencvieniencieenneennen. 32
3.3.4. Preservation of covariances and sensitivity analysis of weighting parameters ....... 33
3.3.5. Stability test of the total combination number C and computation time report....... 36
R 003 1 Tod 131 T ) OO OSR PR PRUSPR 36
3.5, ACKNOWICAZMENLS. .....eeiiiiiiiiiiieiieeit ettt ettt seb e e teesaaeesbeessbeesaeseseesseessseensaens 36
3.6 RETEIEICES ...ttt ettt ettt et sat e e bt e saeeeeeens 36

4. A PROPOSED MULTI-OBJECTIVE, MULTI-STAGE STOCHASTIC PROGRAMMING

WITH RECOURSE MODEL FOR RESERVOIR MANAGEMENT AND OPERATION......... 38
4.1, INEEOAUCTION ...ttt ettt sb ettt st e bt et saee st ebesatesaeenneas 39
4.2, MEthOAOIOZY ..ttt ettt et e st et e s aae e bt e s eaeebeesaaeenseennnas 47

4.2.1. Streamflow scenario tree and the neural gas algorithm.............cccocceeviieniiiiennnne 47
4.2.2. The proposed SMOP model for reservoir Operation............eeeeeereeneereeneeniennenne 49

vii



4.2.3. Linear spline utility function method.............ccceeeiieiiiiiiiiniiiniicieceeeeee e 60

4.3, CASC STUAY ..ouvveenrieeiiieiieeie ettt et ettt ettt et e et e e e e bt e enbe e taeenbeeseeenbeebeeenbeeneeenseas 69
4.3.1. Streamflow SCENArio tre€ ZeNETAtION. .......cecuvieuierieeireeriieeieeeteeteesaeereessaeeseeseneenns 70

4.3.2. Produced Pareto front and the optimal solution.............ccceevevevienciienieniieieeeene, 71

4.3.3. Comparisons among utility functions on the optimal Pareto point selection .......... 74

4.3.4. Optimal water release and reservoir storage for different inflow test series .......... 76

4.3.5. Comparisons with traditional single-objective stochastic models ............c.c........... 80

4.4, CONCIUSION ...viiiieiiesiiee ettt et sb et et s et et enteebeebeenbeseeenaeenneas 82
4.5. ACKNOWICAGMENTS. ......eiiiiiiiiiiieiie ettt ettt eeeteestaeesseessaeenbaesaaeenseensnas 83
4.6, APPEIAIX A ..ottt ettt ettt et e et e et e e e e aeeebe e taeeabe e taeebeeetaeenbeeetteebeenabeenseenneas 84
A7 APPENAIX B ..o ettt e ba e s aaeenbeenaeas 85
4.8, REIETEICES .....eineiieiiieiie ettt et ettt et e st enees 88
5.DISSERTATION CONCLUSION, DISCUSSIONS, AND FUTURE RESEARCH .............. 100
REFERENCE ..ottt ettt ettt b e ettt se et et e b e besbeebeeneens 105

viii



LIST OF FIGURES

Chapter 2 Figures

2.1 The structure difference between a full BHM (1) and an empirical BHM (2) .......ccccceveenneenee. 9
2.2 An example of historical data STrUCTULE ...........c.eecuieriieiieiieeiee e 11
2.3 Log-transformation on the original data .............cccooiieiiiiiiiiiine e 11
2.4 Variance BHM fOr eStimatiNg G .........c.cccoeveveveveeeeeeeeeeeeeeeeeeeeeeeeeeeeee e, 12
2.5 Mean BHM for estimating € e 14
2.6 The 4-folds cross-validation illustrative diagram ..........cccceeeueeriiiiienieeiierie e 15
2.7 The location map of eight gaUugINg StAtIONS ......cccueeriiieiiieiieeiieee et 16

2.8 Log-likelihood difference (Lf —L-;) for different traditional methods for (a) dry season

months (b) Wet SEASON MONTNS .........viiiiiieiiie et e e st e e ae e e ebeeesnaeeesaeeens 17
2.9 A density plot, using the January results from Figure 2.8 .......cccoooviiviiiiiiiiicieeceeeee e, 17

2.10 (a) Samples from the posterior of hyperparameters based on the flat hyperprior (Cheat wet
season); (b) Samples from the posterior of hyperparameters based on the informative hyperprior

(CREat WEL SEASOM) ..eeeuevieeiiieeiiieeitteeeiteeetteesteeesteeessteeessseeessseeassseessseesssseesssseessseeessseeensseesnsseesnes 19

X



Chapter 3 Figures

3.1 The flowchart of the proposed Method .............ooeiiiiiiiieiiiiceee e 27

3.2 An example of three-stage streamflow scenario tree structure (¢ is the Stage; S, is the

scenario 7; 3. is the probability 0f SCENATIO ).....c.eeruirieiriiieieiieieeee e 27
3.3 Schematic diagram of the Qingjiang reServoir SYStEM ........c.eevieriieriierieeriieeieeieesreeieeeereenne 27
3.4 Tree structures of the full tree (a) and 50% reduced tree structure (b).......ccoeecvervenerieneenene 31

3.5 Historical series value and full tree scenario (i.e., centroids) nodal values of the Shuibuya

TESCTVOIT 1.eutteutteuteettete et et e bt eateeuteste et e ese e bt esteeheesbeeabeea e e e bt en bt eateeb e embeea s e ebt e bt enseebee bt eateestenbeenseeneenees 31
3.6 Ridge Trace of optimization coefficients of reduced tree #15.........ccceeviieiieniiiiiieniieie, 32
3.7 Weighted moment deviation & TPE vs. ridge parameter A ........cccocoeevevieiienciienneenieeeeeeene, 32

3.8 The mean (a) and variance (b) of different trees for Shuibuya (35% reduction level);

(“Historical probability” represents the historical probability tree) .........cccceeveeviiieiiiniiiinieniee 33

3.9 The mean (a) and variance (b) of trees with different reduction levels..............ccceeeverennennnne. 34

3.10 The mean (a), variance (b) and lag-one covariance (c) of trees with and without lag-one

COVATIANCE OPLIMIZATION ....eeueiieiiieiieeiie ettt ettt et et e et e st e e bt esateeabeesaee e beesaeeenbeesnseenseesnseenne 34

3.11 The mean (a), variance (b), lag-one covariance (c), and cross-site covariance (d) of trees

with and without cross-site covariance OptimiZation............cccueecueerereiiienieesiienieeiee e eiee e 35

3.12 Stability test of different total combination NUMDbET ............ccceeciiriiiiriiiniiniiiineccececee 36



Chapter 4 Figures

4.1 The flowchart of the proposed method............cceeeiiiiiiiieiiiiice e 47
4.2 An example of the three-stage streamflow scenario tree Structure...........cocceeveeereeenieenieeneen. 48
4.3 Flowchart of the adjustment strategies for Constraints (11) and (12) ......ccccceevieviieiienienien. 57
4.4 An illustrative diagram of an example problem (7=3) .......ccccoviiriiiniiieniirie e 60

4.5 Utility maximization examples: (a) Maximize both f, and f,; (b) Maximize f, and

IMINIIMIZE [ oo 62
4.6 A bi-objective example of the linear spline utility function method .............cccoeeiiriiiiinnnnn. 64
4.7 Diagram of the regression Method..........c.oecuiiiiiiiiiiiiieieeeee e 66
4.8 The knee point 0n @ Pareto frONL.........occuiiiiiiiiiiiieieeieeeeee ettt 67

4.9 (a) A three-objective example with different views (al, a2, and a3); (b) A bi-objective

011110 (SO USRS PRPRRRPR 68

4.10 (a) The tree structure of the 24-scenario inflow scenario tree; (b) Historical series value and

scenario (i.e., centroids) NOdal VAIUES..........cccuviiiiiiiiiiiciec e e 71

4.11 Pareto optimal points and linear spline utility function for different stages under the dry year

test series: (a) Stage 1 in Oct.; (b) Stage 2 in Nov.; (¢) Stage 3 in Dec.; and (d) Stage 6 in Mar.73

4.12 Comparison among different utility functions: (a) Linear utility favored on A ; (b) Linear

utility fairly weighted; (c) Linear utility favored on E; (d) Quadratic utility. ........ccccceceevuernenncns 75

Xi



4.13 Different hydrological years comparison: (a) Inflow forecasts; (b) Power release; (c) Spill

water; (d) Reservoir ending StOTAZE. .....c.eevviirvieriieeiieitieeieerieeeteeteeereesteeeaeeaeeesbeeseesnseesaeeesseennes 77

4.14 (a) The power output result for each month; (b) The assurance rate result for each month..79

4.15 Model result comparisons: (a) Power output; (b) Assurance rate; (c¢) Reservoir ending

StOTage; () POWET TRICASE ....ccuviiiiieiiieiiecie ettt ettt ettt s eebeeesbe e taessbeesseeesseensaennsaas 81

xii



LIST OF TABLES

Chapter 2 Tables

2.1 Site information for the selected eight watersheds ...........ccooeieeiiiiieiciiiiiiceece e 16
2.2 P-values of the Shapiro-Wilk normality teSt.........cceeeviiieiiiieiiieeiee et 17
2.3 The mean and variance of two LN3 estimated by BHM and Zeros in two seasons. ............... 17
2.4 The estimated parameters based on two different methods and shrinkage factors.................. 18
2.5 CV results of tests with different dataset sizes ... ... 18
2.6 CV test results of flat hyperprior and the proposed informative hyperprior............cccccceeueeee. 19

2.7 Relative improvement (R/) results of 28-year and 60-year tests for each method (BHM is the

DASE MNOAECT) ...ttt e e st e et e e e tbe e e ab e e eaae e e aae e e aeeeenbaeeereeennreaens 19
2.8 Comparison of joint log-likelihoods between AR(1) and BHM........cc.ccceoiiniiiiniininnicnnenne. 20
2.9 90% confidence interval of p €StMALES .......coceevuiriiriiiiiiiirieeeeeee e 20

Xiii



Chapter 3 Tables

3.1 The total moment deviations and MSE for different trees...........cccoeveeriiinieniiiininniiciee 33
3.2 The total moment deviations and TPE for different reduced trees..........cccceeevveervenenienennene 34
3.3 Two different test cases, both 0f 50 eXPEriments. .........cccceeeueerieriiienieniieeee e 34
3.4 Different test cases, all 0f 50 eXPEriments.........c.ceviiriieiiiiiiieiie e 35
Chapter 4 Tables

4.1 The probability of each scenario in the SCeNario tree .........cccueevveereeeriieeieeiieeie e eee e 71
4.2 Total annual energy output and assurance rate results for three different models................... 82
4.3 SYMDOL AESCTIPLIONS. ...evieeiiieeiiiieeiieeesteeesteeertteeetteeeteeesseeeeseeessseeessseeessseesssseeessseesnsseesnsseenns 84

X1V



ACKONWLEDGEMENT

Foremost, I would like to express my sincere gratitude to my advisor Professor William W-G.
Yeh, for his guidance, motivation, and the tremendous support on me through my Ph.D. journey.
Thank you so much, Prof. Yeh, for the fortunate opportunity and the great honor to work with

you.

Then, my deepest thanks go to my parents, for their love, encouraging, and support. Without
their constant support and encourage, I would never have a chance to start a PhD. Thank you,

mom and dad. I am so fortunate to be your son.

I also would like to thank Prof. Qing Zhou in Statistics department and Prof. Lieven
Vandenberghe in ECE department, for their professional advice on specific research topics
during my Ph.D. journey. Similar gratitude also belongs to my Ph.D. committee. Portions of this

dissertation were funded by an AECOM endowment.

Chapter 2 contains the following reprinted journal article:

Li, J., Zhou, Q. and Yeh, W.W.G., 2020. A Bayesian hierarchical model for estimating the
statistical parameters in a three-parameter log-normal distribution for monthly average

streamflows. Journal of Hydrology, 591, p.125265.

and retains the following copywrite:

© 2021 made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/

licenses/by-nc-nd/4.0/

XV


http://creativecommons.org/licenses/by-nc-nd/4.0/

Chapter 3 contains the following reprinted journal article:

Li, J., Zhu, F., Xu, B. and Yeh, W.W.G., 2019. Streamflow scenario tree reduction based
on conditional Monte Carlo sampling and regularized optimization. Journal of

Hydrology, 577, p.123943.

and retains the following copywrite:

© 2021 made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/

licenses/by-nc-nd/4.0/

Chapter 4 contains the following submitted journal article:

Li, J., Zhang, W., and Yeh, W.W.G., A proposed multi-objective, multi-stage stochastic
programming with recourse model for reservoir management and operation, In revision,

Water Resources Research, 2020.

and retains the following copywrite:

© 2021 made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/

licenses/by-nc-nd/4.0/

xXvi


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

VITA

Education

Master of Science in Statistics at University of California, Los Angeles (2019)

Master of Science in Civil and Environmental Engineering at University of California, Los

Angeles (2017)

Bachelor of Science in Water Conservancy and Hydropower Engineering, Hohai University,

China (2016)

Journal Publications

[1] Li, J., Zhu, F., Xu, B. and Yeh, W.W.G., 2019. Streamflow scenario tree reduction based
on conditional Monte Carlo sampling and regularized optimization. Journal of Hydrology,

577, p.123943.

[2] Li, J., Zhou, Q. and Yeh, W.W.G., 2020. A Bayesian hierarchical model for estimating
the statistical parameters in a three-parameter log-normal distribution for monthly average

streamflows. Journal of Hydrology, 591, p.125265.

[3] Li, J., Zhang, W., and Yeh, W.W.G., A proposed multi-objective, multi-stage stochastic
programming with recourse model for reservoir management and operation, In revision,

Water Resources Research, 2020

[4] Zhang, W., Li, J., Pan, L., Lei, X., Chen, J., and Yeh, W.W.G., When to start an
adaptation strategy in response to climate change in reservoir system management,
Submitted to Journal of Hydrology, 2020

Xvii



Presentations

[11 AGU 2019 Fall meeting, oral presentation: A Bayesian hierarchical model for estimating
the statistical parameters in a three-parameter log-normal distribution for monthly average

streamflows, San Francisco, California, December 9-13

[2] AGU 2020 Fall meeting, poster presentation: A proposed multi-objective, multi-stage
stochastic programming with recourse model for reservoir management and operation,

Online Everywhere, December 1-17

Xviii



Chapter 1

INTRODUCTION

Reservoir operation and management, typically referring to scheduling reservoir releases, is one
of the most active areas of research in the field of water resources. A proper reservoir operation
is always associated with the benefit of flood control, water supply, and hydropower generations.
The traditional methods of reservoir operation are deterministic-based. These models assume that
all the input factors inherited in the reservoir operation model are fixed and without uncertainty,
such as reservoir inflow, reservoir capacity curve errors, and river flood routing errors. These
deterministic methods can be easily implemented. However, those methods based on the
deterministic input factors may produce sub-optimal operation strategy due to the accuracy of the
predictions, which may incur a huge benefit loss. Hence, it is important to account the

input uncertainty into the reservoir operation models.

Among all the uncertainty factors, the forecasted reservoir inflow (i.e., streamflow) is
assumed as the principal uncertainty factor in reservoir operation (Zhu et al., 2017). This is
because that the reservoir inflow is the primary input for reservoir operation models. Due to the
limitation of the hydrology forecasting, the deterministic forecasted inflow is not always
accurate, sometimes even far from the actual values (Mao et al., 2000; Tucci et al., 2003).
Because of this disadvantage, stochastic programming models have been introduced and widely
developed in reservoir operation. In such model, the future inflows are assumed
with uncertainties, which makes the optimal operation of reservoirs as a risk-based decision-

making problem (Xu et al., 2015).



The chance-constrained programming (CCP) model is a widely applied
stochastic programming model in reservoir operation (Revelle et al., 1969; Houck, 1979;
Yeh, 1985; Sreenivasan and Vedula, 1996), which is often used along with the linear
decision rule. For a chance-constrained model, the constraint is in a probabilistic form, as

shown in 1.1.
minimize  f(x)

(1.1)
s.t. Plg(x,w)>0]> g

where f'(x) is a deterministic function; x is the decision variable (vector); g(x,w) is a function with
random variable w; and f is the reliability level. In a long-term reservoir operation model, f (x)
can be the energy output function, flood risk, assurance rate, etc. The decision variable x is
usually the water release or the decision rule parameter. The monthly average reservoir inflow is

often regarded as the random variable.

The concept of CCP model is traditional and not complicated. However, the quality of
CCP model is highly subject to the accuracy of the random variable distribution. This is
because that a well-estimated distribution indicates an accurate characterization of uncertainty of
the CCP model, thus yields an optimal operation strategy by solving the model. As discussed, for
a long-term reservoir operation model, the random variable in the CCP model is usually the
monthly average streamflow of each month. Therefore, it is desired to develop a method to
better estimate the distribution of the monthly average streamflow, so that the monthly release

decision obtained from this model can be better optimized.

A general approach to obtain the distribution of the monthly average streamflow is via

frequency analysis. Frequency analysis is a widely used statistical tool, which is implemented by



fitting an assumed probability distribution to the observed data of a random variable. In this
dissertation, a new method for better fitting a distribution to monthly average streamflow is
proposed. It is assumed that the monthly average streamflow follows a three-
parameter log-normal distribution (LN3). A Bayesian hierarchical model (BHM) is then
developed for estimating the statistical parameters in LN3. The three underlying statistical
parameters in LN3 are shift, shape, and location. When estimating a parameter, such as the
shape, of a given month the BHM utilizes historical observations not only from the month
under consideration but also from all other months. This is different from traditional statistical
parameter estimation methods that only use historical observations for the month under
consideration. Using cross-validation with test data log-likelihood as the measure of
performance, the results show that BHM outperforms traditional estimation methods.
Also, the new method is especially suitable for fitting the streamflow distribution where

historical observations are limited. This method is elaborated in Chapter 2.

Another popular stochastic programming model in reservoir operation is the two-stage
stochastic ~ programming with recourse model. In this model, people make
sequential decisions, between which some of the uncertain parameters become gradually
known (Xu et al., 2015; Gutjahr and Pichler, 2016). At the immediate stage (i.c., the 1%
stage), the uncertain parameter w is unknown but a first decision (i.e., here-and-
now decision) has to be made. Then after the realization of uncertain parameter w
[i.e., the future stage or the 2" stage, and w = (q,J,L,h)], a second decision (i.e.,

wait-and-see decision) is obtained by solving a deterministic optimization problem.

maximize f(x)+ E[g(x,w)]

(1.2)
s.t. xeX;weQ),



the generic form of this model at the 15t stage is shown in 1.2, where x is the 1%t stage decision
variable; w is the uncertain parameter; X is the set of feasible solutions (i.e., solution space); €
is the set of w (i.e., sample space); E[*] is the expectation operator, and f( x ) is a general
function without uncertain parameter. g(x,w) is the recourse function (also known as the
second stage value function), which is the solution of the following second stage problem 1.3.
For the purpose of demonstrating, it is assumed that the second stage optimization problem is a

linear programming problem.

maximize g(w)" y (1.3)
st J(W)x+L(w)y < h(w), |

where y is the 2" stage decision variable. The terms ¢, J, L, and & are the realization data of the

uncertain parameter w.

The uncertain parameter w can be represented in many different ways, and the
discretized scenario tree method is one of the popular ways in the literatures (Xu et al., 2015;
Séguin et al., 2017; Li et al., 2019). In this method, w is represented as the discretized inflow
scenario and Q is the inflow scenario tree. An inflow scenario tree is usually generated from the
historical inflow data by employing different methods, such as clustering, moment matching, and
sampling. Since the generated scenario tree is used as the input to a stochastic programming with
recourse model, the size of the tree directly impacts the dimensionality of the optimization model
(Casey and Sen, 2005). Xu et al. (2015) showed that the CPU time of running a stochastic
programming with recourse model drops more than 70%, if the scenario tree size is halved.
Therefore, to improve the efficiency of the gochastic nodel, the mumber of scenarios must be

reduced properly.



Compared with scenario tree generation, scenario tree reduction techniques have received
less attention in the literature. One way for scenario tree reduction is to re-generate a scenario
tree with a smaller tree size (Xu et al., 2015). However, the nodal values of the original full tree
are altered under this method, which is not compatible with the definition of scenario tree
reduction. Dupacova et al. (2003) proposed a method for selecting a scenario subset from the
full tree, which is achieved by minimizing probability metric between the reduced tree's
distribution and the full tree's distribution. Nevertheless, the pursuit of matching higher-order
moments will be at the expense of matching the more important first-order and
second-order moments in reservoir operation. Additionally, it fails to accommodate serial and
spatial correlations that are critical in the operation of a cascade reservoir system. To
improve these drawbacks, this dissertation proposes a new scenario tree reduction method
in Chapter 3, based on a variant of the Monte Carlo sampling method and regularized
optimization. The proposed method does not alter the nodal values of the full scenario tree,
and it focuses on matching the first two moments and co-moments that are critical in

reservoir operation.

The two-stage stochastic programming with recourse model can handle the inflow
uncertainty in reservoir operation. However, it is not designed to solve the multi-
objective problem, which limits its applicability. In fact, Gutjahr and Pichler
(2016) pointed out in their survey paper that although stochastic optimization and
multi-objective optimization are well established in the field of operations research,
their interaction is less developed. In reservoir operation, decision makers often need to
satisfy different reservoir operation requirements (e.g., hydropower generation, water supply

and flood control), thus a multi-objective optimization problem is posed (Yeh and Becker, 1982).



Therefore, it is desired to integrate the multi-objective optimization into the two-stage

stochastic programming with recourse model.

A traditional and widely used way to do that is via scalarization method. That is, assign a
weight (i.e., preference coefficient) to each objective and optimize the weighted sum of all
the objectives. However, in the scalarization method, the weight for each objective is typically
not easy to determine and is often based on expert experience. An even more serious
disadvantage of the scalarization method is that the preference coefficient for each objective is

assumed to be fixed over the entire domain, which is usually not the case in the real world.

For instance, a high reservoir water level is wusually beneficial to power
generation but unfavorable for flood control. Suppose two conflicting objectives are
maximizing hydropower output (economic objective, fl) and minimizing the
reservoir water level (safety objective, f2). If the reservoir water level is low, then it is
acceptable to increase the water level by 1m, in exchange of 100 kWh power output. In
this case, the preference coefficient of objective 2 over fl is 100 /1 = 100 . On the contrary,
if the reservoir water level is already high, then a high exchange rate is required (e.g., a
Im water level increase in exchange for 10000 kWh power output). The preference coefficient
of objective f2 over fl is now 10000 /1 = 10000. Therefore, it can be seen that the
weight of each objective should changed with respect to the objective values.
In economics, this phenomenon is known as the law of diminishing marginal rate of
substitution (Hicks, 1939; Besada and Vazquez, 1999; Dittmer, 2005, White, 2015),

which states that consumers are willing to give out less and less quantity of



one good in order to get one more additional unit of another good. This example will be re-

visited in the Chapter 4.

To improve these drawbacks and provide optimal reservoir operation strategies under
both inflow uncertainty and conflicting objectives, this dissertation proposes a multi-objective,
multi-stage stochastic programming with recourse model for reservoir management and
operation in Chapter 4. A single best compromise solution on the Pareto front is selected for the
immediate stage and the model moves forward one stage and is re-optimized over a moving
planning horizon of fixed duration. The selection is achieved by a proposed linear spline utility
function allied with regression, which satisfies the law of diminishing marginal rate of
substitution. The proposed method is demonstrated on a case study of the Three Gorges

Reservoir (TGR) in China.

The following chapters are reprints of the published papers, which elaborate on
the methods discussed in the introduction. Specifically, Chapter 2 has been published in
its current form in Journal of Hydrology: Li, J., Zhou, Q. and Yeh, W.W.G., 2020. A
Bayesian hierarchical model for estimating the statistical parameters in a three-
parameter log-normal distribution for monthly average streamflows. Journal of Hydrology,
591, p.125265. Chapter 3 has been published in its current form in Journal of Hydrology: Li,
J.,, Zhu, F., Xu, B. and Yeh, W.W.G., 2019. Streamflow scenario tree reduction based on
conditional Monte Carlo sampling and regularized optimization. Journal of Hydrology, 577,
p.123943. Chapter 4 is submitted and in revision with Water Resources Research in its current

form.
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We develop a Bayesian hierarchical model (BHM) for estimating the statistical parameters for monthly average
streamflows. We assume monthly average streamflow can be characterized by a three-parameter log-normal
distribution (LN3). The three underlying statistical parameters are shift, shape, and location. When estimating a
parameter, such as the shape, of a given month the BHM utilizes historical observations not only from the month
under consideration but also from all other months. This is different from traditional statistical parameter es-
timation methods that only use historical observations for the month under consideration. We apply the pro-
posed BHM for parameter estimation to eight watersheds in the United States, where historical unimpaired
streamflows have been collected. We also carry out parameter estimation using traditional methods, such as the
maximum likelihood estimation, the method of moments, and the L-moment method. Using cross-validation
with test data log-likelihood as the measure of performance, the results show that BHM outperforms traditional
estimation methods. In addition, we show that as available observation data decreases, the more the proposed
method improves relative to traditional methods. Since BHM utilizes information contained in the entire data
set, it is especially suited for parameter estimation where historical observations are limited. Furthermore, we
conduct a comparative analysis between BHM and an autoregressive model to demonstrate the advantage of
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1. Introduction

Frequency analysis is a useful statistical tool in hydrology. It is
implemented by fitting an assumed probability distribution to the ob-
served data of a random variable (Stedinger, 1980; Xiong et al., 2014).
Frequency analysis has been used to estimate extreme hydrologic
events, such as maximum streamflow, and it can be used for estimating
average streamflow as well. In flood frequency analysis, maximum
streamflow is considered a random variable, while frequency analysis
for average streamflow treats the annual or monthly average stream-
flow as a random variable. The assumed probability distributions for
the two different types of frequency analysis are generally not identical.
The generalized extreme value distribution (GEV) (i.e. the generalized
form of Weibull and Gumbel distributions) and the Log-Pearson Type 3
distribution (LP3) are standard choices for flood frequency analysis
(Bobee, 1975; Rao, 1980; Hosking et al., 1985a, 1985b; Smith, 1987;
obee and Ashkar, 1991; Rosbjerg and Madsen, 1995; Stedinger and Lu,
1995; Hosking and Wallis, 1996; Vogel and Wilson, 1996; Morrison and
Smith, 2002; and Griffis and Stedinger, 2007; Singh, 2013). Compared

* Corresponding author.
E-mail address: williamy@seas.ucla.edu (W.W.-G. Yeh).

https://doi.org/10.1016/j.jhydrol.2020.125265

with flood frequency analysis, the choice of distribution for average
streamflow is more flexible. Using the chi-square goodness-of-fit sta-
tistic, Markovic (1965) compared the fit of normal (N), log-normal
(LN2), three-parameter log-normal (LN3), Gamma (GAM), and Pearson
Type 3 (P3) distributions for the annual average streamflow. The results
suggest that GAM, P3, LN2, and LN3 are all capable of fitting the dis-
tributions. Vogel and Wilson (1996) further tested the above distribu-
tions of annual average streamflow in the U.S. using an L-moment
diagram. They concluded that annual average streamflows are well
approximated by P3, LN2, or LN3 distributions.

Unlike annual average streamflows, literature dealing with the
choice of distribution for monthly average streamflow is sparse, even
though monthly average streamflow may be used more frequently than
annual average streamflow for water resource management and re-
servoir operations (Yeh, 1985; Xu et al., 2015a; Xu et al., 2015b; Li
et al., 2019). Since the time scale becomes shorter, the volatility of
monthly average streamflow would be higher than annual average
streamflow; therefore, a three-parameter distribution would be suitable
for monthly average streamflow due to its greater flexibility. Thus, both
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Fig. 1. The structure difference between a full BHM (1) and an empirical BHM (2).

P3 and LN3 would be good choices for monthly average streamflow.
Furthermore, Sangal and Biswas (1970) suggested that LN3 can be
applied successfully to the frequency analysis of both annual flows and
monthly flows, and they also reported that P3 and LP3 will not be re-
liable when data are limited. Yue and Hashino (2007) demonstrated the
ability of using LN3 to fit precipitation data. Bowers et al. (2012) also
showed that river flow data are typically better fitted by a log-normal
distribution than by a power law distribution. Therefore, in this study,
we select three-parameter log normal distribution (LN3) to approximate
monthly average streamflow. We also conduct the Shapiro-Wilk nor-
mality test to ensure this approximation is valid (Shapiro and Wilk,
1965; Royston 1995; Devineni et al., 2013).

Many traditional estimation methods have been applied to estimate
LN3 parameters. Hill (1963) showed that the global maximum like-
lihood estimation (MLE) may approach infinity, which is inadmissible.
Cohen (1951) proposed the local maximum likelihood estimation
(LMLE) by equating partial derivatives of the log-likelihood function to
zero. The studies of Harter and Moore (1966), Calitz (1973), Cohen and
Whitten (1980), and Griffiths (1980) showed the validity of LMLE and
suggested that it should be considered the prime method of estimating
LN3 parameters. Method of moments estimation (MME) is a simple
method that estimates parameters by equating the first, second, and
third sample moments with the population values. However, this
method may suffer from a large sampling error, introduced by the
second and third sample moments (Cohen, 1988; Johnson et al., 1994).
Moreover, the log-normal distribution may not be uniquely determined
by its moments (Heyde, 1963). Inspired by the fact that the first order
statistic in the sample exerts much greater influence on the shift para-
meter, Cohen and Whitten (1980) proposed the modified method of
moments estimation (MMME), which is similar to MME but substitutes
a function of the first order statistic. The L-moment method (L-MOM),
first introduced by Hosking (1990), is also a popular way to estimate
parameters. It matches the linear combinations of order statistics (i.e. L
moments) for parameter estimation, which is analogous to MME but
more robust to outliers. Combining the idea of MME and MLE, Griffiths
(1980) introduced the zero-skewness method (Zeros). This method first
computes the shift parameter by equating the sample skewness of log-
transformed data to zero, then estimates the other two parameters (i.e.
the shape and location parameters) by MLE. Thus, the estimation of the
shift parameter and the other two parameters in this method are se-
parate steps (this will be utilized and further discussed in the next
section). Other popular methods for estimating LN3 parameters include

the median method (Sangal and Biswas, 1970), method of least squares
(Snyder and Wallace, 1974), and method of entropy (Singh et al., 1986;
Singh and Singh, 1987; Singh et al., 1990).

All of the above-mentioned traditional methods can be applied to
estimate LN3 parameters of monthly average streamflow for a given
month; however, they only use historical observations for the month
under consideration. It is likely that the monthly average streamflow
for different months are related, because of the time correlations of
streamflow. In other words, some useful information contained in the
other months (i.e. “between-group” information) is not utilized, since
traditional methods only can use the “within-group” information.
Therefore, the goal of this paper is to develop a new LN3 estimation
method for monthly average streamflow that uses both “within-group”
and “between-group” information.

Bayesian hierarchical models (BHMs) are a class of statistical
models known for modeling “many statistical applications involving
multiple parameters that can be regarded as related or connected in
some way by the structure of the problem” (Gelman et al., 2013). This
makes BHM a perfect model to capture the “between-group” informa-
tion when estimating the parameters of monthly average streamflow for
different months. Commonly used statistical models often face the fol-
lowing difficulty: With few parameters, the models cannot fit data ac-
curately, whereas with a lot of parameters, the overfitting problem
arises. However, as pointed out by Gelman et al. (2013): “BHMs have
enough parameters to fit data well, while using a population distribu-
tion to structure some dependence into the parameters, thereby
avoiding overfitting.”

A typical full BHM model structure is shown in Fig. 1 (1). Consider a
set of J groups of experiments. The data layer contains the data x; (or
statistics extracted from the data) for each group j, while the para-
meters layer includes the parameters that we want to estimate for all
groups. These two layers usually are linked with an implied likelihood
function. As a Bayesian method, prior distributions are needed for
parameters (parameters are modeled as random variables in Bayesian
inference), which reflect the belief ones have about the parameters.
People often choose conjugate priors to facilitate derivations (i.e. the
posterior and the prior distributions are in the same family of dis-
tributions). Assume the prior distributions are of ?p (Ufla, b), in which
there are two additional parameters (a, b). These parameters are called
hyperparameters and they determine the shape of the priors. Thus, we
further use a hyperprior to specify the prior distributions of the hy-
perparameters. Note that the variables of the hyperpriors are
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hyperparameters [e.g. (a, b)], while the variables of the priors are the
parameters that we want to estimate (e.g. crjz). Therefore, the difference
between prior and hyperprior is that they are prior distributions for
model parameters (sz) and hyperparameters (a, b), respectively. In
terms of the model structure, they are at different layers in the hier-
archical models.

Additionally, BHM allows flexible inference approaches that come
with many versions and variations, even though all the variations share
the same principle of using several modeling layers. There are two main
versions of BHM: 1) full Bayesian inference under the hierarchical
model [i.e. full BHM, shown in Fig. 1 (1)], and 2) empirical Bayes
method [i.e. empirical BHM, shown in Fig. 1 (2)]. The full BHM is the
complete and rigorous model that contains data parameters, hy-
perparameters, and a hyperprior. With a hyperprior in a full BHM, we
can first derive the posterior distribution of hyperparameters as
p(a, blx), then use the MCMC method to draw from this posterior dis-
tribution, which accounts for the uncertainty introduced from the hy-
perparameters (a, b).

In contrast, the empirical BHM does not specify a hyperprior.
Instead, it uses a point estimate for the hyperparameters (a, b) [e.g.
Maximum Likelihood Estimator (MLE) in Eq. (1)]

7
@,b)= arg max Hp(x,-\a, b)
@by j=1 @™

In other words, in an empirical BHM, the hyperparameter will be
fixed after it is estimated, which simplifies the estimating process, al-
though it loses some flexibility and uncertainties. Also, in some cases, it
is not even feasible to estimate hyperparameters by MLE, since some
optimization problems just don’t have an optimum or are very difficult
to solve.

Many BHM application studies in hydrology have been published:
the BHM of multisite daily rainfall based on the binomial distribution
and Gaussian process (Lima and Lall, 2009); the spatio-temporal BHM
for extreme precipitation based on GEV and copula (Sang and Gelfand,
2009; Ghosh et al., 2011); the BHM in assessing streamflow response to
a climate change based on GEV and generalized Pareto distribution
(GPD) (WEei et al., 2012); the spatial BHM of extreme precipitation and
extreme runoff based on GEV and GPD (Cooley et al., 2007; El Adlouni
and Ouarda, 2009; Najafi and Moradkhani, 2013; Yan and Moradkhani,
2015; Steinschneider and Lall, 2015; Bracken et al., 2016); and the
BHM of annual peak snow water equivalent (SWE), annual peak flow,
and annual peak reservoir elevation based on GEV (Bracken et al.,
2018). Renard (2011) estimated annual maximum rainfall in a regional
context by constructing a BHM based on GEV and a regression model
known as the “link function” between data and parameters. Devineni
et al. (2013) directly applied a BHM on a linear regression model to
reconstruct the average summer streamflow at five gauges in the De-
laware River basin using eight regional tree-ring chronologies. Results
of all the aforementioned studies show the advantages of BHM over
traditional methods, since information contained in the data from dif-
ferent groups (mostly locations) are combined with the help of BHM.

However, most existing BHM studies in hydrology focus on extreme
hydrological variables (i.e. maximum streamflow and rainfall). This is
because frequency analysis of extreme events is more useful than
average streamflow for designing flood control structures. For this
purpose, the most well-known BHM framework is based on the gen-
eralized extreme value distribution (i.e. BHM-GEV), which is designed
to model extreme random variables. (Cooley et al., 2007; EL Adlouni
and Ouarda, 2009; Sang and Gelfand, 2009; Ghosh et al., 2011).
However, we believe that normal events (e.g. the monthly-average
streamflow) are also very important, especially for reservoir manage-
ment and operation (Yeh, 1985; Xu et al., 2015a; Xu et al., 2015b; Li
et al., 2019). For example, a better estimation of the monthly-average
streamflow certainly will lead to better reservoir operations for the
purpose of hydropower production or water supply.
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Thus, in this paper we propose a new BHM [i.e. (BHM-LN3)] for
estimating the statistical parameters for monthly average streamflows
based on LN3 distribution. The proposed BHM also can be applied to
any random variables that follow a LN3 distribution. Also, when con-
structing a full BHM, there can be two types of hyperpriors used: the
noninformative hyperprior (i.e. “flat” hyperprior) and the informative
hyperprior. A flat hyperprior is widely used when prior knowledge is
not available for hyperparameters, and most of the BHM application
studies in hydrology adopt this type of hyperprior (e.g. EL Adlouni and
Ouarda (2009), Lima and Lall (2009), Renard (2011), Ghosh et al.
(2011), Yan and Moradkhani (2015)). In contrast, the use of an in-
formative hyperprior is much less frequent, and most informative hy-
perpriors found in the literature are empirical. For example, in building
a BHM for estimating extreme precipitation, Cooley et al. (2007) as-
sume a uniform [0.001, 0.02] distribution on a hyperparameter based
on empirical information. In their BHM modeling of extreme pre-
cipitation, Bracken et al. (2016) use a weakly informative normal hy-
perprior centered at zero with an empirical standard deviation. Thus, in
our paper, we also develop a new informative hyperprior that is ex-
pected to extract information from the data skewness. The proposed
BHM under this informative hyperprior is compared with the frequently
used flat hyperprior. We employ a 4-folds cross validation (CV) to
compare the proposed BHM with traditional LN3 estimation methods.
The test data log-likelihood is used as the criterion for model selection
and comparison. The results show that our proposed BHM produces
better parameter estimates than the selected traditional parameter es-
timation methods for all data sizes (long, medium, and short). The
fewer the observation data, the more the proposed method improves
over the traditional methods.

We outline this paper as follows: Section 2.1 introduces the data
structure and the division of two seasons. Section 2.2 describes the zero-
skewness method for estimating the shift parameter. Section 2.3 pro-
poses the new BHM for estimating the shape parameter (variance BHM)
and develops a new informative hyperprior. Section 2.4 discusses BHM
for estimating the location parameter (mean BHM). Section 2.5 sum-
marizes the estimated three-parameter log-normal distribution (LN3)
based on BHM. Section 2.6 introduces log-likelihood as the goodness of
fit metric, as well as illustrates the K-folds CV and the model selection
criteria. Section 3 applies the proposed method to eight watersheds in
the United States. Section 4 compares BHM with an autoregressive
model and investigates the potential loss of uncertainty. We then pro-
vide final remarks and conclusions in Section 5.

2. Methodology
2.1. Data preparation

2.1.1. Data structure and assumed data distribution

The data used to conduct this research is the historical monthly
average streamflow and it is structured as Fig. 2:

where N is the total number of historical data series; the monthly
average streamflow x; is modeled as a random variable that follows a
fdistribution (e.g. f can be a normal distribution , log-normal dis-
tribution, etc.); x;; is a sample value of random variable x;; and par; is a
set of parameters of the distribution of x; [i.e. the distribution of x; is
£ Gglpary)].

In this study, we select a three-parameter log-normal distribution
(LN3) for f, because 1) LN3 is a flexible distribution with a general
skewness that can be used successfully for analyzing hydrologic data;
and 2) LN3 is highly related to a normal distribution. By subtracting the
shift parameter y and then taking the log transformation, a LN3 variable
can be transformed into a normal variable, which is the desired prop-
erty for constructing BHM.

The probability density function (pdf) of the LN3 distribution is
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where x is a random variable that follows the LN3 distribution [i.e.
f)1; par is a set of parameters [i.e. par = (y, o2, 0)]; y is the shift
parameter, satisfying the constraint of y < x < oo0; o2 is the shape
parameter, with o > 0; and 6 is the location parameter. The goal is to
estimate the distribution f (x;|par;) for the monthly average streamflow
random variable x; for each month j (j = 1, 2, ...,12).

2.1.2. Division of data into a dry season and wet season

The advantage of BHM is that it can make use of the between
group’s information. However, if information in the two groups are
intrinsically “far away” from each other, then Bayesian analysis may
not be able to improve the results. For example, the mean value of
streamflow of July may be highly correlated with the mean value of
streamflow of August, yet it will be largely uncorrelated with the mean
value of streamflow of January. In many regions, streamflow in July
may be much lower than that of January. Therefore, to maximize the
advantage of BHM, we divide the year into two seasons: dry season and
wet season. We will construct a hierarchical model for each of the two
seasons. In our case study, we consider June to November as the dry
season and December to May as the wet season. Note that the way to
divide the data is not fixed, and this is not even required.

2.2. Zero-skewness method for estimating the shift parametery

The zero-skewness method (Griffiths, 1980; Royston, 1992) is a
traditional method for estimating LN3 parameters. It is a combination

Journal of Hydrology 591 (2020) 125265

of moment method estimation (MME) and maximum likelihood esti-
mation (MLE). Note that “zero-skewness” refers to y (i.e. the trans-
formed data) after we remove the skewness in x (i.e. the original
streamflow data). And the only assumption made is that the original
data x follows LN3. In this study, we adopt this zero-skewness method
to estimate shift parameter y as follows:

1) Since the original streamflow data (i.e. x) is assumed to follow LN3
distribution, we first carry out a log-transformation on (x — y). Note
here the shift parameter y is unknown and will be estimated. And
the log-transformed result is y [i.e. y =log(x — y)]. Then, the
transformed data y should follow a normal distribution.

2) Since the skewness for normal distribution (i.e.y) is zero, then

Skewness (y) = 0. 3)

Using the estimator of the population skewness, Eq. (3) can be fu-
ture expressed as

1 @N _
N Zi: 1 (Vz -) )3
1 <N NS
[5 2 00 -97] )
where y, = log(x; — y) and y is the mean value of y.When estimating a
normal distribution, the skewness estimator used in Eq. (4) is unbiased

and consistent (Kendall and Stuart, 1969; Cramer, 1997; Joanes and
Gill, 1998; Doane and Seward, 2011).

3) Since Eq. (4) has only one unknown (i.e.y), solving Eq. (4) (Kowarik
0000; Millard, 2013), yields the y estimate.

The reason we estimate y by the zero-skewness method is because
the estimation of y is independent of the estimation of 6 and o? in this
method. This independence provides an opportunity to improve the
estimation of 6 and o2 with the proposed BHM.

After estimating y by the zero-skewness method, we will then
construct our BHMs to estimate 6 and o?. We first perform a log
transformation on x; —y; (i.e. the original samples following LN3
minus y) to get y;, as Fig. 3 shows. We now refer to our data as y;. To
ensure that y; follows a normal distribution for each month j, we con-
duct the Shapiro-Wilk normality test (Shapiro and Wilk, 1965; Royston
1995; Devineni et al., 2013). If Y, passes the Shapiro-Wilk normality
test, then y, is normally distributed with parameters §; and o7, and x;
follows the three-parameter log-normal distribution.

2.3. Bayesian hierarchical model for estimating o (variance BHM)

2.3.1. Structure of variance BHM
A BHM is constructed for estimating the shape parameter o2, as

Month Month
Vear Jan. Feb. ... Dec. Y‘N Jan. Feb. ... Dec.
i=1...12
1900 X1 X2 Xp ! 1900 i N2 N
i=1..N
1901 1901
¥, =log(x, 7))
1902 1902
' (5,7,)~logromd (8,07 ; ¥,~N@,0)
2018 2018
XN Xni2 i Iniz

Fig. 3. Log-transformation on the original data.
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Fig. 4. Variance BHM for estimating o2.

shown in Fig. 4. After the log transformation, the data now are y;,
where i=1, .,.N and j=1, ..,J=6 (6 months/groups in each
season). Our goal is to estimate the parameter ajz, which parameterizes
the distribution of y;:

Yy, =log(x; — 7)~N (6, a?), )

where ajz is the unknown shape parameter for month j; and 6; is the
unknown location parameter for month j.

A sufficient statistic is widely used in the Bayesian analysis to fa-
cilitate derivations (Fraser, 1963; Kholevo, 2001; Steel, 2007). In our
proposed BHM model, a sufficient statistic for the parameter cjz is the
sample variance sz for each group j:

1 N
S2 = >0y — 9>
) i~ Jj
N-13 (6)
Based on the distribution (Ross, 2006), we formulate
dxS;
> X
] 7

where d = N — 1 (i.e. constant) and )(dz is the chi-squared distribution
with d (i.e. N — 1) degrees of freedom.

A conjugate prior is used for estimating z:rj2 (Hoff, 2009):
crflv,sé#lnv -2, sd), j=1, .,0=6, ®
where Tnv — x2(v, s¢) is an inverse chi-squared distribution, para-
meterized by v and s¢ (hyperparameters). It is also the conjugate prior
in Bayesian statistics when estimating a normal variance with unknown
mean (Raiffa and Schlaifer, 1961; Gelman et al., 2013).

Based on Egs. (7) and (8), the conditional posterior distribution of
crj2 given the hyperparameters (v, s¢) can be derived as (see Appendix A)

), j=1, ...6.
©

If we can draw a sufficient number of posterior hyperparameter
samples [i.e. (v, s71S?)], then the posterior of crjz can be obtained by
sampling from Eq. (9). Therefore, the posterior distribution of hy-
perparameters P (v, s¢1S2) needs to be derived.

To perform a full Bayesian analysis, a hyperprior P (v, s¢) is needed
for P (v, s7152), where S? is the set of all S7 (i.e. S2 = {Sj|j = 1, ..., 6}).
For different seasons (i.e. dry and wet), we propose different hyper-
priors. For now, we assume the hyperprior is P(v, s¢). Thus, the pos-
terior distribution of hyperparameters can be derived as (see Appendix
B)

vsg + dS;

P(c?v, sg, S)~Inv — x?|v + d,
(o 0> S X v+ d

1 (s2v/2)"?
Beta(v/2, d/2) [(vsg + dSP/2]0+D72°

J
P(v, sZ1S?) « P(v, s@) X H
J

(10)

where Beta(x, y) is the beta function [i.e.
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Beta(x,y) = T(x)T(»)/T(x + y)] and I'(x)is the Gamma function. Note
that the posterior distribution P(v, s¢lS?) is conditioned on
$2 = (S, ..., S}) rather than a single S7, since information from all the
months/groups is being used to estimate hyperparameters (v, 7). This
is how BHM incorporates “between group” information into estimating
a certain group’s parameter ajz (Gelman et al., 2013).

Based on the distributions in Egs. (9), (10) and the law of total
expectation (Wolpert, 2010), we are now able to calculate the Bayesian
estimator 6]-23 (superscript “B” represents “Bayesian”) by the posterior
mean of 6}

£2B _
G;" =

E[0}15?] = E[E (0} v, 53, S)IS?] = E[6} (v, s¢, SPIS,

an

where 67 is the conditional posterior mean of o7, given (v, 53, i.e.

( )+

) +(1 - B,2)-S;.

2 2
vsg + de _ vs(f

v—2

v-2
v+d—2

d s2

vid—2"J

=2 2 Q2 2 2
67, 50, §)) = E(o}Iv, 59, S = 55 =

:Baz-(
12)

The second equality comes from the fact that the expected value
[i.e. E(crjzlv, sH1 of Inv — x*(v, s) (i.e. the inverse chi-squared dis-
tribution) is vs¢/(v — 2). The ratio (v — 2)/(v + d — 2) is the shrinkage
factor B,2 € (0, 1) for this variance BHM, which indicates the magni-
tude of shrinkage from MLE (i.e. sz) to the prior expected value [i.e.
E (ajzlv, s$)]. Once we have simulated a large sample
Wik soz(k)), k =1, ..,n, we can approximate the expectation of Eq. (11)
by Monte Carlo simulation.

We summarize the algorithm for estimating
steps:

Step 1: Draw n (a large number) samples of (vy), sg)) from the
posterior distribution of hyperparametersP (v, s1S?) [i.e. Eq. (10)],
based on the Metropolis-Hastings algorithm, a MCMC method
(Metropolis et al., 1953).

Step 2: For each (v, sg)), calculate the expected value using Eq.
12).

Step 3: Calculate the mean of 67 67 ~ 1 31| &7 (v, 5, SD-

According to the weak law of large numbers, when n is sufficiently
large, 3}3 converges in probability to the Bayesian estimator E [07152]
(derived from the proposed BHM model). A key advantage of our
proposed BHM is that ﬁsz is estimated not only using the “within-
group” information, but also the “between-group” information. Thus, it
is expected that the results from BHM will have an expected mean
square error (MSE) that is less than or equal to the traditional MLE [i.e.
E(MSE (&sz)) < E(MSE (ﬁszLE))], due to its shrinkage (Efron and
Morris, 1977; Chaloner, 1987; Berger, 2013).

2
vsg
V=2

67% in the following

2.3.2. Selection of hyperprior for variance BHM

BHM requires a hyperpriorP (v, s¢) to provide the prior knowledge
of hyperparameters [see Eq. (10)]. Though how to select this
hyperpriorP (v, s¢) is an interesting question, the choice of P (v, s¢) has
negligible impact on the results, since it merely represents the prior
knowledge of the hyperparameters. In this study, we suggest two dif-
ferent hyperpriors for the variance of BHM. The first is the “non-
informative hyperprior” (or “flat hyperprior”) and the second is the
“informative hyperprior”.

A flat hyperprior is widely used when prior knowledge is not
available for either hyperparameter (v, s7)or parameter o itself. In
other words, a flat hyperprior will lead to the same possibility for every
o2 value, instead of focusing on any particular o2 value. It is expected to
work well unless the number of groups J is low (Gelman, 2006). We
derive our flat hyperprior as follows:

First we assume v and s¢ are independent in the prior:
P(v, 53) = PP (s3)- a3

Then we assume v is uniformly distributed on (0, 15d) where
d = N — 1. Thus we arrive at
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P, sd) x P(sg), v e (0,15d). 14

To make a flat hyperprior, we further assume P(sy) « 1. By a change
of variable, we can derive the flat hyperprior as

P, s3) % v € (0, 15d).

N

A fairly wide but finite support [i.e. (0, 15d)] for hyperparameter v is
specified to ensure: 1) the posterior of the hyperparameters [i.e. Dis.
(10)] is always proper (i.e. integrable to a finite value) based on the
proposed flat hyperprior [i.e. Dis. (15)] (Gelman et al., 2013); and 2)
the shrinkage factor B2 is sufficiently large when v approaches its
maximum. This will not limit the degree of shrinkage of the model. For
example, when v approaches 15d, B,z € (0, 1) will be close to 15/16,
which is sufficiently large for most applications.

Using a flat hyperprior is safe, but rather conservative. So, if some
additional information on parameter o2 can be extracted from the data
or by expertise, an informative hyperprior should be considered.
However, very few BHM applications in hydrology have developed
informative hyperpriors. In this study, we suggest a possible way of
constructing an informative hyperprior by extracting prior information
from the data skewness.

First, the skewness of LN3 is defined as skew;, and it is a function of
only one parameter o;:

15)

skew; = (e“;Z +2) X Vﬁe“} —1. (16)

Based on the idea of MME, the sample skewness of historical
streamflow records b; (j = 1, ..., 6) can be calculated by

_NN=T T Gy - )
i = 30
ARV HNCEE U

where x;; is the monthly averaged historical streamflow in year i for
month j, X; is the mean of historical streamflow records for month j,
and N is total number of years of historical streamflow records. Eq. (17)
is also known as “the adjusted Fisher-Pearson standardized moment
coefficient”, which is adopted by Excel, SAS, and SPSS as the default
way to calculate skewness (Doane and Seward, 2011). Although it is a
biased estimator, it provides an adjustment for sample size, which
makes it closer to an unbiased estimator (Joanes and Gill, 1998; Doane
and Seward, 2011). Thus, Eq. (17) is a good skewness estimator that
can help alleviate the bias problem common to most skewness esti-
mators, as pointed out by Wallis et al. (1974). Another potential issue
for the estimators of skewness is the boundedness (Kirby, 1974); that is,
the estimators may reach bound due to smaller sample size or hydro-
climatic variability. Using the L-moment estimator would alleviate this
concern.

Letting skew; = b; (i.e. the exact moment matching with o} un-
known), we can obtain the prior estimate of af from skewness in the
data, denoted as Ejz. Then we calculate the average of Ejz(/' =1,..,6):

a7y

6

Ave(5?) = 1 >

6ja as)

Now we haveAve(52) as the prior knowledge of o2, and we proceed

to extract the prior information of the hyperparameters (v, s¢) (i.e.

determine hyperprior P(v, s¢)). We want our hyperprior to reflect the

prior knowledge. Recall that our prior is an inverse chi-squared dis-
tribution:

o7 v,sg~Inv — 32 (v, s3). a19)
The mode and expected value of this inverse chi-squared distribu-
tion are:

2

Vs,
Mode = —%—,

v+ 2 (20)
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2
VS,
Expected value = —0

v—2

v> 2. @D

Since we want every sz sampled from Eq. (19) to be close toAve (52),
we set the mode or the expected value of (19) equal toAve(52), which
leads to

2
vS§ .
= Ave(G?).
r2 A @2
Reformulating Eq. (22), we arrive at
vs¢ — vAve (62) + 24ve(5?) = 0. (23)

We expect samples from the hyperprior P (v, s¢) have a high chance
of satisfying Eq. (23). Our goal is then to find a distribution as our
informative hyperprior. This distribution should have its highest
probability density on the points (v, s¢) that satisfy Eq. (23). We suggest
a simple informative hyperprior that can achieve this goal in the form
of

1

P(v, s¢ s
©, 59) (vsg — vAve(52) + 2Ave(52))*

@

where k is a constant coefficient and k > 0. The choice of value for k, as
well as the choice of a positive or negative sign, is not restricted.

In this process, the hyperprior parameter 51-2 in Eq. (24) is estimated
only from the data skewness, not from any other data information (i.e.
sample variance and mean) used in the BHM model. Therefore, using c7j2
as the prior information of sz will not cause over-fitting (i.e. no reuse of
the same data information). After that, we calculateAve(5?) (i.e. the
average of six Ejz) and equate it to the mean/mode of the prior dis-
tribution, from which we derive Eq. (23). This step specifies the prior
information of (v, s7) from the skewness-based estimates ﬁjz. Based on
that equation, we finally propose Eq. (24) as our informative hyper-
prior.

Note that the derived informative hyperprior is based on the as-
sumption that all six months’ prior information of sz (i.e. Ef) can be
represented byAve(52), which requires all six Ef to be concentrated
onAve(5?) [i.e. Var(57) (the variance of &) is small]. This requirement
may only be satisfied for the months in the wet season, since the months
in the dry season typically have high skewness, and thus large Ejz values,
which often may lead to large Var(&f) values. Therefore, although the
choice of using the “flat” or “informative” hyperprior is rather flexible,
we only use the flat hyperprior for the months of the dry season. For the
months in the wet season, we can either be conservative and use the flat
hyperprior, or adopt the informative hyperprior as proposed. In sum,
for each watershed, the following two scenarios of hyperprior will be
compared: (1) Use the flat hyperprior for both the dry and wet season;
(2) Use the flat hyperprior for the dry season and adopt the proposed
informative hyperprior for the wet season.

2.4. Bayesian hierarchical model for estimating 6 (mean BHM)

Another BHM (mean BHM) is used for estimating the location
parameter 6, as shown in Fig. 5. This mean BHM originally was dis-
cussed in Gelman et al. (2013), where the authors assumed the true
variances o} are known. However, in this study, we first estimate &;”
from section 2.3 and then build the mean BHM conditioning on c?sz.

We first represent the data y; by its sample mean y; for each group j,
which is also a sufficient statistic for 6;:

1 N
Zzﬁi;yx‘j’

(25)
where N is the total number of historical records in each month.
Then the likelihood function can be derived from
316, o7 ~N (8, o7"), (26)

where we define o;* = &/%/N; , and assume N;=N,, ..,N;=N for
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1
Hyperprior: P, 7°) ~—
T

Hyperparameters:
Prior:

0, |u, 7> ~ N(u,7%)

Parameters: 01 92 03 94 05 06
Likelihood: -
7,10,0° ~ N8, 2
7,10,,0; ~ NG, N,
Data: ), » s Y Vs Vs
Fig. 5. Mean BHM for estimating 6.
simplicity.

We use a conjugate prior to provide the prior information for esti-

mating 6;:
iid

Gl EN (U, 72), j=1, .0 =6, @7
where N (u, t%) is a normal distribution, parameterized by u and 72
(hyperparameters). It is also the conjugate prior in Bayesian Statistics
when estimating the normal mean with known variance.

Based on Egs. (26) and (27), the conditional posterior distribution of
6 given hyperparameters (1, 72) can be formulated as

glur y, o7 ~N (8, V),

(28)
where
1 - 1 1
Fhr a Gl
= = Tt T = Beu + (1 = Bo)y,
Fta  wta T
J J J
(29)
and
1
Vi= T
sz* 2 (30)

The ratio %/ ﬁ + % is the shrinkage factor By € (0, 1) for this
i

mean BHM, which indicates the magnitude of shrinkage from MLE (i.e.
}71-) to the prior expected value u [i.e. E(6jlu, t)].

If sufficient posterior hyperparameter samples [i.e. (u, T%y)] are
available, then the posterior of 6; can be obtained by sampling from Eq.
(28). In such instances, the posterior distribution of hyperparameters
P(u, 7%ly) needs to be derived.

We assume the hyperprior is P(u, 7). The posterior distribution of
the hyperparameters [i.e. P(u, 72y)] can be formulated as

J
P(u, 72y) « P(u, 1) X HN()7jlu, ai* + 12),

i (€3]
where N ()7J lu, ajz* + 72) represents the probability density function
(pdf) of the normal distribution of V; with mean u and variance af* + 72,
and y is the set of all y; [i.e. y = (3, ..., %%)]. Also, for the mean BHM, we
choose the flat hyperprior because the location parameter 6, unlike the
shape parameter o2, often is dispersed widely for different months.
Gelman et al. (2013) derived a flat hyperprior in the mean BHM as
P(u, t®) « l

T (32)

To improve sampling stability, we propagate P (u, 7%y) in factored

form based on Bayes’ rule:

P(u, 75) = P(22y)-P (ult?, 3). (33)
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Compute the posterior distribution of 7> [i.e. P(z2[y)] as
P@) = [ P(u, ?ly)du

J=6
11 1

x —- V32 (@7 + ) 2-ex —_—

e o[-

j=1 (34)
where
J 1 -
Zjmi 7Y
= 7 1 ’
Ziaifem (35)
and
—1
J
1
w-(2 )
(jl o'+t (36)

Then the posterior distribution of u given 72[i.e. P(ult?, y)] also can
be calculated as

7

P(ulz?, §) « P(u, 713) o [ [ NGjlu, o + %) « N(@, Vy),

j=1 37)

where N (i1, V;,) represents the pdf of the normal distribution with mean
o and variance V,; @i and V,, are defined in Egs. (35) and (36).

With Egs. (34) and (37), we are able to calculate the Bayesian es-

~B
timator ©; (superscript “B” represents “Bayesian”) under the L, loss
function:

8/ = El§5] = E[E[§u, %, §1I5] = E[§(u, 2, )], 38)

where §] [i.e. the conditional posterior mean of 6; given (u, 72)] is given
in Eq. (29).

We summarize the above procedure of estimating 9 jR with the fol-
lowing algorithm:

Step 1: Draw n (a large number) samples of T&) [i.e. (k) = 1,...,n]
from the posterior distribution of z?[i.e. P(z%y)], based on the
Metropolis-Hastings algorithm.

Step 2: For each 1, sample u, based on the posterior distribution
of u given 72 [i.e. P(ultg), 1.

Step 3: For each pair of (ug), 73)), compute @(u(k), s 07, )

Step 4: Calculate the mean of @, §jB = %ZLI @(u(k), Gy 077 )

According to the weak law of large numbers, when n is large en-
ough, §jB converges to the Bayesian estimator E[§;[y]. This is a clear
advantage of BHM over traditional estimators (such as MLE).

2.5. Estimated three-parameter log-normal distribution

AB
After obtaining 6; and from BHM, the results of our proposed
estimating method based on BHM can be summarized as

~2B
9j

AB 2B
y~N(6; 5.

(39)
And its equivalent form:
$-LN3(, 8, 87, “0)
With the pdf:
AB
10 = —— Lo LTI
(x5 — )/j)crj 21 20; 1)

2.6. Log-likelihoods and K-folds cross validation

In this study, we choose log-likelihoods as the measure of perfor-
mance (i.e. goodness of fit metrics), because we want to evaluate the
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difference between two distributions (i.e. the estimated LN3 and the
true test data distribution). Log-likelihoods is one of the most widely
used and well-acknowledged metrics for the goodness-of-fit of different
statistical models (Fisher, 1992; Edwards, 1992; Berger and Wolpert,
1988). It is especially useful for evaluating the performance of the es-
timated distributions (Myung, 2003). When new observation data is
collected, its log-likelihood value describes how well this distribution
fits this new data (or how likely this new observation data is drawn
from this distribution). Thus, the distribution with the highest log-
likelihood value can be regarded as the best distribution to explain the
observation data, and it is then the best one to characterize the variable
(monthly streamflow in this study). This is a consequence of the fact
that the Kullback-Leibler divergence (i.e. KL divergence) is minimized
when an estimated distribution is identical to the true distribution
(Kullback and Leibler, 1951; Kullback, 1997).

Most of goodness-of-fit statistics are essentially log-likelihood or
built upon log-likelihood. The well-known AIC (Akaike information
criterion; Akaike, 1998) and BIC (Bayesian information criterion;
Schwarz, 1978) also are formulated as the sum of log-likelihood and
minus penalties for complexity. Note that they are calculated with
training data (not test data) and therefore use the model complexity
penalty to approximate test data log-likelihood. In our case, we have
both the training and the test dataset, so we believe using the test data
log-likelihood as the metric is the most interpretable and standard way
to evaluate the distribution performance among different methods.

K-folds cross-validation (K-folds CV) is a widely used technique for
assessing statistical model performance (Kohavi, 1995; Refaeilzadeh
et al., 2009). Compared with the traditional hold-out method (i.e.
simply splitting the observation dataset into a training and a test set), K-
folds CV is less affected by how the observation dataset is split, since
every observation data point gets to be used as the test data exactly
once (McLachlan et al., 2005). Thus, in this study, we employ a 4-folds
CV and the steps are summarized as follows:

Step 1. Randomly divide the entire N years of observations into four
folds (i.e. each fold contains N/4 years of observations).

Step 2. For the first test (i.e. t = 1), combine folds 1, 2, and 3 as the
training dataset (i.e. the dataset that is used to estimate 8 jB and GjZB),
while fold 4 is used as the test dataset in the test process. Since the log-
likelihood is used as the metric in the test process, for an estimated
distribution ﬁ, the log-likelihood based on the test dataset is computed
as

L=t =tog ([T /i) = % f e,
ievt ievt 42)

where V! = {ili € t" test dataset}. Repeat the above procedure for t = 2,
t = 3, and t = 4, where the corresponding test sets are fold 3, fold 2,
and fold 1, as Fig. 6 shows. Calculate the test data log-likelihood Lj‘~=2,
L=, and Li™*.

Step 3. Compute the mean of L} (t = 1,2,3,4) as Lj; it is the final test
data log-likelihood for the estimated distribution fj

Step 4. Compare the performance of different estimated distribu-
tions ﬁ, §J 4eery and I’Alj(j €1, ..,12), by comparing their L}fj, LJ%, and L;’j.
The estimated distribution with the largest L; is considered the best for
month j.

Step 5. Compare different estimating methods f, g ,..., and h, by
comparing their cumulative test data log-likelihood over 12 months
G.e. 3 . Ljfj, ZEZ:IL;{", and YV ). The estimating method with the

j= j=1 Lj

largest 212:1 Ljis considered the best.

The magnitude of Zlfileis related to the number of observation
years (i.e. number of data N). To avoid the influence of the number of
data N, when comparing two different estimating methods f and g, we
calculate the “relative improvement” (RI) using Eq. (43):
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Folds
1 Train Train Train Test
2 Train Train Test Train
3 Train Test Train Train
4 Test Train Train Train

t=1 t=2 =3

Fig. 6. The 4-folds cross-validation illustrative diagram.

t=4

12 12 .8
E.i=1 L' - Z.f=l Ly
RI = — X 100%,
J
‘Em L 43)

where f is selected as the base method. If RI is positive, then f is RI%
improvement overg.

3. Case study
3.1. Data information summary

We select eight watersheds in the United States for our case study.
Key information related to the selected sites is summarized in Table 1.
Fig. 7 shows the location map. We collect the last 100 years (the in-
formation may vary slightly due to availability) of historical unim-
paired monthly streamflow data from each site. All data and the site
information are collected from the USGS official website (https://
waterdata.usgs.gov/nwis/uv/?referred_module = sw).

3.2. Shapiro-Wilk normality test on the transformed data

After estimating the shift parameter y; by the zero-skewness method,
we transform x; into y; by subtracting y; and taking the log. If y; follows
a normal distribution, then our assumption that x; follows a three-
parameter, log-normal distribution is valid. Therefore, we employ the
Shapiro-Wilk normality test (Shapiro and Wilk, 1965) to determine
whether y, follows a normal distribution: First, from the 100 years of
data, we randomly sample a dataset of 75 years of observations. Then,
with a significance level @ = 0.05, we calculate the test statistic and p-
values for each month and each watershed. If the p-value is less than
0.05, then we reject the null hypothesis that y, follows a normal dis-
tribution. Table 2 records the data’s p-values for each month and wa-
tershed.

We see from Table 2 that in only 6 out of 96 months (12 months per
watershed) ; may not have followed the normal distribution, which is
insignificant. Therefore, we assume that the original data, , follows the
three-parameter, log-normal distribution.

3.3. Example of CV results of Schoharie watershed

Using the 100-year dataset and the flat hyperpriors for both seasons,
we plot the log-likelihood (L;) results from the 4-folds CV for each
month in Fig. 8. We use the Schoharie watershed as an example (other
watersheds yield similar results). We compare the results from BHM
with results obtained from the following five selected traditional
parameter estimation methods: local maximum likelihood estimation
(LMLE), L-moment (L-MOM), method of moment estimation (MME),
modified method of moment estimation (MMME), and zero-skewness
(Zeros). In Fig. 8, we choose the BHM results as the baseline, and plot
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Table 1

Site information for the selected eight watersheds.
Site ID Site Name Drainage area (km?) Latitude Longitude State
03,069,500 Cheat River (i.e. Cheat) 1856.853 39.122884 —79.681174 wv
01,543,000 Driftwood Creek (i.e. Driftwood) 705.4974 41.413396 —78.196952 PA
03,488,000 Holston River (i.e. Holston) 578.206 36.896781 —81.746229 VA
01,548,500 Pine Creek (i.e. Pine) 1557.047 41.521736 —77.44748 PA
01,350,000 Schoharie Creek (i.e. Schoharie) 612.5148 42.319528 —74.436537 NY
01,532,000 Towanda Creek (i.e. Towanda) 553.941 41.70702 —76.484665 PA
11,266,500 Yosemite Merced River (i.e. Yosemite) 833.0817 37.716871 —119.666279 CA
08,190,000 Nueces River (i.e. Nueces) 1961.433 29.428567 —99.997287 TX

the difference of log-likelihood between BHM and the other traditional
methods (i.e. LjB - Ljf , where B represents BHM; f represents other
traditional methods). In other words, for a traditional method, if the
difference for a given month is greater than zero, then BHM provides
better estimates.

From Fig. 8, we see that BHM outperforms all five traditional
methods, since the log-likelihood differences are positive in almost all
months. The five traditional methods behave irregularly in different
months, including the obvious outliers provided by the MME in the dry
season. The results also show that BHM is more stable. For instance, the
LMLE method behaves similarly as BHM in December, but it is clearly
worse in January. In other words, the results from BHM can be regarded
as the flat horizontal line of y = 0, which is not only below the results
from other methods, but also exhibits the lowest volatility (i.e. it can be
trusted in all months).

Kernel density estimation is a non-parametric data smoothing
technique that estimates the probability density function of a random
variable based on a finite data sample (Rosenblatt, 1956; Parzen, 1962).
In Fig. 9, we compare the LN3 density estimations from BHM and
several representative methods [i.e. Red: BHM; Cyan: MME; Purple
(outermost): Zeros-skewness] against the real test data kernel density
estimation [i.e. Green (innermost): real test data]. We see in Fig. 8 that,
in January, the log-likelihood difference for MME is 2, while the log-
likelihood difference for Zeros is around 1. In Fig. 9, we see that the
LN3 distribution estimated from BHM best fits the real data kernel
density. As the figure shows, the BHM estimation captures the peak
most accurately, followed by the Zeros estimation, while the MME es-
timation clearly deviates from the correct peak position. Furthermore,
both the left and right tails of the real data distribution are best mat-
ched by the BHM estimation, shown from the green area on both sides.
Therefore, Fig. 9 enables us to easily interpret the log-likelihood dif-
ference (i.e. Fig. 8, Table 5-7). It is also a demonstration of the

Nueces

advantage of our BHM over the selected traditional methods.

In addition, we also calculate the moment information (i.e. mean
and variance) for each LN3 estimated by the BHM and Zeros methods.
The formulas used are shown in Egs. (44) and (45) and the moment
values are shown in Tables 3.

2
Mean = ¢®+%) + y (44)

Varaince = (e°rz - l)e(ze”z) (45)

For most months, the variance differs significantly, and the mean is
also distinguishable. Also, these results are just the mean (i.e. first order
moment) and variance (i.e. second order moment) calculated as an
example, not to mention the larger difference in the higher order mo-
ments such as skewness and kurtosis. Therefore, the differences be-
tween the two distributions in Fig. 9 [i.e. red (BHM) and purple (Zeros)]
are significant.

Table 4 shows the estimated parameter values (i.e. 0 jB and 61-23) from
the 4th test based on the proposed BHM and zero-skewness method
(Zeros). In addition to the point estimates, we use the equal-tail method
to calculate the 95% Bayesian interval estimation for each parameter.
We see that the difference in a} is larger than the difference in @, This
indicates that the proposed BHM provides more shrinkage on the shape
parameter ajz than the location parameter 6;. We further investigate this
by calculating the shrinkage factors (i.e. B,z and By) for BHM, and the
result shows that the average B 2is 0.29, while the average B is only
0.02. On one hand, due to the relatively large average B,2value, the
result clearly explains why the shape parameter sz can be estimated
better by BHM. In addition, it is evident that BHM allows one to de-
termine whether there is useful “between group” information to be
extracted. If this is not the case, such as with the estimation of 5, in this
example, BHM automatically assigns a small shrinkage factor By that
barely shrinks the MLE results.

Fig. 7. The location map of eight gauging stations.
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Table 2

P-values of the Shapiro-Wilk normality test.
Month Cheat Driftwood Holston Pine Schoharie Towanda Yosemite Nueces
Jun 0.654 0.882 0.199 0.941 0.696 0.662 0.169 0.034
Jul 0.366 0.441 0.979 0.514 0.787 0.340 0.417 0.841
Aug 0.621 0.991 0.138 0.507 0.132 0.681 0.998 0.423
Sep 0.974 0.019 0.237 0.999 0.568 0.367 0.832 0.839
Oct 0.380 0.310 0.707 0.114 0.019 0.145 0.066 0.962
Nov 0.788 0.083 0.017 0.181 0.294 0.522 0.351 0.851
Dec 0.472 0.382 0.002 0.254 0.590 0.281 0.895 0.987
Jun 0.309 0.746 0.607 0.344 0.436 0.580 0.962 0.968
Feb 0.555 0.293 0.763 0.745 0.401 0.278 0.951 0.015
Mar 0.671 0.911 0.960 0.384 0.671 0.777 0.941 0.547
Apr 0.149 0.996 0.838 0.672 0.966 0.474 0.652 0.125
May 0.397 0.763 0.372 0.315 0.566 0.873 0.729 0.542

(a) Dry season

Sep

(b) Wet season

Dec Jan

Fig. 8. Log-likelihood difference (Lf - Ljf ) for different traditional methods for
(a) dry season months (b) wet season months.
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Fig. 9. A density plot, using the January results from Fig. 8.
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Table 3
The mean and variance of two LN3 estimated by BHM and Zeros in two seasons.

Mean (BHM) Mean (Zeros) Variance (BHM) Variance (Zeros)
Dry
Jun 338.27 336.62 147,346 141,308
Jul 176.14 174.44 77,951 75,760
Aug 115.47 113.45 46,158 44,559
Sep 222.94 221.3 354,222 355,303
Oct 326.26 326.3 309,827 307,578
Nov 529.42 519.48 174,266 143,686
Unit (cfs) (cfs) (cfs)? (cfs)?
Wet
Dec 500.31 507.92 134,158 155,470
Jan 472.7 453.25 118,641 83,118
Feb 431.94 441.63 94,952 121,204
Mar 853.1 855.06 250,195 244,861
Apr 1098.28 1087.91 420,213 338,423
May 578.29 576.35 124,008 123,811
Unit (cfs) (cfs) (cfs)? (cfs)?

It is also evident that the shrinkage factor B 2of the wet season
(0.554) is much higher than B_2of the dry season (0.026). This clearly
shows that the model achieves substantial shrinkage for variance esti-
mation in the wet season, also reflected by the observation that the
Bayesian estimates across the six months in the wet season (Dec.-May)
were quite close to each other. The variances in the dry season and the
mean estimates exhibit almost no shrinkage, so they were very close to
the MLEs, confirming the notion that BHMs can achieve data-driven
shrinkage automatically.

In sum, the proposed BHM method rarely performs worse than the
traditional methods based on MLE. This is due to the fact that if
abundant “between group” information is detected, BHM will take full
advantage and shrink the MLE results (e.g. the 81«2 in Table 4).

3.4. CV results of tests with different dataset sizes

To further evaluate the performance of BHM under different dataset
sizes, we choose two different datasets: the entire 100 years of ob-
servations, a large size that represents a case where the data are suffi-
cient; and the most recent 60 years of observations, a medium size that
is available for most hydrological stations. We use the flat hyperprior
for both seasons, and 4-folds CV. The cumulative log-likelihood and
relative improvement [Eq. (43) with BHM as the base model] results for
each method are shown in Table 5.

Table 5 shows, for both the 100-year and 60-year tests, that BHM
outperforms all other traditional methods in all eight watersheds (ex-
cept a similar performance of BHM and LMLE in the 100-year test). This
is evident because the cumulative log-likelihood of BHM is greater than
the traditional methods, and the relative improvements (RI) over the
traditional methods are all positive. Additionally, comparing the 60-
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Table 4
The estimated parameters based on two different methods and shrinkage factors.
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Season Month 57 BHM) 95% S 95% E Be &7 (BHM) 95% S 95% E B> & (Zeros) 67 (Zeros)

Dry Jun 5.3767 5.3678 5.3833 0.0096 0.8517 0.8336 0.8724 0.026 5.3808 0.8336
Jul 4.4867 4.4764 4.5012 0.0146 1.3036 1.2712 1.3285 4.4797 1.2975
Aug 3.8587 3.8408 3.8881 0.0181 1.6213 1.5751 1.6547 3.8384 1.6237
Sep 4.3174 4.2993 4.3442 0.0236 2.1344 2.0636 2.1840 4.3018 2.1504
Oct 5.1505 5.1390 5.1604 0.0148 1.3257 1.2924 1.3511 5.1534 1.3202
Nov 6.5501 6.5440 6.5537 0.0028 0.2458 0.2225 0.2829 6.5546 0.2116

Wet Dec 6.1652 6.1577 6.1763 0.0291 0.3491 0.3133 0.3843 0.554 6.1600 0.3862
Jan 6.2938 6.2883 6.3002 0.0227 0.2695 0.2297 0.3112 6.2928 0.2078
Feb 5.9397 5.9277 5.9596 0.0310 0.3736 0.3288 0.4230 5.9269 0.4411
Mar 6.5577 6.5465 6.5648 0.0263 0.3136 0.2872 0.3435 6.5635 0.3066
Apr 6.8921 6.8723 6.9040 0.0238 0.2827 0.2506 0.3202 6.9056 0.2375
May 6.1908 6.1842 6.2004 0.0268 0.3204 0.2929 0.3494 6.1867 0.3218

Note: 95% S represents the start of 95% Bayesian interval, while 95% E is the end of 95% interval.

Table 5
CV results of tests with different dataset sizes.

100-year dataset

LMLE L-MOM MME MMME Zeros BHM
Cumulative log-likelihood
Cheat —2539.7 —-2536.2 —2542.0 —2537.9 —2535.3 —2534.2
Driftwood —2104.9 -2111.3 -2158.5 -2111.5 —2105.1 —2104.9
Holston —1798.3 —1805.9 -—1830.4 —1802.3 —1799.6 —1798.6
Pine —21855 —2192.1 -22249 -2190.5 -—2184.7 —2184.1
Schoharie = —2282.8 —2287.1 -2332.0 —2287.5 —2281.1 —2279.3
Towanda  —1963.6 —1972.8 —20225 -1964.2 —1959.7 —1959.5
Yosemite —-1977.4 -1979.2 —2019.8 -1979.0 -1976.9 —1976.8
Nueces -1659.6 —1679.2 —1756.4 —1665.3 —1661.7 —1660.9
Relative improvement
Cheat 0.22 0.08 0.31 0.14 0.04 0
Driftwood  0.00 0.30 2.55 0.31 0.01 0
Holston —0.02 0.40 1.77 0.20 0.06 0
Pine 0.06 0.37 1.87 0.29 0.03 0
Schoharie  0.15 0.34 2.31 0.36 0.08 0
Towanda 0.21 0.68 3.21 0.24 0.01 0
Yosemite  0.03 0.12 2.13 0.11 0.00 0
Nueces —0.08 1.09 5.44 0.26 0.05 0
60-year dataset
Cumulative log-likelihood
Cheat —1465.7 —1466.4 —14749 —1466.0 —1465.5 —1464.3
Driftwood —1223.2 —1229.8 —1248.7 -1224.9 —1223.3 -—1222.9
Holston —-1136.9 —1137.2 —1153.8 —1137.1 —1136.2 —11345
Pine —1343.3 —1345.1 —1369.2 —13421 —1340.5 —1340.0
Schoharie = —1247.3 —1252.9 —1276.0 —1250.0 —1246.4 —1245.5
Towanda  -1152.4 -1161.9 —1183.5 -1150.5 —1148.5 —1148.0
Yosemite —-1217.2 -1215.7 -—1238.7 —1229.4 —1213.3 —1212.4
Nueces —1084.8 —1092.2 -11359 —1084.0 —1083.8 —1082.2
Relative improvement
Cheat 0.10 0.15 0.72 0.12 0.08 0
Driftwood  0.03 0.57 2.12 0.17 0.04 0
Holston 0.21 0.24 1.70 0.23 0.16 0
Pine 0.25 0.38 2.18 0.16 0.04 0
Schoharie  0.15 0.60 2.46 0.36 0.07 0
Towanda 0.38 1.21 3.09 0.21 0.04 0
Yosemite  0.40 0.27 2.13 1.38 0.08 0
Nueces 0.24 0.91 4.72 0.17 0.14 0

year test to the 100-year test, we can see the RI increases for most
watersheds. This indicates that BHM can provide more improvement
over the traditional methods in the test with a smaller data size. Fur-
thermore, comparing BHM with “Zeros” (zero-skewness), we see that
BHM produces better results for all watersheds, and the RI increases as
the data quantity decreases. This is a direct demonstration of the ad-
vantage of BHM, since Zeros has the same shift parameter y estimation
as BHM, but Zeros estimates the shape and location parameters by MLE

instead of BHM.
3.5. CV results of the test with the proposed informative hyperprior

To evaluate the performance of the proposed informative hyper-
prior, we conduct the same experiments for the 100-year wet season
dataset for each watershed, where the results of the proposed in-
formative hyperprior and the flat hyperprior are compared. The para-
meter of the proposed informative hyperprior [k and the sign in Eq.
(24)] for each watershed is obtained by fine tuning. The informative
hyperpriors used for the wet season for each watershed are listed below.

For Cheat, Pine, and Towanda:

1

P(v, SOZ) I3 .
Jsgv — Ave(82)-v — 2-Ave(5?) (46)
For Holston, Driftwood and Nueces:
1
P®, s¢ .
(. 59) o (sgv — Ave(62)-v — 2-Ave(G))* 47
For Schoharie:
P(v, s3) L -
(sgv — Ave(52)-v — 2-Ave(52))s (48)
For Yosemite:
P(v, s¢) L =
(sgv — Ave(62)-v + 2-Ave(52))2 (49)

We note that the proposed hyperprior parameter for each watershed
may not be optimal. That is, a better parameter may exist, but how to
find the optimal hyperprior parameter is beyond the scope of this paper.
We also note that, compared to the data, the influence of the hyperprior
on BHM is minimal.

To see the difference between the flat hyperprior and the in-
formative hyperprior, we plot the samples from the posteriors of the
hyperparameters [i.e. P (v, s¢1S?)] based on two different hyperpriors in
Fig. 10, using the 100-year Cheat watershed wet season dataset as the
example. A total of 200,000 points are sampled from each posterior,
and the first 3000 samples are dropped as the burn-in period in the
MCMC process. From Fig. 10, we see both posteriors are proper without
any outliers. And the informative hyperprior can provide a wider range
of s¢ sample values than the flat hyperprior. Table 6 shows the CV re-
sults based on both hyperpriors.

Table 6 shows that first, for each watershed, results generated from
the traditional methods based on two hyperpriors are exactly the same.
This implies that changing the hyperprior will only impact the perfor-
mance of BHM, since only BHM requires a hyperprior. Second, for each
watershed, BHM performs better than the traditional methods under
both hyperpriors, as the cumulative log-likelihood values are larger.
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Fig. 10. (a) Samples from the posterior of hyperparameters based on the flat hyperprior (Cheat wet season); (b) Samples from the posterior of hyperparameters based
on the informative hyperprior (Cheat wet season).

Table 6

CV test results of flat hyperprior and the proposed informative hyperprior.
Flat hyperprior (100-year wet season)

LMLE L-MOM MME MMME Zeros BHM

Cumulative log-likelihood
Cheat —1321.63 —1316.22 —1313.72 —1318.62 —1316.84 —1316.25
Driftwood —1132.10 —1132.38 —1133.90 —1131.87 —1131.92 —-1131.75
Holston —984.32 —987.04 —987.96 —984.70 —984.88 —984.17
Pine —1169.71 —1170.35 —-1172.73 —1170.75 —1169.21 —1168.61
Schoharie —1208.67 —1208.79 —1211.50 —1209.86 —1208.18 —1206.45
Towanda —1066.37 —1061.11 —1064.11 —1061.65 —1060.99 —1060.82
Yosemite —1036.83 —1040.38 —1052.36 —1037.55 —1036.85 —1036.72
Nueces —801.25 —804.61 —813.89 —803.90 —801.74 —801.57
Informative hyperprior (100-year wet season)
Cumulative log-likelihood
Cheat —1321.63 —1316.22 —1313.72 —1318.62 —1316.84 —1316.17
Driftwood —1132.10 —1132.38 —1133.90 —1131.87 —1131.92 —1131.70
Holston —984.32 —987.04 —987.96 —984.70 —984.88 —983.99
Pine —1169.71 —1170.35 —-1172.73 —1170.75 —1169.21 —1168.56
Schoharie —1208.67 —1208.79 —1211.50 —1209.86 —1208.18 —1206.43
Towanda —1066.37 —1061.11 —1064.11 —1061.65 —1060.99 —1060.70
Yosemite —1036.83 —1040.38 —1052.36 —1037.55 —1036.85 —1036.71
Nueces —801.25 —804.61 —813.89 —803.90 —801.74 —801.56

Table 7 Third, comparing the flat hyperprior results with the informative hy-

Relative improvement (RI) results of 28-year and 60-year tests for each method
(BHM is the base model).

LMLE L-MOM MME MMME Zeros BHM

60-year (dry season)

Cheat 0.11 0.19 1.32 0.21 0.11 0
Driftwood —0.07 1.11 4.32 0.26 0.04 0
Holston 0.36 0.26 3.37 0.41 0.27 0
Pine —-0.12 0.67 4.27 0.12 0.02 0
Schoharie 0.20 0.99 4.59 0.82 0.08 0
Towanda 0.66 2.54 6.08 0.43 0.03 0
Yosemite 0.15 0.47 3.82 2.09 —0.02 0
Nueces 0.47 1.41 6.88 0.24 0.14 0
28-year (dry season)

Cheat 0.30 0.39 1.84 0.16 0.30 0
Driftwood 2.31 0.10 5.26 0.75 0.05 0
Holston 1.76 2.35 7.78 4.48 1.91 0
Pine 0.19 1.45 4.85 0.59 0.21 0
Schoharie —-0.14 0.76 5.16 1.18 0.10 0
Towanda 0.26 2.02 6.98 0.76 0.07 0
Yosemite 1.25 1.73 8.05 2.04 0.39 0
Nueces 1.88 1.99 11.86 1.90 1.45 0
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perprior results, we see that for each watershed, the latter’s log-like-
lihood value is a little higher than the former, but the improvements are
insignificant. This indicates that adopting the informative hyperprior
can still benefit BHM; however, compared to the data layer, the im-
provements of using different hyperpriors on BHM should be minimal.

3.6. CV results of the test with an extremely small dataset size

Not all rivers have a sufficiently long historical observation series
(i.e. 100 years or 60 years of observations). In fact, for many water-
sheds, the historical observation series is very short, and the data are
very limited. To compare BHM with the traditional methods based on a
short time series, we use the most recent 28 years (i.e. small size) of
historical observations for each watershed. Then for the most recent 60-
year and 28-year datasets, we conduct the tests for each watershed and
each method. Because the 28-year series is too short for many water-
sheds, the months in the wet season (i.e. Dec.—-May) may have negative
sample skewness, which prohibits any method from estimating LN3
parameters. Thus, in this section, we use dry season months (i.e.
Jun.—Nov.) as the example for comparison. To test if BHM performs
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Table 8

Comparison of joint log-likelihoods between AR(1) and BHM.
Model Cheat Driftwood Holston Pine Schoharie Towanda Yosemite Nueces
AR(1) —1.06 —80.23 —63.02 —106.40 —164.86 —120.96 -17.01 —108.24
BHM 1.53 —78.51 —61.90 —106.29 —163.19 —121.68 —46.34 —181.94

better than the selected traditional methods, we calculate the relative
improvements for each method. Table 7 shows the test results. The flat
hyperprior is used in the test.

It is evident from Table 7 that most RI’s in the 28-year test are
greater than the corresponding RI in the 60-year test. This can be in-
terpreted as: 1) The base model (BHM) outperforms the selected tra-
ditional methods in most watersheds for both datasets; and 2) Com-
pared with the medium size dataset (60 years), the advantage of BHM
over the traditional methods is more noticeable in the small size data
set (28 years), particularly relative to the MME, MMME, and Zeros
methods. This is because BHM utilizes other months’ information,
which “expands” the information contained in the limited data. Thus,
BHM is especially suited for parameter estimation where historical
observations are limited.

4. Discussion
4.1. Comparison of BHM with an autoregressive model

BHMs are used to account for correlation (dependence) between
different months. It would be of interest to compare the performance of
BHM with an autoregressive (AR) model, as AR models are used to
account for temporal dependence.

Recall in our BHM that the temporal dependence is captured from
the log-transformed data y in different months [i.e. y = log(x — y)]. We
therefore use the same data to build an AR model and compare results.
A typical AR(g) model can be expressed as

Yeo=Bo+ Bida ¥ Bodia + - Bydig e (50)

This model only can capture linear dependence. However, our
proposed BHM is a data-driven model, which means the data itself can
decide the relation among different months and the correlation (de-
pendence) can be of any type, not limited to linear relation.

The AR model also defines a joint distribution over y,, ...y,,, and we
can compare it with our BHM by the test data likelihood. Consider the
wet season (i.e. y,, ...)s) of a given test watershed. We propose the
following steps for a comparative analysis:

1. For simplicity, we build an AR(1) model for the wet season (i.e. Dec,

Jan,..., May) with training dataset (e.g. y; = B, + ;) + €). Assume

the error term ¢ follows N (0, o?) and the variance o? can be esti-

mated by an unbiased estimator s? [i.e. s> = SSE/(Nyqsin — 2), where

SSE is the sum square error and Ny, is the number of observations

in the training dataset].

. Based on the AR(1) model, the example conditional density dis-
tribution can be expressed as y; [y, ~N (35 I//i’\o + //3\1 -, 82), and similarly
for yp, vy 34 1;

. We calculate test likelihood for the AR model using the test dataset.
For example, the test likelihood of  pQxly) s
O3y =TIV N G518, + By (i), s2), where Ny is the observa-
tion numbers in the test dataset, and similarly for p (v, y;,)...p 4 1y3)
as p(ysly)-

. We use the training data to estimate the first month in the wet
season (i.e. December) as a normal distribution [i.e. y;,~N (512, 3122)].
Note this is a marginal density distribution. We then use the test
dataset to calculate its likelihood: p(y,,) = H{V‘”‘ Ny, ()] @12, G5).

. We calculate the joint probability density p(y,,, y;, ....ys) based on
the product rule: p(y,, Y15 ¥s)ar = PV12)-P 0 Y1) -p (s1y,). This
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is also the joint likelihood of the AR model.

. From our BHM, we have obtained »~N (é\jB, 3}-23) from the training
dataset for all six months. And these distributions are independent,
so their joint probability density can be calculated as
PWias Vis oY) = P(V12) P () -.-p(%5). Then we use the test da-
taset to calculate the test likelihood of BHM, which is also the joint
likelihood of BHM.

. We compare two joint (log) likelihoods between AR(1) and BHM.
The method with the larger joint log-likelihood would be a better
model.

Note that we calculate the joint likelihood for each method for
comparison because we cannot directly compare
Vsl ~N (ysl,é\o + [/3\1~y4, 5?) from the AR(1) model with y;~N (é\:, 62" from
the BHM. This is because the former is a conditional distribution, but
the latter is a marginal distribution, and they are not comparable. Thus,
we need to convert them to the joint distributions for the comparison
(i.e. as shown in steps 5 and 6).

Based on this procedure, we have calculated the joint log-like-
lihoods for AR(1) and BHM for all eight watersheds. The results are
shown in the Table 8.

From Table 8, we see that the BHM performs better than AR(1) for
most of the watersheds, because the joint log-likelihood of BHM is
larger. However, for Yosemite and Nueces, the AR(1) model has a larger
joint log-likelihood. This implies that, for these two watersheds,
monthly flows indeed follow an AR(1) model. Therefore, despite its
limitations, the AR model is indeed a good model accounting for tem-
poral dependence, and it can perform very well in some watersheds.
However, our proposed BHM is a more general data-driven model and
requires fewer assumptions.

4.2. Potential uncertainty loss due to sequential estimation

Our methodology of construing BHM follows a sequential approach.
We first estimated shift parameter y and fixed it. We then estimated
o2?and also fixed it, and finally we estimated 6. A potential shortcoming
of this approach is that not all parameter uncertainties may be properly
reflected in the final estimates. A full Bayesian analysis based on the
joint posterior [i.e. P(y, 2 6ly)] would be most ideal; however, it
would be very difficult to carry this out in practice.

We investigate how much uncertainty we may lose with our se-
quential approach when estimating y. In the Table 9, we calculate the
90% confidence interval of y estimates, using Schoharie dry season 100-
year data as an example.

Table 9

90% confidence interval of yestimates.
Confidence Interval Jun Jul Aug Sep Oct Nov
Y 90% upper bound 26.5 10.1 10.4 6.3 0 —63.6
y estimates 7.1 5.6 8.8 3.4 -84 —261.3
Yy 90% lower bound -122 1.3 7.2 4.9 -16.9 —459
100-year average 330.3 166.7 119.2 200.1 302.3 517.3

streamflow (x)

1/(x-y_lower) 0.0029 0.0060 0.0089 0.0051 0.0031 0.0010
1/(x-y_upper) 0.0033 0.0064 0.0092 0.0052 0.0033 0.0017
In(x-y_lower) 5.84 5.11 4.72 5.27 5.77 6.88
In(x-y_upper) 5.72 505  4.69 527 571 6.36
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Table 9 shows that the loss of uncertainty for y is negligible, when
compared with the magnitude of each month’s real monthly-average
streamflow (i.e. x). According to the probability density function of LN3
[i.e. Eq. (2)], the potential uncertainty loss for y can be measured by the
uncertainty losses of 1/(x — y) and In(x — y). Because of the small dif-
ferences in the last four rows in Table 9, these uncertainty losses are
insignificant, especially for 1/(x — y). Although some uncertainty loss
indeed occurred in In(x — y), the loss is minimum and negligible for
most months.

In addition, even though our sequential approach loses some un-
certainty, it doesn’t lose information on shrinkage (i.e. the shrinkage for
estimating o2 and 6). In fact, the variance parameter (i.e. shape para-
meter o?) is most likely the one that needs to be stabilized. In other
words, o2 will benefit the most from the shrinkage (i.e. BHM) among all
the parameters. This is also the reason why our proposed variance BHM
is important. So, if we assume y is perfectly estimated, then there is no
uncertainty loss for the o2estimation since it is first estimated in our
sequential approach (i.e. estimated before 6).

5. Conclusion

In this paper, we proposed a Bayesian hierarchical model (BHM) for
estimating the statistical parameters for monthly average streamflows.
We assumed that the monthly average streamflow follows a three-
parameter, log-normal distribution (LN3). The three underlying statis-
tical parameters associated with LN3 are shift, shape, and location.

We selected eight watersheds in the United States, where historical
unimpaired streamflows have been collected. We first conducted a
Shapiro-Wilk normality test to validate the LN3 assumption. We then
developed the BHM and proposed an informative hyperprior. We used
Cross-Validation (CV) to evaluate the performance of BHM against se-
lected traditional parameter estimation method methods, including
local maximum likelihood estimation (LMLE), L-moment (L-MOM),
method of moment estimation (MME), modified method of moment
estimation (MMME), and zero-skewness (Zeros). We calculated the log-
likelihood, cumulative log-likelihood, and relative improvement for all
methods. We performed comparative analyses using different dataset
sizes and different hyperpriors.

The results show that the proposed BHM produced better parameter
estimates than the selected traditional parameter estimation methods
for all data sizes (long, medium, and short). The fewer the observation

Appendix A

Derivation of the posterior distribution of sz [Dist. (9)]
From Bayes rule:

P(a}v, 55, S}) & P(a}, v, 53, ) = P(v, 53)-P (07 v, 53)-P (S} 107).
which is equivalent to:
P(a7 v, 55, S})  P(a} v, s5)-P(S}10}).

Based on the Eq. (8) and a change of variable, we can derive:

d/2
4 das? ds?
2.2 2} 4D ‘27}; &0 7 _ZTJZ
P(Siloj) = msj e %% o« Sj oj e %
The pdf of Inv — x*(v, s¢) is
752\/
GV e

P(a}lv, s3) = i

o2
rw/2)
Then based on Eq. (2a), we have:
s(%vﬂiS‘z

J
_(v+d+l) —( > )
P(gjlv, 55, SH xaf > e
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data, the more the proposed method improves compared with the tra-
ditional methods. The two reasons that BHM produced better parameter
estimates are: 1) BHM utilizes historical observations not only from the
month under consideration but also from all other months, and 2) Due
to shrinkage, the Bayesian estimator from BHM is guaranteed to be no
worse than the MLE-based estimator. The proposed BHM is especially
suited for parameter estimation where historical observations are lim-
ited. In addition, when compared to an AR model, the proposed BHM
shows its advantage as a data-driven model with fewer assumptions.

We have demonstrated the advantages of the proposed method for
parameter estimation. A disadvantage of the method is that it takes
much longer running time to get the results (primarily due to MCMC
simulation). For example, the Zeros method may take just a few sec-
onds, while the proposed method takes around 30 min per run. The
proposed sequential estimation approach is easy to carry out in prac-
tice, but may incur loss of uncertainty. However, the loss is insignificant
and negligible.
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which is equivalent to:
vsg + dS}

P(a}lv, sg, S}) ~ Inv — x*|v + d, d
’ v

This is exactly Eq. (9).
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(6a)

Derivation of the posterior distribution of hyperparameters P (v, s¢1S2) [i.e. Eq. (10)]
Based on the Bayes rule and the fact that sz are independent with each other (j = 1, ...,6), we have:

J=6

P(, s21S?) « P(v, s¢, S?) « P(v, s3)-P(S%, s¢) = P(v, sd)- H P (S}, s3).

j=1

From Eq. (3a) we already have:

( dz @z ds}

207 G-y -5

202y _ f] 22 2
PSfIo)) = TS e 25,

Then we claim that:

P(S}10}) = P(S} o}, v, s¢).

(1b)

(2b)

(3b)

This is because once af is given, sz can be determined only by ajz, so it is independent of the parameters v and s¢. This condition can be

summarized as:
SFL (v, s¢)lo},
which implies Eq. (3b).
Bayes rule with Eq. (3b) implies:
P(S}, o7y, 53) = P(S}107)-P (a7 1v, 5).

Based on Egs. (5b) and (4a), we can derive:

( d/2

L ds? —sgv

Z"z) Aoy g (V2P ey L

(S, o2y, ) = ~t) 5870 o S0V e g
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Integrating af out from Eq. (6b), we have:
P(s}, s9) = [ P(S}, oFlv, 53)do?
d\d/2 vd
v (3 e T3

T T2 T@2) [mgmsp]ﬂ'
2

Substituting Eq. (7b) into Eq. (1b), we have:

d

J=6 ;2 b2 r(vd
2
P(v, 5¢1S%) « P(v, s3)- H (5 v/2)"% ( 2 )Hd .
o T2 [<vsg+dsjz>] 3

2

Simplifying (8b) by introducing the Beta function, we get

J=6 2 /2

1 Sov/2)
P, s215%) « P(v, s2)- I | = (sgv/2) —
j=1 Beta(%, E) [(vs§+dsjz)] 2

2

This is exactly Eq. (10).
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ABSTRACT

Streamflow scenario tree reduction is essential for alleviating the computational burden of a stochastic pro-
gramming with recourse model. This paper develops a new streamflow scenario tree reduction method aimed at
preserving important statistical moment information and maintaining streamflow scenario probability.
Specifically, we first employ a neural gas algorithm for scenario tree generation, then establish a stepwise
conditional Monte Carlo sampling method for systemically reducing the number of scenarios from the full tree.
We then develop a regularized optimization model based on ridge regression and moment matching to determine
the posterior scenario probability. We apply the proposed method to the Qingjiang cascade reservoir system in
China. The results show that the reduced tree with 35% reduction level can still maintain robust moment
preservations, including the mean, variance, lag-one covariance, cross-site covariance, and scenario probability.
Additionally, the stability test indicates that the proposed conditional Monte Carlo sampling method is stable

and converges within a reasonable number of scenario combinations.

1. Introduction

Handling streamflow uncertainty is a major issue in reservoir
management and operation. Accordingly, the stochasticity associated
with long-term streamflow prediction must be considered in an ana-
lysis. However, methods based on deterministic streamflow prediction
for reservoir operations suffer from the risk of making inappropriate
release decisions, which may incur heavy losses of benefit (Li et al.,
2009; Zhao et al., 2011; Zhu et al., 2018). To account for streamflow
uncertainty, the multistage stochastic programming with recourse
model has been developed and applied to solve water resources man-
agement problems in which streamflow is modeled as a stochastic
process (Birge and Louveaux, 2011; Yeh, 1985; Zhu et al., 2017). This
model requires an input of a discretized streamflow scenario tree that
can most represent the future random streamflow and the occurrence
probability of each scenario. The goal of the model is then to minimize
the expected loss or maximize the expected benefit.

Existing scenario tree generation methods can be categorized in
three broad ways: those based on simulation, on clustering, and on
optimization. Kaut and Wallace (2007) discussed methods based on
conditional simulation that sample the nodal values or scenarios from
known distributions of random variables. These methods are im-
plemented easily and able to preserve transition probability, but they

* Corresponding author.
E-mail address: williamy@seas.ucla.edu (W.W.-G. Yeh).

https://doi.org/10.1016/j.jhydrol.2019.123943

only can generate uncorrelated random vectors and, generally, suffer
from a problem of dimensionality because of the size of the random
vector. Methods based on clustering, however, do not require random
variable distributions. Instead, these methods pursue the most re-
presentative scenarios (i.e., centroids of observation data) by clustering
observation data (Hansen and Jaumard, 1997; Sutiene et al., 2010). A
unique feature of the clustering methods is that the mean value of the
generated scenario tree always equals the mean of the observation data.
The neural gas clustering method is a neural network algorithm ori-
ginally used for vector quantization in topology (Martinetz and
Schulten, 1991; Martinetz et al., 1993). It requires a fixed pre-specified
tree structure and uses a distance-based iterative method to update
nodal values to centroids. Latorre et al. (2007) compared four popular
clustering techniques (including the conditional clustering method,
neural gas method, node clustering method, and progressive clustering
method) and conducted numerical experiments to test their perfor-
mance by calculating the quantization error for each method. The error
measures how well the resulting scenario tree fits the original dis-
tribution. Based on the results from the numerical experiments, they
concluded that the neural gas method performs best in the application
to hydro inflow. In general, a key advantage of clustering-based
methods is that the sample mean can be preserved very well, and the
computational cost is minimum. However, clustering-based methods
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usually fail to preserve other statistical moments and co-moments other
than the mean. This introduces a significant loss of important sample
information from the generated scenario tree, such as high and low
flows (Xu et al., 2015).

Methods based on optimization mostly refer to moment matching,
which aims to match different statistical moments and co-moments
between the scenario tree and historical data series (Hgyland and
Wallace, 2001). In general, there are two approaches to implementing
moment matching: the sequential approach that generates the tree node
by node, and the overall approach that generates the entire tree in a
single optimization. However, both approaches have drawbacks
(Hpyland and Wallace, 2001). The sequential approach requires that
the first-stage tree satisfy the first-stage statistical properties. This may
result in conditional second-stage properties that are impossible to
match, and consequently, it may produce a suboptimal tree. Also, since
the sequential approach updates the nodal values and probability at
each stage, for a large multi-stage scenario tree generation problem it
will require solving a large number of optimization problems and is
computationally expensive. In contrast, the overall approach accounts
for the entire tree’s statistical property and only requires one single
optimization for multi-stage problems. However, the degree of non-
convexity increases significantly with the scale of the optimization
problem, and it is very difficult to obtain a good match for large-scale
problems. In addition, Hochreiter and Pflug (2007) provided an ex-
ample of four distributions that coincide with the first four moments.
The results show that the moment matching method may not be able to
match the target distribution.

Despite the shortcomings of the original moment matching method,
the method has been widely applied to streamflow scenario tree gen-
eration (Vitoriano et al., 2000) and portfolio analysis (Boender, 1997;
Giilpinar et al., 2004a). Furthermore, some variants of the moment
matching method have been proposed to reduce the number of random
variables and expedite the algorithm. Hgyland et al. (2003) developed a
heuristic algorithm for accelerating the original moment matching, but
convergence cannot be guaranteed. Rubasheuski et al. (2014) described
a method that combines moment matching with a forward selection
reduction technique to expedite the tree construction process. Giilpinar
et al. (2004b) introduced a hybrid method for price assessment scenario
tree generation, which combines the main ideas of clustering and mo-
ment matching. In this hybrid method, prices (the scenario nodal va-
lues) are obtained from clustering and the scenario probabilities are
determined by solving a moment matching problem. However, in the
field of streamflow prediction, the probability of a fixed nodal-values
scenario is required to be fixed, so this hybrid approach may not be
appropriate. This is because the probability of a fixed nodal-values
scenario under such a hybrid method might be subject to change, due to
the non-uniqueness of the optimization problem, if only scenario
probabilities are used as decision variables. Moreover, changes of pre-
ference coefficients for different moments also can lead to a large
probability change of the fixed nodal-values scenario. Thus, the result
of this hybrid method may yield good model parameters but they
cannot be regarded as the scenario probabilities. Note that the original
moment matching method does not suffer from this drawback, since
both the nodal value and probability are used as decision variables.

In addition to those three categories, there are other scenario tree
generation methods. Pflug (2001) presented a method that can be used
to approximate a scenario tree for a given stochastic process based on
minimizing the Wasserstein distance between the original stochastic
process and the generated scenario tree. Da Costa et al. (2006) pre-
sented a method for producing a parsimonious multivariate scenario
tree by using Principal Component Analysis (PCA), but it may en-
counter computational difficulties when generating a scenario tree with
many stages. Heitsch and Romisch (2009a) developed a theory-based
heuristic method that generates scenario trees out of an initial set of
scenarios, based on forward or backward algorithms for tree genera-
tion, including recursive scenario reduction and bundling steps. Pflug
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and Pichler (2015a,b) presented a method for the dynamic generation
of a scenario tree based on random vectors, which are drawn from
conditional distributions given the past and on sample trajectories.
These two methods are both capable of generating scenario trees that
are good approximations of the historical series. However, the structure
of the generated scenario tree for both methods cannot be determined
beforehand; it is dynamically adjusted with respect to a distance cri-
terion. Dupacova et al. (2000) examined different scenario tree gen-
eration methods and concluded that the choice among these methods
should depend on specific problems and the amount of information
available.

Since the generated scenario tree is used as the input to a stochastic
programming with recourse model, the size of the tree directly impacts
the dimensionality of the optimization model (Casey and Sen, 2005). To
avoid high computation cost, the number of scenarios (size of the tree)
must be reduced properly (Pan et al., 2015; Séguin et al., 2017). The
most important issue when conducting scenario tree reduction is the
tradeoff between information loss from the full tree and the computa-
tional burden (Hgyland and Wallace, 2001; King and Wallace, 2012).

Compared with scenario tree generation, scenario tree reduction
techniques have received less attention in the literature. In fact, sce-
nario tree generation and scenario tree reduction are often intertwined.
There are some common features in scenario tree generation and sce-
nario tree reduction, and some scenario tree generation techniques also
can be used for tree reduction. However, directly applying tree gen-
eration methods to scenario tree reduction is not always the best choice,
since the reduced tree will inherit the drawbacks of the selected tree
generation method. For instance, Xu et al. (2015) applied a clustering
method to reduce the scenario tree by adopting new pre-specified tree
structures with smaller sizes. This is very easy to implement, and the
mean of the full tree can be preserved very well. However, the reduced
tree cannot preserve any higher moments due to the inherent limita-
tions of the clustering method. Moreover, applying tree generation
methods to tree reduction typically involves generating a new tree of
smaller size, which cannot be classified as “reduction from a given
scenario tree” if the strict definition of our objective of scenario tree
reduction is “to determine a subset of the initial scenario tree and assign
new probability to the reduced scenarios” (Growe-Kuska et al., 2003).

Most existing scenario tree reduction methods generate the reduced
tree by minimizing the probability metric between the reduced tree’s
distribution and the full tree’s distribution, and then calculating the
new scenario probability by adding the deleted scenarios’ probabilities
according to some rules. The goal of these methods can be summarized
as follows:

min distance (distributiony e, distribution eguced iree) 1)
which is equivalent to minimizing the following norm:
®
i ith _ ith
min Z [lmoment ), ,,,—moment,f, . yell- @
i

Dupacova et al. (2003) first proposed a “backward reduction and
forward selection” scenario reduction algorithm for distribution
matching. Heitsch and Romisch (2003) then improved the computa-
tional efficiency of the algorithm. Subsequently, many studies were
carried out focusing on either improving the algorithm or applying it to
different fields (Heitsch et al., 2005; Heitsch and Romisch, 2007;
Heitsch and Romisch, 2009a; Heitsch and Rémisch, 2009b; De Oliveira
et al., 2010).

By minimizing the probability metric between the reduced tree’s
distribution and the full tree’s distribution, it is possible to generate a
reduced tree with similar distribution as that of the full tree at some loss
of information. However, for water resource planning and manage-
ment, the higher-order moments [i.e. the third-order moment (skew-
ness), the fourth-order moment (kurtosis), etc.] are not as important as
the first-order moment (mean) and the second-order moment
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(variance), particularly in reservoir management and operations (Yeh,
1985). This is because the mean streamflow is closely related to power
generation, and fluctuation around the mean is important to flood
control. Therefore, we believe the methods based on matching the
distribution may not be the best for tree reduction for reservoir op-
erations. Because of the property of scalarization of vector optimization
(Boyd and Vandenberghe, 2004), the pursuit of matching higher-order
moments (i.e. the momenti, i > 3 in Eq. (2)) will be at the expense of
matching the first-order and second-order moments. Moreover,
methods based on distribution matching are not guaranteed to match
lag-one (i.e. serial) and cross-site (i.e. spatial) correlations. These cor-
relations are important in the operation of a cascade reservoir system
(Hao and Singh, 2013; Chen et al, 2015).

In our study, we propose a new scenario tree reduction method
based on a variant of the Monte Carlo sampling method and regularized
optimization. Distinct from all previous studies, our proposed method
reduces the scenario tree in a systematic way based on the prior
probability and conditional sampling. It is different from the traditional
distribution matching and is specifically designed for matching statis-
tical moments that are important to the management and operation of
hydro systems. The objective of our proposed method is to minimize the
following norm:

r

min Z w;-|1(Co)moment ), ..r

—(Co)moment N+

reduced tree
L

3)

where r indicates the first r, moments selected for matching; w; is the
weighting parameter for the (Co) moment i; 4 is a penalty parameter;
and §8 is the scenario probability vector. Comparing Eq. (3) with Eq. (2),
it is evident that our method focuses on matching the first 1, important
moments. It is worth noting that our method does not alter the nodal
values of the full scenario tree. This is more compatible with the defi-
nition of “scenario tree reduction”. Moreover, we formulate a model to
optimize a weighted multiple objective function, where we can assess
the tradeoff between probability matching and moment matching. We
also test and ensure the stability of our method.

We outline this paper as follows: Section 2.1 introduces the neural
gas method and emphasizes the probability formula that we use later.
Section 2.2 illustrates the developed stepwise conditional Monte Carlo
random sampling procedure. Section 2.3 uses the established prob-
ability formula to find the “historical probability” for each reduced tree
candidate. Section 2.4 introduces five important criteria related to
moment matching. Section 2.5 applies regularized optimization to de-
termine posterior probability. Section 2.6 selects the best reduced tree.
Section 3 applies the proposed method to the Qingjiang cascade system
of reservoirs in China. We provide final remarks and conclusions in
Section 4.

| |Bhistorical - Breducad tree I,

2. Methodology

A flowchart of the proposed method is shown in Fig. 1. First, we
employ the neural gas clustering algorithm to generate a full scenario
tree using historical inflow series. Then, based on the prior probability
of each scenario obtained from the neural gas procedure, we apply
stepwise conditional Monte Carlo random sampling to generate a
tractable number of scenario combinations (subsets of the full tree),
serving as the reduced tree candidates for further selection. We calcu-
late the “historical scenario probability” for each reduced tree candi-
date by reusing the neural gas probability formula. Then we formulate a
regularized optimization model, which is a combination of moment
matching and modified ridge regression. The model generates the
posterior scenario probability for each reduced tree candidate. Lastly,
we evaluate all the reduced tree candidates and select the one that
performs best under different subjective preferences. Each procedure
will be elaborated in the following subsections.
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2.1. Neural gas method for scenario tree generation

There are many ways to represent a stochastic process, and a sce-
nario tree is widely used to model streamflow stochasticity. A scenario
tree consists of a finite number of outcomes and their corresponding
probabilities at each stage. Each scenario is basically a path from the
root outcome to the leaves outcome, and its probability is the product of
the outcomes’ probabilities on that path. Specifically, a streamflow
scenario tree is a tree generated from the historical observed stream-
flow series.

We use the notation {S;}, i € [1, ...,P] to define a streamflow scenario
tree in which S; is the scenario i and P is the total number of scenarios. §;
is defined as the scenario probability of scenario i. We let t be the stage
and T be the total number of stages. Then we define a sequence of nodes
N1, i € [1, P], t € [1, T], which consists of the scenario S; from stage 1
(root node) to stage T (leaves node). Note that N;; = N;, if scenario S;
and scenario S, have a common node N;,(or N, ) at stage t, in which
case they are interchangeable. Moreover, the nodal value can be a
vector instead of a scalar, which means
Nitj = Nt Nit2s Nitss oNya)?, j € [1, M1, and M is the length of the
node vector, which, in the case of a streamflow scenario tree, is the total
number of reservoirs in a reservoir system. Fig. 2 is an example of a
three-stage streamflow scenario tree with four scenarios, in which
Ny, =N,, and N;, = N, , (even though N,,and N;, are not shown in
Fig. 2).

The neural gas method, a well-known artificial neural network al-
gorithm, generates the representative vectors from the known vector
sets (Martinetz and Schulten, 1991; Martinetz et al., 1993). It is a
probabilistic generalization of the k-means algorithm in which each
vector is assigned a probability of being in each cluster that is pro-
portional to its distance from that cluster's mean. It has been shown that
the neural gas method outperforms other clustering methods when
generating a streamflow scenario tree for hydro inflows data (Latorre
et al.,, 2007), so we adopt the neural gas algorithm for streamflow
scenario tree generation. The neural gas method extracts several re-
presentative sequences from historical streamflow series as different
scenarios to form a streamflow scenario tree. The steps for performing
the neural gas method are detailed in previous studies (Latorre et al.,
2007; Melato et al., 2007; Xu et al., 2015). However, we outline some
key steps below.

2.1.1. Pre-specified scenario tree structure

The neural gas method requires a pre-specified scenario tree struc-
ture to determine a) the number of scenarios in the scenario tree; and b)
the nodal structure of the tree. The tree structure can be described by a
scenario tree nodal partition matrix. The column vector of a partition
matrix represents a scenario. The element value of the partition matrix
has no meaning, but if two scenarios share one node, the element values
of that node in each scenario should be the same. For example, the
partition matrix of the tree structure in Fig. 2 can be
[1,1,1,1;2,2,3,3;4,5,6,7]. Because every scenario in the tree shares the
common root node in the tree, the first-row elements of the partition
matrix must be the same. Similarly, the last-row elements of the par-
tition matrix must be different from each other, since the leaves node
cannot be the shared node. Latorre et al. (2007) suggested that the
initial tree structure “should be wide enough not to limit how the
scenario tree represents the series, ignoring whether the resulting tree
will be too large or not”.

2.1.2. Nodal value initialization

We initialize the nodal value of each scenario in the scenario tree by
randomly selecting a historical streamflow series (i.e., an observed
sample vector):

Nit = Hygnay 1€[1,P], t€[1,T], (€]

where H,, is the streamflow value of historical streamflow series v at
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Fig. 1. The flowchart of the proposed method.
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Fig. 2. An example of three-stage streamflow scenario tree structure (¢ is the
stage; S; is the scenario i; §; is the probability of scenario i).
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Fig. 3. Schematic diagram of the Qingjiang reservoir system.

stage t, v € [1, K|; rand is a random integer within 1 to K; and K is the
total number of historical streamflow series (each series is a set period,
in this case a year, and stage t corresponds to month).

Then we average the values of the node shared by two or more
scenarios (i.e., the nodes with the same partition matrix elements). This
step is for accelerating the convergence:

N

Ni = Average (Nys, N, ... (5)
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2.1.3. Iteration to update nodal values

Altering nodal values to match the historical data series is an im-
portant step of the neural gas method, which involves the following
operations:

1) Select a series £ randomly from the historical data series set before
each iteration and calculate the Euclidean distance between this
series and every initialized scenario in the tree. Then sort the dis-
tances in array D in an ascending order and generate an array O to
record the distance rank of each scenario:

| T M
Dig= |2 Hewm — Nuew)*,  1€[LP],
e Q)
O = order (D), 7

where D;¢ is the Euclidean distance between scenario i and randomly
picked series &; Hg, ,, is the nodal value of randomly picked series £ at
stage t for reservoir m; and Nj;,, is the nodal value of scenario S; at
stage t for reservoir m.

2) Define the iteration step size functionse(j), 1(j), and adaptation
function h(O;, A(j)):

e(j) = & (Ef/go)j/j'”- (8)
AG) = Ao+ (Ag/2g)im, 9
h(Oy, A(j)) = =00 ie1,P], (10)

where ¢, and ¢; are step size parameters to reduce from ¢, to ¢ after
each iteration; j represents the iteration time from O to the maximum
iteration time j, ; Ao and A; are the adaptation parameters; O; is the
distance rank of scenario S;; €(j), A(j) and h(O;, A(j))are used to change
the nodal values at each iteration, as described in Step 3; ¢(j) is the step
size function (a.k.a. “learning rate”) that decides the general step size
for every scenario’s change; and A (j) is another step size function (a.k.a.
“adaptation radius”) that determines the step size of change for each
individual scenario. Both step size functions decrease as the iterations
proceed to convergence. As a learning algorithm, the convergence
parameters &, ¢, 4, 4y, and j,, can be determined by fine-tuning for
each case. However, in this study, we adopt the values suggested by
Latorre et al. (2007) and Xu et al. (2015) as follows: maximum iteration
timej,, = 3000; step size parameters g, = 0.5 and & = 0.05; and adap-
tation parameters 1o = 10 and A; = 0.01. The adaptation function,
h(0;, A(j)), provides the adaption value for each scenario, based on its
distance order to the randomly picked series.

3) Reduce the distance between the historical data series and the
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scenarios by changing the node value of N;,;by AN;,, where AN is
determined by Eq. (11):

P
ANy =¢€()- D, (O 2())-(Hee — Ney)/ 1,

i*=1INj,(€ S *=1INj (€ Sp* 1n
iel1,P], tell,T]

Note that the notation i*=1, 2, ..,PIN;, € Sprefers to every index i*
whose corresponding scenario Sy consists of the node N;,.

Update the nodal value:

N = NJ + ANy (12)

Return to procedure 1) until j = j,.

By iterating on nodal values, the scenario tree is moved toward the
selected series. The closer a scenario is to the picked series, the more
significant change this scenario will experience. Specifically, Eq. (11)
indicates that the change of a given node is determined both by step
size and the weighted average distance from every scenario that con-
tains this node to the picked series. The entire scenario tree gradually
will move and finally converge to the centroid of the historical
streamflow series set. We provide an illustrative figure (Fig. 5) in the
case study section. The centroid is a set of P scenarios within the pre-
specified tree structure (i.e. a scenario tree with P scenarios) in the
higher-dimensional space, with minimum total distances to each his-
torical streamflow series.

2.1.4. Determine the probability of each scenario

The probability of scenario S; is proportional to the number of his-
torical flows whose closest scenario is S;. This is described mathema-
tically by Eq. (13):

B, = Count{{’ € [1,K], {'Dyy =

in {Dy¢}}/K,i € [1, P],
i,rerﬁf}vj{ reK, i€ [1, P] a3)
where f3; is the probability of scenario S; ; Dy ¢is the Euclidean distance
between scenario Sy and historical series {’, and Count{} is the counting
function. The probability calculated by Eq. (13) is based on the like-
lihood of occurrence in the history.

2.2. Search for scenario subsets based on conditional Monte Carlo sampling

After applying the neural gas algorithm, we obtain P scenarios with
corresponding probabilities in the full scenario tree. The full scenario
tree refers to the scenario tree without reduction. By sampling the
scenario from the full tree, Cscenario combinations (i.e., subsets) are
generated, and each combination contains R scenarios (R < P). This
sampling is based on the full tree scenario probability obtained from the
neural gas algorithm.

2.2.1. Define the reduction level, combination size R and total combination
number C

Suppose the full tree contains P scenarios and the associated prob-
abilities are denoted by f, i € [1, P]. The reduction level for the re-
duced tree is defined as (P — R)/P x 100%, where R is the number of
scenarios in the reduced tree. A scenario combination is the combina-
tion of the sampled R scenarios. Therefore, a scenario combination also
can be regarded as a reduced tree candidate with R scenarios.

The number of combinations is represented by the total combina-
tion number C. The reason that we specify this number C, instead of
going through all possible combinations, is that the number of all
possible combinations can be extremely large. For example, if we
sample 24 scenarios from a full tree with 48 scenarios, then the number

of all possible combinations is ~ 3.22 x 1013, which is intractable.

This motivates us to find an efficient sampling strategy to form scenario
combinations that are most likely to occur (namely Ccombinations and

P)).

C<<(R
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2.2.2. Sample and formulate scenario combinations

We use the prior scenario probability obtained from the neural gas
algorithm to formulate scenario subsets by multi-steps conditional
Monte Carlo sampling.

1) Prior probability distribution d,

Before sampling a scenario from the full scenario tree, the prior
probability distribution is known, since the neural gas algorithm cal-
culates the probability of each scenario in the full tree. Let dy be a
discrete probability distribution that dictates the probability for each
scenario in the full tree. The Probability Mass Function (PMF) of d, can
be written as

Pra (S = S) = B,

where 3, are the prior probabilities obtained from the neural gas
algorithm.

ie1,P], a4

2) The first step sample and the first conditional probability distribu-
tion d;

Under the d distribution, we sample one scenario from the full tree,
Sample, ~ dy, so the probability distribution from which it is selected
needs to be updated from d, to d;. Suppose scenario S, is selected. Then
the PMF of d; can be written as

& _ B

—_ g8 P4
1 %
where P/{u} indicates all scenarios except the selected scenario S,. This

equation basically indicates that when S, is picked-out, we delete §,
from d, and adjust other scenarios’ probabilities to form dj.

Pry(S = ) = , ielLPl, i#u

By 15)

3) The second step sample and the second conditional probability
distribution d,

Under the d; distribution, we sample the second scenario from the
remaining scenarios (i.e., the full tree scenarios with S,deleted),
Sample, ~ d;. Suppose scenario S; is selected. Then the second condi-
tional probability distribution d, can be expressed as

Bi _ 61'
1=f—f  3“Tg

i i

Prg,(S=5) =

ie[L,Pl i#ul

(16)
4) The R step sample and Rstep conditioned probability distributiondg

Follow the same procedure and keep sampling scenarios from the
remaining scenarios until sampling-out the Rscenario, under the R — 1
conditioned probability distribution dg_;, Sample, ~ dg_;. The R con-
ditional probability distribution dr can be written as

B

Prgg(S = 8) = —5—r—>
J{u,l...
¥t g

ie[l,P], i#ul .y

17)

where Count{u, [. .v} = R, with R the combination size. Now the
sampling procedure over R stages for this combination is terminated,
resulting in one scenario combination, Comb; = {S,, S, ....S,}. Repeat
the procedures C times to obtain Ccombinations.

Back to the original prior probability distribution d,, we implement
the same method to sample R scenarios for one combination. Repeat
Ctimes to form Ccombinations. These scenario combinations serve as
candidates for the final reduced tree’s scenarios, and new probabilities
for each scenario in each combination will be determined.

As demonstrated above, this proposed stepwise sampling method is
developed to find a tractable number of scenario combinations that are
most likely to occur. Since the sampled combination will serve as the
reduced tree candidate, so it is required that the sampled combination
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only contains different scenarios. The proposed sampling method en-
sures that the sampled scenarios are different, and the sampling process
is always based on the prior scenario probability distribution.
Additionally, the proposed sampling procedure is guaranteed to ter-
minate in R steps.

2.3. The “historical probability” of the sampled scenario for each
combination

After sampling R scenarios from the full tree, the original prob-
abilities of the sampled scenarios obtained from the neural gas algo-
rithm no longer can be used. It is necessary to determine the scenario
probability for each of scenario combinations (reduced tree candi-
dates).

In this step, we still use the probability formula of the neural gas
method to re-compute the probability of each scenario in each reduced
tree candidate. In other words, we re-calculate the distance array D in
Eq. (6) and then reuse probability Eq. (13) to determine the prob-
abilities of the scenarios for each combination. This probability, cal-
culated by reusing the neural gas probability formula Eq. (13), is named
“historical probability”, or “g"*'”. Note that the probability is calculated
based on the distance to the historical data series, so it represents the
likelihood of occurrence in the history. This 8" should be preserved for
each scenario in each reduced tree candidate. However, since we take
some scenarios out of the full tree, if this "% is used as the scenario
probability in the reduced tree candidates, the statistical moments of
the reduced tree candidates will be different from the full tree. The
extent of moment deviation depends on the scenario combination in
each reduced tree candidate. Therefore, for the reduced tree candidate
k, it is preferable to find another posterior scenario probability “g*”,
which is sufficiently close to g% "' and, at the same time, minimizes the
deviation of statistical moments between the reduced tree and full tree.
We then assign this posterior probability as the scenario probability of
the reduced tree k.

2.4. Five criteria to evaluate the statistical moment deviation

We define five criteria to measure the statistical moment deviation:
Total Mean Deviation Squared (TMDS), Total Variance Deviation
(TVD), Total Lag-one Co-Variance Deviation (TLCVD), Total Cross-site
Co-Variance Deviation (TCCVD), and Mean Squared Error (MSE).
TMDS, TVD, TLCVD, and TCCVD are used in the optimization step, but
MSE serves as a reference. These criteria are explained below.

2.4.1. Total mean deviation Squared (TMDS)

This subsection describes the calculation of the mean values for
different scenario trees and the historical data series. The definition of
TMDS also is provided.

Mean value of the reduced tree k for reservoir m at stage t:

Z

Mean value of the historical data series for reservoir m at stage ¢:

k
Mt = lm[ﬁ 18)

historical
K Z Hipmi/K.
" = a9
Mean value of the full tree for reservoir m at stage ¢:
P
full[ree — fulltrec ﬁ /ull[ree
; (20)

where g4 js the probability of scenario i of the full tree; B is the
probability of scenario i of the reduced tree k; Nf,,, is the node value of
scenario i in the reduced tree k for reservoir m at stage t; H; ,, is the

value of historical data series i for reservoir m at stage t; N4 is the
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node value of scenario i in the full tree for reservoir m at stage t; R is the
combination size (i.e., the number of scenarios in a reduced tree); K is
the total number of historical data series; P is the number of scenarios in
the full tree; C is the total number of reduced tree candidates; M is the
length of the node vector (i.e. the total number of reservoirs in a re-
servoir system); andm € [1, M], t € [1, T], k € [1, C].

Total Mean Deviation Squared (TMDS) of reduced tree k

The term TMDS is used to evaluate the deviation from the reduced
tree’s mean from the historical series’ mean across all reservoirs and
stages. A low TMDS value for a reduced tree indicates a good match
between a reduced tree’s mean and the historical mean, which is de-
sirable. TMDS can be summarized as

M T
TMDSy = Z Yo z (ﬂﬁfsttorical _ /’tly;,t)z’
m=1 =1 @D

where y,, is the weight assigned to reservoir m.

2.4.2. Total variance deviation (TVD)

This subsection describes the calculation of the variance values for
different scenario trees and the historical data series. The definition of
TVD also is provided.

Variance of the reduced tree k for reservoir m at stage ¢:

R
Gt = 2 (N = e VB

i=1

(22)

Variance of the historical data series for reservoir m at stage t:

2 hmtorlcal Z (HL i — hul'tarical)Z/(K _ 1)'
(23)
Variance of the full tree for reservoir m at stage ¢:
P
o,y%lj:l;lltrec — Z (]\]i{"grllf:rce _ #y{kllltree)ziﬁifulllree‘ o0

Total Variance Deviation (TVD) of reduced tree k:

The term TVD represents a criterion that estimates the deviation of
the reduced tree’s variance from the historical series’ variance across all
reservoirs and stages. A low TVD value for a reduced tree implies that
the reduced tree reproduces the historical variance well and is able to
capture the historical extreme values. TVD can be written as

M T
TVDe = ) 1 D, lophiorieat — g2k
m=1 =1 (25)

2.4.3. Total Lag-one Co-Variance deviation (TLCVD)
The serial correlation between two consecutive stages in the his-
torical streamflow series can be represented by the lag-one covariance.
Lag-one Co-Variance of the reduced tree k for reservoir m at stage ¢:

Z{( [

Lag-one Co-Variance of the historical data series for reservoir m at
stage ¢:

Covf

it = —uk Dy

lf‘m[)x( im,t—1
(26)

historical

'um =1

msloncal hzs[orica[) X ( H. =
i,m,t—

Z{(Hm

Y& - D).

(27)

Lag-one Co-Variance of the full tree for reservoir m at stage t:

P
Z {(Nfulltree ,ufulllreE) X (Nfulltree
Lm. m,t

fulltree __
Covyy = i,m,t—1
i=1

pufullreey . g fllree
e (28)

Equations (26) and (28) are valid for t >
assume COVhXStorlcal 0.

Total Lag-one Co-Variance Deviation (TLCVD) of the reduced tree k:

2. For historical data, we
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The term TLCVD represents the similarity of the serial correlation
between the reduced tree and the historical data series. Generally, the
smaller the TLCVD the better, since it means the reduced tree has a
similar serial correlation as the historical data series. This criterion can
be defined as

M
TLCVD, = . %,

m=1 t

S |Covpristorieal _ Copk | .
-1 (29)
2.4.4. Total Cross-site Co-Variance deviation (TCCVD)
The spatial correlation between two reservoirs in the historical
streamflow series can be represented by the cross-site covariance.
Cross-reservoir Co-Variance of the reduced tree k between reservoir
mand n (m # n) at stage t:

R
k k k k k k
Covpne = D3 AN = 1 ) X (NE e = DB
in1 (30)
Cross-reservoir Co-Variance of the historical data series between
reservoir mand n (m # n) at stage t:

K
Cov,ﬁ’:x,ff’{iwl — E {(Hi,m,z _ #::At'torical) x (Hi,n,[ _ #:’itsluricul)}/(K —1).
i=1

(31)

Cross-reservoir Co-Variance of the full tree between reservoir mand
n (m # n) at stage t:

P
ulltree ulltree 1t ulltree 1l lltree
Coupms™® = 7 ANJR™ = it ™) x (N[ — plre ).
i=1

(32)

Total Cross-reservoir Co-Variance Deviation (TCCVD) of the re-
duced tree k:

The term TCCVD represents the similarity of the cross-site correla-
tion between the reduced tree and the historical data series. Like
TLCVD, the lower the TCCVD the better, since it indicates the reduced
tree has a similar cross-site correlation as the historical data series. This
criterion can be defined as

()«
TCCVD, = Y, Y ICovsierieat

(m,n) t=1

k
— Covy el -

(33)

2.4.5. Mean Squared error (MSE)

MSE is a commonly used index to evaluate the Euclidian distance
between two data series. Here it is used to describe the distance be-
tween the reduced tree and the historical data series. The MSE of the
reduced tree k is

L)

m=1 =1

K

MSE =),
j=1

R

2
(vamvl - ﬁik'l\]ilfm,t] /K.
i=1

(34)

2.5. Regularized optimization for determining posterior scenario probability

As discussed in Section 2.3, it is desirable to keep the smallest de-
viation of statistical moments between the reduced tree and full tree,
while making each scenario probability stable. In this section, we apply
the technique of regularized optimization, which combines the mod-
ified ridge regression and moment matching.

2.5.1. Ridge regression and the modified assumption

Ridge regression is a widely used biased estimating technique in
statistics for multiple linear regression that suffers from multi-
collinearity (Hoerl and Kennard, 1970). It is similar in form to the or-
dinary least square (OLS) estimator but adds another regularization
term. Thus, a traditional ridge linear regression can be generalized as
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the following optimization problem:

Q v 2 v
Min: Y |y = D) xyep | + Ay o,
- j=1 j=1 (35)

where y, are dependent variables; x;; are independent variables; w; are
regression coefficients; A is the ridge parameter; and Q and ¥ are the
total number of observations and regressors, respectively.

From the Bayesian point of view, the OLS estimator is identical to
the maximum likelihood estimator (MLE) under the normality as-
sumption for the error terms. In contrast, the Ridge Linear Regression
(Ridge LR) is identical to the maximum a posteriori (MAP) under the
normality assumption for the error terms and coefficients terms. This
condition can be expressed as

v
y= Z wixj+e=Xo" +¢  &~N(0,0?), w~N(,1?),

in1 (36)
where ¢; is the error term and wj is the coefficient term, both of which
have a Gaussian distribution with zero mean. Compared with the OLS
estimator, the Ridge LR utilizes the prior information that the coeffi-
cient term w has a Gaussian distribution with zero mean. Based on these
assumptions, the optimized coefficient w will be close to zero if a very
large value is assumed for the ridge parameter A.

However, as illustrated in Section 2.3, it is desirable to make the
scenario probability as close to 5" as possible. Therefore, instead of
assuming all the coefficient terms in Gaussian distributions with zero
mean, we assume that the coefficient terms have Gaussian distributions
with mean values of 8"; that is, & ~ N(0, 02), wj ~ N (5].’””, 72), where
Bhst is obtained as in Section 2.3.

Based on the assumption and the MAP principle, the modified Ridge
LR can be expressed as

Q p 2
Minimize: Y |y — Y xyeo; | + A

“j i=1

kil .
Z (wj _ B]f'ust)z.
j=1 37)

j=1

2.5.2. Regularized optimization for scenario tree reduction

Since matching the statistical moments between observed data (i.e.
historical data series) and the reduced tree is very important, we con-
duct regularized optimization that combines the modified ridge re-
gression and moment matching. In this study, we consider matching the
first order moment (mean), the second order moment (variance), lag-
one covariance, and cross-site covariance. Thus, the general form of the
optimization model can be expressed as

Minimize:
B
R
[wy:TMDS + w,-TVD + w3 TLCVD + wy-TCCVD] + A- Z B, - /i’ihiS‘)z,

i=1

(38)

where wy, w,, ws, andwy are the weighting parameters for TMDS, TVD,
TLCVD, and TCCVD, respectively; ﬁf“‘" is the historical probability of
scenario i in a reduced tree candidate; and §,, the decision variable, is
the probability of scenario i in the final reduced tree. The weighting
parameter values sum to one and should be specified by decision ma-
kers, depending on their preference.

After substitution, the optimization model can be written as
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e )?

M
e

— Covy n)?]
+ 1 Zf:l (ﬁik _ Bik hisr)z, (39)
subject to:
i 1
D Bf=1andgf> -, Vie[1,P], kel1,Cl
i=1 K (40)

where K is the total number of historical streamflow series and 4 is the
ridge parameter. The decision variable in the optimization model is the
reduced tree probability /S’i" for the reduced tree k. Note that Eq. (39),
subject to constraint (40), is a nonlinear and constrained optimization
problem. We solve it with the interior point method, via the MATLAB
optimization toolbox (Byrd et al., 1999, 2000).

2.5.3. Determine the optimal value of ridge parameter A

Ridge parameter A controls the magnitude of preservation of g5, A
larger Avalue encourages the solution of §; to be closer to Bihi”. The
value of 1 determines the tradeoff between matching the statistical
moments and matching the historical probabilities. We use the Ridge
Trace method suggested by Hoerl and Kennard (1970) to determine the
optimal A value (Aopimar):

1) Plot a figure that shows the optimal §; values as a function of 1.
These functions in the plot are considered ridge traces for each g;

2) View the ridge traces and pick values of A for which all §; values
have stabilized. It is common that 8, will fluctuate very widely for
small values of 1 and then become stable;

3) Choose the smallest A value after all 8, have approached constants.
The smallest value is the optimal 4 value, namely, 4opima- We pro-
vide an illustrative figure (Fig. 6) of this method in the case study
section.

2.5.4. Measure total probability deviation by total probability error (TPE)

TPE measures the total probability deviation from the historical
scenario probability ", It is apparent that TPE decreases as the ridge
parameter Aincreases. The acceptable tolerance of TPE is subject to the
decision maker. The TPE of the reduced tree k is
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Fig. 5. Historical series value and full tree scenario (i.e. centroids) nodal values
of the Shuibuya reservoir.

R
TPE, = Y If — BH™|.

j=1

(41)

2.6. Selection of the final reduced tree

Since we have Cdifferent reduced tree candidates, we select the
reduced tree with the smallest objective function value in Eq. (39) as
our final reduced tree, under the specified value of ridge parameter A.

3. Case study

Our study area is the Qingjiang cascade reservoir system, located in
the middle part of the Yangtze River, China. The system produces hy-
dropower to supplement the energy demand in Hubei province. It
consists of three reservoirs: Shuibuya (the most upstream reservoir),
Geheyan (the middle reservoir), and Gaobazhou (the most downstream
reservoir), respectively, as shown in Fig. 3.

In Fig. 3, Q, is the streamflow into Shuibuya reservoir; Q, is the
lateral streamflow between Shuibuya and Geheyan; and Q; is the lateral
streamflow between Geheyan and Gaobazhou. For this case study, we
assume equal weights for all three reservoirs, i.e., , = =y =1. We
have 59 years of monthly historical streamflow data series available,
from Jan. 1951 to Dec. 2009. Each set of historical streamflow series
consists of 12 stages (i.e. 12months) and each stage has three

Stages

Stages

Fig. 4. Tree structures of the full tree (a) and 50% reduced tree structure (b).
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streamflow values, which can be vectorized as [Q;, Q,, Q3]".
3.1. Generation of the full streamflow scenario tree

We use historical data and the neural gas algorithm to generate the
full streamflow scenario tree. The step size and adaptation parameter
values in Section 2.1.3 are used. The pre-specified structure for the full
tree is shown in Fig. 4 (a) and contains 48 scenarios. We also provide
Fig. 4(b) to show an example of the reduced scenario tree structure with
a 50% reduction level.

The results from the neural gas algorithm are the 48 representative
scenarios, including their nodal values and probabilities. Also, these
nodal values at different stages can be interpreted as the “centroids” of
the historical data series. These results are shown in Fig. 5, using the
Shuibuya reservoir as an example.

As computed by the neural gas method, 11 scenarios of the full
scenario tree have a zero probability. Because of the limited historical
series sets (59) and relatively large number of scenarios in the full tree
(48), it is highly possible that for a specific scenario S;, there is no
historical series whose closest scenario is S;, which leads to zero prob-
ability of that scenario. In our analysis, the zero probability scenarios
are discarded. Hence, our full tree is a scenario tree with 37 (i.e.
48-11 = 37) non-zero probability scenarios.

Note that our study focuses on scenario tree reduction for a given a
full tree. Therefore, any method can be used to generate the full tree.
We use the neural gas algorithm because it has been shown that the
generated scenario tree performs best for hydro inflow applications
(Latorre et al., 2007).

3.2. Test ridge parameter 1

Ridge parameter 4 will impact the optimization problem. Its op-
timum value should be determined prior to optimization. In this sec-
tion, we use a 35% reduction level as an example, (i.e. the 37-scenario
full tree is reduced to 24 scenarios), and the weighting parameters are
assumed to be as follows: w; = 0.98, w, = 0.02, and w; = wy = 0 (i.e.
mean-variance optimization), with the total combination number
C =100 (i.e., the number of reduced tree candidates generated). We
first employ the Ridge Trace method to determine the optimal value of
ridge parameter 4, then conduct a tradeoff analysis to validate the value
of Aaptimab

3.2.1. Ridge Trace method for determining A,piimal
Using the specified parameter values, we solve the optimization
model. Then we randomly select reduced tree #15 and its associated
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scenario probabilities (i.e., optimized coefficients) and plot the ridge
trace diagram shown in Fig. 6. The results show that all the coefficient
values remain almost constant when A > 10°. Therefore, we adopt
Aoptimal = 106.

3.2.2. Validate A,pimqvalue based on a tradeoff between weighted moment
deviation and TPE

In Eq. (38), the two competing objectives are the weighted moment
deviation (w;-TMDS + w,-TVD + w;-TLCVD + wy-TCCVD) and TPE.
By varying the A value, a tradeoff between these two objectives can be
determined, as shown in Fig. 7. This makes it possible to select a
compromise solution. Fig. 7 shows that 2 = 10° yields the best com-
promise solution in that both optimized values are low. This validates
the Ridge Trace method as suggested by Hoerl and Kennard (1970).

3.3. The mean—variance preservation of the reduced trees

In this section we demonstrate the mean—variance preservation of
the reduced tree using the weighting parameters (w; = 0.98, w, = 0.02,
and w; = wy = 0), total combination number C = 100, optimal ridge
parameter Aopima = 10°, and 35% reduction level. Additionally, we test
four different reduction levels (10%, 35%, 50% and 70%) to evaluate
the effect of the reduction level on the reduced tree’s moment matching.

Before the optimization process, the scenario probabilities for each
scenario combination (reduced tree candidate) are "' (i.e., historical
probability). As the scenario combinations are generated by conditional
Monte Carlo sampling, some scenario combinations may be able to

=—o—weighted moment deviation ~—#—TPE
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o b 0.44
2
@ 6600 1 F 04
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g
-2 6000 1 r 032
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E
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Fig. 7. Weighted moment deviation & TPE vs. ridge parameter 1
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Fig. 8. The mean (a) and variance (b) of different trees for Shuibuya (35% reduction level); (“Historical probability” represents the historical probability tree)

capture the extreme scenarios in the full tree. Extreme scenarios are
those scenarios containing extreme nodal values, thus typically with
low probabilities. If extreme scenarios are selected in some reduced tree
candidates, then those candidates may be good candidates for the final
reduced tree.

After the optimization process, the posterior scenario probabilities
B, are calculated. Based on the reduced tree selection rule, the best
reduced tree is selected. This best reduced tree is defined as the “re
duced tree” in short. The “historical probability tree” is then defined as
the reduced tree candidate that has the same scenarios as the “reduced
tree”. The difference between the historical probability tree and the
reduced tree is their scenario probabilities, which are ﬁih“‘ and g, re-
spectively.

Fig. 8 shows the mean and variance for the historical data series and
different scenario trees, using Shuibuya reservoir as the example. Also,
the total moment deviations and MSE for each tree are calculated and
summarized in Table 1. The results reveal that the mean value of the
full tree is preserved because of the nature of the neural gas algorithm,
and the mean value of the reduced tree is also very close to the his-
torical data mean due to the optimization. However, the historical
probability tree has almost more than two times TMDS than both the
full tree and the reduced tree, since it is not optimized. As for the
variance, although the variances of both the full tree and reduced tree
are not preserved when compared with the historical variance, the
variance of the reduced tree deviates less than the full tree, which
implies that the reduced tree matches the variance better than the full
tree when using historical variance as the reference. This is because the
full tree is generated by the neural gas method, which does not preserve
higher order moments, while the reduced tree is based on the optimi-
zation, where the higher moments are optimized. In addition, the MSE
value between the reduced tree and the historical series is very close to
that between the full tree and the historical series, which indicates that

Table 1
The total moment deviations and MSE for different trees.

full tree 35% reduced tree historical probability tree
TMDS (m®/s)? 386 452 979
TVD (m*/s)® 308x10°  2.30 x 10° 281 x 105
MSE (m?/s)* 533 x 107 533 x 107 534 x 107
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the absolute nodal value deviation from the historical series also is
maintained after the reduction.

We then test four reduction levels: 10%, 35%, 50% and 70%, based
on the full tree with 37 non-zero probability scenarios (i.e., P = 37),
also using Aopima = 10° and C = 100. Their corresponding combination
sizes are: R = 33, R = 24, R = 18, and R = 11, and these numbers are
also the number of scenarios left in the reduced trees. Generally, the
higher the reduction level the larger the information loss. Fig. 9 shows
the mean and variance values for trees with different reduction levels,
using the Shuibuya reservoir as an example. Note that results obtained
for other reservoirs are similar. Also, the total moment deviations and
TPE of those trees are summarized in Table 2.

We arrive at several results. First, under Aopima = 10°, the TPE of all
reduced trees is acceptable (less than 0.1). Second, the variance de-
viations of all reduced trees are smaller than the full tree, as indicated
by TVD in Table 2.

Third, the trees with 10% and 35% reduction levels perform better
than the full tree regarding variance, and their mean deviations are
both quite close to the full tree. However, for the 50% and 70% re-
duction level cases, the means deviate significantly from historical
series because of the large information loss, and the variance deviations
also increase as the reduction level goes up. Among the four different
reduction levels, the 35% reduction level is the most ideal. At this level
of reduction, a considerable number of scenarios are eliminated, and
the mean and variance are well preserved.

3.4. Preservation of covariances and sensitivity analysis of weighting
parameters

In addition to mean-variance optimization, in this section we also
account for covariances. Accordingly, we first use weighting coeffi-
cients of w; = 0.96, w, = 0.02, w; = 0.02, and wy = 0, total combination
number C = 100, optimal ridge parameter Aopimar = 10°, and a 35%
reduction level to include lag-one covariance in the analysis. Fig. 10
demonstrates the comparisons of mean (a), variance (b) and lag-one
covariance (c) for the two test cases.

Compared with the “No covariance optimized” case
(wy; = 0.98, wy =0.02, w; =w, =0), the “Lag-one covariance opti-
mized” case (w;=0.96, w, = 0.02, w3 = 0.02, wy = 0) produces a
better match of the lag-one covariance but worsens the match of
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Table 2 Table 3
The total moment deviations and TPE for different reduced trees. Two different test cases, both of 50 experiments.
Reduction level  full tree 10% 35% 50% 70% Type of the tree Full tree No covariance Lag-one
optimized covariance
TMDS (m®/s)? 386 418 452 706 1163 optimized
TVD (m®/s)” 308x10°  233x10°  230x10° 255105 2385 x 105
TPE 0.00 0.08 0.08 0.07 0.10 TMDS (m®/s)* 386 453 402
TVD (m%/s)* 307,649 229,166 244,788
wi-TMDS + wy-TVD(m®%/s)*> 6523 5027 5281
. R . . TLCVD (m®/s)* 2 1
variance, as shown in Fig. 10. To avoid the random error, 50 experi- cv ‘;“ /25) 72,497 70,136 53,980
. MSE (m®/s) 53362 x 107 53365 x 107 5.3362 x 107
ments are conducted for both cases and their means are computed. TPE o 0.076 0.067

Table 3 and Fig. 10 show the similar results. Table 3 also indicates that

the “weighted TMDS and TVD” (defined as w;-TMDS + w,-TVD) of the
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“Lag-one covariance optimized” case is greater than that of the “No
covariance optimized” case.

We conduct another experiment, named “Cross-site covariance op-
timized,” to include the cross-site covariance in the optimization. We
use the following weighting coefficients: w; =0.94, w, = 0.02,
w; = 0.02, and wy = 0.02 in Eq. (38). A comparison of moment pre-
servations is shown in Fig. 11, for both the “Lag-one covariance opti-
mized” case and the “Cross-site covariance optimized” case. The results
show that the former case can better preserve the mean and lag-one
covariance. However, the variance and cross-site covariance are better
matched in the latter case.

Also, we can see that unlike the mean value, the reduced tree’s
variance and covariance are not very close to the historical variance
and covariance in the first three stages. This is caused by the pre-de-
termined tree structure that has very few nodes in the first few stages.
This problem can be corrected by pre-specifying a different tree struc-
ture that has more nodes at the first few stages. However, the historical
mean value can be preserved very well regardless of the tree structure,
since the nodal values obtained from the neural gas algorithm are the
centroids of the historical series at each stage.

We conduct sensitivity analysis on the reduced tree’s weighting
coefficients (wy, w,, ws, wy), under a 35% reduction level. The results
of moments matching, based on the reduced trees with seven different
sets of weighting coefficients, are listed in Table 4.

As Table 4 shows, the full tree does not preserve the historical
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second-order moments very well (i.e. variance, lag-one covariance, and
cross-site covariance), since it is generated by a clustering method that
considers only matching the mean value. With the assigned weighting
parameter values for Case 1, the mean and variance are well preserved
when compared with the full tree. The lag-one covariance is included in
Case 2. Case 3 and Case 4 are designed to find the best weighting
parameter values for cross-site covariance. Case 4 has a worse cross-site
preservation than Case 3, although Case 4’s wy value is larger. This is
because the w, value of Case 4 is smaller than that of Case 3, which
indicates the w, value may have a higher influence on the optimization
of cross-site covariance than the wy value. To test this hypothesis, Case 5
and Case 6 are included. Comparing Case 3 with Case 5, we see that
under the same w, values, cross-site covariance preservation can be
improved by simply increasing the wy value. Comparing Case 4 with
Case 5, the positive effect of w, on cross-site covariance preservation
can be detected. Case 6 shows that w; does not have much effect on
covariances. Case 7 tests the range of the w; value for obtaining an
acceptable TMDS value and indicates that w; should be at least 0.9.
The weights represent the preference of the decision maker.
However, sensitivity analysis can be used to determine the influence of
the weights on the objective function and help select the appropriate
values. It is also important to know the difference in magnitude of each
moment in choosing weights. In Table 4, the weights are varied sys-
tematically, and the corresponding objective function values calculated.
The results should help the decision maker to select the appropriate

Table 4

Different test cases, all of 50 experiments.
Weighting coefficients Full tree Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
wil / 0.98 0.96 0.94 0.94 0.94 0.95 0.9
w2 / 0.02 0.02 0.02 0.01 0.02 0.01 0.05
w3 / 0 0.02 0.02 0.02 0.01 0.02 0.02
w4 / 0 0 0.02 0.03 0.03 0.02 0.03
TMDS (m®/s)* 386 468 365 476 390 642 337 1012
TVD (m*/s)® 3.08 x 10° 2.30 x 10° 247 x 10° 2.33 x 10° 247 x 10° 2.16 x 10° 2.56 x 10° 1.92 X 10°
TLCVD (m®/s)* 7.25 x 10* 6.93 x 10* 5.37 x 10* 5.77 x 10* 5.38 x 10* 6.77 x 10* 5.09 x 10* 7.40 x 10*
TCCVD (m®/s)” 9.98 x 10% 7.47 x 104 8.01 x 104 7.55 x 10% 8.02 x 104 7.02 x 10* 8.31 x 10* 6.31 x 10*
MSE (m®/s)* 5.336 x 107 5.337 x 107 5.336 x 107 5.337 x 107 5.336 x 107 5.338 x 107 5.336 x 107 5.340 x 107
TPE 0.000 0.079 0.066 0.083 0.066 0.093 0.060 0.130
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values for the weights.

For the Qingjiang reservoir case study, we suggest the following: for
mean-variance preservation, use Case 1 parameter values; for including
lag-one covariance, adopt Case 2 parameter values; for also including
cross-site covariance preservation, select Case 3 or Case 5 parameter
values. Admittedly, for a different case study, the best parameter values
may be different.

3.5. Stability test of the total combination number Cand computation time
report

In the above tests, we conducted all the experiments under total
combination number C = 100. In this section, we test the stability of the
reduction method under various total combination number C and find a
number of Cat which the solutions of this method converge.

We conduct a numerical experiment to test the stability of the
conditional Monte Carlo sampling method by systematically increasing
the C value (C =10, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900,
1000). We use the following parameter values: w; = 0.98, w, = 0.02,
and w3 = wy = 0; optimal ridge parameter Aqpima = 10% and a 35%
reduction level. Fifty numerical experiments are conducted for each
Cnumber. The mean of the results for the weighted moment deviation
(w;-TMDS + w,-TVD + w3-TLCVD + wy-TCCVD) is plotted in Fig. 12.
Additionally, we report the computational time for the reduction
method under each Cnumber.

Fig. 12 reveals that, generally, the weighted moment deviation stops
decreasing at C = 700. We conduct the significance test showing that
after C = 700, the weighted moment deviation has no significant linear
relationship with the total combination number under the 95% con-
fidence interval. Therefore, at C = 700, the proposed method converges,
and the small fluctuation after 700 is due to random errors. On the
other hand, the computational time increases almost linearly as the
total combination number rises. Therefore, if we trade-off between the
weighted moment deviation and the computational time, a total com-
bination number C = 400 would be considered ideal. This is because at
C = 400 both weighted moment deviation and computational times are
low.

4. Conclusion

In this paper, we presented a new scenario tree reduction method,
based on stepwise conditional Monte Carlo sampling and regularized
optimization. The proposed method is particularly suited for reducing a
streamflow scenario tree that consists of many stages for three reasons.
(1) This method does not require updating nodal values at each stage. It
is consistent with the definition of scenario tree reduction, i.e., “to
determine a subset of the initial scenario tree and assign new prob-
ability to the reduced scenarios” (Growe-Kuska et al., 2003). (2) This
method stabilizes the reduced tree scenario’s probability, and the
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physical meaning of the streamflow scenario probability is interpreted
easily. (3) This method does not rely on the probability metric but takes
advantage of the basic moment matching technique to provide a direct
moment matching between the historical data series and the reduced
tree.

In the Qingjiang reservoir case study, we determined the optimal
ridge parameter A,ynqusing the ridge trace method and confirmed this
value through the tradeoff between the weighted moment deviation
and TPE. We tested the moment preservation of the reduced tree with
different reduction levels and under “mean-variance” optimization,
finding that even with a high level of reduction (such as 35%), the
reduced tree still can moment-match well with historical series. We also
examined the covariance, showing that it can be preserved well while
other moments are not significantly impacted. Also, the stability test
showed that the proposed method is stable and approximately con-
verges when the total combination number C = 700, which is a small
sample size compared with all possible combinations of sampling.
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Key Points:
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study

Abstract

We propose a multi-objective, multi-stage stochastic programming with recourse model for
reservoir management and operation, where we use utility theory to select the best compromise
solution from the Pareto front. A multi-stage streamflow scenario tree is generated first by the
neural gas method. Then the Pareto front at each stage is produced by a modified constrained
NSGA-II. A single best compromise solution on the Pareto front must be selected for the
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immediate stage and the model moves forward one stage and is re-optimized over a moving
planning horizon of fixed duration. The selection is achieved by a proposed linear spline utility
function allied with regression. Our proposed utility function has the following advantages: 1) it
satisfies the law of diminishing marginal rate of substitution, 2) it does not rely on the pre-specified
weight or goal, and 3) it selects the best compromise solution that is likely to fall in the “knee
regions” of the Pareto front. We apply the proposed optimization model to the Three Gorges
Reservoir (TGR) in China. The two conflicting objectives are 1) maximizing the total expected
energy output in the planning horizon, and 2) maximizing the average expected ecological benefits
in the planning horizon. The results show that the proposed model produces the optimal water
release policy successfully under different hydrological scenarios, when considering both the

inflow uncertainty and the tradeoff between the two conflicting objectives.

Keywords: Stochastic multi-objective optimization; Stochastic programming with recourse;

Reservoir operation; Utility function; Three Gorges Reservoir

1. Introduction

In a survey paper, Gutjahr and Pichler (2016) pointed out that stochastic optimization and multi-
objective optimization are well established in the field of operations research, but their interaction
is less developed. Many real-life decision-making problems frequently involve multiple objectives
and stochastically represented uncertainty simultaneously. For example, in reservoir management
and operation, the multiple objectives include hydropower generation, water supply and flood

control, etc. The uncertainty of reservoir inflows is represented by a stochastic process. When
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optimizing the operation of a reservoir system, we simultaneously must consider both multiple
objectives as well as the stochastically represented uncertainty of inflows.
Stochastic programming (SP) has been developed to resolve the uncertainty of random

variables. The simplest SP problem can be expressed as follows (Shapiro and Philpott, 2007):

maxixmize E[f(x,w)]

1)

st. Xe X;weQl,

where X is the decision variable (vector); w is the uncertain parameter; X is the set of feasible

solutions (i.e., solution space); Q is the set of {w,}, i=1,2,...,1 (i.e., sample space); E[] is the
expectation operator; and f (x,w) is a general function associated with the uncertain parameter w.

There are different ways to represent the uncertain parameter w, and the scenario tree method is
one of the popular ways in the literature (Xu et al., 2015a; Séguin et al., 2017; Li et al., 2019). For
reservoir management and operation, w is the discretized inflow scenario and Q is the inflow
scenario tree. The methods of generating an inflow scenario tree are detailed in previous studies
(Lietal., 2019); most of them require available historical inflow data.

In practice, people are more likely to make sequential decisions, between which some of
the uncertain parameters gradually become known (Pflug and Pichler, 2014; Gutjahr and Pichler,
2016). Thus, another practical version of stochastic programming is two-stage stochastic
programming. That is, at a given time point (i.e., the immediate stage or the 1% stage) before the
realization of the uncertain parameter w, a first decision (i.e., here-and-now decision) must be
made. Then, after the realization of uncertain parameter w [i.e., the future stage or the 2" stage,
and w=(g,J,L,h)], we make a second decision (i.e., wait-and-see decision) by solving a
deterministic optimization problem. The generic form of a two-stage stochastic optimization

problem is
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maxixmize f(x)+E[g(x,w)]

2
st. Xxe X:weQ, @
where g, the recourse function, is the solution of the following second stage problem
maximize q(w)"y
! ©)

st. J(W)x+L(w)y <h(w),

where x is the 1% stage decision (here-and-now decision) and y is the 2" stage decision (wait-and-
see decision). Recent studies based on this model include a two-stage stochastic model for supply
chain design (Schitz et al., 2009) and a similar model for reservoir operation (Ortiz-Partida, 2019).
Koppa et al. (2019) developed a stochastic programming with recourse model based on ensemble
forecasts for hydropower optimization.

In addition to the inflow uncertainty, decision makers frequently encounter multiple
objectives that conflict. For example, minimizing flood risk and maximizing hydropower output

are typically two conflicting objectives. A general form of multi-objective optimization is

maximize (f,(x), f,(x),..., f.(X))

(4)

st. Xe X,
where m is the number of objective functions (m>2), and (f,,..., f,,) is the vector of objective

functions.

Pareto optimal solutions (Moore, 1907) typically are pursued in multi-objective
optimization problems. In general, solution methods can be classified into the following two
categories: 1) priori methods aimed at producing one single Pareto optimal solution, and 2)
posterior methods aimed at producing the Pareto front, or a subset of all Pareto optimal solutions
(Wang et al., 2017). The three most widely used methods in the first category are the scalarizing

method (also known as the weighting method), the e-constraint method, and the goal programming
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method. The methods in the second category focus on Pareto front generation. Mathematical
programming techniques (such as linear programming and nonlinear programming) and
evolutionary algorithms (such as the genetic algorithms) are used to generate the Pareto front.
However, when the optimization problem is nonconvex and non-differentiable, mathematical
programming techniques may encounter difficulties in finding the true Pareto front.

Evolutionary algorithms (EAs) are used widely for Pareto front generation, because they
often can generate a more complete Pareto front (Deb, 2011). Most EAs apply Pareto-based
ranking schemes, and the most widely used algorithm is Non-dominated Sorting Genetic
Algorithm-I11 (i.e., NSGA-I1), developed by Deb et al. (2002). Other popular multi-objective EAs
include SPEA2 (Kim et al., 2004), e-NSGA-I1 (Kollat and Reed, 2005), e -MOEA, AMALGAM
(Vrugt and Robinson, 2007), and BORG (Hadka and Reed, 2013). Maier et al. (2014) reviewed
the development and application of EAs and other meta-heuristics for the optimization of water
resource systems. Reed et al. (2013) summarized popular EAs and concluded that BORG
performed best in complex water resources problems. Recent studies on multi-objective models
include models for portfolio optimization (Roman et al., 2007) and for water system design and
operation (Foued and Sameh, 2001; Reddy and Nagesh Kumar, 2007; Dittmann, et al., 2009; Liu
et al., 2011; Wang et al., 2012; Ramos et al., 2014; Zhao and Zhao, 2014; Giuliani et al., 2016a;
Giuliani et al., 2016b; Giuliani et al., 2017; Yang et al., 2017; Yu et al., 2017, Tarebari et al., 2018;
Wang et al., 2018; Yang et al., 2019).

Stochastic multi-objective programming (SMOP) should consider both uncertainty and
multiple objectives. Common ways to incorporate the uncertainty include 1) stochastic constrained
methods that assume a distribution for the uncertain parameter, and 2) scenarios-related methods,

which use discretized scenarios for the uncertain parameter (Abdelaziz, 2012). Multi-criteria
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decision-making (MCDM) methods can be used to select the preferred non-inferior solution from
the Pareto front in which the decision makers choose criteria and calculate the priority score or
rank for each alternative based on the assumed weight for each criterion (Dhiman and Deb, 2020).
Common methods under MCDM include the Simple Additive Weighting (SAW) method (Hwang
and Yoon., 1981), which is essentially an application of the scalarization; Technique for Order of
Preference by Similarity to Ideal Solution (TOPSIS) (Yang et al., 2018), whose principle is similar
to goal programming; and Stochastic Multicriteria Acceptability Analysis-2 (SMAAZ2), which
considers the uncertainties in the criteria but requires a good choice of utility function. (Lahdelma
and Salminen, 2001; Zhu et al., 2017a).

Recent studies on SMOP have emerged in different fields. Abdelaziz et al. (2007)
developed a SMOP for portfolio selection, using the stochastic constrained method and goal
programming. Azaron et al. (2008) developed a similar model based on scenarios and goal
programming for supply chain design. Fonseca et al. (2010) proposed a stochastic bi-objective for
reverse logistics planning, based on discretized scenarios and scalarization. Bath et al. (2010)
applied a similar approach in a SMOP for a thermal power generation schedule. Gutjahr and Reiter
(2010) set up a bi-objective project portfolio selection model under uncertainty by sampling
random scenarios via an adaptive Pareto sampling technique. Hnaien et al. (2010) developed a
SMOP for inventory control, using a stochastic constrained method and a scalarization algorithm.
Tricoire et al. (2012) developed a bi-objective stochastic model for covering a tour problem based
on discretized scenarios and the e-constraint method. Rath et al. (2016) proposed a similar SMOP
model for disaster relief operations. Despite these existing studies across many fields, however,
the literature on SMOP in the field of water resources planning and management is sparse. One of

the few examples is Zhu et al (2017b), who developed a multi-objective stochastic programming
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with recourse model for optimal flood control operation with an emphasis on risk assessments and
propagation. They used SMAA-2 to select the best compromise solution.

Distinct from all existing studies in SMOP, this study develops a multi-objective, multi-
stage stochastic programming with recourse model for reservoir management and operation.
Within this proposed framework, we develop a modified constrained NSGA-II to produce the
Pareto front, and propose a linear spline utility function with regression method for selecting the
“best compromise” Pareto optimal point.

Since the desired model is not only multi-objective, but also multi-stage stochastic, a
unique optimal release policy must be identified for each stage, so that the initial state of the
reservoir at the following stage can be determined, and then the rolling horizon technique can be
applied. In other words, at each stage, how to select the best compromise Pareto optimal solution
among all noninferior alternatives is regarded as the most important task in the proposed model.
As discussed, the scalarization method, which essentially evaluates different alternatives by their
weighted sum objectives, may provide the simplest solution to this task. However, in the
scalarization method, the weight for each objective is typically not easy to determine. Other
methods, such as goal programming and e-constraint, also require pre-specifying parameter values.
In addition to this problem, most existing MCDM methods suffer from an even more serious
disadvantage. In these methods, the preference coefficient for each objective is assumed to be fixed
over the entire domain, which is usually not the case in the real world. For example, a high
reservoir water level is usually preferable for power generation but unfavorable for flood control.
So, suppose we have two conflicting objectives of maximizing hydropower output (economic
objective, F1) and minimizing the reservoir water level (safety objective, F2). When the reservoir

water level is low, we would like to increase the water level by 1m, in exchange of 100 kWh power
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output. In this case, the preference coefficient of objective F2 over F1 is 100/1=100. However,
when the reservoir water level is high, then we would require a high exchange rate (e.g., a 1m
water level increase in exchange for 10000 kWh hydropower output). The preference coefficient
of objective F2 over F1 is now 10000/1=10000 . Therefore, we can see that the weight of each
objective should change with respect to the objective values. In economics, this phenomenon is
called the law of diminishing marginal rate of substitution (Hicks, 1939; Besada and Vazquez,
1999; Dittmer, 2005, White, 2015), which states that consumers are willing to part with less and
less quantity of one good in order to get one more additional unit of another good.

The marginal rate of substitution (MRS) is a feature of utility theory. In this theory, utility
is the total satisfaction received from consuming a good or service. A utility function is a numerical
representation of agent preferences over different objectives (Debreu, 1954; Hanemann, 2006;
Zhao et al., 2013). Indifference curves are the level sets of a utility function (Marshall, 2009). The
slope of the indifference curves measures the rate at which the agent is willing to substitute one
good for another, which is equal to MRS (Baldwin, 1948). MRS is different from Marginal Utility
(MU), as MRS is equal to the ratio of the marginal utilities. In general, MU describes the change
in utility (happiness) when the amount of one good changes a small amount while the amount of
other goods remains constant, which can be utilized to derive optimal operating rules for decision
making in hydropower scheduling (Zhao et al., 2015). However, MRS measures the exchange rate
of two goods, which can be used to assist in reaching a compromise resolution between two or
more conflicting objectives. According to the law of diminishing MRS, the slope of the
indifference curve should vary among different regions for an objective. However, it can be shown
that scalarization-related methods (including SWE) are equivalent to using a linear utility function,

whose slope (i.e., objective preference) is fixed in the entire domain of any objective. The goal
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programming related methods (including TOPSIS) limit the representation of the utility function
due to the fact that the implied dissatisfaction increases linearly with the deviation away from the
goal (Tamiz et al., 1995). In economics, an extensively used utility function is the quadratic utility
function (Levy and Markowitz, 1979; Johnstone and Lindley, 2011), which satisfies the law of
diminishing MRS. But since the slope of its indifference curve (MRS) changes in every position,
the underlying preference for each objective from this utility function is not clear.

A literature review indicates little attention has been paid to developing an appropriate
utility function that can be used in tradeoff analysis among different objectives in reservoir
operation, even though many decision-making methods, such as SMAA-2, require decision makers
to choose a good utility function (Lahdelma and Salminen., 2001). Thus, in our framework, we
propose a linear spline utility function method based on utility theory. There are advantages to this
method. First, it satisfies the law of diminishing MRS, and the preference coefficients are fixed in
each segment with clear interpretations. Second, it does not rely on the specified weight of each
objective or any pre-specified parameters, if used along with the proposed regression method.
Instead, it finds such information from the Pareto front. Third, the tradeoff solution from this
method is likely to be the “knee point” of the Pareto front, which is usually the preferred solution
for a decision maker (Branke et al., 2004; Deb and Gupta, 2011).

In sum, in this study we propose a multi-stage stochastic, multi-objective optimization
framework that is suitable for reservoir management and operation. Within this proposed
framework, we develop a modified constrained NSGA-II to produce the Pareto front, and propose
a linear spline utility function with regression method for selecting the “best compromise” Pareto
optimal point. We outline this paper as follows: Section 2.1 introduces the streamflow scenario

tree and the neural gas method. Section 2.2 presents the general framework of the multi-objective,
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multi-stage stochastic programming with recourse model, based on the generated scenario tree and
the rolling horizon technique. This is followed by an application of the model to reservoir operation.
Section 2.3 develops the linear spline utility function method to find the best compromise Pareto
optimal point on the Pareto front for each stage, based on the utility theory. Section 3 applies the
proposed SMOP model to the Three Gorges Reservoir in China. We then provide final remarks

and conclusions in Section 4.

2. Methodology

Fig. 1 shows a flowchart of the proposed methodology.

A multi-objective,

Historical Neural gas method, Streamflow Model input | multi-stage stochastic
inflow data scenario tree | programming with

recourse model

Constrained NSGA-II with the adjustment step

\/

Optimal . Proceed to the
Pareto frontat | Linear spline utility function Pargto point Model input |~ "0 ¢ ihe
the first stage =) : |
g selection next stage

Figure 1. The flowchart of the proposed method

2.1 Streamflow scenario tree and the neural gas algorithm
A scenario tree is used to represent the stochastic process in stochastic programming. The tree is
composed of a finite number of outcomes and their corresponding probabilities at each stage. Each
scenario is a path from the root outcome to the leaves outcome, and its probability is the product
of the outcomes’ probabilities on that path. (Li et al., 2019).

In this study, we generate a multi-stage streamflow scenario tree from the historical

observed streamflow series, and it is defined as {w;}, i=1,2,...,1, in which w; is the scenario i
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and I is the total number of scenarios. In addition, P(w,) is defined as the scenario probability of
scenario i. We designate t as the stage and T as the total number of stages. Note that w,, =w,,, if
scenario w; and scenario w,. have a common node w;,, (or w, ) at stage t. Fig. 2 is an example of
a three-stage streamflow scenario tree with four scenarios, in which w,, =w,, and w,, =w,,

(even though w,,and w,, are not shown in Fig. 2).

@ Wl P(w)
@ @ W,  P(w,)

‘ﬂb ‘Hp///<:> W, P(w,)
@ W, P(w,)

t=1 =2 $=3

Figure 2. An example of the three-stage streamflow scenario tree structure

The neural gas algorithm is one of the clustering methods that used originally for vector
quantization in topology (Martinetz and Schulten, 1991; Martinetz et al., 1993). It requires a fixed
pre-specified tree structure and uses a distance-based iterative method to update nodal values to
centroids. Latorre et al. (2007) showed that the neural gas algorithm outperforms other clustering
methods when generating a streamflow scenario tree for hydro inflows data. Thus, in this study,
we employ the neural gas algorithm for streamflow scenario tree generation. We adopt five
algorithm parameter values suggested by Xu et al. (2015) and Li et al. (2019) as follows: maximum
iteration time j, =20,000 ; step size parameters &, =0.5 and &, =0.05 ; and adaptation
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parameters A, =10 and A, =0.01. The steps for performing the neural gas algorithm are detailed

in previous studies (Melato et al., 2007; Li et al., 2019).

2.2 The proposed SMOP model for reservoir operation
2.2.1 The general form

Our proposed optimization model is a multi-objective stochastic optimization model based on a

multi-stage scenario tree. It has a general form as follows:

maximize {f,(x,w),..., f (x,w)}
st. xe X 5)
we Q)

where X is the decision variable and X is the solution space; w is the scenario and Q is the set of

{w},i=12,..,1 (i.e., scenario tree); and f, is the i" objective function.

We further simplify the general form into a two-stage stochastic multi-objective

optimization form:

maximize - {(f,(x) +E[g; (X, W)]),..., (T, (x) + E[9,, (X, W)])}

s.t. XxeX;weQ,

(6)

where g, is the i" recourse function. Note that all objectives in Eqn. (6) depend on the decisions

in both the 1% stage and 2" stage. Gutjahr and Pichler (2016) pointed out in their review paper of
stochastic multi-objective optimization that most existing studies of stochastic multi-objective

optimization assume a bi-objective situation, where one of the two objectives only depends on the
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1% stage decision (i.e., deterministic objective). Under this assumption, the multi-objective two-
stage stochastic optimization can be simplified into a single-objective two-stage stochastic
problem. The e-constraint method, which imposes additional e-constraints on the deterministic
objective in the 1% stage problem, often is used for this simplification (Laumanns et al., 2005).
However, the parameter ¢ is difficult to choose since it represents the tradeoff between two

objectives.

The general form above can be transformed into a series of two-stage multi-objective
stochastic programming with recourse models. This can be achieved via the idea of rolling horizon.
There are two different versions of rolling horizon. The first is to move the entire planning horizon
as a moving window (Zhao et al., 2012), while the second is to move only the starting time point
and keep the ending time point (boundary) fixed (Yeh, 1985; Xu et al., 2015a; Zhu et al., 2017b).
In this study, we adopt the second version. For example, we first construct a two-stage stochastic
multi-objective optimization for the planning horizon of [1, T] and obtain its 1% stage decision.
Then we move the planning horizon to [2, T]. Based on this new planning horizon and the
previously obtained 1% stage decision, we construct another two-stage stochastic multi-objective
optimization model and obtain its 1% stage (immediate stage) decision as the recourse action. This
procedure is continued until we reach the fixed boundary condition (i.e., the planning horizon is
[T-1, T]). Note that, for reservoir operation, the initial storage and final storage conditions typically

are fixed.

2.2.2 An application to reservoir operation

We apply the proposed optimization framework to the operation of a multi-purpose reservoir

operation system. The two conflicting objectives are 1) maximizing the total expected energy
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output in the planning horizon, and 2) maximizing the average expected ecological benefits
(represented by the ecological assurance rate) in the planning horizon (Becker and Yeh, 1974; Liu

etal., 2011; Zhang et al., 2020).

Assume we have a T-stage scenario tree with a total number of | scenarios. As we
mentioned earlier, we want to transfer the original multi-stage multi-objective optimization
problem into a series of two-stage stochastic multi-objective models with a rolling horizon. Thus,
at each stage t, we construct a two-stage stochastic multi-objective model for the planning horizon
[t, T], and obtain its immediate stage decision. We define the model-stage for the planning horizon

as stg (stg =1,...,t,...,T ). For example, the stg =1 model is built for horizon [1, T] to obtain the

decision for stage 1. In this model, the immediate stage is stage 1, and the future stages are

t=2,...,T . We then proceed with the stg =2 model, whose planning horizon is [2, T]. For the

entire planning horizon, we construct T-1 two-stage stochastic multi-objective models (i.e.,

stg =1,...,T —1 models) and one deterministic multi-objective model (i.e., stg =T model). We

illustrate this procedure as follows.

For the stg =1model, the two objectives f, and f, can be shown as

| T .
maximize f =E_ +) P(w)-) E
R, SR i-1 t=2

| T (7)
maximize f, = Tl[At=1 +Z P(w)-> Al

R, SR

where R! is the power release in the period [t,,, t,,,] for scenario i; SP' is the non-power release
in the period [t,,,t,] for scenario i; E; is the energy output during the period [t,,,, t,,,] for

scenario i; t. and t, , are the beginning and the end of stage t, respectively; | is the total number

beg
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of scenarios and T is total number of stages; P(w;) is the probability of scenario i; and A} is the

ecological assurance rate of stage t for scenario i.

The term f, is the total energy production objective and f, represents the ecological

benefit from the reservoir. As ecological benefit has gained more attention in reservoir
management and operation, this objective requires a minimum water release to downstream that is
essential for natural ecosystems. It conflicts with the energy production objective that encourages
maintaining a higher reservoir water level. The ecological assurance rate can be approximated by

a piecewise function as follows (Zhang et al., 2020):

0 If Qt < teco,min
Q __()€co,min ] )
At = ecot,pro : eco,min If QteCOleﬂ < Qt < teco,pro ' (8)
t t
1 if Qt > teco,pro

where Q™" is the minimum ecological streamflow for the period [tyeg s tng] s @nd Q7P is the
appropriate ecological streamflow for the period [t , t.,;]. They are determined using the month-

by-month frequency calculation method (Chen, 2005): 90% for the dry period (Dec.-Mar.), 70%
for the normal period (Apr. Oct. and Nov.), and 50% for the wet period (other months). The term

Q, is the total reservoir discharge in the period [t , t.,,]-

Other constraints for the stg =1 model include the following:

1. Water balance equations:

52



Vti :Vti—l + (\Nti - Rtl —SPti)-At;

Q=R +SP,

W' =w, =D, ift=1

W: =W, if t>1 )
Vo :VInitiaI;

V'I'I Zvlnitial;

vt=1...,T;

vi=1..1,

where R and SP' are defined as before; At is the time duration between each stage; V' is the
ending reservoir storage of stage t (i.e., the reservoir storage at t,.,) for scenario i (for example,
Voeoner 1S the reservoir storage at the end of October). V, .., 1S the initial reservoir storage (i.e., the
reservoir storage at the beginning of the first stage); and V; is the ending reservoir storage of the
entire planning horizon (i.e., the reservoir storage at T,,,) for scenario i, which is set to be equal
or greater than the initial reservoir storage; W,' is the inflow in the time period of [t,,t,,] for
scenario i; and D, is the deterministic forecasted inflow during the period of [t , t.,,]. Note that
D, is available only when we have reached the model-stage stg =t . For example, for the stg =1
model, D, is available. And in this model, we first use D, to replace w;, (i.e. the scenario tree
node value at stage 1 for all scenarios i=1,...,1), then W, equates with D, . For other stages (i.e.,

t>1), W, is equal to the original scenario tree node value w;, (Xu etal., 2015a).

2. Power and energy output equations:
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E: =N, -At;

=K-Rti-Hi'
H = PN, (Y t1+Vt') FN, (R +SP): (10)
Vt=1..T:
vizl..1,

where N is the power output during the period [t,.,t..,] for scenario i; H! is the gross average

beg ? t

water head during period [t,, t,,,] under scenario i, which is the difference between average
forebay water level and tailrace water level; FN, and FN, are the functions of forebay water level

and tailrace water level (Xu et al., 2015a); and K is the comprehensive output coefficient for the

reservoir (Liu et al., 2011; Yang et al., 2017; Yang et al., 2018).

3. Storages and power output limits:

Vt min SV <Vt max ! (11)
N <N/ <N (12)

where V.

t,min

and V, ., are the lower and upper bounds of the reservoir storage at each stage t, which

include flood control reservation. The terms N, and N__ are the minimum and maximum limits

of power output. Those are all constants, Vt=1,...,T and Vi=1,..,1.

4. Release limits:

mm - R[ < R (13)

SP._<SP'<SP_ (14)

min —
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where R, and R, are the lower and upper bounds of the power release; and SP,,, and SP, are

the lower and upper bounds of the non-power release, Vt=1,...,T and Vi=1,...,,1I.

5. Uniqueness of decision variables:
R} = Rtiz; SPtil = SF{i2 if W =W, Vi,i, €[11]. (15)

These constraints basically state that decision variables (i.e., R and SP') shared by more than

one scenario should be the same.

We employ NSGA-II to solve the above optimization problem. In terms of constraint
handling, Constraints (9), (10) and (15) are hard equality constraints that can be encoded in the
algorithm. Constraints (13) and (14) are the initial ranges of decision variables that can be specified
at the beginning. Thus, only the storage and output limit constraints [i.e., Constraints (11) and (12)]
will be given specific consideration. The original constrained NSGA-II’s approach is to ensure
that any feasible solution has a better nondomination rank than any infeasible solution. It works
well for problems with a small number of constraints. However, in practice, we find it is not
efficient for our proposed model, since our model has many more constraints than an ordinary
multi-objective model. For example, if the scenario tree has 50 scenarios with 10 stages, then we
will have 50x10x2x2 = 2000 constraints for Constraints (11) and (12). With such a very large
number of constraints, it is very difficult for the original method to generate sufficient feasible

offspring, and most of the initialized individuals will be stuck in the infeasible zone.

To overcome this problem, we developed a modified constrained NSGA-II. Specifically,
we slightly modify the approach of constraint handling in the original NSGA-II by proposing an
additional “adjustment” step to every offspring solution. This “adjustment” step is added before
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each round of the non-domination sorting step in the NSGA-II. Unlike the original constrained
NSGA-I1 that makes infeasible solutions inferior in non-domination sorting and removes them by
tournament selection, our “adjustment” step eliminates the infeasible solutions before sorting by
adjusting the decision variable values to satisfy the constraints. To implement this, we need to set
up an adjustment strategy for each type of constraint. Fig. 3 shows the adjustment strategies for

Constraints (11) and (12) in this model. These strategies also are detailed in Appendix B.
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Figure 3. Flowchart of the adjustment strategies for Constraints (11) and (12)
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Our modified constrained NSGA-II with the adjustment step aims at transforming an
infeasible solution to a guaranteed feasible one before each round of non-domination sorting. This

method is highly efficient for models that have a large number of upper and lower bounds. For

example, Constraint (11) (e.9., V, i th‘) incorporates 500 constraints but they are all in the same
form. Furthermore, each constraint [e.g., for (t,i,) ] only contains two decision variables:

V, min SV =V + (W2 —RE—SP")-At , where only R and SP! are involved. This property

t,min =
makes the strategy possible: if ending storage is below the limit, then we first want to reduce non-

power release SP'. If SP' is reduced to SP

. » then we adjust power release R' to satisfy the
constraint. The ideas for other steps are similar. Thus, to formulate the adjustment step, it is
necessary to build a strategy for each type of constraint. But once we set it up, it can be used for

all constraints of the same form. In general, our proposed adjustment step offers another way to

handle constraints in NSGA-II and is most efficient for models with simple constraints.

The modified constrained NSGA-II will provide a Pareto front for the immediate stage. To
proceed with our rolling horizon procedure, we need to select one Pareto optimal point on the
generated Pareto front for decision making for the immediate stage. How to select this “best
compromise” solution will be discussed in section 2.3. For now, we assume that the “best

compromise” point has been selected. This point is the solution (or the output) of the stg =1 model

(i.e, R and SP',i=1..,1and t=1,...,T). Since we will update R., and SP!

L, When moving

forward, we only keep R, and SP',. Also, since the scenario tree node values at stage 1 are

replaced by D, (i.e. all scenarios have the identical stage 1 value as D, ), then R' =R*=..R' =R,
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and SP'=SP?*=..SP' =SP. These R, and SP, are the actual power and non-power releases we

will adopt for stage 1.

Next, similarly, we proceed into horizon [2, T] and build the stg =2 model. The objective

functions are slightly modified as

| T
imi f,=E_,+> P(W) > E
malg,i(,lgnﬂilze ! =2 i i=1 (\NI) ; t

(16)
| T
maximize f, = L[At=2 +> P(W)- D Al
T-1 Py =3

R/, SR

where the definition of each variable is the same as the stg =1 model. The constraints are identical
exceptthat t =2,...,T . The outputs of the stg =2 model are R, and SP,, which are the power and

non-power releases to be adopted.

We then construct and solve models for stg =3 to stg =T . And we can obtain R, and
SP,,...,R; and SR, . The last model (i.e., stg =T model) is a deterministic model, since all
scenario shares only one node of deterministic forecast value (i.e., D; ). Therefore, to obtain all
the release solutions (i.e., R,...,R; and SP,,...,SP;), we construct T-1 stochastic multi-objective

models and one deterministic multi-objective model in a series, with a rolling horizon. Fig. 4
illustrates the recourse procedure, exemplified through a three-stage problem (i.e., T=3). Starting

with the stg =1model, we first update the generated streamflow scenario tree by replacing the t=1
node value w,, with D, (i.e., the deterministic forecasted inflow in the first period). Then,
combining the updated scenario tree with the initial state information of the stg =1model, we

solve the proposed SMOP, yielding R, and SP,. With R, and SP,, the initial state information of
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stg =2 can be identified. We then proceed to the stg =2 model and follow the same procedure

until the end.

Figure 4. An illustrative diagram of an example problem (T=3)

2.3 Linear spline utility function method

We propose a new method based on utility theory to select the “best compromise” solution at each

stage.

Utility is a widely accepted concept in economics that describes the satisfaction (or
happiness) of decisionmakers (Levy and Markowitz, 1979). Thus, how to allocate resources in
order to maximize utility is the central question in the utility maximization problem. The utility

function expresses the utility with each option ¢, and is denoted by U(¢) (Debreu, 1954;

Hanemann, 2006). A utility function U (¢) represents a decisionmaker’s preferences if

U(p)>U(y) ifand only if ¢ >y. 17)
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Furthermore, a decisionmaker’s indifference curve is defined as the set of products that

yield a constant level of utility (Marshall, 2009).

Indifference Curve ={¢|U (@) =Const.}. (18)

Each indifference curve corresponds to a different level of utility. So, if we want to maximize
utility, we need to find the corresponding indifference curve. This idea is the basis of many Pareto

optimal point selection methods. For example, the scalarization method selects the “best

compromise” point by assigning a weight for each objective. Consider there are two objectives f;
and f, . This bi-objective optimization problem can be transformed into a scalar optimization

problem as follows:

maximize U(f, f,)=0.6f +0.4f, (19)

where 0.6 and 0.4 are the pre-specified weights; U (f,, f,) is the utility function. From the utility

theory perspective, the indifference curve can be derived by assuming that utility is a constant,

such as

U =Const.=0.6f, +0.4f1, . (20)
And it is equivalent to
0.4 U
f=—"—"f +—. 21
1=706 " 06 (21)

The (f,, f,) points on the same indifference curve will provide an identical utility value, and this

utility value can be represented by the intercept term of the indifference curve (i.e., U/0.6). Since
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our goal is to maximize utility, the intercept term is to be maximized. Based on the Pareto front

obtained, the intercept term is maximized when Eqn. (21) is tangent with the Pareto front. This is

illustrated in Fig. 5(a). Fig. 5(b) shows another example of maximizing objective f, while

minimizing objective f,. The idea and procedure are identical. That is, maximum utility (i.e.,

maximum intercept) occurs when the indifference curve is moved tangent to the Pareto front.

(a) (b)
Maximize f| Maximize f| " U=06f—04f,
L —> Maximize U =0.6f,+04 R —_ aximize =0.6/,-0.
Maximize f, / 2 Minimize f, ! :
f f = Pareto front
1 — Pareto front 1 Indifference curve 1
Max Intercept Indifference curve 1 Indifference curve 2
Indifference curve 2 .
@ Tangent point
@ Tangent point
Max Intercept
e S
Indifference curve: Indifference curve:
0.4 U 0.4 U
h=—rfot— h=sZh+t—
0.6 0.6 0.6 0.6

Figure 5. Utility maximization examples: (a) Maximize both f, and f, ; (b) Maximize f, and minimize

fZ

Although the scalarization method is easy to implement, we see that the underlying
assumption for this method is to use a simple linear utility function for the entire domain. This
assumption is not always valid. To confirm that, we introduce the concept of marginal utility as
the incremental increase in utility that results from consumption of one additional unit, and the
ratio of two marginal utilities of two different objectives is defined as the marginal rate of

substitution (MRS). In the bi-objectives case, MRS is the slope of the indifference curve.
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There is an important law in economics, the law of diminishing MRS, which states that as
more of one good is consumed, people prefer to give up fewer units of a second good to get

additional units of the first good (Hicks, 1939; Besada and Vazquez, 1999). For example, say we

want to maximize power generation (i.e., f;) and minimize flood risk (i.e., f,). When the flood

risk is very low, then we are willing to increase a certain amount of flood risk, in exchange for

even a small increase of power generation. This preference can be described by a small MRS of

f, for f,, or a mild slope of the indifference curve. In contrast, when flood risk is already very

high, then each amount of further increase of flood risk must be able to exchange for a significantly
high increase of power generation. This preference can be described by a large MRS, or a steep
slope of the indifference curve. Therefore, we see that the gradient (or slope) of the indifference

curve should vary within the range of selected objectives.

To consider gradient variation of the indifference curve, we propose a linear spline utility
function. Our proposed method uses a linear spline as the utility function. The gradients of linear
spline vary in the different regions (i.e., segments) of the selected objectives. The procedure of this

method is explained in the following steps:

Step 1: Select one objective (e.g., f,) as the reference objective ( f ). This objective is preferably

ref
a non-safety-concerned objective (e.g., an economic objective), such as maximizing power
generation. It acts as a compromise indicator. The tradeoff relationship among other non-reference
objectives can be evaluated by comparing the magnitude of their preference coefficients with the
reference objective. This reference objective will serve as the y-axis (in a bi-objective problem),
or the z-axis (in a three-objective problem) of the Pareto front. We name other objectives as non-

reference objectives.
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Step 2: Segment the domain of non-reference objectives with knots. The knot positions can be
determined by expert preference or simply using percentiles of the domain. Then construct the
linear spline utility function by assigning each segment a different preference coefficient (or

gradient). The general form of the linear spline utility function is as follows:

d, d, dy
fret = B0 +Zﬂk1(fl_akl)+ +Zﬂk2(f2 _ak2)+ +---+Z_:Bkn(fn _akn)+' (22)

k=1 k=1

where (f,—¢, ), =max(0, f,—¢, ) ; there are m=n+1 objectives with f as the reference

ref

objective; k,...,k, are the segments for different non-reference objectives (f,..., f,); B, is
equivalent to the utility, so maximizing the utility is equivalent to maximizing 5, ; d,,...,d, are
the total number of knots for each non-reference objective in the Pareto front plot; Qe O ATE
the knots for each non-reference objective; and ,Bk1 - ,Bkn are the increments of preference in each

segment of each non-reference objective. Fig. 6 shows a bi-objective (m=2) example.

.o — Pareto front
Maximize [, of ) . .
v reg Linear spline utility

function

@ Tangent point

Sela,a]: f;-qf =(f-Pea)+ B/

/[ Elagsagj: fmff' = (IBO _ﬂlal - /f2a2)+([))1 +ﬂ3)f1

}r] E[(ZR,-*-S’-‘] : ﬁkf = (ﬂn 7161(11 716:0:2 7ﬁ1a3}+(18| +ﬁ1 +ﬂ)f|

Max Intercept ﬁ{, -

a a, o ﬂ-/[iniini:e,ﬂ
Indifference curve:

.f;ej =, + f -max(0, f, — ) + B, -max(0, f, — )+ f; -max(0, f; — ;)

Figure 6. A bi-objective example of the linear spline utility function method
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The value of the increments of preference B B (i.e., equivalent to the preference
coefficients) can be determined by expert preference and experience. However, we further develop
a “regression method” to automatically determine 4, ,..., B, without consulting expert experience.

In a bi-objective example, for each segment k;, we conduct a linear regression by using Pareto

ky

optimal points {e.g. (f%[i], f%[i]) } and obtain the linear regression coefficient Bkl for each

segment K, :
(23)

fa =4 +b f Vke[ld].

If 6;1 > Bk‘f , then sort the linear regression coefficients from low to high:
(24)

If 5&1 < Bkdll , then sort the linear regression coefficients from high to low. The idea is to ensure that
the sorted regression coefficients (i.e., 6(1),5(2),...,5((,1)) are always in the reverse magnitude order
of all the original linear regression coefficients Bkl (for the convex Pareto front case), or at least 6&1

and Bkd; (for the non-convex Pareto front case). These sorted regression coefficients (i.e.,

A

T P

,B(dl)) will be assigned as the preference coefficient in each segment, which ensures
satisfaction of the law of diminishing MRS for the proposed utility function. Fig. 7 provides an

illustrative diagram using a bi-objective problem as an example.
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Maximize ref 4 * Pareto optimal points

= Regression lines

. b, >b. >b
1 1 1
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b, = by <boy <bs =by

Minimize fl
Figure 7. Diagram of the regression method

Lastly, assign those sorted regression coefficients as the preference coefficients for the

segments in order, and calculate the increments of preference £, , using the bi-objective example

in Fig. 6 as an example:
ﬂl = l3(1); (,Bl +ﬂ2) = l5(2); (51 + ,Bz + ,Ba) = l3(3)- (25)

For a three-objective problem, the procedure is the same. But we need to perform a multiple

linear regression:

fak =a+b £+ 2 vk e[Ld]k, c[Ld,]. (26)

ref

Then sort each partial regression coefficient Bkl and Bkz . The preference coefficient increments

B, and 3, then can be deduced accordingly.

This regression method does not require any information from expert experience. Instead,

it assumes that the preference is related to a linear relationship of the two objectives in the Pareto
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front. It also satisfies the law of diminishing MRS. In addition, under the regression method, the
tangent point (i.e., the “best” point) is most likely to occur in the “knee region” of the Pareto front.
A knee point is characterized as the farthest solution from the extreme line/plane defined by the
extreme solutions, as Fig. 8 shows (Bechikh et al., 2010; Bechikh et al., 2011). It is usually
regarded as one of the “best compromise” points on a Pareto front (Branke et al., 2004; Deb and

Gupta, 2011). For example, in Fig. 8, the knee point is at the edge of a significant f_. decrease

ref

while keeping the minimum f, value, which is the most preferable compromise. The “knee region”

consists of multiple points that are close to the knee point. We can assume these points have similar

advantages as the knee point.

= Pareto front

Maximize fr of 4

Linear spline utility
function
@ Knee point & Tangent

point

Max Intercept ,30 “ (O Kanee region

a o, s Minimize fl
Figure 8. The knee point on a Pareto front

If the Pareto front can be assumed as convex, the knee point is typically unique. Then under
the regression method, the linear spline utility function is constructed in such a way that it has
large slope differences with the Pareto front on both sides of the knee region. So, the tangent point,
a point required to have the same first derivative on both curves, only can appear in the knee region.
From another perspective, the knee point also is defined as the point with the largest curvature K,
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(Satopaa, et al., 2011). It can be simplified further to be the point with a very large second

derivative f [K, = f |/(1+ f?)"*]. A large second derivative indicates that the slope in the knee

region is changing rapidly. So, the regression slope of this region is far from any extreme slopes
that appear on both sides of this region. This enables some points in the knee region to be tangent
with the linear spline utility function. In the case where the Pareto front is non-convex, the knee
points and knee regions are not unique. The tangent point may appear in any knee region,

depending on the different knot pre-settings. But the advantage of the method remains.

Of course, if expert experience is available, then using the empirical preference coefficients
is easier and more preferred. We provide both a three-objective example and a bi-objective

example with their spline utility functions in Fig. 9.

(al) Assume (f,, f,. f,.,) are known

(b) Maximize  f,, ==1-2\1+(x—1)’
Minimize ~ f, =\1+x

!

Pareto points ([}, /)

<
00 O
<
SSOOSRIEENEEN

9000
SR
> <
"“" “
o £

e Uity funiction
*  Pareto points
O __ Tangent point

4
1 1.05 1.1 1.15 12 1.25 13 1.35 14 145
f,

Figure 9. (a) A three-objective example with different views (al, a2, and a3); (b) A bi-objective

example
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Step 3: Maximize the utility £, by finding the tangent point between the linear spline utility

function and the Pareto front. The generated Pareto front is composed of many Pareto optimal

points. Denote the Pareto optimal points as (f[i], f[i]). We develop a linear programming

ref

problem to find the tangent point, demonstrated by using Fig. 6 as an example:

minimize g,

St.

(B~ Bro) + B 112 Ty i <oy, z,]

(B~ Buos — Bucty) + (i + ) Eli1= . ] vililela,a] )

(By = Biow = oty = o) + (B + By + Bo) fili] 2 £ [1] Vi [i] €[, +o]
(f,[i], f,. [1]) € Pareto front,

where S, is the decision variable (also the utility), and £, 5,, f; are known. Once the optimal £,

is found, the tangent indifference curve is determined, and the tangent point is identified.

Compared with the scalarization method, our proposed linear spline utility function method
offers key advantages. First, it allows decision makers to specify different preference coefficients
among the range of objectives. Second, it satisfies the law of diminishing MRS, which is more
likely to be the case in reality. Also, unlike other popular utility functions such as the quadratic
utility function, whose slope keeps changing, our proposed linear spline utility function keeps the
preference coefficient (i.e., the slope of utility function) fixed in each segment. This is often
preferable because the compromise relationship between each objective is much clearer. Third, it

does not require expert input on preference coefficients if the regression method is used.

3. Case study
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Our case study is the Three Gorges Reservoir (TGR), located in the Yichang City of Hubei
Province in China. The TGR project has produced many benefits, including flood control,
hydropower generation, navigation, and tourism. In general, flood control and hydropower
generation are the two main purposes of the TGR. For power generation, the TGR is the largest
hydropower station in the world, with an installed capacity of 22,500 MW (32 sets of 700 MW

and 2 sets of 50 MW generators).

The storage capacity of the TGR is 3.93x10" m*. The normal pool level and flood limited

water level of the TGR are 175 m and 145 m, respectively. For each year, starting from October
(the end of flood season), the conventional TGR operating rule is first to gradually refill the
reservoir to the normal water level (175m). Then the reservoir begins gradually to empty its water
storage until reaching the flood limited water level (145m) by the beginning of the flood season
(around the end of June). During the flood season (June-Sept.), the reservoir water level is required

to be maintained at the flood limited water level (145m) (Liu et al., 2015; Zhang et al., 2020).

In this study, we are interested in finding the optimal release of the TGR under the
proposed stochastic multi-objective reservoir operation model. The two objectives are maximizing

the total expected hydropower output ( f,,) and maximizing the average expected ecological

benefits ( f,). The planning horizon of the monthly model is one year and has 12 stages, where

each month is a stage. We first generate an inflow scenario tree using the historical inflow data.
3.1 Streamflow scenario tree generation

In this section, we generate a streamflow scenario tree by the neural gas method.
Specifically, we first collect the historical TGR monthly streamflow data from 1956-2009 (54
years). We then pre-specify a scenario tree structure that consists of 24 scenarios, as Fig. 10(a)
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shows. Note our model starts from October, which is also stage 1. The generated scenario tree

consists of 24 representative scenarios, including their nodal values and probabilities. Fig. 10(b)

and Table 1 show these results. We see from Fig. 10(b) that the highest inflows to TGR usually

occur during the flood season (Jun.-Sep., or stage 9-12).

(b)
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Figure 10. (a) The tree structure of the 24-scenario inflow scenario tree; (b) Historical series value and

scenario (i.e., centroids) nodal values

Table 1. The probability of each scenario in the scenario tree

Scenario Probability

#1
#2
#3
#4
#5
#6

0.02
0.00
0.07
0.04
0.04
0.06

#7 0.02 #13 0.02
#8 0.02 #14 0.04
#9 0.04 #15 0.06
#10 0.06 #16 0.06
#11 0.04 #17 0.04
#12 0.09 #18 0.02

#19
#20
#21
#22
#23
#24

0.04
0.06
0.06
0.04
0.06
0.06

3.2 Produced Pareto front and the optimal solution

We apply the proposed SMOP reservoir operation model to the TGR. Some constraint parameter

values in the model are selected as follows: V.

initial
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Run=0, R_ =25x10"m*/s; and SP,, =0, SP_ =9.8x10°m*/s. To comply with the
reservoir operating rule for the non-flood season (Oct.-May), the reservoir storage limits are

=1.71x10° m® and V.

t,max

V,

t,min

=3.93x10" m*, corresponding to reservoir water levels of 145m

and 175m, respectively. For the flood season (Jun.-Sep.), we set V. . =1.71x10" m® and

t,min

V,

t,max

=1.76x10" m®, except that the ending storage of Sept. is set to be greater than or equal to

the initial storage V,,;, - The comprehensive output coefficient (i.e., K) for the TGR has a value of

8.8 (Liu et al., 2011; Yang et al., 2018). Fig. 10(a) shows the inflow scenario tree used in the
model. To run the stochastic programming with recourse model with a rolling horizon, a
deterministic inflow forecast is needed for the immediate stage (1% stage), and beyond the

immediate stage the inflow stochasticity is modeled by the scenario tree.

To test our proposed model, we obtain synthetic deterministic inflow forecast series of a
dry year, a normal year, and a wet year from inflow data of years 2010, 1986, and 1973,
with small perturbations. We then test our proposed method against all three different
hydrological year inflow series. Note that in real-time operation, a deterministic
inflow forecast should be made available for the immediate stage.

Starting from stage 1 (Oct.) with the deterministic inflow forecast, we produce the Pareto
front using the modified constrained NSGA-II. The front shows the tradeoff between the two
conflicting objectives: maximizing the total expected hydropower generation E and maximizing
the average expected ecological assurance rate A. Next, we employ the proposed linear spline
utility function with regression to select the best compromise Pareto optimal point. Once we
have selected the best compromise Pareto optimal point for stage 1, the optimal water release for

stage 1 can be determined accordingly. Then the initial state of stage 2 (Nov.) can be determined,
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and the planning window moves to [2, T], given the deterministic stage 2 inflow forecast. This
procedure continues until the water release of the final stage T is obtained. Fig. 11 shows the
results (i.e., the Pareto front and the best compromise solution) of selected stages [stage 1 (Oct.),
stage 2 (Nov.), stage 3 (Dec.), and stage 6 (Mar.)], using the dry year test series as an example.

Other stages and test series yield similar results.
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Figure 11. Pareto optimal points and linear spline utility function for different stages under the dry year

test series: (a) Stage 1 in Oct.; (b) Stage 2 in Nov.; (¢) Stage 3 in Dec.; and (d) Stage 6 in Mar.

From Fig. 11, we see that the proposed modified NSGA-II with the adjustment step works

as expected. It produces a relatively complete Pareto front at each stage by searching with a wide
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range of Pareto optimal points. Second, for each stage, the “best compromise” Pareto optimal point
is selected (in red) based on the proposed linear spline utility function with regression. Without

relying on expert experience on preference coefficients 4 , we gain information about the

preference coefficients directly from the Pareto front itself. The Pareto fronts in Fig.11(b) and (c)
approximately can be assumed to be convex, and both of their “knee points” are captured under
the proposed utility function. While the Pareto fronts in Fig.11(a) and (d) are more non-convex,
our tangent points still fall into their “knee regions,” even though the “knee regions” may not be
unique. This clearly shows the advantage of our proposed utility function. That is, the selected
tangent point is likely to occur in the preferable “knee region” of the generated Pareto front,

regardless of its convexity, and it satisfies the law of diminishing MRS.

Also, Fig. 11(a) shows the “best compromise” solution for stage 1, so it reflects the
compromise between the total expected hydropower output and the average assurance rate for the
entire planning horizon. According to its selection, we say the total expected hydropower output
is approximately 8.2x10" kWh, with the average expected assurance rate for each month as 0.87.
Note these are the expected values at the beginning of the entire one-year planning horizon, not
the actual values. The actual values will depend on the actual forecasted inflow as well as the

compromise solutions selected in the ensuing stages.
3.3 Comparisons among utility functions on the optimal Pareto point selection

Using different utility functions will generally yield different Pareto optimal point selections. As
demonstrated in section 2.3, adopting the traditional linear utility function is equivalent to using
the traditional scalarization method to handle conflicting objectives, which assigns a constant

weight for each objective. In this section, we compare the proposed linear spline utility with the
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traditional linear and quadratic utility, where we can see the difference among these methods on
the optimal Pareto point selection. The Pareto front at stage 6 in the dry year is used to demonstrate

the results, shown in Fig. 12.
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Figure 12. Comparison among different utility functions: (a) Linear utility favored on A ; (b) Linear

utility fairly weighted; (c) Linear utility favored on E; (d) Quadratic utility.

First, it is difficult to determine the weight for each objective in the traditional linear and
quadratic utility function. People usually need to set the preference coefficients (i.e., weights)
based on experience. Fig. 12(a) — (c) show three traditional linear utility functions with various
preference coefficients on the assurance rate, from the highest value to the lowest value. We see
that the optimal Pareto point selections based on these linear utility functions highly depend on the

weights, thus the quality of the selection relies on these weight assignment accuracies. In contrast,
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our proposed linear spline utility with the regression method does not require any information from
expert experience to set up the preference coefficients. Instead, it assumes that the preference is

related to a linear relationship of the two objectives in the Pareto front, as discussed in section 2.3.

Second, the traditional linear utility function has the inherent drawback that it does not
satisfy the law of diminishing MRS, since the preference coefficient is fixed in the entire domain
of each objective. Therefore, the selection based on this approach is not consistent with standard
economic theory. On the contrary, our linear spline utility and the quadratic utility do not have this
problem, since their preference coefficients can change in each segment of the non-reference
objective’s domain. However, a disadvantage of using a quadratic utility function is that its
preference coefficient changes frequently, which leads to an unclear interpretation of the tradeoff
relationship between the two objectives. Third, although the “knee point” may not necessarily
always be the right choice, it is usually regarded as one of the “best” compromise points on a
Pareto front (Branke et al., 2004; Deb and Gupta, 2011). It is usually difficult to select the point in
the “knee region”, for both traditional linear and quadratic utility functions. However, with our
proposed regression method, the linear spline utility function is constructed in such a way that it

is likely to select the optimal point in the “knee region” of a Pareto point, as shown in Fig. 12.

3.4 Optimal water release and reservoir storage for different inflow test series

The optimal water release corresponds to the selected optimal Pareto point. At each stage, once
the optimal Pareto point is selected, the values of the corresponding decision variables [i.e., water
release for all stages in the planning horizon] are determined. Then the water release for the stage
under consideration can be obtained. In this section, the optimal Pareto point of each stage is
selected by our proposed linear spline utility function. Fig. 13 shows the obtained releases and the

corresponding reservoir storages for all three different hydrological year inflow test series.
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Figure 13. Different hydrological years comparison: (a) Inflow forecasts; (b) Power release; (¢) Spill

water; (d) Reservoir ending storage

Fig.13(a) shows the test inflow forecast data used for the dry year, normal year, and wet
year. The most significant inflow difference among these three hydrological years occurs around
the flood season (i.e., May-Sept.). The dry year inflow is around half of the inflow of the normal
year and the wet year in the flood season, but it has slightly higher inflow than the normal year
and wet year in the non-flood season (Dec.-Mar.). The wet year has more inflow than the normal
year, mainly in pre-flood (i.e., May) and post-flood (i.e., Sep. and Oct.) seasons. These inflow
series serve as the deterministic inflow forecasts for the immediate stage of the model. Important

model results are then shown in Fig. 13(b), (c), and (d).

Fig. 13(b) shows the obtained power releases. The power releases depend on the

compromise at each month, the inflow forecast, and the reservoir storage limit. This can be further
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analyzed through the reservoir ending storage at each month, as shown in Fig. 13(d). In general,
we see that the power release reveals a similar pattern with the inflow forecasts for different
hydrological years. That is, the higher the inflow forecast for a given month, the more power
release. For example, the normal year inflow forecast is slightly lower than the dry year during
January to April, which leads to a lower power release of the normal year than the dry year in this

period.

Fig. 13(c) shows that there are no spills (non-power releases) during the entire planning
horizon for the dry year. This is because all water released in the dry year is used to produce
hydropower, which aligns with one of the model objectives, maximizing hydropower output. For
the normal and wet year, spills occur in the flood season, as the inflow forecasts exceed the upper

power release limit.

The reservoir ending storage results are shown in Fig. 13(d). For the dry year and the wet
year, we see that the reservoir slowly refills to its normal pool level by the end of March, but with
a storage decrease between October and November. This reflects the multi-objective compromise:
A single power output maximization objective would prefer a sharp water level increase to the
normal pool level and maintain this water level until the flood season (demonstrated below in Fig.
15). However, the ecological objective requires a certain amount of water release during each
month, which prevents the reservoir from quickly refilling to the maximum storage. For example,
the decrease in reservoir storage during October indicates the need for water release for ecological
purposes during that month. For the normal year, the inflow forecasts are too low in the non-flood
period, especially from January to April, which prevents the reservoir from refilling to the normal

pool level.
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For all three hydrological years, starting from April, the reservoir begins to gradually empty
the storage by the beginning of the flood season. During the flood season (June-Aug.), the reservoir
water level is maintained at the flood control level. The ending storage (Sept.) is greater than the
initial storage. In sum, reservoir storage variation depends on water release choices at each stage,
which further depend on the compromise made between the two objectives at each stage. But in
general, we see that the proposed model can produce reasonable optimal solutions when dealing

with two conflicting objectives for all three different hydrological scenarios.

Also, according to the obtained water release and reservoir storage from our method, we
calculate the power output and ecological assurance rate in each month for the three different

hydrological years. Fig. 14 shows the results.
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Figure 14. (a) The power output result for each month; (b) The assurance rate result for each month

As Fig. 14 shows, power output and the assurance rate are in general negatively correlated,
which indicates the conflicting goals. The minimum power output, which is around 4,900MW,
occurs in the non-flood season for all three testing series. In general, the power output is positively
correlated with the power release and the gross average water head. Thus, the higher the reservoir

water level (reservoir storage), the more power can be generated. For example, the dry year and
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the normal year have almost identical power releases in April [as shown in Fig. 13(b)]. However,
the average reservoir storage in April for the dry year is higher than the normal year, which leads

to a slightly higher power output in April for the dry year than the normal year.

For the assurance rate, ecological needs can be satisfied for most months for all three testing
years, as these values are close to one. The wet year has the highest annual assurance rate, due to
its abundant inflow forecasts. For the dry year, a zero assurance rate in July occurs as an outlier.

This is because 1) the inflow forecast in July of the dry year was lower than the minimum

ecological streamflow Q®>™", and 2) during the flood season the reservoir water level was

required to be maintained at the flood-limited water level (145m). Similarly, a low assurance rate

in September was due to the fact that the reservoir was required to be refilled at least toV thus

initial »

not enough water could be provided to ensure a high ending ecological assurance rate.
3.5 Comparisons with traditional single-objective stochastic models

To demonstrate the utility of our proposed stochastic approach for tradeoff analysis between two
conflicting objectives, we compare our proposed model with traditional single-objective stochastic
programming. Specifically, we solve two single-objective stochastic programming with recourse
models, with the objective of 1) only maximizing the total expected energy, and 2) only
maximizing the average expected ecological benefits. Note that our proposed multi-objective
stochastic model maximizes utility and also can be considered a single-objective utility-
maximizing stochastic model, in which utility is defined by the proposed linear spline utility
function. Fig. 15 compares the models and shows the results, exemplified by the dry year inflow

test series.
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Figure 15. Model result comparisons: (a) Power output; (b) Assurance rate; (¢) Reservoir ending storage;

(d) Power release

Fig. 15(a) shows the power output comparison. It clearly can be seen that the energy-
maximizing model generates the highest power output for most stages, followed by the utility-
maximizing model, and finally the eco-benefits-maximizing model. This result is consistent with
the reservoir storage result shown in Fig. 15(c): In the energy-maximizing model, water level is
kept at a higher level for most stages, since a high water level is beneficial to hydropower
production. In contrast, the water level for eco-benefits maximizing is generally kept at a lower
level, since this model only aims at satisfying the downstream assurance rate requirement so that
it tends to release water to downstream instead of retaining in the reservoir. The utility-maximizing

model water level is in the middle, due to the compromise made between two conflicting objectives.
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The assurance rate comparison is shown in Fig. 15(b). In general, the results follow the
inverse pattern of Fig. 15(a). That is, the eco-benefits-maximizing model provides the highest
assurance rate for most stages, followed by the utility-maximizing model, and finally the energy-
maximizing model. The power release for the eco-benefits maximizing model is shown in Fig.
15(d). It is lower than the other two models as the eco-model does not have any energy goal, and
part of its release water is in the form of the spill water rather than the power release. We also
calculate the total annual energy output and assurance rate results by summing up the results over
all stages for the three models, as shown in Table 2. We observe that results from the utility-
maximizing model are between the results in terms of both energy output and ecological benefits.
The energy-maximizing model generates 1.7 x10° kWh more annual energy than the utility model,

and the eco-benefits-maximizing model has 0.7 more annual assurance rate over the utility model.

Table 2. Total annual energy output and assurance rate results for three different models

Total annual energy output (10" kWh) Total annual assurance rate

Energy-maximizing 7.69 7.89
Eco-benefits-maximizing 4.25 9.68
Utility-maximizing 7.52 8.98

4. Conclusion

In this paper, we proposed a multi-objective, multi-stage stochastic programming with recourse
model for reservoir management and operation. The model simultaneously considers both multiple
objectives and stochastically represented uncertainty. The stochasticity of the reservoir inflow is
represented by the generated scenario tree. Using the concept of a rolling horizon for real-time
reservoir operation, we converted the original model into a process of solving a sequence of two-
stage stochastic programming with recourse problems. Typical of a stochastic programming with

recourse model, the inflow forecast for the first stage (immediate stage) is deterministic, and, from
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the second stage onward, inflow branches out into a scenario tree. The Pareto front for the
immediate stage is generated by a modified constrained NSGA-II. To handle a large number of
constraints and to ensure feasibility, we made the modification by adding an “adjustment” step
that consists of several strategies to ensure feasibility.

After obtaining the Pareto front, we selected a single tradeoff point (the best compromise
solution) using the proposed linear spline utility with regression method. Our proposed utility
function has the following key advantages. First, it satisfies the law of diminishing MRS, and the
weights are fixed in each segment with clear interpretations. Second, it does not necessarily rely
on the specified weight of each objective or any pre-specified parameters if used along with the
proposed regression method. Instead, it finds such information from the Pareto front. Third, it
selects the best compromise solution that is likely to fall in the “knee regions” of the Pareto front.

In the TGR case study, we applied the proposed framework considering two conflicting
objectives: 1) maximizing the total expected energy output in the planning horizon, and 2)
maximizing the average expected ecological assurance rate in the planning horizon. The results
show that the proposed model successfully produces the optimal water release, considering both

inflow uncertainty and the tradeoff between the two conflicting objectives.
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Appendix A

Table 3. Symbol descriptions

Symbol Description
E [*] Expectation operator
X Decision vector
X Solution space
f(x,w) A general function associated with the uncertain parameter W
w Uncertain parameter; Scenario
g Recourse function
g,J,L,h Realization of uncertain data at the second stage
f, f, The first and second objective
m The number of objective functions
I Total number of scenarios in the scenario tree
t The scenario stage (i.e., stage);
Lieg The beginning of stage t
to The end of stage t
[toeg s tena ] The time period during stage t
At The time duration between each stage
T Total number of stages in the scenario tree
W, ¢ The node of scenario i at scenario tree stage t
Ei The energy output in the time period [t,,,t.,] (i.e., during the stage t) for scenario i
Rti The power release in the time period [t,,,t.,,] for scenario i
SRi The non-power release (spill water) in the time period [t,,t,,,] for scenario i
P(w.) The probability of scenario i
Ai The ecological assurance rate of stage t for scenario i
te°°'m‘” The minimum ecological streamflow for the time period [t t,]
°00:Pr0 The appropriate ecological streamflow for the time period [t t.]
Q The total reservoir discharge in the time period [t t.]
stg Model-stage; The start of the rolling horizon;
Vti The ending reservoir storage of stage t for scenario i
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Vitial The initial reservoir storage

V; The ending reservoir storage of the entire planning horizon
A The inflow in the time period of [t,.,,t,,,] for scenario i
D, The deterministic inflow forecast during period of [t,,t, ]
N/ The power output during the period [t,,,t.,,] for scenario i
H t' The gross average water head during period [t,,t.,,] under scenario i
FN,, FN, The functions of forebay water level and tailrace water level
K The comprehensive output coefficient for the reservoir
Vt,mm ,VLmax The lower and upper bounds of the reservoir storage for each stage t
Nin + Niax The minimum and maximum limits of power output
Ruin » Riax The lower and upper bounds of the power release
SP...,SP.. The lower and upper bounds of the non-power release
U Utility function; utility
fres The reference objective
n The number of non-reference objectives
Koo K, The segments for each non-reference objective
5 Equivalent to the utility
d,...d, The number of knots for each non-reference objective
Ay e O The knots for each non-reference objective
B B, The increments of preference in each segment of each non-reference objective
Bkl The linear regression coefficient of Pareto points for each segmentk;

~

by 1Py e Sorted linear regression coefficient

~

(f5[i1, f[i)  Pareto points in segmentk,

Appendix B

The adjustment strategies for Constraints (11) and (12) are shown in Fig. 3 and outlined in the

following:

Phase I: Check Constraint (11) (V, yin SV, <V, e ):
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Step 1. Upon obtaining an original offspring solution, check if this solution satisfies
Constraint (11). If yes, directly go to Phase I1. If not, proceed to either Step 2 (fix the left constraint

violation) or Step 3 (fix the right constraint violation).

Step 2. Check for Vit , if V/ <Vimn - If it is true for some i and t, then let
SR’ _new=W, —(V, ., —V.',)/ At—R', where R’ is the power release in the original offspring

solution. If SP'_new>SP

min !

then only update SP' with SP' _new, with no update on R'. By

doing so, we ensure V' =V, min for this particular iand t. If SP'_new<SP,,, then we further let

min !

SP'_new=SP, and also let R _new=W/—(V,.,-V,,)/At—SP, . Update SP' with

SP' _new, and R’ with R' _new, respectively. By doing so, we also ensure Vti =V,

t,min *

Step 3. Check for Vi,t, if V' >V, e - 1T this is true for some i and t, then we let
Rf_neW:Wti—(\/tymaX -V,',)/ At—SP', where SP' is the non-power release in the original
offspring solution. If R _new<R__, only update R' with R' _new, with no update on SP'. By

doing so, we ensure V, =V, max fOr the particular i and t. If R'_new>R_, then we further let

max !

R' _new=R

max !

and also let SP'_new=W,—(V, . —V.,)/At-R, . Update SP' with

SP' _new, and R’ with R _new, respectively. By doing so, we also ensure Vti =V

t,max *

Step 4. Once updating R' and SP' is complete, for Vi,t, calculate Q =R'+SP', which
is the total outflow for each i and t that satisfies Constraint (11); Q' will be fixed in the next Phase.

Note that once Q' is fixed, V,' is determined given W, and V,', .
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Phase 11: Check Constraints (12) (N,,, <N/ <N__ ):

min —

Step 5. Use the updated solution after Step 1-4. Check if this solution satisfies Constraint

(12). If it does, jump to Step 8. If not, proceed to either Step 6 or Step 7.

Step 6. Check for Vi,t, if N/ <N . . If this is true for some i and t, then we let
R' _new=N_ /(K-H]). Then SP' _new=Q' —R' _new, where Q' is calculated at Step 4. By
doing so, we make N/ =N_, for the specific i and t. Update SP' with SP' _new, and R’ with

R' _new, respectively.

Step 7. Check for Vi,t, if N/ >N,_, . If this is true for some i and t, then we let

R' _new=N,_ /(K-H}). Then SP' _new=Q —R'_new. By doing so, we will have N, =N,

ax

for the particular i and t. Update SP' with SP' _new, and R' with R' _new, respectively.

Step 8. If, after Step 1-7 updates for Vi,t, R' and SP' are in the feasible range of R' and

SP' (e.g. between R, and R, ); the original infeasible solution is guaranteed to have mutated
to a new feasible solution that satisfies Constraints (11) and (12). Now it can be used for non-

domination sorting, tournament selection, and cross-over. If for some i and ¢, R' or SP' are not

in the feasible range anymore, then this infeasible solution is discarded, which only happens in

very rare cases. The entire procedure also is illustrated in Fig. 3.
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Chapter 5

CONCLUSION, DISCUSSIONS, AND FUTURE RESEARCH

This dissertation aims at improving the accuracy, efficiency, and applicability of the traditional
stochastic programming models in reservoir operation, so that a better optimized releasing
strategy can be obtained under the uncertain inflow. In particular, three underlying
drawbacks of the traditional stochastic programming model are studied and optimized: 1)
increasing the parameter estimation accuracy when fitting the inflow distribution; 2)
improving the efficiency of the multi-stage stochastic programming with recourse model
by proposing a scenario tree reduction method; and 3) expanding the applicability of the
stochastic programming model by integrating with multi-objective programming. This
dissertation tests the proposed methods on different case studies, including eight watersheds
across the U.S., Qingjiang cascade reservoir system in Yangtze River, China, and the Three

Gorges Reservoir in China.

Specifically, in Chapter 2, a Bayesian hierarchical model (BHM) is proposed for
estimating the statistical parameters for monthly average streamflows. It is assumed that the
monthly average streamflow follows a three parameter, log-normal distribution (LN3). When
estimating a distribution parameter of a given month, the proposed BHM utilizes historical
observations not only from the month under consideration but also from all other months. This is
different from traditional statistical parameter estimation methods that only use historical
observations for the month under consideration. Cross-Validation (CV) method and the log-
likelihood are selected to evaluate the performance of BHM against selected traditional parameter

estimation method methods, including LMLE, L-MOM, MME, MMME, etc.
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In the case study, this dissertation selects eight watersheds across the United
States, where historical unimpaired streamflows are collected. A Shapiro-Wilk normality
test is employed to validate the LN3 assumption. The results show that the proposed BHM
produced better parameter estimates than the selected traditional parameter estimation
methods for all data sizes (long, medium, and short). The fewer the observation data, the
more the proposed method improves compared with the traditional methods. The two
reasons that BHM produced better parameter estimates are: 1) BHM utilizes historical
observations not only from the month under consideration but also from all other months, and
2) Due to the shrinkage, the Bayesian estimator from BHM is guaranteed to be no
worse than the MLE based estimator. The proposed BHM is especially suited for
parameter estimation where historical observations are limited. In addition, when compared
to an auto-regression model, the proposed BHM shows its advantage as a data-driven model

with fewer assumptions.

The proposed method in Chapter 2 increases the accuracy of stochastic
programming models, especially for the chance-constrained model. This method can also be
used to better estimate parameters of any random variables that follow LN3 distribution. Some
potential future research opportunities for this method include: 1) reduce the potential parameter
uncertainty loss by switching the currently applied sequential estimation approach to a full
Bayesian analysis based on the joint posterior. 2) investigate on the choices of the

informative hyperprior and evaluate their impacts.
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In Chapter 3, a novel scenario tree reduction method is developed based on a stepwise
conditional Monte Carlo sampling and regularized optimization. A neural gas algorithm is
first employed for scenario tree generation, then a stepwise conditional Monte Carlo
sampling method is established for systemically reducing the number of scenarios from the
full tree. A regularized optimization model based on ridge regression and moment
matching is further developed to determine the posterior scenario probability. The developed
method is aimed at improving the efficiency of the multi-stage stochastic programming with
recourse model, and it is particularly suited for reducing a streamflow scenario tree for reservoir
operations. This is because: 1) this method does not require updating nodal values at each
stage. Therefore, it is consistent with the definition of scenario tree reduction, which is known
as determining a subset of the initial scenario tree and assigning new probability to the reduced
scenarios (Growe-Kuska et al., 2003); 2) this method stabilizes the reduced tree scenario’s
probability, and the physical meaning of the streamflow scenario probability can be interpreted
easily; 3) this method does not rely on the probability metric but takes advantage of the basic
moment matching technique to provide a direct moment matching between the historical data

series and the reduced tree.

Qingjiang cascade reservoir system is used as the case study. The results show that the
reduced tree with 35% reduction level can still maintain robust moment preservations,
including the mean, variance, lag-one covariance, cross-site covariance, and scenario probability.
The stability test indicates that the proposed conditional Monte Carlo sampling method is
stable and converges within a reasonable number of scenario combinations. Potential future
studies may include evaluating the quality of the reduced scenario tree obtained by the

proposed method from the optimization solution perspective (Felten et al., 2002).
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In Chapter 4, a multi-objective, multi-stage stochastic programming with recourse model
is proposed for reservoir management and operation, where the utility theory is adopted to select
the best compromise solution from the Pareto front. This proposed model is aimed at expanding
the applicability of stochastic programming model by integrating with multi-objective
programming. Specifically, a multi-stage streamflow scenario tree is first generated by the neural
gas method. Then the Pareto front at each stage is produced by a modified constrained NSGA-II.
A single best compromise solution on the Pareto front must be selected for the immediate stage
and the model moves forward one stage and is re-optimized over a moving planning horizon of
fixed duration. The selection is achieved by a proposed linear spline utility function allied with
regression. Our proposed utility function has the following advantages: 1) it satisfies the law of
diminishing marginal rate of substitution, 2) it does not rely on the pre-specified weight or goal
if used along with the regression method, and 3) it selects the best compromise solution that is

likely to fall in the “knee regions” of the Pareto front.

The proposed optimization model is applied to the Three Gorges Reservoir (TGR) in
China. The two conflicting objectives are 1) maximizing the total expected energy output in the
planning horizon, and 2) maximizing the average expected ecological benefits in the planning
horizon. The results show that the proposed model successfully produces the optimal water
release policy under different hydrological test inflow scenarios, when considering
both the inflow uncertainty and the tradeoff between the two conflicting objectives. As
discussed in Chapter 4, one of the most important tasks for constructing a stochastic multi-
objective model is to find a way for selecting the “best compromise” solution on the Pareto
front. Thus, besides the proposed linear spline utility function method, other utility functions that

satisfy the economic theory can be explored for future research.
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Overall, this dissertation improves the accuracy, efficiency, and applicability of the
traditional stochastic programming model. With such an improved stochastic programming
model, a better optimized reservoir operation strategy can be obtained when considering the
uncertain inflow. The topics discussed in this dissertation are also expected to provide

insights for the future research in other fields of water resource management and operations.
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